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Prologue

It is fitting for two reasons that the first chapter of this book
about human information processing be concerned with perceptual-motor
performance. TFirst it is only in recent yearé that motor performance has
begun again to be dealt with as process (Keeie; 1973) in contrast with
the task-oriented analyses that have domirated the post-World War II
period (Poulton, 1966) or the learning theory approach that emerged in
the 1930's and continues to have its vocal advocates (see, for example,
Bilodeau, 1966). Motor performance has been the laggard in this respect.
Process—oriented views of percéption, memory, and decision are already
well-advanced (Neisser, 1967; Broadbent, 1971). The difficulty‘is docu~
mented in Welford's encyclopedic work on skills (Welford, 1968). A
glance at Professor Welford‘s chapter headings clearly confirms his
belief in an information-processing orientation ‘o ékills; however, the
one chapter in which his retreat to a descriptive level'is particularly
noticeable is the chapter on movement.

Second; it is very difficult to discuss perceptual motor pérforméncé
without embracing the entire domain of human information processing;
Inferences about processing acquired by examining time delays in foliowing
a target course are closely related to ﬁhe inferences derived from
measurement of discrete reaction times (Pachella, Chapter 2). Producing
a movement pattern that'variés iﬁ épace and fime presupposes thé capability
to organize other classes of events serially (Jones, Chapter 5), and a

1



hierarchical structure appropriate to the synthesis of motor éﬁi;xs
suiely must draw on such structures as they are revealed in intellectual
tésks (Hunt, Chapter 7). While this chapter will make contact with
tépics discussed in virtually all the other chapters in this book, the
subject matter and perspective are necessarily different. In this sense
it should at once introduce the diversity of information-processing acti-
vﬂties while it also communicates the unique subject matter of motor
performance: movement control, utilization of respouse-produced feedback,

and the organization and patterning of tehavior in time.

Overview of What is to Come. There is no theory that encompasses

all we want to know about motor performance. A myriad of processes and
mechénisms act in_concert to make possible the exquisite control and organ-
ization, the sheer grace and beauty, that typify tize performance of the
skilled athlete, musician, or experienced industrial worker,

This chapter will deal with three levels at which this control and
organization are manifest., At the lowest level an individual brings to
bear on any skilled task a rudimentary servomechanism, a system that per-
mits the generation of a stream of simple motor outputs that is respon-
si&e to perceived differences between a desired state and an actual state.
At the simplest level, with an unpredictable environment, this system,
Which is representable in terms of elementary concepts drawn from the
theory of feedback control, acts point by point in time, contingent on
chénges in thé environment and on the results of immediately precediﬁg
movements. It pfdvides the basis, both conceptually and practically, for
ali higher levels of organization and programming. When predibtion and

programming fail to produce the desired performance, the servosystem
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takes up the slack and provides appropriate corrective signals. Successivelyf

higher levels of organization construct more integrated streams of motor
commands; which are then executed and corrected by~eléménts of the lower-
level feedback control system. The chapter will begin with an introduc-
tion to the properties and performance of this rather mechanistic and
"simple-minded" error-correction system.

If error correction were the limit of capability of the human motor
system, as it is in lower organisms (e.g., the tropisms of single-celled
animals), our performance would be crude and inadequate. At the next‘
level to be explored in this chapter we must deal with an individual's
capacity to act on the basis of the coherence and predictability of the
environment with which he is interacting. At this level the performance
is still highly stimulus bound, but the actor is capable of superseding
the elementary control loop ﬁo generate more complex patterned outputs
and to monitor the correspondence between the generated pattern and the
desired pattern,by using more sophisticated efror-detection mechanisms.,
In this section we must‘consider an individual's’capaciﬁy to track pre-
dictable signals and to produce response sequences that take account of
the dynamic responsiveness of the limb or external system being con=-
trolled. Even if the stimulus pattern to be followed is thevsame, the
motor command Streém.apﬁropfiate to driving a spbfts car is ﬁof the same
as that appropriate to a cross-country bus.

Finally, the full richness of human skilled performance depends on
capacities not captured by strict stiﬁulus-bound,representations derived
largely from the study of tracking tasks. 1Instead it ié embodied in

the ability'td dravw from the environment the appropriate initial condi-



tions and to call up froﬁ memory integrated patterns of movement consonant
with a desired goal. The third level of organization to be considered
déals with the production of these self-initidted movements. t is at
this level that our understanding and models are most incomplete.

It is clear that this division into three levels is at best a peda-
gogical convenience. The reader should think of motor control in terms
of a hierarchically organized system in which the distinction among levels
is diffuse and in which there is a rich interplay among the various pro-
cesses that the individual calls upon to complete a given task. The
rélative importance of each depends on the environmental constraints, the
criteria with respect to which performance is to be optimized, and the

level of experience the performer brings to that activity.

Inner Loop Control

Minimizing Residual Motor Noise. Consider the task described by the

block diagram of Fig. 1. The subject manipulates a rigidly-mounted control
stick that produces an electrical output directly proportional to the
force applied to it. He watches a display of his own output in compari-
son to a reference line that indicates the fixed magnitude of force he
is requested to prodﬁce. The scale of the display is greatly magnified
so0 that his most minute deviations from the desired force are presented
to him. His task 1is to hold the prescribed force as accurately as he
can. These conditions are designed to bring out the best a subject can
do. He has only to correct for his own errors, and the display condi-
tions make it easy for him to éeé them. In fact, in unpublished studies
coﬁducted by J. K. Thomas‘and myself, the average absolute error under -

these conditions (that is, the average deviation from the desired force
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when the sign of the error is disregarded) was of the order of 1.4 gm
(.0031 1b) when the commanded force was 454 gm (1 1b). With a 1400 gn
co@manded force, the average absolute error increased to h.z gm., We
interpret this residual noise level in the output as a fundamental limi-
tation in human motor control. A signal to noise ratio of 50 dB is about
és'good as he can doj; the maghitude of the error scales multiplicatively
with the magnitude of the applied force.

It is also instructive to examine the temporal properties of this
residual motor noise. Since the error signal fluctuates randomly as a
éunction of time, the appropriate way to capture its character is to
compute its power spectrum, the average power or energy in the signal at
each frequency, just as Qnejwould perform a frequency analysis of the
noise produced by a jet-aircraft or a motorcycle.2

The results of such an analysis are shown in Fig. 5 on page 20.‘

The spectrum for'the "no delay" condition closely approximates thé épectra
obtained in the Thomas and Pew force~holding experiment, although in the
case of the spec¢trum shown in Fig. 5, a sinusoidal input signél hqﬁing a

frequency of 0.1 Hz {once cycle every ten seconds) was actually used

'instead of a constant input. Virtually all the power in human motor

output is concentrateéd at frequehcies below 15 Hz. There is<a-re1atively
sharp peak in the spectrum at approximately 10 Hz, Wwhich may be identified
with normal psysiological tremor. Then there is a much broader peak that!

extends roughly from 0.5 Hz to 3.0 Hz that may be associated with the

-subject's attempts to correct for his own minute érrors and the inevitable -

_drift in produced force that results from trying to sustain an output




force level.

In order to grasp the meaning of this spectral peak, suppose that

the subject made corrections discretely and that the smallest time between

responses were 200 msec. If, for tutorial puposes, we also suppose that
corrections were made alternately to the left and right at the maximum
rate possible, the subject would generate a waveform that completed one
cycle of left and right alternations in 400 msec. If we analyzed the
frequency of this waveform we would find that one cycle every 400 msec
corresponds to 2.5 cycles per second (Hz). Under the assumption of dis-
crete corrections, the impiication here is that 3 Hz corresponds to a
minimal time between changes in applied force of approximately 160 msec,
a figure that is not unreasonable in light of simple reaction-time data.
Similarly, the peak exiending dovm to roughiy 0.5 Hz implies that some-
times intervals as long as one second elapse between corrections. The
analogy between discrete correction intervals and frequency should not
be teen too literally:; however, the intuitions implied by it are an
appropriate way to interpret the frequency variable.

The subject in this experiment is being asked to perform s task
that could easily be undertéken by an automatic systém. Maintaining a

constant level of & signal in the face of disturbances is called tech-

- nically the regulator problem, and systems that are nothing more than

refined versions of a thermostatically;controlled hone heating system
can be designed to solve the regulator problem to virtually_any level
of accuracy desired.

A regulafor is conceptually the simpiest form of feedback control

system. It consists of an error detector and a controller. The error
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detector senses the difference between the desired state and the actual
state of the system, which, of coﬁrse, implies that knowledge of the actual
state is available through feedback from the output. The controller pro=-
vides command signals to drive the device being controlled, whether it is
a furnace or simply a control stick. The controller may vary widely in
the complexities of its dynamic characteristics. If we were to use a
regulator system as a model fof our subject who is attempting to maintain
f.coﬁstant force output, it would have to incorporate nothing more thén

a gain or sensitivity factor appropriéte to reproduce the signal to noise
levels we observed and an effective time delay reflecting the subject's
processing delays. In short, a model for the performince of a human sub-
Jjeet in this simple task réqﬁires postulating nothing more complicated
than a regulator and implies little in the way of cognitive control

functions.

Tracking Random Signals. It is a conceptually simple step to

generalize the task required of our subject by relaxing the constraint on
the force level to be maintained and permitting it to vary over time in

an unpredictable manner. Unpredictable signals are specified statistically,
since their waveforms are never the same from trial to trial. The most
important’aspect of the signal that affects the accuracy with which a

human subject can track is the signal's yggdwidthl The technical defini-
tion of bandwidth refers to the rangé ffom ldwest to highest frequency
present in the signal. A hi-fi amplifier is said to fransmit a band from
25 to 20,000 Hz. In the signals with which we deal, the low freguency is
fixed andkextends rather ciose to zero ﬂrerenqy, and we vary the high

-

frequency cut-off. This has the effect of varying the rate of change or



oscillation frequency of the signal from very slow (narrow bandwidth) to

rather fast (wide bandwidth). As you will see from Fig. 2, an unpredictable

signal having a bandwidth as wide as 1 Hz is very difficult for a human
subject to follows. This figure presents the mean square error produced
by a subject when he was attempting to track signals of different band-
widths (Elkind, 1956). The signals were random-appearing and had well-
defined bandwidths. There was no power in the signal above the frequency
Fco’ but all frequenciles below Fco were equally represented. The figure
shows performance for both pursuit and compensatory displays. The com-
pensatory display is of greatest interest at this point in the discussion.
With such a display the subject sees only the error signal. He must move
his control stick 50 as to return a cursor to the center of the display
and thereby correct for any deviations introduced by the input signal.

The output is literally subtracted from the input before it is presented
to the subject, as is indicated by the circle with an X in it in Fig. 1.
With a pursuit display, the subject is presented with a moving target
corresponding to the pattern of the input and a moving cursor superimposed
on the target as well as he can, I will return to a discussion of the
implicaﬁions of pursuit displays in a later section.

As can be seen from the curve for compensatory tracking in Fig., 2,
the amount of tracking error rises slowly up to a bandwidih of approxi-
mately 0.6 Hz and then begins rapidly until above a bandwidth of 1.2 Hz
the subject would be better off to leave the control stick at rest since

he is creating more error than he is eliminating.
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A Simple Model of Compensatory Traeking. Let us consider in detail

the block diagram of a feedback model of a subject performing the task of
compensétory tracking of a random signal as shown in Fig. 3. This descrip-
¢ . tion takes the model of Lemay and Westcott (1962) (see also Wilde & West-
: cott, 1963) as its referent because, conceptually, it is an easy model to
understand and because it embodies the principle components needed to
represent the subject's behavior.
The model assumes that the subject operates on a discrete time base,
' executing one movement every 200 msec. Beginning with the output end of
the system, the Motor Command Generator and Muscle Mechanism act together
to produce ; "ballistic" movement every 200 msec. The input to this motor
system is a desired changé in the position of the limb. As shown in
Fig. 4, the Motor Command Generator produces a pair of equal and opposite
pulses of acceleration, each 100 msec in duration, the two together
comprising the command for a simple movement. The amplitude of these
pulses, and thereby the amplitude of the movement, is the only thing
that is allowed to vary. These pulses are then transmitted to the
Musecle Mechanism, which integratés them twice to produce a smooth change
~ in position at its output, as shown also in the responses of Fig. L.
”This representation of the muscle and 1limb system is a crude simplifica-
tion that treats them fogéther as a simple mass to which the accelerating
forces are applied and neglects the physiological detaiis of_ékactly
hoﬁ the muécles act to generate forces that move the limb. It is impor-
tant to remember that all movements ?roduced by this system take the same

200-msec to execute. Only the size of the movement may be changed on the

basis of information received from earlier elements in the system.
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How does the model decide what magnitude of correction to introduce?
It is to this aspect that we turn our attention next. This process begins
with the Signal Comparator. In general, the Comparator is the element
of the system that examines the correspondence between the desired resuli
and the actual output produced and generates a correction signal that
represents the change in output that is needed to make them correspond.
Thé general case will become important later, butin this instance of
simple compensatory control the Signal Comparator has the trivial role of
comparing the displayed error signal with the desired state of zero error
and transmitting a signal corresponding to the difference, which is, in
fact, the error signal itself.

Consider next the Short-Tera Predictor. This element is simple in
concept but important to the representation of the subject's behavior.
It takes the error transmitted from the Signal Comparator and computes
its instantaneous velocity or rate of change. The output of the Short-
ferm Predictor is a signal‘that comprises the weighted sum of position
plus velocity of the error.signal. The assumption embodied in the intro-
| Auction of this element is that‘thé subject does not execute error cor-
rections on the basis of position errors alone, but rather takes account
'6f trends and rates of bhange of the error signal in mzking his decision
about what size correction to make. Poulton (1952) defined this kind of )

prediction as perceptual anticipation, and it is one way that the sub-

Ject partially compensates for the intrinsic delays he introduceéfiﬁto
the overall feedback system. The réiative importance of position and
rate information is specified by anﬁeighting constant, a parameter. of
the model that is selected to.égoduce good correspondence between the

model and the subject's behavior.
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Because the model operates on a discrete time bave, executing one
response every 200 msec, the Motor Command Generator needs information
about what response to produce only once every 200 msec. This fact,
together with the assumption that the subject has an effective time delay
in executing responses on the basis of perceived error, results in the
sample-and—hold elements in the model. Once every 200 msec the sampler
takes a reading of the magnitude of the desired érror correction at the
output of the Short-Term Predictor. That value is held in store for one
sample period (200 msec) and then released for execution in the form of
a movement by the Motor Command Generator. Thus movements are always
being executed 200 msec after the errors to which they are responsive have
been sensed.

With the exception of the Memory Loop to be considered in a moment,
all the machinery is at hand 4o begin following signals.  To mske its
operation clear, consider the model's response to the series of step
input commands shown in Fig. k4.

4

The sampler takes samples at © t tg, ete. At %, no error is

0

an error of amplitude Al is

l’

detected and no command programmed. At ¥

OD

1

detected.’ Since the rate of change of error is zero at tl, an errdr 
correction is set up and held for one sample pefiodvand the pair of accel-

eration pulses is executed as shown beginning at t, to produce the move-

2

ment shown. This movement is completed'aﬁ t_. Meanwhile the sampling

3 L
element takes a new sample at t2 and senses the same error of magnitude

Al' This creates a logical difficulty, since a corréction for this error

has already been implemented and is about to be triggeréd off. 'The solu-

‘tion to this difficulfy is provided by the Memory Feedback Loop. Its
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function is to feed back to the error detector the‘magnitude of corrections
already accounted for, so that they may be subtracted from the detected
error and not corrected again. Thus, the effective error detected au t2
is zero and no new error is sensed. As a result, the output remains con-
stant between t3 and th’ the time when corrections sensed at t2 would be
eiecuted. It should be clear that the concept of such a memory feedback
path is necessary in any system in which there are delays in response
execution. In essence it implies that the subject must take éccount of

his "intentions" to actin planning the next correction.

Continuing with the example of Fig. 4, a new sample is taken at t

3
5 = Al is sensed and a new correction is held and

executed during the interval th to ts. The sample at th detects no new

error beyond that elfeady accounted for at t3 and no further corrections

An error of magnitude A

are needed.
When Lemay and Westcott (1962) compared the performance of this

model with that of real subjects, it was foundithet the model accounted
for approximately 90% of the operators' output. The model also produced
time histories of tracking peffbrmance that were remarkably similar to
the actual subjects' output §oiﬁt byepoint in time. Although it was not
tested in this way, it seems likely that the mbdel~would,elso produce
error scores as a function ofuihput bandwidth not unlike ﬁhese from Elkind's
experiment shown in Fig. 2. |

| There are two main reasons for introducing this rather mechanistic
description of simple tracking behavior. Thevmost iﬁportant‘one is to
point out that at this level the process of tracking can be represented
‘without placing much demand on human intellectual abilities. The ability ‘

to make simple positiondl corrections is alwaye with us, and this basic
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correction system produces outputs that confound the observation of more
sophisticated levels of programming organization that we as :xperimenters
would like to examine in isolation.

The other reason for introducing it is that the performance of this
kind of task embodies many of the fundamental properties of motor control,
As we will see in later developments of this chapter, these component
processes, such as error detection and motor command execution, bécome
fhe buildihg blocks of higher levels of skilled performance.

It would be possible to analyze some of these processes in much
greater detail and to consider their relationship to what is known about
the motor physiology involved (see Houk & Henneman, 1967; McRuer, Magda-
leno,k& Moére, 1968). However, such detail is not really germane to

the picture I want to present and would divert us from the present discussion.

On the relations between discrete and continuous models of tracking

performance. All of the foregoing discussion has taken the view first
put forward by Craik (1947) that the performance of skills is discontinuE
ous. Craik (1947) argued that man behaves like an intermittent correction
servo system., However, the student of skills should be aware that virtually
all of the predictions derived thus far from discrete representations can
be predicted equally well by & continuous linear transmission éystem repre-
sented by a differential equation that includes a time delay but makes no
assumptions of discontinuity in the human motor system (McRuer & Jex, 1967).
The difference between a discrete and continuocus representation can
be likened to the difference in locomotion of a caterpillar and a snake.
The caterpiller moves his head and waits for his tall to catch up before

initiating a new movement, while a snake moves his whoéle body continuously.
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Ih either case there will be -a finite time before the taill reaches the
pbint the head just left. Thus both discrete and continuous representations
i@ply a delay in the transmission of signals. The sampling system des-
cfibed in Fig. 3 produces the delay by assuming intermittent sampling and
response execution, while a continuous system model implies continuous
adjustments on the part of the subject with the output always deleyed with
respect to the input by a finite time interval. “

It is beyond the scope of this chapter to present a detailed illustra=
tion of models based on continuous linear differential equations. They
have much to recommend them for many practical applications (Frost, 1972;
Wéir>& McRuer, 1970) and for some theoretical purposes (for example, see
Péw & Rupp, 1971). Their success emphasizes the point that it is the
processing delay rather than any intrinsic discontinuities imposed bj the
subjects that produces.many of the qualities bf human tracking performance.
Just how important that role can be is i1llustrated by Pew, Duffendack,
aﬁd Fensch (1967a). Subjects were instructed to minimize their tracking
error while following a very low-frequency since wave (0.0l Hz) as accurately
as they could with a compensatory error display and a rigidly—méuntéd force
stick similar to that desdribéd earlier. The output of the control stick
was artificially delayed by recording the output dn g tape recorder and
immediately playing it bﬁék through the playback head of the recorder.

By varying the speed of the tape drive it was possible to produce trans-

port delays of 180, 360, 720, and 1440 msec as well as the condition of

; né delay, in much the same way that delayed auditory feedback experiments

are conducted. The subject saw the differénce between the desired pattern

and the delayed results of his own control actions on the display. Since



19

the sine wave pattern was changing so slowly, the main component of the
subject's respoﬁse served to correct for the inaccuracies he had produced
himself.

Figure 5 shows what a profound effect the tape-recorder delays had
on the subject's performance as represented by the power spectrum of the
error signal, that 1s, the average power at each frequeﬂcy. These spectira
have a well-defined periodic structure consisting of only odd harmonics.
Consider the case of 360 msec delay. The lowest frequency peak occurs at
0.90 Hz. The subsequent peaks occur at approximately 2.70, 4.50, 6.30 Hz,
etc.: the third, fifth, seventh, etc. multiple of 0.90 Hz. It is parti-
cularly interesting to note that the fundamental spectral peak shifted
systematically to lower frequencies with increasing tape-recorder delay and
that the case of no external delay appears o be an orderly extrapolation
from the cases with delay added to the system.

These spectra are consistent with the behavior of the model of Fig. 3.
Suppose that the subject perceives his error and produces a discrete correc-
tion that appears at the output after a time corresponding to the sum of
his intrinsic delay together with the added tape—recdrder delay. Such a
strategy would produce periodicities in the output or ‘error signalkwith'a
period of twice the total time delay or at a freQuency corresponding to
the reciprocal of that period. Taking these assumptions, it is possible to
work backward from the observed spectra. For the case of 360-mseckexternal
delay, for exémple,_the fundamental peak occurs at a frequency of 0.90 Hz.
The period of one half cycle at this frequency is 555 msec. Subtracting
the ekternal delay of 360 msec leavés us with én estimate of the subjeét's
,internalyprocessing delay of 195 mseé.’ For the three subjects and five

‘delays studied in this experiment, thé range of these estimates of internal
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delay was between 179 to 212 msec, with a mean of 198 msec, a very
reasonable estimate for a subject's delay in processing visual signals.
Second, and more importantly for the main thread of this discussion,
it is possible to derive substantially equivalent predictions from a linear
continuous model of the sort previously described. Although it is not
particularly intuitive, it can be shown in general that if a broad-band
noise of the sort produced by human-sensing and response-execution errors
is recirculated through a system having a time delay but no discontinuous
elements, the output will still exhibvit the kind of periodic resonant
peaks  shown in Fig. 5. Further, fitting parameters to such a model in
the manner I have just shown for the discontinuous model produces values
for effective time delay that are just as plausible as those given above.
fter working for several years to try to decide whether a discrete
or a continuous representation was more appropriate, I have found no pre-
diction that unambiguously distinguishes the two possibilities and have
concluded that while the discrete fepresentation ié more intuitively com-
pelling, both kinds of analyses are useful and provide different perspec-
tives and insights into the nature of performance at the level of the

simple corrective feedback system.

Summary. This section has described the performance of a subject in
a simple tracking task in which the signal to be followed is essentially
unpredictable. Under thése conditions we knoﬁ enough to formulate rather'ﬁ?
detailed models or specifications for what mechanisms or processes are
’neéded to produce performance equivalent to that of‘our human subject, and»

these models involve very littie "intelligence." Wevertheless, taken in
) -]



a broader perspective, many properties of motor performance in genesral
are manifestations of this simple feedback system. It is always with us
and takes over a controlling position in behavior early in‘practice or
when higher-level control mechanisms to be considered next fail to produce

désired results.

Higher-Order Control Mechanisms ig_Tracking

If the elemental servomechanism that has been the focus of discﬁssion
thﬁs‘far were our only meansvfor dealing with changing environmental condi-
tions, automobile speed limits would be severely restricted, many sports
ac;iéities would be reduced to trivial interest, and penny arcade games of
sk%ll would never have been developed. -The fact is, however; that we have
- ;ariety of mechanisms for taking advantage of the predicatability in our

environment, and it is to these aspects of performance thaf we turn next.

Sources of signal predictability. There are several lines of evidence

suﬁporting the role that predictability can play in enhancing tracking
performance. Simply providing the subject with a pursuit display, instead
~of the compensatory onw described previousl&, produces reliably better
trécking performance for Jjust about all conditions that have been studied
,(Péulton, 1966). Since the pursuit display provides inﬁﬁt androutput
in%ormation separately as well as‘ﬁéfmitting inferencés about the error
siénal, it is generally assumed that it permits the subject to formulate
commands on the basis of the pattern and predictabilities of the input
signal unconfounded by the output signa15

A further improvement in7tra¢kihg performance results if the coﬁcept

of viewing the input independently is extended to include a preview of the
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path to be followed in advance of the time when control actions must be
taken, such as are provided to the automobile driver when he looks down
the foad (Crossman, 1960; Johnson, 1972; Poulton, 1954). The amount of
preview that can be effectively utilized depends in part on the complex-—
ity or bandwidth éf the input signal to be‘followed (Johnson, 1972).
Johnson showed that the major reduction of error was contributed by the
first 100 msec of preview and that it produced much smaller improvements
out to a preview of 1.0 sec, but only when the bandwidth of the input
was extended to 1.0 Hz, that is, when there was little significant power
(or amplitude) in the input signal above a frequency of 1.0 Hz., With a
bandwidth of 0.5 Hz, only 100 nmsec of preview was useful, and when the
bandwidth was reduced to 0.25 Hz, preview appeared to be unnecessary for
good performance.

Poulton (1952) used the term anticipation rather than prediction and
has distinguished between receptor anticipation, that based on extra
information provided by modifying the presentation modé, such as preview,
and perceptual anticipation, that based on the subject's ability to learn
the predictabilities of the input. While I recognize: this distinction,
it is not particularly important for this discussion, because the mechan-
isms with vhich I want to deal are more concerned with taking advantage
of the fact of prediétability than with the source of this predictability;
’if just happens that some modes of presentation make it eésier to predict
than others. |

Péulton, in-the same paper, alsq describes effectof anticipation, a
further source of advantage for pursuit and predictive displays, in which

knowledge of the effects of motor commands is available in terms of the
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system responses they produce. This concept will be dealt with in
detail in a later section.

The ultimate in predictability is achieved when the input'signal
to be followed is repetitive or periodic. A triangular, squars Or sine
vave is a limiting case in which the pericdicity becomes obvious aslmost
immediately, but repetitive signals having complex wave forms and arbi-
trarily long periods become more and more predictable with practice.

In priﬁciple, after sufficient practice with such signals, they should
produce tracking performance that approaches{that produced from tracking

sinusoidal signals having comparable frequencies.

Sine-wave tracking as an example. The tracking of sine waves pro-

iides an interesting illustrative case for the advantages of dealing with
predictable signals. In a study by Pew, Duffendack, and Fensch (1967b),
three subjects practiced tracking pure sine waves with frequencies ranging
from 0.1 to 5.0 Hz with an arm control stick for 32 daily one-hour sessions.
A;variety of system variables were manipulated, but the main results are
s?own in the three-dimensional plot of Fig. 6. In the figure each biock
r;presents four one-hour daily sessions of practice. During each four-day
block, performance was evaluated at each of the five input frequencies
shown for both pursuit and compensatory displays. The vertical axis
displays the average performance of three subjects as measured by their
meah integrated—absolute—error score,
At the lowest frequency, 0.1 Hz, practice effects were rather small,b

a pursuit display was only slightly better than a compensatory one, and
tﬁe subjects appeared to follow the signal point by point in time by

-using the ‘kind of error-detection scheme previously discussed. The
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advantages of predictability were slight in this case where the period i
of the signal (10 sec) was long with respect to the intrinsic delays
imposed by the subject. However, with the higher input frequencies, the
differences in performance with the pursuit and compensatory displays
were much larger for Block 1. As practice was extended, however, perfor=-
mance with the compensatory display still approached that of its pursuit
counterpart. At 3.62 Hz, it did not make much difference what kind of
display the subject had--even after 32 days of éraétice his performance
was 2 or 3 times worse than it was at 2 Hz. Thé data provide an inter-
esting precautionary note to experimenters who think tracking a sine wave
of a frequency as low as 0.5 Hz is rélatively easy. Even after 16 days
(Block 4) compensatory display performahce was still improving.

The role of signal predictabllity was clearly evident in this ex-
périment. With a pursuit display and with frequencies ébove approximately
OLTS Hz,.the subject could detect the sinusoidal pattern almost immediately.
H? made use of this information to generaté his own approximation to a
sine wave and attempted to synchronize his generated pattern with the
desired input pattern. In the range of frequencies between 0.75-and
ebout 1.5 Hz, it was relatively easy to produce this synchronization.

As the input frequency was increased, it became harder and héfder to
produce synchronization, and more end more practice was required to do so.
With a compensatory display, however, even at relatively low frequencies
it took substantial practice to make ﬁse of the input pattern prediéta-
bility, but as that was achieved, compensaﬁory display ﬁerfbrmance began
ts look much like pursuit performance; The transition point between 0.5

and 1.0 Hz was critical. Below this frequency the subject appeared. to
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operate on the signal moment by moment in time, making use of the regu-
larity to obtain géod predictions of the corrections that were needed.
However, he was still operating in a discrete correction mode, and the
frequency content of the error signal looked much like it does for very
low frequency signals (see Pew, Duffendack, & Fensch, 1967b).

Above this eritical ffequency the mode of control changed. The sﬁb—
ject shifted from an error correction mode to a pattern generation mode.
Whereas at lower frequencies he was restricted to making corrections on
the basis of short-term predictions of the error signal alone, now the
error correction mechanism took on a new role, that of assessing the
difference between the amplitude, frequency, and phase of the sine wave
he was attempting to generate and the same parameters of the input sine
wave. This kind of higher-level correction process was clearly evident
in the time histories and spectra of the error signal when the task was
to track frequencies of 1.0 Hz and higher.

It is interesting to note as an aside that the transition point
between 0.5 and 1.0 Hz was also c¢ritical in the buildup of error in
Elkind's experiment depiéted in Fig. 2. In the case of Elkind's réndom
signals, no mode switching was possible, and the error continued to
build up rapidly. The pursult display was able to sustain good performance -
out to somewhat higher freguencies, hOWever,beven;with these random signals.

Magdaleno, Jéx, and Johnson (1970) carried the analysis of modes used
in tracking sine waves one step further in studies they conducted in
support -of their Successive Organization of Perception Modei. They argued
that the pattern prediction and generation mode began at approximateiy
0.5 Hz and that prediction and generation were used in combination with an

error correction mode up to 1.0 Hz. From 1.0 to approximately 1.7 Hz, the
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subJect used a relatively pure form of prediction and‘generaﬁion, and
above 1.7 Hz, it became increasingly difficult to achieve good synchron-
ization. The subject just did his best to make the two mafch, but the
parameter matching mode became relatively ineffective above approximately
2.0 Hz. They supported these assertions with quentitative measurements

of performance together with the subjects!' ratﬁer interesting intro-
spections when trackiné different frequencies. The latter are reproduced
in Fig. T. |

The subjects' use of patterh generation is reflected in their commenﬁs
about how they took advantage of the rhythm in the frequency range fronm
0.5 to 1.5 Hz. Magdaleno, Jex, and Johnson (1970) also put sine wave
tracking in the context of input signal predictability mbré generally
in a way that is entirely consonant with thé perspective I am presenting
here. They argue that it represents the most easily predictable end of
a continuum that extends to very complex waveforms that fepeat aftér o
arbitrarily long periods and that become subjectively predictable like
sine waves only as a function of extended practice. The freguency con-
tent of these complex but highly over-learned waveforms will dictate the
mode of control that will predominate after this level of predictaebility
has been achieved.

Ah example of this complex end of the céﬁfinuum is provided in a
study I conducted with C. D. Wickens. (See Pew, 19TL). Subjects were
required to track a one-minute signal, the first and last 20 sec’of which
changed randomly from trial to trial, but in which the middle 20 sec was
fepeated exactly on every trial. The amplitude distribution an¢ frequency

spectrum of the random pattern from which the middle segment was drawn
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Freq. (Hz)

i

’ 3.0 7= Line became a blur towards end

2.5

2.0-1;.‘—-

Too fast

Felt like I was continually lost, with isolated exceptions

The strategy I used this time was to speed up and then ease back
into the rhytmm, rather than trying to ease back into 1t directly
[Occasional frequency mismatch leading to rapid phase drift]

Initially I got lost, and then there was a fast pace I got into.
You could keep up with the pace, but you would lose it after a while
[slow phase drifting]

Close to rhythm limit [Subject never lost it]

The rhythm wae a 1ittle faster than I 1ike. In other words, it
was harder.

About the limit of what I think is acceptable frequency for rhytlm
Felt like good rhythm |
Good rhythm

You could get into the rhythm

Easy to follow

Smooth and easy
The longer I did it the better it felt

Quite easy
So slow that when my muscles twitched the dot got off the line

o - - Good speed foxr perfection

Fig.

7. Subjective comments concerning the difficulty of tracking sine
waves as a function of the input frequency. Experimenter's
comments are in brackets. (After Magdaleno, et., 1970, Fig. 5).
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were identical to that from which the chénging first and last segments
were drawn. Thus on the first trial the subject h@d no reason to believe,
and was not told, that there was anything special about the middle seg-
ment. As a function of practiece, performance on all three segments
improved. However, the performance advantage of the middle segment gradu-
ally increased in comparison with pefformance on the firsi and last seg-
ments that served as controls. After 11 one-hour practice sessidns,inte—
grated absolute-error on the repeated segment was 15% lower than that on
its random counterparts. The subjects had obviously learned to take
ad&antage of the extra predictability of the repeated piece, although
interestingly they had only a very diffuse idea of why they were doing
better. After 16 sessions they were 28% better on the repeated piece

and presumably would continue to improve to the level coﬁparable to |
that of a completely predictable signal, such as a sine wave, given

sufficient practice.

A generalization of the control theory model. These exaumples pro-

vide the ingredients and ﬁhe motivation to examine how the elemental
correction servo system can be generalized to account for a subject's
abilities to deal Withréignal nredictability.  Some of the answers have
alteady been suggested. In the simple model presented earlier the motor
system was limited to producing simple responses by introducing two

equal and opposite pulses of acceleration’that the muscle system then
converted into smooth parabolic movements lasting exactly 200‘msec. The
first generalization required is to admit the formulation of motor-command
strings of longer duration than 200 msec that can be mbre complex than

the simplé parabolic form hypothesized there.

e e e e e
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A second generalization that is required to take account of the
advantages of pursuit displays and preview of the path to be followed is
the ability to formulate these motor-command strings on the bagis of
information about the behavior of the environmental input signal directly,
in addition to the previously discussed ability to act .on perceived dis-
crepancies between output and input. I need to introduce an additional
signal path that includes aipattern detection and generation capability
but that bypasses the signal comparator and the sampling system on its
way to the motor-command generator. | |

This generalization can be understood most easily by”ahalogy with the
eye-movement system. Our eyes are capable of two distinet modes of oper-
ation, the well-known saccadic jumps that correspond to the corrective
movements described here and a pursult movement. If a visual target is
moving at a relatively constant rate the eye will follow that target with
a continuous pursuit movement. The eye cannot:generate such continuous
movements except in response to a moving visual target and, as far as
we know, is not able to generate more com@iex patterns of movement than
simple fixed velocity tracks (Rashbass,7196l). In a model of thé eye
movement control, Young, Forster, and Van Houtte (1968) postulate a

pursuit system that estimates the velocity of target movement directly

and produces a smooth constant-velocity component of eye movement output.

(See Pew, 1970, for a simplified description of their model.) If a

"mismateh between the target path and the eye-fixation path resulté, thé

saccadic correction system introduces a discrete correction, and the eye

then either continues with the same'vemacity movement or takes up a new

‘rate representing a better approximatidn to the target path.

< g
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By analogy, then, the way we take advantage of predictabilities
manifest in the input either from a pursuit display, from preview of the
course to be followed, or even from a compensatory display after suffi-
cient practice, is by directly formulating motor commands that are
responsive to our best estimates of the pattern of the input signal.

It is important to emphasize that this pattern detection and genera-
tion capability acts together with error correction to produce the behavior
we observe. This is a concept that is important to the further develop-
ment of the picture of motor performance I am trying to portray. A hier-
archy of such mechanisms is always operating, complementing one another to
produce the sometimes bewildering complexity of performance that charac-
terizes skilled behavior.

One final generalization is required to complete the picture of how
we deal with predictable signals. Whereas previously the error comparator
dealt only with direct differences between input and output signal ampli-
tﬁde, that capability needs;to‘be generalized to include comparison of
eétimates of higher-level parameters of the input and output signals. In
the example of the pursuit eye movement system it was argued that velocity
estimates of the input signal were made and smooth, constant speed move-
ménts of the eye were produced.  Then a comparison was made between the
produced output velocity and the input velocity estimate;, and a revisioa
of fhe generated velocity was introduced to bring these two into correspon-
dence. A multilevel model of this éort has also been proposed by Gibbs (1970).

This capability for estimating discrepancies between inpﬁt and output
in terms of parameters of the input pattern is even more lmportent ia the

case of repetitive signals such as a periodic step input or sine wave. The
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effects of predictability of various parameters of the pattern on step
input tracking are nicely summarized in Noble and Trumbo (1967).

In the case -of sine‘waves above 0.5 Hz, it is the capability to make
this kind of comparison énd adjustment that makes it possible to produce
synchronization by subtle adjustments of the frequency of the paitern. |
Presumably such adjustment processes operate on the sine wave amplitﬁde
as well. Since at least ohé cycle ofbthe signal 1s required to estimate
frequency discrepancies, it seems likely that the time delay in executing
adjustmehts to produced frequency or amplitude should depend on the fre-
quency being”generated, and this delay is over and above that due to
intrinsic processing delays.

Figure 8 represents an attempt to incorporate these generalizations
into the bldck diagram of Fig. 3. While Fig. 3 has been translated into
a working simulation of the behavior of a subject performing a random sig-
nal trackihg task, Fig. 8 should be regarded as nothing more than a con—l
ceptual summary of the generaiizations to that model. At this point in
the develOpﬁent of my thinking it represents a kind of logical flow chart
of the operations that seem necessary, and whiie I believe that it can
be reduced ultimately to the level of an dperating computer program, I

have not attempted to do so as yet. In the diagram the input signal is

introduced. into both the signal comparator and the pattern detector.

Whereas before, with a compensatory display, 6nly the error signal was
available to the comparator, now both input and output are available
separately. The role of the pattern detector is to identifyrthe pre-

dictable aspects of the input signal thaf can be used to formulate motor

commands over time spans longer than can be accomplished by the error
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sampiing system} At the simpilest extreme this may mean nothing more

than estimating segments of the input that can be usefully approximgted
by a constant velocity component of the output. In a more complex task
it may mean estimating the parameters of the amplitude, frequency, and
phase characteristics of an input sinusoid. With these parameters
available a pattern corresponding to them is generated and, after a pro-
cessing time delay, translated into the appropriate set of motor commands.
The Parameter Comparator may be regarded as a higher-level aspect of the
Signal Comparator. It is this element that transmits corrective infor-
mation to the pattern generator on the basis of discrepancies between the
pattern actually generated and the desired pattern. Note that this-
corrective information takes the form of required changes in amplitudé

or freguency, not the kind of discrete corrections generated by the error
sampling system. The role of this parameter comparabtor is best understood
in the context of repetitive signals for which adjustments taking sub-
stantially more than 200 msec are important for improving tracking -
performance,

The location of the processing time-delay element is not too. impor-
tant, but it is important to recognize that changes are hot impleménted
until the processing delay has elapsed, and this is a delay in addition-
to any delays produced by the finite timé it tekes to detect chanéeé in
ﬁaramétér values. Synchrdnization with repetitive signals is achieved
through the comparstors by ndting that a phase difference between ihput
‘and output exists due té the processing delay and introducing a parameter

‘adjustment to compensate for this delay.
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One final note concerning the time span of pattern generalization
is in order. Many motor theorists have postulated the concept of a motor
program, a pattern that is fired off "open-loop" without the benefit of
feedback. The position taken here, especially in the context of a tracking
ﬁask, is‘that no behavior is undertaken completely open-loop unless the
stimulus conditions are so impoverished that there is no alternative.
What happens instead is that patterns are generated, and they may be for-
mulated for arbitrarily long periods into the future, but that the signal
and parameter comparators are working all the time snd serve to modify the
éenerated patterns as needed. At the brief end of the scale, discrete
positional commaends cannot be modified oftener than once every 200 msec. .
Pattern commands can be expected to have a longer minimum time before they
can be corrected, but given that the signal comparator is not detecting
discrepancies, a periodic signal may continue to be generated without
mpdification for arbitrarily long pericds. Studies of sine wave tracking
ih which the input signal is turned off éfter synchronization has been
achieved suggest that drift in the parameters occurs within 5 to 10
seconds (Magdaleno et al., 1970).

As early as 1960, Krendel and McRuer (1960) proposed a series of
control modes to describe how a subject utilizes thé coherence or pre=
dictability of the input signal. The most recent statement of this
médel is reported in Krendel and McRuer (1968). According to this theofy,

' early in prac-

wﬁich they call "Successive Organization of Perception,'
tice with either a compensatory or pursuit display the subject behavéé as
if he had only error information in accordence with the low~level servo

system described here, As the subject gains experience, especially with
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a pursuit display, but also with a compensatory display as a result of
knowledge gained from observing the pattern of movements of his control
coﬁponent of the output and uses the error servo system as a "vernier
adjustment"” superimposed on this output. The ultimate stage of learning

these authors call the "Precognitive Stage,"

in which pattern perception
is brought into play to generate and produce an output open~lcop on a
preprogrammed basis for extended periods of time. Although I have not
emphasized the learning aspects of tracking to the extent that they do,
and my proposed mechanization deviates from theirs, I have been influenced

by their development of this theory and am in agreement with many of

their ideas.

Development of a model of the dynamic systems being controlled. " On

the output side we need to be concerned with predictability of a different
kind. A fiftieth percentile male adult arm weighs approximately 3.7%

kg (8.33 1bs). Some years ago Richard Vanderkolk and I tried to set up

an experiment in which a subject performed a tracking task with his arm
supported in an apparatus connected to a computer-driven torque-motor that
reduced the effective forces required to move the arm. To the subject

it felt like we hadireduced»the masé of his arm.- Although we had some
reseri&tions about the effectiveness of our manipulation, the pilot data
confirmed that upon initial exposure to this condition of reduced mass the
sub ject produced motor commands more appropriate to the normal arm‘mass,
and with reduced mass‘thisvied to more overshooting of movement éorrections

and a more oscillatory response.
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This example serves to emphasize the important role played by the
@ynamic responsiveness of our limbs, or any physical system we are attempt-
ing to control. As a result of previous learning we begin to predict or
anticipate the set of motor commands that are appropriate to produce a
desired output. This ability is related to what Poulton has called
gffector anticipation. We might say that we build up an internal model
6f'our own limb dynamics, or of the automdbile or aircraft dynamics we are
ééhtrolling, and use this model to assist in formulating the=appropriate
éontrol actions. The experienced race-driver knows in great detail the
effects of steering wheel and accelerator movements on his car's response,
and these vary over an incredible range as a function of gpeed, position
6n the track, and a myriad of other variables. The car almost becomes
an extension of his own body.

There is another analogy that will illustfate this idea. Barly in
the space program the National Aeronautics and Space Administration was
’ interested in studying the effects of very high intensity noise on the
fatigue strength of the materials used to construct large boosters. . To
examine these effects they commissioned a study to expose these materials
%o pure sinusoidal vibrations at 160 dB, a very loud sound indeed. The
engineering problem was how to produce pure sinusoidal wave forms at this
intensity. Everyone knew that if they Staxfed with a sine wave signal,
any sound transmission or loudspesker system would severely distort it,
and the actual sound produced would hardly be a high-fidelity pure tone.
The solution was obtained by working backwards. The engineers'asked, in
effect, what kind of a wave shape must we put in suéh that the distortions

introduced by the system will leave us with a pure sine wave at the output?
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The analogy is direct. In formulating motor commands thé subject
must utilize knowledge about the transmission properties of the muscle
system, the limbs and any external devices being controlled, so that the
desired output will be produced. An important component of skill acqui-
sition is the building up of this model for the particular skill task of
concern, and its fidelity or accuracy is one key to successful motor
performance. All of the literature on the effects of manipulating the
dynamics being controlled, differénces between position, rate, and acceler-
ation control systems, etc., can be thought of as sﬁudies of the success at
building up such an internal model (see Poulton, 1966). A more detailed
account of prediction based on stored representations is presented in
Kelley (1968},

It is relatively easy to represent this kind of predictive capacity
in the general model I am building by providing a block representing a
model of the system being controlled. This block receives information
from motor output and provides information t§ the motor program generator.
It is much more difficult to say anything profound about the structure

£3

of such a model or how it is acquired.

It is clear from vehicle simulation studies with naive subjects that
it is possible for a subject to acgquire some knowledge of thé'beh&viof qf
the vehicle on éhe basis of vision only, that is, with a visual feedback
loop reporting the results of his control actions, but with no force feel
in the control and no actual motion or acceleration cues. However, it can
be shown that when there is a corréelation between propriocceptive feedback
and visual feedback, so that the system response éan be felt as well as

seen, as in the case of light aircraft in which the resistance to motion

of the stick reflects the actual forces on the elevator tabs, then learning



et

Lo

to build this kind of internal model and to produce the appropriate
string of motor commands is greatly speeded up and improved (Notterman

& Page, 1962; Herzog, 1968).

Summary

The elemental feedback contrel system described in the section on
inner loop control, while an important building block, is inadequate to
rredict performance even in highly constrained tracking tasks when either
the presentation mode or the properties of the ihput signal to be tracked
provide structure that permits us to go beyondbsimple error correction.
A pattern detection scheme must be postulated and utiiized to formulate
temporally-organized motor commands that are more complex in pattern and
longer in duration than simple corrections. The parameters of these more
complex patterns are monitored and adjusted along With the monitoring and
correction af simple positional errors, forming a series of levels at
ﬁhich attention and control are required--compatible with the extent of
Structure and predictability in the input signal. Finally, & central
%epresentation of the dynamic properties of the effectors, ﬁogether with
ény systems in the environment that form natural extensiéns of the
effectors, such as baseball bats, pole-vaulting poles, or bicycles, must
be postulated to account for the relationships between required motor
éommands‘and effective system response, when motor patterns of any signi-

ficant level of complexity are produced.

Voluntary Movement

While our knowledge of skilled performance has been advanced on meny

fronts through the study of tracking performance, and while there is much
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intérest in tracking per se from the perspective of man-machine system
design, the ultimate goal of much research on perceptual-motor skills
concerns the understanding of the acquisition and performance of so-called
voluntary movements: There are three properties that distinguish such
movemeats: (1) the path of the movement is less important than the goal
that is achieved; (2) the pattern of the movement is largely formulated
internally on the basis of a backlog of experience with m§vements'designed
to achieve similar goals, and (3) the conduct of the movement is paced

largely by the subject and not driven by an external forecing function.

Speed and accuracy of simple positional movements. I willi begin the

discussion of voluntary movements by considering the performance and
theoretical analyses of simple positional movements in which both speed
and accuracy are important. It is this class of voluntary movement that
fits most closely the development of my analysis thus far.

The setting for this discussion starts with a subject seated befofe
a table on which he may rest his hands. He grasps a stylus, usually iﬁ
his preferred hand. On the table target clrcles or boundaries are indi—
cated, and the subject is instructed to tap alternately in each of the
circles, moving as fapidly and as accurately as he can between térgets.
In Fitts' version of this task, on different trialsrthe tdfgets wefe
either of different sizes, different distances apart, or both (Fitts, 1954).
The research focus has been‘on the time required to make movements of this
sort as & function of the constraints  imposed, but various investigators
have examined a variety of medsu:es of performance.,

' Reéognition of the interrelations of movement distance, speed, and
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accuracy date back at least to Woodworth (1899), who also made the dis-
tinction that is still relevant today between what he called the "initial
impulse" and "current control". A simple moveméht of the hand from one
ﬁosition to a well-defined target invdlves an initial acceleration'phase,
vhich Woodworth called the "initial impulse" and which appears to be
trlggered off as & unit, and a deceleration phase, the accuracy of which
Woodworth showed could be influenced by peripheral feedback, hence the
term "current control."

Fitts (1954) was the first investigator to formulate a quantitative
e#pression of the relationship among distance, accuracy, and movement
time, in the form,

MT = a + b log, 3%
This equation, which has come to be called Fitts' Law, implies that move-
mént time (MT) is a linear function of an index of difficulty of the move-
ment, defined by the logarithm of the ratio of movementvamplitude (A) to
target width (W), the latter representing a constrainmt oﬁ ﬁovement accuracy.
Fitts derived this relationship from informational concepts, and argued
that there was a fixed informational capacity for producing accurate
movements and that the trade-offs among movement amplitude, accuracy,
and. time embodied in Fitts' Law were a reflection of this limited "channel
cépacity." Although the fits to data of this equation are remarkably good,
usually accounting for more than 90% of the variance in movement times,

Welford (1968) has shown that some improvements in the empirical fit to

the data sometimes can be made if one assumes a two-component representa-

' tion, one component involving the contribution to accuracy of the initial

adjustment phase and a second related to the accuracy of the current control

phase, to use Woodworth's terms.
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It has since been repeatedly shown that Fitts' Law can be derived
from a variety of perspectives that make?various assumptions about the
role of feedback in control of skilled movement. Crossmasn and Goodeve
(1963) showed that a first-order differential equation simply postulating
that the velocity of movement was inversely proportional %o the remaining
‘distance away from the target led to the equation of Fitts' Law. Langolf
(1973) showed that a second-order underdamped differential equation re-
lating thé acceleration and velocity of the movement to the distance away
from the target also captures the temporal predictions of Fitts' Law and
in addition reproduces some of the oscillatory properties of haﬁd motion
usually observed in movements of this type. The most intuitively appealing
formﬁlation was developed by Crossman and Goodeve (1963) and by Keele
(1968), based on a first-order difference equation.

It is not necessary to go into the full derivation here. The impor-
tance of the model lies in the implications of its assumptions for under-
standing the mechanism of simple movements. Keele's derivation postulates
that the subject mekes an initial adjustment and as many discrete correﬁ-
tions to thé initial impulse as are necessary to converge on the target
area. He explicitly assumes that each correction takes exactly the same

- amount of time to complete and uses estimates of the time necessary to--
process visual feedback for the value of the time between successive
‘corrections. An experiment of Keele and Posne? (1968) estimated this time
to be between 190—2607msec. The derivation of the model also assumes
that the average accuracy of a correction is a constant proportion of
the distance moved, and Keele takes the constant of propértionality‘to

be between 0.0k (Woodworth, 1899) and 0.07 (Vince, 1948, Exp. IV).



b

With the time equal to 260 msec and the accﬁracy constant equsl to 0.07
Keele reports that he can fit the slope of the Fitts' Law function reported
by Fitts and Peterson (1964) quite nicely. Although this model has great
intuitive appeal, I never tock it to be more than an analogy to real per-
formence until Langolf (1973) performed a Fitts' Law experiment in which
subjects manipulated a probe-mounted peg under a 1l0-power microscope,
simulating the performance of microscopic assembly operations. He obtained
time histories of the motion profile of the probe used to move the 1.1
ﬁm. ditameter peg distances.of 1.27 or 0.254 cm into holes of varying
tolerances. He found the Fitts' Law prediction quite satisfactory for
this performance under a microscope. Moreover, by performing ensemble
averaging of the motion trajectories of several of these movements he
found clear evidence for discontinuities in the path to the target and,
amazingly, the times (200 msec per correction) and movement accuracies
were not inconsistent with Keele's estimates.

Beggs and his colleagues, in a series of reports beginning with
Beggs and Howarth (1970) and including Howarth, Beggs, and Bowden (1971),
have formulsted a different analysis of a similar aiming task that is
particularly interesting because it utilizes some assumptions very similar
to those of Keele. The task on which their analysis is based involves
repetitive aiming at a vertical line target. Whereas virtually all the
empirical studies of Fitts' Law have used a target of defined width and
instructions to move as rapidly as possible consistent with achieving the
required level of accuracy (see Fitts & Radford, 1966, for one exception),
Béggs'and Howarth chose to instruct their subjects to be as aécurate as

possible and to constrain movement speed by pacing them with a wetronome.
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By‘measuring the duration and accuracy of various phases of the movement
as a function of different movement speeds, and by manipulating the dis-
tance from the target at which they turn off targét illumination, thus
removing the opportunity for utilization of visual feedback, these authors
arrived at some rather profound conclusions about thé'important variables
relating the speed and accuracy of simple movements. Tgking the same
poéition as Keele (1968) and others, that a visually mediated intermittent
correction mechanism is operating, they conclude that the primary deter.-
minant of movement accuracy is the distance remaining at the time the last
cofrection is initiated. They conclude in Beggs and Howarth (1970) that
the last correction is always initiated at a fixed time before the move-
ment is terminated and take that time to be 290 msec, on the basis of
analysis of aiming accuracy when the target is obscured at various times
before thé movement is completed. Thus they argue that thé trade-of?f
ﬁetween speed and accuracy of movement is simply a result of fhe fact that
when movements are‘made ﬁore rapidly, the critical 290 msec cut-off occurs
at a greater distance away from the targetband hence results in reduced
accuracy. Their formulation of 2 prediction comparable to Fitts' Law
results in a power function relation between speed and aécuracy having ﬁhe
form | = :
B = EAOQ + K2 o (-:%)2.8

where E2 is the mean square deviation of farget’hits from the target;

EO2 is a residual noise component in motor output that might ﬁé attributed
to tremor; K is a coﬁstant depending on the deceleration profile of the

movement; O

o is the angular aiming accuracy of movements in the absence

of visual feedback; tu is the time'remaining after the last correction
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(taken to be 290 msec); and T is the total duration of the movement.
(See Howarth, et al., Bowdin, 1971, for a detailed éerivation of the
fotmula.) They argue that their data are better fitted by this model
then by Fitts' Law but point out the procedural differences between the

two experimental paradigms.

Relation of simple movement mechanism to tracking mechanisms. These

results and models are of interest;ih and of themselves for the student of
skilled performance, but they alsc contribute some fundamentals to my
growing picture of perceptual-motor skill. I find the similarities of
Keele's and of Beggs and Howarth's conceptions ﬁore notable than their
differences. Both postulate that visually guided movements are in fact
ﬁodified during their execution, éiven that they are made slowly enoﬁgh
that at least one round of visual feedback processing is possible. When
not otherwise instructed and when an accufacy constraint requires then,
subjects will choose to move at a speed that will make such corrections
possible. Both positions assume that the accuracy of blind positioning
#ill be inversely proportional to the distance moved. The conception

that emerges is one that fits closely with the analyses of tracking
performance discussed earlier. Whereas in the case of tracking predictable
signals, commands that would correspond to the initial impulse described
here are initiated on the basis of predictive information obtained from
fhe input signal itself, in this case the formulation of the -initial
impulse is based on information about the initial position of the hand,

the perceived goal of the movement, and any other constraints imposed on
tﬁebmovement by the experimenter. ‘Corrections are executed, in my opinion,

not on the basis of deviations from a predetermined path, but rather on
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- own fencing blade was set 15 cm away from the mechanical blade,

L7
the basis of revised~e3tim&tes of where the target is with respect to
where the subject's hand now is. Of course, one visual reaction time
must be added in to determine where. the hand will ae when thé éorrection

is actually initiated.

Latency of current control based on propricceptive cues. . Suppose

the basis for corrections is proprioceptive rather than visual. For some
time it has been maintained that probrioceptive reacfion time may be some=
whét shorter than latency to a visual stimulus. ' Chernikoff and Taylor
(1952) produced some of the shortest estimates by measuring‘the onset

of deceleration of the hand after it was allowed to begin free—falling

at an unexpected time. Their estimates were.betWeen 112-129 umsec.
Recently Jérdan (1972) conducted’an experiment that confirmed the shorter
latency of proprioceptive cues in a more practical context. He set a
group of naive fencers on-guard against a meéhanically;mounted fencing
foil and instructed them to respond- as rapi&ly as possible to a movement
of the mechanical blade under three conditions. Ia Condition I their h
and the
stimulus for a movement was a visual observation 6f the moﬁing blade.

In Coﬁdition II'the'subject's blade was resting against tﬁe ﬁeéhanical
foil, -and the stimulus wés both visual ‘and the propricceptive feel of

the mechénical blade's movement. Condition IIT was the same &s Condition
II,Véxcept the subject was:blindfolded and<had only the feel of the

blade to reactr£5. The mean response time was measured from onset of
bladermovement to the’first'change in the action potehﬁial inithe!fiexor
muscleé of the fingers. After séme practice, for the;three conditions

the mean response times were respectively 129, 136, and 109 msec. The
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blindfolded condition was reliably faster than either of the other two,
suggesting not only that proprioceptién'prOQuced faster times but also
thﬁt vision was dominant over proprioceptioﬁ when both were available
(Condition I1).

These results are made even more plausible by some recent work of
Evarts (1973). He used a monkey as the experimental subject and a simple
plunger movement by its hand as the response.  Wahen the stimu;us for a
corrective response was a sudden change in forbe on the plunger, he found
EMG activity in the arm attributable to cortical involvement, with a
la#ency as short as 30 to 40 msec. Evarts emphasizes that these were
nof simple spinal-level reflexes. They did not occur prior to some
exﬁerience with the stimulus situation, and they did not occur when the
di#ection of the force cue was unexpectedly changed. We must -conclude
thét when the stimulus situation provides jfoprioceptive cues, the
tiéerconstants assoclated with corrective activity will be shorter, but
we have at this point no reason to propose any different mechanisms

- for movement execution.

Properties of Motor Memory. When we shift from tracking performance -
to voluntary movement perhaps the biggest gap lies in the different roles
pléyed by memory in the two cases. 1In the first two sections of this
chapter I had little occasion to refer to memory per se, except as it
is implied in prediction and extrapolation from what is given. However,
when we speak of movements produced to the subjeét'sfépecifications, memory
beéomes paramount. One is led to ask almosf immediately, "What is it that

‘is stored when we acquire the ability to perform an organized pattern of
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movement ?"

Oﬁe approach to this question has been to examine the short-term re-
tention of the accuracy of simple movements over a specified distance or
to a specified location. In the typical experimént the blindfolded sub-
Ject's hand is first passively or actively moved to a stop. Thén a period
of rest or activity intervenes. Then the subject is asked to reproduce
the movement to the same place with the stop removed.“Thié task is fre-
quently considered to be a movement analog of the verbal shoft-term,memory
experiment referred to as the Brown-Peterson Paradigm. It can be shown
that repetition of the to-be-recalled movement improves accuracy, and it

becomes necessary to distinguish the case with location cues available

-from the case in which only distance cues can be utilized. In general,

location cues seem to be a more robust source of information on which to
basé storage. The greatest interest has focused on the question of whether
it is possible to demonstrate interference effects by occupying the sub-
jéct with various tasks during the retention interval and thereby to

infer the kind of coding impiied in memory. It seems clear that performance
of other movements similar to the criterion movemen® “nterferes, but with
the many other kinds of perceptual, verbal, or intellectual tasks fhat have
been tried, no clear conclusion has been reached. The‘question of'appro-
priate ﬁemory coding for éimple positional responses reﬁains an open

and viable one. While it is interesting, I will not elaborate on this

work further because it doesknot repfesent a central issue from th¢W 
Perspeétive of this chapter. 1The reader is referred to a review of the‘

motor memory literature by Stelmach (1973) for a detailed discussion.
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The properties of motor'memory that seem particularly important
to the understanding of the production of organized movement patterns
are captured in the following simple exercise: Sign your name on the
dotted line on your examination paper and then go to the blackboard
and sign it again. The limb is used differently. Different muscles
are involved. The size is different. Nevertheless, thé movenent
p@ttern produced can still be clearly identified as your signature;
it is unique to you. This homely eXémple supports the interpretation
that whatever it is that is stored, it is not simply & specific set of
mokor commands. In fact, no two repetitions of the same movement are
ever exactly alike. Bernstein (1967) distinguishes between the topolo-
gical properties (spatial patterns) of a movement and its metric proper=
tiés (size and dimensions) and emphasizes the dominance of its topolo-
gical properties. As he says., (Bernstein 1967), referring to a
similar demonstration involving drawing circles,

"It is clear that each of the variations of a movement

demands a quite different muscular formuls .and even more

than this involves a completely different set of muscles

in the action. The almost equal facility and accuracy with

which all these variations can be performed is evidence

for the fact that they are ultimately determined by one

and the same higher directiomal engram in relation to

which dimensions and position play a secondary role" [p. 49].

The concept of schema learning introduced by Bartlett (1958) and
defined experimentally by Posner and Keele (1968) set¢ : an appropriate
ﬁay to think about the generalized nature of what is stored for the
prdduction of movement patterns. Posner and Keele trained subjects to
classify distortions of nonsense dot patterns without ever showing

them the prototypes from which the patterns were distorted. Tie sub-

. Jects were then tested for recognition of the distortions they had
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learned, of new distortions of the same set of prototypes, and of the
pfototypes themselves., Recognition performance was as good on the
prototype they had never seen before as on the distortions of them that
they had learned. Recognition for both these sets of patterns was |
significantly better than that for the new distorted patterns. This
experiment together with a follow-up (Posner & Keelé, 1970) argues
effectively that during the process of classificationvlearning a
generalized schema related to the prototype itself was built up. Al-
though this kind of study has not been performed for motor patterns,
I believe it captures the essence of the kind of schema that must be
stored for the production of motor patterns.

Of course, identification of a motor schema as a critical aspect
of acquiring motor skill raises more questions than it answers. What
properties of a movement sequence are encoded? What properties are
intrinsic to a particular schema, and what properties are only dimen-
sional parameters that are free to vdry from one execution to another?

A possible direction to pursue to answer these questionsis . given by
a transfer condition in the study by Pew and Wickens (Pew 19T74) referred
to earlier. After subjects had practiced the tracking task for 11 days,
in which the middle 20 sec of each one-minute trial was repeated exactly
on every trial, a block of 10 trials was run in which the repeated
éegment was exactly reversed--wherever it moved to fhe left before, the
signal now moved to the righ%, and vice versa. ﬁnder this condition
the subjects’ performance‘was significantly better on the inverted
segmehtk(g_< .05) than their performance on the beginning and ending

segments averaged together, but significantly worse than on the preceding
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trials with the middle segment repeated. Thus there was some but not
perfect positive transfer to the invertéd segment, a result that would
not be expected if they had been learning a very specific sequence of
motor commands. This kind of transfer paradigm, in which simple metric
transformations of highly practiced voluntary movement patterns are
ﬁested, should provide fruitful grounds for gaining further understanding

of the nature of motor schema learning.

The schema instance and its perceptual consegquences. It 1s pro-

posed, then, that a particular movement pattern, an instance, is selected
from the generaslized schema for movements of that particular class, such
és signing one's name or drawing a circle, and it is the specific instance
that actually gets translated into real movements. However, following

ﬁhe view put forth by Adams (1971), sne further implication of the
instance must be postulated. It is not enough that ihe instance is
executed as a string of motor commands. A further consequence of the
selection of an instance is that an image of the sensory consequénces

of actually producing that movement is also generated. Adams refers to
this image as the "Perceptual Trace" and devotes substantial discuséion

to the way it is built up as a function of practice and to its impor-
tance as the basis for comparing expected sensory consequences with actual
sensory consequences., Laszlo and Bairstow (1971) capiture the same

idea in their notion of a standard for comparison with actual feedback.

Iﬁ is the perceptual trace that qakes possible the detection and, occa=
sionally, the correction of errors in movement sequences prior to or in
tﬁe absence of confirming knowledge of results about the success or failure

of the pattern to achieve its goal.
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Effects of feedback manipulation. Some implications of feedback were

indicated in the description of models of tracking control and of models
for the production of rapid, accurate simple movements, but these models
represent a rather indirect approach to evaluation of the role of feed-
back in the conduct of a skill. More direct experimental approaches
have been taken. Studies of delayed, distorted, and transformed feed-
back and attempts to eliminate all feedback are examples of these more
direct-approaches.

Experimental studies of the effect of delayed, distorted, and trans-
formed feedback, many of which are summarized in Smith (1962), report
the not surprising finding that the more degraded feedback is, the more
degraded is the performance that results. For example, delayed speech
(Yates, 1963), delayed handwriting (Van Bergeijk & David, 1959), and
delayed tracking (Pew, et al., 1967a) all produce a tendency toward
repeated elements or stubttering and a stretching out or increased number
of pauses in the motor sequence. These studies suffer from a difficulty
of interpretation, however. While the authors are usually interested
in the assessment of the effect of modifying one -or another source of
feedback, manipulgtion of that one not only degrades it, but also
places it in conflict with the remaining undegraded sources.rif§f ;¥émple,
studies éf delayed auditory feedback from speech have not effectively
eiiminated the normal feedback from the speech musculature.

There are now a number of studies, many of which are reviewed in
Téub and Berman (1968), that support the contention that in higher
animals fﬁdimenta*y movements can be performéd in what appears to be

fthe total absence of feedback from the periphery.' The most recent and
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conclusive report is that of Taub, Perrella, and Barro (1973),who have
shown that monkeys deafferented at birth and having their eyelids sewn
closed are still able to locomote and can be trained in<rélatively pre-
cise hand to mouth coordinafion. Thus, acquisition of new responses
was possible as well as sustained performance in the absence of peri-
pheral feedback. There are at least two kinds of evidence that support
the generalization of these results to man. First, there is Lashley's
(1917) classic analysis of a patient with an unusual gunshot wound in
the spine, which produced effective‘Sehsory anesthesia of the leg below
the knee. He showed that the patient could produce movemenﬁs of the
1limb with no peripheral feedback and could even make gross Jjudgments of
the relative sizes of the different movements thatvhe produced.

Laszlo has used a blocd-pressure cuff to eliminate sensory feed-
back by applying a compreséibn block on the arm. She argues that the
loss of blood circulation below the cuff for 20 minutes or so produces
selective loss of the afferent feedback from the hand and reports that,
at least for some subjects, tapping without visual feedback was possible
"uﬁééf the cuff" (Laszlo & Manning, 1970). These aﬁxhors also argued
that some improvement in tapping rate resulted from practice "under thé,
cuff." Having served as a subject for this procedure, I musfasay the.
subjective effects are compelling, but I feel ﬁhat Laszlo's evidence should
be taken as supportive rather than definitive in light of the uncertain- |
ties of interpretation of exactly what musculature and receptors are

affected and to what degree.
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Feedback levels fpr goal-oriented movements. Feedback concerniﬁ‘
the results of voluntary movements operate at many different levels of
specificity. Verbal reports of the results of an activity are the most
global and occupy the most peripheral position in the sense that their
correspondence to neuromotor events is the least direct. Next most
specific in the series and somewhat closer to neuromotor events are the
exteroceptors, primarily vision and audition, followed by the proprio-
ceptors, including labyrinthine sensation, as well as the information
feedback from the muscles, joints, tendons, etc:

At the level above the proprioceptors I propose to consider some
central representation of motor ocutflow--efferent signals that provide:
an "Efferent Copy" (von Hélst, 1954); the "Feeling of Innefvation"
(Lashley, 1917); a "Copy of the Command' (Anoxhin, 1969); or James' "The
Idea of an Action" (see Greenwald, 1970). Greenwald, following James,
actn&ll& proposes that efferent signals representing the consequences of
motor activity play an active role in movement production,'gpingkbéyond
their role as feedback.

Even taken simply as feedback, such a concept seems necessary to
ex@lain Lashley's finding of reportably different perceptiéns of active
movement of the patient's deafferented lower leg, and Taub and Berman
(1968) argue that something resenbling efferent copy is needed to explain
fhé deafferented monkey's acgquisition of a new response. If he had no
image of the movement he had Jjust made, what is it he would éompare with

the expected consequence and modify on the next attempt?
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Actuslly, these are largely default arguments: They postulate an
explanation for results that are otherwise unexplainable, but there is

also substantial direct empirical evidence in sypport of such a concept.

- At the physiological level Taub and Berman cite electrophysioclogical data

of Chang (1955), Li (1958), and others for efferent collateral dis-
éharge.flowing back to the cerebral cortex. At the behavioral level
the converging operations that support the case for an efferent copy-
like mechanism are summarized by Gyr (1972) in the context of his active
theory of perception.

| Returning now to the levels of feedback from which this digression
began, it seems appropriate to consider efferent signals as the highest
level of feedback that may be kept distinct in some way from the repre-
sentation of a goal-oriented schema or plan of a movement. In the
absénce of all lower-level feedback it is sufficient for crude monitoring
of the results of a motor act, but this is rather gcademic since move-
meénts are seldom produced under such deprived circumstances. The real
iﬁportance of this efferent copy lies in its role in the communication
of what string of motor commands was actually executed, even if further
downstream, at a more peripheral level, the muscular results went awry.
The experiment described in an earlier segtion in which the perceived
iﬁertia of the arm was manipulated could be thought of as & disturbancé

of the relationship between proprioceptive and efferent copy cues.

A block-diagram summary of "voluntary" motor control. With the

~introduction of the idea of multilevel feedback my discussion of the

machinery out of whichkvoluntary movements might be built is relatively

complete. The processes involved might be summarized in the form of
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the very tentative block diagram of Fig. 9.3

It captures ideas similar
to Bernstein's (1967) scheme of "circular control," of Anokhin's (1969)
"afferent synthesis,” and of Adams' (1971) closed-loop model.

The model postulates a Schema Memory as the generaligzed source of
stored information about the organization of movements with respect to

particular goals. When the stimulating conditions are such that a move-

ment is motivated, then a specific instance is selected from the schema

memory for execution. The particular instance selected depends intimately

on the dynamic state of the subject and the enviromnment at the time the
selection is made. The magnitude or length of the instance depends on
the predictability of the environment, and on the task demands of the
movement.

A golf swing might be fully represented as an instance, whereas
only the initial segments of a pole vaulter's trajectory might be for-
mulated as an instance. The instance may be thought of as a stored
representation of a path in space through which the mémbers of the body
will move. The schems instance exists in complete form at a single
point in time. It is like a computer program waiting to be read.

The next stage in this hypothesized system is & translation of

the stored program into a temporal string of motor commands.. One can

postulate that tie timing scale factor of a planned movement is added at

this point--the sequence can be speeded up or slowed down as a unit--
and while we have some evidence that such scaling is possiblé (Armstrong,

1970), I certainly have no strong defense for placing the %iming control

at exactly this point in the sequence. Once a string of muscle commands

have been Tormulated, all that remains is the activation of the muscles

to produce a patitern of movement in space and time.
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As Bernstein (1967), Anokhin (1969), and Adems (1971) emphasize,

an essential component of the process is the Signal Comparator. It is
here that Anokhin's afferent synthesis is focused. Whereas in the case
of tracking, the source of signals to be compared was straightforward,
now many highly interrelated signals come into play, and it is difficult
to represent them all in a block diagram and even harder to differentiate
them experimentally. First, there is information about the goal to be
achieved, which comes from some higher~level executive program and can
be considered one level of expected consequences. Depending on the nature
of that goal, feedback from vision, audition, and proprioception may be
relevant to evaluating whether the goal has been achieved. Then there
is the perceptual trace, an image of the expected sensory consequences.
It is important to remember that the actual sensory consequences are
represented at various levels of specificity, ranging from efferent copy
to knowledge of results, and it must be postulated that the image of
expected sensory consequences has a corresponding dimensionality,
although Fig. 9 does not make this poinﬁ explicit., It is equally
difficult to delineate the results of this comparison operation. They
fall into two main categoriles. First, given sufficienﬁ time, therevare
evaluative results that serve té modify the ongoing course of the move~
ment pattern. Either lower-level corrective mechanisms may be_brought
iﬁto play, ér modified schema instances might be initiated. Perhaps
more»imporfant is the impaét of the évaluation of the results of a move-
ment on the course ofbgeneration of similar movements in the future.

" At thisktime,it;appears to be impossible to delineate in any detail

the nature of the changes brought about by experience, but they must
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inélude modifications to the generalized schema stored ig memory (Adams'
memory trace), modification to the interplay among environmental stimuli
and the schems selection process, modification and increased specificity
of the perceptual trace, and modification of the motor command segquence

so that the expected consequences and the actual consequences are

brought into closer correspondence.

A practical example. It is illuminating towatch a mail clerk

sorting packages for aitgoing delivery. The clerk stands hear a source
of backages some 5-10 feet away from an array of perhéps 25 mailbags
attached to a rectangular frame. The sorter examines each.packege,
decides on its destination, and then make a hefty toss to place_it in
the right mailbag. The novice has little initial success but the
experienced sorter can hit the right bag virtually every time.

These clerks, I would argue, have built up a generalized schem#
for package tossing; however, they dorpét always stand in exactly
thé.same place and no tw0~package§ are alike in weight, size, or shape-
T@us the clerk selects an instance from the general schemsa in accordance
w&th his location in relation to the bags, together with the initial
cgnditions defined by the propeyties of the package. Note that both
visual and proprioceptive properties are important in this case. He
then initiates a temporal stream of commands that his muscles translate
iﬁto a trajectory of his arm and the appropriate release point ¢f the
péckage. For some odd-shaped packaééé the orientation-at the time of
release is as important as the release velocity.

While it is certainly important, it is not sufficient to say'fhat

success or failure at hitting the right bag provides the knowledge of
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results required for improving the clerk's skill. According to the model
proposed here ‘information about the expected sensory consequences, and
about the actual sensory consequences together with the success or failure
of the movement pattern, all converge in the Comparator Mechanism to
produce the basis for modifications to the generalized schema, the in-
stance selection rules, and the temporal implementation of the command
sequence. In some cases the clerk, especially a highly practiced one, may
be able to répért a failure as the package leaves his hand. It seems
likely thét this kind of error detection depends on a lack of correspon-
depce between the expected sensory consequences and the achual sensory
consequences, even befbre the package trajectory is complete. It is
based on acquiring a strong a priori association between successful
patterns and their expected sensory eonseguences.

The viability of this distinction is supported by a study by
~Schmidt and White (1972) that was undertaken to test predictions of
Adams' (1971) theory. Subjects were required to move a slider 2h.1
cm in exactly 150 msec. The movements were initiated by the subject
and foilow—through beyond the 24.1 point was permitted. In addition to
megsuring the average absolute timing accuracy,‘the experimenter
obtained the subject's estimates of movement duration as a measure
of the accuracy of his perceptual‘trace.'

Perfofmance during the training phases measured by average
absolute acCurac& improved as a function of practice, but more Iimpor-
tahtly the correlation between a subject's estimate of his duration
and the actuallduration increased substantially, ihdicating the build-
up of association between the successful movements and their expected

sensory consequences. The fact that performance was maintained at
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about the same level even when knowledge of results was withdrawn, and
that the level of correlstion Between estimated and actual error
increased in this case, supports the idea that the relationship between
expected and actual sensory conseguences prbvides the error comparator
with a useful source of informstion for purpose of monitoring and
adjusting the schema instance on subsequent trials. Schmidt and Wris-
berg (1973), using a 55-cm, 200 msec slider movement, obtained similaf
results but failed to confirm the finding of sustained levels of timing
accuracy under knowledge-of-results withdrawal. However, this failure
could be’attributed to providing insufficient practice prior to with-

drawal on this more difficult task.

General Issues and Summary

The outline of this process-oriented view of skilled performance
is now as complete as I can make it. If not wrong, the picture is surely
incomplete. Especially-with respect to voluntary movements, about all I
have been able to do is organize our ignorance‘on the bagis of logiec,
speculation, and some dlimited evidence. There are, however, general
issues that I want to‘addreES from the perspectives presented here.

The guestion of Vhat is a motor prbgram'and,what do we mean by
"automating" a movement are to me inseparable from a more global analysisk
of temporal and spatial organization. There is no level‘in the motor
system at which I am willing 0 say, "Here is where a motor program comes
inﬁo play." As I see it, even the corrections initiated on a closed-
loop basis by the error servomechanism discussed first constitute an

elementary form of motor program. At that level all that is formulated
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is how far to move in the next instant in time. As the level of environ-
mental prediétability increases, so does the complexity and extent of

movement sequences that are formulated as Gestalts or integral units. -

In the discussion of tracking periodic signals the concept of a partmeber

comparator was introduced. It can be thought of as one mediator of

higher~level temporal organization. When following sinusoidal signals

the subject focuses his attention on monitoring and controlling amplitude,

frequency, and phase of the sine wave patterr, rather than on the position

to be at the next instant in time. Thus we might say he has automated the

process-at a lower level and the sine wave pattern corresponds to anothér

level of motor program, but the more important point is that the subject

has shifted his perspective concerning the level of organization at which

he is working. He is simply solving a different‘prdblem at a new level.

Piano playing and typing are skilled activities that can cdrry this con-

cept of parameter control to very high levels 5f orgariization indeédﬁ
~Biailarly it would bé easy to argue that a Schéma instance, as

defined here, represents a genuine motor program, but again I see that

as merely another focus of attention and organization in which the goal

to be achieved takes precedence over the stimulus situation. Rather

than requiring the’subject to conform to a rigid input sequence, he

must instéad formulate & motor act to accomplish a goal consistent with

the stimulus conditions that exist at the time. As a function of prac-

tice the subject builds up more and more general schematn and higher-

levél goals on which to focus his attention and from ﬁhiCh to evaluate

success. One key to skill training is to provide knowledge of results

'consistent with the level of organization at which the subject is oper-



ating at each stage in the development of the skill.‘

The concept of a hierarchy of levels of organization in motor skills
dates back to Bryan and Harter (1899) and their analysis of telegraphic
signal transmission skills. It includes Book's (1908) work on type-
writing and is captured effectively by Miller, Galanter, and Pribram
(1960). These authors also emphasize the generality of the concept for
virtually all kinds of behavior. The idea was further supported empiri-
cally in my doctoral thesis (Pew, 1966) in which subjects performed a
vtask requiring rapid systematic alternation of key responses in order
to control the movement of a target. Early in practice they responded‘
point bj point in time, waiting for the result from one response before
initiating the next one. After several days of practice they began
responding with much shorter interresponse times, and the pattern of
their responses revealed the development among different subjects pf
two higher-level strategies, one of them a réther sophisticated temporal
modulation strategy to promote more efficieﬁt performance. I infer
from these subjects' performance, and I believe-the result o be éeneral,
that they were not operating completely opéﬁ—loop; they were not~ig-
noring feedback in order to impose a $tructﬁre on their skill but rather
were using feedback to monitor ahd control their performance-at a level
removed from the representation of individual key strokes.

Proponents of the concept of a motor program appeal to the now‘
popular evidence for triggered-off motor sequénces in lower ;nimals such
as locusts (Wilsop, 1972) or in the development of bird songs (Nottebohm,
19703. It is interesting thatzthese results are consonant with the ides

of a memory schema, a rather high level of sophistication in terms of
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the hierarchy of control levels I have described here, but at the same
time they imply a nonadaptive rigid structure to the resultant program,
which is only rarely observed in man. The human swgllow reflex is the
closest human equivalent. At the level of animal behavior, however,
Tinbergen (1951) points out one example that is more consistent with the
multilevel representation of skills:
The grey lag goose reacts to eggs that have rolled out of
the nest by stretching the neck towards it, bringing the
bill behind the egg and with careful balancing movements
rolling it back into the nest. The innste releasing
mechanism of this response reacts to relatively few sign
stimuli; objects of very different shape and size, pro-
vided they have a rounded contour, release it. In spite
of the balancing movements the bird sometimes loses con-
trol of the egg and then the egg slips sideways. In this
case the egg-rolling movement does not always break off,
but it may be completed, very much as if it were a vacuum
ctivity. If this happens, the sideways balancing move-
ments are absent. This indicates that the balancing move-
ments are dependent on continuous stimulation from the
egg, probably of a tactile nature, while the other compo-
nent, a movement in the median plane, is not dependent on
continuous stimuilation but, once released, runs its full
course [p. 84].

- The stereotyped motion coaxing the egg back into the nest is
representativé of the nonadaptive program ususally associated with
lower animals. However, the lateral balancing movements are not.

It appedrs that they were sensitive to tactiie response-produced feed-
backband are representative of the servo-level corrective control I
have deseribed in the early pages of this chapter. - Here, then, is a
clear example of multilevel control typical of human skilled per-
formance manifest in the grey lag gcose.

One definition of a motor program or "automation" of a movement

sequence implies that "automation" releases the requirement for attention

to the ‘execution of a skilled act. This definition is operationalized



in the form of a time-sharing paradigm in which one attem?ts to assess’
the change in attention requirements of the skill in question as it is
being practiced by measuring the improvement in performance on & sub-
eidiary task performed concurrently (Bahrick & Shelley, 1958). ‘While
ﬁhis may be realistic for certain kinds of tasks for which adequate
éerformance can be produced at restricted levels of control, I do not
believe it to be a general result. Rather it seems likely that prectice
shifts the level of organization at which attention is focused, but
does not in principle reduce the task demands. The piano player who
is focusing on the level of emotional communication via his music may
not show performance differences as reflected in measures of keying
accuracy, but an extra task would surel& influence his agbility to
communicate an emotional interpretation of his piece, as reflected

by subtle shifts in the temporal or intonational structure of his
performance.

Even at this level of a tracking task Pew and Wickens (Pew, 1974)
found in the study of performance of repeated and nonrepeated sequences
that the addition of a simple memory task.produced an approximately
equal increase in error score for the repeated and nonrepeated segments
at three different points during a l6-hour period of practice, even
thqugh’performance on the repeated segment was as much as 28% better than
oﬁ its‘random counterpart.

| Underlying this discussion of attention to various levels ef a
hierarchy of control processes is the tacit aésumptiop that a subject's
aétentional capacity is limited and cannot be fecused’on several levels

'of control at once. While the fundamental information-processing
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aséumption of a limited capacity channel has not been a central concept
from which my discussion of skills has been derived, it should certainly
be clear that -he proposal of specific control loops leans heavily on
the assumption that an individual cannot, or at least does not choose
to, operate at all levels in parallel.

Many of the chapters that follow (see particularly Pachella,
Chapter 2, Townsend, Chapter 4, and Kantowitz, Chapter 3) raise the
question of whether in fact a model that assumes limited capacity is
viable and, if so, in which information-processing stages that capacity
limit imposes its constraint. An analysis of the attentional demands
of the kinds of processes and control modes described here could prove
to be a fruitful direction, leading to insights about the processes
themselves,as it has been in understanding more standard information-
processing stages such as stimulus encoding or response selection
(Posner & Boies, 1971). Thus far, however, there is little to say
about attention demands of movement control processes beyond Ells’
(1969) analysis showing somewhat decreasing atiention demand as a move-
ment progresses and the possibility of a further involvement of

attention in monitoring the result of a movement.

A tempting synthesis. The block disgrams of Figs. € and 9 have
been presented separately because théy are complicated enough as they
are. While a great deal of detail remains to be worked out, the main
thrust of this chapter is that there is nothing incompatiblie among the
representations of inner-loop control, higher—order ﬁracking control,

and the formulabtion and execution of so-called voluntary movements.
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Rather, as was noted at the beginning, we should think of & continuum

6f levels of control and feedback, that the signal comparator operstes

ét differént levels at different times, and can even operate at different
levels at the same time. What we observe in human skilled behavior is
the rich intermingling of these various levels of control as a function
of the task demands, the state of learning of the subject, and the con-
straints imposed on the task and the subject by the environment. The

Job of the researcher is different, depending on the level of analysis

in which he is interested, but a general theory of skill acquisition
will only result from consideration of all the ramifications of this

kind of multilevel procszss-oriented description of skilled performance.
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‘the relative likelihood that +the signal will be at verious distances
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A signal that varies randomly as a function of time cannot be des-
cribed in terms of its repeéming_patterns because in principie
every Tinite-length sample is different from every other sample.
It is instead necessary to specify two average statistics that

may be computed from any sample. One of these is the signal's

away from some reference value. The second one is the power spectrum
or power spectral density. Any random signal can be reproduced

exactly by adding together,anfinfinité sum of pure ginusocidal signals

_each having the proper frequency, amplitude, and time relation to
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all the others. The power spectrum is an estimate of the average
power (amplitude squared) at each frequency that would be requi-
in principle to reprcduce a particular random signal. The shape
and extent of the spectrum tells us a great deal about the effects
of a signal that cannot be deduced by direct inspection of the

waveform itself.
This representation was developed in discussion with J. I. Laszlo.

The author is indebted to R. J. Jagacinski for pointing out this

example.
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