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A'BSTRA'CT‘
A serles of tracklng studles were completed 1n order to 1nvest1gate
: : ‘ o : . .
: the processes that underlle the organlzatlon and learnlng of a complex

IS

‘movement sequence.r Experlments I and II\examlned the relatlonship

_ between two prlnc1ple performance measures The‘thhlneSubject.varlance.j-

<

,score was used as an 1ndex of performance conSIStency, whlle the cross—.

”correhatlon functlon was used to 1nd1cate the temporal adjustments ln ;

he performance. Both of these measures reflected the lmprovement 1n »x3'
[N

ftracklng performance durlng task. acqu1s1tlon.; The thlrd and fourth
_experlments were de51gned to ga1n a more complete understandlng of - the f

‘con51stency measure»used.' Whlle Experlment III was concerned w1th the
e A . . o ,’ . .
locus of varlablllty throughout a 51ngle movement of a sequence, the

EY P

o Afourth experlment compared the conSIStency lndex (w1th1n subject varla—--

T

'blllty) with an error measurement (root mean squared error)
. An 1nput blanklng methodolOgy was- used 1n Experlment V and VI

Durlng these" experlments the subjects produced a movement sequence

without,the'aid of anygv15ualld1splay markers. The response that was

'jproduced from memory was anlayzed by a Fourler technlque.' This.harmonlc

.

analy31s ylelded lnformatlon w1th respect to the amplltud% phasmg
:and frequency of the - harmonlc components of the response waveform Then,‘i
-results from these two experlments .are dlscussed ln the llght of recent '

"studles by Glencross (1979) that have proposed a- pr0cess orlentated ’

B

view of_reSponse‘organizatlon.

v
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. The series of studles that are descrlbed'here are - 1nvest1gatlons f

>

f 1nto the changes 1n performance that occur durlng the acqulsrtlon of a :

'f?tracklng task., It 1s 1mportant to note that these experlments are the

-flrst of a serles de51gned to elucldate the processes by whlch a'

',_subjectﬂorganrzesga‘sequence;of:movements,' The organlzatlon of a. human .

PN
: 0

;wbpé?atbféi*ihputi.translation}andgsuhsequent~output has*most-effectlvely i

o v

:‘heénfstudiedJusinggvariousftrackingbtaSks.+ These tasks usually 1nvolve .

~"‘measur1ng the subject s contlnuous response to some preproqrammed

.73t1mulus SLgnaI;; When the/stlmulus 31gna1 lS perlodlc and the subject

€

"hvls exposed to several repeated trlals, 1t 1s p0551b1e for hlm to use

r

f-lnformatlon ga;ned_fromppast experlencebto.lmprove hxs4performance;5a

'uffThls past experlence w1ll be. 1n the form of some memorlal representatlon f'“

of the perceptual and response processes used on- earller trlals._'Theni,}f‘

/' N

. ;fconcept of a memorlzed control sequence produc1ng a learned response 15;;:'

. /

'-Qh,one that is common to most models of the human operator. The-label,

./r

;nhlch 1s usually glven to‘thls process is "pattrjn generatlon" (Pew;

: l974a, Magdaleno, Jex,,& Johnson, 1970) | Investlgatlons 1nto ‘the L
.‘-pfunctlons of thlS pattern generator have 1n the past used a methodology‘
">~-termedyﬁanput_blanklng";' During 1nput blanklng studles the' subject
‘tracks:a:stimulusISignai that is visible on an oscilloscope. At random:

>"1ntervals durlng any one tr1a1 the 1llum1natlon of the dlsplay 1s

decreased and the sub]ect contlnues to put out hls response for a.

‘,,iprescrlhed perlod;of t;me. Examlnatlon of the response records durlng i

TForsa'hrief-reView'of these tasks seeshppendix A. B

R AN R EE I



’;ugeneratlon of a pattern to be lnvestlgated

-

11lthis ﬁlights out“ period_allows the processes involved in' the subject's

i . . - L . R - R

Yoo e
/ .

' Input blanklng was therefore con51dered to be ‘a worthwhlle method

{through Whlch the generatlon of organlzed movement patterns could be-

AR B . '.‘-~’

'?Fstudied}fj However, three major problems needed to be solved before'
'_*these studles could begln.. Flrst, what type of tracklng task would be;
‘fmost compatlble w1th the 1nput blanklng paradlgm° Second what response'

imeasures should be used to 1nd1cate the level of performance achleved

S

‘(Magdaleno et al., 1970, V0351us, 1965) dlsplayed both stlmulus and

;by the subjects? And thlrd, what ls the relatlonshlp between these;;v”;
' vresponse measures’ ;kﬂ'f

One task that was used in, the follow1ng experlments was, termed a fl ;};f-f"

"bllnd tracklng task" The sub]ect followed the stlmulus s1gna1 but o

‘idld not have any v1sual 1nd1catlon of hls own’ response ‘ Thls task waS"‘~

-

'f‘adopted for several reasons. Flrstly, earller 1nput blanklng studles o

7
N

;response markers durlng the typlcal pursult tracklng task when both
dlsplay markers were removed durlng 1nput blanklng there was a moment-

,.ary dlsturbance of respondlng The bllnd tracklng task was expected to ’A"'

'.decrease the dlsturblng effect of experlmental 1nterventlon. Also the
:'”_start of the 1nput blanklng was precued to offset any surprlse on

B behalf of'the'subject._ A further reason why only a stlmulus marker was

B 1

. dlsplayed was to prevent the subject frcm becomlng stlmulus-bound" -

o,

- When subJeCts are 1nvolved 1n a pursult tracklng task that 1nvolVes
sboth stlmulus and response markers, they exhlblt hlgh frequency

.response osclllatlons around the stlmulus. That 1s, they make many

N .o
o . T ) L e

Tsee Experiments v Andyr. -




o o .?:, . o
e ' . _ o N
correctlve responses w1th the alm of allgnlng the two dlsplayed mgrkers.e
. L . : 0 o . ST . .
f] These correctlve response frequences are not correlated w1th the .

R . . /A R . e ; \'» :

stlmulus srgnal and contrlbute to the Subject s response remnant

'A..’.

Freelng the subject from thls problem of flne allgnment allows hlm to N

boncentrate on the 1nformatlon galned from both the stlmulus 51gnal andf;¥
‘ﬁ the consequences of hls own response to the track whlle reduclng hlS

esp cnse remnant

'.(\

3 Experlmé“ts I”thro gH IV were de51gned to address the remalnlng

\_ ! L

problems-of a551gned measurement._ Only a Small number of authors

(Fltts,‘Noble, Bahrlck & Brlggs, 1959 “Henry, 1974\3Lathrop, 1965

'::“ Pew & RupP, 1971 Poulton, 1974) have been concerned wlth 1mprov1ng ourf7

- 'n_.‘

.:/

a. tentatlve conclusron that may be drawn from these studles 1s thdt thef fﬁff.};

B outcome of a motor task as measured by overall achlevement, cannot

- stand.alone as a dependent varlable in. motor 1earn1ng experlments...

e

'» Slnce the productlon of a movement 1nvolves the 1nterp1ay of- several

psychologlcal and physrologlcal subroutlnes (Mlller, Galanter, & -
Prlbram, 1960, Schmldt, Zelaznlk Hawklns, Frank & Qulnn, 1979) durlng

‘a specrfled tlme perlod the measurement uSed to describe motor

ot performance should be both dlverse and complete w1th regard to these‘

(} ,'i_ . B A v:_ .,‘

complex processes.f In the followrng experlments several response

-

measures were recorded 51mu1taneously. These measures‘Were usad to

)

descrlhe the subject 'S responsescharacterlstlcs at dlfferent stages of f'
dltlons._ The subjects response_uas- o

practlce and for varlous task c

S

defined u91ng three general headl gs. (1) consistency of performance,

,;w; IO N _.1

Al

understandlng of ex1st1ng 1nd1cants of sklllful performance. However, 7_f2€"“ie‘



) : v
- ainskilled drivers..

1

Yl) Cbnszstency of Perfbrmance : . - / : »v . }”

The fact that a subject s reSponse ‘becomes more con51stent as a
: R . :

result of practice is a well documented phenomenon. 'This has‘been

found by many authors u51ng a uarlety of perceptual motor tasks.«fFor

1 .

1

example the work of Glehcross (1970 1973 1979) suggests that: the
dlstlngulshlng factor between skllled and unskllled performers is the

con51stency and stablllty ‘of the movement organxzatlon w1th1n a

s
-

particular sequence of actiyity. This is supported by several‘experl— .
ments in which %lencross utilired a repetltlve speed sklllf(hand crank-
"ing) as‘the'motor task.. he found skilled subjects were better able to
maintain a consistent_temporai relationship between_principle eyents in
the hand‘cranking task than were unskilled suhjects. ‘In the early

stages of skill hcquisition inappropriate agd extraneous response units
; ropriate agd extraneous respo

were selected, whereas the skilled performer~achieved his goal of

restructuring the response units into a refined temporal pattern of

@ . . -~
o«

activity;
The variability of_human operator performance‘during'dompensatory
tracking-was studiedthy Burgett (lQiO). He found that‘subjects adopted
a con51stent "sxgnal processing path" and a more uniform control |
i

StrateqY during learnlng‘ In a more. applled exper1menta1 environment,

Lew15 (1956) cAme to SLmllar conclu51ons w1th:respect to’ Sklll acqu151-

-~

tion and response con51stency, Lewis recorded acceleratlon and “

- :

deceleration curves fér skilled and unskilled drivers, while subjects

maneuvered a motor car around 60° corners. The sum of the area differ—

.

ence between the acceleration curves was taken as an in *ae; of lack of

consistency} Skllled drlvers were found to be more con51stent ‘than '

o i -

1

e

»



I A seems llkely that the skilled drlver will
- have a pattern of behavior for a given situation
' which experience has taught him is the best. Th
‘the skllled ‘driver may show a smoother curve of
acceleratlon and’ deceleratlon, and a further
attempt may lead to a pattern of act1v1ty Whl A
yresembles the prev1ous curve. (p 131) ", : \

\

More recently Tyldesley and Whltlng (l975) found that 1ntermed1ate
and: expert table tennls players achleved a con51stency of patternlng

that could not be bettered The novice table tennls players however,

% : ,
pattern and to repllcate con31stently the

-, were characterlzed by an 1nab111ty to pro(uce a con51stent movement

temporal lnltlatlon p01nts of.

the forward stroke. These conclusions were based.upon-results of

cinematrographical analysis.

.

Further use of c1nematography was made’ by Higgins and Spaeth (1972)

They found that" a subject who was 1nvolved in closed sklil\performance
‘(dart throwing at a,statlonary target)_exhlblted a movement-patterniln
cpractice,that was tightly distributed within a narrow bandwidth of

areSponding. Thls would lmply that w1th practlce the subject reduces

'

hls movement varlablllty at- any -one p01nt in time during ‘the executlon
of the response. A response measure that reflected this decrease lnv
‘kyariability was used in the following.series of experdments. Velocity—
__time'curves for each trial,were superimposedland‘the yariance was

calculated at specified time periods during the trial. An average

CE ’ . R .
variance score was calculated for each testing session and this served

s

-

to indicate the degree of consistency the subject displayed during

e
-

acquisition. T
(2) Temporal Adjustment of Performance
Decisions that are made during a pursuit tracking task involve the

T

subject in predlctlon. ‘These predlctlons are part of a 51mp1e learnlng



- process (Poulton, 1952) whose end result is to modify the_absolute‘
ko T . Vo . ,
\ttemporal component of the\response~signal Wlth practlce the subject

usually advances hls respchse in tlme. The ablllty of the human-

o operator to think and extra olate forward ln time orlents the‘%rocess

5 .. )
"of\control around future states of‘the environment. Kelley (1968) out-

lined ajhasicycharacteristic of manual control.

“ Manual control systems function to reduce the

" difference between what an operator wants - to

‘happen to a controlled. varlable and what he
thinks is. going.to happen unless he 1nst1tute5"
a change. (p. 41) ’ ’

TKelley belleves that the human operator s model 1s a structure bullt up
"in the past that he employs to predlct the future. ‘Prediction there-
o . - .

~fore must play,a'key role in the ptocess of manual contfol and]hence bev
accounted‘fcx-in"the preeentvtracking study.‘aen,inaen that feflé¢£é>
7tHeleubjectet'ahility to cope_with:predictable aspects'of the,tatcetl 
coutse shouldlbe.an integral part“cf the‘measure used to'descfibela

. eubject's :eséonse. o ; | |

The following series of experiments'utilize a lead-lag index derived

from a crosscorrelation function. 'This index hasvbeen.recommended‘by
Bennet (1957) and Fitts et al. (1959);\ The crosscédrrelation function

fdiffers from the more commonly used autocorrelation function in that.

the two sets of values being correlated are deriVedifrom different time -
series, Fitts and his-colleagues”give a very illustrative example.

. . . . as a pilot controls an aircraft in pitch ©o
' and roll how does his error in pitch relate to  , .

his error in rcll? A direct way of answering

this question would be to obtain continuous

records of pitch and roll errors and to“compute’

the crosscorrelatlon functlon between them.
(p 630) :

'When relating stimulus to response‘the.crOSscofrelation function
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describes the .lead or lag in the controlling éystém. For example, if a
Asubjéét WQS predicting the stimulus with zero lead or lag, then the

SO crosscorrelation between stimulus .and response should be maximum and’

positive at time, T =

0. If the'éﬁbjecﬁ iaéged Eehiﬁa’fhe S£imqi@s_£hen B
'the corsécprrelation;fuqétipn;would read‘a‘mékimum at‘time‘Tn(‘Qhefe fn
is the éveiage‘timebofvthe subjécﬁ's lag;-]' | h

(3) Signai‘cbmposftioﬁ  '%}

-  Since mbStléoméiék'fe1A£ion§(i.e,, WAVéfdiglgéftgrﬁs)'can-bé'
eﬁpréssea és_a;cdmbinatioa of Siﬁplé harmoéic éoméoﬁeﬁéé’thé~?eééén§ef
signalélﬁhat é%bj§¢t5'made §urihg‘éxpe?imegi ;IIbahde'yére égbjectéd v

, toranainisiby'a Eoufier_piansfarm;?”Thi$ séect:a;zanalgéis.fxansfdfmé

) ‘ ’ . .‘:- .’ . ) .. B : . .‘ - : L '
. complex waves into simple ‘sine waves and cosine waves. ? general

(¥

_mathematical statement would read:

' ‘ f&y) = é& + L (An cos‘th,#’Bh;sin nwt);

amplitude determining constants

where: Ag, An, an§ Bn
called harmonic coeffiéients;

T

n

integers from‘l tod5éal1ed»haTm0nic orders;

. R U 2mf (with frequency in cps)

~This>genéralvmathematiéal statement'may.be.WEitten in twb\equiba-

lent forms. . ' »f' A : o | K-

£(t) = _%,+' b} Cn cos (nwt - ¢n)-
» : n=1
or. e :

F(t) =— + L C_ sin(nwt + ¢!)

. 2 p TN n

. n=1 -
s ; \\ E
,// ‘ TWhen n is unity the corresponding sine and cosine terms are said to be
fundamental. o : '



" and phase relatlon ¢ and ¢' are glven by

g .
tan ¢n = n (expressed 1n radlans)

| . — i ) ) . ) B "i“
. : o - RN

tan ¢} =

~ Phase angles'¢n_andf¢$"prOVideltimewiseirelationships among harmonic . !
components,i‘\- o 3 ‘-ﬁ:r_; EORE S e
If'the‘equation'that'gives'thefFonrier_transform were to be -
m:ekamined,5it'wonld\revealgfour‘independent:pieCesfofklnformationb
‘relatlng to the waveform
§(t) = *37*;‘2"C sin(nwt + ¢})
CwW 'ﬂ-d 12 34
“w: The complex_waveform.\ RS
L: Amplitude relation to the axis. '
2 Amplitude of harnonic‘afterfnormalizino{

v : . : - | X .
; . . B

3z Frequency of harmonlc. - e » _ _ o

4; Phase relatlonshlp of thls harmonlc w1th a11 other

’harmonlcs.
In addition to providing a’more COmplete'description of the
‘.subject S response, frequency ana1y51s allows for the computatlon of the

."remnant" of the response. Thls belng the part of the sub]ect s .

N
nproduced 51gnal that does not correlate with the stlmulus 51gna1

>

Poulton (1974 p. 30) uses the computed remnant to 1nd1cate the

strategies employed.by‘the subject durlng;tracklng. "The remnant tends

\ . .




h
\
1

- to be large when the'man3uses non-linear strategies . . . . The remnant

‘\ .

" tends to be.small.?hen the_man‘successfully.predicts the track and prei
o R . o L N S

-

prOgramsihis'responsegﬂ ‘The remnant of\the-responsevwas expected»toj

i
1

. decrease as a function of acquisition trials.-

. N
o B A N ) :,.: S i PR
Tojsummarlze,»three general categories were chosen to describe ‘a
ot IEPEI T L o :
A :

"VSuhject‘s responSe.whilejperforming.a trackiné’taSR.,yThese”were N

\. N N L : . . . 4‘

Y
§

3 con51stency of performance, temporal adjustment of performance and

A

r'composxtlon of the response signal These categorles outllned the

Ni

3vv_1ndlcants of a sklllfdll performance that were used darlng the follow1ng

!

r

experlments.b In Experkments I through III the 1nterrelatlonsh1ps among

'_these 1ndlcants were determlned by recordlng the varlous response

, measures simultaneousl& durlng a’peﬁﬁQ\\ance on a bllnd tracklng task/ .

”':Experiment'IV was”undertaken-to‘compare_the measure.of;response,k =

RS

'vcon51stency (w1th1n—subgect»variance at specified timefinterVals)lwithv“

the root mean squared (RMS) error the subject dlsplayed whlle pursult -

"tracklng. »The measure of RMS error has, been recommended as the best o

, - ,
51ngle meausre of tracking performance by several authors. Poulton

(1974 p 34) in hlS chapter on recommended methods of scorlng states

that the RMS error obtalned from a tracklng task (a) is related to the

standard dev1atlon of the error, (b) r flects the entlre dlstrlbutlon f';

'offerrOrs,,(c)-is relativelyvcompatibl with.parametrlc statlstlcal

. tests, and (d) is p051t1vely correlat d w1th modulus mean error. Also

&

an exten51ve‘sﬁudy by Bahrlck,rFltts, and Brlggs (1957) demonstrated the

o

" a better overall measu&e-of trackin -performance; A comparison of the

standard deviation (SD)'of the err¢r and the RMS error has been
completed by Fitts et al. (1956) 4nd Bahrick and Noble (1966). The
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i

dlfference between the SD of: responses used 1n the present study and thei

.SD of the error 1s that the SD of responses ‘is the varlance of repeated e

responses taken at a Speclflc p01nt ln tlme whlle the SD of error 1s

;the average varlance of one response taken over a’ period of tlme. Flttst;

;and hls colleagues found the correlatlon of RMS and SD of the error to . %.ﬁ'n;'; o

’be 82 Therefore, 1t ‘was: expected that the con51stency measure used ln

’hthe present serles of experlments would be posxtlvely assoclated to the

um

';lknown measure of~performance,aRMS,error.»




© EXPERIMENT T .
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’

Experlment I examlned the changes in performance a subject exhlbl-l o

CA

qfted whlle tracklng a quasx-predlctable srgnal over a learnlng perlod of
fll3;test1ngjsesslons. The coherency of the stlmulus course was varled

ht:durlng the experlment.. In the flrst elght testing se551ons, one flfth

‘

. of the Stlmulus course was repeated each tr1a1 whlle the remalnlng

".‘four—flfths‘of‘thefcourse were random.. Changes to the serral order of
'f;the repeatlng sequence were made durlng the n1nth and tenth testlng

sessxons.. The stlmulus course for the 1ast three experlmental se591ons fa_‘?:{

‘..

h”ffwas more predlctable;isrnce no random selectlons of sequende were .
‘;”included.in”theﬁcourser} Durlno these testrng sesslons the stlmulus
‘.Wsignal was comprrsed of a completely repeatlng serles.“ B |

Two measures of sk111 acqu1s1t1on were used to monrtor the subjectsi_fpf,;
.hant1c1patedv1mprovement 1n>performance.' The wathln subjecthvarrance';:pffﬂfﬁ
1‘score wasvused to measure”the'subject 's consrstencyrof movement veloc1ty*

'ﬁf‘wlthrn each.blochbof‘trlals.; Whereas the adjustmentsAthat were made

v-durlno learnrng-ln the temporal aspects of the response, were 1nd1cated :""rf
'by a crosscorrelatlon functlon.i The data p01nts that were: used to _
.derlve these two measures of performance were sampled from equlvalent

'“1t1me perlods durlng each trlal In thlS txme perlod the stlmulus

course was also equlvalent therefore, lt was p0531b1e to compare the ;_;,h

‘subject s responses under varylng condltlons of stlmulus coherence. :



ASl

‘Subgect

E that allowed near frlctlon-free movement

l‘an;event5ind;cator’topthe.subJect.‘ The tone was. generated by the ’

L hea

The,subject (E F ) was a female phy51cal educatlon teacher, aged

""

‘>3l years, who wrote w1th her rlght hand

'f;Apparatua and Task

' A bllnd pursult tracklng task was used in- the follow1ng experlment o

'”-A»photograph of the apparatus 1s glven ln Flgure l

A PDP ll/lO computer was used to control the experlment. The7l“’r='

:1nteract10n between apparatus and computer 1s shown 1n Flgure 2 fThe }f;

.'”.computer was prOgrammed to glve varlable dlgltal to analog (D/A) slgnals_h”"’

{ ’ ) «

:f;(ranqlnq from 0 - +5 volts) to' the x component of a Statham CRT. Thé"l"
'lfn electron beam moved horlzontally across the CRT at a: predetermlned

-speed; The subject s response 1nvolved mov1ng a control lever 1n a,

Vfthorlzontal plane.5 The response was llmlted to an angular dlsplacement o

! i

;fof 56 ’ The handle of the control lever was mounted on a radlal arm S
' ‘13 inches (31 2 cm) long and statloned dlrectly in front of the CRT

| _Attached to the radlal arm, at 1ts c1rcumference,vwas a roller assembly SR

ro
Ae

The radlal arm plvoted around a 1OK Ohms, one turn potentlometer

- and was flxed at the centre of the 56° response segment. A“Z 5 volta o

B &
‘ \q.

' 7supply (Electro Model NFBR Flltered D C Power Supply) was; connected to -

oy

e

'fthe poetentlometer, and the output from the potentlometer was in turn )

:""

'“connected to an analog to digital converter channel of the computer.d't.v

g

fTherefore, response movement was c0nverted to voltage change and stored

< as- 1ts equlvaient dlgxtal value.

The computer was: used to control an audltory tone, which acted as

[
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; ‘;pp031t'0ns were flxed equldlstantly 6 1nches (15 24 cm) apart and

, R T -
computer adctivating a solid state switch (via a D/A converter). : This

switch‘operated an ‘EICO Audio WaveiGenerator‘to_produce»the tone. -

e

vjshoulder JOlnt the prlme movers belng the anterlor delt01d and pector—

Ly B
EESE S - . owt

:alls,major muscles._‘h screen ‘was mounted in front of and above the
fsubjedtlstrlght,arm}1}This screen;permitted‘onlvpvisual informationéﬁiom
the stlmulu‘s T A S L e P
"a Thebtask:reéulredithe'subjethtOvbeiseateduappromlmately:ésiinchésefﬁiy
(hi.l cm) away from the CRT and hold the control lever 1n her rlght
' }ghand whlle tracklng the movements of the stlmulus,dwThe stlmulus was

ff:programmed to move to three tran51tlon p01ntsT ‘on the CRT. These pl

S

“W~fcentredron the CRT.” There were no'external marklngslon the screen to

flndlcate the posxtlon of each transltlon.f;i:”frt, ‘ | g |
i The speed of the stlmulus beam;Was 6 1nches per second f15 éé cm e
:;per“second) and tlme at tran51tlon was programmed at 311'mllllseconds.

”-iOne trlal con51sted of the sub]ect mak1ng“50 movements 1n pursult of the e

Q stlmulus beam s path between tranSLtlons.; The approx1mate tlme at task v

:pfor each tr1a1 was between 75 and 80 seconds., Elght trlals, separated ‘;l‘h}_ .

;by ‘a rest lnterval of 65 seconds comprlsed one block of trlals._ Before
;'each block of trlals the sub]ect completed a practlce trlal.' Durlng the L

"%vpractlce trlal the subject tracked 50 movements of the stlmulus.,pThe~fh

-

TTran51txon p01nt 1s defrned as the part of the stlmulus course that ‘f»7".
the beam remained statlonary for 311 msecs. ' ’ o

+*The signal can, therefore, be descrlbed as a constant veloc1ty ramp _
track ‘See also Pew (l974a, p 22)&and Poulton (1974) or: descrlptlon.“

@ .
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'.serlal order of tran51tlon polnts durlng thls sequence of 50 movements Lo
. \ \e St -
f'was randomly generated each t1me by the computer.- Therefore whlle at

6 v

‘;one trans;tlonqpolnt, the 11kellhood of where the next tran51tlon polnt

"-.would be was unpredlctable.- The experlment spanned a perlod of 13 days,v'
;‘wlth the subject completlng one block of trlals per day

R
a0

» The stlmulus course of one trlal for the flrst elght blocks was B

.,.'

_made up of 40 randomly generated movement sequences (dlfferent on eac

'ftrlal) plus lO p tterned movements (see Flgure 3) These patterned

";':movements were repeated as the last 10 movements of- each trlal o

”*,f_ Responses to these lO patterned movements were sampled and recorded at

"ffa rate of 100 samples per second The only change durlng BlOCkS 9 and 10

_\

””fwas that the serlal order of the patterned movements was rearranged

"ffi(see Flgure 3) The 50 movements for trlals 1n Blocks ll 12, and 13

v
%5

0- " .

‘:gwere made up of the orlglnal 10 patterned movements (as 1n Blocks l + 8)

:;repeated flve tlmes. Except for the 1nformatlon galned whlle tracklng,

”

':‘ the subject was at no tlme durfng the experlment glven any 1nformat10n>‘

. lh'as to the predlctablllty of the stlmulus course. After each block of

:'iwarocedure R

trlals the subject was encouraged to report as much 1nformatlon about ;
Pfthe stlmulus ~course, and the response strategy utlllzed as pOSSLble.ff,-'”

PN

:f'These'introspectlve»rePOrts‘were,recorded.-

-

An audlble tone 1nd1cated to the subJect that the experlment was ’f?V

to begln.‘ The subject then had two seconds to allgn the tontrol lever o

B to the appearance of the stlmulus beam on the CRT A\second tone

: IR S s TR : g L
':preceded the mOVement of the stimul%s by one second The subject.thenf-7-*

\,/

.,5','.":

?ifresponded to the stlmulus course offSO dlscrete movements. A;douhleln“‘

o N
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Displacement Across C.R.T. 3. 18

U

— _“—-:d

]

: a. End of 40 randomly ordered movements; beginning of the patterned movements.

b. - Transition time 0.311 seconds.
c. Movements for which responses were analysed.
d .

End of trial.

Figure 3. Stimulus course for the ten patterned movements for blocks 1 - 8,
original pattern (1) and for blocks 9 and 10, alternate pattern (2).

©
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tone coiricided with the end of the l&%t movement. After a period of 65

seconds rest the subject would again receive a warning tone that the

5

next trial was'to begin. At the end of the eighth trial four tones’
'1 signalled‘the“completion of the block of trials. The.Subjecﬁ was “then
interviewed as to the nature of the stimulus course and the response

" strategy she used.

v

. s

. /k'
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Data Analysis

Withmn-subgect Variance

G,
*

The varlabllltv of the subject s mqvement veloc1ty was calculated
within"each‘block of eight trials for data_samples taken over the last
10 movementsibf.each trial,-:In each trial,.l,ﬁzo'data points represent—
;ed ancular velocities offmovementjtaken every lO mllliSeconds.“ There—“
fore at tlme t a block of elght trlals would yield elght angular
>veloc1t1es. The varlance of these elght values was calculated and then,

 the average of the'1,420 varlances was computed for each block of trlals

‘Cr033correlation
Comparisons; between movement Velocities of Trial 7 Block 13 with

. Trial 7'in”all.other blocks, were made via a crosScorrelation function.

L — :
A real tlme (T 0) correlatlon coefficlent between movement veloc1t1es

lof Trlal 7 Block 13 and velocities of‘ for example, Trlal 7 Block 1 was

: 1abelled T It followed that Ti was the correlatlonicoeff1c1ent

between the veloc1ty data p01nts of Trial 7 Block 13 at t and Trial 7
..t

Block 1 at t +.1 seconds The correlatlon coeff1c1ent between data

p01nts at tn (Block 13) and t +.2 seconds (Block 1) was: therefore termed

Tz;; Tlme lag relatlonshlps between responses durlng dlfferent blocks

of trials were examined via this analeis.

Graphical Analysis

To describe the subject's resp0nse variations more definitively;»

"~ actual records of angular velocities were graphed.! Trial 7 of each.
block was used for thls analy51s, and 3 movements from the last 10 move-

ments of Trial 7 were examined. Thls part of the course was equlvalent :

in content and serial‘orderpfor all blocks. The movements analyzed
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from Blocks 1 * 8 and 11 -+ 13 are the 5th, 6th, and 7th movements while

for Blocks 9 and 10 movements 3, 4, and 5 were used (see Figuré'3;c).
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Results and Dtscusszon
; The subject S movement veloc1ty durlng the Spec1f1ed patterned
movements became more con51stent w1th1n each block of trlals as the
experlment proceeded (see Flgure ED A plateau of performance as
Y
measured by w1th1n—subject variablllty occurred at approxrmately Trlal
Block 6 and the 1ntroductlon of. alternate and repeatlng patterns seemed
to cause the varlablllty to fluctuate about thlS plateau.~ Accordlng to"
: 1ntrospect1ve repnarts after each block of trlals,_the Subject was not
aware of any Speclflc pattern of movements repeatlng 1tself durlng the:
trlals.‘ However, Suggestlons as’ to certaln course regularltles occurred .
. after Trlal Block 9 The subject noted that the end locatlon of the,-
t;l stlmulus beam had been changed : Upon further questlonlng the subject ._r
was aware of the lastlmovement made toward the end locatlon. |
Crosscorrelatlon functlonsvuerevcalculated to compare lrlal 7 ;;f,"
4Block 13 Wlth all other blocks. From these results 1t appears that the
subject 's tlme lag early 1n practrce decreased over trlalsk(see Flgure‘
'“h_dlln It is lmportant to. note that thls decrease in lag lS not the 2
result af"aﬁ§ lntentlonal strategv as‘thetlntrospectrve records shov.
The results from Block 9 suggest that the subject increased hls tlme
lag ThlS could be due to the change in the serlal order of the‘vi
patterned stlmulus movements durlng the alternatlng pattern condltiOn,
Other features of response change whlle tracklng are shownyln |
detalled analy51s of the ve1001ty curves (see Flgure 6). Several of ‘{.

these features are outllned below.
(1) Veloc1ty curves. of Trlal Block 8 were more srmllar ‘to the

Rd

& velocity curves of Block: 13 than to that of Block 9. The@cor ectlons

ll ‘made during Block 8 and 13 at maxlmum veloc1ty may be :a result of the ;
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A

o subject ant1c1pat1ng the stlmulus movements. ‘These corrections were not

ev1dent 1n Trlal Block 9.

(2) Early 1n practlce the sub]ect spent more tlme at trans1tlon

p01nts (angular Veloclty ‘i. ThlS tzme at transmtmon was reduced later

on in- practlce.f Earller tracklng studles by‘Bartlett (1951) Support f{
/

P

: these flndlngs. He found that "{f; . the component movements became el L'andﬁ.

. altogether smoother and more unlform and 1n partlcular the restlng ;,f,'

L perlod at the centre was radlcally reduced" (p 4)

The tlme spent at max1mum and mlnlmum velocxtles was analyzed for

Trlal Blocks l 4 5, 8 9 lO and 13" (see Flgure 7) _ It appears from *Jl:*ﬁ;

'.1' 1nspect1ng thls graph that the subject decreased the tlme spent at

_over repeated trlals.‘ :‘3.5;

tran51t10n poxnts and also reduced the tlme spent at maxxmum VelOCLty

“,,as practlce proceeded . Varlatlon 1n thls general trend were ev1dent

after the 1ntroductlon of an alternatlng pattern

To conclude, it: appears that all of the a551gned response measures

: ;added to the descrlptlon of Sklll acqulsltlon,. Changes in: the Subject sfl»,,.

response are. summarlzed below.

(l) The Subject s movement veloc1t1es became less Varlable

(2) The subject d1d not detect any stimulus coherency. » -

f

(3) The optlmal strategy for completlng the task was for the

subject to 1ag behlnd the stlmulus early on in practlce.' Thls tlme lag B

decreased durlng extended practlce.

(4) Time spent at tranSLtlon p01nts decreased over trials. '
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Pattern Condmon N ’_ oo T

Orlgmal Q—‘—of'
f Alternate o—0 -
T ’r Repeatmgh—-ﬁ»ﬁ_@ , :

~ 'Figure 7.

~ .+ ... than4degs./sec.andgreaterthan 40 degs./sec.
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The patterned'm0vements,of,the Stimuius, that_Were repeated at the -

7‘end of each movement llSt in every tr1a1 of Experlment I were not fully:

detected by the subject Verbal repQrts from the sub]ect conflrmed thls -

nrobservatlonf Therefore, in: the present experlment, certaln stlmulusv

:. parameters were changed; speclflcally w1th a. view to hefp the sub]ects
'\. detect and utlllze stlmulus course coherency |

The subjects rn Experlment Ii were presented w1thba\patterned ilst

1 of;ten stimulus-s%gnalslthat_werevrepeatedyflVe'tlmes_to make-upvthe__
;stimulusfcourse of{one:triai;+ffThe'composition 5% this;repeatrnqd'
~;:5pattern.1nciuded iongamovements of-the stlmulus marker at the begrnnlng
‘ulandﬂendhof‘the repeatlng pattern. Thls was done in order to hlghllght
:ithe boundarles of the‘repeatlng pattern It was expected that the
.experlmentally 1mposed organlzatlonal unrts would therefore become"
r:ev1dent to the subjects after seyeral trlals... | L |

vn‘

ormance measures were once agaln used as 1nd1cants of S

- was used surefof‘response,conSistency Correlatlonal analyses
e relationshipﬂbetween'reépOnSesfmade;early;in'practhej'
with respq made 1ater ln practlce. Thelsubjects"responseSYWéreﬁjf‘

Tv:also'grap to examlne the dlsplacement and velocaty curves thalned
sessxon the Subjects were glven a- penc1l and paper.' They
.were asked to draw as much of the stlmulus course as they could remember~‘

‘-;and wrlte down any other regularltles (1 e., repetltlons of ‘the pattern)‘"

R that were ev1dent from the stlmulus c0urse."i“

+c f Repeatlng pattern of Block 11 12 and 13 of Experlment I
(see Flgure 3(1)) : :

The w1th1n—subject varxablllty of movement veloc1ty _uvf~:

F rst few movements of the stlmulus pattern.. Flnally, after‘jf]“a



A

‘ '..r,of'the‘stimulus.. One movement was agaln deflned as tracklng the ‘

. Method

Subgects -

Y

Three subjects who had not taken part in. the prevrous study, p

1_volunteered to part1c1pate in thls experlment. The subjects were two -
'males (G o 'and F H ) and one female (M H ) All were undergraduate '
"fphy51ca1 educatlon students who wrote Wlth thelr right hand and ranged

‘:,in’age.from-lslyears_to,zo_years.

a . - S ) . G .

',Apparatus and Task

':f The only change made to/the apparatus used in Experlment I was ub

1 that the response segment of ‘the’ control lever was: 1ncreased 1n range‘
5.-‘from 56 to 1120 d The speed of. the stlmulus beam s movement was h:

::lncreased.to19;inches,per*second,(22786>cm;per‘sec)y‘w1th.the trmekat d

hﬁransitlon'béihdfdecreasedfto’120 miliTSeconds-’. | Lo

Vi One trlal con51sted of the subjects maklng 50 movements 1n pursd&t-‘ﬁ

»t..'

¢

h,:task for each trlal was 46 seconds._ Elght trlals each separated by a
o rest 1nterval of 30 seconds comprlsed one block of trlals

The subjects completed a practlce trial before each block of trlals. 'f

¥

;f;Durlng thlS practlce trlal the subject tracked the stlmulus marker s

o/

1;7Hence the serlal order of stlmulus events was very predlctable._ S

PR

»Responses to thrs predlctable stimulus were sampled and recorded (samp—

-4

; 11n rate of 100 data p01nts per second) Between the end of the

»

Ai,practlce trlal and the start of the f1rst tr1a1 proper the Subject

";w1th the sub]ects completlng one block of trlals per day

fstlmulus marker 5. path between tran51tlon pornts The total tlme at ;v1< =

-pﬁmovements of 20 reversals between the rlght and left tran51tlon pornts. _;f_’

';;rested for 20 seconds., The experlment spanned a perlod of seven days, ;""



) ﬂ,251gnals (21 to 30) were, sampled and recorded at a rate of lOO samplesW ..

'fpfrsubjects were then asked to add any further comments that were relevant

.3

The stlmulus course: for each testlng trlal was. srmllar to that of
~'_Blocks ll 12 and 13 of Experlment I._ The 50 stlmulus 51gnals .f“
v--compr151ng one trlal were made up of the 10 patterned 51gnals (see
.'Flgure 3(1)) repeaﬁed flve tlmes. Responses to the mlddle lO stlmulus e
‘“i,per second

,After the{firstfhlock and before“and after,the remaininédblockef'

'fof trlals, the subjects were glven a penc1l and paper and asked to draw
v'zout the patterned movements made by the stlmulus marker. Movements of‘~
'.the stlmulus marker were deplcted as horlzontal lines whlle tlme at

kﬁ”:transitlon were represented by vertlcal llnes (c f Flgure 3) ° The prffbﬁZV: e

st

S

’in‘to the nature of the stlmulus and thelr ablllty to respond to the

fj'_stlmulus.
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incomplete patterns. However after the second block of trlals\all

Results and Discussion - . | J
Follow1ng the first block of trials and precedlng the second block,

subject 1 (F.H.) dld nOt detect any repeatlng sequence and could not

‘reproduce, using pencil and paper, any of the movement 1lSt Subject 2

|

(M H.) and subject 3 (G.C. ) on the other hand recalled 1ncorrect and-

«x

. \ < ./
three subjects correctly reproduced the sequence of the repeatlng

stlmulus signal by draw1ng its graphlc representatlon. All graphlc

reproductions that were completed'by subjects after thejsecond_blOCk’of'

trials were accurate'with respect to sequence, but all three'subjects

Y

Jsketched 1n excess of 15 movements before reportlng any repetltlon of

stimulus course informatiOn. It was not untll the end of Block 3 that

the sub]ects recalled 10 movements as an organlzed unlt.. The-long

>

movements (movements 1 and 10) "were used by all' subjects to delineate

‘the beginning and end of each organlzatlonal unit. The conclusions ‘that
‘can be drawn from these pencil and paper yecords are that all subjects

“were able (after a short learning period) to detect the coherency in

the stlmulus course, although the exact number of tlmes the stlmulus
. ) @_
pattern .of 10 srgnals repeatgd itself was never correctly reported

throughout the experlment. .
An indication of how subjects utlllzed this stlmulus ‘course

coherence can be gained from examlnatlon of' the crosscorrelatlon

functions of responses u51ng Block 7 as the crlterlon scores (see Flgure

8). All three sub]ects reducea their tlme lag durlng the flrst three

blocks of trials. The apparent 1mprovement in the memorlal representa—

, tlon of the movement sequence appears ta have alded sub]ects 1n u51ng

predictions concernlng the sequence of movements. Crosscorrelatlon

o
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functions_betﬁeeﬁ the highlf predictabie Signaliof the practice trial
and théfiesponée$ madé'td fhese siénals wefe computéd.‘ When’response
velocitié; maae.during_ﬁﬁe practiée trial precedingABlOCR.l and the
practice t;iél's $pimulgs;00urse vere cpﬁparéd; the cré;scor;elation funf A
fquntianWas méxiwu@ gn& posiﬁive'when T=l75 milliéeconds (i.é;; a
_tréﬁsmié§i§n‘lé§f6f l75'mi11is¢qonds);"How§§er,_wheﬁ the responses to
'.tﬁe pfécticEaﬁrials pri6r to Bléck 3,wefe used to make»cémééfi§ons wi;h L
£he pﬁédictgblé‘§§§mﬁlus,'tﬁelérosécofrelatioﬁ was maximum_aﬁd pbsitive
s'yhén:TéO (iﬂé.; sﬁimulus.and,reséohse wergkééincident).‘ Thereforé, thé
-. phase relétiqpship‘ﬁetQéeh féé?onsés‘made during.fhe teéting ééssion;:
énd the'pﬁgsé ?éié;iépshiﬁ béfweenfstimQIQSAénd:feséonéé made du#ing
‘;Lthe'PféCticevtyialS sh6w simiiaritiegbinkt%énd.i:That ié; whenvthe
=.cdrreiétianicéefficient Waé'ﬁakimum and»positiVe_fdr a specific V;lﬁe'g
"qf T,-that valﬁe.qf T:was équiValénﬁ ih'béth.anaiysés.}'HowéVef the
.aétual’functiéﬁ”i£éélf w#é nét;eéuivalépt; As eXpected the croéé—
éorrelation,function'dbﬁ;ined Qheﬁ éomparin§ résp6nses Qaé.highgr
(f'%v0.70) thah,é fuﬁction_that'wés 6bt5ined'from'thevéohééfison-df'
.stimulué‘ahd responsé (Y > 0.60). _This aépe;rs fobbe due to the nature
bf tﬁeAstimu;BsAiignai that was7uséd.' Eﬁe conétéét Velocity'ramp_tréck
,idoes'noé.aépquimaté human trackiﬁg behaviour.'_The subjects,éﬁtemptéd>”
to iﬁpbse a:wayeform éattérn upon the response, thus smoothing out their
Aperformapce whilg meeting~the déménds of the,task."Theréfofe-ag
practice froceeded the resppnsé'wa; shaped tpw;rd a subjecéive criterion
of smooth_perfdrmance. - |

'Thefintertrial correl#tion’métr;ces.for‘éhe'ﬁhree'subjectsVare
shbwn'in“Table 1. Wiﬁhout exception,vevery mat?ix has a superdiagongl

t
o



” Inter;rial-Cor:elations'of Movement Velocities for

Movements in Tfiql 7 of

rable 1

each Block of Trials
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\

the Analysed

" Block 1  .”  .2

‘Subject 1

LoD W N e

. Subject 2

NSO Ue W

Subject 3

G

Note;‘jTrial 7 Qf‘

SO D W N

(E.H.)_f“'

—— <'f .65

(M.H.)
cee-t .53

(G.C.). =

G T

A
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"\

.49
.88
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.54
.76

.38
.83 -
.89
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.80

.89

.29
.48

<86
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210 12

.65 .54

86 ¢ .78
.84+ .78

Cfemee o L94
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S.,94 .95

S.2l .23
- .82 .80
.84 .85,

- .09
.58
.81

77

e 97

.08 . .22

.32 .47
740190

.93 . .9L

——— .86

fo;‘comparisons._-‘

.93

.92

- -

.18

.78
- .84

.95 -
.96

.97

_zgv‘i

.53

.81
90

.82
.92
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‘_the subjects moved the response arm for a spec1f1ed tlme perlod as ‘

36
N . e : g
form, .with the lowest correlations located in the top right hand corner -

of each matrix. -The correlations decrease 51bngjth¢ rows to the right .

and up the columns to the top of the matrix. Responses that were. made

tohtrials late in practice (Blocks 5, 6, and 7)fwere more-positively -

ted to each ‘other than were‘resPonsespmade to trials early on in -
p actice,(BlOCks 1, 2, and’3)r“ These reSultslsubstantiate‘Gentile's

(1972) prop051tlon that durlng closed Sklll acqu151tlon movement

‘patterns areatlghtly dlstrlbuted w1th1n a narrow bandw1dth of performance._

The three subjects used a dlfferent range of angular dlsplacements,.'

ﬂhalthough the 1ns“}uctlons glven were qulte spec1ﬁ1c (1 e., "keep the

i

'?movement of the controlﬂlever c01nc1dent w1th that:of‘the stlmulus -

» marker"l.; The average max1mum angular dlsplacements used in’ both

i

’:-practlce and testlng trlals are shown ln Flgure 9 -The range*of d1s¥

‘=2placement used by F H. is con51derably less than that used by M.H. and \

.

Z.G.C};‘ The percelved dlstance moved by the stlmulus marker must not

have been consideredlan:impOrtant\cue fdrﬂthe_subjects’to use. 10ne o

, fposslble explanatlon for the varlatlon in- angular dlsplacement lS that

R ’
5

fopposed to a specifled dlstance;f Thls tlme'perlod’belng dependent uponh"
the frequency70f-the stimulus;signal'and‘the'ability.ofvthebsubjeotsuto v

. track accurately at this freguency.

. Thevaverage angular displacementS’used during the testingitrials '
o El /A
(long and short movements) are 51m11ar to the dlsplacements used by
sublects on practlce trlals (only long movements) Thls would 1nd1cate

that the 1nc1u510n of the short movements durlng the testlng trlals did

Ti'For.a brief.review see Appendix C.
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not "compact“ the overall movement dlsplacement used by subjects

'rfFurthermore, none of the sub]ects reduced thelr Orlglnally selected

response arc durlng the experlment Hence thejangular veloc1ty of the .

»
'

'”tracklng response was not reduced durlng the experlment. The reductlon o
> . |

.-ln w1th1n subject response varlabxllty cannot therefore be attrlbuted to'

. ‘ L

a reductlon in’. the subject S movement veloc1ty In fact, all three

*jsubjects 1ncreased thelr angular dlsplacement follow1ng Block l and

v

"_dlsplayed a correspondlng 1ncrease ln response consxstency follOW1ng o

1:thls block of trlals.;ﬂg {Vgi,h;-vt;a'? qi.:zi‘ .i:_} ; f'd-v;mg, d{7\:'._:,7_
The w1th1n—subject varlance.ot.response velocltles decreased-over A

:the seven blocks of trlals (see Flgure 10) All three SubjeCtS show _;T;

_ev1dence of thlS trend, although the rate of decrease was dependent a'fﬂ

'h?upon the 1n1t1al angular dlsplacement (hence angular veloclty) that the

“‘mhgfsubject selects.' The dramatlc decrease ln varlance of M H.: and G C.

':emphaslze the 1ndependencevof thls measure of movement con51stency for
- iind1v1dual subjects;‘ Wlth practlce, sub]ects respondlng at a relatlvelyv
- fast rate.can achleveﬂa con51stency of movement equlvalent to that of
':;a‘subject who responds.to the same stlmulus more slowly o
gﬁﬂ?response veloc1ty and‘dlsplacement graphs were complled for .
Trlals 7 of each block of trlals. These response proflles for the
. . . - \
.flrst four movements of the patterned sequence are shown in Flgures 11 .
through 13 Comparlsons were made, for each Sub]ect between responses hff T

\

“produced durlng Trlal 7 Block 1 and responses made 1n.the correspond;ng
r

'real time frame durlng Trlal 7 Block 7. All three Subjects 1ncreased

txme spent at maxlmum veloc1ty, whlle attemptlng to decrease the time

<

',spent at tran51tlons between movements. Durlng Block 1, M. H ‘and G C.

used correctlve movements midway through the flrst movement (long move-
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ment) of the pattern. This could bé;attributed to évent\uncertainty

(i.e., was the stimglug marker going to stop at the middle transition

point?). However, no corrective movements were evident while these

same subjects\responged to the same stimulus course during Block 7.
' } - g ‘ A
In summarizing, the following statements can be made:

(1) With practice on the'tracking"task used in this experiment,

the subjects developeé an increasingly consistént movement pattern. :
© (2) Reportable knowledge of‘the'composition'of the stimulus

~pattern aided the subject§.in'achievinq movement consistency. e

(3) The optimal‘stréﬁegy fér&subjgcté td'adéét early in-
practice was one of "féllowing béhavidur“. The‘cégrgspdndi;g fime lag
decreased over trials. |

.'“(4) In their‘attémpﬁs to become more efficient pe;forﬁers, the
subjects smoothed out’their‘responSe patternvby ééduciﬁg.the time tﬁat |

was spent at transition points.

Tt
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An increase in movement consistency was achieved by subjects,
after practice on the blind pursuit tfacking task used in the first. two
¥ . : . : ) :

experiments. = Consistency was defined with respé%t to a measure of on- -
going performance termed within-subject variability. Whereas the

' previous experiments in this series have been concerned with overall -

. - : . : . 0 -

-vatiability of the movement sequence,.Experiment IiI was‘undentaken to
investigate.sevefal questions'that remained unansmeted-with tespect to-

. the'iocus of'responSebvarianoe within a movement seQuence; 4The major o
focus of the present study was - to examlne the proflles of responsev

-varlablllty that the subject dlsplayed d%rlng a block of trlals. Two

speclflc questlons were of: concern~’ (a) where are- the major sources of
g o - . T :
Avarlatlon‘located in a movement that is part of a movement sequence;

' andv(b) what effect does‘ptactioe have upon the profile of response_
variation within the movement?‘ - )

| _The stimulus signai\used in»the previous two experimemts>Waspa
oonstant veioEity'ramp-track, ‘While puieuing this track early in

practice, subjects exhibited discontinuous tracking behaviour.' This
"novice—like" behaviouf was exemplified by sudh response»characteristics

as extended perlods of time spent at transition p01nts, long perlods of ac—L

celeratlon and deceleratlon, and exten51ve correctlve movements. Later -

in practlce the subjects reduced the time spent at transltlons. The

smooth performance that was developed by experlenced subjects, howeven,i

.(1 e., blendlnq oné movément lnto the next) dld not ‘approximate the

‘l 4

stimulus 51gnal. The responses of experlenced subjects approached that .

T o . ' ) o

.‘..
Deflned ‘as the response 'to a stimulus marker's movement between
‘reversals. v - oo

v



{

.of a composite sinusoidal wave as opposed to a cohstant,yelooity course.
Although‘these\deVelopments in responee,characteristics Qere to be ’
expected, the'trecking‘behaviour that exempbifiedkthe noviq£>performer

cohid have been:eolely doevtotthe neture of the stihulus. For;thié‘
reason, ' a compoéiﬁe,sihﬁsoidal wareform+fwas esed aslthe stihulus
_eignalgin ﬁiperiment III.
| The problem of . subjeets choosxng thelr own anéular range of move—
ment has'heen dlsouesed ;nhEXper;ment II.A In the present experiment an-
"ﬁghpiitude treininéﬁ!task-Was givenhto“theVsubjectfhefore eaeh block of
trials;.pAs the_eehjeotitreekea avsine’wate etimulhe*+‘£h.eud1ble toheﬁ
Qae used to indioete reversel poeitiohs Of;the reeponee.:‘lf the
response arm falled to. reach the requlred amplltude the stlmtlus;
merker w0uld remalh statlonary untll the response amplltude.matched the;
}lrequlred value. Upon reachlng the requlred amplltude the tone would
sound and the stimulus marker would contlnue 1ts oouree. It»wee
eXpected that this tra;nlng,ﬁould‘stahdardlze,the,range of mo;ement'

" that the subject used.

f(t) = 50 - 35sin (Wt~ 75) --2051n(3wt -1. 5) + 1051n(5wt— 75) -
7sin (Twt=-.75) . '

HEqulvalent to the fundameq;al harmonlc of the test stimulus F(x) =
35sinwt. . . o . : , :
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'.Mbthod

Sub&ects N .

One male, physical education graduate (A.D.)iwas used'in this Study.

He had no prev1ous experlence ln tracklng studres.» The subject was

,23 years old and wrote with his rlght hand.

;Apparatus andeTask .

'The apparatus used in Experiment IIT has been describedfearlier

(see Experlment II) and can be seen 1n Flgures 1 and 2 (there were

however certaln task varlatlons) .The periodic st}mulns function.E(Xbep'

tpwas glven by thelequatlon.,v“ff\’”

f(t) o - 3551n(wt-— 75) - 2051n(3wt 1 5)

+ 1051n(5wt- 75) - 751n(7wt- 75)

F[‘A graph of thls functlon can be seen 1n quure 14 1The'harmonic S
l'coefficients,'that'determine_the amplitude of each'harmonic_component;

“are given in the'digitalzvalnes‘supplied'by'the oomputer'sﬁdigital'tou

analog‘converter. The tlme for one- complete perlod was 6 5 seconds and

it was repeated 20 tlmes. The responses made to the stlmulus SLgnal s ,

-;tenth perlod were sampled at a rate of 100 per second _ Thls sampllng '

X

s:commenced'at the.tlme of the reversal polnt,that ‘began each period and

a

continued for 7¢% -seconds.. This procedure'allowed a‘complete‘period‘

of the response function to be‘sampled andfextracted‘from a'data base:

1

‘ofs750 points.

The time at task for one testing trial was 130 seconds. The

._subject completed a block of triais at9:00 a.m. and 1:00 p.m. every

’.day for five‘days. nTherefore a ¢dta; of 10 blocks of*trials'were'nSed

- s
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“Amplitude

] S Time (tp ~ty = 6.5secs) g v

“ s - ,;Short "_Mdveme'"nt |
‘M — Medium Movement
L _' Long Movement»

| Flgure 14, The composute sinusmdal stlmulus sngnal with a penod of 6.5 seconds

~and given by the formula. :
f(t)—50 35(wt 0.75)—20(3wt— 15)+10(5wt 075) 7(7mt 075)

N
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Before each testlng se551on the subject was glven two dlfferent
“-practlce se551ons at tracking a predrctable waveform (!(t) 3591nwt);
bThe first was an'amplrtude training se551on. Whlle trackrng the
stlmuius, the subject was requlred to match an experlmentally deflned
.‘:reversaljp051t10n.‘ The computer.was prOgrammed to prohlblt'the‘stlmulus,
« markervsvprogress from the reversal 901nt unless the subject s response
',vjmatched the predeflned amplltude. When this-requirement was.fulfllled,'
ha tone.was 1n1t1ated by the computer (v1a an analog srgnal from the
7computer).and‘the stlmulus.course proceeded'to'the next reversal. The
bsubject was 1nstructed to track the stlmulustand keep the 51gnal.mov1ng..
\as contlnuously as posslhleli Thls was posslble becausevthe sub]ect was
kln partlal control of the stlmulustarker s.movement:at theﬁreuersals.dii
‘One amplltude tralnlncvsesslonbconslsted of the subject tracklng 20
\’stlmulus'reversals: A second tralnlng se551on‘1nvolved tracklng the
| 31nusoadal stlmulus slgnal for’a perlod of 80 seconds VThe‘responses,.-?
f»to thlS course were sampled every 10 mllllseconds A tlme perlod of
' ld seconds separated the amplltude tralnlng from the sxne ‘wave tracklng =
'V:sessionl' TOtal'tlme'for one,complete experlmental.session (amplltude
' 'tra'iriirig'}' sine wave t':zackir’ig..‘"’ and ;eyen' 'ré_s_t_i};g'. :t\ri_als) ‘ was a‘g;préxﬁnaﬁe_l'y :
:40 mlnutes., hfterseachvblock Ofwtrials thefsubject wasrencouraced'to'

: report as much ;nformatlon about the stlmulus course as. pOSSlble.
» oo A

Procedure
A long audlble tone (1 25 secs ) lndlcated to the subject that the

experlment was to begin. The subject then had two seconds to allgn hlS

%

:response arm to the appearance of the stlmulus marker on the CRT —Thrs

- alignment was accompanledﬁbyfa short tone (;04 secs,). The subJect

- 3
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‘0.

§ “tthen responded to- the amplltude tralnlng.seSSLOn, in whlch the tones at ..
- the reversal p01nts were of short duratlon ( 04 secs )% 0 The commehce?

liment of the amplltude tralnlng was 51gnalled by a double tone (1ong
-duratlon) : The sub]ect then rested for 10 seconds before a 1ong tone

‘fflndlcatedvthebbeglnnlng of the 51ne wave tracklng Ses51on. The subjectf:

,féhrecelved two further lonq tones at the end of thlS se531onuand walted c

ﬂbnffor a further 20 seconds before four long tones 51gnalled the begl“nlng--fu

g of the test tr1a1 Two seconds ‘were allocated for the subject to allgnlﬁ"""
-h1s resPonse arm w1th the marker that was shown on the CRT.‘ A_long,to‘

: -}then dellneated the beglnnlng and end of seven test trlals.-'Thettime“ff

ca

v';perlod of 30 seconds between each test tr“l allowed the sub]ect to A

'vjrest and the computer to store the sampled data At the termlnatlon of_"~J

~

‘fvthe entire sassron four 1ong tones were glven. The subject was then '
_ . B o

AT .

a.‘xnterv1ewed with regard to'the nature of the stlmulus.k‘fl<
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- ThejFoutier ccefficients forAthe periodic'function were calculated
B by means of harmonlc‘analy51s.b Thls‘analy51s utlllzed the trape201da1
vtfrule for lntegratlon (Gaskell .19;8) The Fourler coefflclents.of the’
;7functlon F(x) were fOund by evaluatlng the lntegrals f f(x) cos~EZ¥dk;]c
f?iuf€and f (x) SLn—E—-dx. The 1ntervals (:L, L) dellneated the boundarlesjf»s‘
of the perlod such that the ordlnates of the perlodlc funqglon corres—:‘d
”il'ponded to the equally spaced absc1ssas, XO = —L, Xl' er XS,..’, in_ Lf:'
':fThe spaclng used gave t 01 secs., Since the tlme for the perlod was fﬁl*

‘lj6 5 seconds thls enabled 650 data p01nts per perlod to be USed for the {

'transform. g

ft_ffffd'ff}‘CbrreiatfoﬁaZ9Anclysied.k?'d,'4;4f}'ﬁtfjf>‘: fftf“*cff%f*;f“fsitt}l;%f;;ng%
- | Crosscorrelatlon functlons and 1ntertrlal correlatlon matrlces.weret;:'
‘ used in thls present study A Pearson productemoment'correlatlon lY)“
7;was used to calculate the relatlonshlp betueen varlance.proflles.v The
”j650 varlance scotesbthat wete calculated fron data sampled every 10

.;mllllseconds throughout the movement sequence were used as” the sample‘}f;'

bopulation.
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Results and D%scusston ,
| 3' The subject s (A. D ) movement varlablllty decreased'over the lO
a_blocks of trlals in Experlment II; (see,Flgure.ls)? 'This reshlt was
'”similar!to those found ln’theqpreviouS“experiments-in this.serles.'
’Speclfically;_a,subject‘svresponsefvelocltyiduring.a-Specified p5£tef57‘
',Mof'movementsabecomes piogreésivély”mafé'céﬁsistéht'vithih‘eaAh'bloékiof .
L ptrlals as a result of 1ncreased practlce:' Theiconslstency.of‘movementxrl'

J'wltnessed 1n Experlment III Mas developed Wlth full reportable knowledge

““i';of the stlmulus comp051tlon. After the flrst block of trlals A D. was

fable to glve a complete descrlptlon of the composxtlon of the stlmulus.;:"
vﬂffA D also reported maklng manv.correctlve actlons durlng the trlals of‘
‘ thlock lv' These correctlonsuwerevln part responSLble for the‘compara;ffve”
L . . ' :
';:tlvely hlqh varlabillty score obtalned durlng the flrst block of trlals.i
rvIt therefore appears that A D, made full zse‘of the stlmulus course
dlnformatlon ga1ned durlng the 1n1tla1 trlals 1n‘order to predlct the'.

o movement of the stlmulus marker in subsequent trlals

W1th1n block crosscorrelatlon functlons were computed between Trlal

i&." . E

h;2 and Trlal 7 for each block of trlals (see Table 2) ‘ Trlal 7 waS'used, o \

-tvas the crlterlon set of scores and the velocxty data from Trlal 2 was
h,advanced alono a tlme 11ne 1n lntervals of SO mllllseconds. ‘All’
dcorrelatlon coeff1c1ents were maxlmum and.p051t1ve when T—O fhat is;_j'

, there was no change in the‘tlme'relatlonshlp between responses made
'fwzthzn any block of trlals.b The w1th1n-block variance score'was.not ;'
'prepresentatlve of any phase relatlonshlp between responses made. durlng‘

-

: one block of %rials. A further feature of these results can be seena

Id

g when a’ cdhparlson 1s made between the crosscorrelation function of each

block when T—O 'The"correlatlon3coeffic1ents’between Trla1‘2 and Trial




| Within Block Variance (degs/sec) =
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Tnal Block

Flgure 15 Average wnthin block vanance for response

’ velocnties taken dunng Expenment III for _
SUbJectA D. R LU 7. o
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Table 2
Within Bldck3CrQSscofrelation Functions for

:Movement Velocity of Responses

1=.05  T1=.10 T=.15 T=,20: T=.25 -

3.0

s iiles

6 - | 98
%‘7 ;.,3;9& 

| :3 7  1:;99t"
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.98
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~Trial'2'and Trial 7 were hSed‘foruthe'twg‘se;s‘jff

- Note.
. .~ of scores with Trial 7 as the criterion set.

- Time advance in 'seconds.
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‘ 7 early on 1n practlce (Blocks 1, 2 and 3) were lower than those

L and was descrlbed as a long movement, spec1f1caily the second long

o,
. subject was equally varlable throughout the movement sequence.v o

ol

IS

obtalned later 1n practice. (Blocks 4 through 10) ThlS is further
ev1dence to support the the51s that durlng practlce on, a skrll 1n whlch

the env1ronment is predlctable a subject dlsplays an 1ncrea51ngly

narrower dlstrlbutlon of responses.

Therdlstrlbution of response'varianceiathroughoutlthe movement

tpattern is shown in Flgure 16 It can be seen that the areas of hlgh
'varlablllty correspond w1th perlods of maxlmal ve10c1ty ThiS»initial

Jobservatlon was conflrmed when correlation coefflc1ents were computed

¢

'between veloc1tyxvar1ance scores and mean ve10c1ty scores for each N .

block of trlals (see Table 3) } A hlgh negatlve correlatlon was found

for all blocks except Block 1 f; Indlcatlons were,_that durlng any -{:

St

hmovement w1th1n the sequence, the Subject was more - varlaﬁle when the

Veloc1ty was approxlmately zero. However, upon closer 1nspectlon of 37

‘:vlnd1v1dual movements the areas of hlghest varlablllty appeared to occur

g

o S a8 L
;_-durlng perlods of maxlmal rate of change of veloc1ty (Q__ * max1mum) R

o The hlghly con51stent phases of the movement were made durlng perlodS; _ffn'

2

7of maxlmum veloc1ty (99-+ 0) - Flgure 17 represents movement ve1001tyﬁfj
"’ppgraphs for Block 2 4 8 and 10 , These graphs were drawn from move—jl
| 1ft‘ment veloclty data taken over a 51ngle movement w1th1n the movement b'h%;h_ ﬁ

‘sequende.f The sample movement that was used can be seen 1n Flgure 14

fmovement in the sequence. Also dlsplayed on the graphs ln Figure 17 are

- . ~

rthe standard dev1atlons around selected perlods of the movement ‘ The

+Variab111ty of movement velocxty was used as “a measure of con51stencyr—¢f.f

After v1ew1ng the variabillty proflles of ‘Block 1 1t appears that the

£
: : o
S
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~ . Table 3 "
s.Correlation Coef_ficiénts between Movement q
' Velocity Variance ‘amdv Mean Velocity
" Block 1 2 3 4°'5 6 7 8 9. 10
-y =.10 -.57 v-..-68 -.60 -52 -.47 -.59 --.72. -.67 -.57
A Y(Gz, z) c it : B _ | !
Note. The méan movement velocity for each block was co;relafed
with the variance profile for each block (n=650).
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Flgure 17 The distnbution of vanance around the long movement
in the movement sequence. Vertical lines are the within
block standard devuations at that point in time.
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. N . .
large -deviations around periods of acceleration and deceleration were

A
I3

maintained. throughout the experiment, whereas the comparatively smaller

deviations around the periods of maximum velocity‘ﬁggreased as the

v \\».)}

experiment proceeded. The overall .decrease in response variability over
trials therefore, appears to be due mainly to a .decrease in variability
. , ) . .

around tﬁé’mid-part of'each movement (%%—-=_0) within the movéhent

sequence. S : .
. Component.freqﬁencies of thé responses made'byvA.D.'while tracking
are illustrated in Figure 18. These responses, that were submitted to

analysis by Fourier transform, showed a tendency to approximate the

‘stimulus signal. This finding ise contréry to the results of the first

4

’ o ; i :
two experiments, wherein the constant velocity ramp track was found to

be a poor approximation to human tracking béhaviour.‘ The amplitudes of

" the fundamental harmonics for the responses made during the selected

: trial blocks (Blocks 2, 4, and 8) were greater than the_ fundamental

harmonic of'tﬁe stimulus signai. This difference in amplitude'remained

rélatively constant throughout the experiment. However, the amplitude
of the fifth harmonic'approachgd the stimulus value as practice contin-

no even harmonics present in frequency analysis. Therefore the even

" harmonics decreased in amplitude and were relatively undetectable by

,

Block 10. Corrections made by A.D. were probably responsible for this

résponse remnant. The period”for the response function remained stable

v ‘\

throughout the experiment (.99 rad/sec < w <£:1.0 rad/sec). This

stability was expected since the stimulus paced the responseloutput.
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| Figuré" 18. The component frequencies of the stimulus and the
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responses made to this stimulus signal over trial blocks.
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The;use‘of consistency asya'worthwhile'measurement‘Of perrormance
- has beenlcriticized by Poulton‘(l974;-p.‘4§);f His:ohjections were that
conSdstentlperformance may not_berequivalént‘to'good’performag%p;ﬁfor
exanple,'technique errors may be'displayed”by the performer with |
sincreasing consistency; ‘The‘within—subject‘Qériance'measure use; in
ﬁ‘Experiments/i, II'and III therefore'may not hawefreflected an:improve;
»ment_in‘performance as neasured against an‘experimentaiiy defined' |
,criterion} The presentvexperiment Wasvdesionedfto’Vaiidateﬁthe:proposedi
- conSiStencyfmeasure and answerlfoulton's obﬁectionsjto consistency:asfan_
| 1nd1cant of Skllled performance._gi | | | : |
"The relatlonshlp between the varlablllty of repeated responses and
'r;?the.errors produced by those responses was lnvestlgated The task used :
':fin thlS studytwas.avpursult tracklng,task.' This task allowed the
'subJect to percelve hls.produced error v1sually, in contrast to the'
) blind tracklng taskf‘used rn the prev1ous experlments.: donsequently
.‘thelchange_in task alLowed the subjects to utilize a varlety.of,lnforma;ﬁ
tion including thathrelated to trackino-error;~vThe novements the | |
subjects 1n1t1ated to correct allgnment errors were expected to reduce
error whlle 1ncrea51ng varlabillty of movement velocity. However,v
despite this inofeased awareness,of subjectlve»error-1t_wasphypothesized
that the within—subject‘variance wouldtdecreasevover trial‘blocks;.:{

1

.1-

Durlng the blind tracking task there was no v15ua1 lndlcatlon of the
subject s response dlsplayed on the CRT

o
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Method R
,Subjeetad'
Flve male graduate students 1n full tlme attendance at the
‘ Uaner81ty of Alberta were used as subjects 1n thls experlment. They
' ranged in age from 23 years to 30 years and all wrote Wlth thelr rlght
-hand.
o :Apparatus and Task
Due to the nature of the task in’ thls experlment (pursult tracklng)

e

'7‘several changes were made to the apparatus that g@sfu_hd in

‘ studles.. Two 1ndependantly controlled marke‘s were dlsplayed o the

CRT A varylng voltage output from the D' ‘channel of the computer--

’ controlled the stlmulus 51gnal. The/ , Ject s response 1nvolved mov1ng

H

" power supply. The response ;m:ementhas.therefore converted to a'
‘voltage change. This-v01tayf change ‘was utlllzed for two purposes.-‘

- e : : :
vFlrstly, 1t was used to dri@e the stlmulus srgnal and secondly, the

:change in voltage was converted to a dlgltal value and stored v1a the .
'A/D converter channel of the computer._ The ganged potentlometer
acompleted these “two clrcults.' A schematlc respresentatlon of the‘
electr1cal clrcult is shown in Flgure 19.‘, ;» TR
The stlmulus marker, 900mm hlgh and 75mm w1de, was centred in the
upper half of a 27 1nch (64 8 cm)‘gisplay screen (CRT) .The responsev:
. marker, 51tuated meedlately below the atlmulus marker, was. 100mm hlgh

and 50mm w1de. The maximum possible dlsplacement of the stimulus

. marker wa5»22 cm ofrhorizontal movement, vszerO»order (posltlon)

2
.

¥

3

e]previousi,‘

s
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-Figure 19. 'Electricalf circuit of the purvsvui‘tvttrackin'g‘ apparatus,




";,ytrlals con51sted of a tralnlng phase follOWed by a testlng phase.-f

, 68
T '
control system, that equated 51x degrees‘bf response movement w1th
‘ lOOmm of response marker dlsplacement, was used
~ As in the prev1ons experlments the subjects were - seated in front
of the apparatus (see Flgure 1) w1th the palm of their rlght hand over
' ,lthe,handle of the controlled element. A screen was mounted in front of
'and above the subjects rlght arm.such that the subjects could not see
Elthe movements of thelr arm In addltlon, the 11ghts 1n the testlng '
1laboratory were dlmmed:, Thls was done to prevent dlstractlng reflectlons
belng reflected from the screen.: ';"‘
| The study spanned a perlod of lO days wlth each subject completlng |

e ‘y.c' B

: one exper1menta1 se551on (block of trlals) per day ' Each block of

fj;Durlng the tralnlng phase, the subjects were requlred to track (pursult)

'a 31ne wave for 20 cycles. The amplltude and frequency of thls sine
B o . »
wave was equlvalent to that of the fundamental of the composite sinu-

bt 501da1 waveform used 1n the testlng phase.; The. tralnlng phase was ,lh'
undertaken solely to famillarize the subjects w1th the task.: A,io;f:“‘l
d_ second delay followed the tralnlng phase This delay was followed by a
1ong tone (duratlon 3 seconds) Which 51gnalled the commencement of the -

” first of seven t?ials.- The subjects wete. asked to track a comp051te

) 31nusoidal waveT (f(t) = — + Cn sxnwt + 9% sanwt + 93-51n4wt) for ‘15

Y

‘vcycles, each cycle lasted a perlod of 2 564 seconds., The suhject slb.l'
f‘response to the eigﬁrh cycle of this perrodic waveform was sampled at a |
‘fratevof,lOOO data points per»second Approximately 2600 data pornts
were sampledyandjstored’forfeach trial. setween each‘of_thehseven. -

{

- Taraph of this waveform can be seen in Figure 20.

'
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2

_jtrlals the subjects were given a 10 second rest After each b10ck of

i

trlals the subjects were 1nformed of how much error they had accumulated

ﬁover the seven trlals

o

A PDP ll/lO computer controlled all aspects of the experlment
1nc1ud1ng SLgnal output, data acqulsrtlon and data storage._ Immedlately;
'jlfollow1ng each block of trials the error scores, varlance Scores and

0

'Vcorrelatlonal matrlces were calculated from the stored raw data. Addl— »

.f,”tlonal data was obtalned frOm the subjects after Trlal Blocks l, 5 and

'110.f Thls extra requlrement had the subjects draw from memory, the '1

.()‘

A:;stlmulus waveform ln as much deta11 as was pos51ble.
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"fPoulton (1974 p. 35) deflnes RMSE as belng

70 -
Ddta Analysis ..
Withtn-SubJect Variance | .i* - 'f .‘ 'fl ff*
The varlabillty of the suhject 's movement veloclty was calculated

w1th1n each block of seven trlals for data samples taken durlng the

eighthicycle'in each trial. ;During thlS cycle, data samples yere taken

Iat:millisecondfintervals 0ver‘a period of»2;6 seconds."The velocity .

e

‘curves derived from these data were superlmposed and - for each tlme-'
is‘lnterval a standard devxatlon (SD) of thevseven velocltles was obtalned.
i:ThlS produced 2600 SDs for one block of trlals.vahe averaoe of these
'vSDs was taken as an 1ndex of w1th1n-sub3ect varlance for that speclflc
'_block of trlals. The 2600 SD scores were. stored and used 1n later

7-'jca1culatlons; ?f

' “Root Mban Squared Error (RMSE)

The computatlon of the RMSE scores are shown in Flgure 20. s

n—g < nm where enm-is the S
error at time 1nterval t for trlal m, and p 1s the number of 1ntervals :

‘ that the error is sampled over durlng the perlod To obtaln.an error'v"

L ST

'/score for each block of trlals the RMSE for each tr1a1 were summed over’ig_'-

»‘

",nthe seven trlals., Thls computatlon produced an error score for each

. block of trlals that was averaged over the perlod and summed over the

1. N ,2 , . D
'seven trials, hence RMSEp = m§7 nzp Because the w1th1n-$ubjectf'
P '

variance score reflects the varlablllty of repeated responses at

:;Speciflc tlme 1ntervals of the perlod between trials, another error

’:'score was derived This RMSE score resulted from the averaged error off"

: \
the sevea,trials at a specific time lnterval and was summed over the
g2

:-period of the cycle.' Therefore RMSEt n—p m§7 nm ;? The RMSEt.

m

was therefore calculated from 2600 data points that were equivalent in
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Root Mean‘Squ‘ared (RMS) Error_Scores. .

Response?
e 1
Stimulus

R

-an,iplitude ,

1. Stimulus ‘is given by '-’f'm A +C Sm wt + C Sm 2m + c S|n4wt
S :2’; i'_Résponéé* for Trial m. (7 t:rial"s:per' bllock)-f'_v- m= _1;7 " s
3..'“1.‘E‘rr,6r at tlme t (Tnal m) e

\ ]

: 4. ‘Period (one "'corhp!eteﬁ chle)_: ‘2.'5_64 seté;f o p = 2564.

. RMSEt= 2
S A E

anure 20 Descnptlon of ‘the stnmulus s:gnal and an. explanataon of

- how the error scores were derwed for,Expenment v
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'saméliuéftime tc,the-ss<sccree uSed“to Calculate.the within-éubject._f'
Yailauce score, 'Thisfbrcfile ofjertcrvscores and vatiaﬁce‘§coreé ;lr
w;allowedla judgement'to'be made regardiug.the within;biock error and
‘i_within-block.variance. “More spec1flcally, lt was possxble to determlne

o lndependantly throuqhout the perlod where the subjects were' varlable
o ;
and errorful.
.Correctzonal Analyszsz S

CA. Pearson product-moment correlatlon (Y) was used to calculate the

correlatlon coefflcients used 1n thlS experlment. An;lnterblock
.cdrrelation matrix’was compiled;for‘variance§scdres,and error scores . -
Co T e A T A o TN : ol

‘b""

: that’were-cbtained during eachfblock‘of triale;.'Also”the'ccrfelaticn“f~

E.'coeff1c1ent between the varlance and error profileé was calculated for -

~

5'e‘_h b10ck of trials., All calculatlons were completed for 1nd1v1dual

<

'fsubjects.. T
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R I AR DA S
~ :Results and Discussion -~ . .-
Variance”
] e o ‘:

-

. As the number of trlals 1ncreased subjects experienced a

corresponding reductlon in their movement varianqe as measured by the i

SD of the movement veloc1ty (see Flgure 21) ThlS finding 1s in aq:ee~’~f1:

~ ment w1th the results of the prev1ous three experiments.- During the

a

'7‘-earlier trial blocks the subjects displayed large 1nd1v1dual differences ;7

':1bperformance.' Further supporting eVidence that subjects became more

. jecoeffic1ents withln these matrices increased as. the subjects continued ;”'i che

‘jf“sequence became increasingly more predictable as they learned the move~flfi‘

',ln variance scores. However, late 1n prattlce (Trial Blocks 8 9 and

ﬁfcon51stent as a result of practice 1s given 1n Appendix

.»( "

il

10) the subjects recorded similar variance scores and SLmilar trends in F'ih
et Ll : R . S S

fblock correlation matrices;of velocities for Block l 5 and 10 for each

[ ; .+

-

= subJect are shown in this appendlx_ It can be seen that the-correlation

.

o,

ﬂ-;

:

"‘pursuit of the stimulus in Trial Block lO were more tlghtly distributed

"than those movements made during any of the preceding trial blocks. e

. *v‘

o

1{Additional confirmation that subjects becage more con31stent in their ,d

»2movements 1ater in practice is shown 1n Table 4 /This correlation

‘»
.g & LI -

‘matrix was calculated using mean+ variance profiles derived from each

sl

‘block of seven tt%&%s.; The correlation coeff1c1ents between Blocks 8%

-59 and 10 are. higher than the coefficients betmeen other trial blocks.v

¥ )

'“It appears that the variance proflles stabilized as the number of trials

/
ro

__increased. That is, the subjects variability w1thin a movement

*D a""The wrthln-'jf.sj’

si‘practice on the tracking task. Movement ngoclties made by SubJECtS 1n (R

vael

*The variance profiles were averaged across subjects.

o L e T ey
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| Table 4 \
Me;n; Standard Deviation and Corrglapiop Matrix fof the
Withiﬁ-Subjépt_Variance Scoresvof_each Block of Triais.
* Block Mean sD
1 226 53
2 s 187 42
3 1§0’ 46, )
4 203 46 < |
5 149 29
6 157 36
a2
7 . 149 27
8 158 27
9 ,‘1i1 37
10 118 33
Block 1 2 3 4 5 6 7 8 9 10
1. =-- .51 .64 .56 .55 37 .18 47 .41 .50
2 -—- - .69. .36 56 - 53 .33 .50 45 .54
3 - .54 .70 .62 .48 62 .66 .71
4, . --- .54 132 31 .27 .38 .41
5 S ——— .45 32 . .57 .58
6 Y - .61 .58 w.se .70
7_. e 53" 50 .s9
8 z ——- .66, .68
9 " . - .80
10 Y _—

Note. The within-subjec

R4
e

subjects.’

[ il .
t variance scores were-averaged

Q

Lv

across five
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\ mentﬂ even though. the :overall variance+<within the movement sequence
decreased.}
Error

The root mean Sqﬁared error scqreelthat were averaged over the

_ period (RMSE p) are shown in‘Figure 22. As expeeted there was a general
decline in ertorsvas e:result of practice. Ail subjects ehowed_a large
reductiogiin tracking error before Block 5, after which their performaﬁce
as measurea by RMSE reached e’plateau.‘ There elSO appeared to be wide‘

individual diffetences in error scotes on eerlf trials while the
results’of later trials reflected more tightiy distributed scores.
Calculation'of'the’RMSEt‘ data mede/it possible to obtain an‘error
'profile’for the saméled movement (eight& cyele in eacﬁ“trial). iiI
subjects showed similar error profiles aﬁd the profiles from BiOCk‘l and
10 are shown in Figute 23. It can be‘seen'that there_nexeﬁthree main
areas ogberror prodgction. Two of these arees were in the change.of
speedeithout reversal, lecated aiong the sides.of the waveform (see.
'Figure 20) . AOne further position aleng the.treck where subjects were
most errotful was at the second peak of the waveform. Whed‘the actual

N

response records were . examined ‘it ras clear that all subjects in all

blockg of trials undershot this remersal Whlle the whole proflle
decrfased w1th 1ncreasing practice, it was notable that a large
re ﬁctlon in RMSEt was due to the subjects' tracklng improvement at

e positions of changevoﬁ.speed without reversal. By Block 10 all

ubjects (with the exception of B.G.) were aware of;thisvslight nuance

The within-subject variance decreased as the number of trials
1ncreased (see Figure 21).

e

-

¥
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~in the"track. ‘The freehand sketches completed by the subjects after

)

BlOCks l 5 and 10 reflect thlS awareness of pattern deta11 qulte well

'-b"

&
! .
“‘4

' The. reproductlons from these draw1nqs can be seen in. Flgure 24._ itv .*f

’appears,that after’Block 5'theisub]eqts were aWare of changes,ln Sggédi:iv

Cof the-track but couldfnotﬁaccuratelyvrecOrd them.- After the"last,testh

1ng se551on all subJects, w1th the exceptlon of B G., sketched at 1east

LN

k one change of speed correctly Whlle the subjects were\draw1ng the o ; o "

stlmulus track lt was . 1nterest1ng to note that on every occa51on all

S D>

" move the controlled element before they could produce a representation -

of‘the stimulus.

_subjectS‘had to move their~armwor even go. back to the equlpment-and B

N a
t «

The 1nterblock correlatlon matrlx for RMSEt averaged acrOSS'

&

subjects 15 shown in Table 5 The matrlces for 1nd1v1dual subjects are.

presented in Appendlx E.. The groups of. coeff1c1ents that are of

)

1nterest have been demarcated The coeff1c1ents for Blocks 8, 9 and 10

t

are hlgh and p051tLVe, whlch suggests that the subjects were maklng ’

.errors in the same place along the track However, the degree of

assoc;atlon between the RMSEt \of the flrst three blocks and the later ;

!

BN A R

\\
blocks.1 not as hlgh. Along w1th a stablllzatlon of varlablllty of-

‘n

perform‘:ce that was discussed earller, Sub]ects also appear. to have . o

locali ed their error production..

Although the whole prcflle of errors

A "flattened out" the lumps and bumps that remalned must be well deflned

o

and relatlvelyvrepeatable for such high correleatlonucoe§f1c1ents to-“ e

\

’l-..‘ . \
have been.obtained.

Comparmson of Error and Variance

\ -
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" Block 1

+ Tlme

—

" Block 5

Indicated Change ‘
= of Speed :

" Time

Block 10 - |
B 3[%>%>%

, >,'Ttme :

o Flgure 24 An approximatlon of the features that were evident in the__lf o

subjects freehand sketches the stimulus after :
Trlal Blocks. 1 5 and. 10 .

R

ol




ial

o
‘Table 5
e Mean, Standard Deviation and ‘Correlation Matrix

.‘fq;_-'th_e RMSEt vo"ffeac‘ﬁ Block of 'I‘r}ial‘ls'-i‘»

- | ». }_ M 'Mea-.n iv : §—Q
;‘1_ \ "_¢_'8¢,3 R 36 |
e ,} -f_51.1v' :.é5
_6 , ' 'j,',“43. 1€
8 _i 41“.",t_ 20 . -
9 v3-75‘i  39‘.a'.f _id"

L1000 3o 19

S8 GRR e 92 .90 .85 .89 |79 .78 .79 .79 83

el e .96 .92 . .96 .96 .97 .94

10 .. B T
" Note. ' The RMSEt values used ‘were éizé_réged across ft":hé five subjects.

T f

‘:'”A%,:]l5.°,.j’;:;:‘y

e
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f‘block of‘trials; Theiresults of thls computatlon are‘shown in Table 6.

: The relatlonshlp between varlabillty ‘and error was examlned through‘thls
'analy51s There appears to be no relatlonshlp between the proflles of

.“varlablllty and the proflles of RMSEt ; All correlatlon.coefflclents

: approach»zero Thls is one 1nd1catlon that the a551gned error measure-

.‘ 3

lment used»and the varianCe of movement‘velocitdeescrlbe dlfferent=

. aspects of the subjects performance._ Although'the two 1nd1cants of

)

i

"fskllled performance, con51stency and error, do not seem to be dlrectly

we.

related they both follow the same general trend That 1s as the number-“,

(S : {

'of trlals 1ncreased on a tracklng task, subjects reduced their movement

‘varaabrllty»ln addlt;on to reduclng thelrgggror‘scores,

A comparison.ofythe three‘measurements used,:SD of movement velo-ig:

' ;clty, RMSEp and RMSEt can be seen in Flgure 25 The'RMSEp and RMSEt'f

scores v1rtually parallel each other whlch was to be expected because ofﬂ;"'

P

'the mathematical derlvatlon of RMSEt. 'The use of-RMSEtuas one error .

) +
a

measure that can readlly be compared to the proposed varlance measure -

appearsvtherefore to be Justlfled Flgure 26 1s a plot of the RMSEt

N

vscores per block agalnst the SD of movement veloclty scores for each

A’subject .The 3cattergram was complled therefore from 50 palrs of

&

v'varlance measurefsvrelevance ;n this_type'of_learnlng study;; :

,co-ordlnates and a regre581on analysis was completed on the data. This

)
“

-vana1y51s revealed a correlation coefflcient of 67 from which a

- A

731gnif1cant t = 6 25 (a —_.005) was obtaxned.‘ The fact that the SD of

movement velocity withln each trial block decreased despite the subjects'

e

| , ¥ ;
1ncreased awareness of percelved error is v1ndlcation of the proposed

.

“ - e s - Sy
: : . :

s

‘»o.v

Use Of pursuit tracking as opposed .to bllnd:tracklng,égi .

B T T

Kt a4 3 i Sl e N2 e CE 8
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' $]f‘;_f:';f::H;*g Table 6

Correlatlon Coefflclents of RMSEt Proflles

[§

and SD Proflles for each Trlal Block (Expt IV? RRUIIS

',‘TRIAL BLOCK S

suBJger | 1. 2 3 4 s e 7 g8 9 10| .

I E T B L . o
1. p.s. | .27 .15 =10 =-.01 <.11 =-.08 -.17 -,20° =-.05 _ .0l

R Qo

2. B.G. {-.13 -.03 -.11 -.09 -.25 -.08 = =-.11 -.09  .10. .05

K . . ! L ey

3. T.W. |16 -.19 .11 .19 .08 -.04 .02

4. 1.H. [-.T0 -.04 .08 .36 .12 .13 -.09 .05 =17 -2

5.3.5.|-.23 -.05 11 -.14 .0l -.12 -.01 .02 -0l -.05| °

vy
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- In summary, as the- subjects became 1ess errorful on thelr tracklng

task.they also bécame less varlable in their movements. However, o e

: changes may occur either 1ndependently or in unison. Although the ‘..'

\
N . 1

averaged graph in Figure 25 shows concurrent trends in both error and

el
[ R AN S H SN

varlance, a more detalled lndlcatlon of the relatlonshlp betWeen these

' o LTe

two measures can be seen by comparlng‘Figures 21 and 22 These figures E
map ind1v1dual performance over. the 10 tr1a1 blocks.p For example, [ ORI
sub]ect 5 (J S.) reduced his error durlng Block 3 but lncreased hlS f o h'i P

variabllity. A closer 1nspect10n of these graphs W1ll underline the

L

fact that the trend of the 1nd1vidual Variance score does not mlrror'*h o
% : . ; T

the error score. Subject 2 (B G ) has a comparatlvely,low variance e

e

score (1ndeed hlS variance Score On Block 9 was the lowest recorde J\\

whlle maintaining the highest error score on almost every block This

»

v

v; observatlon would lead to the suggestlon that var}abllity cannot be.”;'f“‘

i ' :
taken as a lone indicator of performance, and could be taken as a

pa

partial acceptance of Poulton s, criticism However the need to more "yﬁ o __f"

fully describe the response made by a subject ln a learnlng study has : f*“,i-l.
been reallzed There have been indications for instance that subjects
who do not rednce error significantly from ‘one testing seSs;on to the V”j?,i gl

' next may be accepting a certain bandwxdth of error 1n order to decrease

. 0

their movement varlance. Also, lt may be that subjects,‘in an attempt
: ./.

to change their level of performance with respect to perceived error, 'f

: change their pattern of movement and.hence 1ncrease their movement 'J:~
.1var1ance;,”tfc 7f,,‘,; R %‘ik '

a-







88
IR e o S .
L The preleusffoufuekperiments were designed to investigate several
L lndlcants of . sklllful performance and thelr 1nterrelat10nsh1ps. Thee
f_ .task that was used\as the vehlcle for these studles was the'perceptual
. t - .
- motor task Sf‘tracklng : As subjects practlceg on bgth pursult and blind

tracklng tasks several aSpects of thelr performance were assessed

Flrstly, as a Subject learned ‘the tracklng task -he not only became less\

-4 Y"

errorful but also more con51stent in the movement patterns he used to o

v ‘
’ - reduce this error: Secondly, there was ev1dence from cross- correlatlon- ~

L : : s ¢

‘ al data that the sub]ects changed thelr strategy durlng learnlng ,This »

i AY

[ .
resulted in the response belng advanced 1n\trme It appeared that earlyv

in learnlng subjects adopted what Zohar (1974) termed a "walt and move"{

strategyy lagglng behlnd the stlmulus by approx1mately ohe reactlon

tlme. As subjects became more‘skillful at tracking and also more know-

h \

'ledgeable about the_stlmulus;course,”thevvresponded on theQbasis of
predictgd’futuie statesdof‘the stimulus.. Poulton (ld??) termedhthis
type of prediction "perceptual anticipation". ! - |
. : ) ST , .
During'ExperimentszI,JIII and‘IV‘the subjects had full reportable
knowledge of!the stimulus signal‘s(pattern of'movements. This knowledge~

was gained following a limited number of trials at the task. It appear—

ed that as subjects 1mproved at the tracklng task ‘they also developed a

more detalled memorlal representatlon of the stlmulus course, However,
the only ev1dence to substantlate thlS observatlon has been the subjects'”
1ntrospections and post-exper1menta1 freehand sketches of the‘stlmulus
course. Therefore, the folloWing experimentfwas undertaken to elucidate

the development of a memorized control sequence that reproduces the

learned response.

B
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.Several authors have made reference to a memorized pattern,that has

-

R A

v been generated by sub]ects durlng a tracklng task. Magdaleno ‘Jex and

~

‘ Johnson (1970) have, 1nd1cated that Lwo factors are 1mportant to the ~

development of thlS pattern generatlon Process. These two factors<

. relate to the 1evel of 1earn1ng that the subject has achleved and the

~0

frequency and perlodlclty of the stlmulus 51gnal : Wlth a hlghly predlc-

table waveform that has a centre frequency between 75 and(l 5. Hz.

\
the subject can generate his ownfmovement_pattern baSedfupon prior

.

tracking experience. Once the subject has detected‘the\coherency in

. N
~

.fthé stimulus Qignal, he then makes use of this information to generate

N

’ . . . » > ) \\ )
a waveform of his own. ‘He then attempts to synchronlze hlS generated .

~

pattern w1th the de51red 1nput pattern.: This descrlptlon of the human

operator ] performance//h;le tracklng is closely allgned to the hlgher

order control systems postulated by Rew (1974a) At this leVel of

%

control, predlctlon and response programmlng become more prominent ‘and

\ : ' .

: . - : .
the elementary servo mechanism' used to correct‘error is called upon -

N

\

less and less.‘\Subjects can generate more complex patterned outputs and :

- N \

monitor the correspondence\between4the produced pattern and the desired.

-

pattern using a more sophisticated error detection mechanism.

Earlier investigations into the composition of memorized movement

' patterns have utilized a methodology‘termed "input blankinQ"; where ;

\ +

both the stimulus and response markers are removed from ‘the dlsplay and
n\
the subject contlnues to produce the required movement pattern. In he

+PeW's‘mode1 of hierarchical control sYstems is built upon a rudimént-

- ary inner loop control that is- analogous to an elementary servo mech-
.anism. When the signal to be followed is unpredlctable then the
system responds 'to perceived errors. .This concept is drawn from the
theory of feedback control and acts on changes in the environment and
the results of the immediately preceding movement.

o -



the perfogmer as p0551ble The*subject could percelve both stimulus

'subject contlnued to generate. the requlred response that was not F

'the produced response.

)

present ekperiment subjects tracked (pursult)-a COmPOSite sinusoidal

'waveform, and after each trial the‘subjects had the-input blanked.‘® The

Lor

removal of the‘visual display was done via a shapin§ technique that was

employed w1th the express purpose of prov1d1ng as llttle disturbance to

and response dlsplay markers durlng the earller stages of the blanklng

trlalf ~After‘approx1mately lSlseconds of pursult tracklng the responsez-

marker was removed, leaving only the stimulus marker visible.f_'This
: o . R L {

.

¢

blind'tracking tasklcontinued for a further 10 seconds'until a tonefcued'

T

»the.removal of‘the’stimulus'marker. + After the stimuluS'was blanked the

\ . . P
1nfluenced by any v1sual 1nformat10n for a perlod of seven seconds A*”

~jcomponent frequency analysis waS‘used to describegthe.comp051tlon of

.

The stinulus waveform used 1n Experlment IV was agaln used in thlS

~ 8

experiment (see'Figure 20). ‘This allowed the conditions of Experlment

IV to ‘be replicated. Also the structure of thé waveform was such that

as the subjects' performance improved they'becamejmore aware-of the
detailyinherent within the stimulus signal; For example} during
Y .

Experlment IV the subiects were not aware 'of the change of speed without

: reversal along the sides of the waveform untll after Tr1a1 Block 5

. However, all subjects were able to sketch'the“stlmulus 31gna1 ina . \

generallzed rudlmentary form after Trlal Block 1. Also, after-the \

f;rst SeSSlon all subjects were reasonably confldent that thelr sketches

¢

- adequately descrlbed the stimulus. In the present experiment, it was

0 »
.

1-This condltlon was the same as the.blind tracklng task used in Experi-
ments\I, II and III. 4 ) .

N
.



expected that the subjects’ memor}él‘reéfesentation of the’stimulus

1

‘signal would become'ﬁdre detailed with practice:: That is, as tﬁe .

Lo

subjects improve their performance at"trééking,'the'patégrn ﬁhat'théy'

“generate bedomes more ‘like that of the stimulus.

A : Lo
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<

P )

e

‘h_periments.' They ranged in age from 23 years to 30 years.

Subjects 4 L ) ——

Two male (P B and R.P. ) and two female (K M. and S R.) graduate

A
students volunteered as SubJeCtS for thls study. All four subjects

EEN

wrote w1th thelr rlght hand and had not served 1n any prev1ous tracklng ex-ih '

\ C e N
|
Apparatua and Task
: The apparatus and task de5cr1bed 1n Experlment IV was used in thls
experlment, w1th the addltlon of an input blanklng phase after each
, . R :
trial. v

The experlment spanned a tlme perlod of 10 days ‘with- the subjects""

% oL

' completlng one block of trlals per day At the commencement of each

block the subjects tracked a sine wave for 20 cycles to famlllarlze v

. them w1th the exper1menta1 task and env1ronment. The subJects then :l“;

' belng sampled at a rate of lOOO data p01nts per second. Af

completed seven trlals, each was - comprlsed of a regular«tracklng_taskl~TE:"

',followed by an 1nput blanklng task: The pursult tracklng task was

ldentlcal to that descriEea‘iﬁ'E?pérIment‘iV*nsThe~subject—t£aeked fhe

‘\'.

) stlmulus waveform for 15 cycles w1th the response to the elghth cycle” L

%ir the
N

' ompletlon of the flfteenth cycle the stlmulus remalned statlonary for

five seconds.- The beglnnlng of the ‘input blanklng phase was. cued by a

‘long tone.‘ The Stlmulus and response markers were v151ble,for the _

- flrst flve cycles ‘of the stlmulus pattern. At random 1ntervals durlng

the si th cycle of the pattern, the Pesponse marker was._ ellmlnated from

'4 N
een. The subjectwcontlnued blind tracklng untll the tenth cycle.

-



By

the end of the trlal Durlng thls perlod the subject was to prodﬁce

M . "

i

,‘.;,‘

the same response that he had done prlor to the "lnput blanklng i The*~

rGSPonse made durlng the mlddle four seconds of blank:mg were sampled

at a rate of 500 data p01nts per second
. ) ‘;b.,- . .
7 Two sets of data were stored follow1ng each block of trlals. Cne

B set related to the subjects performance on the pursult tracklng task

wh;le the second set of data represented the sub]ects atttmpts at
. B . " . L
reproduc1ng from memory a 1earned sequence of movements. -_f L

W ¥

A perlod of seven seconds then elapsed before a double tone Slgnalled ;g-‘f i}fﬂ'
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- ‘Data Analysis . - '
* - Pursuit tracking phase .

L . - D :A“f. . o ; ) K ? ». L " ".‘: L
! The. error. and variance measures“that were used in Experiment~IV-

A

v ﬁfwerejalso used~in this”eXperiment The SD .of the movement veloc1ty

vy

e thhlm each block of trlals was used as an 1ndex of w1th1n subJect

P v X
o

A A | /

;varrance._ The RMSEp (for mathematlcal derlvatlon, see’ Flgure 20) for

-

'each:block2ofitr1als was used'as an 1ndex‘of.tracklngﬁerror.v In addl-

a

: L "';, , .
tion to error and varlan e mea ures, a cross—correlatlon functlon was

calculated between the tlmulus and response 51gnals of Trlal 7 in. each

, block The response slgnal. as. advanced.1ngt1me,byjlntervals_Of‘lO'7 :
mllliseconds‘therefore.Tsogg,Q}; .02, .03, .04 secs. ST

: Ihput bZanktng phase ffa*‘ :

The response record for each subject durlng thls phase was desc41~hr

bed by a process of harmonlc analySLS (Beckw1th and Buck 1964) The

-

harmonlc components w1th thelr relatlve amplltudes, frequenc1es ané .

phase relatlons were obtalned by a process of graphlcal lntegratlon

\J‘

g usxng numerlcal methods. The flrst step was to set the llmlts og the

y .

cycle and a551gn the values O and- Zﬂ w1th the general form of - the'" E

v

iGQUatlon belng- -
:c(e) =.A_;;’+ (Al COSAG +.A2 =Cdsze;_. ;.v',. ) L .
+ (Bl Slne + Bz Sln26 .r. .,),;;_ L) ‘ "

. I

The fundamental cycle was dlvided 1nto m equal lntervals, each of w;dth

’AG where AG was. equal to the sampllng rate of 002 seconds.d The

harmonlc coeff&c1ents were‘then dete '_ed by multlplylng each of the co-._

ordlnates by. the correspondlng numerlcal values of: the desired trlgono— o

’ p R . ‘ ) \. ) - N
.metrlc functfsgff” N LT o e ‘ IR T -
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. cn

'.'values for ‘the stlmulus waveform were-

"fOF by 1nstrumentierror. f:,,

The general form of equatlon (1) was converted to:

.

ﬁ(t) _‘_%. o Z CnCos(nwt - ¢n L (i)
where L
ey R ' f
© o Cn o= YAn + Bn,
\ “Bn - o ’ )
tan¢n An ' '1-~. c o e
wL?‘ 2nf (w1th frequency in, cps), and

{ g 9 wt (Wlth w ln radlans/sec)

>

L}

'f,The f1rst four harmonlcs of the response 51gna1 were analysed This

g_llmltatlon 1n ana1y51s was due to the fact that the stlmulus was a

e

o

: - . C N
‘,comp051te of only three harmonlcs, !(t) é— + CnSlnwt +-—— Sln2w t +

: o . 2 2.
—Z‘Slnv4wt . The stlmulus Slgnal was . sampled through the A/D channel of

9 : . ol

- _8».. t ; '

-

‘computer and then these values were analysed u51ng ‘the. same programmlng

' .6

‘,technlque\as used for the response. ThlS was done to equate the dlgltal'

values sampled from the response to that of the stlmulus. The_actual

k4
5o

!

1456

f(t) = + 224(Cos wt) + llZ(COS Zwt) + S(Cos 3wt + 4 7)

'._/"

S 56(Cos 4mt), w1th the perlod of the fundamental
v belng equal to 2 564 seconds.v-

R T

S The lnCIUSlon of the thlrd harmonlc 1s negllglble and can be accounted

a
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‘Resuits and Discussion
,PurSuit tracking phdsé

3 '

5 In general the reSults from the pursult tracklng phase of the

present experlment are s1m11ar to the flndlngs of Experlment Iv. The 5;

\

'graph shown 1n Flgure 27 reflects an merovement in movement consxstencyi

@ -

for all subjects whlle the tracklng error, shown in Flgure 28 decllned
as the Subjects learnéd the task Although both movement varlablllty |
. and root mean squared error decreased as a functlon of trlals several
.aspects of the Subjects performance, as measured by these 1nd1cants,”
; re noteworthy,' Flrstly, there was a’ w1de dlsper51on of both error ‘and ;"
varlance scores between subjects early 1n learnlng and then as more ;‘_:
_trlals were completed thecsubjects attalned srmllarwlevels of profr—'n
‘ c1ency.4 Earller studles by Adams (1953), Flelshman (1953), ones (1962,
1970) and Reynolds (1952) have all found 51mllar results wlth respect
\to the 1nd1v1dual dlfferences dlsplayed by subjects whlle learnlng a
.'motor task ‘.It appears that in both Experlment IV and the present exper-‘
‘ Tlment the subJects attalnedbslmllar levels of proflclency at the track-;=:'
ing task but the methods by Whlch thlS level waz achleved va?&ed fromd o
1,}sub3ect to subject '.:'thf%:l{fjfr ;fbdttltla t,f iﬁv‘, ‘
R S : S S
‘ A second observatlon can be made (see varlance and errpr graphs ln,.“
"Flgures 27 and 28) relatlve to tracklng error and movement varlabllrty
‘,durlng any one block of trlals for 1nd1v1dual subjects.v Sub]ect 1 ‘
't(R P. ) reduced both.error and~var1ance equally up to and 1nclud1ng .
.f‘]Block 4 However durlng Block 5. and 6 his tracklng error decrigsed.
iwhlle}his movement-varlance lncreased Then durlng Block 9 there was '

a further reductlon in" tracklng error w1th a correspondlng rlse in-

variablllty. The performance of Subject 2(K M ) durlng Blocks 4 and 6
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Root Mean Squared--Ef(o"r- p (millivolts)

S 800

" Error

T T T

o—o Subject 1 (R.P)

b....llb mcc_mQ 2 A_A.Z:

700 | .
b . nTI!.Lu mcc_mQ 3 (P.B)
 @— D mc_u_ooﬁ A Aw mv
500 - .
400 |- '
300 |- -
200 - =
PN | | 1 | an e | |
o 2 3 4 s 6 8 9 10
o : /_.._.zm_ m_,oox - -
Figure 28. mooﬁ mean mncm_,mn error *o_. Eo 3 :_m_ .u_ooxm o* Experiment V.
e 'The RMSE pis averaged over the period of the eighth o<o_m o* mmo:
Sm_ and mcaama over §m mm<m= trials o* mmo: _u_oox.
- .d
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' 'would‘garrant‘similar obSerVations;//Subject<3(P.B.);‘on the other hand,
' ended-the:experiment Withba comparatively high QverallrerrorjsCore but

acqulred a remarkably loy overall variance score (c f B. G., Experlment

~
-

V). These results suggest two p0531ble ways in- whlch error and varlance

scores, obtalned durlng tracklng performance are related If a subject
g wishes_tO/reduce,th tracklng error 1timay be necessary to.change ‘his
- pattérn of respondlng, hence 1ncrease hlS movement varlablllty. .Ittl

,/

also follows that 1f a subject accepts a certaln bandw1dth of error
éu rlng several blocks of trlals (1 e. tracklng error remalns relatlvely

’unchanged) he may.be reduc1ng the var;gbillty of hlS movement pattern,‘

\thereby becomlng 1ncrea51ngly con51stent. E o .

The cross—correlatlon functlons that were used as 1nd1ces of :
temporal ad]ustment of the subjects performance are. shown 1n Table 7.

The hlgher correlatlon coeff1c1ents were notable 1n the later tr1a1

blacks,: 1nd1cat1ng that the subjects' response was more p051t1vely o d,ﬁ"

,"assoc1ated thh the stlmulus later in: practlce.- There is- also ev1dence f\i,.r

E‘that the subjects reduced thelr overall t1me lag between stlmulus and
Z.response.: The correlatiOn coeff1c1ents-approachedcmax1mumryaluesk’
5vearller (T+O) durlng Trlal Blocks 8 and 10 HoWever ,due~to the

_;llmlted number of tlme 1ntervals used and the relatlvely small v,f'iifi

' -fflncrements lnxthe value of T the maxlmum cross-correlatlon functlon SRR

o Wasinot defined; consequently,ithe correspondrng Valuesof;I:was_nctg},
f;calculated G ' o
There was'a further problem that arose concernlng the lead lag

_1ndex used and the comp051te srnus01dal waveform that was chosen as.
) b

.jthe stlmulus. when the response records were examlned the subjects |

,'consliiently made errors at spec1f1c places a10ng ‘the stlmulus cycle.'
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S 4

The major proportlon of error was located at the p051t10ns along tpe

/

.‘»waveform that changed speed but: not dlrectlon. Thls was also the case

v

’in3Exper1ment IV.(see Flgure 23), Durlng these ‘two phases of the cycle ‘

Sy
M

the ‘stimulus slowed down for a bnief perlod of time. The subjects’ E

: regponse} however, did not reflect the change in speed and at this
| point the subjects moved iﬁ advance of the stimulusl The overall lag

1ndex used did not dlfferentlate between those speclflc areas along the
T o

track where the subject may have led or lagged behind the stlmulus._

Poulton (1974) has'also questloned the'releyance 'of using an overall

3%

time error measure that does not give a complete picture of the results.
Two contentious issues were raised by Poulton. First, the overall’

cross-correlation function did not differentiate:between the large lag

-,tlme at tratk reversals and the comparatlvely gﬁaller lag time at points*

of 1nflectlon. Second the remnant of the response - was not accounted

_for when ovegall average time lags were reported. 4These'criticisms

- -

along with *the problems encountered when a composig% sinusoidal wave-

K ¥ ~

forni was used as. stlmulus pose a questlon as to the sultablllty of the,

o @

cross—correlatlon function as an index of temporal adjustment of
o [-4

'_ performance. ~A possible mcdlflcation to thls index og‘performance~was

£

~ when using composite sine waves as stimulus.

n
{

sdggested by Poulton. The’crosscorrelation function for a number of _

*

'band freqﬁencles that go into’ maklng up tboth the stlmulus and response

can be calculated Since thegproblems'encountered in this experiment

were directly related t& the composition of the'stimulus, the suggested

' modification to the crosscorrelation function would seem to be suitable

Input bZanking'phase”

The subjects' responses that were made in the absence of visual

;r»—\.\ " t/
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Table 8
Mean and Varian¢e Valués.df'the Hafﬁoniﬁ Coéf%iqients (Ayr Cn)
7‘PH%§é_§gla£ionships (t¢n)}and Périodﬁjg) f§; Blocks 3, 5, 7-and 9
=,

Averaged Across S&Bjeéts

\
Blockﬁs _ - | - Stimulus
3 5 7 9
. g 51.41 34.78  ° 28.23 30.31
SRR 12596 2584 2620 . 2642 2564
, e — — _ : -
; o | 26.25 16.75 ~17.50  15.50
- % 1392.25 . -1382.00 = 1407.50 1418.50 11456
= o 1175 1475 7.00 9.00
Cl ' “"‘ k 7 .. .‘ i N AN .
R 242.25 230.25 1227.00 224,50 . 224
‘& 13.00 6.75 . 5.75 5.75
Ca . t - E C » ) _ : .
% 105.00 109.25 112.0Q - 116.25 112
) o 4.25 4.50  4.50 4.75 .
C3 2 A . v . . . ‘ N (’.
% 18.50 16.25 16.00Q 23.25 52
| ¢ 3.00 2.25  2.00 1.95
Cy . ' : o
» X 13.75  16.25  18.25 20.00 56
- a 0.21 0.18 0.16 0.10 S
tdr : o~ L
£ . 0,14 ~0.06 ~.0.10 © ' 0.19 - a
L e 1.39 0.83 . 0.65 " 105
’ x o -l.87 0.52 ,  0.65 0.50 < 0
o ' | 3.77 4,28 . " 1,98 0.45 -
tds j » . o .
% <1.70 , =0.25 -0.17 -0.40 -4
o . 335 2,23 2.8  1.25
toy ; o - o .
: b4 -1.25 0.48 -0.04 0.07 0 [”

Note,__p.is measured in millisecor@®; Ao, Cn:-is measured in millivolts,
t¢, is the tangent of the phase adgle.

4Round out to zero. .
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indicators (input blanked) were subjected to'a'Fourier.analysis. These

, responses can Be considered as:complex Signals and may be expressed;as/

a) omblnatlon of s1mple harmonlc components each hav1ng its own ampll-

rd

ude, frequency and phase relations with other components."Specrflcally,

each subject s response was decomposed into a major "fundamental and -

v
«

three harmonics. . It was possible therefore to gain the,following
information about the response: . " ; ’ ' ?i(
(1)  A¢: ‘A harmonlc coefflclent that relatés to the '
: ax15 of symmetry about which the response ‘

is. produced

\‘ (2) Cn: Harmonic-coefficients that relates to the
N amplitude of each harmonic;'

(3) tdp: The tangent of the phase angle relatlons
between harmonlcs. : N ! o

i
|

- L N
. . .

(4)':p: " The period of the fundamental hérmonic (C1)

‘Durlng each block of seven trlals an’ 1ndlv1dua1.sub ect would complete ‘_.‘
ke " seven trials with the inpnt-blanked_ Each of these| seven responses for E}?
» 1nd1v1dual subﬁects was analpsed and . a mean and w1th1n—block variance ’

flgure was calculated for each component fhe mean and - varlance flguresr

were then averaoed across subjects, and the results tabulated (see Table
1.8). ‘The harmonlc coeff1c1ents from whlch the amplltudes were determlned

can be seen ln quure 29 | Lol . L , ~J - |

on the rlght hand 51de of Flgure 29 are the component vazues of

the stlmulus SLgnal. It appears that as the subjects learned the task

~the response that they produced from memory approached the crlterlon

waveform ' Thls seemed to be the case for the coeff1c1ents Ao, C1 ‘and

\\

Ca, however, the coefflclents of thé\thlrd and fourth harmOnlcs

remained relatively undefined with respect to the Criterion."In»_
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4‘of the fundamental vThe'perlod.of.the response became,;ore-sta le (see"

105

3

addltlon to the flndlng that certain components of the response became

‘more llke those of the stlmulus, the stablllty of those components {Ro,

C; and Cz) also 1mproved as a functlon of trlals The standard dev1a—

tion flgures 1n Table 8 represent the stablllty with whlch the subjects

‘ produCed each component of‘the reSponSe w1th1n eaCh block of trlals.y-

-The SD for Ap, C1 and Cz decreased as 1earn1ng progressed whlle no ,

appreciable changes in the varlablllty of produc1ng the hlgher harmonlcs

;occurred.,

The tangents‘of the phase angles can be seenvin the.lower half of'

o

5Table‘8 The ‘mean value of t¢1, Wthh represents the' degree to whlch

the fundamental was ln phase w1th the remalnlng harmonlcs, is for all

\

, 1ntents and purposes, zero. This‘indicates the absence of a phase lag
: yor lead w1th respect to the complete waveform Whereas the phase o

'relatlonshlp of the fundamental was: always relatlvely accurate w1th

-[,‘v‘

respect to the crlterlon, the tangent of the phase angle (t¢2) for the -

E second harmonlc only approached zexro: after several blocks of trlals. :

Also- shown 1n Table 8 are the mean and 8D flgures for the perlod

SD values) w1th;n each block of trlals ‘the mean. value inérea ed and.

) -,

'exceeded the perlod of the stlmulus s1gnal.' Several authors (Magdaleno .

et al., 1970 Pew, l974a, Vos51us,_l965) have found 51mllar results

'when they have used the lnput blanklng methodology to lnvestlgate ‘the -
subjects generatedrpattern of movements The subjects appeared to
“ produce thelr responses w1th1n a framework of tlme that was in excess

‘ of the perlod of the stlmulus, even- though the prlnclple events that

occurred within the response had an equlvalent proportlonal time base

to that of the stimulus. The relational‘temporal properties of the
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response therefore, appeared to be acqu1red before the, response was.

placed into- any absolute tlme frame.

The learned=reSponse that was prodnced by subjects from memory

- during 1nput blanklng appears to- have beéen organlzed in térms of ‘compon-

. LS

ent frequenc1es of that,response. Early ln learnlng the subjects try toi

'produce a complete response that they belreve is a true repreSentatlon

a

”'n"ofrthe stlmulus SLgnal, At this stage in acqulsltlon the subjects are

concerned w1th only 'e l er . harmonics (Ao, C1 and C2 in thls case),-

vthe axls of symmjfry belng adjusted along wrth the fundamental and

¥

':'second harmonlcs.‘ The amplltudes and phase relatlonshlps f thesa 1ower

5harmonlos appear to be of major concern to the subjec ' ,‘rly on'in /’;‘

N

. ,practlce whlle the hlgher harmonlcs remaln relatively unlmporta/‘ to-

“the descriptlon ofithe response. A natural developmqnt of thls

-

~would be that the hlgher harmonlcs only become relevant after i
r, E : ’ ' T
{-amounts of practlce at the task Experlment VI was de51gned to explore L

i...v

[



 EXPERIMENT VI’

)

107



5)

\ ) .

Experlment VI was: an extenslon of g;perlment V. One subject (S R )

"frdm the prev1ous experlment was asked to return and undergo more 1nten—

51ve tralnlng at the task she had learned durlng Experlment V. There

¢

itrlals._7

'» Flrst durlng the pursult tracklng phase of both Experlment IV and

L V, the subject s performance as measured by RMSEp and SD of movement

veloclty appeared to reach a plateau.‘ The w1th1n subject variance and

root mean squared error scores plateaued at approx1mately llO mllllVOltS/

":should 1mprove bo

'?{'produced from memory,'

,4{ second and 250 mllllVOltS respectlvely This plateau of performance

t“‘could be elther reflectlve of the stage of- learnlng at Whlch the subjects

R

were operatlng, or, be a basement effect caused by the 1nab11&ty of the

,tracklng equlpment to reglster any 1mprovement in. performance beyond ;

the attalned level *For each block of trlals the RMSEp mlnlmum and

J‘

?_jmax1mum values were 105 and 1500 mlllvolts respectlvely. Also the :

’response sampllng error was only 3% hence the mgnlmum response

o~

varlance score p0551ble was well below those values/recorded durlng the

SR later trlal blocks oi'Experlment IV and V., Therefore it was expected

B that S R s trackln performance after an extended traxnlng perlod

w1th respect to the error and varlance measures used

o ‘ T Q
o Second, the thesxs expressed in. the dlSCUSSlOn of the precedlng

'ﬁl experlment was t at the accuracy and consrstency w1th Whlch subjects

I

pec1f1c movement pattern 1mproved as a

ﬁfunctlon of tr1als. The pattern of mov%ments that sub]ects generated

' whlle the 1nputtwas blanked was expected to approx1mate that of the

3st1mulus.» The flndlngs from Experlment V however, were only partly

- supportlve of thls thes1s. That 1s whlle the fundamental and the

(-

108

.were two reasons for acqulrlng addltlonal data from the extended practlce &
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second harmonic of the response:approached-thatfof the stimuius,‘the
hi@her harmonics remained relatively unstable and illdefined. Earlier
n';tudies that havekinvestigated.motor learninc_and'movement‘consistency
_used_an ertensive number of acquisition trials in an'applied andhinduse :

.riai settino‘h Changes in performance were recorded after several
‘“thousand trlals at the task be it c1gar rolllng (Crossman, 1955); sheet

metal cuttlng (Llndahl 1945) .or’ transmlssron of morse code 51gnals

' '1(Bryan and Harter, 1899) ' In the present experlment extended perlods

,.\.

'rof practlce were used in order to monltor the further development of
, the subject s response that was produced durlng lnput blanklng C It waS”'

: ,hypothe51zed that the harmonlc components that make up the response Wlll
become more- llke that of the stlmulus.f Specrflcally, the amplltude

jfdetermlnlng coeff1c1ent (C3) of the thlrd harmonlc should decrease and

5.

i.and approach‘zero whlle/the amplltude of the fourth harmonlc should

1ncrease and approach a. value that lS equlvalent to one half of the

F2 ]

amplltude of the second harmonlc.”_

T = 5% +C; (Sinwt + %Sin2ut + ASindwt).
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p R | _Method = - .t g
One of the four subjects'who’completed.Experiment‘V'(S.R.) volun-
e o . ’ . . . . .

teered to continue learning the tracking task’for‘an extended period of

time.f A break of two days.occurred'hetween-the'completiOn_oféEXperiment
\\\\‘\and the beglnnlng of Experlment VI . Three+ experlmental sessrons

(’\

were completed durlng thls experlment);£1 E2 and E3) Each sessron
‘was comprlsed of four tralnlng perlods followed by a testlng perlod

Durlng one tralnlng perlod the subject tracked the stlmulus 51gnal (aSI~

¢ 3

5used in Experlment V) for approx1mately two mlnutes (50 cycles) Between.

'each of the four tralnlng perlods s. R rested for a subject controlled

. s 1
tlme'perlod.whlch did not exceed two mlnutes After completlng all four

- = [

.\_

tjtralnlng perlods (200 cycles) S.R. was glven a lO mlnute rest before

.1,beg1nn1ng the testlng perlod. Thls testlngfperlod_was 1dentlcal to that

Ays

g‘used 1n Experlment v, 1n that lt c0n51sted of seven trlals of pursult
tracklng and 1nput blanklng.; Also,thevdata analysis usedgln-ExperlmentT
nV was used during the pursult tracklng and lnput blanklng phases of the ,

testlng perlod ln the present experlment The RMSEp was used as an,,

. 1

. 1ndlcant of errorful performance whlle the SD of movement veloc1ty was U'V>'C""

~ e

r'juused to descrlbe the con51stency of responses made w1th1n a block of
. e : - 1‘:

ftétrlals; The responses that S R produced whlle the 1nput was blanked

7ﬁwereﬁdecomposed 1nto 51mple:harmon1c,components by~means of,a;Fourler ‘;

o .

- analysisii_‘*V

./«

+The subject returned for a fourth experlmental se551on, but due to

equipment problems only results from three se551ons are reported here.~_
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. | ..LResuZts'and‘DiscuesiOnb
Pursuit,frccking Phase - | |

| vThrouehout'Experimental seSslons ﬁl;pEZ‘and-E3, S:R.'s performance .
on the”trackiﬁg-taskJ'aS‘meaSured by kMSEp andiwlthin-subject varianceii
improvedl ,The‘tabulated’results‘of Table,9 reflect'this‘impronement‘in \
"performance;'.Aftgrvthe;first extended tralnlnédsession (El).S.R:

reduced her tracking'error and produced.a'more conslstent’momement

E Pattern; The:bandmidth}ofjerror;aceépted by S}R.‘and theﬁvariability R
of movement that she displayed“during El remained relatitely'stable //(\ﬁ
after,sessiondﬁll' That 1s, there was very llttle change in, elther of
H:fthe"asslgnedimeasures.. However «at the end of the thlrd perlod of
extended practlce+ the subject drastlcally reduced her RMSEp,‘whlle
mlncreaSLng‘her movement varlablllty ‘Thls extra reductlon in tracklng
‘ert?r,appearedato hé&e”@eoeSSAtated.certain cﬁahgesfin_theJmovement=’4
,“pattern:useditoﬂrespondatofthe.stimulus;' The changes 1n the movement

) tpattern had the effect of reduc1ng tracklng error but 1ncrea51ng varla- )

blllty.

;"Ihput BZankzng Phase

The coeff101ents of . the component frequenc1es that go 1nto maklng

ffup the response produced durlng the 1nput blavklng phase can be seen 1n[3v"v

EfTable 10. *T Both C1 and Cz and thelr respectlve phase relatlonshlps_z.

.

:: t¢1 and t¢2 appeared to be relatlvely stable and accurate thh respect -,f?

L

"rto'the stlmulus. Thls result was’ to be expected since the reSults of "_wf’

B ~ : . Lo RN
1-At this: stage in tralnlng S. R had tracked a total of 1965 cycles of SR

~ the stlmulus 51gnal (1nc1 Expt., V) : : : e

++When comparlng these results w1th those of Table 8 (Expt V),'lt mustp,-

‘be kept in mind that the results of Table’ 8 are averaged across’ sub--
Jects while those of Table 10 are for an- 1nd1v1dual Subject (S R. )
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T |
’ 'f;Taﬁe9fe“

The Wlthln Subject Varlance end RMSEp

.Scores of S.R. for Experlmentyv and VI -

CBlock . 1 2 3 4 s "6 7 8 s 10 @ E2a g3d

SD of . e T R -
' Movement | ‘179 132 139 135 ‘151 121 114 131 131 ‘117 ‘88 . 84. 119
Veloc1ty : s ‘ SRS - L

RMSEp . |'397 0307 271 250 "249 307 277. 249 267 257 237 232 205

~,

’ Note. Recorded values .are. measured in mllllVOltS/SGC (SD of movement.
‘-_ve1001ty) and mllllvolts (RMSEp) .

\Extendéd»practlceﬁsesslons‘completed,durlng Experiment VI. -’

.
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‘113f

Mean and Variance Values of the Harmonlc Coeff1c1ents (Ao, Cn),

4

‘ Produced by S.R. durlng Experlment VI.

) .
Py
]
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:Block'

E2

B3

3

Phase Relatlonshlps (tdp) and Perlod (p) for Blocks El E2 and E3 .
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222
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'1:0}00def
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0.6l
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_Experlmentrv show the fundamental and second harmonlcs to be relatlvely

oy A .

well deflned and 1nvar1ant durlng Trlal Blocks 9 and lO of rnterest to.

the present study were the chdnges that occurred. to C3 and Cy. { Bfter

o

~vthree sessions of extended practice the response that S R. produced from I '
: . o . . ) v o
memory no 1onger contalned a third harmonlc of any srgnlflcant amplltude.-' oo

ko
On the other hand the amplltude af the fourth harmonlc of the response
. ‘—“/\/ . -

pappeared to 1ncrease 1n size as a functlon of tralnlng. The responses .

<,

that were made durlng the 1nput blanklng phases~of Blocks 4 10 (Expt V)'“f.ﬂ :5h

. -

'“and E3 (Expt VI) are shown 1n Flgure 30 The 1nc1u51on of the added

: detall pertalnlng to: changes 1n track speed can be seen.- The;second"

o : R

",reversal of the response wavefgrm always appears to undershoot the

L

crlterlon waveform. The period of. the fundamental also undergoes two )
R T e y S ___;‘j-,.:',~ﬂ9
ﬁdlstlnct changes-: Durlng Experlment V ksub]ects.lncreased the tlme A
Co e . N
’gtaken to complete a cycle., However, S. R 's. mean perlOdlC tlme for the

\\

,lcycle began approx1mat1ng the stlmulus\l Tt appeared that one of the xfhspf.f";f";*
o o ;features o£ the response that the subject adjuéts at thlS later stagef;th.ff' v

: _of 1earnrng is the absolute temp0ral q&alltles of/the crlterlon.TfThe_’

hﬁaddltlonal adjustments that were record;d\durlng the present experlment i
/iiwere mentioned durlng‘conversatlon w1th S R after Trlal Block E3 . '.h
‘l/fﬂilhiiid;‘s‘R.vreported that»shehwas now‘more accurate durlng the 1nput hlanirng.b

;phase and she was’ aware of 1mprovements ln/response. These 1mprovements

'*"were related to changes in. the speed ‘of the. waveform.
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SUBJECT 4. (S.R)

eveeveneeaTrial Block 4 :
v : g Experment '¥
memememme 1Fid] Block 10 :

mmmmmeeee Trial Block E3 Experment VI -

Figur.e 30 Responses produced '‘by S.R. d‘uringithe input blanking

phases of Experiment ¥ (Blocks 4 and 10) and
Experiment Y[ (Block E3) ng
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The stimulus signal‘used in Experiment IV, Vrand‘VI was a‘tompasite )
of three sine waves, with a frequency ratio‘of 4:2:1; The éigﬁ;i there—
fore repeated itself enery fout’cycies of the'top track frequency’and'
the éeriod for,cne repetitton was 2.56‘seccnds. 1The periodicity of the
signal made the treck highly prediCtabie. That is,yafter'a limitea
number of tr?als the subjects had ; generel idea of-the ccurse‘the

‘ stimnlns wquié take. Also, the frequency of the waveform enabled the

. gubjects‘to detect efrhythm og movementf Magdaleno et al. (1970) hypo_
o thesized tbe;:when subjects track stimnlus signals atffrequenc1es between
.%5 and 1.0 Hz they activate.a»pattern éeneretor and;that this activation
is reiated to tbe snbjectsT detection of thythm within their reSPonse.:v,
In orde; for subjects'tc‘tednce errorjwbile ttacking-a.periodic and
ptedictqble‘waveforn they first generate abmovenent'pattefn that‘they
believe.to be the best estimate of the stimulns. The,degtee‘of corres-
pondance’between tbe snbject’genereted patternw;ndvthe stimuius signal
; i?‘theiefore airectly related:to:the number of errot_corfections‘made.
The éenetation of a repeatiné éattern ftom some fcrm‘of>memOrial |
-~ representation is thereforefbesic:toithe @evelopmenttof any discussion~
telatinc to‘the'organization'and’leerninc of a movement secuence.

Adams (1961) and Poulton (1952) have shown ‘that Subjects can '

1mprove thelr performance by u51ng predlctable aspects of the 1nput

On the other hand, subjects flnd dlfflculty in 1mprov1ng their tracklngf

performance whenhthe input is unpredlctable. Unpredlctablllty can be

Y
v

assured when the frequency and phasingvof the,waveform are varied
\'randomly, or the weveform is a composite of three or more sine waves
with proportional frequencies that preclude any repetition of ‘the wave-

form within qpproximetely 10 to 15 seconds. The improvements recorded

\
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ln.tracklng performence during Experiments IV, V and VI were attrlbuted
largely to the predlctable and rhythmlc qualltles of the stlmulus.‘
Experlment VII was de51gned to record the changes that occur in produced .
tracking error when subjects track an unpredictable waveform Sloce the
major portlon:of error reduction took place during the first six trlal
blocks in. the previous experiments, only six testing seosions were used

\

in the present study.

puy
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Method

Subjects ' .

Three male and two female subjects, ranglng in age from 20 years to

- 23 years, volunteered to take part in thls experlment. All flve sub]ects,

who were undergraduate students at the Unlver51ty of Alberta,‘wrote with

their right hand. The subjects had never taken part in any prev1ous

>
tracklng experlment A )

prpafhtus and Task

The: apparatus and task were 1dent1cal to that used in Experlment v,
with one exceptlon. The stlmulus signal was made unpredl\t ble. ThlS

was achleved by varylng the phase angles between harmonlcs and also

o

'varylng the“frequency of the harmonlcs of the 51gnal The frequenc1es

¢

. were chosen from a normal dlstrlbutlon of frequenc1es that had thelr

mean value equlvalent to that of the component frequencles used in-
Experlment v (1 e f(t) ——- + C1(51nwt + 551n2zt + %Sln4wt) ).

The Subjects completed One’ experlmental sess %n per day for Slx -

’_consecutlve days Each se551on began W1th a tralnlng phase 1n whlch
- the subJect tracked a 51ne wave whose frequency was equlvalent to the

fimean frequency of the fundamental used in Experlment IV The subjects

; S then completed the testlng phase of the experlment Thls phase con51s—v

‘ ted of seven trials 1n whlch ‘the subJects tracked an . unpredlctabie wave—v

" form for -39 seconds durlng one trlal The response to the mlddle 2 6 ‘

)

seconds of each trlal was- sampled at a rate of lOOO data p01nts per

: second These data were then used to calculate the RMSEp for each

block of trlals. S - o o 'f . ,. 'f‘ \\;;
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- ) o
Results. and Discussion

The results erm Experlment VII wére tabulated (see Table 11).

7

vwhereas the mean RMSEp Scores ‘of. the flve subjects decreased only margln—'
»ally, the 1nd1v1dual records of each subject appear to be slightly more

blnformatlvew For example, Subject 2 (M H.) continued to 1mprove her‘

performance up to and 1nclud1ng the 51xth block of trials. Also Subject“

4. (D B. ) reduced hlS tracklng error (w1th the exceptlon of Block 4)

o]

'fthroughout the‘experiment; The remalning three subjects appeared to

show very.little,'if any, improyement in tracking performance és
l. : . i ’

measured by RMSEp

* -

.

When the subjects were questloned as to: the coherency 1nherent 1n

the stimulus course'they all considered the stimulus cburSe~to be ”.“~
.completely“unpredictable. ‘That’isl the Subjects detected no, repeatlng
pattern:in'the stimulus; The error that all subjects felt to be most

t;tharmful to thelr performance was that of dlrectlon.. The flrst prlorlty

\'lof all subJects was to be g01ng 1 th ame dlrectlon as the stlmulus, ‘,4

: and 1n an effort to achleve thls, they all attempted to follow the stlmulus: o

.as'closely'as~p0551ble. None.of the subjects reported any attempts tov_'“
d';ant1c1pate the movement of the‘stlmulus. Other data that was’ acqulredhr;,

.from experlments by Noble and Trumbo (1967) and Noble, Trumbo ‘Ulrich

hand Cross (1966), also 1nd1cated that the prlmary goal for a subject

(:to achleve whlle tracklng early in practlce was to acqulre the correctf’

. )
N
'zdlrectlon of the stlmulus. ;.

The substantlal 1mprovements in: tracklng performance that were
.ev1dent from the results of Experlments IV and V were not found durlng '
~this.present experiment., The Sllght reductlon in tracklng error that

was recorded could have been due to the subjects learnlng the control

o

y'j



Table 11 tjf/

RMSEp Scores for . the Flve Subjects made

=

durlng each of the Six Trial Blocks of ‘Experiment VII

BLOCK

e‘SubjeCt 1 203

4 -

12

1. (s.co) . . 449 440 Coa1n o

-

2. (M.H.) - 478 455 475

3. Y. 5230 465 . 497

4. {bQBJf” 495 a3 ; *4l4j e

E sg.gxb;GQ)-};-:féej» 92 ;ee3516_

ke e a2
‘Oiﬁfr. 1f24:d4e‘ i21.24f‘  42.92.:f

_ Note. RMSEp was measured in millivolts. -

374
‘459_1ff
,“45;1'4
s 507e
‘474F
a5t

44.44"

434

 ’432e

Sllf‘s
T3

e

44,92

4%

410

“505‘_

Q:QSCZ

39.53
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v

. R e y ‘ L _ _
functions of the task. Also the between-subject variance of the error

) scbtés did.not decrease throughout the experiment."In_summary,.therefore,'

St appéars that the périodicity‘and predictability 8f ;he waveform .\\;.
used during Expefiments v, v and VI was largely fesponsible for the

improveménts in tracking performance that were found. When the stimulus.

'_signal is made aperiodiqfand'relatively uhpredictablé iny‘slight
improvements in tracking performance as measured by error scores are

-recorded. "

'.TEor a detaiied ;eViéw}bf{éontrql»fﬁhctiom'learning; see‘Kelley‘(1968). 
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The primary reason for undertaking this series of experiments was
to investigate the relationship between selected measures of skilled

- performance and their value as both descriptors and:predictors of the

processes that'underlie;the’organization and’learning offancomplex'
movegfntvseguencef Several limitations'were“adontedfto‘glve structure
dgéirection to-this*groué'oﬁ‘ekperiments.'jThe pérceptual motor'taskr,t
chosen was a;éursuit tracking tash'in which the_relationship‘hetween
the‘stimulus'and response displayuwas'waried.‘:Four deri;edfmeasures'Of
vperformance were used to make 1nferences about the behav1our of the

’subject durlng the tracklng task. These indlcantstlncluded error

-scores (RMS error), frequency analy51s (Fourler transform), lead lag

"'index.(crosscorrelatlon funct;on) and,a consistency 1ndex/(w;th1n—'

o

: subject"varianCe).”'v e - T
Concern over the analytlc descrlptlon of a subject s response

durlng Sklll acqu151t10n was manlfest from two 1n1t1a1 sources Flrstly,

E

two cla551c experlments by Thorndlke (1931) and Seashore and Bavelas

(1941) empha51zed the problem of construct valldlty ' Thorndlke found

,that mere repetltlon of a hand movement to the 1nstructlon'"move four

3

'inches"jd}d not resultzin improvement unless.practice was corrected.byﬁ'_'g,“

- K;h;f'?hlsdfindlnguwas'challengedthﬂSeaShore’and;Sawelas);whofrejeram%:
ks ined‘some oflThorndike's;data andsfound>lndfcatlonslthat succeSSiwe. |
.}.:responses becamenmore conslstent, although there was no general trend
i,-toward the prescrlbed target length Annett (1969) has 51nce snggested
'1that 1ntertr1al con51stency can be taken as an 1ndex of 1earn1ng along
'1lwith'simple‘error.scores; :hﬂ‘. | | | -
| A. second 1n31ght 1nto‘the.problem of asslgned measurement was
f;gained-from a more recent.source,h Pew and Rupp (1971) proposed two jf

s
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quantitative measures of skill development These measures, subjectls

respon51veness (system galn) and tlme delay, taken together were con51d—

>

fered to be more representatlve than 51mple error scores. - The authors

,conclude their,article’by Stating:.:

It is easy to show changes in error Scores, but it
takes an 1ngenlous E (experimenter) to design a
. trackiRg experlment -in which changes in error scores,
" alone pkovide:a degree of analytic insight into the
. nature of\the skllled performance that goes beyond
‘the statemént that manipulation. of a particular -
‘1ndependen varlable produced a change in Pperformance. (p 6)

Results from the resent serles of experlments support the v1ew

“that ‘one dependent jeasure of performance cannot adequately descrlbe

'those changes that occur 1n a sub]ect S response over extended practlce

Each ~measure used adds, to the descrlptlon of the performance and:

v

F

'prov1des a more lntegrated view of the manner 1n whlch a sub]ect acqulres.

'-a movement sequence. Error scores alone may 1ndlcate a general level

~of prof1c1ency at the task but derlvatlons of varlance and tlme delay

ilndlces glve both addltlonal qualltatlve and quantltatlve aSSessments

of performance at- thlS level

Z@mporal Adbustment of Perfbrmance

, The overall tlme delay of a. subject S response, when derlved from .

A the crosscorrelatlon functlon, has two constltuent elements The flrst

.{le an 1ntr1n51c proce551ng delay accounted for by central proces51ng ”_i§~
: : . . . S T W

»r“and the neuromuscular system, whlle the second appears to be due to a

'fsubject's ablllty to predlct trends 1nherent w1th1n the 1nput 51gna1

lﬂ‘Consequently, the decrease in’ the tlme lag of the sub]ect's response

"alfound 1n Experlment I could be explalned solely 1n terms of lmprovements

1 Lw1th respect to central pr0ce551ng delays, as 80% of the stlmulus

'f;51gnal was derlved from randomly selectlng one of three tran51tlon paIZEe »pf.ﬁ



126

T .

‘However, doe to the fact that therevwere_onlflthreé transitfon ooints,

; exact,stimuius course_prediction was possible up to éo% of tne timef |

At thekleft and'rignt transition pointsrthe subsequent direction‘of the
stimulusfwas fully'predictable, therefore the suoject'S’performance was"
probabiy infiuenced tota large'extent by prediction.‘ The stimulus
51gnals used in Experlment IT, IIT and V were perlodlc and the subjects
requlred only a ilmlted number of trlals before they were able to

| accurately report the generaltfeatures of tne course. This.knoyledge.

‘ of.the stimdlUs course nade preddction:possiblekand all sdbjects;'

‘ reduced their.oneral; time lag‘during these enperiments.
rhe corrective actions displaYed by suojects durin;nExperiments I
and‘II‘appeared after approximately-fodr trialvblocks.-‘ThesevcorreCtive
factions,jthat probably.result fron7antici§atory tracking_behaviour;

- should produce an increase in the variability of movement velocity;

that 'is agguni sl ~orrection is not repeated.on each trial at the
'same poir The changexin strategy from following the track to

"Tanticipat rse was reflected by a concurrent. change in the

consistenc

W

,used.“fhn‘increase in QithinesobjeCt:Variance was.f
' f evidentdat.a x1matel§ Trlal Block 4 durlng each of these experlments;tft
‘rnjgumﬁéfy,» efore, 1t appears that a: subject w111 adopt a follow1ng
: "strateéy_that *1ves way to a form of antlclpatory behav1our once the
'fSﬁbjecttcan ﬁredlct;futurerstates offthe stlmulus.; Also the onset of j'“’
“ani ant1c1patory tracklng behav1oor may oe represented as an increase
’?:ln w1th1n~sub3ect Qarlance;, | Gl ) |
| ;'The use,of'tneflead-lagfindek asIan_fndicationloffoVeraii tinelfif

'7error durlng the acqulsltlon of a tracklng task has a number of severe

'3, llmltatlQnSﬁ Some of these are. related to 51gnal complexlty and were‘w B

~
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outlined earlier in the discussion followingtExperiment V. Other dis-

advantages'and,reStrictiOns'to its use were put forward‘hy Pdulton (1974).

In view of the problems assgciated with an overall time delay index, a
more comprehensive measire snch'as‘a*lead—lag index derived‘from the

component frequencies‘of both the stimulus and_responSeiwaveforms might

be more appropriate;

Crosscorrelation‘and autocorreiation‘techniques can‘be related to
a Fourier analysisiaszailfthree are'mathematically_compatibler“vThef :

autocorrelation functionlhaSﬂthe same inherent information.within.it'as"

-

‘does the power,spectrum of a Waveform,pAThe'autocorrelatiOn'is presented

"P

- in the form of a functlon of tlme rather than frequency Anstey (1964)

—

\ C . -
outllnes»the relatlonshlp aﬁ\a rev1ew of correlatlon technlques

Thus a wavefbrm is synthes15ed by comblnlng.. Con
Pourier: components with amplitudes given by the \
.amplltude spectrum ‘and the phases given by the -

" phase. spectrum,, the autocorrelatwn function of

. the waveform is synthesised by combining Fourier
'components with the amplitudes given by the
power spectrum of ‘the waveform, and w1th zero R

-:phase. (. 358) -p' T _;.-.5-

K

Slnce many of the recent 1nvestlgatlons completed in the area of

Motor Learnlng deal w1th the temporal aspects of performance, the use

'.ofvautocorrelatlonvandacrosscorrelatlon-technlqueS'shoula'becomev

Se

v/,l -‘-,,

: 1ncrea51ngly 1mportant. However only a handful of studles that have 5
. -d examlned the temporal qualltles of organlzed responses have employed o

ﬂ: correlatlon technlques, these belng Shaffer (1978) and Wlng and Krls— f}

tofferson (1973) ' y

thls set of ‘xperlments was based upon two tenants.‘ Flrst that the

\ -
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I

w1th1n-sub]ect varlance can be partltloned out from total varlance found
: ?

“1n the subject s response. Fiske and Rice (1955) and later Franklln
Henry (1959) termed this subject related varlance, 1ntra-1nd1v1dual

.l.
-varlatlon.‘ More recently Schmldt and hlS co«workers (1979) have used :
'thls concept in studylng the varlance produced by a subject durlng the
'k executlon of a rapld almlng movement

>

Secondly, the w1th1n subject varlance was computed u51ng movement

LI
>

:veloc1tv data._ Thls was done because ev1dence from several s0urces

(Fuch 1962 Pew, l974a Poulton 1974) suggests that a- subject does not
Iexecute error correctlons .on the ba51s of. p051tlon errors alone.‘ Rather -
he takes into account the trends and rates of change of the error :
,51gna1 when formlng'declslons about the 51ze of the correctlve‘responses
hrequlred. Further the stlmulus signal compositlon and the subject |
'; present level of learnlng are dlrectly related to the derlvatlve of the

v error 51gnal to be used That is, as the subject 1earns the tracklng

',itaSk he tends to operate upon hlgher deravatlves of the resultlng‘{ .

.ns"' K b’.d.

'error sxgnal (Fuchs, 1962)

The results from Experlments I and II were supportlve of the 7;ﬂlf_

"hzconc1u51ons drawn from earller studles (Glencross, BQ73 ngglns and

'__Spaeth 1972 Lew:.s, 1953 Tyldesley and wmtmg, 1975) that skllled

-blperformance is normally characterlzed by a hlghly con51stent and
) reproduc1ble pattern of movements.u A more detalled plcture of the

mhflncrease 1n movement consistency was examlned 1n the thlrd experlment
: : # L
U.Apparently the acceleratlve and decelerative portlons of a movement

".'withln a sequence accounts for the major portlon of the w1th1n-sub3ectj

PR

‘_‘,_

7fgvvar1ance score.' The mld portlon of the movement (maxlmum ve1001ty) on '

#

v;fSééﬂAppeﬁdixvB:for{a’brief'reviewZ{
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- E Colwe Sl 1 . .
.'the other hand tends to stabilize as a function of trials and only

. contribute fractionally to the within-subject variance.

Two explanations accounting for the decrease in movement variance
are possible. These explanations>focus attehtion toward different
levels of analysis. At a physiological level of analysis, Glencross
(1973), Lundervold (1958) and Person (1958) considered the improvement
in,movement consistencypthat occurred in the later'stagesAof skill
acquisition to: be ancoutcome.of the temporal'reStructﬁ§ing of the
response units as measured by electromyographic analysis.

'With training, the agonist muscles' activity

appeared as .a reqularly occurring short burst

of activity in the movement cycle . . . Thus

the more prec1se Pphasing of the muscle activity

is accompanied by an increase in con51stency of
- the torque record and hence the momement '
. pattern as a whole. (Glencross, 1979, p. 161) -

A behavioural ana1y51s explanatlon, wherein actlon is defined as

A%the env1ronmental consequence of the movement, has been offered as a

secpnd p0551b111ty. Although the two levels of ana1y51s are different

there appears torpeuallogical overlap in the explanation of the

Ry

phenomenon. For example, the decrease in intra—individual~variabilit

. : e
during Norrie's (1967) experiment was accounted for by a process of'

]

movement reorganization. The curves for intra-individual variance

‘¢ommenged with an initial rapid diop followed by a slower downg;rd‘

. [,
trend for complex movements, but a'relatively'small”deClinefwith&

It was therefore suggested that

]

N e .
movement reorganization in learning a simple movement was small and

occurred early in practice, while that for a more complex movement was ¥

larger and required more practice to reach the same limits of simplifi-

cagiﬁn. The explanation offered by Higgins and Spaeths, (1972) was in
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‘ ()
some ways consistent with Norrie's viewpoint. They\proposed that as

A

. : . (T . : .
learning progressed, the subject revised his motor plan to ‘achieve a
consistent, smooth displacement curve.

Both Neisser (1976) and Glencross (1979) utilized this concept of

adaptation of performance when defining a skillful performer. The ,

results from'the presgnt series of experiments proVide some insight into

the way in which a‘movemene sequence ‘is adapted to’meet the environmental

‘demands of the task, The errors made on the tracking task are related

to the adjustments'made to the sequénce of_movements\that'are'generated
'by’the.subject. fﬁuring each trial the subject appears to produce a

v ] ' “ ’ ' )
pattern of movements;that he believes is a{olose approximation of the

stimulus. Both elementary and higher level control systems operate ¢’

upon this generated pattern to correct the selection error that was

- made. Errors in this sense are caused by an incorrect"selection of,f»ww;ﬁes“”

’ 4,
o~

movement patterns. The parameters upon which selecthn is made can be. /
£

LY

measured in terms oﬁ amplitude, frequency and phasing of the movement.
Early in learning,.adaptation end updating‘ocour frequently, hencevthe
variance of the movement pattern within each‘blqck of trieis is.laroe.
,However,;as the generated patteﬁn;;eoomes a closerbepproximation to
‘the stimulus- less adaptation is necessary. The subject uses thet
perceived error to determine‘whether or not an updats is required.
Addltyonal ev1denceifor thls statement comes from the results of the

7
flnaliex enddd block of trials completed during Experiment VI. As was
noted earlier,‘resnlts.from Trial Block E4 were not reported oue to
equipment problems. "The'top‘of the response marker was slightly supex-

imposed upon the bottom of the stimulus!markerf during this final block

+Dur1ng all other trials in Experlment IV, v, VI and VII the response
marker was 5mm below the stimulus.
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of trials. Not until after the eXperimental session was this brought
to the attention'of the experiﬁenter, The resuits showed a decreasé in.
error score 5uﬁja largelinérease in fhe variability of moveﬁent velocity.
?he subject (S.R.) also noted that théAerror was morel"noticeableﬁ due
to the response making h;gh frequency'oscillations about'thé stimqlus.lw
The closer the reeponse marker was to the stimuius tﬁe more pe;ceivable
the error became. The'éubject‘féspénded to this chaﬁge in StimgluS»ahdb'

. . L4 . . . . . N
. response display by making frequent adaptations. to the generated move-~

- ment pattern. The stability and accuracy of the generated movement

pattern may therefore be considered paramount to skillful performance.

Tﬁe Organization éf Mbveﬁehts Produced from Memory
:ExPeriments V and VI were designed toexamine tﬁé~developﬁéht of
ihe patterﬁ'Of‘movements‘that were pféduced‘from'ﬁe$ory during‘the
Jinput 51ahking phase of a_trqéking tasﬁ.: The%fesponses produced'ffom.
this memoriZeé éohtro; sequenqé stébiliZésiand appro#imateé fhe |
stimulus oﬁlf aféer én e#tEnded ﬂﬁmberﬁéf pfgcti;ébfriais.f As well?
subjects_éppegr»fq.oréahize theif résébnéé‘in ﬁérms df the coméQnént
f:equencies that make‘ﬁp the résponge‘ Therevare seVeral‘iihesbof
’ evidencé supéorti;g theAsuggeétion tﬁaﬁ ﬁhe Eomplex{ty'qf the movement
-'is}rélated’touthe frequency éontent‘of thé wa&éform. For exéﬁple,'Pew 
(1974a) writes | |
fhe‘frequency contéﬁt of tﬁesé complex but
" highly overlearned waveforms will dictate
the mode»of control after the level of .
: predictability has been achieved. (p. 9)
.Also, Maédaleno, Jex and’Johnson-(l970) proppsedlan input predictability

scheme that was intended to serve as a guide to -structuring and inter-

preting experiments for manual control—d}splays. Their scheme required
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_that.the input signal be varied .along ;wo.dimensions. These were: .(a)
waveform -time variations that had the effect of decreasing_the course

coherency and; (b) waveform feature variations (increasing the number

of component frequencies) that hed the effect of increasing the waveform’

-

___n_shape complexity. = . o,

9 » At:a behavioural level of analysis the thesis put forward in this
B A ' . ‘ [ '\// . ’
discussion is.based upon a process oriented description of response

Organrzation‘as'proposed by'Glencross (1978) . uItwincludes the-assump-
i tion that an/elemental response unit at this level is equlvalent to a-

sxmple harmonlc‘component of the complex movement sequence. Glencross
‘ outllnes‘seven sub—processes 1nvolved ‘in response organlzatlon;v 2 !;/

T Representataon and Dzscrzmznatzon of Response Units:
‘ the discrimination. and selelbtlon of. approprlate
esponse unlts. . .

2. Sequenc%ng the orqanlzatlon of the selected unlts
" into an effectlve sequence or order

3.  Phasing: the temporal structurlng of the unlts in
the sequence. Co : «

‘-4,:_Gradatzon. the grading of the units and . the response
“as a whole in terms of phy51cal effort

.

5. sztng the tlmlng of the whole response to an\' .
external event or object. C

6. Response SeZectton the selectlon of alternate
possrble responses. A S

Q@

° 7. 'Mbtor Control: COgnltlve structure controlllng the

actual actlons B ~
‘ (Glencross, 1979, p. 159)

| : . BN
The results from Experiment V and VI’suggest that when a subject

producés a learned movement sequence his concern early in

learning is 'to define‘and,stabilize the amplitude of the major funda-
mental of the response:waveform. This stage appears QQUiva%EBK to the
| - . A o

o
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. representation and discrimination of response units proposed by Glen-
cross. Considerable supportive evidence comes from tracking studies."

’Elklnd (1956) speculated that the subject attempts to generate a- 51nu—

_sordal response and then modulate it to reproduce the envelope of the

4 rnput. Along 51m11ar lines" of 1nqu1ry Magdaleno et al. (1970)
postulated a. "Succe551ve Peaks Hypothesrs" for tracklng varylng
'waveforms,v :
\“In tracklng a narrowband input, the pilot’ soon -
;recognlzes the basic sine wave character of the
o 51gnal, generates a 51ne wave output, and ’

attempts to aim.it at the next peak, based on
’hls observatlons of successxve earller peaks (p 407)

At the same time. as the first and second harmonlcs of the response
'are belng selected the phase relatlonshlps among these harmonlcs are

e_belng restructured and stablllzed The pha51ng of the amplltudes

concerned appears to be an’ 1ntegral part of. the organlzatlonal process
[

- The fact that,thls'process'of\phasing'is>occurring in.parallel with the
. \ T PROCRRS O } 19 occurring I aLiel wi

\u_selection processtmap’be additionalﬁevidence”inlsupport‘of'the“work ofed
‘lSummers (1975 1977l, who contends that the event structure and.tlmlnga'f
(pha51n§) structure of a sklll‘are not completely 1ndependent represene
tatlons. Therefore, relatlve tlmlng between submovements in a movement
seQuence may be'stored asvpart of thefprogram defining the~sequencing'-
xcompbnént. N : ceae : i
| Restructurlng of response units not only»refers to.the~seQuencin§ :
' and pha51ng of already selected unlts, but also to the establlshment
"of hlgher harmonlcs that are present w1th1n the responSe sequence. For -
vexample the fourth harmonlc was. only establlshed as a response

element durlng the final extended trial blocks of Experlment VI - 'This

occurred after the phase relatlonshlp between the fundamental harmonic
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and the second harmonic had been stabilized. It WOuld'appear therefore

L s

that the development of an accurate-movement respOnse"requires'a'1arge

iy
v
&

number of extended penlods of practlce, durlng which time movement detall-
N

is added to the generated pattern.f In the present experlments thlS

ca
detall was’ represented as hlgher harmonlcs of the complex response.

A further development in the formatlon of anbaccurate movement .

'patternvwas concerned"with.the oVerall timing_of the movement sequence
(perlod of the waveform) Glencross'made~the,distinctionhbetween
"tlmlng" and’ "pha51ng" Whereas tlmlng was related to the ad]ustment
of the whole response w1th respect to the env1ronment, pha51ng was

' concerned.w1th the temporal structurlng of the units in’ the movement
sequence. Therefore tlmlng can be 1ooked upon as.belng.an absolute o c5'«‘ l‘hkyg
property whlle pha51ng is relat1ve.,>The perlod of the waveform that | .

/.Sub]ects produced durlng Erperlment V was greater than that of the . el e ,E

. stimulus;_ At the same tlme the relatlonallpha51ng of events (harmonrcs) I

w1th1n the response sequence was. proport10na1 to the relatlonal pha51ng

of events w1th1n the crlterlon waveform. Observatlons of the response'

ecords from the 1nput blanklng study of V0551us (1965) would lead to i,

s

: sxmllar conclusxons.-f R jp-: - _"efv e ‘,f;j

The the51s outllned here has not been exhaustlve w1th respect to L
- : = P
'the“many ‘subprOCesseS‘involved in the Organlzatlon of movement A Q;{f,ffv‘ ¥

sequences, nor has 1t outllned any rlgorous transfer functlon that/

descrlbes the human operator 1nvolved in- a tracklng task.,/The lntent
. . \ /' :
" was to propose a method of analysxs, that would more fully descrlbe

some of the organizatlonal subprocesses that occur when a subject

. learns a movement sequence.
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_ Appendii A

Tracking Task

s : M
A tracklng task was chosen to serve as the vehlcle from Whlch

oontlnuous analysls“of3skllled performance can be obtained éhe pursult

.tracklng task has been recommended as a task for study in the laboratory

fby many authors Poulton (1957) has outllned three reasons for 1ts use

as’ an experlmental tool ; & . ‘ 4 '

$ . ) P . E‘, ‘ . ‘ B ' :
’ '(l)'The targetEmovement can be varied along psychological

‘dimensioné—gromlsimple'and_repetitive to more“complex and irregular.
(2) The:frequency and amplitude of:the‘stimulus courseiCan e
be varied. = | | |
(3) Both 1nput and output can be recorded 51multaneously

: In hlS v1ew of tracklng behavrour, Adams (1961) also addresses the 3

Ly
e

advantages of tracklng tasks.
: , vTracklng studles‘typlcally use more elaborate apparatus
”éﬁ o ;--ﬂthlCh allows for- controlled manlpulatlon of such . o
' varlables as the’ functlon of the lnput 51gnal, scale o
‘factors mathematlcal transformations of: the output
l_.s1gnal, characterlstlcs of. the control mechanlsms,-"
. 'etc._.;. . (p 55) SN T e

The cla551f1catlon of stlmulus s1gnals from tracklng studles has _f°'
A ‘:been 1llustrated by Fltts, Noble, Bahrlck and Brlggs (1959) 'Discrete FRRRR

%

"and contlnuous stlmulhs 51gnals aré\c1a351f1ed ln the follow1ng manner.

-/ : T -‘. ) ) ‘ ;
(l) Per;odlc. Slgnals that can be spec1f1ed exactly

R Y per10d1c1ty,fe-g~: s;nefwaves;5~f

e

(2) Aperlodlc. Slgnals that can be spec1f1ed exactly =

*T as a mathematmcal process and that do not

o

S exhlblt perlod1c1ty, e: g., constant velocxty course.

.i;?-"t lh o = e f»;-- ///////

as a mathematlcal process and that exhlblt ‘“'_ff-d'{_fb R
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B (3)'Random._‘signals having characteristics that can be’

specified as statiqnary statistical functions, e.g.,"

o

=electrical'noise.
. (4)AQﬁasirrandom;' Sighais thatheahhqt be ‘generated by g f
| r»eéatiehary_statistagal prOeesses;AeLg;; siéna;s"..
.Tgeneratee‘from‘arbitrarilypehesen'eam:cohnters;,
withinﬁthese'elassifiEations»it_is>pbssihle'to utilire.stimulusi

. cemplexity,ana freqdeney characteristics to;prediet theldiffi¢ultY'aﬁa o
‘isimiiarity«ef‘a'serialiy brgahized trackihértaSk.h %hésé°ch5faétéfisti¢sj
‘enable the experlmenter to specxfy the degree of coherehcy+ the subject v
. ) } . . CoRee
o 1s exposed'to durlng’contlnuOus-tracklng behaV1our. Furthermore the :

i
.

';'operators dec1sxon to make- a serles of rapld almlng movements 1nvolvesv?
:'l,pred;ctloh.f Thls predrctlpe behatlour, that lswpart‘of a s1hplevlearn—‘?
“ppihg*preeess kPoulton, 1952), allows the’ researcher the opportunlty to, o
xf 1hvestlgate the underlylng precesses 1nvolved 1n the acqu;srtlon of a »1',_"

»motor-task;

From the research that has been rev1ewed, 1t would appear that

v’vlftracklng would be a'useful task w1th whlch to- 1nvest1gate the acqulsl-h_f, o
'Ttlon and subsequent retentlon of a motor task | ?/*”vf f;i‘ : ;{_aﬂpi E
,\' .“ ) ‘ -

+Coherency is deflned as the abstractlgd of patterns 1n predlctable
functlons. Lo R . : :
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Appendix B
- Intra-individual variability

The total variability in motor.performance within a group of
" individuals: can be fractiénated into individual differences (true score
\ . ) ‘v - . G '
variance), variability within the individual from trial to trial
(intra-individual variance ); and instrumental and observational errors
(exror variance).+ In an extensive review of response variability;
*Eiske and Rice (lggﬁfcdefine three types of intra=-individual variability.
Pure intrarindividual yariability (type I) is defined as
... the difference between two responses of an
individual at two points in time under the follow-
ing conditions: (a) the 1nd1v1dual is exposed each
time to the same stimulug or to objectively indis-
tinguishable stimuli; (b) the total situation in
: which the responses are made is the same on both
‘ occasions (p. 217).
The assumptions of the first type of intra-individual‘variability
| - - ¢
are that (1) the order of the responses is not stated, (2) the responses
show no trend ever time (e.g., fatigue, learnind, etc.), and (3) this
response variability is not random. Type II or réactive variability
has one additional“limitation to that of Type I. 'That is, responses.
show some pattern or-order, and'are ﬁot just a monotonic function of
- time. Flnally, Type III differs from pure 1ntra-1nd1v1dual varlablllty
in- that dlfferent stimuli are presented on the two occasions. The
adaptabillty of the subJect to respond to changlng stlmull is of impor-
tance. The above definitlons, while prbv1d1ng a guldlng framework are

' not intended’as mutually,exclusive categories. Modlflcat}pns to, or

?

v 1

¥

TThe majorlty of the research carried out under Franklin Henr} at
Berkeley was ‘concerned with the recognition of this fractxonatlon
(Henry, 1959 Marteniuk 1969; Welch and Henry, 1971) , |
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Do

part comblnatlons of , different types are possible. ‘When the eXperi-

mental concern is that of learnlng over repeated trials, a comblnatlon :

of Type I and Type_II is needed to operathnally define the intra-

. individual variability being used.
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Apoendix c

Superdiagonal Form of Correlation Matrices
Certain correlations among trials of practice almost always form
themselves into a "superdiagonal form".

The correlatlons are largest in the superdiagonal,

between. nelghborlng trials, and decrease going up ’

; ‘the columns or across the rows to the right with
smallest correlations in the upper-rlght-hand
corner of the matrix LJones, 1970; p. 353).

This finding has been eonfitmed by many authors, notably, Adams (1953),.
Fleishman (1953), Jones ‘(1962) and Reynolds (1952).
This supefdiagonal’form is an o;dinal regularity,ahd takes the form
of ineéualities.. ‘ o
RV
and - .. SRR o S S
> ' N

.where practlce trlals i, ] and k are completed in- alphabetlc order.
Although thls does not spec1fy an exact rule, correlatlons among trlals.

of practlce have been shown to follow an exact regularlty, namely the

(1<J<k<l)

' Stngle—tetraé rule.’ Thls rule requlres that Yik. Jl = Yll y

Superdlagonal form and the single tetrad rule are general 1n ‘
matrlces_of 1nte;t;ia1 correlatlone. However durlng certaln tasks the
superdiagénal Patternlis present:ear1Y'in<?récfice’aod'then'iater-ina
praotioeAthe remote‘correlations approach:zero; Using a simplebmototf
"task as an example"(micrometer adjuetment) Jones.(19f0) relates this
‘wastlng away -of the superd1agnoal form to the fact that all subjects |
terminate at close to the same level of proflclency, and that thls |
terminal_efficiency asymptotes before the‘end of the practice triaisi_
Early in:ptaotice; thefe are reliable,differenees between eubjects: w

— . o . . . a
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these differences structure the superdiagonal form. This form gets

o

progressrvely weaker as the subjects approach nearer and nearer perfec-

<tion on the task. ThlS process is termed as pure rule);;ocess. It

- -

*reflects dlfferences in the routes dlfferent subjects go about mastering
"the task in dlfferent ways " The rate pr0cess can be deflned separately
from the terminal process. The terminal. process belng the method by
cwhlch subjects stablllze at dlfferent termlnal levels._ Both rate'and-

terminal‘pr0cesses are the ba51s of Jones' "Two Process Theory of
Ind1v1dual leferences 1n Motor ‘Learning"
'Intertrlal correlatlons should be understood in f‘
terms of a terminal process defined by levels
of prof1c1ency after indefinite amounts of
practice in the routes by which different :
subjects arrlve at their- termlnal posrtlons (p 356)

Examlnlng the total correlatlon matrlx of practlce trlals, 1t is |
suggested that the termlnal process contrlbutes less to the correlatlons
“early on in. practlce whlle the rate process predomlnates Therefore ;“'
early in practlce the correlatlons ‘should 1ncrease along YOwWS to the

left. These dlfferences from one column to the next are great‘aue to
~greater 1nd1v1dual dlfferences._ However later in practlce the rate -

- &

vprocess loses: ltS effect whlle the“termlnal process increases 1n

_strength The dlfferentlal steps from one trlal to the next are now

Y‘

'quite small. and may be 1ncreas1ng to the. rlght along the rows.

Jones concludes hls descrlptlon of his- learnlng theory by stating
. ,

the following.

N

leferentlal processes are an lntegral part of
learning. They take place in the same people,
. _on’ the same task, at the same time. And any
‘experimental study ‘which 1gnores them is
° lncomplete {Jones, 1970 P 360)
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TRI

for Subject 1 _(D.S_._.),vdtiring Blocks 1, 5.and 10.

2

4

5

0

148

.6.

7

Block 10

1

.92

295

.90

.79

.88

.95

.81

’.84“7 L
: 5.81'_'-
.85

.87

.90

.94
- o4

.95,

———

6

7
.69
.'7'5,.
ey

.83

L91

92

C96

.85

.91
Lol

.75



Table D2 (Expt IV)

W1th1n Block Correlatlons of Movement Veloc1t1es

for Subject 2 (B G. ) during Blocks 1, 5 and IO

2,

3 L ‘4

5 ‘

" 149,

BZOck

.k5

g

we'to

10

.73 - .64

L7870

L7676

92 .93

.92 .95

.66

90

91
.98,
.90

.95

C .71

.71

.68

.70

. .64

7L
93
' -,~ ._90 .
92 o

.94

.73

.65

.36

.34

.73

.89

.95

34

94

.89

3;907/
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‘Table ‘D3 (Expt. IV) - o
Within Block‘Corpeiations of Movement Velocities -

for Subject 3 (T}W.),during Blocks 1, 5 and 10.

-

Trial 1 2 3 .4 5 6 7
"Block 1- - ' ' ’ ' ‘ '
1. ——= .79 56 . .71t .13 45 T2

2 e ea 79 .90 .63 .89

s R & SRR -7

O N | e 83

4 e ee 87 B2

4 -0 4 93 .93 s .95 .97 . .95
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' 'Table D4 (Expt.. IV)
Within Block Corfélqpions of'Moveﬁent‘Velocities ,ﬁ

L ﬁforisﬁbjéth4’YI.H.) during Blocks 1, SVand 10.

Trial ' . 2 . 3

| 5 6 7
Block 1 '

&

4
i3

1 o= .76 .82, . .87 .6l .90 .70

2 e e 77 .80 .67 .80

: = .71

.88 92 83 .83 .93 .92

LS
1 . - 89 .89 94 .89 .89 .89

2 e e a2 96 96 92 - .95



Tdble D5 (Expt. IV)

-

Within‘quck’Corrglations of Movement Veloc¢ities

for subject 5 (J.S.) during Blocks 1, 5 and 10.

5

152“

rrial . 1 - 2 3 4

'.rvBlock

1

Ce—- B3 o1

10

- .50
.39

72

.91
.84
.92

87

.95 T
93

.92

.95

.91

.76

.85
.93

.88

- .95
.93

.93

.98

.75

.85

.87

.90

.58

.89

C.72

.90

730

.89

.90

.92

.96

.96

95

5



" APPENDIX E

153



&
&

: 154 -
‘ '-'Tablb.evEl »(Ev‘xpt, riv). :

Mean, Standard Deviation a..ndi Correl&tiqn Matrix

R fof the RMSEt of. each Block of Trialé. ' |

" Subject 1 (D.S.)

O e | o 'ElQEE.A Mean SD
5j" Sl - v;. ag 3
L | .}rv S Y e o
(o] - - &2 . 37
4w m
- 6_ 4 ﬁ‘ 24
7 f_ | ‘37‘ g 12.
A R SRR R R A
B R T NP S S

2100 37 22

REneTR A




. Table E2 (Expt. IV)
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Mean, Standard Deviation and Correlation Matrix

for the RMSEt of each Block of Trials.
Subject 2 (B.G.)

Block . ' Mean

~. 1 - 98
E - . 55

. 5 , | ‘.:54_.

4 g

R

7 B 53
gl "4'4_ l

‘fv-lb o . }'45:,

36

26

38°

26

2‘2‘..

31

35,

300

27"

“10°

e 76 sa L

75

35
3fﬂ;58_.i

-28

.66 -

: 48 |
8‘4-‘:'.‘
| 88
8

.93

- -

T
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Table E3 (Expt. IV)
Mean, Standard Devliavtior,x.'axida 'C'orrglation Matrix"_

. - for the RMSEt of each Block of Trials.

v

Subject 3 (T.W.)

—

o

Block = ‘Mean . - SD

. 1 "'

2

S0

82

.54

-
»-"45
&,

32

3

33

.39

S

18

26

24

G 14

1 "

: 17

100

] . ——— o T

.58

.63

BT

72

.63

. ‘} '74 - vn.A v

.58
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Table E4 (Expt..IV)
. ¢ :

Mean, Standard Deviation and Correlation Matrix

for the RMSEt of each Block of Trials.

Subject 4 (I.H.)
’Block
1

2

e

I

" Mean

67
49
37
43
31
36

36

34

35

234

\

. \\ '

24

2;1‘ o

27

15

e

11

19

20

22

R

10

;10

.

»

[
9
L
v -
:
-

«!

.49

.46

.61

.48

.63

.90 .

.89

.87

.65 .-

.70

74

.81

.89

90

<57

.83

.84

.84

.89:

.90

.68

67

73
R

82
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© Mean, Standard Deviation and Correlation Matrix

9

[y

Table E5 (Expt. IV)

for thevRMsEt of each Block of Trials..

Subject 5 (J.S.)

Block

1

Mean

75- .

64
64
a7
43
4
a1
41

8

36

24

22 .
© 22

24

26

21

23

20
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10

10

.79

.82

.43

.82

.46

.82

.93

.50
.83
.92

.92

.76

.80

.45

.82
.38
.76

.91

75

.71



