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ABSTRACT 

The common observation that an individual's aiming performance 

depends upon visual feedback has led to a great deal of investigation in 

order to assess the potential of this feedback source. Since it has been 

hypothesized that an aiming response consists of an initial programmed 

sequence followed by a control phase, research has been focused on the 

specifie role of vision in the control phase of the aiming response. It has 

been suggested (e.g. Carlton, 1979,1980; Keele, 1968) that the discrepancy 

between the stylus and the target is evaluated in order to modify an 

existing error. This v1sually based corrective process 1s thought to be 

represented in the movement patterns as a re-acceleration, or an abrupt 

change in the deceleration phase of the aiming response (Carlton, 1980, 

1981b). 

The goal of the present thesis was to examine if Carlton's results could 

be replicated after low and extensive training of the aiming movement. 

Furthermore, we Investlgated the control process when vision of the ongoing 

arm was not aval1able. 

Subjects ( n =6) were trained for 1 200 trials ( 400 trials a day for 3 

consecutive days) to move a stylus to a small visible target located in front 

of them. The movement was made in the sagittal plane, and involved the 

displacement of a stylus by 80 cm in 550 ms. During training ( with KR on 

the movement time and spatial accuracy on the X and Y axes), subjects were 

tested six times; once at the beginning and once at the end of each session. 
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At the beginning of each session each test condition consisted of 20 trials 

with vision but no KR while at the end of the session the test condition 

consisted of 20 trials with no vision and no KR. The execution of the 

aiming movement reQuired the activation of the shoulderJ elbow and wrist 

articulations. The subject's arm was secured in a poly-articulated arm. A 

perfect correspondance between the articulations of the mechanical arm and 

the articulations of the subject was therefore made possible. A 

potentiometer attached to each of the rotation points of the mechanical arm 

allowed the displacement of the shoulderJ elbow and wrist to be recorded. 

Furthermore J the action of the tip of the stylus (attached to the end of the 

mechanical arm) was followed. The behavioral and kinematic data were 

analyzed. 

The behavloral analysls showed that the sUbJects were more accurate 

on movement tlme and the X-axis as practlce IncreasedJ and that they 

performed more conslstently on the Y-axis. F urtherm ore, the vlsual 

manipulation dld not Influence the movement tlme performance. In contrast, 

spatial accuracy was strongly affected ( Proteau and Girouard, note 3; 

Proteau, Martenluk, Girouard & Dugas, 1987). The dlfference ln the accuracy 

results ln the vision condition over the no-vision condition led us to 

conclude that the Incorporation of vlsual Information is Important, even 

after extensive practlce, for a hlgh degree of accuracy to be achleved ln the 

execution of the almlng movement. Flnally, the training helped to improve 

the performance ln the no-visual condition to the same extent as in the 

visual condition. 
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The kinematic results do not support a visually based correction 

concept, since the initiation of the corrective sequence was also observed 

when vision of the moving arm was not available. This means that 

modifications during the aiming movement do not solely de pend on seeing 

where the hand is in relation to the target position. Therefore, it can be 

suggested that independent of wether or not the moving arm can be seen, the 

initial command will be followed by a corrective sequence part with the 

incorporation of feedback information coming from the available channel(s). 

It is suggested that since we rely heavily upon visual feedback ( Posner, 

Nissen & Klein, 1976), visual information wi 11 be incorporated to sharpen 

precision if their is enough time for this information to be analyzed. If no 

visual cues are available, then the movement's outcome will be determined 

by central monitoring, and additional proprioceptive information may serve 

to update the initial programmed phase. 

As training Increased, the programmed phase Increased tndlcatlng a 

relatively longer open-loop control mechanlsm during the execution of the 

discrete response. Furthermore, this training time-shift effect was also 

observed ln the non-visual cond1tlon. suggesting that thls process Is not a 

vlsually-based control mechanlsm. but rather a central control process ln 

close Interaction wlth the perlpheral feedback mechantsms. 

The concept of separating the central and peripheral control processes 

seems to be inadeQuate for explaining the control process involved in the 

discrete movements. Rather, it is proposed that a mixed control approach 
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would be more appropriateJ with each factor having its own functional role ( 

KeeleJ 1981). 
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CHAPTER 1 

Introduction 

Understandlng how coordlnated movements occur lS crucial to the 

study of human behavior. The researchers engaged ln the study of motor 

behavlor are involved in explainlng the underlying processes 

characterizing hum an and animal movement. 

One particular area of research which has attracted interest is how 

we control movement: man's abllity to direct his l1mbs in an efficient and 

purposeful manner. Without a doubt, conflicting ideas concerning the 

locus of movement control have for years been the cause of one of the 

most persistent controversies ln the field (Schmidt, 1980). Although 

much has been learned about the nature of motor control in man, through 

the use of neurophysiological (e.g., Eccles, 1973) and behavioral techniques 

(e.g., Adams, 1971), knowledge of the underlying mechanisms remains 

incomplete. MacKenzie and Martenluk (1985) consider three factors which 

must be examined more thoroughly in order to come to a beUer 

understanding of the control of skilled aiming movements: (a) the 

minimum time that central processes need to use feedback, either to 

change the plan of action or to modlfy an existing movement in order to 

keep up with tasks demands, (b) the visual feedback sources individuals 

use during aiming movements, and (c) whether highly integrated stores of 

sensorimotor information serve as the basis of representatlon and control 

of highly practiced movements. 



2 

The integration of visual information seems to be crucial for 

movements in which spatial accuracy 1s needed (Glencross & Barrett, 

1983). The important role played by vision in the guidance and control of 

human movement has long been hypothesized accordlng to the observation 

that many motor ski11s, l1ke throwing a ba11, depend upon visual feedback 

(Zelaznik, Hawkins & Kisselburgh, 1983). However, the understanding and 

explanations of these funct10ns are often assumed. Furthermore, the fact 

1s that relaUvely l1ttle 1s known regarding the role of vision in· gUiding 

and controlling motor behav10r (Zelazn1k et al., 1983). 

One of the first Questions about vlsual motor control has been 

concerned wlth dtscoverlng the vlsual feedback processlng tlme. That Is, 

the tlme necessary to Identlfy, declde and Inltlate wlthln-movement 

correctIons, based upon vlsual feedback. The processlng tlme has been an 

Important Issue, because Its estImatIon Is dlrectly related to the relatIve 

Importance that one shouJd glve to the contrIbution of perl phera J and 

centraJ mechanlsms ln the control of J1mlted duratlon movements (CarJton, 

1981 a). Long processlng delays have been used to argue for the ex1stence 

of central mechanlsms that structure movement and run 1t off wlthout 

Involvement from per1pheral feedback sources (Brooks, 1974; Evans, 1967; 

Keele, 1968, 1973; Keele & Summers, 1976; Pew, 1974; Posner & Keele, 

1968, 1970; Schmidt, 1975; Schmidt & Russel, 1972).1 The major 

ISchmidt (1975,1976) has modtfied this statement sUghtJy to a110w for 
the use of feedback, prtmarily assoctaled with the muscle spindJes and 
gamma Joop, to correct for some devlatlons from the pJanned pattern of 
movement. However, a11 such deviations may oot be corrected. 



3 

argument was that 1f the processlng ·of vlsual feedback informatlon 

reQuires more tlme than the duration of the movement, a motor program 

must have controlled the movement execution. Thls point of vlew suggests 

that movements are controlled in an open-loop system; this has been 

opposed by Adams (1971), who argues that feedback information can be 

used Qu1te Qu1ckly for closed-loop control. However, a third optlon 1s 

possible; that is, an interactlon between .both k1nds of processes ( 

Schmidt, Kle1nbeck & Hoppenbreck, 1985). It can be proposed that 1n an 

alming task, the f1rst part of the movement 1s centrally controlled, whl1e 

the last part of the same movement is under feedback control. This 

proposition has already been made by Crossman and Goodeve (1963/1983), 

but was rejected because 1t was thought that the visual correction time 

for an ongoing movement was much too long to be reaHstlc. However, 

researchers have shown that the t1me needed to establ1sh a visual 

feedback 100p is about 100 to 135 ms (Bard, Hay & Fleury,1985; Carlton, 

1981 a; Elliott & Allard, 1985; Hay & Beaubaton, 1985,1986; Smith & 

Bowen, 1960; Zelaznik et al., 1963). Hence the model proposed by 

Crossman and Goodeve could be appropriate after a11, especlally 1f one 

considers that those approximations were obta1ned after only a Htt1e 

pract1ce. 

An Interestlng proposItIon Is that the vlsual processlng Ume would 

shorten even more when sUbJects have more practlce trIals, argulng for an 

InteractIon between a motor program and the utl11zatlon of vlsual 

feedback loops. ThIs proposition Is based upon resu1ts recently obtalned ln 
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our laboratorles ( Proteau & Girouard, note 3). It was shown that ln an 

almlng task when only the target to be reached was vlsual1y aval1able 

during the movement,the accuracy deterlorated 1f the subjects had 

practlced 2 000 trlals than lf they had practlced only 200 trials wlth total 

vlslon avallable throughout the movement. These results led us to the 

concluslon that vlsual feedback was used more efflclently wlth practlce. 

Thus, when vlsual feedback was not avallable, the performance decreased 

dramaUcal1y. Thls llne of thinking would be supported if it can be shown 

that wlth practice the last correction, ln an almlng task, 1s made more 

eff1clently and closer to the target. If thls proposltlon ls not supported, 

an alternatlve explanat10n could be that wlth tralning the ftrst part of an 

almlng movement becomes Jess variable. Reducing the varlabl11ty of the 

ball1stic part of the movement could enable the subject to predlct more 

effectlvely where and when a correctlon mlght be needed and real1zed. 

The goal of the present thesls lS to examlne these possibi11tles. 

The presentat10n of the next parts 1s as follows. F1rstly, some 

def1n1tions are g1ven. They are followed by a comprehensive review of the 

pertinent sc1entif1c documentation, our rat10nale, a statement of the 

problem and a methodological section. Final1y, the results and the 

discuss10n are presented. 
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Definit ions 

Closed-loop system 

Is a control system employlng feedback, a reference of correctness, 

computation of error and subsequent correction ln order to malntaln a 

desired state of the environment. 

Feedback or resoonse oroduced feedback 

Is the sensory information that is received during and/or after the 

execut Ion of a movement. 

Index of dlfflcuJty (0) 

Represents the theoretlcal dlfflculty of a movement whlch jolntly 

relates to the distance that the 11mb' moves as well as to the narrowness 
of the target at which It is aimed, ( ID • 10Q2 2 amplitude / target width). 

Mathematlcal fOND or shape of impulse 

Two impulses have the same shape, if and only if, thelr amplitudes 

measured at the same relative time are proportional. 

Knowledge of results (KR) 

Refers to the Information about success ln the ta sI< that the 

performer recelves after the trial has been completed. This feedback can 

be elther Quantitative or Qual1tattve. 
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Motor lmpulse 

Refers to the area under a force- tlme curve, wlth force representlng 

the height of the curve and Ume representing the duration of the 

movement. 

Motor program 

May be vlewed as a set of muscle commands that are structured 

before a movement sequence beglns, and that allows the entlre sequence to 

be carrled out unlnfluenced by perlpheraJ feedback. 

Motoc schema 

Is an internai representatlon (or code) of sorne population of 

movements and consists of a set of rules serving as instructions for 

produclng a population prototype. 

Movement tlme (MT) 

15 the tlme from the Initiation of the response to the compJetion of 

the movement. 

Open-100p system 

Is a control system where the instructions are structured ln advance 

and are executed w tthout regard to the eH ects they may have on the 

envlronment. 

Phaslng of a response 

Is the temporal relatlonshlp (timing) among varlous contractions 

w1th1n a movement pattern. 
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CHAPTER Il 

Review of the l1terature 
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The idea that the human being has a set of stored muscle commands 

ready for action at any time has been with us for a long lime. The ftrst 

important documentation showlng that movement was centrally 

controlled, was provlded by lashley (1917). He observed that a subject 

who suffered from sensory loss ln the lower Itmbs was still able to move 

hls legs accurately. This means that even though he could not feel 

movement in hls legs, he was nevertheJess able to move them wlth 

accuracy. This ftnding led lashley to argue for a position in which 

movement was controlled centrally, since there was HttJe possibility that 

the sUbJect couJd have been uslng feedback to guide his movements 

(Schmidt, 1975). This idea has been re-stated many tlmes, and wlth the 

advent of computers, the centraHst notion was presented as an anaJogy 

w 1 th programs used by computers. 

A weil known statement ts that of Keele (1968) who defined the 

mot or program as· a set of muscle commands that are structured before a 

movement sequence begins, and that allows the entire sequence to be 

carrted out untnfluenced by pertpheral feedback- (p. 387>' The motor 

program carrles Itself out, and when somethtng happens tn the 
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enV1ronment, 1mply1ng that some new movement must be planned, the 

performer does not accomplish any such changes untH the program has run 

its course. The control is open-loop because st1müll from the periphery 

can not 1nitiate a new program until some minimum time has elapsed. 

WhHe 1t lS true that sensory information could operate, 1t will not be used 

for error correction during the execution of the movement. If aval1able, 

feedbacl< information will be analyzed at the end of the movement. This 

I<nowledge is needed to alter the program so that the same error will not 

be repeated at the next tr1al. The original form of the motor program 

tmp 1 ies that every movement must have a separate motor program 

associated with 1t (Keele, 1968). 

ln early motor program theorles, learnlng a motor 51<111 means a shlft 

1n the mode for controll1ng the movement. In the early stages of pract1ce, 

as the motor program becomes establ1shed, the emphas1s changes from 

feedbacl< control to open-loop control. Vlsual feedbacl< no longer appears 

to control the movement, but lnstead seems to be used for perlod1c 

correct10n or modulation of a pre-programmed seQuence (Keele, 1973, 
1981). 

Closed-loop theory 

Over the years, a number of closed-loop accounts for human motor 
performance have been proposed (e.g., Adams, 1971; Crall<, 1947,1948), the 

most ctted betng that of Adams'. These theories have been fonnulated on 

the premlse that an ongolng movement Is contlnually control1ed via 

monitoring of feedbacl< arising from that movement. It has been proposed 
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that th1s feedback 1s compared to a reference of correctness. Movement 

error may thus be detected and eventually corrected. The designatlon of 

two separate mechanisms, one for recall and one for recognition, is the 

f eature that dist inguishes Adams' theory (1971) from the other c losed-

100p models of motor control. Firstly, the memory trace (recall 

mechanism) 1s respons1ble for select1ng and initiatlng the response. 

Secondly, the perceptual trace (recognit10n mechan1sm) operates after the 

response has been init1ated. It evaluates response-produced feedback 

(vision, proprioception .. J from the movement, for error detect10n and 

correction purposes. The memory trace 1s seen as strengthening through 

st1mulus response cont1guity over practlce trials. The perceptual trace 1s 

a representatlon of feedback stimuli obtalned from past movements. Its 

strength is a functlon of the exposure to, and amount of knowledge of 

results (KR). Furthermore, Adams (1971) states that after each trial the 

subject stores a sensory trace associated with the movement. As the 

subject learns the task and becomes cons1stently accurate, the stored 

sensory trace approxlmates more and more the feedback representatlon of 

the crlterlon response. 

Animai studles (61ZZl, PoUt & Morasso, 1976; 61zzl, Dev, Morasso & 

Pol1t, 1978; Cooke, 1980; Gr111ner, 1975; Pol1t & Blzzl, 1978, 1979; TaUb 

1977; TaUb & Berman, 1968) have provlded evldence agalnst the vlew that 

peripheral feedback necessartly controls aH pattemed movements. In 

these studles feedback was ellmlnated and movement sun perslsted. If 

feedback mechanlsms are Important for cootroll1ng an oogolng movement, 
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why then were the anlmals still able to move thelr 11mbs, to a def1ned 

target, even though they were deafferented? Studles of this sort were 

taken as evidence that the feedback image theories do not unlversally 

apply to the control of complex mo.tor patterns (Schmidt, 1980). 

Adams (1977) cr1tlclzed the use or deafferentatlon research to study 

the perlpheral feedback control. Flrstly, deafferentat10n does affect the 

anlmal's proprlocept1ve feedback but leaves other senses to guIde behavlor 

Intact. Secondly, physlo1og1cal research (Cl1rton, Coggeshall, Vance & 

Wl11ls, 1976; Coggeshall, Applebaum, Fasen, Stubbs & Sykes, 1975; 

Coggeshall, Coulter & Wl111s, 1974) has shown that very fine afferent 

unmyel1nated flbers exlst ln the ventral root of the spI ne. These authors 

showed that about 30~ of the nerve flbers ln the ventral root carry 

sensory Information. It was found that two thlrds of these afferent f1bers 

could be actlvated by stimulation of the vlscera but that one thlrd was 

assoctated wlth the skln and deep tissues of the body and lImbs. This 

means that cutting the dorsal root flbers does not remove al1 sensory 

feedback from the I1mbs. A great deaJ of sensory feeCiback continues to 

get through the ventral pathways. Since the existence of onJy a few 

sens ory flbers Is sufflclent to sustaln coordlnated behavlor (Bossom & 

Ommaya, 1968), 1t can be accepted that many sensory flbers have remalned 

Intact arter dorsal root deafferentatlon. Therefore, the Information 

comlng through these flbers could have been used to control the 

movements of the deafferented animaIs. FlnaHy, the Quallty and the 

accuracy of movements from deafferented animaIs have rarely been 
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evaluated. It can thus be argued that the prlmary role of peripheral 

feedback is to make fine adjustments. If 50, the procedures used by PoUt 

and Bizzi (1978, 1979) for definlng accuracy (target of 15 degrees of arc) 

may not have permltted an evaluation of the role of perlpheral feedback 

for control11ng an ong01ng movement. 

The open and closed-loop models lead to d1fferent pred1ctlons 

concernlng pract 1ce. On the one hand, Adams (1971) predlcts that 

dependence on vlsual feedback will be greater after extended pract1ce2, 

whfle the programmlng theorlsts suggest that subjects could perform 

more effect1Vely because they have ruled out the vlsual feedback from the 

control process {Smyth, 1977>. For Adams, thts means that after a few 

practlce trials, or If the amount of feedback stlmul1 has been small, a 

weak perceptual trace w111 have been formed. However, after a large 

number of triais foHowed by KR, the correct response or a close 

approximation of It has been made a number of tlmes, and the perceptual 

trace for the movement Is strong and dominant. When the feedback stays 

unchanged, there Is maximum compatlblltty between the perceptual trace 

already laid down and the current feedback stlmuH generated by the 

response by these same stimuli. When feedback Is changed, 
IncompatlblHty extsts and a substantlal decrement ln performance results 
(Adams, Goetz & Marshall, 1972). The decrement ln performance, after the 

removal of vlsual feedback was already reported by Annett (1959>. This 

2However, Adams, Gopher and Untern (1977) have shown that the role of 
proprlocepUon, 1n a slow poslt10nlng movement, lncreases wlth training. 
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means that the pèrceptual trace bullt up after 50 trials was largely 

dominated by vlsual information, and that there was considerable error 

when this informative feedback was removed. On the other hand, open-

100p theorists would propose that the response-produced feedback should 

become less important for movement control as practice increases. 

Subjects who are repeating a visually controlled movement can use their 

knowledge of prevlous movements to lncrease the slze of the pre-selected 

portion of the movement, and so decrease their dependence on visual 

feedback during practice. If this occurs, then performance wlthout vis10n 

after extended practice would be expected to not deteriorate as much as 

after a small number of trials (Smyth, 1977). It should, however, be 

mentioned that this would be the case if, and only if, the precision of that 

Hrst portion remained constant whatever lts length. This difference will 

be discussed in a following section. 

Weaknesses of open and closed-1Qop models 

Both theor1es, whether they stress the open or closed-loop aspects of 

movement control, have some weaknesses. They are impllc1tly based on 

the assumptlon that for each movement that 1s to be made, there must be 

elther a motor program or a reference standard agalnst whlch to compare 

feedback. This lmpl1es that there Is a one-to-one mapplng between stored 

states and movements to be made. Th1s may represent a problem for the 

central nervous system ln terms of the amount of mater1al that must be 

stored, because when we conslder the numerous ways ln whlch IndlvldUals 

move thelr musculature, we must have a nearly countless supply of elther 
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programs or reference standards ln st orage. Another problem ls how one 

pro duces a -nover movement. When we make a motor response ln agame 

situation, for example, we do not execute the movement exactly as we 

have made 11 before ( Bartlett, 1932; Higglns & Spaeth, 1972). If the 

response 1s based on a stored trace or motor program, and 1f thlS memory 

representatlon develops vla practlce wlth KR, how then can we inltiate and 

execute a new movement, since there ex1sts no perceptual trace or motor 

program for that part1cular movement (Schmidt, 1975) 1 · Therefore, there 

1s a need for a more general1zed concept theory, as proposed by Pew 

(1974) and Schmldt (1975,1976), to accommodate for the versatile nature 

of skilled movements. 

The motor schema and mot or-output yarjabl11ty noUons 

ln order to correct the shortcom1ngs of the already ex1stlng open and 

closed-100p theorles, Schmidt (1975), based on the work of Pew (1974), 

has formu1ated the schema theory of d1screte motor sk111 learnlng. The 

author stated that a sUbJect does not store the movement, but lnstead 

he/she abstracts four types of Jnformat10n: (a) the 1n1t1a1 conditions, (b) 

the response speclf1caUons for the motor program, (c) the sensory 

conseQuences of the response and (d) the out come of the movement, ln 

order to construct a schema for a g1ven c1ass of movement. 

A schema 1s an abstract memory structure containing codes capable 

of belng transfonned into patterns of movement (motor program). The 

patterns produced from a given program have certain Invariant properties, 

even though two responses from the same program might have large 
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dlfferences ln respect to other varlant features. Accord1ng to th1s v1ew 
the program is generallzed, so that parameters are reQulred to spec1fy the 

partlcu1ar way in which the ·spec1fled program· is to be executed. At the 

same time that the subject chooses the speclfied schema, he a1so 

generates the expected sensory consequences of the movement 

(proprioceptive and exteroceptive feedback). During and/or after the 

movement, each of these expected sensory consequences 1s compared with 

its respective inflow of sensory information. A mismatch produces an 

error that 1s fed back to the schema. At that moment, ttlere exist severa1 

poss1bllit1es. F1rstly, the expected and actua1 outcome are identica1. 

Second1y, there is a slight dlfference between the two outcomes, because 

an error has occurred ln the executlon of the program. Finally, the 

difference between the expected and actual response 1s large, because an 

error has occurred in the selection of the program. The principal 

difference between these two types of errors lies in the processing t1me 

reQulrements for error correction. Small errors in the executlon of the 

program can be corrected Qu1te Qu1ckly (30 to 50 ms), leaving the 

activated program Intact. Select10n errors mean that the approprjate 

program for the movement has not been chosen . . Therefore, the response 

can only be altered by selectlng a new motor program in tlmes 

correspondlng to reactlon tlme delays (Schmidt, 1982), 

It should a1so be p01nted out that Kee1e (1981) made a rejolnder to 

the general1zed motor program. He exp1a1ned that for each var1ation 1n a 

movement, there does not necessarl1y have to be comp1ete1y d1fferent 
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programs. As he argues, there may be more variabll1ty ln the product than 

ln the program. 51nce the final product depends on the lnteractlon wlth 

forces ln the environment and changlng mechanical interaction wlthln the 

me-mbers themselves, one part of the program can be changed whl1e the 

other parts remaln constant. 

The principal limitation of SChmldrs (J 975) theory Is that the 

generaltzed motor program, followed by Us specifications, Is determlned 

by the dlscrepancy between the sensory-motor system and the Intended 

goal. Inother words, the travelled distance appears to be an Important 

factor. However, Bizzi et al. (1976,1978) have shown that for an almed 

movement, the travelleddlstance Is not the prlmary factor wlth respect to 

the accuracy of the movement. In fact, the authors showed that a 

knowledge of the end posltton Is sufflclent enough to attaln the target. 

Comparable results have been obtalned bySctvnldt and Mc Gown (1980) for 

human ann movement. These results led Schmidt (1982) to revlew hls 

posItIon. Schmidt (1982) characterlzed a motor sk111 as belng an 

organlzed set of contractions and relaxations of the relevant musculature 

spread over ttme, so that the response produced by the slmmatlon of thts 

actlvlty ts elegant and smooth. It had alreacJy been recogntzed from the 

control of galt (Grillner, 1975; Wetzel & Stuart, 1976) and from the 

control of complex multlcomponent actions ln humans ( e.g. Shapiro, 

1977,1978; Summers, 1978) that the position of these musculature 

Impulses at the proper Ume ln the sklll Is an aspect crlUcaJ to effecttve 

performance. The temporal organlzatlon of the response, usually termed 
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·phasing-, has to do not only w1th the production of contractions in the 

proper order of the skill, but also w1th the production of these 

contractions at the most effective times with respect to the other 

contractions in the response (coordination). Schmidt (1982) saw the 

generalized motor program as being totally responsible, w1th the possible 

involvement of reflex-based corrections, for the temporally ptaced 

patterns of force in the ~ and hence for the trajectories 

assumed by the 11mbs. 

Accuracy of a motor orogram 

"Schmidt, Zelaznlk and Frank (1978) and Schmidt, Zelaznlk, Frank and 

Qulnn (1979) proposed that ln an unldlrectlonal arm movement, the motor 

program produces Impulses (force appl1ed over tlme) that serve to 

accelerate the IImbs. Impulses haVe an Important physlcal property, ln 

that the veloclty of an obJect, after an Impulse has been appl1ed to It, Is 

dlrectly proportlonal to the Impulse slze, I.e. to the area under the force-

t1me curve. Furthermore, the s1ze of the 1mpulses (ampl1tude and 

duratlon) determlne where the 11mb will eventually stop, and how rap1dly 

1t wl11 travel as weil as the achleved spatlal trajectory. 

Schmidt et al. (1978, 1979) recognized the variabillty of the human 

movement, and hypothesized that the determinant of accuracy, in ajmjng 
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movements, 1s the var1abil1ty of the lmpulse3. To control for the 1nherent 

var1abll1ties of the impulse, the subject will manipulate movement Ume 

(MT), which of course changes the movement average veloc1ty. Here, the 

travelled d1stance ls a fooction of two variables: the amplltude and 

duration of the contract10n. In fact, Schmidt and his co-workers showed 

that the var1abl11ty of impulse duratlon and amplitude are Hnearly related 

to their respect1ve magn1tude. As a consequence, the var1ab111ty and thus 

the accuracy of the movement 1s l1near1y re1ated to the speed of that 

movement; accuracy 1s deflned as the varlabiHty in the movement's 

endpoint. The authors proposed that: 

We 00 O/MT (1) 

Here We 1s the standard deviation of the landing points of a stylus on 

success1ve trials; 0 ls the distance between the starting point and the 

target point, and MT is the average time taken to make the movement (as 

specifjed by the experimenter). 

It should be noted that thls point of vlew 1s tenable, if and on1y 1f, the 

movement 1s not corrected durlng Us course v1a conscious and/or vlsual 

3()ne premlse of the motor-output variability model is that repeated 
responses enable the same motor program; 50 that var1abll1ty from the 
central mechanisms is min1m1zed exper1mentally ( Schmidt et al., 1979), 
Therefore, with th1s approach, it 1s the noise ln the neuromuscular 
system, inherent ln the repeated execution of a specifie motor program, 
that 1s respons1ble for response varlabl1ity, rather than 1ntrlns1c 
variation in the program Use1f ( Newell, Carlton & Hancock. 1984). 
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feedback loops. According to Schmidt thls should not be an important 

limitation of this theory. This 1s because: (a) Schmidt (1975) as well as 

Keele (1968) proposed that an lndlvidual, with a lot of practice, lessens 

his utilization of visual feedback 100ps, and (b) Schmidt's theory 1s l1mited 

to those movements made without visual information lnvolvement. 

However, the movement speed-accuracy data suggest that the availability 

of vision does not change the function for response variabl11ty ; rather, 1t 

only changes the intercept of the function relatlng to the absolute level of 

movement accuracy (Hancock & Newell, 1966). 

Accordlng to Meyer, Smith and wright (1962) there are three 

weaknesses of the "lmpulse-varlabl11ty" model as proposed by Schmidt et 

al. (1976,1979>. The f1rst crltlclsm states that there Is an 
overslmpl1f1catlon of movement dynamlCS. This 15 because the mode1 does 

not expl1clt1y Incorporate a dece1eratlon PhaSe or provlde a mathematlcaJ 

account of how dece1eratlon Influences the overal1 movement speed and 

accuracy. Deceleration of movement for the single almlng task may have 

arisen from two distinct sources: (a) opposition of the antagonlst muscles, . 

(b) Impact of the arm wlth the reglon around the target. The contribution 

of the antagonlst muscles should not be overlooked. It plays an Important 

role durlng deceleratlon and should be modeled accordlngly. In reactlon to 

thls crltlclsm, Schmidt, Sherwood, Zelaznlk and Lelklnd (1986) polnted 

out that although they dld not model thls movement feature formal1y, they 

were truly aware of the complete action as the 11mb approached the target 

area. 
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The second criticism relates to a misappHcation of physical laws. 

According to Meyer et al. (1982), Schmidt et al. (1978,1979) assumed 

that the distance travelled by a movement is directly proportional to the 

impulse for acceleration, because the maximum velocity increases 

directly with the magnitude of the impulse for acceleration. The argument 

go es as follows: suppose that the accelerative force is applied for sorne 
proportion Kt (of the total MT) and that the 11mb continues to travel in free 

fal1 thereafter until impact. Then, according to Meyer et al. (1982) the 

movement distance would be directly proportional to the impulse for 

acceleration, 1f and only if, the MT was kept constant. This 1s because the 

following equation must hold from Newton's second law of motion: 

o = Kt (2 - Kt) ft2/2 M (2) 

where 0 is the distance to be moved, Kt is a positive constant, f is the 

accelerat10n force appl1ed to the 11mb, M 1s the 11mb's mass and t 1s the 

MT. 

Because the impulse for acceleratton here would be t = Kift, the only 

way to obtaln a proportional relation between 0 and 1 Is to have the t 

remaln constant as 1 and 0 vary wlth f. If Instead, f remains constant as 1 

and 0 vary with t, then the relation between f and 0 would not be 

proportlonal; 0 wouJd be proportionaJ to 12. Thus ln effect, Schmidt et 

al.'s derivatlons vlolate one of the basic principJes of physlcal motion. 

Schmtdt et al. ( 1986) recognized the point made by Meyer et al. ( 1982), and 

explained that the error arose from an addittonaJ assumptlon about how 
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the stylus landed on the target surface, rather than a misappllcation of 

Newtonfan kfnematfcs. The reasoning was that their mode1 (considered on 

the horizontal plane only) predicts that We 1s lndependent of MT. In an 

attempt to solve this problem, the authors assumed that the variabillty ln 

the velocity of the stylus at about the movement midpoint is proportlona1 

to D/MT. Since the sty1us trave1s horlzontally as ft ls dropping vertically 

near the target, variability in horizontal veloclty would be translated lnto 

variabnity in where the stylus lands. Therefore, the authors hypothesized 

that the variability in where the stylus landed (We) should also be 

proportional to D/MT. While the ear1y reasoning might appear correct, ft 

fgnored the fact that the variability ln the time to drop is not constant, 

but rather proportional to MT. The error thus originated from the failure 

to take the latter point lnto consideration. 

The thlrd crlt1clsm 15 that the model vlolates sorne basic prlnclples 

of probab111ty theory. The argument 1S as follows: suppose that a subject 

wants to generate two movements each concernlng a speclf1ed dIstance D. 

and force 15 the random variable. The flrst movement takes a certaIn tlme 

Ta and the second movement lnvolves Tb where Tb 15 eQUal to 0.5 Ta. The 

amount of force reQulred to complete the second movement would have to 

be four tlmes as great as the amount reQulred to complete the rtrst 

movement. From thls fact, Schmidt et al. (1978, 1979) concluded that the 

standard devlation of the Impulse would be four tlmes as great ln the 

second case, and that We is proportional to I/T2. This is because they 

assumed that: (a) the standard devlation of the force parame ter Is 



21 

proport10nal to as mean and (b) We 1s proport1 onal to the standard 

deviation of the impulse for acceleraUon. Based on simple probabl11ty 

theory, the standard deviat10n for the impulse can be calculated, assum1ng 

temporarlly that MT 1s not a random variable, but force is. If this 

rationale 1s followed , We would be proportlonal to lIT and not to l/T2, 

which would lead to the conclusion that: 

WeooD (3) 

Of course, equatton 3 contradlcts the resuJts pub JI shed by Schmidt 

and hls coJ1eagues. where the relation between Impulse and accuracy coUld 

best be descrlbed by the followlng eQuatlon (KeeJe, 1981): 

We = a + b ( D/MT) (4) 

where a and b are emplrlcal positive constants. In reaction to this 

thlrd crltlclsm, Schmidt et al. (1986) explalned that they should haVe 

wrltten that the varlablJlty in the force component was related to I/MT2, 

and the varlabillty ln the temporal component to MT. In consequence, the 

variabllity ln the impulse wiJi stiJl be related to I/MT. Thus, there is 

real1y no dlsagreement about the nature of thls reJatlonshlp. 

AJthough Meyer et al. (982) crlticized the impulse-variability 

modeJ, they put forward a theory based on the same assumptlons as 

Schmidt et al. 0978,1979). The authors proposed a new varlabiHty 

model, and consldered their model to give a better account of the speed-

accuracy trade-off ln aimed movements. It should be mentloned that the 
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authors accepted eQuation 1 as theoretically sound, even if the results are 

best descrlbed by eQuation 4. 

. Varlous prol:>lems wlth I:>oth models such as: (a) InadeQuacy ln 

explalnlng the three dlmenslonal nature of almlng movements (1:» non-

IInear relatlonshlp I:>etween We and DIMT ,(c) shape constancy assumptlon 

and (d) force varlabtJlty-force relattonshtp have recently been outllned I:>y 

Schmidt et al. (1986). Because thls toplc Is not dtrectly related to the 

purpose of the present theslS, It Is not dealt wlth ln the main body of the 

thests. A full treatment of these prol:>lems ts, however, gtven tn Appendlx 
A. 

Even though not perfect, the models proposed by Schmidt et al. 

0978,1979) and Meyer et al. (1982) do glve a good approximation for 

tasks def1ned as "temporal1y constra1 ned". Temporal1y constrained tasks 

jnclude ones where a subject must produce movements of a specjfjed 

duratlon, whtle trylng to come as close as possible to a target point. Here, 

emphasls Is placed on achlevjng the speclfled MT (Wright & Meyer, 1983). 

ln these klnds of tasks, the role of vision ln controlllng an ongolng 

movement has been minlmlzed, even if ft has not been experimentally ruled 

out. 

There exlsts a second type of atmlng tasks: those whtch are 

"spatlal1y constralned". SpatiaHy constratned tasks tnclude ones where a 

sUbJect must stop wlthln a speclflc target reglon whtJe attempttng to 

mtntmlze the MT. Here, emphasts ts placed on hlttlng the target reg 1 on. 
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Uslng thls procedure, Fitts (1954) found a logarithmic trade-off function 

between the speed and spatial accuracy of almed 11mb movements, as 

expressed 1n eQuatlon 5: 

MT= a + b log ( 2D/W) (5) 

where a and b are constants, 0 is the distance between the starting 

potnt and the target and W Is the target wtdth. 

Thts latter statement, whlch has become known as Fitts' law, appears 

to hold under a wlde varlet y or ctrcumstances lnvolvlng dttrerent atmed 

movements, body parts, mantpulanda, target arrangements and phystcal 

envlronments. Because of Ils generallty and Slmpltclty, Fttts' law has led 

to several movement control models (Abrams, Komblum, & Meyer, note 1; 

Crossman & Goodeve, 1963/1983; Jagaclnskl, Repperger, Moran, Ward & 

Glass, 1980; Keele, 1968, 1981; Langolf, Charrin & Foulke, 1976; Meyer et 

aL, 1982; Welford, 1968), 

The mode 1 proposed by Crossman and Goodeve (J 963/1983) ts 

certatnly the most often ctted, and is primari Iy based on visual 

corrections of the ongoing movement. Because the presence of visual 

feedback 100ps has not been ruled out by Schmidt et al. (1978,1979) nor 

by Meyer et al. (1982) and the time to establtsh a visual feedback loop is 

faster than original1y thought, this model becomes very interesting. This 

model and a second one proposed by Abrams et al. (note 1), will be 

discussed in the next section. 
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Alternative models for motor control 

Controversy still exists over what type of model best explains FUts' 

law. The controversy can best be understood ln terms of a dlstinctlon 

drawn by Woodworth (1899). He suggested that a movement conslsts of a 

programmed balHstlc lnUlal-impulse phase followed by a current control 

phase. In the latter phase, sensory feedback ls used to correct unintended 

errors after the movement has started. Following this distinction, some 

investigators have attrlbuted FUts' results to the nature of the lnltial-

lmpulse phase (Abrams et al., note 1; Meyer et al., 1982), whereas others 

have attrlbuted U to the nature of the current control phase (carlton, 

1979, 1980; Crossman & Goodeve, 1963/1983; Kee1e, 1968). Both models 

have been hypothesized to underlle the logarlthmic trade-off observed by 

FUts, and will now be presented. 

The lteratlVe-correctlons mode1 

The Iterative-corrections model was orlglnally proposed by Crossman 

and Goodeve (1963/1983) and SUbsequently made aval1able by Keele 

(1968). Accordlng to the model, an almed movement to a target conslsts 

of a series of submovements, each of the same dUration and relative 

accuracy. Moreover, each submovement Is deflned as an Impulse 

respondlng to, and reduclng, a vlsually detected error. The authors clalmed 

that an Initiai movement, before any vlsually based correction takes place, 

covers most of the distance to the target ln a tlme that Is Independent of 

the travelled distance and target precision. This Is the case slnce 

precision affects the number of corrections needed, not the tlme needed 
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for each correcUon. With these assumpt 1 ons, the iterative-correcUons 

mode1 accounts direct1y for Fitts' 1aw. In principle, the feedback for the 

corrective submovements could be e1ther visual or kinesthetic. However, 

thère is strong evidence that rapid corrective submovements tan not be 

made very effective1y based on kinestheUc feedback alone (Carlton, 

1981a; Prablanc, Echallier, Koml1is St Jeannerod, 1979; Wallace St Newell, 

1983). Thus, it seems plausible to assume that visual ~ plays a 

major role in making corrections. 

Keele (981) IdentIfIes a few potenUal problems wlth the Crossman 

and Goodeve (1963/1983) model. Flrstly, the statements make sense only 

If the MT covers a range sufftclent enough to generate a reasonable number 

of vlsually based corrections. ThIs Is because followlng the model, the 

greater the relatIve precIsIon, the more such correctIons are reQulred. 

Usually, only two or three corrections are possible ln approxlmately 500 

ms, and thts Is too restrIctIve to account for the much more contlnuous 

changes ln MT that occur as a functlon of distance and precision. 

Moreover, considerable variation of MT ln response to variation of 

movement 1ength and precision occurs ln movements lasttng less than 

250-300 ms, a range of tlme thought to be too short to allow vtsually 

based correctl0ns 4. 

4 However, as will be dlscussed later, evldence Is found that the vlsual 
processing time is approximately 100 to 135 ms. 
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The optimized initial-impulse model 

The optlmized inUial-impulse model (Abrams et al., note 1) has 

emerged from the work of Meyer et al. (1982)5 and Schmidt et al. (1979). 

Here the assumption is that ln a spaUally constrained task, an almed 

movement always consists of eUher one or two discrete submovements 

regardless of the target distance and width. The lniUal impulse 1s 

programmed to hit the center of the target region. If this first 

submovement is judged to end anywhere within the target, then · no 

corrective submovement follows. However, the initial impulse may oot 

permit the subject to hit the target. This may be due to perturbations 

caused by internaI neuromotor noise. If this first submovement is not 

accurate enough, a corrective submovement based on vlsual feedback is 

executed to el1mlnate the error from the initial lmpulse. The variability 

in the endpoints of the inUial impulses were shown (Wright, note 2) to 

have a standard deviation that increases proportionally with the average 

velocity generated by the initlal impulse. Furthermore, the initlal 

impulses are assumed to have an 100al average velocUy that minim1zes the 

average total MT. This iOOal is achieved by making an optimal compromise 

5 This model, called the ·overlapplng-lmpulse· model, was org1nal1y 
proposed to un if y the linear and logarithmic trade-offs without 
attributing Fitts' law to iterative correct10ns or visual feedback per se. 
Under this unification, preclsely tlmed movements ( e. g. Schmidt et al., 
1979) would be mediated by a single pair of opposing force pulses, which 
minimlzes temporal but not spatial variabl1ity. In contrast, spatlally 
precise movements ( e. g. Fltts, 1954) would be mediated by a pre-
programmed ser1e of overlapp1ng force pulses whlch 1ncrease temporal 
variabillty. 
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between the mean duration of the initial impulse and the mean duration of 

the secondary corrective submovements. A comprom1se 1s necessary for 

several reasons. In partlcular, although faster 1n1t1allmpulses add less to 

the total MT, they increase the freQuency and magnitude of the first 

movement error and corrections must be made. Thus, to keep the duration 

of the average total MT to a minimum, the Initial impulses should not be 

too fast in order to reduce error. If a correction 1s needed, 1t is 

influenced by neuromotor noise, Just as the initial Impulse is. Therefore, 

to reach the target, correct Ive submovements must have a distribut Ion of 

endpolnts located at the center of the target wlth a standard deviation 

suffic1ently small so that only a few (approximately 51) of them faU 

outside the target region. Endpoint var1abiHty depends on adJust1ng the 

duration of the corrective submovements appropr1ately. Given these 

assumptions, the optimlzed Initial-impulse mode 1 attributes Fitts' law 

primarlly to the nature of the initial impulse phase6 . 

Predictions of the iteratjve-corrections and optjmjzed inUjal-

jmpulse models 

The predictions, as a consequence of the Iterative-corrections and the 

optlmlzed Initial-Impulse models, can be dlvlded Into three aspects, as 

laid out by Abrams et a1. (note 1). The flrst prediction InvoJves the 

6 The main difference between the present theoretical approach and the 
overlapping-impulse model of Meyer et al. (1982) is that whereas the 
optimized initial-impulse mode 1 requtres only two submovements, the 
overlapping-impulse mode 1 Includes a set of two or more pre-
programmed Impulses that overlap each other temporaJ1y to account for 
Fltts' law. 
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speed-accuracy trade-off without visual feedback. On the one hand, under 

the iterative-corrections model, an absence of visual feedback during an 

aimed movement should substantially alter the parameters of the trade-

off function, perhaps even induce a breakdown of Fitts' law. This follows 

because eliminating visual feedback removes the principal basis for 

making corrective submovements, and the lterative-corrections model 

cannot predict Fitts' law without the occurrence of such corrections. It 

should be noted that kinesthesis may serve that function, although at the 

expense of accuracy. On the other hand, lIlder the optimized 1n1tial-

impulse model, Fitts' law should hold even when visual feedback is 

eltminated completely. Th1s follows because the 1n1tial impulse allows 

the Hrst ballistic part of an aimed movement to exhiblt a quas1-

logarithmic speed-accuracy trade-off (just like the overall movement 

does). Thus under this second view, corrective submovements are not 

reQuired for Fitts' law to hold. 

A second prediction concerns the klnematlcs of the 1nitlal impulses. 

Under the 1teratlve-correctlons model, the veloclty of the f1rst 

submovement should not de pend on the wldth of the target (W). Regardless 

of W, the flrst submovement supposedly takes a flxed amount of tlme to 

coyer a constant proport Ion or the distance between the startlng point and 

the center or the target. Under the optlmlzed Initiai-Impulse mode!. the 

veloclty or the rlrst submovement should Increase as the target wldth 

Increases. 
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A third prediction considers the variabl1ity of the initial-impulse 

endpoints. Under the iterative-corrections model, the endpoints should 

have the same spatial variabi1ity regardless of thelr average velocity. 

This is the case, because the model as expressed by Keele (1968) lncludes 

no formaI Quantitative assumptlons about the effects of neuromotor noise. 

ln contrast, under the optim1zed in1tial-1mpulse model, the varlablHty in 

the endpolnts of the initlal impulses should be proportional to thelr 

average velocity. 

Results or the compartson or the iterative-corrections and optlmlzed 

lnitial-impulse model 

Abrams et al. (note 1) tested these predIctions stmultaneously ln a 

study where the sUbJects had to peNorm capld wrlst rotations. The 

angular posItion of the haoole controlled the horizontal location or a 

cursor on a dlsplay screen. Httting the target reglon reQutred movlng the 

upper potnt or the cursor 50 that It rell tnstde the target. Inrormatlon 

about speed and accuracy or the movement was glven to the SUb Ject at the 

end or each trial. The expert ment Included 12 dtrrerent combtnatlons of 

target distance and wtdth <ID ranged rrom 2.32 to 4.96). Visual reedback 

was manlpulated by the cursor, whlch elther remalned visIble throughout 

the movement, provldlng complete vlsual feedback, or dlsappeared rrom 

vlew as soon as the movement began and dld not reappear untll the 

movement ended. 

FirstJy, conceming the speed-accuracy trade-off without visuaJ 

feedback, the resuJts reveaJed that there were more errors when the 
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subjects could not see the cursor, and the error rate was at its greatest 

for the difficult targets. This indicated that the no-vision condition 

disrupted performance. It meant that visual feedback was needed to make 

fine corrective movements, as would be expected by both the iterative-

corrections and opt imized initial-impulse models. UnHke the error rates, 

the MT data revealed only a very small effect of el1minatlng visual 

feedback during the movements. The invisible cursor condition tended to 

yield slighty shorter MTs than those ln the visible cursor condition. This 

presumably happened because subjects omltted some time-consumlng 

movement corrections when they could not see the cursor. It should be 

mentioned, however, that corrections are always assumed but never 

measured. Nevertheless, Fitts' law fitted the data reasonably well for 

both conditions, as predicted by the optimized initial-impulse mode1. 

Contrary to the iterative-corrections model prediction, the authors did oot 

observe a large change in MTs or a breakdown of Fitts' law when subjects 

were deprived of visual feedback to guide their correct 1 ons. Wal1ace and 

Newell (1983), using the original Fats' tapplng task (Fitts, 1954; Fltts & 

Peterson, 1964) obtained identical results. They showed that Fitts' law 

(eQuation 4 ) was vaUd in both vision and no-vision conditions. However, 

for ID greater than 3.58 bits, they found that movement accuracy was 

better when visual feedback was available. These results are Quite 

puzzHng. A1though their MTs results and those of Abrams et al. (note 1) 

supported the optimized initial-impulse model, the data obtained for 

accuracy did not. It was clearly shown that the proportion of errors was 

much greater in the no-vision condition. As far as we understand it, Fitts' 
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law applies for movements that are accurate.between 901 and 1001 of the 

time. If we are right, how could Abrams et al. (note 1) have compared MTs 

for vision and no-vision condltion and conclude in favor of the1r model, 

Whl1st error rates were not equivalent? We feel that this is a def1nlte 

case of confounded effects, and lt ls thus impossible to favor one model 

over the other on the basis of these particular results. Furthermore, lt 

must be noted that k1nesthet1c feedback was st1l1 present, and as has been 

shown by Prablanc et al. (1979), this feedback source does not give 

accuracy. 

Secondly, regarding the klnematlcs of the movements, the data 

revealed that each veloclty trace (veloctty plotted as a functlon of handle 

position) had approxlmately the same shape, but that the peaks were 

slgntftcantly related to target wtdth. Thts Is predtcted by the optlmlzed 

tntttal-tmpuise model and vlolates the Iterative-corrections model. It 

should also be mentloned that Langolf et al. (J 976) provlded slmllar 

evtdence agatnst the tterattve-corrections model. They observed that the 

tntttai relattve veloctty of an atmed movement tncreased as W tncreases 

(0 was held constant). In both studtes, average veloctttes durtng the 

tntttai tmpulse Increased as the target became wtder, even though the 

target dt stance remalned constant. Thts was probably because wlder 

targets provlded more room for the endpolnts of the Initiai Impulse; tt 

thus allows the inttlal tmpulse to have a htgher average veloctty wtthout 

excesstvely Increaslng the rlsk of mtsslng the target. Furthennore, 

regardless of whether or not the subJect had vlsual feedback, target wldth 
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systemat1cally affected the velocity of the initial impulse. This out come 

ls consistent wlth Abrams et al:s (note 1) model since the initial impulse 

does not de pend on visual feedback. However, perhaps subjects were 

relylng on klnesthetic information? F1nally, concernlng the endpoints of 

the initial impulses, the results showed that the variabi1ity increased 

llnearly with the average velocities of the initial impulses, as predicted 

by the optimized initial-impulse model. 

The study of Abrams et al. Cnote 1) supports the optimlzed inlt ial-

1mpulse model. The model explalns : Ca) why the authors and other 

1nvest1gators (e.g., Prablanc et a1., 1979; Wallace & Newell, 1983) have 

found that F1tts' law 1s vaUd even w1thout v1sual feedback and (b) why 

target wldth affects the veloc1ty of the 1n1t1al 1mpulse when target 

d1stance 1s held constant (cf. Langolf et a1., 1976>. 

Before acceptlng the optimized-impulse model as vaUd, we must 

consider some interesUng results that have recently been publ1shed 

(Carlton, 1980). Abrams et al:s (note 1) proposition js that, for most of 

the movements, there js either no or only one correction based on visual 

feedback. However, Carlton (1980) showed that, 1n a manual a1m1ng task, 

many movements were characterized by more than a single correctjon. The 

author des1gned a study to exannine whether discrete corrective 

movements are character1stic of reciprocal tapping, peg transfer and 

dlscrete almjng responses. Specifie criteria were adopted for determining 

1f correct10ns took place. The pr1mary crlterion fQr observlng the 

occurrence of a corrective movement was the acceleration of the stylus 
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as it approached the target area. This secondary acceleration, belng 

associated with the initiation of a movement command, was intended to 

correct the discrepancy between the position of the stylus and the target. 

Seèondly, a corrective response was also assoclated wlth abrupt 

decelerat10ns which took place near the target. That 15, where 

deceleration values were approaching zero and were followed by a large 

increase ln the rate of deceleratlon. 

Carlton's (1980) results, based on 72 trials per ID condition, 

lndlcated that for a 4.65 ID cond1tlon, the largest number of responses 

(5410 were characterlzed by lncreases ln veloc1ty, near the completlon of 

the movement only ln the vertical dimension and resultant functlon. In the 

7.00 ID condition, almost al1 of the trIals (9JX) were represented by 

dlscrete corrections. The reason for thls change ln the control process Is 

most l1kely the change ln accuracy reQulred for successful completlon of 

the task ln the 7.00 ID condition. Carlton went a l1ttle further and 

Investlgated the posslbl11ty of having more than one correction, for an 

almed movement under strlngent accuracy reQulrements (ID- 8.74>. The 

results revealed that two thlrds of the movements required two 

correct10ns for successful complet 1 on. Thus, the maJor1ty of the tr1als 

were characterlzed by three phases: (a) an Initial movement or distance 

coverlng phase, (b) an Initial correction phase whlch brought the stylus 
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very close to the target and (c) a final corrective acceleration bringing the 

stylus into contact w1th the target.7 

. The apparent dlscrepancy between Carlton's (1980) and Abrams et 

al.'s (note 1) results may be explalnéd by conslderlng the ID levels and the 

type of tasl< used ln each study. As for the ID factor, Carlton (1980) 

observed several correctIons only w1th ID levels hlgher than those used by 

Abrams and h1s co-worl<ers (note 1>. It 1s thus possIble that the optlmlzed 

ln1tlal-lmpulse modells only tenable for low ID levels especlally early ln 

learnlng. What would happen after extensIve traInIng? One may suggest 

that w1th extensive traInIng, the optlmlzed inItial-Impulse model Is 

tenable for both low and hlgh ID levels. Here, dlfferent explanatlons are 
possIble. F1rstly, as proposed by Smyth (1977), the flrst part of the 

movement (the programmed part) may Increase wlth traInIng so that the 

feedbacl< controlled phase beglns closer to the target, and thus permlts 

only one correction based on vlsual feedbacl<. In fact, If thls proposItIon 

could be verlf1ed, lt would mean that the Ume needed to complete a 

visually based correction dlmln1shes w1th learnlng. It has been 

postulated by Howarth and Beggs (1981) that the effects of practlce are 

largely due to a strategie change ln the trajectory of the hand. This would 
enable the practlced lndlvldual to come nearer to the target before the 

last correction Is belng made. Secondly, It Is possible that after 

7Furthermore, Péllsson, Prablanc, Goodale and Jeannerod ( 1986) showed 
that sometlmes corrections took place wlthout I<inematlc evidence. It 
may thus be that even more correctIons occurred than those reported by 
Carlton (1980). 
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extensive training, the first submovement becomes less variable, and. thus 

reQuires only a single correction whatever the ID level. Final1y, a 

combination of both processes could also happen. As far as we know, 
ne1ther of the preceding propositions have been experimental1y tested. 

The d1screpant results may also result from the type of task wh1ch 

was used. In the Abrams et al:s (note 1) study, there was no real 

movement, whl1st there was one ln Carltons' exper1ment. 

- The slmBaritles between hand movements and large saccadlc eye 

movements give reason to beHeve that there may be a general control 

process. Evidence from woN< examining the control of eye movements will 

now be discussed. 

Saccadlc eye moyemeots 

The eye tracks much llke the hand. However, one of the main 

dlrrerences Is that eye movements are a lot raster than hand movements, 

because the eye has a considerable smaller mass than the hand. The 

second main dlfference Is that the eye uses matnly Qulck saccadlc 

movements. They correspond to the Qutck balltsttc movements of the hand, 
whlch are not used very onen. The eye uses only the slower pUt"Sutt 
movements when It fol1ows a movtng object, and even then the eye sUlI 
uses qu1ck saccades from Ume to Ume to correct tts pos1Uon1ng (PoUl ton, 

1981). Presumably, the eye uses qulck saccades most or the ttme, because 

movement blurs the Image on the retlna. Mlnlmlzlng the tlme taken to 
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move the eye max1mizes the proportion of the time with clear vision 
(Campbell & Wurtz, 1978). 

. ExperImentaI InveStigatIons have also revealed some slmllarlt1es 

between the two types of movement. Flrstly, IIke the hand, the eye has an 

average stmple vlsual reactlon tlme, to a single known stimulus, of about 

200 ms. As for the haoo, reactlon tlme (RT) Increases when trlere are two 

chotces of position. But wlth more than two cholces, RT ooes not Increase 

any further. ThIs corresponds to the manual perfonnance of a person wfth 

hlghly compatible stlmulus-response palrlngs. ThIs Is what one would 

expect. because aCQulrlng a target by movlng the eye to the correspoOOlng 

posItion Is a hlghly compatible stlmulus-response palrlng. Secon<lly, IIke 

balJIstlc hand movements, saccades tend to be accurate to wlthln about 

10" of the slze of the movement. 

Ftnally, saccades also exhtbft maoy of the response characterlstlcs 

dtsplayed ln the production of alming responses, in particular those where 

a certain degree of accuracy is requlred. It has already been proposed that 

almlng responses are made up of an Initiai submovement and at least one 

correction that brlngs the hand in contact wtth the target. This is very 

similar to when large saccadlc responses are required to bring a target 

onto the fovea of the eye, and two saccadic responses are typicalJy 

produced. The first saccade tends to undershoot the target ( e.g. Becher & 

Fuchs, 1969; Henson, 1918) because overshooting would put the stimulus 

on the other slde of the fovea, involvlng the other hemisphere in the task 

to re-tdentify and re-Iocate the target after the movement (RobInson, 
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1973). The secondary saccade el1minates any discrepancy of the primary 

saccade, so that the movement can be completed. Henson (1978) suggested 

that the primary saccade is programmed to fall approximately 101(; short 

of the target, whereas the corrective saccade uses the visual difference 

between the present position and the target for correcting the response. 

It does not take much time to sample and process the information because 

less information is necessary to program the corrective saccades, since 

its approximate location in time, amplitude and direction has already been 

determined. Becher and Jurgens (1979) have proposed that the saccades 

can be prepared simultaneously and 1ndependently from one another 

(parallel programming in time). The authors have found that the second 

saccade starts after the lnitlal one with almost no latency. This means 

that the preparation of the corrective saccade must have been taken place 

prior to and during the execution of the first one. It 1s as if the individual 

lS able to evaluate the error resulting from his first impulse and from 

the appropriate corrections as the movement goes on. 

Becher and Fuchs (1969) Galculated the v1sual process1ng t1me 

between the complet10n of the ftrst saccade and the 1n1tlatlon of the 

corrective saccade, and estlmated It to be 130 ms. ThIs calculatlon 

appears to be analogous to the tlme between vision of the stylus and 

Initiation of corrective responses as laid out by Carlton (1981 al. A 

possible crlttctsm or USlng the 130 ms as an estlmate of vlsual processlng 

tlme comes from the flndlng that the secondary saccades OCC\l' even ln tne 

absence of vtsual error Infonnatlon. This has been examined by Prablanc, 
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Massé and Echallier (1978) who demonstrated that the secondary saccades, 

ln the absence of a perjpheral stimulus, are not really corrective; really 

corrective saccades occur only when the eye ls near the target. 

Constderlng the slml1arltles ln the control characterlstics of hand 

movements and large saccades ( except for the undershoot featlJ"'e whlch 

occurs less freQuently for hand movements),lt may be suggested that these 

movements are control1ed tn the same manner. When saccades or rap.td 

hand movements (whlch also need to be accurate) are reQulred, the ln1tlal 

almtng response ts oot accurate enough to complete the movement. For 

maxlmlzlng the performance, a prtmary response ts prodUced that ends 

short of the target and uses the error lnformaUon to produce the 

correctIve response, leadlng to longer processlng tlmes. 

EarHer ln the text, it was mentloned that the tlme needed to correct 

an ong01ng movement via a visual feedback loop was a central concern for 

motor control theorlsts. The Issue ls Important because lt ls l1nked wlth 

the number of corrections an indlvidual can make during a fixed period of 

Ume. The documentation concerning this aspect 1S revlewed ln the next 

section. 

Ylsual feedbacl< Drocesslog tlme 

loltlal Investigation by Woodworth (1899) esUmatecJ the vlsual 

processtng ttme by examlolng response accuracy of reclprocal tapplog 

movements. The ratlonale was that the processlng tlme could be 

estlmated as the short est MT that allowed slghted responses to be more 
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accurate than those executed without vision: From his results, Woodworth 

concluded that vision improved accuracy when movement duration was 

approximately 450 ms or longer. 

ln thelr classlc study, Keele and Posner (1968) reasoned that the use 

of reclprocal tapplng responses (Woodworth, 1899) may have led to an 

overestlmatlon of the visual processlng tlme because ln this klnd of ta5l<, 

the stroke rate a1so lnc1udes the Ume taken to reverse directions. The 

authors solved thls prob1em by havlng the subJects make dlscrete 

movements to a defined target. The error rates lndicated that the spatial 

accuracy of 190 ms Single almlng movements was not affected by the 

wlthdrawal of vlsual feedback, whl1st vision had a facl11tatlng effect on 

accuracy when MTs were ln the 260 to 450 ms range. These results led 

the authors to conclude that the vlsual processlng t1me must l1e between 

190 and 260 ms. 

Recently, vision manipulation studies have shown evldence that the 

visual processing time may be much shorter than these first 

approximations. Smith and Bowen (1980) delayed vtsual feedback during 

the performance of 150 to 650 ms aimed movements (0-15 cm). For the 

150 and 250 ms movements, a 66 ms delay produced overshooting 

compared to a nO-delay condition. This observation suggests that the 

processing time must be about 100 ms, otherwise the 66 ms feedback 

delay could not have affected the 150 ms movements. 
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Evidence for the short visual processing time comes from another Une 

of results. Carlton C 1981 a) stated that for measurlng the visual 

processlng t1me, one has to conslder the control process used in the 

production of aimed responses. The rationale is that in attempting to 

make movements to a target, subjects make an initial movement that has 

some error. This error will be correcte d, 1f needed, using prlmarlly visual 

feedback, regarding the discrepancy between the position of the hand and 

the target Ce.g., Carlton, 1979, 1981 a, 1981 b; Keele, 1968). Thus,vision 

appears to be used to control an ongolng movement only on the last half of 

the response, when the stylus 1s near the target. This 1s because 

information concerning the position of the hand on the initial portion of 

the movement would seem to give llttle indication of the subsequent error 

at the completion of the initial aiming response.6 By measuring 

movement patterns using rapid cinematographic sampllng techniques, more 

indication of the visual1y based ~ tn the producUon of •• m.ng 

responses may be obtained. Mc Farquhar and Newell C 1984) made a 

rejoinder to .that proposition, and argued that examining only the final 

outcome score does not provide a complete p1cture of how a subject 

actua lly perf orms a movement. 

Carlton (1981 a) reasoned that a direct measure of vlsual processlng 

tlme can be provlded by measurlng the actual ttme between the hand 

becomtng visible and the initiation of a corrective response. By 

61t should, however, be noted that Bard et al. (1985) recently showed 
that Informatton comtng from the pertpheral field Is also used to guide a 

pointing movement. 
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w1thholdlng the subject's v1sion of the hand until it reaches an area where 

vlsual information 1s most useful, the time reQuired to in1tiate a v1sually 

based corrective response can accurately be determ1ned. In h1s 

exper1ment, Carlton observed kinemat1c changes of almed movements 

within 135 ms following the appearance of the subject's hand from behind 

an occlusion. This led the author to conclude that, even after litUe 

practlce, processlng visual feedback takes only 135 ms. 

Zelazn1k et al. (1983) cr1tlc1zed both the work of Keele and Posner 

(1968) and Carlton (1981a). For them, Keele and Posner's estlmate or 

vtsual processtng tlme ts an overestlmatlon, and thts ror Uree 

methodologlcal reasons. Flrstly, sUbJects were uncertaln or the 

avatJabll1ty of vlsual feedback on the' upcomlng triaI (0.5 probabll1tyl 

Although thls mantpulatlon mtght ensure that subjects use tdenttcal 

strategtes tn the vision and no-vision conditions, the strategy may have 

been to prepare to control the more dlfflcult movement: that ts, the one 

perronned ln the absence of vlsual feedback. As a consequence, there may 

have been an added delay ln processlng ln the vlsual feedback condition, 

due to the cost of preparlng for a no-vision triaI. Elliott and Allard also 

(1985) argued ln the same way. and proposed that when subjects are 

uncertaln whether or not vlsual Information about the movement will be 

avallable, they perform rast movements ln a vlsual open-Ioop rashlon, I.e. 

wtthout uslng vlsual feedback. 5econdly, the subjects were glven a 

specifie MT, It Is possible that less attention was glven to the spatial 

demands so that the deslred level of temporal accuracy could be 
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maintained. Such a strategy wou1d reduce the effects of v1sual feedback 

upon spatial accuracy, and result in an overestimation of visual processtng 

time. Thirdly, response accuracy was recorded as hlts (when the stylus 

made initial contact with the target surface), or misses (when the stylus 

contacted the surroundtng area). The ·hit and miss· analysis may not be 

sensitive enough to capture the essence of movement endpolnt variabiHty 

(Pou1ton, 1974), and may have masked possible changes ln spatial accuracy 

as a function of visual feedback. 

ln regard to Carlton's experlment (1981 a), Zelaznlk et al. (1983) 

argued that the sUbject knew where hls hand could be seen, so that a 

deceleratlon could have been programmed prlor to the poInt where the hand 

was vIsIble. As a consequence, an experlmental artifice may have Played 

the prlmary role ln the klnematlc Changes that were observed. In order to 

avold these weaknesses, Zelaznlk et al. (1983) examlned the effects of 

vtsual feedback durlng the performance of MT mantpulated (120 to 300 ms) 

atmed movements. The results of thts study provtded convergtng evtdence 

for the notton that concurrent vlsual feedback alds the performance of a 

sIngle almlng movement at MTs as short as 120 ms. 

Hay and Beaubaton (1985, 1986) a1so obtained supportlng evidence for 

fast vtsual processtng time. They investigated the effect of three 
feedback conditions: (a) no feedback, (b) complete feedback and (c) 

terminal feedback ( at the target only) during the performance of 100 to 

190 ms almed movements. The results revealed that complete vision had a 
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facilitating effect even for the fastest MT. These data suggest that very 

rapld feedback-based corrections of an ongoing movement can occur. 

When one compares the long vlsual process1ng Urnes, as postulated by 

Keele and Posner (1968), the recently obtalned est1mates (Carlton, 1981 a; 

Hay & Beaubaton, 1985, 1986; Sm1th & Bowen, 1980; Zelazn1k et al., 1983) 

represent a s1gn1f1cant departure. Th1s departure 1s certa1nly sufftcient 

enough to perm1t the 1ndlvfdual to make several corrections durtng an 

ongotng movement, as shown by Carlton (1980). Th1s possfbt11ty of vtsually 

based correct10ns Is retnforced even more If one constders that vlsual 

process1ng ttme may shorten w1th practtce. 

ln examlnlng dlscrete movements to a targe t, 1t appears that the 

subject does not actually watch his/her hand during the entire course of 

the movement, but instead focuses his/her attention near the target. On 

this basts, accurate visual error Information may not be avat1able unt11 the 

hand approaches the target locatton (Keele, 1968). This proposai is in 

agreement wfth Schmidt (1916), who points out that sorne portton of the 

movement must be completed before vlsual feedback Information becomes 

usefu1. More recently, Carlton (1981 a) demonstrated that the withdrawal 

of vlsual feedback from the initial portion of aiming responses has little 

effect on movement outcome. In his experlment, vision was manipulated 

by movlng a metal shield along the apparatus, so that some portion of the 

Initial movement Is unsighted. The fjve vision cond1tlons conslsted of the 

sUbJect seetng the entlre movement, Includlng the stylus in the starting 

position, or having 251, 50X, 15X or 93X of the Initial movement distance 
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unslghted. The results, based on 15 trials per condition, revealed that 

lncreases ln MTs and error rates only occurred when ~ or more of the 

1nit1al movement amplltude was uns1ghted. A speed-accuracy trade-off 

carl not be accepted as a general explanation of the findings, since delaying 

the opportun1ty to use vlsual feedback resulted ln both longer MTs and 

h1gher error rates. The results m1ght be explained in terms of d1fferences 

in visual acu1ty due to the position of the haoo, or by consldering the 

nature of the responses. Firstly, assuming that the subjects fixed their 

vision on the target, the acuity with which the hand was seen changed as 

the hand approached the target. More precise visual error information 

would be aval1able as the hand moved toward the target and the foveal 

point of the eye. The relatively low information content in terms of visual 

discrimination during the early stages of the movement suggested that 

vision of the initial portion of the response had l1ttle effect on response 

outcome. Secondly, the results might also be explained by considering the 

control process used in the production of discrete aiming responses. In 

attempting to make these movements, visual feedback of the hand 

position, on the initial portion of the movement, seem to give llttle 

information of the 'inbul1t'error at the completion of the aiming response. 

It would seem more l1kely that the initial submovement toward the target 

would be assessed as to its accuracy, and with regard to the correction 

needed to complete the task when the hand is near the target. 
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Bard et al. (1985) criticized Carlton's (1981 a) experimental 

conditions and conclusions. According to them, a default argument was 

used to disprove the role of vision during the initial part of the movement. 

ln Carlton's experiment, vision of the initial phase was either absent or 

used simultaneously with vision of the terminal phase. These 

experimental conditions may have led to a trade-off in favor of terminal 

(central) vision. A Question which arises when one considers how 

subjects focus their attention on the target is related to the type of 

vision involved in the control of aiming responses. If the eyes are fixed on 

the target, the aiming hand crosses the visual field from the perlphery to 

the center. In the final phase of the movement, central vision is 

especially involved in the acquisition of the target, whlle the initial phase 

depends on peripheral vision. Therefore, one might consider the 

possibility that some very rapid corrections occur under the control of 

peripheral vision in the early phase of the movement (Bard et al., 1985>-

This would take much less time than corrections made in the final phase, 

since peripheral vision is known to involve faster processing mechanisms 

(Paillard & Amblard, 1984). The authors suggested that perlpheral vision 

can be used to extract visual error information for the control of the 

movement during the acceleratlon phase. However, the use of this abi1ity 

demands a task with reQuirements that are very well adapted to the 

parameters susceptible for being regulated in the initial movement part. 

A directional task, where the visual information is provided by the initial 

part of the movement, will be different for both the imposed reQuirements 

on the subject and the performance measurement, from a pointing task 

where the feedback information is suppl1ed by the acquisition phase. Bard 
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et al. (1985) further explain that 1f such a peripheral control exists, it 

cannot carry out a11 the corrections of a11 the movement parameters which 

have been 1naccurately specifled. In essence, both visual systems, the 

positional control and the kinetic peripheral, appear under certain 

conditions to make specifie and complementary contr1butions to the visual 

control of movement; the prevalence between the two depending on task 

reQuirements (Bard et al., 1985). 

Recently, E1110tt and A11ard (1985) have supported the notion that 

corrections do appear ln the flrst part of the movement, although, lt must 

be noted that the authors lncluded an add1tlonal factor ln the1r experlment. 

Through the use of prlsms, they found the vlsual system to be partlcularly 

sensitive to movement errors early ln the movement trajectory. This 

early error detectlon allows subjects more tlme to complete a correction 

before the movement ends. The authors argued that the prlsm creates a 

situation ln whlch early error detectlon 1s large enough to be useful, 

lndlcatlng that not only the speed of the movement but also the amount of 

devlatlon from the "ldear polntlng traJectory and the precision of the 

movement requlred are Important. Conslderlng the fact that the subJecrs 

perception Is deformed from the startlng position, It can be accepted that 

the subJect tries to use al1 the vlsual Information he/she can get to 

el1mlnate error durlng the movement. 

Another way to examine · if visual feedback ts really used for 

movement control, Is to tnvesttgate whether the wtthdrawal of vision 
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affects the accuracy of an aiming task which has been learned in the 

presence of vision. This will be the main aspect of the next section. 

Vlsual guldance ln the aCQuls1t1on of moyement 

• To see what you are OOlng • seems to be crucial ln manual skl11s 

where the hand or an extension of the hand has to be moved to sorne target 

(Whlting & Cockerill, 1974). However, vlsually gulded movements glve 

rlse to both vlsual and klnesthettc sensations, because as a movement Is 

carrled out, sensory receptors ln the body provlde information about the 

movements that are occurrlng (Klein & Posner, 1974). 

If the subject views hls hand as 1t moves through a pattern, he will 

have information from two modalities upon which to base a reproduction: 

he can move through the felt or the se en pattern. How the visual and 

kinesthetlc information combines or coordinates ln the acquisition of 

skilled movement is not exactly known (Klein & Posner, 1974). This Is 

because the extent to which feedback is used by the subject may depend to 

a large degree on the nature of the task, and the type of error confront ing 

the performer (Schmidt, 1976). Therefore, one can postulate an 

interaction between the feedback channels, as they play out thelr roles ln 

regulating movement. 

An lnterestlng sltuatlon arises when Information from two or more 

modal1ttes derlves from the same obJect or event. win the sources of 

feedback be coordlnated so that perception Is unltary, and performance Is 

lnfJuenced by a11 relevant modalltles? Or Is our J1mlted attentIon 
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committed to one channel at a Ume? Furthermore, if the answer to the 

last Question is positive, w111 the same channel be used whatever the level 

of expertise of the performer? 

FlncUngs from a varlet y of experlmental paradlgms reveal that human 

performance tends to be controlled by vlsuallnformatlon (Klein, 1977>. In 

movement control, thls vlsual dominance over klnesthesls, has been 

explalned ln dlfferent ways. Posner, Nlssen and Klein (1976) and Klein 

(1977) hypothesized that ln response to the reduced alerting capacUy of 

vlsual signaIs, sUbJects tend to confine thelr attention to the vlsual 

modallty. This blas works via a prlor entry to allow vision to control the 

mechanlsm that subserves consclous reports. Another possible 

explanatlon mlght be the ready aval1abl11ty of the eye-movement system 

as a response to vlsual Input. If vlsual signaIs tend to evoke eye 

movement automatlcally, lt may be unnecessary to summon attentlonal 

systems unless the Input Is further classlf1ed as dangerous or lnterestlng 

(Posner et aL, 1976). A thlrd explanatlon Is tled to the spatial character 

of visuallnformation Ce.g., Rock, '1966). Rock proposed that vision dlrectly 

ylelds spatial Information, but that touch provldes such Information only 

through Us learned association with vtston. If thts vtew ts correct, vision 

Is very Important, especlally ln the learnlng phase of a novel task. 

Furthermore, an lnterest1ng Quest10n Is whether or not vlsual feedback 

cont1nues to be 1mportant late 1n practlce. 

The l1terature examlnlng the use of visual feedback durlng practtce 

will now be dfscussed. 
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The role of visual feedback during learning 

Adams et al. (1977) performed an experiment to evaluate the 

contribution of vision and proprloception in the development of the 

perceptual trace ( Adams, 1971). Their subjects learned a llnear 

positioning movement (0= 20.3 cm). The design was as follows: vision 

and proprioception were the two 1ndependently manipulated feedback 

channels. The conditions of feedback were either augmented or minimal. 

More specifically, there was augmented visual feedback when a subject 

could see the apparatus and his movement, and minimal visual feedback 

when visual cues were absent. Augmented proprioceptive feedback was 

given by an increase of the tension of a spring attached to the sl1de, or 

minimal proprioceptive feedback when the spring tension was removed 

from the slide, or combinations of these four conditions. There were two 

types of groups for drawing inferences about the potency of the feedback 

channels. Each had 15 or 150 acquisition trials with KR. These trials 

were followed by 50 test trials without KR. One group had neither, one, 

or both of the feedback channels augmented, and the designated channel 

remained unchanged throughout the acquisition and KR withdrawal trials. 

The other group had both feedback channels augmented in acquisition, but 

one or both channels minimized in the KR withdrawal trials. From the 

present study's point of view, three sets of results were particularly 

interestlng. 

Flrstly, whatever the number of practlce trials, the SUbJects who 

performed with vision always had a better performance than thOse whO 
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performed without it. Secondly, subjects who had to perform (no KR-

trials) without vision, had a beUer performance if they trained (KR-trials) 

without vision than with vision. This was true for both the 15 KR and 150 

KR" groups. Thirdly, not havlng vlsual feedback after having had it during 

the aCQuisition phase was less deteriorative for the group with 150 KR 

trials than for the group with 15 KR trials. 

Taken as a whole, these results clearly showed the power of vlsual 

feedback ln the control of a slow poslUonlng movement. Furthermore. 1t 

was shown that proprloceptlon plays a role ln the regulaUon of movement 

and lts Influence lncreases with training, but that its role remalns 

secondary to vision. However, lt must "be noted that the deftnltlon of 

minimal vlsual feedback dlrrers from the deflnltlon of mInIma) 

proprioceptive reedback. Minima) vlsua) reedback was a total denlal of 

feedbaCk, but total denlal cannot be achleved for proprioceptive feedback 

wlthout -deafferentatlon-. Thus, the two klnds or feedback had both 

augmented and minimum values, but the amounts were not equated across 

modal1tles. 

Adams et al:s (1977) conclusions were extended for a two dimension 

postttoning movement by Saltarellt (1977). The author studied the effect 

of visual feedback on the leaming of the terminal direction and the 

movement extent of a posltlontng response. He found that ln acquisition 

wlth KR, ln transfer from terminal acquisition to the Initial phase of KR 

wlthdrawal, and after transfer ln the KR wlthdrawal phase, subjects wlth 

vtsua\ feedbacl< performed wtth less movement extent and termlnal 
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direction error than subjects without visual feedback. This indicates that 

learning movement extent and terminal direction are both a function of 

visual feedback, even though Christina and Merrlman (1977) have shown 

that each dimension can be learned independently of each other. The 

positive influence of visual feedback on movement extent (Adams et al., 

1977) was thus conflrmed. 

Christina and Anson (1981) extended Saltorel1l's (1977) results. More 

speciftcally, they designed an experlment to determine the effect of visual 

feedback onmovement extent and Initial direction performance on a slow 

self-paced pos1tlonlng response, early as well as later ln acquisition, and 

ln a KR wlthdrawal phase. Visual feedback should have a positive effect 

on movement extent performance, as Saltarelli (1977) found, if the 

production of su ch performance Is controlled by a feedback process. 

Except for the early phase of aCQulS1tlon, vlsual feedback should have no 

effect on Initial direction performance,slnce the Initiation of a 

posnioning response ln a particular direction Is controlled by the memory 

trace (Adams, 1971) which Is a program-based process Independent of 

sensory feedback (Adams, 1971; Keele, 1981; Schmidt, 1980>. Vlsual 

feedback may have a positive Influence early ln learnlng to lnltlate a 

posltlonlng response ln a crlterlon direction, If It ls used between trials 

for the deveJopment of a programmed-based process controll1ng response 

initiation. 

Christina and Anson's (981) experlment had two phases: an 

acquisition phase of 60 trials wlth KR, followed by a KR wlthdrawal phase 
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of 20 trlals. Vlsual feedback and non-vlsual feedback conditions were 

manlpulated by using transparent and non-transparent goggles, 

respectively. The results revealed that in the early phase of acquisition, 

the group with visual feedback performed with less direction and 

movement extent error. For the latter phase of acquisition, visual 

feedback had no effect on learning to inltiate the posltioning response ln 

the crlterion dlrectlon, but 1t dld enhance the accuracy of learnlng to move 

the crlterl0n dlstance. When KR was withdrawn, vision stlll had a positive 

lnfluence on movement extent. This was in agreement with Saltarelli 

(1977) for a two dimensional response and Adams et al. (1977) for a 

positionlng response ln one dimension. No effect was found on initial 

direction performance. However, the ftnding that the influence of vlsual 

feedback disappeared after the fjrst KR withdrawal block was new. 

The experlments presented so far revealed that there Is a pos1tlve 

Influence of vlsual feedback on movement extent for slow self-paced 

pos1tlonlng responses ln one as well as two dimensions. These results 

can be expected because movement extent ln a slow posltlonlng movement 

Is belleved to be govemed by a feedback-based process. Wlth a slow 

posltlonlng response, there Is more than enough tlme durlng the actual 

response for the sUbJects to use the vlsual feedback for the ongolng 

control of the distance they want to move. Now, It can be aSked, how wil1 

vlsual feedback Influence the perfonnance of more rapldly executed almed 

or alm-l1ke movements? 
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Smyth's (1977) sub jects were reQuired to learn to de press a bar us1ng 

concurrent visual feedback. Pressing the bar induced the upward 

movement of a l1ghtlng dot on a cathode ray tube. The bar movement/dot 

movement ratl0 was of 1 to 15, which means that a sl1ght depression of 

the bar had a considerable effect on the dot displacement. Smyth's 

rat10nale was that when the movement made 1s small and the observable 

consequence (dot d1splacement) is large, there ls a discrepancy between 

the visual and kinesthetic feedback. As vision domlnates ln such a 

situation (Posner et al., 1976), subjects perceive the movement to be 

larger than lt actually is, so that after learning the task with vision 

available, overshoots are to be expected when visual feedback is removed. 

The amount by wh1ch the movement is overesUmated would therefore . 
reflect the amount by which the movement is controlled by a perceptual 

trace relying on visual feedback, which misinforms the subject about the 

size of the movement. Moreover, if subjects depend on visual feedback 

after extended practice, it is expected that they will be less accurate, and 

overestimate even more than individuals who have received fewer practice 

trials. This would be because subjects would then rely on a more 

developed perceptual trace. 

Smyth (1977) lnvestlgated the roles of vlsual guidance w1th very 

l1ttle practlce and vlsual guidance wlth a moderate amount of practlce. 

Four experlmental conditions were used, two cond1tions w1th l1ttle 

practlce (two and five trials) and two conditions of moderate practice (50 

and 400 trials). The sUbJects were told that thelr task was to learn to 
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exert a certain pressure on the bar, and that the light spot was there to 

guide them. Subjects in the 50 and 400 trial conditions were warned 

before the end of practice that the l1ght spot was about to be removed. 

Two control groups were also used. They received either no practice or 50 

practice trials without visual feedback but with verbal Qual1tatlve 

terminal KR. Following practice, there were two test blocks of 10 trials. 

The first block followed lmmediately after the last practice" trials, whlle 

the second block was performed after a 10 min rest interval. In both 

cases, subjects performed without vision or KR. Smyth's (1977) results 

revealed that subjects who tralned with visual guidance learned something 

about the task, since the distorting effect of- visual feedback decreased 

with training. However, as errors remalned overshoots even after 400 

trials, it is clear that the perceptual trace is based primarlly on visual 

information and still exerts an Influence. 

The relatlonship between vlslon and klnesthesls, ln the perceptual 

trace, is an interesting one. Vision dominates, and this 1s not because 1t 

codes position more effectively than k1nesthesis, since sUbJects dld not 

rece1ve any 1nformation about the pos1tion of the hand. Furthermore, the 

v1sual cue 1nformed the subject that the movement was a large one, and 

the sUbJects used th1s 1nformat1on rather than the conf11ct1ng klnesthet1c 

information (Smyth, 1977). 

Smyth (1977) used a guidance situation in which the visual1y 

presented movement was larger th an that actually made, so that vision and 

ktnesthests were incongruent. If visual distance information is used less 
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after extended practlce rather than more, accurate practlce wlth visual 

guidance might lead to accurate performance wlthout guidance, 1f the 

visual cue does not distort the subject's memory for the purposes of the 

task. From Smyth's (1977) results, 1t may be proposed that visual 

information may distract attention from kinesthesis (Klein et a1., 1974), 

or that the use of guidance may prevent subjects from settlng up an 

accurate referent in that they do not need to select the end pos1tion before 

the movement is begun (Kelso & Stelmach, 1976). The comparison of 

visua11y guided movements with constrained movements a110ws analysis 

of the effect of guiding, response-produced feedback, separate from that 

of errorless practice (Smyth, 1978). 

Smyth's (1978) exper1ment was des1gned to make th1s compar1son. 

and 1n addlt10n allowed some subJects to traIn wlth both a stop and a 

vlsual cue. The performance of the group wah ne1ther the stop nor v1s10n 

could be l1ke that of the stop only cond1t10n, unless v1s10n cla1ms 

attention and prevents learn1ng even when 1t 15 not necessary for accurate 

performance. There were s1x conditions, three 1n wh1ch movement was 

made to a stop and three ln wh1ch there was no stop. one group of the 

stop and no-stop condalons recetved concurrent v1sual1nformat10n (v1sual 

guIdance for the no-stop group). one recelved terminal vlsual InformaUon 

(terminal KR for the no-stop group) and one was glven no relevant vlsual 

feedback at a11 (no training for the no-stop group). A11 sUbJects performed 

30 practlce and 5 test trials (stop was removed, vlsual guidance and KR 

were no longer g1ven). The main result of the study was that vtsual 
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information about the distance to reach the target prevented the subjects 

from paying attention to kinesthetic distance and position cues, even 

though the latter were quite informative when movement had been 

terminated by a stop. Smyth (1978) argued that visual guidance apparently 

prevented the development of a stop instruction in a stored trace or 

program, and by dominating kinesthesis, also prevented subjects from 

using kinesthetic information to estimate the accuracy of the movement. 

This occurred even when the visualinformation was irrelevant. 

The results presented so far ln thls secUon, may be taken as evldence 

that vtston domlnates ktnesthesls, and 15 used to control an ongotng 

movement even after moderate training. Smyth and Marrlott ( 1982) argued 

that thls was probably t>ecause proprioceptive Informatlon does not 

spec1fy hand positIon adequately. Slnce felt posltlon of the hand 15 not 

accurately malntalned If vision 15 not aval1able, It 15 possible that the 

cal1bratlon of the proprioceptIve system requlres constant vlsual updaUng. 

Recal1bratlon of the artlcular proprioceptIve system ts not a new Idea ( 

Howarth, 1978; Lee, 1978). Howarth (1978) speculated that 100senlng the 

muscles ln the warmlng up of athletes may also serve to recal1brate the 

propr10cepttve system. Actlve strategies of thts klnd may remove the 

need for v1sual tnformat10n about position, and could explaln the repetttive 

and stereotyped patterns of hand movements performed by some athletes, 

for whom accuracy of hand poslt10nlng 15 very Important. F1shman and 
Schneider (1985) argued that sl<1111evel may be an Important aspect ln the 

use of proprioceptive feedbacl< for the specification of 11mb posltlon. That 
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is, due to practice, one develops the ability to use the proprioceptive 

information accurately in order to specify 11mb position. 

. Knowledge of the spatial location of the l1mbs 1s necessary for the 

performance of skl11ed acts. Th1s 1nformation can be prov1ded by 

propr10cept10n, but 1f th1s 1s not sufflc1ent enough to allow accurate 

performance, 1t 1s poss1ble that there are many other s1tuat10ns 1n wh1ch 

v1s10n plays an 1mportant, but often unnot1ced, role (Lee, 1978; Smyth & 

Marr10tt, 1982). Support for th1s statement comes from two recent 

studles. Flrstly, Carlton U981b) showed that, ln an almlng task, an 

lndlvldual needs to see hls hand ln order to malntaln accuracy. Secondly, 

Proteau and G1rouard (note 3) showed that th1s was the case even after 

2000 pract1ce tr1als. 

Carlton (1981 b) examined the contr1bution of various sources of 

visual informat10n used in the control of discrete aiming movements (IDa 

4.58). Responses were carried out in fjve vision-manipulation conditions 

which allowed the subjects complete vision, no vision, vision of only the 

target or stylus, and a combination of stylus and target. The subjects 

were instructed to produce the aiming movement in a specified MT ( MT= 

330 ms), and a total of 50 trtals had to be completed within the criterion 

MT bandwith for each of the vision condition. KR conceming the subjects 

MT was avatlable after each response. The results revealed that there was 

a decrement in performance when the movements were completed in the 

absence of visual information, or when only the target was visible during 

the response. The stylus and the target plus stylus visual conditions led 
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to response accuracy which was comparable to movements produced wlth 

complete vision. These results suggest that the crltical visual 

information for aiming accuracy ts that of the stylus. These results do not 

support the hypothesis, as laid out by Stubbs (1976), that the posltion of 

the hand is adeQuately known from proprioceptive and kinesthetic 

receptors. This is not to say that kinesthetlc information Is not important 

for the control of aiming responses, but lt does suggest that when 

response reQuirements are strtngent, terminal accuracy is largely 

dependent on visual error information. 

Carlton ( 1981 b) showed that ln an almlng task, accuracy depends on 

vlsual aval1abl11ty of both the hand and the target. However, the amount of 

training that had been g1ven to the sUbJects was relatlVely low, and 1t can 

be argued that wlth tralnlng the need to see the performlng hand does not 

pers1st. Th1s would be 1f as proposed by Schm1dt (1975), performance ls 

centrally monltored late ln tralnlng, for example by a motor schema. The 

goal of the study of Proteau and Glrouard (note 3) was to lnvestlgate 1f 

Carlton's results could be repl1cated even after extensive training of an 

almlng task. 

Subjects were trained for 200 trials (on a single day) or 2 000 trials 

(400 trials a day for five consecutive days), elther wlth or wlthout vision 

of the perfonnlng ann, to move a stylus to a target located in front of 

them ( 0= 80 cm, MTI: 550 ms). The target was visible at aH tlmes by ail 

subjects. The subjects recelved KR after every triai (In ms and mm) about 

their accuracy on MT and the X and Y axes. The last 20 trials were 
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considered to indicate the level of proficiency attained by the subjects. 

Following a two-min rest interval, the subjects completed 20 more trials 

where neither KR, nor visual feedbacl< about arm displacement, were 

available. However, the target was still visually aval1able for a11 

subjects. The experimental design had the amount of training (200 vs 2 

000 trials) and availability of visual feedbacl< during training (yes or no) 

as between-subjects variables, and pre vs post-KR withdrawal 

performance as a within-subject variable. The results revealed that MT 

was more accurate and less variable after 2 000 than after 200 trials of 

practice. Furthermore, the subjects were less accurate after visual 

feedbacl< withdrawal if they had been trained with visual feedbacl<. 

Moreover, the performance at the post-test deteriorated even more as the 

training with visual feedbacl< increased. These results support and extend 

Carlton's conclusion that in an aiming tasl<, visual feedbacl< about the hand 

and the target are both reQuired to maintain a high level of accuracy. They 

also may be tal<en as an indication that with training, the hum an being 

continues to rely heavlly on visual feedbacl<. 

Statement of the problem 

Gtven the opttmtzed tntttal-tmpulse model, an atmed movement 

conststs of etther one or two dtscrete submovements, regardJeSS of target 

wldth and dl stance. Th1s prOpOS1t10n 1S cons1stent wlth the lonematlc 

results of Carlton U979, 1980) and Langolf et al. (976) who typjcally 

found one or two dtscrete submovements ln subjects' overall movements 

toward a target. The flrst submovement accounts for Fitts' law through a 
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force-pulse generator that optimally programs the initial ballist1c 

impulse. If necessary, a secondary corrective submovement based on 

visual feedback is executed , after the initial impulse to eliminate error. 

The occurrence of the latter phase will primarlly de pend on the level of 

accuracy required for successful completion of the task. In other words, 

ln low ID condit10ns the movement is based on a programmed process and 

can be completed wlthout response adjustments. However, under more 

stringent conditions, 1t becomes difflcult to produce an accurate response 

without some type of visual correction taking place. 

1t should be mentloned that the optlmlzed Initial-Impulse model was 

or1g1nally proposed for spatlally constralned tasks. Although 1t has been 

reported that F1tts' law 1s vlolated when sUbJects have to make almlng 

responses wlth prectsely determtned duratlons as well as accurate 

endpolnts. lt does not mean that the optlmlzed Initial-Impulse model Is 

not approprlate for temporally constralned tasks. F urtherm ore. the 

aspects of the present model are probably still relevant even when Fltts' 

law does break down. More speclflcally. It has never been shown that the 

movements real1zed ln a temporally constralned task were made wlthout 

lnvolvement of vlsual feedback. This suggestion comes from two Unes of 

evldence. 

Flrstly. Proteau and Girouard (note 3) used a temporally constrained 

task. and showed that subjects were less accurate, after visual feedback 

w1thdrawl, 1f they had pract1ced 2 000 tr1als rather than 200 trials wtth 

vlsual feedback available. Secondly, many researchers (Carlton, 1981 a; 
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Hay & Beaubaton, 1985, 1986; Smlth & Bowen, 1980; Zelaznik et a1., 1983) 

have shown that visual feedback is Quite fast (100 to 135 ms). Therefore, 

at least one rapld correction durlng the "execution of a temporally 

constrained movement can be made effectively based on visual feedback. 

The results of Proteau and Girouard (note 3) may be taken as evldence 

that the mode of control of an almlng task Is modlfted w1th training. Early 

ln training, 1t Is possible that an indlvldual tries an open-loop system 

slml1ar to the one proposed by Schmidt et al. (1979) and Meyer et al. 

(1982). This would be the case If early ln learnlng, the flrst submovement 

Is very variable and the lndlvidual has a lot of dlfflculty to mal<e and use 

effectlvely a correct10n based on vlsual feedbacl<. However, as training 

Increases, the varlab111ty of the flrst Impulse may decrease. It Is thus 

possible that thls enables the sUbJect to predlct where and when a 

correction mlght be needed and real1zed. This posslbl11ty would be 

verlfted If 1t can be shown that (a) early ln learnlng the alming movement 

Is made wlthout corrections and Is very variable and (b) late ln learnlng, 

the almlng movement Is charactertzed by a corrective submovement whl1st 

the ftrst submovement ts slgnlftcantly less variable. 

An alternative posslbl1tty is that the tlme to pro cess visual feedbacl< 

and to use this information to select an appropriate corrective response 

decreases wlth training. It does not seem unreasonable to suppose that 

the time to process visua 1 feedback shortens with training. This would be 

the case if the subject becomes more effective ln using the visual 

feedbacl< information, that is, the discrepancy between his hand's posltion 
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and the target (Carlton, 1981 b). As a consequence, 1n a single correction 

situation, the corrective phase occurs closer to the target whlle the size 

of the inaial programmed submovement increases w1thout being more 

variable. This second proposai on would be supported if a can be 

demonstrated that a correct ive submovement appears in most of the 

movements and if th1s phase 1s 1na1ated closer to the target as training 

1ncreases. 



Subjects 

CHAPTER III 
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The subjects were 6 right-handed female volunteers from the 

Université du Québec à Trois-Rivières, who had no previous experience 

with the experimental task. The subjects were paid $ 4.00 an hour for 

their services. 

The subjects had to reach a target located approximately 80 cm in 

front of them. The movement was made ln the vertical plane and started 

with the arm in full extension making a 30 degrees angle wlth the body. 

The movement was made forward around the humero-glenoldal1s joInt. 

Apparatus 

The apparat us is shown in Figure 1. It consisted of four elements: (a) 

a defined start position, (b) a poly-articulated arm, (c) the target to be 

reached, and (d) a micro-computer. The starting position was deffned by a 

mlcroswitch in which a stylus, attached to the end of the poly-articulated 

arm, could be placed. It was constructed to the left side of the subjects' 

chair. The poly-articulated arm was made to receive the left arm of the 

subject in the supination posttfon. Severa 1 adjustments of the poly-

articulated arm permttted a perfect correspondance between the 

articulations of the mechanical arm and the articulations thus enabling 

movements of the shoulder (1 df; frontal), elbow (1 df; flexion), wrist (1 df; 
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Shoulder 

Elbow 

Target 

Hand and St Y lus 

Figure 1. Apparatus. 
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flexion). A potentiometer was attached to each of the rotation points of 

the mechanical arm so that it was possible to follow the displacement of 

each articulation. The target to be reached was indicated by a light 

emltting diode (diameter= 0.5 mm) and located at the center of a 

vertically-positionned plate (26 x 26 cm) wh1ch was slightly inclined 

toward the subject (38 degrees). The plate was covered with Teledeltos 

Recording Paper (Western Union Telegraph, model 1-62s, sl1ver only). This 

paper permitted the registration, to the nearest ml1limeter (via an eight-

bit analog to digital converter), of the points on the X and Y axes where the 

stylus touched the target or surrounding area. An Apple 2 E micro-

computer controlled the system and permitted the recording of MT, 

response accuracy on X and Y and of the above mentioned potentiometers. 

Data collection and treatment 

Two klnds of data were examtned, the behavtoral and the ktnemattc 

parameters. The behavloral measurements tncluded MT and spatial error (X 

and y) . The raw ktnemattc data were col1ected from the potenttometers 

al1gned with each of the above mentioned articulations at a sampling rate 

of 200 Hz. These data after havlng been smoothed and dlfferentlated 

permltted to evaluate the tlme to peak acceleratlon and veloclty for the 

shoulder, the elbow and wrlst. Although the movement Is temporally 

constralned, the reponses have sl1ghtly dlfferent movement tlmes. 

Therefore, lt Is necessary to normal1ie the functlons ln tlme. The 

normal1zed data are then smoothed ustng a fourth order recurslve 

Butterworth low pass digital f11ter wlth a 7 Hz eut-off freQuency. The 



66 

smoothed data are then differentiated using the method of "finite 

difference" (Winter, 1973) in order to obtain the velocity function (first 

differentiation) and the acceleration function (second differentiation). 

Furthermore, since the length of each segment of the poly-articulated arm 

was measured and because the angular displacement of each segment was 

recorded from the potentiometers attached to each joint, the same 

de pende nt variables were also computed for the Up of the stylus for both 

the vertical and horizontal coordinates through geometric evaluation. 

The acceleration patterns of the stylus were used to locate the point 

in time where the initial movement appeared to change supposedly ( 

Carlton, 1981) as a result of feedback information. Thus the movement 

was theoretically composed of at least two phases. The first phase, 

hereafter called the programmed submovement was defined as the portion 

of the movement comprised between the initiation of the movement and 

the end of the first decerelative phase and/or as an abrupt change in the 

accerelative impulse.9 The second part of the movement was called the 

corrective submovement. It begun with the end of the first decerelative 

phase and was composed of zero, one, two or more corrections. It was 

determined that a correction took place when the programmed 

submovement was fol1owed by a second pattern of acceleration and 

9 ln the latter case, a change was abrupt, if and only if, it was followed 
by a decelerative peak. 
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deceleratlon or when an abrupt change was observable in the shape of the 

acceleratlve lmpulse. 

Procedures 

. The sub ject was seated on a chair and strapped to it to ensure that 

her position was stable throughout the experimental session. In the 

starting position, the arm was in complete extension and approximately 

30 degrees behind the body. In this position, the stylus rested on the 

microswitch. The position of the chair was determined so that there 

existed a fixed distance (80 cm) between the startlng position of the tip 

of the stylus and the center of the target. 

The Illumination of a red diode, ln front of the sUbject, Indlcated that 

she could start the movement. The sub ject was Instructed to produce a 

left-handed almlng response to the target ln the vertical plane, ln a MT of 

550 ± 90 ms. If the MT was > 640 ms or < 460 ms, the trial was 

automatlcally rejected by the system. Furthermore, the subject was 

remlnded of the fact that the MT reQulrements had to be met. G1ven thls 

restriction ln MT, responses were to be completed as accurately as 

possible. The almlng movements were executed ln two vision manipulation 

conditions: (a) complete vision, when the l1ghts ln the experimental room 

remalned on so that the subject could see her movement and (b) no-vision, 

when the l1ghts were extlngulshed before the session started, so that the 

Subject carrled her movement out ln the dark.. Even after the completlon 

of a response, the l1ghts stayed off whl1e the subject moved the stylus 

back. to the startlng base. The target was vlsually aval1able for all the 
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subjects at a11 times. After each trial, the subjects received KR about 

accuracy on MT ( in ms), X and Y axes ( in mm). 

. In the experiment, subjects performed 20 block.s of 20 trials a day fo 

three consecutive days. Each day, a ten minute break was given to the 

subjects after they had performed 200 trials. The sequence of blocks 

was identical for a11 three days, hereaft.er called sessions . The f1rst block. 

of trials was performed in the acquisition-vision condition. That is, 

vision of both the target and the 11mb environment was permitted and 

verbal KR about spatial ( both axes in mm) and temporal accuracy ( in ms) 

was given after each very single trial. The second block of trials was 

performed under the performance-vision condition. For that block., vision 

of both the target and the 11mb and environment was permitted, however, 

KR was not given. The third block of trials was performed under the 

performance no-vision condition. In that condition vision of the 

performing 11mb and environment was not permitted and KR was not given. 

From the fourth block. till the eighteenth block, the subjects were again 

subf!litted to the acquisition-vision condition. Finally, the nineteenth and 

twenti eth block.s replicated the second and third blocks respectively. 
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The behavloral measurements lnclu<le<l MT an<l spatIal accuracy . . 

Error scores (absolute error, constant error, varlable error and root mean 

square error) were analyze<l. 

ln order to examine the effects of leaming, the different results 

were submitted to a 3 (session) x 16 (blocks) with visual feedback and 

KR (block 1 and blocks 4 till 18) within-subject factorial design. When 

appropriate, post-hOC comparisons were made using the Newman-Keuls 

technique (D. < .05). 

Moyement tlme 

The outcome of the [-test for the absolute error (Af) scores <lue to 

the factor sesslon was foun<l to be slgnlflcant. E (2 .10) = 4.21. n < .05. 

Post:"'hoc comparlsons revealed that sesslon 2 ( X = 315 ms) was 
slgnlflcantly <lIHerent from session 3 ( X = 26.0 ms>. However, session 1 
( X = 33.0 ms) was not <lifferent from session 2 an<l 3. 

For the constant error (CE> variable, no main effects or interaction 

were found to be significant ( D.) .05). 

The experlmental data for the varIable error (VE) scores showe<l a 
hlghly slgnlf1cant effect for sessIon, [ (2,10) = 52.1 , Il < .05. Post-hoc 
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comparisons revealed that session 1 ( X = 35.6 ms), session 2 ( X = 29.1 

ms) and session 3 ( X = 25.8 ms) had signiftcantly different values from 

one another. That is, the VE scores decreased as pract tee Increased. 

The ANOVA conducted on the root mean square error (RMSE) scores 

revealed a slgn1f1cant effect for session, E (2,10) = 4.34 ,.Jl. < .05. Post-

hoc compar1son showed that session 1 (X = 39.8 ms) and session 2 ( X = 
40.5 ms) were slgnlflcantly dlfferent from session 3 ( )ë = 32.2 ms). 

Spatial accuraçy on the X-axis 

For the Af. scores, the main effect due to the factor session was 

observed to be significant, E ( 2,10) • 6.85 , ~ < .05. Post-hoc analysis 

showed that session 1 ( X = 6.8 mm) was no different from session 2 ( X = 

6.4 mm); however, session 1 was found to be slgnlficantly dtfferent 

from session 3 (X = 5.3 mm). 

For the CE variable, nelther the main effects or Interaction were 

found to be slgnlflcant (Q >.05). 

For the VE scores, the main effect due to the factor session was 

found to be significant, E ( 2,10) • 6.46, 1t < .05. Post-hoc analysis 
showed that session J ( X - 7.6 mm) was not djfferent from session 2 ( X 
= 6.7 mm), however, session 1 was found to be signtficantly different 

from session 3 ( X = 5.8 mm). 

A slgnlficant main effect for the RMSE scores, due to the factor 

session was observed, E ( 2,10) = 6.8 J, Il < .05. Post-hOC comparlsons 
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showed that the error values during session 1 ( X = 8.7 mm) were not 

dlfferent from session 2 ( X .. 8.0 mm); however, session 1 was observed 

to have hlgher scores than session 3 ( X = 6.8 mm). 

Spatial accuracy on the Y-axis 

For the M. and CE variable, nelther the main effects or interaction 

were found to be significant (Q > .OS). 

The AtfJVA conducted on the VE rates revealed a slgnlflcant effect 

for session, E (2,10) = 9.88 , Il < .05. Post-hoc comparlsons showed that 

the error scores durlng session 1 ( X = 13.9 mm) were no dlfferent from 

those obtalned durlng session 2 ( X = 12.6 mm); however, session 1 was 

round to have hlgher values than session 3 ( X = 12.2 mm). 

A significant main effect for the RMSE scores due to the factor 

block was observed, E (2,' 0) = 1.84, Q < .OS. Polynomial regression 

showed a significant cubic component ( n < .05) that accounted for ~ of 

the total variation. 

ln conclusion, practlce data revealed that training produced an 

lncrease ln accuracy on the X-axis and a reduced varlabll1ty of the timing 

errors. Somewhat surprlslngly, the effect of practlce on spatial 

accuracy on the Y-axis was not so evldent. However, sUbJects were able 

to perform more conslstently on the Y-axis as training Increased. 

Furthermore, error scores on the X-axis were always much smaIJer on 

the X-axis than on the Y-axis. Both observations can perhaps be 
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explained by the parttcular movement which was executed in the vertical 

plane. 

ytsuaJ feedback wlthdrawl effect 

ln order to evaluate the conseQuence of not permltt1ng the vision of 

the perform1ng 11mb and env1ronment, the performance of the sUbJects 

was compared for the performance-v1sion and performance no-vision 

blocks. It should be noted that KR was not provlded ln these two 

conditions. These data were analyzed using a completely wlthin-subJect 

factorial des1gn. A 3 (sesslon) x 2 ( moment - beglnnlng; blocks 2 and 3 

versus end; blocks 19 and 20 of a session) x 2 ( performance - vision 

versus performance no-vislon ) factor1al des1gn was used ln order to 

exam1ne the effect of the exper1mental manlpulations. 

Movement t1me 

No main effects or interactions for the AE, and CE variables were 

found to be significant (I!) .05). 

The VE scores were Influenced by two main factors. FlrstJy, the 

main effect due to the factor sessIon was observed to be slgnlrtcant, E ( 
2,10) = 6.29, D. ( .05. Post-hoc comparisons revealed that session 1 ( X = 

31.7 ms) was no dlfferent from session 2 ( X = 30.0 ms), however, 
sess10n 1 was round to have hlgher values than sessIon 3 ( X = 24.6 ms). 

Secondly, the main effect due to the moment factor was observed to be 
slgnlrtcant, E (1,5) = 31.7 , D. < .05. This observation means that 

conslstency ln the MT performance Increased from the beglnnlng ( X = 
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31 .6 ms) to the end (X = 27.9 ms) of a practice session. See Table 3 in 

Appendix B. 

RMSE values were affected by the factor session, E ( 2,10) = 6.54, Il 

<.05. Post-hoc analysls revealed that session 1 ( X = 42.3 ms) and 

session 3 ( X = 36.6 ms) were slgnlftcantly dlHerent from session 2 ( X 
= 50.3 ms>. See Table 4 ln Appendlx B. 

The mean values for the respective variables ( Pi, CE, VE and RMSE) 
in the visual ( block 2 and 19) and no-visual ( block 3 and 20) condition 

are shown from Table 1 to 4 in Appendix B. 

Spatial accuracy on the X-axis 

The [-ratio for the Pi scores revealed a sign1ficant main effect due 

to the factor condition, [ (1,5) • 29.3 , Il < .05. These results show that 

the accuracy on the X-axis differed during the experimental visual 

manipulation ( vision • 6.6 mm; non-vision" 12.5 mm). See Table 5 in 

Appendlx B. 

For the CE variable, the session x moment x performance Interaction 

was round to be statlstlcal1y slgnlftcant, E (2,10) = 8.2 , Il < .05. This 

Interaction represents the partlcuJar effects attrlbutabJe to the 

comblnatlon of the three factors. Post-hoc comparlsons revealed that 

at the beglnnlng of the session 1, the performance deterlorated a great 

deal when performlng ln the dark ( X = -10.3 mm) compared to performlng 

wlth vision avatlabtl1ty (X = -2.3 mm), ln contrast to the end of that 
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session where the difference was very small ( no-vision X = -1.0 mm and 

vision X = -0.7 mm). For the beginning of session 2, there was a small 

difference for both conditions ( no-vision X = -3.7 mm and vision X = -3.5 

mm). However at the end of that session, performing in the dark ( X = -
9.3 mm) worsened the execution compared to the visual performance ( X 
= -0.2 mm). For session 3, there were only small differences in the 

visual conditions between the beginning ( no-vision X =-1.5 mm and 

vision X = -2.0 mm) and end ( no-vision X = -1 .8 mm and vision X .. -1 .3 

mm) of the last experimental session. See Table 6 in Appendix B. 

A slgnlflcant maIn effect for the RMSE variable, due to the factor 

cond1tlon, was observed, E (1,5) = 33.9 , Q. < .05. ThIs means that the 

total amount of spread of the responses around the target on the X-axIs 

Increased durIng the l1ghts-off trIals ( X = 14.9 mm) compared to the 

l1ghts-on trials ( X = 8.1 mm). See Table 8 In AppendIx B. 

The mean data for the respective variables (AE, CE, VE and RMSE) in 

the visual and no-visual condition are presented from Table 5 to 8 in 

Appendix B. 

Spatial accuracy on the Y-axis 

A significant main effect for the AE scores, due to the factor 

condition, was observed, E (1,5)· 61.6, n < .05. These results suggest 

that the accuracy on the Y-axis decreased during the no-vision trials ( X 
= 24.0 mm) compared to the trials with visual feedbacl< ( X = 11 .8 mm). 

See Table 9 in Appendix B. 
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For the CE variable, a session x moment interaction was observed,...E 

(1,5 ) = 5.97, Q < .05. Post-hoc comparisons revealed that for session 1 

the performance improved a great deal at the end ( X = -2.3 mm) 

compared to the beginning ( ~ - -8.3 mm) of that session. For sessions 2 

and 3, the performance deteriorated at the end (session 2 ; X • -8.2 mm 

and session 3; X = -8.7 mm) compared to the beginning (session 2 ; X = -
1.7 mm and session 3; X = -0.4 mm) of these part1cular sessions. See 

Table 10 ln Append1x B. 

The outcome of the [-test for the VE scores due to the factor 

condition was found to be slgnUlcant, [ (1,5) = 33.5 , Il < .05. This 

implles that the variablllty on the Y-axis Increased during the no-vision 

trials (X = 19.3 mm) compared to the triaIs wlth vision avallabllity (X = 
13.0 mm). See Table 11 1n Append1x B. 

RMSE values were also strongly affected by the factor condition, E 
(1,5) = 54.9 , Il < .05. This means that the total amount of spread of the 

trials around the target on the Y-axis increased with Hghts-off ( X • 27.7 

mm) compared to the lIghts-on (X =14.7 mm) condition. See Table 12 in 

Appendix B. 

The mean values for the respective variables (AE, CE, VE and RMSE) 

ln the vlsual and no-vlsual condition are demonstrated from Table 9 to 

12 ln Appendlx B. 

ln conclusion, the vlsual experimental manipulation did not affect 

the MT performance. It seems that a lights-on or lights-off situation 
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does not influence the subjects target time performance ( Proteau and 

Girouard, note 3; Proteau, Marteniuk, Girouard & Dugas, 1987). In 

contrast, spatial accuracy was strongly affected by the visual 

manipulations. S1nce the a1med movement was mainly executed on the 

vertical plane, it can be accepted that the effect was stronger on the Y-

axis. The difference in results in the vision condition over the no-vision 

condition led us to conclude that the incorporation of visual information 

1s necessary and important in order to execute the discrete movement 

with a high degree of precision. 
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Results: Kinematic data 

Acquisition effect 

. The kinematic measurements included time to peak acceleration and 

peak velocity. In order to examine the effect of practice, a 3 (session) x 

2 ( moment; beginning - block 2 or end - block 19 of a session) within-

subject factorial design was used. 

Stylus 

The movement patterns were analyzed in the vertical and horizontal 

planes. Here, it is the tangential displacement of the stylus that is 

considered in both planes. 

For the vertical dimension, a typlcal acceleratlon pattern for the 

beglnnlng of session J Is presented ln Figure 2. The profile. whlch 

showed 1fttle Inter-sUDJect varlaDlllty, was characterlzed Dyan Initiai 

acceleratlon and deceleration phase as the movement progressed, with 

peak acceleration and veloclty occuring at mean times of 103 ± 35 ms 

and J 45 ± 37 ms respectlvely. Fol1owlng the deceleratlon segment, a re-

acceleratlon was noted, near the end of the movement, wlth peak value 

arrlvlng at a mean tlme of 470 ± 46 ms. This re-acceleratlon feature 

was determined to De inltiated at approxlmately 364 ± 38 ms; that 1s, 

when 66% of the target tlme was completed. 

With training, the acceleration profile underwent only minor 

changes, despite variation in the location and especially the standard 
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deviation of the time to the second peak accel eratl on. Tables 13,14 and 

15 of Appendix B show respectively time to peak acceleratlon l, 

initiation of the second acceleration phase and peak acceleration 2 with 

corresponding standard deviations, for three subjects lO during the 

beginnlng (block 2 ) and end (block 19) of the three practlce sessions. 

A representatlve example of an acceleration profile at the end of 

session 3 Is shown ln Figure 3. The acceleratlon pattern keeps Its basic 

form, wlth peak acceleratlon and veloc1ty occurrlng at mean tlmes of 

109 ± 39 ms and 148 ± 39 ms respectlvely. The second acceleratlon 

near the target continues to be a characterlstlc of the movement 

profile, peak value arrlvlng at a mean tlme of 526 ± 2 ms. The re-
acceleratlon was determlned to start at approxlmately 402 ± 20 ms; that 

Is at 73 ~ of the target tlme. A slgnlflcant main effect for the tlme to 

the second acceleratlon peak value due to the factor moment was 

observed, E (1,4) = 15.06 Il < .05. This observation suggests that peak 

acceleration 2 occurred later in time at the end of a session ( X2 = 526 

ms) compared to the beginDlng of a session ( Xl = 501 ms). 

Although the time to peak · acceleration 1, veloclty and re-

acceleration for the stylus ln the vertical dlmenslon occurred somewhat 

later in tlme with practlce, the AtfJVA's conducted on these time 

locatlons were not found to be signlflcant ( ~ > .05). For demonstration 

10 Indlvidual varlabll1ty scores for the klnematlc data were only 
obtalned for the three last subjects (subjects 4, 5 and 6>' The raw data 
of the rlrst three sUbJects were lost due to a computer fallure, only the 
mean results were th us available for the se subjects. 
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purpose, the small time differences between the beginning of session 1 

(X,) and the end of session 3 ( X2) support this observation; time to peak 

acceleration 1 ( X, = 103 ms, X2 = 109 ms ), velocity ( X, = 145 ms, X2 = 

148 ms) and re-acceleration ( X, = 364 ms, X2 = 402 ms). 

Concernlng the hor1zontal dlmens1on, accelerat10n proflles for the 

beg1nn1ng of sesslon 1 are shown 1n F1gure 4. The accelerat10n pattern 

reveals an accelerat10n phase, w1th p-eak acceleratlon and veloc1ty 

occurrlng at mean t1mes of 153 :!: 50 ms and 242 :!: 52 ms respect1vely, 

followed by the correspond1ng deceleratlon segment. The shape of thls 

latter segment was sUbJect dependent. That 15, ~ of the responses 

were marked by a dlstlnct Change durlng the decelerat10n phase occurr1ng 

at a mean tlme of 478 :!: 34 ms ( Flgure 43), ~ of the responses had a 

smooth approach to the target ( Flgure 4b) and 1 ~ of the responses were 

characterlzed by a second accelerat10n arr1vlng at approxlmately 440 ms 

( Flgure 4C). 

Practice did bring some changes to the individual variations of the 

acceleration profile as shown ln Figure 5. The acceleration pattern, at 

the end of session 3, demonstrates the initial acceleration phase with 

peak acceleration and velocity arriving at mean times of 144 ± 49 ms and 

273 ± 29 ms respectively. Following is the deceleration segment which 

is characterized by a smooth approach to the target (661 of the 

responses, see Figure Sa) or by an abrupt change in this sequence (34 " 

of the responses, see Figure Sb) arriving at a mean Ume of 485 ± 7 ms. 
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Although the time location values for the stylus in the horizontal 

dimension changed with practice, no main effects or interactions 

reached the level of significance ( 12 >.05). For demonstration purpose, 

the sma11 time location differences between the beginning of session 1 

(Xl) and the end of session 3 ()(2) support this observation; time to peal< 

acceleration ( Xl = 153 ms, ><2 = 144 ms) and velocity ( Xl = 242 ms, X2 = 

273 ms). 

ln conclusion, examlnlng the movement pattern of the stylus ln the 

horizontal and vertical dimension glves rel1able Information about the 

two basic components or the atmlng response. For the horizontal 

dimension. there was a remarkable change, throughout practlce, ln the 

movement pattern. That ts, at the begtnnlng of leamtng most of the 

responses ~  were characterlzed by an abrupt change ln the 

deceleratlon phase, whereas at the end of practlce most of the responses 

(66") were marked by a smooth approach to the target. This observation 

can perhaps be explatned by the fact that thls dimension is almost fu11y 

controlJed by a motor program. Since the movement ts performed in the 

vertical dimension, thls comoonent can be consldered as betno the 

determlnlng one. The movement pattern of the stylus ln the vertical 

plane was marked by a characterlstlc feature. That Is, after the Initiai 

acceleratlon and deceleratlon phase, a re-tncrease ln acceleratlon 

occurred, early ln practlce, when 66" or the movement tlme was 

completed. Late ln pratlce, thls re-acceleratlon shlfted to 73" of the 

target tlme. As a result of practlce sessions, a trend was observed for 
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the peak value of this re- acceleration to occur later in time. 

Furthermore, the associated standard deviation to this latter value 

diminshed a great deal as training progressed, having a minimal value at 

the end of session 3. 

The re-acceleratton, on the one hanCl, can be attrtbuteCl to a 

corrective Impulse whtch ts IntttateCl when the stylus Is near the target ( 

e.g. Carlton, 1981 b>' However, slnce It appears so conslstently It may 

also be that the re-acceleration Is also a feature of a motor program. 

Clearly, more research Is neeCleCl to clear up that partlcular point. Slnce 

the complete arm action Involves the motions of the shoulder, elbow and 

wrlst, It Is relevant to flnd out whlch artlculatlon(s) were responslble 

for thls partlcular feature durlng the executlon of the dlscrete 

movement. It should be noted that for the articulations, the angular 

movement patterns were analyzed. 

Shoulder 

A representative acceleration profile for the beginnlng of session 1 

is illustrated in Figure 6. The acceleration phase is characterized by an 

acceleration phase, as the movement is inUiated, with peak acceleration 

and velocity appearing at mean times of 91 ± 31 ms and 222 ± 22 ms 

respectively. Following is the corresponding irregular deceleration 

portion. 
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Practice did not cause much change to the general trajectory of the 

movement pattern. As shown in Figure 7, the acceleratlon pattern at the 

end of session 3 still revealed its initial acceleration and deceleration 

segment. Peak acceleration arrived at almost the same time compared 

to early training, that is at a mean time of 97 ± 23 ms, in contrast to 

peak velocity which occurred much later, with practice, that is at a mean 

time of 301 ± 80 ms. The AtfJVA conducted on this latter time value 

revealed a significant main effect due to the factor session, F ( 2,10) = 
4.38 , Q <.05. Post-hoc comparisons showed that the time to peak 

velocity attained during session 1 (X = 229 ms) arrived significantly 

earl ier than during session 2 (X = 268 ms) and session 3 (X = 294 ms) 11 

however, session 2 and 3 were not significantly different from each 

other (Q > .05). 

The spatial varlablllty of the shoulders' dlsplacement traJectory 

was analyzed as a functlon of training. Keeplng ln mlnd that the 

dlsplacement of the stylus ln the vertical dimension was characterlzed 

by a re-acceleratlon near the target, the movement could thus be dlvlded 

Into two dlfferent parts: an Initial and a corrective phase. The flrst 

phase began with the initiation of the displacement and ended at the end 

of the flrst deceleratlve phase. Considerlng Carl tons' proposition, thls 

phase can be assoclated wlth the motor program planned before the 

movement Initiation. This flrst phase Is hereafter referred to as the 

l11t should be noted that thls latter score Is the mean value for session 3 
(blocks 2 and 19 combined). 
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'initial phase' of the movement. The second phase began with the second 

impuJse for acceJeration. This phase, seems to be reJated to 50me error 

detection and correction mechanism and is therefore referred to as the 

corrective phase of the ~  In order to gain some insight on the 

nature of the corrective phase observed for the stylus , the displacement 

data obtained for the shoulder, the elbow and wrist were also broken 

down into two phases. Each of these phases was considered to begin and 

end at the same time as those found for the vertical dimension of the 

stylus. 

ln order to examine the effect of practlce, a 2 ( moment; beglnnlng -

end of practlce) x  2  ( phase; Initial -corrective phase) wlthln-subject 

factorlaJ design was computed on the mean varlabll1ty observed for each 

phase of the movement. No slgnlflcant main effects (Il > .05) were 

observed. However, the moment x phase Interaction was shown to be 

slgnlflcant, E ( 1,2) = 2326.17,12..< .05. 

This interaction suggests that at the beginning of leaming, there is 

onJy a smaJJ difference in dispersion values for both phases ( initial 

phase; X = 3.8 and corrective phase; X = 3.7 in arbitrary units). However, 

at the end of practice, the variabnity of the corrective phase ( X = 3.6, 

arbitrary units) was found to be smaJJer compared to the dispersion of 

the initiaJ impulse ( X= 4.0,arbftrary units). Figure 8 demonstrates a 

representative mean trajectory of the beginning of practice (session 1 -

block 2 ) and end of training (session 3 -block 19). Figure 9 shows the 

individual paths of these mean trajectories. 
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Elbow 

A typical example of an acceleration pattern for the beginning of the 

first session is demonstrated in Figure 10. The acceleration profile 

reveals a long irregular acceleration phase; peak acceleration and 

velocity arriving at mean times of repectively 235 ± 72 ms and 333 ± 31 

ms followed by the corresponding deceleration sequence. 

Wlth training, the non-symmetrlc curvature will vary Httle ln 

shape, as shown ln FIgure 11. As can be seen ln that Figure, the 

acceleratlon pattern at the end of sessIon 3 stIll reveals a long 

accelerallon; peak acceleratlon and veloclty belng attalned at mean 

limes of respectlvely 226 :!: 45 ms and 350 :!: 42 ms, followed by the 

decelerat10n port10n. 

Although for the elbow articulation, peak acceleration and velocity 

differed somewhat during trainingJ no main effects or interactions 

reached the level of significance «(1 > .05). For illustration purpose, the 

rather smal1 differences in values for the beginning of session 1 ( Xl) 

and end of sessIon 3 ( 5(2) support thts observation; time to peak 

acceleration ( X, = 235 ms, X2 = 226) and velocity ( X, = 333 ms, ~ = 
350 ms). 

As for the shoulder, the spatial varlabllity of the elbow 

dlsplacement was also observed as a function of the initial and 

corrective phase of the stylus dtsplacement and practlce. An ANOVA, 

slmllar to the one computed for the corresponCffng sfloulC1ers' 
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dlsplacement data, was conducted on· the mean variability values of the 

elbow dlsplacement. Thls analysis revealed a sign1ficant effect for the 

factor peak, E (1,2) = 109.68, 11 < .05. These results show that the 

variabil1ty of the initial phase (X = 3.7, arbitrary units) is significantly 

smaller than the dlspersion of the corrective phase ( X = 4.2, arbitrary 

unlts). Flgure 12 shows a typical mean dlsplacement trajectory with 

dispersion for the beginning ( session 1 - .blocl< 2 ) and end of learning ( 

sesslon 3 - blocl< 19). Figure 13 demonstrates the individual trials 

attribut lng to these mean paths. 

Wrlst 

Because of the rather large Inter-subJect varlablllty ln the 

beglnnlng of session 1. the mean acceleratlon.pattern of aH sUbJects are 

demonstrated in Figures 14 and 15. The basic form of the profile reveals 

an acceleration and deceleration phase. peak acceleration and velocity 

arrlvlng at respect Ive Iy 124 :!: 57 ms and 218 :!: 76 ms. However, both 

sections are marl<ed by infJections and vaHeys. In partlcular the 

deceleration portion is characterized by several abrupt changes. 

With training, the individual differences disappeared and the 

movement profiles became more consistent between subjects. Also, 

common features were observed compared to early practice in session 1. 

As shown in Figure 16, the mean acceleration pattern at the end of 

session 3 demonstrates an acceleratlon and deceleration phase early in 

movement, where peal< acceleration and velocity arrived at mean times 

of 102 ± 57 ms and 171 ± 42 ms respectively. At approximately 300 ms, 
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there was a second acceleration followed by a deceleration segment 

that dld not (Figure 16a) or did (Figure 16b) show a smooth approach to 

the target. 

Although for the wrtst arttculatton peak acceleration and velocity 

dlffered throughout tratntng, no main effects or interactions were 

observed to be signlficant ( 12 ) .05). For Illustration purpose, the sma11 

Ume differences between the beginning of session 1 ( XI) and the end of 

session 3 (X2) support this observation; Ume to peak acceleration (XI = 

124 ms, X2 = 102 ms) and velocity (XI = 218 ms, X2 = t 71 ms). 

As for the shoulder and elbow, the spatial dispersion of the wrist 

displacement was also observed as a function of the initial and 

corrective phase of the stylus displacement and practice. The variabi1ity 

of the wrist was the highest of the articulations, and was to decrease 

the most during training. However, for one subject the variability was 

observed to be increased after training. An ~  similar to the one 

computed for the corresponding shoulder and elbow displacement data, 

was conducted on the mean spatial varlabfJtty values of the wrfst 

displacement. No slgnlflcant main effects or interactions were observed 

. (Il) .05). Figure 17 demonstrates a representative mean displacement 

trajectory for the two 'normal' subjects at the beginning (session 1 -

block 2 ) and end of training ( session 3 -block 19). Figure 18 presents 

the individual paths leading to these mean trajectories. 



~ 
E 
CI.> 
u 
~ 

~ 
Ci 

.... 
C 
IV 

E 
IV 

~ 
0-
Vl 

a 

~ ~ ~ ~ ~~~~ ~~~~~  
phase 

1 

L . _________ . 
Time 

Time 

Figure 17. A representatlve rnean displacernent 
traJectory wlth ~ 0  of the wrist 3t Hle 
beginning of seSSlOfl 1 (a) and at the end of 
~ 3  3 (tl) in trIe visua1 condition 

4-' 

C 
Cl.> 

E 
Cl.> 
u 
ro 
a. 
(f1 

a 

....... 
c 
Cl.> 

E 
Cl.> 
u 
ro 

1 

b 

....... " ........... -. ........ ~ .. - - _.  _ ..... 

7.5
'" ... ,,, ..... :'1 ~ ~~ ~~  ~ .,;" ,..- ~  ~~ ~  ~  .• '  , ~ .. ~ ~ ~  

/' .  .  . ~ ~  ~ 

l ime 

~ I __ gf 
Cl 

l ime 

Fiqure 18. The indivitjual paUls attribut inq 
to the mean {jisplacement trajectory of 

HIe \AJrist at tJ)e beqinning of ~  Ha) 

an\j at trH: enrJ of session :3 (tl) in Ule visual 
CNlditlOn 

ID ......, 



98 

As a complementary analysis, within-subject correlations were 

computed between the angle taken by the elbow and the wrist when the 

stylus touched the target or surrounding area. The mean value observed 

for each articulation for each of the 15 blocks of practice ( blocks 4 to 

18) were used to compute this analysis. Furthermore, the same analysis 

was computed for each session. As shown in Table 16 of Appendix B, 

rather high negative correlations, except for one subject, were attained, 

expressing the reactive nature of both segments. This means that some 

compensation must take place between the articulations in order to 

obtain the observed typical pattern of the stylus. 

ln conclusion, ln contrast to the same general profl1e of the stylus, 

the movement patterns of the articulations showed individual 

dlfferences. Wlth practlce, only the reponse profile of the wrlst 

articulation reached a typlcal traJectory. That Is, an Initiai 

acceleratlon and deceleratlon phase followed by a smaller acceleratlon 

and regular or Irregular deceleratlon sequence. Wlthtn-subject 

correlations between elbow and wrtst on the spatlal endposltlon showed 

a relationshlp between the two articulations. The high negative 

correlation that was observed reflects the lntenslty of this functional 

interaction. For these latter articulations, no slgnif1cant effects were 

observed for the time to peak acceleratlon and VelOClty, suggestlng that 

from the beginning of training, sorne optimal time values were attained. 

However, these values showed a tendency to change during training, 

probably to optimlze even more the cooperation of the articulations. 
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Visual feedback wlthdrawal effect 

The data were subjected to a 3 ( session) x 2 ( condltion -wlth or 

wlthout visual feedback) completely wlthin-subject factorial design, in 

or der to investigate the effect. of the visual manipulation. The movement 

patterns will be discussed for the beginning of practice ( session 1 -

block 3 ) and end of training ( session 3 -block 20 ). 

Stylus 

Concerning the stylus in the vertical plane, a typical acceleration 

profile for the beginning of session 1 in the no-vision condition is 

displayed in Figure 19. The movement patterns when aiming in the dark, 

look remarkably similar to the acceleration pattern when aiming wlth 

lights-on in session 1  - block 2 (see Figure 2). Here again, the 

acceleration profile marks an initial acceleration phase, with peak 

acceleration and velocity arriving at mean times of respectively 112 ± 

35 ms and 153 ± 31 ms, followed by the deceleration segment of the 

curvature.  A second acceleration was initiated at a mean time of 361 ± 

25 ms, that is when ~ of the movement time was completed. The re-

acceleraUon had its peak value at a mean Ume of 464 ± 37 ms. 
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When aiming in the dark, training with visual feedback left the 

general form of the movement pattern practlcally intact. Tables 13, 14 

and 15 of Appendix B demonstrate tlme to peak acceleration 1, re-

acceleratlon and peak acceleratlon 2 with assoclated standard 

devlations for three subjects during the beginnlng ( block 3) and end ( 

block 20) of the practice sessions in the no-visual condition. 

As shown ln Flgure 20, the acceleratlon profile at the end of session 

3 ln the l1ghts-off situation revealed the lnltlal seQuence, peak 

acceleratlon and veloc1ty arrlvlng at a somewhat faster tlme compared 

to early practlce ln sess10n 1, that 1s at mean t1mes of 92:!: 14 ms and 

151 :!: 27 ms respectlvely. The re-acceleratlon near the target was 

Inlttated later ln tlme compared to the beglnnlng of session l, that Is at 

a mean tlme of 404 :t 24 ms, or when 73% of the target tlme belng 

completed. Peak acceleratton also arrlved at a later mean Ume, 

compared to early ln leamlng, that Is at a mean t Ime of 526 :!: 3 ms. 

The ANOVA's conducted on aH the relevant time locations did not 

reveal any significant main effects or interactions (Il > .05) suggesting 

that training does not significantly affect the tlme values of the stylus 

in the vertical dimension. Furthermore, the movement pattem is left 

unchanged even if vision of the performing arm is not permitted. 

Concemlng the stylus ln the horizontal dimension, the acceleratlon 

profiles for the beglnnlng of session 1 ln the no-vision condition are 

demonstrated ln Figure 21. As wlth the profile ln the vertical dimension, 
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the form of the acceleration pattern in the no-vision condition in session 

1 -block 3 ( Figure 21) is very like the one in the vision condition in 

session 1 -block 2 ( see Figure 4). The acceleration pattern shows an 

acceleration portion, peak acceleration and veloclty occurring at mean 

times of respectively 157 ± 46 ms and 258 ± 38 ms. The deceleration 

phase was characterized by a distinct change in its curvature ~ of the 

responses, see Figure 21a) occurring at a mean time of 497 ± 9 ms, a 

smooth approach to the target ~ of the responses, see Figure 2-1 b) or 

a second acceleration ~ of the responses, see Figure 21c) arriving at 

approximately 445 ms followed the deceleration segment. 

Practlce wlth vlsual feedback avallable  from the movlng arm. dld 

not show much dlfference from the movement pattern of performlng ln 

the dark durlng the blocks 3 and 20 of each session. The acceleratlon 

pattern, at the end of session 3 ln the no-vision situation demonstrates 

the acceleration phase, wtth peak acceleration and velocity arriving at 

mean times of respeCtively 158 ± 28 ms and 279 ± 40 ms. Following 

thls, as shown ln Figure 22, is the deceleration portion marked by a 

smooth approach to the target ( 83% of the responses, see Figure 22a) or 

a dtstinct change (17% of the responses, see Figure 22b) occurrlng at 

approxlmately 495 ms characterlzed this segment. 

The analysis of variance carried out on the kinematic measurements 

revealed no slgnlf1cant effects or interactions (12 >.05), suggesting that 

the experimental manipulations did not significantly affect the time to 

peak acceleration and velocity for the stylus in the horizontal dimension. 
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ln conclusion, executing the discrete movement in the dark 

revealed the same training effect for the movement pattern of the 

stylus on the horizontal place, as when performing with vision avallable 

from the moving arm. That is, at the beginning of learning most of the 

responses (74%) were marked by an abrupt change in the deceleration 

phase, where with practice most of the responses (83%), were 

characterized by a smooth approach to the visible target. For the 

movement pattern of the stylus in the vertical plane, the same 

characteristics were observed as when executing the movement with 

visual feedback avallable. Firstly, after the initial acceleration and 

deceleration phase, a re-acceleration occurred towards the target. · 

Secondly, with practice, the initiation of this re-acceleration shifted in 

time from 66% to 73% of the elapsed time. Thirdly, with training, the 

peak value of this re-accelerat10n arrived later in t1me, and the standard 

deviation associated with this value diminished a great deal as learning 

progressed. The withdrawal of vision does not seem to affect the action 

of the stylus, since we observed the same response profiles in the no-

vision and vision condition. Nor were the time locations (time to peak 

acceleration 1, re-acceleration and peak acceleration 2) s1gniflcantly 

affected. Now, it can be asked how aiming in the dark will influence the 

reponse proflles of the articulations. The results of the examination of 

that particular issue follow. 
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Shou1der 

A typica1 profile. for the beginning of session 1 in the lights-off 

condition. is presented in Figure 23. Comparing the movement pattern of 

performing with lights-on or off. respective1y b10cl< 2 (see Figure 6) 

and 3 of session 1 (Figure 23). we observe that the genera1 movement 

pattern persists when aiming in the dari<. The acce1eration profile 

revea1s the acceleration. peal< acceleration and velocity arriving at mean 

times of 82:!: 17 ms and 229 :!: 21 ms respectively. followed by the 

irregular deceleration phase. 

Practlce wlth vlsual feedbacl< dld very I1ttle to change the typlcal 

form of the movement prof1Je. As shown ln Figure 24. at the end of 

session 3 ln the no-vision situation, acceleratlon and veloclty attaln 

thelr maximal values at respective mean tlmes or 102:!: 4S ms and 304 

:t 93 ms. 

Although for the shoulder articulation. peal< acceleration and 

velocity differed during practice and visual conditions. no ~  

main effects or interactions were observed ( Q.) .05). 

Spatial varlabll1ty was also observed ln the no-vision condition.  A 

2 (moment; beglnnlng or end of practlce) x 2 (phase; Initiai or corrective 

phase) x  2 (condition; wlth or wlthout vlsual feedback) experlmental 

design was conducted. No main effects or Interactions were round to be 

slgnlflcant, (Il ).OS).FIgure 2S demonstrates a representative mean 

dlsplacement trajectory with dispersion al the beglnnlng of session 1 
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(block 3) and the end of session 3 (block 20). Figure 26 presents the 

individual paths of these mean trajectories. 

Elbow 

A representatlve example of the acceleratlon pattern, at the 

beglnnlng of session 1 ln the no vlsual feedback condition, Is shown ln 

Figure 27. Comparlng the klnematlc variables of almlng ln the vlsual 

(see Figure 10) and no-vlsual conditions (Figure 27), we observe that the 

proftles are almost al1ke ln thelr behavlor. The acceleratlon profile ln 

the no-vision condition reveals an acceleratlon phase, peak acceleratlon 

and veloclty arrlvlng at mean tlmes of 224 ± 68 ms and 342 ± 18 ms 

respectlvely. Followlng Is the correspondlng deceleratlon seQuence. 

Trials with visual feedback availabiHty did not change the 

acceleration pattern very much. As shown in Figure 28, at the end of 

session 3 ln the lights-off condition, the long acceleration phase had its 

peak value and velocity arriving at mean times of 231 ± 70 ms and 358 ± 

34 ms respectiveJy. FolJowing was the deceJeration segment. 

Although for the elbow articulation, the tlme to peak acceleratlon 

and veloclty had small dlfferences throughout training, dependlng upon 

the vlsual condition, no slgnlflcant effects or Interactions attalned the 

level of slgnlf1cance (Il> .OS). 

The spatial variabiHty of the elbow's displacement was examined. 

No significant main effects or interactions reached the level of 

significance (11 > .05). Figure 29 displays a representative example of a 
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mean displacement trajectory with dispersion for the beginning of 

session 1 (block 3) and end of session 3 (block 20). Figure 30 

demonstrates the individual trials attributing to these mean patterns. 

Wrist 

As when aiming with )lghts-on ( see Figures 14 and 15). executing 

the discrete movement in the no-vision condition means that there are a 

lot of Inter-subJect variations for the motion of the wrist. The 

acceleratlon pattern of the wrlst for aH the subjects. In the beginning of 

session 1 ln the no-vision condition. Is demonstrated ln Figure 31 and 32. 

The movement pattern reveals irregular features durlng the acceleratlon 

and especially the deceleratlon portion of the path. Peak acceleratton 

and veloctty occurred at mean times of 123:!: 54 ms and 200 :!: 57 ms 

respect ive Iy. 

Training with visual feedback aval1ab111ty brought sorne changes to 

the movement profl1es, so that the kinematic behavior could be divided 

tnto two groups. These two distinct features are weil . presented in the 

acceleration patterns, as shown in Figure 33. At the end of session 3 in 

the visual feedback withdrawal condition, the movement pattern reveals 

an initial acceleratlon, peak accelerat10n and veloc1ty occurrlng at mean 

times of 116 ± 41 ms and 198 ± SS ms respectively. Following is an 

irregular deceleration phase (Figure 33a), or a second acceleration 

(Figure 33b) at approximately 300 ms, with a smooth approach to the 

target taking place after this latter sequence. 
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For the wrist articulation, practice and the no-visiual condition 

brought some differences in the time to reach the maximum value of 

acceleration and velocity. However, no significant main effects or 

interactions were observed ( Il> .OS). 

Spatial varlabl1lty was also Investlgated for the wrlst articulation. 

No main effects or Interactions reached the level of slgnlflcance (D. >.05). 

Figure 34 represents a mean dlsplacement trajectory w1th varlab111ty 

for three subjects at the beginning of training (session 1 -blocl< 3) and 

end of practlce (session 3  -blocl< 20). Figure 35 demonstrates the 

tndlvldual trials assoclated wlth these mean trajectorles. 

As a complementary analysis, within-subject correlations were 

computed between the angle taken by the elbow and the wrist when the 

stylus touched ~  target or surrounding are a in the no-vision condition 

(block 3 and 20 of each session) and compared to the vision condition ( 

block 2 and 1 9 of each session). As shown in Table 17 of Appendix B, the 

elbow-wrist correlations in the llghts-off condition are also negative 

(except subject 1), and smaller compared to the visual condition. A t-

test on the correlation coefficient (excluding subject 1) revealed that a 

significant effect, .1 = -5.5 (...Q < .05, one -tailed). This means that the 

reactive nature of the elbow and wrist will be smaller in the no-visual 

condition. 

As ln the vlsual condition, Inter-subJect variations perslst ln the 

traJectorles of the articulations. Wlth training, only the profile of 
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the wrist will outline a more typical path. °That is, an initial 
acceleration is followed by an irregular deceleration, or else a re-
acceleration appears at the end of the movements' execution. No 
significant effects were noted in terms of the visual manipulation, 
suggesting that wether or not there is visual feedback from the moving 
arm, this does not affect the time locations for the articulations or 
stylus during the execution of the aiming movement. However, smaller 
within-subject correlations were observed in the no-visual condition 
suggesting that visual information is a main contributor to the 
cooperative correlation found between elbow and wrist. 
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CHAPTER V 

Discussion 

The main feature of our approach was to combine the behavioral 

measures of the aiming movements' outcome with a kinematic analysis 

of the movement patterns. ln order to galn greater lOS\Qht lOtO how the 

central nervous system plans and controls a 01SCfêtê ~ ~  

Our major lnterest was to examlne whether modlflcatlons ln the 

mode of control, durlng the executlon of an almlng task, occurred as 

practlce lncreased. Two posslbl1ltles were proposed. Flrstly, tt was 

proposed that early ln leamlng , the Initial impulse is very variable, and 

as a result the subject has a lot of dlfflCUlty ln maklng a vlsually based 

correction. However, as training Increases, the varlablllty of the flrst 

Impulse may decrease. This would enable the Indlvldual to predlct where 

and when a correction mlght be needed and realtzed. This proposition 

would be supported Ir (a) early ln training, the alming response is 

executed without corrections and is very variable and (bl. late in 

practlce, a correction 1s made whl1st thef1rst submovement remalns 

MconstantM. An altemative possibillty would be that the visual 

processlng tlme decreases wlth training. That Is, the sUbJect becomes 

more efficient ln uslng the vlsuaJ feedback information. As a 

conseQuence, as practlce Increases, the corrective phase shlrts cJoser to 

the target whllst the inttlal impulse increases without belng more 

variable. This second proposition would be supported If  It could be 
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demonstrated that a corrective phase occurs, even in early practice, and 

if this sequence is initiated closer to the target as training progresses. 

Our results support the second proposltlon, slnce a correctlve phase 

was observed for the stylus even ln the beglnnlng of learnlng. As 

practlce lncreased, there was a trend for thls latter phase to occur later 

ln time, so that a correctlon based on aval1able feedback was made when 

the stylus was ln close proxlmlty to the target. Furthermore, 1t was 

shown that the varlablltty of the rtrst submovement does not change 

w1th training, suggestlng that the correction was made more 

efflclently w1th practlce. The latter point was well supported by the 

fact that the accuracy lmproved as training lncreased. 

Spatial and temporal aspects of a motor program 

The concept that motor programs contain both invariant and variant 

features is a central aspect of the motor program hypothesis (e.g. 

Pew,1974; Schmidt, 1975, 1982). These authors have proposed that 

phasing (temporal relationships) of a movement is an invariant property 

of the movement pattern, and hence an invariant feature of motor 

programs. In other words, MT is generated by a central pattern (except 

reflexes) and this pattern remains uninfJuenced by feedback control. 

The results obtalned ln thls thesis conflrm the lack of influence of 

visual feedbacl< on movement duration, and its importance for spatial 

accuracy. Once agaln. thls dlfference may be brought forward by 

separating the aspects of a dlscrete movement whlch are dependent upon 
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visual feedback information from those which are not. Performing a 

discrete movement to a deflned target, without the access of visual 

information from the moving arm, means that the action must be highly 

programmed. That is, movement reQuirements must be translated into a 

(precise) movement pattern which can not be modifled on course based on 

visual feedback. Certainly, sorne programmed details can be accurately 

retained throughout the movement performed in the dark, but a limit 

must exist in the translation mechanism ( Jeannerod, 1981). One 

important point of interest in the arrangement at the programming level 

is that the temporal aspects are kept independent from the spatial 

parameters of the movement (e.g. Bernstein,1967; Arbib, 1980). This 

leads to the suggestion that timing is not affected by the withdrawal of 

visual feedback. However, the data from the present experiment 

demonstrate that visual information needs to be incorporated during the 

trajectory in order to improve precision. Even after a lot of practice, 

reproducing a movement pattern based on proprioception deteriorates 

response accuracy. This observation contradicts Stubbs (1976) 

assumption that the position of the hand is well known from the 

proprioceptive and kinesthetic receptors. It supports, however, the 

results from Carlton (1981) that for the terminal accuracy of discrete 

a1ming movements, it 1S important to visually determine the position of 

the stylus and the hand. 
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Control process used in the visual and no-vlsual conditlon 

Woodworth (1899) formulated several concluslons about the nature 

of the control pro cess used durlng the executlon of an aimed movement. 

He · suggested that a discrete response conslsted of two dlstlnct 

components: an initial ballistic submovement followed by a control 

phase. This latter control phase, ln contrast to the lnitlal programmed 

segment, occurs late in movement and corrects errors ln order to 

optimize the terminal accuracy. Woodworth speculated on the 

contribution of vlsual feedback to the correction process from a 

deterioratlon of movement performance when alming ln the dark. 

We have come a long way slnce Woodworth's observatIons. However, 

the. lntlal statements of thls p10neer about the lmportant role of v1s10n 

ln movement control are st1ll generally accepted and have been more 

fully developped throughout the years. Crossman and Goodeve 

(1963/1983) and Keele (1968) have proposed that an a1med movement 1s 

composed of a series of submovements, each of about the same duration 

and relative accuracy, serving to correct errors untll the des1red 

precision Is attalned. Carlton <1979, 1980,1981) examlned the dlscrete 

corrections theory by analyzlng the movement patterns produced ln the 
executlon of almlng movements. 

Movement dlspJacement, veJoclty and acceJeratlon were observed ln 

order to understand more about the controJ processes empJoyed in those 

movements. A dlscrete visuaJ corrections theory was supported since 

the response profiJes were dlscontlnuous ln nature. That lS, movements 



123 

were made up of an initial sequence having an acceleration, as the stylus 

left the starting position, and a deceleration as the stylus approached 

the target. This latter phase was followed a re-acceleration, or a 

distinct change in the deceleration pattern, towards the target. Carlton 

claimed that the visual information, processed near the end of the inltial 

response, was used to make one or more discrete corrections if the 

accuracy demands were stringent. The observed re-acceleration at the 

end of a discrete movement has been attributed to a corrective impulse 

based on visual feedback information. Our results do not support this 

statement, or that for prehension movements ( Jeannerod, 1981), since 

the correction was also observed in the absence of vision of the hand. 

This correction-control system is in agreement wlth Prablanc, Pél1sson 

and Goodale (1986), Pélisson, Prablanc, Goodale and Jeannerod (1986), 

and Goodale, Pél1sson and Prablanc ( submitted for publication) who 

hypothesized that during aiming movements in the dark, wlth the target 

visible, corrections are being made during lts execution. These authors 

proposed that the visual feedback avallable from the target (by an 

internal representation) is compared with non-visual information from 

the moving arm-hand, and this error information is used to control and 

correct the movement during its execution. However, as shown in the 

present thesis, the effectiveness of these corrections is inferior to 

those realized on the basis of visual information about the moving 11mb. 

The suggestion that re-acceleration at the end of the hand 

trajectory Is a corrective phase has been proposed based on comparlson 
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with the control mechanism of eye responses. For saccadic eye 

movements, the initial saccade is followed by a corrective second 

saccade to eliminate error due to the inaccuracy of the main response. 

Since there exists a tight coupling between the eye and arm, it can be 

suggested that a triggered command system releases a centrally 

patterned sequence of eye-head-arm movements which utilizes the same 

retinal error information (Herman, Herman & Manlucci, 1981), leading to 

the assumption that there exists a common control mechanism for eye 

and hand movements (Carlton, 1981; Fisk & Goodale, 1985; Mather & 

Fisk, 1985). Generating the commands for the different moving segments 

in parallel may have an important implication for the eye-hand 

coordination. In this context, several authors (e.g. Fisk & Goodale, 1985; 

Paillard, 1982; Prablanc et a1.,1979 ) have demonstrated that the 

accuracy of an aiming movement with the target visible improves when 

one may move the head and eyes towards the target, meaning that foveal 

fixation of the visible target can provide important cues for the 

guidance of the arm. This proposition is well supported by the 

kinematic data, showing that vision only of the target enables the 

subject to correct the ongoing movement. 

It should be noted that th1s common control mechan1sm do es not 

mean that there are no funct10nal d1fferences between the oculo-motor 

and manual system. Although eye and hand latencies are correlated, 

(Blguer, Jeannerod & Prablanc. 1982; Prablanc et a1.,1979). Glelen, Van 

der Heuvel and Van G1sbergen ( 1984) and Mather (1985) have shown that 
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different timing mechanisms are involved for both movements. This 

difference in timing mechanism is in contrast to the spatial mechanism 

which was postulated to be similar for both systems. 

Both types of movement show the same spatial characteristics. 

That is, an initial sequence ( initial acceleration and deceleration) that 

falls short of the target Is followed by a correction. It thus seems that 

the Initial command, and a check on the trajectory of the aimlng 

movement, are both pre-programmed (as already proposed for saccades; 

Becher and Fuchs, 1969). More speclflcally, the main response Is pre-set 

to end short of the target. Information comlng from this Initial 

submovement Is used to make a flrst approximation of the landlng point. 

This information will be used wlth concurrent feedback to plan a 

corrective impulse. The efficlency of thls correction will depend upon 

the aval1abl11ty of feedback sources. Since we predominantly rely on 

visual feedback while neglecting klnesthetlc eues, lt seems that under 

conditions where there Is sufficient time to process visual feedback, 

visual information will be incorporated into the corrective phase, in 

order to Improve precision. If no vlsual eues are available to guide the 

final phase, the corrective sequence may depend upon the klnesthetic 

modal1ty as an alternate compensatory feedback channel ln order to 

real1ze the final adjustments. However, proprioceptive information does 

not seem to update the initial centrally-determined movement with the 

same efflciency as do visual eues. 
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Visual feedback processing tlme and practice 

Earlier in this discussion, it was mentioned that if their is enough 

time to process visual feedback, this information will be incorporated 

and analyzed in the terminal phase, to optimize terminal accuracy. This 

processing time aspect has long overshadowed the role of vision in the 

control of our motions, since it was postulated that the time for a visual 

feedback loop is much too long for this kind of information to be used 

effectively (e.g. Keele and Posner,1968; Woodworth, 1899). However, 

recent vision manipulation studies ( Bard et al. 1985; Carlton, 1981 a; 

Elliott & Allard, 1985; Hay & Beaubaton, 1985, 1986; Smlth & Bowen, 

1980; Zelaznik et aL, 1983) have shown evidence that visual feedback 

can be used Quite Quickly, even early in practice, to make corrective 

responses. Now, it can be asked how practice will affect the visual 

processing time. Our results tend to support the suggestion that the 

time for a visual feedback loop diminishes wlth training. In agreement 

with Smyth (1977), it was shown that the break-point, where the 

corrective phase was inltiated, shifted closer to the target as training 

progressed. That is, the turning-point increased from 66 to 73% of the 

elapsed time, thus increasing the initial programmed part of the 

movement. However, the shift in time can not be attributed to a 

process specifie to the visual condition, since the same time increase 

was also observed in the non-visual condition. At the present time, our 

interpretation is that a motor program is developed taking into 

consideration the different sources of information that are available. As 

practice increases, the initial program is modified to reach some 
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optimal characteristics. If the visually used information is for any 

reason not available, the motor program retains its characteri sti cs. To 

better understand the role of the different feedback sources, it would be 

useful to check whether a motor program having d1fferent features 

would have been developed 1f the training had taken place without vision 

of the performing 11mb . . However, this was beyond the scope of the 

present thesis. 

A mean tlme of 402 ms for the correcttve phase to be Inlttated 

was observed, leavlng about 150 ms or less for a v1sual feedback loop to 

be processed, assum1ng that this 1nformat1on reallY 1s analyzed. This 

can be accepted, since performances with vision of the movlng arm were 

always more accurate than those not having this information. These 

results support the notion that the vlsual processing time 1s much faster 

than origlnally thought. As a consequence, considering the short latency 

associated with the analysls of the information of this superlor 

modal1ty, 1t is not surprising that the visual cues were still used, late 

ln tralnlng, to correct the ongolng movement. 
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Coordinative structures 

The execution of the aimed response in our experiment required the 

joint regulation of the shoulder, elbow and wrist articulation. It can be 

proposed ( Leroux, 1986) that it is the shoulder that directs the arm in 

the desired direct ion and location. This is supported by the low 

variability values found on the displacement curves of that articulation. 

Furthermore, the action of the elbow and wrist only become important 

as the movement progresses, with the interplay between these two 

articulations determining the spatial precision. 

Concerntng thts latter potnt. It must be noted that stnce there are 

many Independent and alternattve ways of executlng a specifie discrete 

actton, the components Involved must be htghy controlled and 

coordlnated in order to obtaln a level of accuracy. slnce dlfferent spatial 

and temporal constraints are imposed on each component. However, 

controlling each component separately . with the speciflcatfon of each 

complex movement detal1, does not seem to be an efficient control 

process and would probably provoke an overload situation for the central 

nervous system. Rather. a coupllng process of the Indlvldual components 

attrlbutlng to the movement Is organlzed (e.g. Turvey. 1977). The Idea 

that the central nervous system determines a functional grouping or 

coordinat ive structures to attaln a specifie objective stems orlglnally 

from Bernste1n (1967>. The creation of the coordinat ive structures for 

attaining a goal would further be responsible for spectfying the detalls 

of the movement so that the complete action is weil coordlnated. In thls 
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way, the movement elements function temporally as a single component, 

with the advantage that the many degrees of freedom that a multi-joint 

action can have are reduced by the motor system. Such an interactive 

system, where the movement out come is dependent upon the blending of 

the ind1v1dual segments, permits a high degree of flexibility and 

effic1ency. That 1s, to accomplish a certain functional goal, the 

coordinative structure establishes the coordination of the different 

articulations. This coordination is produced in su ch a way that a 

possible variation in a particular segment is counterbalanced by a 

variation in the opposite direction in one or more components, so that 

the resulting motion, leading to the accomplishment of the movement, 

is highly controlled. Since the discrete reponse in our experiment 

involved the shoulder, elbow and wrist articulations, and if the 

components are organized lnto an interactive system, then there must be 

sorne sign of a covariance contribution of each segment. As shown 

earlier, a high negative correlation was found between the spatial 

endpos1tion of the elbow and the wrist. This means that deviations of 

the elbow are paired with opposite but almost eQual deviations of the 

wrist; that is, a negative compensatory phenomenon took place between 

these two segments. Finally, the fact that the correlation was 

significantly higher in the visual condition g1ves a clearindication that 

visual information was used effectively and permitted a better accuracy 

perf ormance. 
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Genera 1 conc 1 us 1 on 

ln conclusion, the results support the notion that in an alming task a 

corrective process takes place at the end of the inltial lmpulse (  e.g. 

Carlton, 1979, 1980,1981b). To update the first submovement,which is 

centrally monitored, a peripheral control process is lncorporated ln 

order to optimize the executlon of the movement. This latter control 

mechanism will use new information that becomes available at the end 

of the main saccade ( Pélisson et aL, 1986) reflecting the vlsual (vision 

of the moving arm) or non-visual (no vision of the moving arm) 

information processing that must go on between the hands' position when 

1t lS in proximity to the target and the target position. The available 

information will then be used to issue a command deciding the resultant 

function of the path to follow. This decision will be made rather than a 

command for a specifie trajectory or/and end-posltlon for each 

component of the movement. 

With training, the corrective phase will shift closer to ~  target, 

thereby increasing the' initial programmed part of the movement, and 

conseQuently permttttng a better computation or the resultant runctton 

to be used. It thus appears, as tn a prevtous expert ment ustng the same 

apparatus (Leroux, 1986) that the shoulder was primarily used to reach 

some specifie end-position whilst the elbow and wrist acted as a 

coordlnative structure. That ts, an overestimation of the distance to be 

travelled by an articulation is compensated by djmjnishing the distance 

travelled by the other. 
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The concept of motor programs and coordinat ive structures has been 

opposed in the llterature. Our contention is that a mixture of both ideas 

may be more usefu1 than each of these views taken separate1y. More 

specifically, in an aiming task and other llke tasks, a motor program may 

be issued to control the first impulse. Then, the error of this initial part 

is detected and a corrective impulse is initiated based on the availab1e 

information. The movement res\,llting from that second impulse will be 

programmed, not on the basis of the path to be followed by each 

component, but rather towards a resultant function. Why wou1d the 

system behave in such a way? A possible exp1anation is that the 

movement can no longer be corrected via vo1untary feedback 100ps, and as 

a consequence, "programming- the resu1tant function is in such 

circumstances the most efficient way to reach the target. 
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Appendlx A 

Problems wlth the lmpulse-varlabi11ty models 
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Schmidt et al. (1978,1979) found that a llnear relationship accounted 

for 85% to 98% of the variance, between We and OIMT. However, this 

relation was not found to be proportional as predicted by eQuation 1. The 

nature of the motor processes that created the non-zero intercept is far 

from clear and a number of explanations exists as layed out by Schmidt et 

al. (1979). First, there is the possibility that errors in measurement 

caused the non-zero intercept, by adding a constant to a11 of the data 

points. However, the intercept was rather large to be entirely associated 

with measurement errors. Second, it is · also possible that the lack of 

proportionallty is caused by noise in the motor system, that is not related 

to the nature of the movement. Tremor is one such source of variability 

contributing to the non-zero intercept. Third, there may be relatively 

larger variations in the early portion of the impulse while the force is 

building up to a peak. This latter possibility has been ruled out by Wright 

(note 2) who showed that variability was llnearly related to movement 

speed at: (a) the point of maximal velocity, (b) zero velocity and (c) the 

target acquisition point. 

Although, mentlonlng these possible causes, the source of the 

tntercept stl1l produces sorne tnterestlng speculatton. An alternative 

posstbtHty can be the use of vlsual feedback, especiaJJy constdertng the 

appearance of tncreased slope and tntercept wlth decreaslng MT, as shown 

by the results of Schmidt et al. (1978,1979). This rnay suggest a tendency 

for error correction. Support for thls tnterpretatton cornes from the study 

of Zelaznik, Shapiro and McColsky (1981). The subjects had to perform a 
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concurrent (probe-reaction) task during the execution of an almmg 

response (MT= 500 ms). The rational was that the attentional demand 

imposed by the secondary probe task would not permit to attend to vlsual 

feedback for controlling the aiming movement. If visual feedback was 

effectively used in the studies of Schmidt et al. (1978, 1979), the slope 

of the We-average velocity function would be greater. This was ~  

by the results which showed that the slope increased for the probe trial 

condition, compared to the no-probe trial condition. Based on this 

observation, Zelaznik et al. (1981) concluded that visual feedback was 

used to correct the 500 ms movements in the no-probe condit ion, but not 

in the probe condition. 

Various difficu1ties with the impulse-varlabll1ty models (error 

measurement -noise ln the motor system -impulse variabll ity changes 

durlng the movement). either in their critical or in their failures to 

predict certain empirical facts. have been outlined by Schmidt et al. 

(1986). Some of the most troublesome  problems win now be discussed. 

First, both models fail to consider the cornplex three-dirnensional nature 

of aiming movements. This nature lncludes three observations. A flrst 

one conslders the fact that the Impact forces do play a role in the 

deceleration phase. An experiment by Teasdale (note 4) revealed that the 

impact force with the target is a linear functlon of D/MT. This suggests 

that the sUbJect 'saves' sorne muscular activity by hitting the target 

rather than landing softly on it. These results show that not only it is 

incorrect to assume that ail of the forces acting to stop the lirnb are 
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muscular, but also that additional impact forces vary systematically with 

D and MT. In this context, MacKenzie, Marteniuk, Dugas, Liske and 

Eickmeier (submitted for publication) argues that subjects will modify 

their strategy in function of the precision demands imposed by the task. 

That is, when accuracy is not stringent, the target will be used to 

decelerate the hand (high impact velocity) and when accuracy demands are 

high, the hand will be precisely decelerated (low impact velocity) toward 

the target. A second observation is that the variability in time to drop, and 

in other temporal aspects of the vertical trajectory, are probably nearly 

proportional to MT. 50 the movement's endpoint is determined not only by 

movement in the horizontal dimension (which the models treat) but also 

by movement in the vertical dimension (which the models do not treat): A 

third observation is that where the stylus lands will be related to when 

the stylus is brought to the plane of the target. A late downward 

component should lead to a movement which is spatially too long. Both 

models neglect the variability in the temporal aspects of the vertical 

component. 

A second critical finding that both models must be able to predict, is 

the l1near relation between We and D/MT. A problem for the Schmidt et 

al .'s model, as pointed out by Meyer et al. (1982) is the fallure to predict 

this relat10nship. Meyer et al. (1982) d1rectly assumes the emp1rlcal 

relatlonshlp and then derlves the mathematical acceleratlon-time functlon 

that produces It. One feature of these funct10ns Is the mlrror-Image 

symmetry, so that the accelerative and decelerative impulses, after one of 
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them is inverted and reversed, would be congruent. However, Zelaznik and 

Schmidt (1983) have provided evidences that this symmetry assumption 

does not hold in aiming movements, with the impulse for acceleration 

having a considerably longer duration and smaller p"eak amplitude than the 

impulse for deceleration. Also, probably associated with these 

asymmetries, the spatial trajectories of the movements are not 

symmetrical, with a gradual rise in the hand to a point considerably past 

the movement midpoint, and then a rather abrupt drop toward the target. 

MacKenzie et al. (submitted for publication) argue that the skewness 

feature will be determined by the accuracy demands imposed by the task 

So contrary to the Meyer et al. (1982) model, but not to the Schmidt et 

al.'s (1978, 1979) model, these results provide evidence against the 

symmetry aspects of the impulses and movement trajectory. 

A third critical point considers the shape-constancy assumption. The 

notion that the distance travelled by the time the impulse has stopped 

acting, is directly proportional to the impulse size multiplled by the time 

over which it acts, provided that the shape or mathematical form of the 

force-t1me function does not change as the impulse s1ze CO or MT) does. 

The assumption demands that with the accelerattons plotted in relat1ve 

time, the various temporal aspects Ce.g., peak acceleration, time to zero 

acceleration .. J should llne up nearly perfectly. However, recent stud1es 

(Schm1dt & Gielen, note 5; Zelazn1k & Schmidt, 1983 ) have shown that 

there is a marked shift in relative time of appearance of the peak 

acceleration, with the peak acceleration occurring later in relative time 
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as the MT decreases. Similarly, the peak deceleration occurs relatively 

earlier as the MT decreases. Furthermore, the results revealed that on the 

one hand, the initial portions of the acceleration and final portions of the 

deceleration do not scale with MT (they are essentially constant) so that 

the shape constancy assumption was seriously violated. On the other hand, 

the duration of acceleration and deceleration both scale with MT. 

Furthermore, the amount of time involved in the deceleration phase is 

considerably greater than the time in acceleration, so that the 

acceleration-time function is not symmetrical in time as predicted by 

Meyer et al. (1982). These data provided strong implications since the 

impulse-variability models strongly rely on the shape-constancy 

assumption. 50, it appears that future impulse-variability models should 

not rely on this questionable assumption. 

Finally, involving the force variablllty-force relationship. From a 

number of experiments, where the forces were rather small, Schmidt et a1. 

(1978) argued that force variabtlity and force are roughly linearly related 

w1th the relatlonship be1ng almost proportional. In model1ng, Schmidt et 

al. (1978, 1979) and later also Meyer et a1. (1982) have used, for 

simpl1clty reasons, an ideal1zed statement of this relationship w1th force 

variability and force regarded as being proportionaP2. Sherwood and 

Schmidt (1980) examlned th1s relat1onsh1p with somewhat larger forces, 

12However, follow1ng Newell et al. (1984), Schmidt and his colleagues 
claim to have used quick contractions in their experiment; one can not 
verify the meaning of Quick because time to peak force was never 
reported. 
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and sorne even approaching the subject's maximum. Their results revealed 

an inverted U-relationship. The force variability increased roughly 

linearly up to about 65% of the subject's maximum but decreased as the 

force requirements further increased. Schmidt and Sherwood (1982) 

subsequently modifled the motor-output variability predictions to include 

an inverted U-shaped function; a relation that Schmidt and Sherwood 

(1982) also showed for movement accuracy. 

Not everyone has found the inverted U-effects and this has led to 

some controversies. Newell, Carlton and Carlton (1982) have shown a 

generally cont1nuously 1ncreas1ng (negat1vely accelerated) force 

variability value as a function of force. It must be noted that the 

movements used 1n the latter exper1ment resulted 1n only 68% of the 

subject's maximum, just about where Sherwood and Schmidt (1980) have 

found the peak in force variability to lie. However, a recent experiment by 

Newell and Carlton (1985) were subjects produced a range of peak forces 

between 2.5 to 90% of max1mum force, do suggest that within-subject 

varlability lncreases at a negatjvely acceleraUng rate with eQual 

1ncrements of peak force produced. 

Newell and Carlton (1983, 1985) and Newell et a1., (1984) have shown 

that the form of the force variabiJjty-force relationship depends on the 
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rate of rise of force within the contractions13. If the subjects increase 

their time to peak force as the force requirements become very large , 

then this could explain why force variability decreases pa st about 65% of 

the maximum force. This may suggest that the speed-accuracy 

relationships are based in part on the tendency of the motor system to 

produce more force inconsistency as force requirements are increased. On 

this basis, the inverted U-function reported by Sherwood and Schmidt 

(1980) could be due to subjects lenghtening time to peak force in 

comparison to the time to peak force generated at the lower peak force 

levels. 

There are a number of experimental factors that could influence 

estimates of peak force variabil1ty as a function of peak force (a) transfer 

effects (Poulton,1973), (b) insufficient force levels to adequateJy 

describe the function, Cc) insufficient data points at any force to obtain a 

veridical estimate of variabll1ty (e.g. Fisher 1915), (Newell et al., 1984). 

Following Newell and Carlton (1985), there is probably a more fundamental 

reason for the discrepant observations. They argue that in previous 

isometric force variability studies no force variables in addition to peak 

force have been reported from recordings of the impulse. It can be 

131t should be recognized that peak force is only a consequence of rate 
and the time that a given contraction rate i5 maintained ( e.g. Kamen, 
1983). In attempting to reproduce forces of a given percentage of 
maximum, subjects may well change the rate with which the peak force 
is achieved, thus changing time to peak force, the percentage of 
maximum that the criterion force represents and ultimately the 
variabfHty functlon ( NeweJl & carlton, 1985). 
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suggested that subjects change rate of force production according to the 

criterion peak force leve1. The rate adopted at each condition will 

probably be individual specifie and consistent wlth principles of 

optimization and efficiency in human motion. 

The varlabll1ty of peak force as a functlon of peak force has already 

been clalmed to be an lncreasing sQuare root function CFullerton & Catell, 

1892), ·a non-proportlonal but increasing function Ce.g. Jenkins, 1947), a 

linear function CSchmidt et a1., 1979; Meyer et a1., 1982), an inverted U-

shaped functlon (Sherwood & Schmidt, 1980) and a J-shaped function 

(Shea, Northam, Beach & Howard, subm1tted for publicat1on) depend1ng on 

the constralnts imposed upon the subject during response production 

(Newell et a1., 1984). Newell and Carlton (1985) proposed that one could 

generate any of the force varlabll1ty functlons by shiftlng time to peak 

force in relation to the tlme to peak force upon which estimates of 

maximum peak force have been generated. 

The different observations lead to serious concem about modeling 

force variability in the way that Schmidt et al. (1978, 1979) and Meyer et 

al. (1982) did. Probably, a linear relationship between peak force and 

peak force variabi lit Y can be attained given a certain set of tasks 

constraints, however there is not one study published that has 

demonstrated a linear function across the full range of force production 

for a given anatomical unit. This suggests that generating a constant time 

to peak force across the full range of force production is not an optimal 

strategy for subjects to minimize peak force variability, at least with the 
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task constraints typically itnposed in isometric experiments. Also it must 

be noted that the force variability function can be linked to the physiology 

of muscular contraction. It is possible that the force variability function 

will differ according to the muscle groupes) utilized for action ( Newell & 

Carlton, 1985). Both impulse-variability models while conceptually argue 

that the speed-accuracy trade-offs are caused by variations in movement 

output rather than limitations in feedback processing, seem inadeQuate 

with respect to the more detailed statements about how such variability 

occurs and how it leads to errors in movement. 
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