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Living, moving, and behaving are almost synonymous terms Thus the
study of motor and perceptual motor skilt learming 15 10 a very real sense
the study of a large segment of the field of psychology However, there

are two reasons why skill learning 1s got an especially appropriate or useful
subclass of learnmng situation Furst, the theoretical framework within
bemng viewed by most students of this

which skilled performance 1s nOW
tween verbal and motor processcs,

topic 1s such that sharp distinchions be
or between cognitive and motor Processes Serve no useful purpose Second,
since the processes which underlie shilled perceptual motor performance

are very similar to those which underlie language behavior as well as
those which are mvolved m problem solving, and concept formation, we
should expect to find that the Jaws of learning are also simular, and that
no advantage would result from treating motor and verbal learning as
separate topics 1 realze, of course, that the distinction between verbal

and motor processes 1§ often a convenient onc for pracucal purposes, and
ries of learning For this

that the distinction has been common 1 theo
reason the first part of the present chapter 1s devoted to a gencral dis-
cusston of present theornes regarding the nature of skilled performance
and to an effort to establish the close relationshup between verbal and
motor processes

Interest 1n skill learmng has
rather high around the turn of th

fluctuated widely over the years, being
¢ century and agam at mid century, bul

remaining low from about 1910 to 1940 The most recent resurgence O
intercst m the topic of shill has resulted chiefly from influences outside
of psychology I refer to the development of complex mechamsms for usc
1n control, communication, and computing operations and to the parallel
development of theory and mathematical models relating to such processes
These models have proven to be yery fruitful i sumulating pS)chologzcal
research, and in providing an intcgrative framework within which the
simlanties between different aspects of bchavior, and yanous lecarming
esearch supported by the U § Aur Fored, Offi.e
t No AF 49 (638)-H9
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pparent The heunisuc importance of these models

r devoting the first part of this paper to a con-
cations for learning theory

situations become more a
15 further justification fo
sideration of therr 1mpl

DEFINITIONS AND TAxonOMY
Definitions

I realize that m

y view of the area encompassed by the term perceptual
motor skill may differ from the views of many students of human leamn-
Ing So a few pages devoted to s

pecification of some defining operations

and to the development of background information are warranted
First of all, I 1ntend to emphasize the term skill, rather than the terms
perceptual or motor By a skilled Iesponse I shall mean one mn which

nt of the specific receptor or effector
elements imtially mvolved

One of the clearest €Xpositions of th

€ view of skill to which most
fecent worlers 1n the ficld subscnbe w
in s Hixon Sy

as provided by Lashley (1951)
Wposium lecture on “The Proplem of Senal Order m

Behavior,” where he dealt with the *

action’

rderly arrangement of thought and
’ Advocaung the commonality

of different forms of leamng and
learned behavior ke argued (1951, p 113) that

Certanly languape presents
that are charg

of the problem of temporal integration,
o as the ‘syntq

X of action,” he argued that “not only
invol

v¢ the same problems of senal
7 to the tempora) coordmation of muscular contractions
1a such g movement as reaching angd

grasping™ (1951, p 123)
Spanal temporal patterning, the I0terplay of receptor-effector feedback
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processes, and such characteristics as timing, anticipation, and the graded
response are thus seen as mdentifying characteristics of shill Examples
of such behavior may be found on every hand Some forms of skilled
behavior mvolve gross bodily activities, such as walking, running, jump-
ing, dancing, swimnoung, and balancing Other forms of skilled behavior
mvolve segments of the total response mechamism, as in reaching, grasp-
ing, and manmipulating A great many skilled activities m the life of typical
human beings today involve the manipulation of tools and objects or the
control of machines, as 1s the case 1 wnting typiog, playing a mustcal
struments, sewwmg, dnving a car, piloting an arrcraft, playwng tennis,
throwing a ball, dong assembly work, or operating a rotary pursuit
apparatus 1 a psychological laboratory

The use of language, under this definition, clearly 1s a form of highly
skilled behavior However, mn the mterest of restncting the present topic
to manageable proportions, language Jearning will not be considered as a
primary problem, except msofar as it 1S necessary to redefine the topic
of perceptual motor skill so that its relation to verbal, ideational, problem-
solving, and information storage (memory) processes and to conditioning,

parred associate learning, etc, I8 clanfied

Taxonomy

Elements of skilled performance
terming of a behavior process 1mme
the researcher, with the question of

to be analyzed I assume that some form
of screntific study Much of the present paper either deals directly with

this question of the basis for analysis of behavior sequences or discusses
data from expeniments that appear to have handled the 1ssu¢ 1 3 satis-

factory manner
Histoncally Robert S Woodworth ( 1899) 1s clearly the psychologist
whose views on this question have had the most lasung influence on con-
temporary thnking, although Fullerton and Cattell (1892), Craik (1948),
Stetson (1905), Bartlett (1958), and Montpellier (1937), among others,
have made important contributions

In his Iaterpl(;ook on the Dynamics of Behavior, Woodworth (1958),
extended s earlier (1899) view that the intcgration of bchavior 1t thg
time domam can be understood tn {erms of *two-phasc m?tor paits,
which usually occur 1 sequences Of “polyphase molor umts unchr ?iw
integrating influence of “preset” and “retroflex,” the Jatter being Troland s

(1928) term for feedback e the
There 15 general agreement that the two-phase motorf unu?l a the
building blochs out of which arc fashioned spaunlty and temporally o1

—FEmphasis on orgamzation and pat-
diately confronts the theonsts, and
how the processes under study are
of analysis 18 @ neccssary part
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jumping may be cited as a typ:ca}ilfx)-
ample of a umfied sequence consisting of a preparatory act (le;:r egx -
followed immediately by the act itself Hitting a golf ball 1s anot f o
ample, here the backswing 1s the first part of the two phase um o
total time interval consumed by such a behavior umt 1s usually s n:
often about half a second Polyphase motor unts, 1n simplest form, co

sist of sequences of two phase umits Walking and rotary pursuit perform

ance are good examples Although these ideas are found m Woodworth's

1958 bool, they are also clearly present in his 1899 paper on the accura(z
of voluntary movement In the earlier paper, for example, he madt’;i t;d
phicit the 1dea, subsequently accepted by almost all workers m the ecc’
that the pattern for 2 typical two-phase motor Iesponse 1s set up mn admnb

of 1ts mitiation, and may be uninfluenced durning 1ts execution either {
sensory feedback, or by new independent sensory mputs He also con

cluded that 1n very rapid polyphasic IEsponses, such as tapping successive

targets, more than one two-phase response may be pre formed and
emitted as a umt In passm

& and as preparation for later reference 11;0
the analogy between skill learmng and the development of a specthc
& System, 1t 1s interesting to note that the

1zed motor sequences The act of

With the two-phase movement ag 3

taxonomie distinctions can now be made Although we are concerped
specifically with perceptual motor sklls, many of the task distinctions are
cqually valid for other types of tasks

Task contintuty —Qne
a task 1s 1ts spatial and ¢
back may each vary ind

taring point, several additional

of the most lmportant general charactenstics of
cmporal continuity Since mnput, output, and feed

ependently with regard to continuity, many com
binations are possible The magnitude of temporal or spatial discontinu
lies may also be tmportant Thus if disconyp

ulties are so small as not to
be dzscnmmablc, then 1n effect the task 15 contmuous Conversely, if con
Unuous tasks contarn marked penod

odicities, thep they may become discrete
from the 55 viewpoint.

tal temporal patterning of be-
¢ of an adequate taxonomy for
asks The general term coherence
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toﬂih];f‘:il}l Iszddio identify this task dimension, and tasks will be considered
e ndions O%rec }(:f coherence The two most commonly used quantita-
degree of aut co ;:rence mclude degree of relanve redundancy, and
100% COhereo;:orre ation As an 1illustration, the rotary pursmt task 1s
time sense) 0:11 0; redundant (if one assumes a perfect time clock or
language. beha ce frequency, phase, and amphtude are specified Normal
Tracking and Lr‘:flor ss variously estmated at arount 50% redundant
over vnge o ordmatlon-handhng tasks can be made to vary m coherence
penmenter I: I;s, epending on the choice of wmput sequence by the ex-
" com 1eté]a ough 1t 1s seldom 1if ever possible 1 practice to produce
freQUcIE)c ) yI m}iOherem continuous signal (ome which 1s unlimited 1
arons of){ ¢ should be noted 1 passing that there 15 2 trend 1n many
of earmng research to substitute the concept of coherence for that
meaningfulness Thus word association norms, and measures of the

Z‘reé‘{gg of population stereotypes in perceptual motor tasks can be viewed
s defining the degree of coherence OI stereotypy 1 the behaviors which
coherence

Ss bring to our expenments It 15 as mmportant to specify the
of response sequences as of stumulus patterns

Complexity —Related to coherence, but capable of independent defini-
tion and manipulation, 1s the complexity of a task In simplest terms,
complexity refers to the number of different stimull, Tesponses or trams-
formation operations that are possnble Gn a staustical or probab:hsu(:
sense) or that are actually contamed 1n some block of space or ume (n

a determunstic sense) Thus, the English alphabet 18 Iess conplex than the
et of a digatal computer

Chmnese alphabet, and the 2 unit binary alphab
1s even less complex Sumlarly, the instrument panel of an automobile

1s less complex than that of an arrcraft

A sequence of biary symbols or @ sequency of alpha numenc symbols
may be either hughly coherent or incoherent The temporal mntervals be-
tween sigmficant events (or the component frequencics of a continuous
signal) as well as the events {hemselves, may be coherent of mncoherent,

and the events may be closely of widely spaced 1 ume

Although there are mportant tash. dimensions 1 addion to continu-
y, these three are sufficient to specify many

ity, coherence, and complexit

of the most important gencral characteristics of pcrccptunl motor tashs
It should be re emphasized however, that the defining opcrauons for cach
of these dimenstons are applicable to any sequence of stimull or FESpONses

THEORETICAL MODELS
a4 detatled framework for the

r, to present
possible to discuss adequately

It 1s not possible, 1 this pape
lar, it 1s not

study of shill learning In particu
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the three types of models which are stimulating much
work t?us area Nevertheless, a bnef reference to each 1s necessary

I shall assume some preluminary acquaintance with the models, and re-

strict my remarks to an emphass on a few general concepts denved ﬁo:;
cach, especially those regarding control and communication process
which are most relevant for learning theory

Communication Models

of the contemporary

Rather than viewing perceptual motor behavior as a senies of motor

résponses made to reach some goal, 1t 1s possible, and I believe consider
ably more profitable,

lo view such behavior as an information processing
actwity guided by some general plan or program Information and com
munication concepts

aré now being applied to many kinds of processes
and can easily be extended to models of skilled performance Information

sasures are useful i quantifying the processes mvolved 1m skills, but 10

themselves do not supgest any theory about human behavior or indicate
the nature of the models that 1

PPly to human skils Analysis of the opera
uon of an nformation flow or data processing system, however, has
suggested several concepts that are beginning to exert a strong nfluence
on psychologrcal theory

¢ concept of information processin
Thus skilled perceptual moto

& 1S one such general concept
Operations such as nformaty

¢ performance can be viewed as involving
On translation, information transmission, 1
formation reduction, mforma

ton collation, and 1n some cases the geoera
tion of information (or of noise) Information storage 1s also nvolved,
of course

ponse codes

mformation codes may employ
However, most of the uses made
casures and communica

nzes informaton
Emphasis op information Processing and coding 1s one reason why the
dichotomy between

verbal and motoy processes, such as between verbal
and motor lcarmng does not appear to be as 1
tobe Man uses 5
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Control System Models

The feedback control system or servomechanism came mto widespread
use during World War II, although regulators and stmular devices had
been known long before At about the same tume, work on ski! learming
received a strong mmpetus as a result of mulitary mterest i selecting and
traming aircraft pilots, gunners, and operators of other complex machines
It 1s more than a comncidence that the pilots job 1 many respects, cor-
responds to that of an autopilot, and that the variables which are con-
sidered by the design engineer in perfecting an automatic control system
are analogous i many respects to the task variables which affect the
learming of a pilot Several very general concepts of significance for
psychological theory have been borrowed from control systems, of which
the autopilot 1s one specific example F V Taylor (1957} called such
very general models metaconcepts, referring to thetr usefulness in bridging
the interface between physical and psychological science They should
be equally useful mn revealing commonahties 1n the field of human
learmng

The most generally used con
As noted previously, the 1dea of
flex and backlash) 1s an old one i psy

ment 1n learning theory also emphasizes a
of the feedback concept in a precise sense 1s relatively recent In parncular,

the precise specification of the nature of the fecdback function and a dis-
tinction between input, feedback, and disturbance or noise 1s necessary
before feedback theory can be made quantitative In this connection, It
1S 1mportant to remember that an mportant class of control system proc-
esses are those performed by regulators, 1m which the nput 15 3 fixed
reference quantity, rather than 2a veniable The maintenance of crect
posture 1s such a regulatory process Here, all of the sumulation (0 which
a person 1s responding 1s either feedback or somc form of disturbance
Drving a car on a straight road 1s also a regulatory process: the ncarest
we can come to identifying the mputs to a drnver 1 such a sifuations 1s
to specify the rules or Instructions he has been given, plus the mfcrences
we make as to his goals or purposes Otherwise, he responds entircly to
feedback which tells m about his previous errors

Another uscful control system concept 15 that of a mathematical rep-
resentation of the relation of output to input, called a transfer function
Given such a mathematical specification of the dynamics of a system, con-

trol theory can be applied by the engnect 1
or to modify the S)I;It’cm so as to optiuzc some desired property Most

O
problems 1 control system optipuzauon .enter around question

trol system concept 1S that of feedback
feedback (called by such names as retro
chology The concept of reinforce-
form of feedback But the use
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to modify the system transfer function drectly, if this 1s possible, or if not,

how to adjust {eedback so as to optimize system performance With respect
to feedback 1t should be Lept 1n mind also that many different fuﬂCﬂogS
of the output may be fed back for companson with the mput Thus fee f
back may consist of mtegrals or dervations of the output, or samples 0
these or other output values As a corollary 1t appears that the human
operator of a dynamic system must also learn the nature of the system
dynamics and discover what behavior on his part will optimize system
output This 1s true regardless of whether the task 15 a very simple one like

throwing a rock or a complex one like controlling an awrcraft Thus a
rock has mass,

the air offers resistance to 1ts flight, and the rock-thrower
must adapt to these sumple ballisuc characteristies An arrcraft, of course,
has much more complex charactenstics, not the least of which 1s that 1ts

responses to control inputs vary as a function of altitude, auspeed, weight
of fuel aboard, and many other variables

As 15 the case with an mformation system, a control system may be
contnuous or discrete However,

the continuous system has recerved
greatest emphasis Thus, the two models we have discussed are sometimes
referred to as digital and analog systerns, respectively Of the two, the
information system 15 probably the more general model, smce any control
tasi{ may also be viewed as 3 Special case of an information-processing
tas

Adaptive System Models

the two pfeced'
e, they do not
Istics as a function of expenence This Lhimutation

intelligence, growing
gators 1s studying the
be made to m

the adaptive system concept
¥ 3ppear soon (sce Gibson, 1960)

Miller, Galanter, & Pnibram,
ower-order ones on the basts
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adaptive system are three specific kinds of processes (a) one that insures
variabihty 1n input or system parameters, (b) one that provides a cntenon
measure, and (c) one that results in the system changing or maintaning
1ts program or parameters so that over tme it will tend to achieve a per-
formance level which 1s closer to the optimal One of the stmplest such
mechanisms 1s one that constantly searches for an opumum, but has a
short memory so that 1t makes no use of previous search procedures and
attacks each new problem 1n the same way The stored program com-
P u;etl}'ldoes not have this limitation Newell, Shaw, and Simon have poxntcd
ou at

The real importance of the digital computer for the theory of hugher mental
processes lies not merely 1 allowmng us to realize such processes ‘i the
metal” and outside the brain, but 1n providing us with a much profounder

idea than we have hitherto bad of the characterstics a mechamsm must

possess 1f 1t 1s to carry oul complex information processing tasks’ (1958, p
163)

The same wnters also assert that many of “the vaguenesses that have
plagued the theory of higher mental processes and other parts of psy-
chology disappear when the phenomena aré described as programs"
(1958, p 166) The concept of behavior orgamzation 1n skilled activitics
also becomes much clearer and more operational when defined n such

terms

Adaptive processes may be continuous or discrete More commonly,
lower-order processes may be continuous, while higher-order processes
are discrete, 1e, effect discrete chapges 11 Jower-order ones usually over

a relatively long time cycle As an Jlustration, it was found 18 connection
with early efforts to apply Linear, static-model feedbach theory (0 human
f time and for Iimited tash

tracking performance that over short pertods © s
conditions human tracking behavior may be descnibed adequately by
fer function but that over

means of a fixed linear model of simple trans iy
longer peniods of tume tracking behavior 18 hkely to exhubit discontinuiics

and be highly nonlnear
For the s{udent of learning, the most promisiog model of an adaptive

process 1s that prowded by the stored-program data processing system

COIme
The subroutines of such a program may pe modificd, so as 10 be

* ” am, which calls up
more efficient, or the higher level “execuin® program,
: ; roved Howeilh the program atself

the various subroutines, may be 10P

at a
1s quite independent of the particular data on “h:ic?f i n‘:ic;;:gumm'
given ume Such programs can be wntten for many ¢ ilr,cc rocessing of
uon, control, and data processing tashs, varyiig from P

sensor nputs, to traching and playing chess
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4 Composite Model

In summary, if one views perceptual motor skill as a composite of
communication, control, and data-processing activities, then the perceptual-
motor tasks that we ask Ss to leamn can be specified by reference to the
abstract properties of sequences of events or signals (such as thetr conti-

nuity, coherence, and complexity), to the dynamuics of the system (as

specified by 1ts transfer function), to the nature of feedback functions,
and to the subroutines and executive programs of an abstract data process-
ing system Within such a general fr

amework 1t 1s also possible to employ
several additional important concepts such as information coding and 1mn-
formation transformation and processing, and, more important, to develop
specific models of adaptive control and information handling processes

It remains to demonstrate how thys general framework will aid us 1 un-
derstanding the nature of skill

Ieammg, and how general the frame-
work 1s

The first theoretica] 15sue to be considered within this frameworh will
be the one touched upon earlier, when the questton was raised, What 1s
ement of skilled performance? The fundamental 1ssue
1s the switability of a discrete ag contrasted with a continuous model of
shilled performance

THE Commmn-Dmcowrmmw ISSUE IN SKILL LEARNING

¢ \SSue 15 an important one because kind of
model that 15 appropnate, and the k; the answer dictates the
that are most 5

performance
¢ In short, are two theories of skill lecarn-

» One for conunuoys and one for discrete
discrete model suffice for both types of tasks? The

sources of ey
¢vidence on thys 55y are diverse, and none of the data arc
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glf:tlly conclusive We shall therefore review several lines of evidence
y

Evidence on Continuity-Discontinuity

Limuted capacity for discrinunation, perceplion, and short-term memory
—1It 1s clear that most perceptual-motor tasks require discrimmation
(usually on an absolute basis), classification, and other perceptual proc-
esses, as well as short-term memory and response differentiation These
processes are usually cared out under a certain amount of time stress
Very sigmficant, from a theoretical view, 15 the close agreement among
estimates of the absolute capactties of individuals 1 accomplishing these
different functions (see Mller, 1956, and Newman, 1959, for example)
Capacity for absolute judgment of stimulus magmitudes, span of percep-
tion, short-term memory, capacity for the discimination of proprioceplive
feedback, and capacity for the reproduction of quick movenents all seem
to be very closely matched when viewed as nformaton and control
processes

Now this m itself 1s not conclusive evidence 1n favor either of the
discrete or the continuous type of model However, 1t 1S entirely con-
s‘lstent with the concept of a system that handles information 11 discrete
“chunks,” that employs numerous steps which are accomplished 1 SETIES,

and that consists of matched components

Intrinsic periodicities in response patterns —One of the first wnters
to raise the continuty 1ssue 11 relation to perceplual-motor skill was Craik
(1948) who observed highly consistent discontinuties 11 graphic records
taken n continuous tracking tasks He concluded that Ss who track a
constantly moving target often show irregulanties 10 their responses which
recur once or twice a second Such uregnlantics are much more marhed
early 1n learning than later, as shown 10 Fig 1, whichs reproduced {rom
Fitts, Bahrick, Noble, and Briggs (1n press) Unfortunately, several fypes
of artifacts anse 1 connection with the use of such graphic records First,
direct visual analysis of graphic records 1s highly unrehable, so that 1t 1s
necessary to use autocorrelation of frequency analysis Sccond, the pres-
ence of periodicitics mn the §'s error record which are of thc same frc‘;
quency as the input tends to obscure any pertodicitics ntroduced by

himself Such effects are cleatly shown 1n th rejation records

¢ error autocor
nF L, 1957). As prac
1g 2 (from Fitts, Bennett, & Bahnc ) d he ceror record,

less and less of the target periodicity €ome
bu troduced b S also become lcss con-
t any additional peniodicities 1o o y tocorrelation records

spicious A few efforts have been made o obtain au
of error carly mn tracking tashs having zero Of constant velocity 1nputs

(thus avording the nput frequency arnfact), but this approach has not

tice 18 continucd,
s through m t
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been sufficiently exploited to provide us with conclusive answe;:l ?n

present, therefore, the data merely suggest that Ss may, at least early

o
a conlinuous tracking task, make intermittent corrections at a rate up t
about 2 per sec, but we cannot be sure of the effect

A
W
W
T,
AN

4 sec y
Fi6 1 Periodicities 1n motor (tracking) responses to a slow (one cycle per
sec ) sinusoidal target motion, Sy

mulus motion 1s shown mn A C and E are the 51';
Tesponses early and later 3 pracice, B and D are Corresponding error records, €ar
and later 1n practice Note that the

irregulanties introduced by the § appear to bave
a frcqucncy oflto2 per sec

able to learn to make fairly smooth, continuous

task, we may again note evidence of pen
odnczty, such ag penodic adjustments 1n the amplitude or frequency of
Tesponding cvery several cycles Such evidence 15 apparent, for example,
in the “human frequency Iesponse’ data shown 1n Fig 3 (from Noble,
Fitts, & Warren, 1955), where S5 were tracking a smusoidal nput of
several cycles per second Woodworth (1899) observed sumilar peniodic
adjustments 1 §g* behavior 1n sepal dotung tasks, and concluded that
more than one biphasie movement may be pre selected and emutted as
a umt

Reaction ume ang the ps chological refractory period —QOne of the
most commonly studied charactensties of perceptual motor performance
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been sufficiently exploited to provide us with conclusive answers At
present, therefore, the data merely suggest that Ss may, at least early 1n
a continuous tracking task, make mtermttent corrections at a rate up 10
about 2 per sec, but we cannot be sure of the effect

et E
4 sec
Fio 1 Peniodicities in motor (tracking) responses to a slow (one cycle per 4
sec } sinusoidal target motion. Stimulus motion 1s shown 11 A C and E are the §7s

responses early and later 1n practice B and D are corresponding error records, early

and later 1n practice Note that the irregulant
to hase
a frequency of 110 2 per sec gulanties introduced by the S appear to

Subjects are certainly able to learn to make fairly smooth, continuous
movements, however These movement patterns may last for penods of
at least several seconds or several cycles of a polyphasic response and
can be carned out for a ume with the eyes closed and no apparent €X-
tcr}c:ccptne feedback If we examune graphic records of such highly
;::)mctrem responses carefully, however, especially as we push § to some
de n 2 visually controlled task, we may agan note evidence of pen-

1c1t1,;I such as penodic adjustments in the amphtude or frequency of
:;s;:}c;: ‘xgﬁ ;v.ex)f' several cycles Such evidence 1s apparent, for example,
i the bt an irequency response” data shown mn Fig 3 (from Noble,

. arren, 1935), where Ss were tracking a sinusordal input of
several cycles per second Woodworth (1899) observed similar penodic
adjustments mn Ss5' behavior 1n senal dotuing tasks, and concluded that
:‘1:;:‘ than one biphasic movement may be pre selected and emutted as

Reaction time and the psychological refracto e. —Onec of the
most commonly studied charactensfxcs of ;)crcc;guafl, ;z:f)r performance
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(3 T2 6 3
T {Seconds) J (Seconds}
Fia 2 Autocorrefation records of manual tracking error records at different stages

of practice, for a pursuit and a compensatory display (from Fitts, Bennett, & Bak-
rick, 1956)

1s human reaction tume m tasks where there 1s temposal or event uncer-
tamty It 1s very difficult to measure reaction (lag) time in a continuous
task But 1t 1s easy to present two discrete stumuli m rapid succession and
to observe the effects of the second stimulus on the reaction time to the

WAV,

Fy

2

F
Q

k4 SECH

t cycle/scc } wunu
FIc 3 Periodicities 1n motor (tracking) responses 1o a fast (
soidal target motion (F)} The motor response of the § 1s shown in G and error i

H Note the scalloping of the responses in G
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first, and the effect of the first S~R event on the reaction time to the

second stimulus At least 1t 15 easy in principle A substantial amount of
research has been done on this problem The results clearly indicate that
a preceding stimulus may delay the response to another stimulus which
follows 1t 1f the interval between the two 15 between about 01 to 0 3 sec
These results, however, have been interpreted both as an indication of the

valdity of the discrete model, and 1n terms of non-optimal set or ex-
pectancy

Hirsh and Shernck (1961) report that two stimuli must be separated
by at least 040 sec for their order of occurrence o be discrimmated
correctly 95% of the time Such data are congruent with the theory of

a psychological refractory penod, as advanced by Craik (1948), Hick
(1948, Welford (1952), and others This theory suggests that the time
for a single complete response cycle (discrimination of strmulus—response
—discrimination of feedback) may be the basis for one kind of human
intermittency

Information handling rate 1n continuous, serial and discrete tasks —
Another line of evidence beanng on the continuity 1ssue 15

rate of handling information 1n different types of tasks

the upper it of performance 1n speeded perceptual motor tasks have
been around 25 to 35 bts

per second for highly practiced Ss 1n activities
such as speaking reading, piano playing, and typing (Newman, 1959,
Pierce & Karlin 1957) Although the upper Iimit of mformation handhng
ratc varies markedly with several variables such as learming and coding
(Allursi, 1957), no one has as yet proposed that the difference between
discrete and senal tasks, per se, 15 an especially important vanable mn this
connection Speaking, silent reading, continuous tracking, and sernal key-
pressing for example, all give roughly similar estimates of peak perform-
ance capacity

A study by Brainard, Irby, Fitts, and Alluisi (1962) which used both
a senal task having a 2 sec delay between each response and the next
stimulus and a typrcal discrete reaction time task employmng a 2 sec
wamng signal and 10 sec between stmult provides a direct companson
of scrial and discrete performance The results (see Fig 4) indicate small
although fairly consistent differences i the two tasks Errors were shghtly
fewer for the discrete case, but response times were shightly shorter for
the senal case, so that when rate of informaton transmitted 1s used as
at ctll'ltznon. performance 15 very similar in each of the four S-R tasks
studie

Some years ago (Fitts 1954), 1 published some data on information
raic in controlling the ampl

itude of movement 1n continuous, cyclical tasks
Subjects Attempted 1o make alternate hits on two targets, as shown 1n

the comparative
Most estimates of
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Fig S, working as rapidly as they could This can be classified as 2
continuous task (although hits were recorded discretely) since the two
targets were continuously present and there were no enforced pauses OF
discontimuties Movement amplitude and required movement accuracy
were varted systemancally, and average time per movement cycle and
errors were recorded Recently, we (Fitts & Peterson, 11t prcss) have
completed a stmilar study using discrete responses 1 a typical 2 choce
reaction time expeniment The apparatus 1§ shown 1n Fig 6 Subjects were
sometimes required to Tut one target as soon as possible after a hight came

on (knowng 1n advance which light-target paif would be used), at other
gets as soon as one of two possi~

times they were told to it one of two tar
ble lights came on A 2-5¢C warning signal was used 1n both tasks, 1n the
red with a probability of 05

1-choice task, the one stimulus light apped tound
after the warmng Under these task condions, reaction time Was oun

to change very shghtly as a function of the relationship between MOVE-
ment amphtude and accuracy The latter results for the two stud1§s usn;g
contingous and discrete tashs arc shown 1 Fig 7 In both s.mf Ics 1t ¢
average tume taken to cxeccute 2 movement increased Iincarly as 2 um{:’ 1(:!1
of the amount of ynformation which the moyement Was require o
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generate  However, the continuous task was considerably less efficient,
1¢, comparable movements tooh considerably longer than they did 1n
the discrete tash A likely explanation for this difference 1s that imn the
continuous task, Ss had to insert a reaction time every few cycles of the
movement 1n order to evaluate feedback data and keep the process under
control This 1dea, of course, 1s consistent with earhier notions of Wood-
worth, Welford, and others regarding human intermittency Furthermore
time 1n contact with the targets was mcluded 1n the overall time for the

continuous task, but was not included in movement time for the discrete
case

Fto 5 Apparatus used 1n studies of the effect of movement amphtude (A) and

target width (required response accuracy W) on rate of responding 1n a continuous
task (after Fatts 1954)

(
= St mutus 1 ghts A
O o \ = [
K.of R | ghis

,r"T'“'qﬁ’ N F xat on pont

o

1
i
L “Home™ button Stylus

LTS

6 Apparatus used in studies of the effect of movement amplitude (A) and

target width (W) on reaction tme and m
ovement time 1n v
task (after Futts & Peterson, in press) time 1n a discrete two-alternative

J

Sh;'i]n;lgc the data on eyc fixations n reading and similar visual tasks
' u mentioned The motor system of the eyc 13 very cfficient but
maximum rate 1s about five saccadic fixation movements per second,
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the index of movement difficulty (ID) (a
curve (open circles) are comparable cycle
1954)
tasks, such as piloting an aircraft the rate
r sccond Visual mput under such ctrcum

stances 1s clearly discrete, and since estimates of ymmediate  memory
capacity are that the § can hold only the information obtained 1n one or 1WO
fixations, the eye seems to be well adapted to usc by a system which 15
operating discretely on onc or two cyc fixations worth of data per responsc

cycle

and 1n many pcrceptual motor
15 only about two fixations pe

Summary and Implications

Although the cvidence 15 quute diffuse a
with respect to the continuity discontinuity 1s5u€,

crete model 1s adequate for describmg behavior !
discrete tasks Viewmng skilled performance as 1 jnformation processing

task, but makmng usc of concepts borrowed from feedback and adaptine
system theory, a model for perceptual motor shall learning mught take the
following general form (for a morc complete discusston scc Titts 1962)

An adult or cven 2 child of a few years of age, never begins the ac
quisitton of a new form of skilled behavior ¢xcept from the background
of many alrcady cxisting highly developed, both general and specific

nd none of st 1s very conclusive
it does appear that a dis
n continuous as well 18 1m



Paul M Futs
260

shills Thus the mitial state of our model 1s not that of a randonfllc ltlllc;tw:;:::
but an already highly organized system possessing langua%le s ma;ntaln-
cepts, and many effiment subroutines such as those employe hmdentnﬁablc
ing posture, walhing and mampulating The number of 51(1;: 1ch having
highly developed shills 1n an adult 15 certainly 1n the hundreds, ea

ub-
its own executive program and hbrary of subroutines, many of the s
routines bemng shared with other shalls

Learning to swim prowides a typical example of a shill that 1;1.1;31(7;;‘3
agawst a complex background of already existing habits Thcl X ecutive
pothetical) step n such learning 15 the setting up of a {;ener?1 c§ s
program What usually happens 1n such a learning situation 1s that tnes
1o anstructions, observes demonstrations, and tries out diffcrent routs

which he already has available, until somehow or other he gets started at

the learning task Verbal mediation Plays an mmportant role n this early
stage

The actual sequence of behavior processes employed early in learning
vanes with the ty

pe of activity, of course, but might be somewhat as ff::;
lows The S observes or samples certain aspects of the environment, p
this information ;

1=
n short term storage after some recoding, makes a dccsc
ston such as selecting an appropriate subroutine which sets up a respon
pattern,

€xecutes a short behavior sequence such as a biphasic or poly-
phasic movement, samples the internal

and external fecdback from this
response plus additional stimulus information from the cnvnronmer:,
recodes and stores this new mformation (in the process losing some of t ;
information alread e), makes another decision whic
mught be to use a different subroutine,

the subroutines become longer, the ex
15 petfected, the stimulus

Y 1n short term storag

N perfected, frequent changes no Jonger
i1t However, subroutines m1y continue slowly to be-
nt, and the § to become increasingly able to carry on the
process whle engaged simultancously 1n other activitics,
Interference between the two
al verbal dzscniption of skilled learming probably sounds
'3T 10 anyone who hag read the older literature on this topic

come more efficie
entire behavior
with Little or no

Such a fener
quite famy
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Consider, for exampl
\ ple, the following brief quotation f
Harter (1899, p 373) on the learmng of teleg‘zapby fom Bryan an¢

A plat
thel:r nf::; r;lr:} :T} ecmivc meansbthat the lower order habits are approaching
velopment but are not yet sufficiently autom
at
the attention free to attack the higher order habts ! o fo femve

Ha(r)tl;i' Soit:lh; most important advances made 1n the years since Bryan and
or plan ( I;i of telegraphy 1s clanification of what 1s meant by a program
o see Miller, Galanter, & Pribram, 1960) governing a sequence of
5t ons The present wnter has been workimng for some time on a com-
gatf;r I})::gfam to simulate a hypothetlcal batter hitting a baseball, the
e ¢ ving available sensors for sampling the flight of the ball, a com-
Elore | or determiming azimuth and trajectory, a memory for baseball
time :w 31 probability computer and the like, but operating m real (human)
The dl an assumed cycle tume corresponding to 2 human baseball player
aut oes not appear to be an appropriate Ume to unmask this particular
utomaton, but my own conclusion 1s that if a digital computer can be
El‘ogrammed to play chess agamst a human opponent, then 1t can probably
¢ programmed to hut a baseball thrown by a good human pitcher, a skill
not to be dismussed lightly, since m many respects 1t 18 much more com

plex than that involved n playing chess
In the remainder of this paper, skill learming will be treated as if the
discrete model were the approprniate one I assume that my colleagues who
like to enumerate stimul: and responses, t0 refer to the number of discrete
reinforcements, and the like, will be pleased by this conclusion and will
find 1t acceptable if 1 now sometimes talk about such things as rate of
responding and frequency of remforcement 1n a continuous tracking task
chiefly to the study of

Specifically, after a decade of research devoted
skilled performance 1 continuous tasks, I have recently turned to the study

of wformation handling behavior 1 serial and discrete tashs, but I be-
lieve that I am studying essentially the same pasic perceptual motor skill

processes as before Fortunately, as mentioned earler, all of the task
taxonomy which I shall employ 15 equally applicable t0 continuous and to

discrete sequences of behavior
TIC OF SKILL LEARNING

cess even though the finc

molve discrete operations
rming Instead, we

PHASES CHARACTERIS

ily a continuous pro

rmance itselfl may 1

e distinct stages 1n shall Iea
factor structurc of shills, or i the

nd tactics, executive roulines and
0gresses The cvolving process 1s

Skill learning 1s prmar
gramn structure of the perfo
Thus 1t 1s musleadmg to assuf
should think of gradual shifts 1n the
nature of the processes (strategies 2
subroutines) employed, s jearmng Pf
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revealed by the orgamzation of behavior into larger and larger units, as
Bryan and Harter (1899) emphasized, and toward hierarchical organiza-

tion, as Miller, Galanter, and Pribram (1960) have recently emphasized
m their discussion of motor skills and habits

Changing Factor Structure of Skills

Recent correlational analyses of performance at different points 1n skill
learning reveal sigmificant changes m the relationships among abilities
both 1n different tasks and at different stages of practice in the same task
Correlations between the first trial and successively remote trials become
progressively lower, whereas correlations between the most recent adjacent
trials become progressively higher Also, the factor structures of complex
tasks change consistently with practice, indicating that ability requirements
are different at different stages of learning (Bilodeau & Bilodeau, 1961,

Fleishman & Hempel, 1954, 1955), as Bryan and Harter suggested long
ago

Phases in Shill Learning

Early phase —The earliest phase of skill learning m an adult may be
of very short duration 1n simple tasks, covering only the time required to

understand instructions, to complete a few prelummnary trials, and to estab
lish the proper cognitive set for the task

Skill learning processes durmng this phase are undoubtedly very simlar
to those involved i the early ph

ases of rote learming Underwood and
Schulzs (1960) discussion of the response learning stage of rote learn
ing applics equally well to skill learning, especially when the responses
are heterogencous and the total situation 1s new Response integration 1§
especially important when the new task requires the simultanecous use of
o previously differentiated sets of responses, or response subroutines
For example, response responsc compatib

ity effects are important deter
?rl E‘:;so;n(:;?mhy n the learning of complex tasks mvolvm% both hands
the play back ec{t, as when a typist first tries to use the foot pedal to govern
first tngs o o% a dictating machine when a beginning student of music
first ¢ produce different rhythms with the two hands, or when a novice

!nrm:s tzcoordmate breathing and arm strokes 1n swimmin

Un dc::x ’:;d ':ff p;;a:e —The intermedrate phase of skill learnming resembles
of mediation proces Up or associative stage of rote learming Two hinds
the formanonpof s Scsrappcar to be important at this tme One mediates
cucs The other m\?:lflc;cczssoclauons and learming to respond to specific
deferred briefly gniive set learmng discussion of which will be

A
0 unpublished experiment completed recently by Fitts and Switzer
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illustrates clearly the role of mediating assocrations I learming and also
shows the close relationship between perceptual-motor and verbal learmng
The task was to make a vocal response as so0n as possible after the ex-
posure of a picture Twelve pretures Were selected to represent objects
whose names were of highest frequency 1n the Thorndike-Lorge word hst,
with the restriction that each name begin with a different letter of the al-
phabet The pictures are shown 1n Fig 8 They were exposed by the open-
ing of a double-bladed mechanical shutter Vocal reaction time was de-
tected by use of a boom microphone and voice key and measured to the
nearest 01 sec The effects of two variables were studied—number of
alternative stimuli (12 vs 3 pictures), and directness of the yerbal media-
tion All responses mvolved saying 2 letter of /the alphabet In one case
(direct mediation), the response was the first letter 1 the farmliar name of
the object In the other case (indirect mediation), the response was one of
the other 11 letters (selected randomly) Note that neither response 1s 0ne
that § would ordinanly make The populauon stereotype 1s to give the

name of the object not a letter of the alphabet In one case 1t 18 assumed

that the required response was ‘ hooked up” to the stimulus, by an asso-

ciative cham consisting of Sumulus = Famuiliar object name —> Vocaliza-
tion of first letter of name In the other case, presumably the associative
chamn 1nvolved at least oneé additronal step Stimulus—> Familiar object
name — Some other name —> Vocalization of the first letter of the other
name When mterrogated at the end of the experiment, most Ss reported
such a cham of associations Subjects were pre-tramed to a crterion of
two correct trials by an efficient training method, and then reaction timcs
were taken durng five 30 min testing sesstons Reaction ume data are

7 0%
@:iwc@)

cts used 1n an unpublished study by Fitts and
h were assumed to be mediated by
F, E, A top 1oV
f fetters but differ

Fic 8 Pictures of common obje

Switzer The responses 10 these pictures whic
“fauliar  associations Were bottom row, left to night, H, W, S,

B,L,D,C,GT Unfamiliar assoctations employed the same set O

ent pawnngs
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are each for a single § and thus are free of the artifacts tha.t freqpently
appear in group data, Each of these studies, by a different investigator,

indicates that the log-log relation between time and trials is essentially
linear after the first few thousand trials.
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track events, in games of shill such as bowling or goli, i competitive spo:;s
such as baseball and football, and 1n artistic performances such as sing lrg1
and playing musical wnstruments It 15 very rare for peak performanceve
any of these activities to be reached short of several years of mtens: ﬁ
almost daily practice And the fact that performance ever levels off ad ar
appears to be due as much to the effects of physiological aging and/o
loss of motivation as to the reaching of a true learning asymptote or Jumit
in capacity for further improvement Thus, in the case of skill learming,
the asymptote, along with the plateau, must be viewed as an exception,
rather than an accepted phenomenon of learning

Two kinds of evidence from developmental studies also indicate that
perceptual motor behavior develops slowly on the basis of a great deal of
practice Restriction of early visual motor behavior (1n the case of am
mals) provides one kind of evidence Riesen and Aarons (1959), for
cxample, find that amimals whose only early visual expenence 1s gamned
with the head and body immobilized subsequently have great difficulty
learning to control their own Jocomotion by the aid of viston The other
hine of evidence comes from studies m which the natural relation between

visual cues and motor behavior 1s disturbed, (Snyder & Pronko, 1952,

Ruhle & South, 1959) or 1n which Ss are asked to perform wvisual motor
tasks in which the re

quired responses are contrary to cultural patterns and
population stereotypes (Fitts & Seeger, 1953) Although subjective reports
often mdicate that the old visual

movement habits may be unlearned and

replaced by new ones after a few days, precise measures of shalled perform
ance show that decrements persist

over the maximum periods of time yet
studied (see Fig 14)

CoGNITIVE ASPECTS OF SKILL LEARNING

Specific S-R Associations s Cognitine Set Effects

The 1ssue of specific versus generalized learming effects, 1e , the learning
and use of specific association

S ¥ersus the Jearning and use of generalized
s¢ts or concepts, 15 an old one in learning theory and has 1ts counterpart

at all stapes of skl learning The 1ssue seems to be Jargely one of relatine
importance In the case of per

ceptual motor skalls the importance of cog-
miive or meditional processes relative to simpler association processes
appears 10 depend pnmanly on one of th

¢ task vanables mentioned earlier

=—task coherence In a highly coherent
quence, stimulus and Tesponse patterns are essentially
would seem that the middle and Jate stages of the lcarming of
such fixed response sequences should reflect a process similar to that gov-
erning the associatne phase of rote learning and condiioming In the case
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Fic 14 FEffect of the weanng of reversing lenses on a task requiring precise visual
control of motor responses (after Snyder & Pronko 1952) Note that at no tme
did performance while wearing the reversing lenses reach the earher level achieved

with normal vision or attained one day after therr removal

of less coherent tasks, however, very large numbers of response patterns
are involved and probabilistic rather than determimstic rules govern events
Here 1t seems reasonable that strategtes and executive routines become tn
creasingly important, probability densities have to be learned rather than
discrete events, and the generalization of learning 15 mediated increastngly
by cognitive sets
The learning of language and perceptual motor skills frequently requires
the development and use of very general cognittve sets As an 1llustration,
an mndividual often responds to the same word very dlffcrer}‘tly depending
on the context He adjusts quichly to nstructions such as “now respond
with a word having the opposite meantng,” Of “scll me the class to which
the following word belongs’ Symlar 1stances of the importance of sct are
observed 1n the realm of perceptual motor behavior Lashley used the term
‘ syntax of action” to emphasize this relation For example, ’thc rcs]ponsc
of an arrcraft pilot to a statement such as “nght wing down (which tcarr:
mean two opposite things) wiil depend on whether the statement nsn :r:) ;: -
preted as a command, or as 2 report of error Simularly the moveme ol
needle on a dial can also be interpreted n two Opposing ways, afl ¢
set of the observer will often determine whether he mozes the related con

trol in one directon or the other
not so much that peop' develop cogns

The point to emphasize here 1s
tual-
tive or learming sets, or show adaptation lesel phenomena i percep
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motor tasks, but that they can develop many different cognitive sets, can
switch from one to another readily, and can include the same stimulus or
response elements as members of many different cognitive sets

Cogmitne Set Learming in Shills

Viewmg perceptual motor performance as an information handling shill

suggests several ways of studying cognitive set learnmng 1ts role i skilled

performance, and its relation to stimulus and task vanables Seseral of
these topics will now be considered.

Compaubility effects and number of alternatn es—S-R compatibility
effects are ordinanly defined (Fitts & Demninger, 1954) 1n terms of per-
formance or learning changes attributable to the interaction (congruence)
of stmulus and response sets 2 They can easily be demonstrated i expen-
ments where two or more sets of stimuls are pawred with two or more sets

of responses Recently 1t has become apparent that the absolute magnitude
of such effects tends to be greater, the greater the complexity of the task

(¢ g, the greater the uncertainty per stimulus) Gnew (1958) has pomted
this out, and some recent unpublished expeniments by Fatts and Peterson
show 1t clearly In Fig

15, for example, are shown three functions relating
choice reaction time to average amount of information transmitted per re-
sponse The bottom cune 1s for the most highly compatible task we have
studied—pointing one’s finger at a light The § simply moves s finger
from a starung position and touches whichever one of a set of n Iights 15
presented by E In this task reaction time increased by only 017 sec for
each 1-bit increase 1n stimulys uncertamty A second function was deter-

muned for the same poinung responses, but with the hand and the response
targets hudden from view by a screen

and with the hghts which served as
sumuli located on a vertieal panel 1n front of § Reaction times are still
qutte rapid but shghtly slower than before, and the effect was greater for
9 than for 3 altematives The lop curve in Fig 15 15 included for com
paratine purposes 1t 1s based on Hick s (1952) data where the task was to
push a finger key in fesponse to a light The slope for Hick’s data 1s 11
sec per bit Even steeper slopes are found when finger responses must be
made to numerals rather than to ights Hyman (1953) reported a slope
of 18 see per bat for such a tash and the data of Branard et al (1962)
presented earlier also gne 18 sec per bit Thus the slope of these last
this pa

Per has two meanings Cognitine set refers to
arat on 1
Frer 7 advar-e for the probabilinies or contingenci~s characterizing a gven

1t -
I:r?::;or: I‘I}G:J mearing of the term set 13 umilar 1o what Miller Galanter and
} cll a Plan The other psage of the word set 1s the mathematical

0% Mearg a sumber of thun ¢
L€ COrprus=t, £s of the same kind. Fortunately the two meannes
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functions are 10 times as steep as for the pointing responses shown n

Fig 15
These data are subject to an interesting interpretation from the view
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Fic 15 Effects of increasing stimulus uncertanty on choice reaction time for
The upper curve 13 from Hick

tasks having different levels of S-R compatibility
(1952) for key pressing to hghts the lower curves are data from Fatts & Peterson
(1n press) for highly compatible pointiag responses to hights

pont of learming theory As we progress from tasks low 1 compatibility
to ones of relatively high compatibility, Ss are presumably making more
and more use of very well established habits (1€, USING responses which

that the effects

show strong population stereotypes) It appears, therefore,
of stumulus uncertamty gradually become less and less marked n mag-

rutude as a result of continued practice 1n information handling tasks
There 1s considerable evidence, not ceviewed here, for this conclusion On
the surface this empinical finding can easily be mterpreted 2s SUI:hPOfo‘S
the notion of the learning of specific G_R associations However, Oh Cfﬂg;
periments, which will now be descnibed, demonstrate that part of tth e 4::!s <
1s due to cogmitive set learning (1¢, learmng which has to do with ¢

stimulr or sets of responses)

Subset farmharity —In stu
task as a function of stimulus uncertainty onc 15

very sumilar to that iavolved 10 attemplng to co

dies of learning 1 a0 information handhing

confronted with 2 problem
nstruct different scts of
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matersals equated for meanngfulness for use 1n a rote learning expenment
This 15 the problem of controlling the amount of previous experience with
alphabets, or S-R ensembles, of different size In some mnstances the
sumulus side of the problem can be solved by using lights, pictures or
other types of symbols which are drawn from sets of ndetermmate maxi-
mum size Subsets of symbols such as numerals and letters, drawn from
alphabets of a known and fixed size, however, are immediately suspect To
put 1t simply, Ss may continue fo respond as if the entire alphabet were
possible, even though the expenmenter uses only a subset of the available
symbols

Fitts and Switzer (1962) have recently demonstrated such effects 1n a

sertes of three expenments In one expenment three sets of numerals and

three groups of Ss were used The task was very simple—to say the name
of a numeral as soon as it was exposed One group worked with eight
numerals, 1 through 8 A se

cond group used an unfamiliar subset of two
numerals, 2 and 7 A third group used a relatively familiar subset of two
numerals, 1 and 2 Results, for three traimng sessions, are shown 1n Fig
16 Only the data for the numeral 2, which 15 common to all three groups,
are shown On the first session vocal reaction time was the same for the
numeral 2 when it was one of cight numerals and when 1t was a member
of an unfamiliar subset of two numerals When the same numeral appeared
as one of a familiar subset of two stimuli, however, reaction time was faster
Not uncxpectedly, learning was fastest for the small, unfamiliar subset
Similar results wer

¢ found 1 two other €xpermments with alphabetic sym-
bols Figure 17 summarzes results for the three groups 1n ths study which

used, respectively, all 26 letters, an unfamibiar subset (EBP) and a famihiar
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name of the letter B as a function

Fi6 17 Choice reaction time m vocalizing the
s associated (after Fiits & Switzer,

of the set of alternative letters with which B 1
1962)

subset (ABC) The data shown here are for the letter B which was com
mon to all three sets The results are similar to those for the previous ¢x-
permment and are significant statistically However, 1t should be noted that
in all of these experiments the absolute differences are small, 1n agreement
with the general finding for other highly compatible tasks

These results show clearly that even 1n the case of S-R associations that
presumably have been practlced almost daily for at least fifteen years, cOg-
nitive sets are operating to some extent This offers support to the view
that cognitive factors are important in all types of highly practiced skalls
The importance of cogmtive set effects 1s further ndicated by expenments

with redundant sequences

Redundant sequences — We turn now to a to
perceptual motor skill learmng This 1s learmng
terns of events, where the patterns are probabulist
tic

pic which 1s at the heart of

about sequences or pat-
ic rather than determunis-

James McKeen Cattell (1886) was the first to study this problem from
what 1s now called an informational pomnt of view, working 1n this country

and m Wundt’s laboratory n Germany Cattell made up sequences of
s (Cattell humself and such volunteers as

letters and of words which the S dl
G O Berger, John Dewey, and G Stanley Hall) read serially ashrapx o);
as possible In some nstances letter and word sequences b tl %Sctcxt
Enghsh sentences, 1 other mstances Jetters and words from Eng lSCattcll
were printed 1n reverse order thus giving “"fam'l'ar] scgucncg-:t as POS-
found that “ it takes about twice as long to ré:; (ivg:c%uu;::c scntcnpczs.

sthle) words which have no connexion as wor e .
and letters which have no connexion as letters which make words” (1886,

p 64) He then venfied thesc results with text taken from rench, Ger-
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man, Itahan, Latin, and Greek and found that the magmtude of the ;ﬁf;:
attnbutable to language structure was pr0port10.nal to famihianty wfl o
language Cattell's discrete vocal reaction times, incidentally, were Io athan
the same absolute magmtude as those shown 1n Fig 17 (shightly less

0 5 sec.).

Fms,) Wolpe, and Peterson (1963) have recently completed seve;al
studies mn which they have measured discrete vocal reaction times to t ct
clements of redundant sequences of numerals Holding the size of the 5‘53
of numerals fixed at nine (1 through 9), one of the numerals was made
more and more probable, all the remainder being made equally and m;
creasingly less probable Maximum redundancy involved a sequence ©
126 stimuli out of which 118 were the frequent symbol and each of the
other eight symbols appeared only once (R = 87% ). Reaction time data
for different groups of Ss are shown m Fig 18 All numerals were equally
probable on Session 1; on the next three sessions each group worked at 2
different level of redundancy Differences in reaction times to frequent vs
infrequent elements increased as a function of degree of redundancy. Un-
fortunately, as 1t turned out, the numeral 1, which was chosen as the most
frequent numeral 1n the first experiment, gave shghtly faster reaction times
than the average for the remainmg sttmuli under the equal frequency
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In vocalizing the names of frequent and
Increaung frequency unbalance (redundancy)
(after Titts, Peterson & Wolpe, 1963) In Exp 1 the numeral 1 was most frequent,
12 £1p 2 the numeral § wag most frequent.
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fggiﬁﬁzr;};e;if%? ;2; z}crld:ltxonfl Ihlgh redundancy group was run with

equent element The results for this group ar
;fg;'yt ;;rr;;fg}rltt?n:ﬁz:z ff({)r the previous gr?ups when the latter are gcorrlejctc:;
or (e s gt I b]l erence between 1's and other numerals These data,
At tack arp rzla e results from a very different and much more com
panb® tash | 5 a fso shown 1 Fig 19 The difference in reaction tumes
dundanq s frequent shmuli apparently increases linearly with re

cy, the slope of the function decreasing with degree of S-R com

patibility
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Fic 19 Differences in vocal reaction umes to frequent v
a set expressed as a function of the redundancy of the stumulus sequence The two

top curves are for the last two sessions of the data shown in Fig 18 the bottom
curve 1s for a task 1n which § had to mahe heehly compatible pointing responses 10

lights (after Fatts Peterson & Wolpe 1963}

s wfrequent elements of

nts present another

cture Total errors remaned highly

hroughout the four scssions, but the
reased steadily rela

The error data from these reaction tme expernme

and highly important side of this pI
stable at around 1% of all responses
proportions of errors made to the infrequent stymuli 1nC

tive to thosc made to the frequent stinuli
Space docs not permut 2 full discussion of the theoreticl aemficance of

these error data, which can be interpreted 10 terms of a <cqucn!l‘!! sumulus
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racy 1n re-
Cponding o any parucular stunulos slement e sequence 15 1duenced
nding to any particular s
s:'~1I1)§rkt=:dlgy by tli: E;:tobabxhnes governing 1its occurrence mOtII:: ;t;g:eel:it:,
This general finding 15, of course, an old and well known e
the demonstration of the extent and lawfulness of the effect, 1n s o
stimulus redundancy, 1s new, and of considerable theoretical 1mpouennal
This finding 15 strongly suggestive of operations analogous to zczaiegecwon
statistical deciston process Stated sumply, a sequential statists e
model of an information handling process hypothesizes that a cogmtlz ;
1s first established which assumes certan a prion probabilities or odds, "
advance of the occurrence of the mext stimulus Dunng the subseqlcli‘-’-'t
reacuon time new information, from successive stimulus samples, 15 use ‘Z
modify these witrtal odds until the posterior odds become sufficiently lirfh
(or small) to warrant the nisks nvolved 1 making a deciston, at w led
time a response 1s imtiated The fact that a computer can be programm
to make decisions in this manner, and that such a computer would show

differential reaction ttmes and male proportions of errors much like hu:
man Ss lends some degree of plausibility to the sequential stimulus sam
pling theory

The general conclusions reached 1n regard to cogmtive set learning 31]"1
skilled performance are a3 follows (@) cogmitive sets develop very slowly,
and tend to generalize over many classes of similar situations, (b) how-
ever, once established they can be “called up’ 1n a matter of about a sec-

ond or less by an ppropnate cue, (c) elicitation and utilization of cogni-
uve scts 1s often facilitated by

the availability of verbal Iabels for use as
cues although such labels are not necessary

© expenments discussed above mvolved discrete and senal vocal and
motor responses It 1s assumed that similar
many oth

batter facing a pitcher who
ming to handle an atrplane
stmulus probability learnmng 15

pitches, and a pilot lea

In both of these examples
involved

SOME CRrOSS-CaTEGORY PROBLEMS OF SkiLr Learving
In the rema

sSpeqific topies By
Isarming tasks
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Duscrumination Capacity and Skill Learning

The first of these topics 1s the relation of sensory, perceptual, and short-
term memory processes to skifl learning 1t 15 proposed that precision n
controlling the amphtude and timing of a movement s limmted by, and should
never exceed, the capacity of an individual to learn to discriminate the ex-
ternal and proprioceptive feedback resulting from the single responses or
serses of responses Supporting this conjecture 1s the fact that augmentation
of feedback, in such a way as to increase discriminability, usually results
in reliable increments m skilled performance and learming rate This 1s truc
when the magnitude of display changes 1s mereased so as to enhance the
discrimmability of visual cues, or when the elasticity or viscosty of a con-
trol 1s mncreased so as to enhance the discrimnability of proprioceptive
feedback Bahnick (1957) has shown, for example, that addition of a
spring to a control leads to improvement of blind posttioning movements
of that control—presumably because each increment 1n response amphtude
now has associated with 1t a more easily discrimunated change in force,
resulting from displacement of the spring Bahrick and Noble ( 1961)

have recently obtamed empircal gradients of response generalization,
which they interpret as reflecting farlure 1n discriminating among adjacent
s, and have studied the effects of

responses, 1€, response similanty effect
se discrimmability They conclude

increasing stimulus vs increasing respon
that response stilanity has a greater effect upon response generalization
than does stimulus similarity 10 a task where different motor responscs are

made to a sertes of stimuli

Where the same response, or @ small set of responses, are made over
and over agam, 1t would appear, however, that the average tming and
precision of responses may come ta exceed the §'s ability 10 discniminate
single strmuli, at least as disciminability 15 measured by standard psy-
chophysical methods Such evidence suggests that the § 15 able cventually
to learn somehow to adjust fus responses 10 accordance with the accumu
lated information gained from a serics of discrsminations, and to reduce hts
response variability below lus error 1 Judgng single responses In other
words, at very high levels of practice i a highly coherent tash, vanability
of response becomes less and response differentration better, than would be
predicted from ordmary psychophysieal data taken carly in Jearning Per-
haps this simply indicates a capacity for long continued discrpmination

and probability learmng, stmilar to the demonstrated capacity for long
¢ Another mmportant

continued rmprovement 1n the Spccd of performanc
fact to consider, however, 1S that the cniternion for discnmmation often 1s
a 75% or even higher proportion of successes (in 2-choice fasks) whereas
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probability learning effects may continue to operate at levels only very
shightly above chance, albeit over a very large number of responses

As an aside, at this pomnt, learmng theorists who place great emphasis on
the role of response produced stimuli need to be reminded that discnmi-
nation of such sttmuli 15 relatively poor if the judgment 15 on an absolute
basis along a single dimension For example, Ss identify a maximum of
only about 2 bits of information mn judging the pressure which they are

applying to a control Agam, this does not rule out the possibility of slow
probability learning effects, however

The mmportance of stimulus discrimination learning vanes, of course,
with the nature of the overall task For example, proprioceptive discrimi-
naton should be most important i skills where there 15 hitle uncertamty

regarding what response 15 appropriate and S 15 confronted with the task

of precise response execution Learning to execute a complex dive would
be an example

Short-Term Memory and Skuil Learning
Several wniters have discussed th

¢ role of short term runming memory
1n the learmng of

perceptual motor shills Again we find 1n the early work of
Cattell (1886)

a suggestion of the effects of memory lmitations on the
speed of perceptual motor

performance Cattell exposed Jetters which the
S read as they passed behind a shit By varying the width of the shit Ss
were permitted to see one or more than one letter at a ime—a condition
called preview He found that abihity to see more than one letter at a time
;mcreased senal reading speed up to a preview limt of four or five letters,
but that the ma

jor advantage was gained as soon as the second letter was
visible Wagoner and Fauts, 1n

an unpublished study completed several
years ago, found similar results for preview when the task was to push the
appropriate ong of five keys at exactly the time that light points, moving
downward in five different columns, passed behind a horizontal line which
extended across the five columns Most of the advantage gained from per-
mitiing preview was achieved by viewing the next Iight 1 the sequence A
preview of 12 oncoming hights was little better than the preview of only
one
Crossman (1960) has rec
ceptual antiipation 1 pursut tracking as a function of a hypothetical
limut on capacity for
funming memory His

Les may determine the
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number of forthcommg sttmuli, memory capacity presumably would be
the limiting factor 1n this situation

Continuous and serial tasks often provide an opportumty for measuring
the lag, and hence the memory Joad, between the mformation-seeking
responses of the eye, and the output responses of the hand or vocal mecha-
msm Studies of eye-hand span in typing, playing the prano, and assembly
work, studies of eye voice span 1n oral reading, and studies of lag 1 copy-
ng telegraph code all indicate that closely comparable and near maximum
amounts of information are carried 1n running memory in different percep-
tual-motor tasks

Such linitations as these become especxally important when we tumn fo
the mechamsms which may account for continued 1mprovement 1n mghly
coherent, speed skills at advanced levels of practice These will be con

sidered next

Continued Improvement in Skalls
Crossman (1959) s the only worker who has addressed himself specifi-

cally to the development of 2 theory regarding how continued 1mprove-
ment comes about at very high levels of skill and why improvement con-

tinues so slowly over so long a period of ime

Crossman a);sumes a gergler'fl probability learming model Thus he sta;cs
that “the operator can be imagined to possess 2 repertorre or stock oI r
different methods, from which he prchs one by chance for c}r:ch cyc lc)-
(1959, p 159) Each method has an mmtial probabxhty, and t cscf};rod
abilities are modified after each (discrete) response as 2 m?‘cnon of lsc;r;
back However, since all responses at hugh Jevels of shill are succcssaumu-
the ordinary sense that they all permit attainment of the ob]e;l:u;lc;hc o
cal problem 1s to account for the mechamsm by mcan; Ofci“ rlecc of prec
required for specific responses 13 discriminated wath ; Z%hesrs a;:nonc
sion required by the selective process One wnteres yphe rapid intial
several advanced by Crossman, IS a mechanism based on t nsfs .t
decay of short-term memory Feedbach from faster rcfﬁgn does feed
pothesized to arnve after less decay of the memory Pfl‘:m?z ovide a post
back from slower responses and thus on the average shou P

of the faster respon<e
tive mcrement 1n probability © cselccmc proces Oper-
Here agamn, 1t 1s important 10 1€ [ |
o use reltnvely
ates ovgr ve’ry long pertods of ume, and hence may be able t

unrehable or *noisy » feedback information shill Tearmng men=

Another source of evidence regarding long ten;m of §s to Jearn to
tioned briefly 1n an carlier scction, concerns lh; :;mCL) Noble, and Ttts
carry on more than 0fc¢ . sumuliancoss 1N ;ocs b'ccomc ncreasingly
(1954) reasoned that 1f propnoccPtl\c fecdbac



280 Paul M Futs

important after extended learming 1n highly coherent tasks, and if leszsis:::
less reliance on visual cues 1s necessary as learning of a first task pr;l}grt 0';
then a second wisual task should have less and less interfering effects ;
the first task to the extent that the first task 1s (&) haghly cohercn?i';l;lse
(b) hughly overpracticed Both 1deas were verified by experiments .
studies also provided unequivocal evidence that learning had been going

long after the ongmal cnitenion employed 1 measuring learning on the
first task had ceased to indicate evidence of improvement

Feedback Variables in Skill Learning

Bilodeau and Bilodeau, in their recent review of motor-skills learning,
conclude that “ studies of feedback or knowledge of results show 1t to be
the strongest, most important vanable controlling performance and Ieamf
ng” (1961, p 250), and provide a comprehensive review of the effects o
this variable In spite of 1ts obvious mmportance, I shall not have much to
say about the topic of feedback, however, partly because the evidence 1s

so clear, and partly because, from a theoretical standpoint, there appears
to be little m this area that

1s peculiar to skill learning as distinct from
other learming tasks
One interesting line of work on feedback should be mentioned, however
This 1s the effect of augmented feedback, the availability of special feed-
back information which ordinanly 1s not present m a skill learning task
Some of the eflects of augmented feedback appear to be motivational
Fitts and Leonard (1957), for example, found that a continuous series
of clicks at the rate of 2 per sec heightened performance 1n a speeded
perceptual task Subsequent studies (Smode, 1958, Kinkade, 1960) sug-
gest the possibility of additional learming effects as well ag performance
effects
One of the avenues by
fluence skl learnin

cially during advan
coh

means of which augmented feedback may 1n-
8 1s through 1ts effect on discrimination learning, espe-
ced stages of practice When the tash 15 a relatively in-
erent one, augmented feedback may also provide much more reliable
information than s ordinanly available 1o the § as regards the adequacy of
his general strategy or cognitive set In other words, as learming approaches
the hypothetical limut of the S’s ability to disciminate available feedback,
tin either coherent or tncoherent tasks, augmented feedback may become

\ncreasingly useful because of the more precise information 1t provides to
the learner

Shilt Learming and Problem Sohvtng

Several wnters have fecently emphasized the analogy between thinking
and skall learming At firgy these two forms of behavior may seem to be at
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?pposzte ends of a continuum However, the approach to shilled per-
ormance developed m the present paper, especially the emphasis on the
patterming and organization of skills and on the importance of cogmtive
set phenomena, make the relationship more plausible Bartlett (1958)
stressed the 1dea that the extrapolation and orderly sequencing of responses
15 1nvolved i both shilled performance and n thinking In a stular vem
Piaget (1950) proposed that ‘intelligence senson motortc” precedes and
provides the foundation for “mntelhgence mtellectualle ™

Certamly the role of cogmitive set n skilled performance, and the gen-
eral adaptive system model of shilled performance, with 1ts emphasts on
hierarchical programs, brings skilled and problem solving behavior closcr
together than would have been commonly proposed 2 few years ago Per-
haps there the matter should rest until additronal evidence regarding the

relationship 1s at hand

SOME RELATIVELY UNIQUE ASPECTS OF SKILL LEARNING

to other learming tasks be overem-
ention of four areas that
the study of skilled proc-

h because they are judged
other areas of

Lest the similanty of skill learmng
phastzed, I shall close this paper with brief m
are relatively umque to, but very important for,
esses These toprcs will not be discussed at Iengt
to be of somewhat peripheral interest to those working 1n

human learning

Open-loop behavior at yarious
cal reasons 1t would be especially nstruc
performance m continuous or serial tasks w
S normally expects and uses or the mnput which 18

temporanly elimnated so that § would respond to on
mmformation alone For example this would permut 2 determunation of the

relative importance of input vs feedbach, and of the degree 0 which re-
sponse-generated 1nformation (feedback) 15 sufficient to mamntain per-
formance In the area of skills this 1S called the study of “open loop™ re-
sponses It 1s an easy matter tO eliminate visual of auditory feedback 1n
most perceptual-motor tasks (such as by having subjects close thetr £y¢s),
but the elmination of proprioceptive feedback 15 usually not possible, 2nd
as long as the latter 1s present S quickly realizes that he 1s o Jonger g;tung
exteroceptive feedback and usually changes his behavior accordingly o}r‘nc
success has been met 1n elimnating the input and arranging the tash (;o th::t
S responds only to s own feedback Howchrer 1t 1$ duficult to bo this
without the § reahzing that the mput has suddenly stopped Thus the <cp-
arate effects of mput vs feedbach are only partly underst o of
Analysts of complex forms of sumulus response cangruence e

stages of learmng —For various theoreti-
tve to study perceptual motor
here eiher the feedbach which
mixed with fecdback, 15
¢ of these sources of



282 Paul M Futs

the highest levels of skill are attaned mn tasks n which one movemex:_lt gtata
tern 1s superimposed upon another pattern, such as i amming amg:c e
moving target wile at the same time mamtaining an upnight pos oving
standing on a moving platform, or i throwing a football at :iidm "
target while runming at full speed Performance 1n such tasks wou :55: o
to exceed ordinary human information processing capacity and mus pore
fore depend on the use of highly overlearned or automatized subrou bl: >
It would be highly instructive to study such learning but little work I}as o
done on this problem, perhaps because of the techmical difficulties jnvo ;
1n recording and analyzing separately two concurrent response processe e
Speed-accuracy tradeoff —Man has the rather unique ability to exchang
speed for accuracy of responses and vice versa High levels of abﬂltl)lf n
effecting such compromises are evidenced 1n almost all mformation ;n-
dling and control tasks, suggesting a basic mterdependence between mecha-
msms for the regulation of tming and mechansms for the regulation of the
dircction and amplitude of movement The sequential stimulus sampling
theory described previously 1s one example of an effort to understand these
interrelations A recent study by Fitts and Peterson (1964) provides clear
evidence that the speed accuracy relation 1s determmed by motor centers

which are quite separate from those involved 1n the control of choice reac-
tion time, since movement time and reaction tine were found to be quite
independent functions

Human transfer functions —A small but active
have for the past ten years been interested )
mathematical models of the processes by me

facom

group of researchers
n analyzing and constructing
ans of which a man leamns to
plex dynamc Systemn, such as one 1n which the
or third integral of the input This 1s a problem
unique to the study of skill learning (Licklider, 1960) The topic 15 a

highty 1nteresting one because, as mentioned earlier, the same theory which
has been developed for

systems can, to a conside

of human perceptual motor
data systems 15 especially
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processes One useful way to view the higher level processes 1n a complex
skill 1s by analogy with the executive routines written into computer gro-
grams The corresponding view of lower level processes 1s by analogy to the
loops and subroutmes of such programs The theoretical view of shilled
performance here proposed mimmizes the role of motor behavior per se
and thus removes the principal basis for the commonly made dISthlIOI';
between verbal and motor processes Instead it places major emphasts on
the ntrinsic coherence of stimulus and response sequences and the cogni
tive or higher-level processes that govern behavior sequence, and sugg?:sts
that important aspects of response sequences include such factors as tim
ing, the interrelations of speed, accuracy, and uncertamnty, and the Iimta-
trons imposed by capacities for discimmnation and memory

The cructal point n developing a general theory of skilled performance,
and 1n support of the view that verbal and motor processes are highly simi
lar, 15 the conclusion that skilled performance 1s dependent on discrete
or quantized processes Thus the study of discrete perceptual motor re-
sponses, mcluding the study of reaction tume, movement time, and responsc
accuracy (errors), can be viewed as contributing to an understanding of
seral and continuous communication and control shalls on the one hand
and to an understanding of the orgamzation of thinking decision making,

and verbal behavior on the other hand
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