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There are three possible mechanismsunderlying the intermittency seen in compensatory limb tracking. The first,
an internal clock that simply times out seriesof movements
(Bekey, 1962; Lemay & Westcott, 1962), is easily ruled
out. The rate of movements is not constantfrom moment to
moment but dependson, among other things, the size of
the movements made and on the delay in visual feedback
of the subject's movements (Pew, Duffendack, & Fensch,
1967; Smith & Sussman, 1970; Miall, Weir, & Stein,
1985). The secondmechanismis that a psychologicalrefractory period (a period after the start of one movement
during which a subsequentmovement can not be initiated)
may interpose a delay between each corrective response
(Smith, 1967; Vince, 1947). After making a corrective
movement, the subject is briefly refractory to further errors.
This mechanism has been postulatedfor both limb and eye
movementcontrol, and considerableevidencesuggeststhat
it operatesto limit the rate of ocular saccades(Westheimer,
1954). The third proposal is an error deadzonethat inhibits
small movements. The term deadzoneis used widely in engineering to describe an input range to which the system
does not respond. In other words, there may be a threshold
above which the positional error must rise before a corrective movement is initiated. Craik (194'7)argued that this is
unlikely because the threshold of human visual acuity is
much smaller than the observed error before each movement. Furthermore, he argued that an error deadzonewould
mean that the rate of corrective movementsdependson the
speedand amplitude of the target's motion. Craik therefore
favored the psychological refractory period mechanism.
The difficulty in deciding between the last two hypotheses
has been to separateout the effects of a refractory period

ABSTRACT.
Humans and inonkeys show intermittent arm
movementswhile tracking moving targets. This intermittency has
been explained by postulating either a psychological refractory
period after each movement and/or an error deadzone, an area
surrounding the target within which movements are not initiated.
We presenta technique to detect and quantify the size of this deadzone, using a compensatory tracking paradigm that distinguishes
it from a psychological refractory period.
An artificial deadzoneof variable size was added around a visual target displayed on a computer screen. While the subject was
within this area, he received visual feedback that showed him to
be directly on target. The presenceofthis artificial deadzonecould
affect tracking performance only if it exceededthe size of his intrinsic deadzone. Therefore, the size of artificial deadzone at
which performance began to be affected revealed the size of the
intrinsic deadzone.
Measured at the subjects' eye, the deadzonewas found to vary
between0.06 and 0.38', dependingon the trackingtask and viewing conditions;on the screen,this range was 1.3 mm to 3.3 mm.
It increased with increasing speed of the target, with increasing
viewing distance, and when the amplitude of the movement required was reduced. However, the deadzonesize was not significantly correlated with the subjects' level of performance. We conclude that an intrinsic deadzone exists during compensatory
tracking, and we suggestthat its size is set by a cognitive process
not simply related to the difficulty of the tracking task.
Key words: motor psychophysics, on-line control, visuomotor
tracking

n compensatory tracking, in which the main cue is trackI
ling error, the human arm moves in a series of discrete
positional corrections. ln 1947, Craik suggested that human
tracking performance is like that of a "sampled servocontroller" (p. 56), and discussed the advantages of such
intermittently sampled control systems. He concluded that
an intermittent process was a fundamental component of the
limb control system, which could be suppressed or replaced
by smooth pursuit after sufficient practice and when the targets were predictable.
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from a possibleerror deadzone.Therefore,we have developed a manualtracking paradigmby which we can identify
the error deadzone,regardlessof whether a refractory period also exists,by measuringtrackingerror in the presence
of an externalerror thresholdon visual feedback.
We define the size of the subject'serror deadzonein the
horizontal axis as the distanceon either side of a visual
targetwithin which the subjectmakesno correctivemovements. In our visually guided tracking paradigm (Figure
1a), we were able to set up an artificial deadzone(ADZ)
surroundingthe target: If the subject held his manipulandum within this ADZ, he was then given visual feedback
that showedhim to be exactly on target (Figure 1b). At all
other times, his visual feedbackwas an accuratemonitor of
position.
manipulandum
Providedthat the ADZ is smallerthan his intrinsic deadzone, the subject'stracking ability shouldremainunaltered'
because,by definition, he would not normally correct for
errors smaller than his own deadzone.Once the ADZ is
made greater than the real deadzone,however,there will be
a region outside the real deadzonebut inside the artificial
one in which movementsnormally would have been initiatedbut now will be supressed.This will leadto an lncrease
in error between target and real manipulandumposition
(manipulandumerror). The magnitudeof the intrinsicdeadzone therefore can be estimatedby plotting the subject's
averagemanipulandumerror againstthe size of the ADZ.
While the ADZ is smallerthan the real deadzone,performanceshould be independentof ADZ size;hence,the initial
part of the plot should be horizontal. Once the ADZ is
greater than the intrinsic deadzone,the error should rise
becauseof the impaired performance.The point at which
the error startsto rise will give the magnitudeof the intrinsic deadzone.
Our aim, therefore, was to determinewhether an error
deadzoneexists in visually guided compensatorytracking,
and if so, to seewhich factorsof the task affectsits size' In
addition, to test whethereither motor or visual acuity limit
the subjects'performance,we measuredthe deadzonesize
at different viewing distancesand with differentmovement
ranges.
Method
The experimentsreported here were carried out on 2 normal male right-handedhuman subjects.Becausewe are interested in using tracking as an experimental paradigm to
assessthe role of the cerebellum(and thereforethe effects
of cerebellarlesions), we carried out similar experiments
on I normal adult male rhesusmonkey' All 3 subjectswere
experienced in tracking the target waveforms used in this
study.
Human Paradigm
The subject sat 50 cm in front of a monochromecomputer monitor on which a target was displayedas a small
rectangleG x 4 pixels; 1.3 mm wide x 3.2 mm high).
300

The horizontal excursion of the target was 500 pixels,
which correspondedto a distanceof 16.5 cm on the screen'
The subjectheld a lighrweight, low-friction manipulandum in his preferred hand (Figure la). The forearm was
supported,and only horizontal wrist flexion and extension
was allowed (65" to cover the targetamplitude).The angular position of the manipulandumwas digitally sampledat
60 Hz with 12-bit resolution and was displayed on the
screenas a small monitor spot (2 x 2 pixels;0.67 x 1.6
mm). Becausethe target was only 2 pixels wider than the
monitor spot, the subjectcould, in theory,positionhis monitor spot exactly at the centerof the target.
Becauseour hypothesiswas that the deadzoneis a threshold on positionaltracking error, we neededto give the subject an error-correctiontask. Hence, the target waveform
was pseudorandom,and a compensatorydisplay was used.
In a compensatorytask, the monitor spot is offset from the
central,stationarytargetby the test waveform;the subject's
task is then to compensatefor this displacementand return
the monitor spot to the screencenter.Thus, the display indicatesto the subjectonly the error in angleof his wrist. In
a pursuit task, additional cues about the target motion are
available(Weir,Stein,& Miall, 1989).
The pseudorandomtargetfunction was generatedby adding four nonharmonicsinusoidsof equal amplitude(Poulton, 1974). Human tracking is most obviously intermittent
in thesecircumstances;if the target is easily predicted,for
example, a single sinusoid, the responsesrapidly become
smooth (Weir et al., 1989). A further advantageof using a
compensatorytask is that subjectsmaintain visual fixation
on the stationarytargetduring compensatorytracking(Weir
et al., 1989),whereasin normal pursuittrackingthe eyes
fix the continuously moving target. Hence, by using the
compensatorytask, we could remove the effects of eye
movementsfrom the Paradigm.
The artificial deadzone(ADZ) was a zone on either side
of the target, whose width was measuredin screenpixels
(l pixel subtended0.0378" at the subjects' eyes from a
viewing distanceof 50 cm). If the manipulandumposition
was such that the monitor spot fell within this zone, then
the monitor spot was displayed exactly on target (Figure
lb). Once the differencebetweenactualwrist angleand target position exceededrhe ADZ, the monitor spot jumped
out of the deadzoneand once again accuratelyreflectedthe
positionalerror of the manipulandum.Therefore,the visual
feedbackonly told the subjecthis manipulandumerror if he
was outside the artificial deadzone.Note, however, that
tracking error was measuredas the differencebetweentarget position and actual manipulandumposition, which was
recordedcontinuouslyby the computerin eachtrial'
Three seriesof experimentswere undertaken:
1. The subjectswere tested with pseudorandomwaveforms at three different speeds. The normal period of the
waveformwas I 5 s (with componentsinusoidsof 0. I 3 , 0. 2,
0.33, and 0.47 Hz). The faster speedwas obtainedby reducing the waveform period to l0 s (componentsinusoid
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FIGURE1(a). The experimentalsetupfor human compensatory
flexion and extensionto track horizontal targets.(b) This showsfour momentsas the
subject'swrist movesthrough the target position. ,4 showsthe actual positionsof the
and B showsthe positionof the monitor spotasdisplayedto the subject
manipulandum
on the computerscreen.While the manipulandumposition is within the artificial deadzone,the monitor spot is placeddirectlyon the target.

tiequenciesincreasedby SOVo),and the slower speedby
increasingit to 30 s (componentsinusoidfrequenciesdecreasedby 50Vo).
2. To test for a relationship between visual acuity and the
size of the deadzone,we used the 15-s period pseudorandom waveform to test one subject at viewing distances
of 150 and 250 cm. The motor task was unaltered in that
the required wrist deviation remained 65'. Thus, this experiment tested whether the observeddeadzonewas related
ro the visual aspectsof the task.
3. To test for a relationship between motor acuity and the
deadzonesize, we also testedthe samesubject with reduced
wrist movements.Again, the l5-s pseudorandomwaveform
December1992,Vol.24, No.4

was used, and the viewing distanceremained at 50 cm. The
gain of the manipulandum signal was changedto lSOVoand
2O0Voof the initial setting so that the angle through which
the wrist had to be moved was reduced to 66Voor 5OVoof
the initial rangeof 65'.
Each daily sessionconsistedof 20 trials with randomized
artificial deadzone size. Each trial consisted of 35 s of
tracking. To avoid starting errors, we excluded the first 5 s
of each trial from the analysis. Within each sessiononly the
size of the artificial deadzonewas changed between trials;
each deadzone size was tested eight times per subject for
Experiment (l), and four times for Experiments(2) and (3).

301

D. M. Wolpert,F. C. Miall,J. L. Winter,& J. F. Stein
Monkey Paradigm
The set-up for the monkey was similar to that for the
humans,with the followingexceptions.
The rhesusmonkey
sat in a primate chair, 40 cm from a screen, and used a
manipulandumthat could be moved in two dimensions
(Miall, Weir, & Stein, 1986).The monkey'sarm was unsupported,and whole arm movementswere allowed. The
monitorspot was 10 x 8 pixels (7 x 9 mm), and the target was 20 x 15 pixels(14 x 16 mm). The horizontalexcursion of the target was 500 pixels, which corresponded
to a distanceof 36 cm on the screen.
The target moved only horizontally.Although the deadzone was also two dimensional,only the horizontal componentof the movementswere analyzed.The monkey was
trainedto trackcompensatory
sinusoidsat0.2,0.3, and0.4
Hz, and was rewardedwith food when on-target.We have
previouslyshown that monkeystrack sinusoidsat thesefrequenciesin an intermittent manner similar to that of humans trackingpseudorandom
targets(Miall et al., 1986).
Sinusoids were chosen in preferenceto a pseudorandom
waveform; this allowed trials of unequal duration to be
comparedwith eachother.
A total of 80-240 s of tracking at each ADZ size was
collected over two to five trials for all three frequencies,
in nine daily sessions.On each day, the target frequency
was kept constant,and the deadzonesize variedfrom 0-35
pix els .
Data Analltsis
Error measurement.Each trial was assignedan error
score,which was the meanof the absoluteerror (the differencebetweenthe positionsof the targetand the manipulandum) averagedover the last 30 s of each35-s trial (1,800
points at 60-Hz samplingfrequency).The meanmanipulandum error at each ADZ was averagedacrossall sessions
(eight or four) for eachsubject,and plottedagainstartificial
deadzonesize for each experimentalsetup(seeFigures35). For the human subjects, the mean performance t2
standarderror (SE) are shown. For the monkey,the score
was averagedover the whole period of accuratetracking.
Standarderrors on the performancewere not availablebecausethe data for each deadzonewas recordedover two to
five trialsof unequalduration.
We choseto plot trackingerror as a measureof performance
rather than to try to quantify the degreeof interminency,becausesubjectsshow a continuumbetweenclearly interminent
responsesand moments of virtually smooth pursuit. Therefore, although it is possibleto detect and analyzeindividual
intermiftentcorrections(Miall et al. , I 986), we havenot found
a clear statisticthat describesthe contribution of intermittent
correctionsto the whole response.Othershaveusedmeasures
of signalpower (Pew et al., 1967)or total path length(Beppu,
Nagaoka,& Tanaka,1987),neitherof which would be appropriate in this situation.
Fourier analysis.Becauseour measureof the meantracking error may not be sensitiveto smallchangesin shapeof
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the subjects'responses,however,we also examinedthe frequencycontentof the manipulandumvelocity records.The
velocity signal is preferable,becauseit emphasizesspectral
componentsat high frequenciescompared with the lowfrequency components of the target. Fourier amplitude
spectrawere calculatedfor four trials from each subjectat
the medium target speed (Fast Fourier Transform, 2,100
samplesper record, mean removed and padded to 4,096
with zeros). The four spectrafor each deadzonesize then
were clipped to cover the frequency range 0-6 Hz (411
samples)and averagedtogether.To obtain a measureof
similarity betweenthe spectra,we then calculatedthe correlationcoefficientsbetweenthe spectrumaI zero ADZ and
spectraat other ADZ sizes(ADZ : I-14).
Curvefitting. Our hypothesiswas that the plotted tracking error measurementsshould demonstratea horizontal
section at values of the ADZ less than the intrinsic deadzone, followed by a portion where the error would increase
as the ADZ increasedabove the intrinsic deadzonesize.
Hence, the breakpoint betweenthe horizontaland the sloping sectionsof the graph would be the point where the artificial and real deadzoneswere equal in size.
To decide where a possible break point lay, we fitted
iterativelya continuousnonlinearregressionline to the data
at all possiblebreak-pointpositions.This involved fitting a
horizontal line segmentthrough the mean of all the data
points below each possiblebreak point, and a straightregression line, continuous with the horizontal line at the
break point, to the rest of the data. The "best" break point
was determinedby selectingthe nonlinearregressionmodel
with the leastsum-of-squareserror acrossthe whole graph.
All the graphsin this article show the bestnonlinearmodel,
as just described.Note that the regressionwas calculated
by using data from individual trials, although only the
means and standarderrors acrosstrials are shown in the
pl ots.
To justify theseregressionmodels, we requiredtwo conditionsto be met. First, a linearregression
line appliedonly
to the databelow the bestbreakpoint must havea slopenot
significantlydifferentfrom zero. Second,the completenonlinear model should be a significantlybetter fit to the data
than a straightline through all the data points (using the F
test), given that the nonlinearregressionhas one extra degree of freedom. The break point, provided that thesetwo
conditionswere met, was taken to be a measureof the intrinsicdeadzonefor that experiment.

Results
A characteristictracking trace is shown for Subject I in
Figure 2. The left-handgraphsshow tracking with no artificial deadzone.The top tracesshow the target(brokenline)
and manipulandumposition (solid line) over a l2-s period.
The bottom tracesshow the error in the compensatorytask
as shown on the screen.The subject can be seento track
the smoothly moving target intermittently.The right-hand
graphs show the same task but with an artificial deadzone
of 16 pixels. The tracking is now more intermittent, and
Journalof MotorBehavior
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10090,viewingdistance: 50 cm). The recordson the left arefrom a trial with no artificialdeadzone;thoseon the right, with
an artificial deadzoneof 16 pixels.The top tracesshow target(broken line) and manipulandumposition (solid line) in pixels.
Thebottom tracesshowthe errorthat wouldbe displayedon screen.The effectofthe largeADZ canbe seeneasilyin the botrom right, wherethe displayederror is frequentlyzero despitean obviouspositionalerror betweenmanipulandumand target
(uppergraph).

:here are periods where little movement is seen (upper
:rght). This correspondsin the bottom trace to periods
',rherethe displayederror was zero (i.e., when target and
:ranipulandumpositions were in fact within 16 pixels of
r'achother).
Graphs of the tracking error against ADZ size are given
.n Figures 3-5. It can be seen that the plots do have the
rredicted form, with an initial horizontal section followed
by a rising section. The nonlinear regressionline fits were
\rgnificantlybetter than a straightline fit for all the experimentscarried out (p < .05, F test). The initial portion of
r.ach graph, below the "best fit" break point, had a slope
rhatwas not significantlydifferentfrom zero (p > .l) in all
but one graph, when modeled with linear regression.The
one exception (Figure 5a) had a significant but negative
:l o p e .
Similar results were found when the data were examined
:n the frequency domain. At all ADZ sizesbelow the intrin.ic deadzonesize, as calculatedfrom the error plots, the
rverage frequency spectra looked grossly similar, with a
broadband of componentsbetween0.5 and 2 Hz (for exemple, Pew et al.,1967). At the largestADZ sizes, there
',rasa shift in this broad band to slightly lower frequencies,
;r might be expected from the reduced responserate of the
.ubjects (Figure 2, upper right). The similarity of the specra was quantified by calculating a correlation between the
t.ero-ADZ spectrum and all other spectra. The correlations
1992,Vol.24, No.4
December

were high at ADZ sizes smaller than the intrinsic deadzone
(r : .945 - .968, mean : .958, n : 9) and gradually
decreased at larger ADZ sizes (r : .896 - .949,
mean : .932, n : l0). Thus, thesefrequencyspectraindicate that our mean error measurementprovided a sufficient description of the data. This also suggeststhat our
hypothesis that the data could be fitted by a model with a
horizontal segment followed by a sloped segment was
valid.
Human Data
l. The Efect ofTarget Speed
Figure 3 shows the error against artificial deadzoneplots
for three different target speedsfor the 2 human subjects.
As expected, errors increased with increasing target speed
for both subjects. Both subjects showed an increasedvariability in tracking error for the fastesttarget. For Subject 1,
the break point was at 4,6, and 7 pixels (0.15, 0.23, and
0.26" at the eye) for target periods of 30, 15, and l0 s,
respectively.For Subject 2, the values were 5, 6, and l0
pixels (0.19, 0.23, and 0.38' at the eye) for the sametargets.
2. The Efect of Viewing Distance
The results for increased viewing distances of 150 and
250 cm are shown in Figures 4a and4b. Equivalent data for
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FIGURE 3. Human tracking performanceagainstartificial deadzoneat different target speeds.Mean tracking error against
Eachpoint
wavetrackingwith periodsof 30, 15,and l0 s, respectively.
deadzonefor slow,medium,and fastpseudorandom
is the averageof eight trials + 2SE. The best-fit nonlnear regressionlinesfitted to all data valuesare shown, that is, 136valuesfor Subject1, 88 for Subject2 (seeMethod for details).

the normal viewing distance of 50 cm were given in Figure
2, Subject l, middle plot. The break point was measuredto
be 6, 8, and 9 pixels (O.23,0.10, and 0.07" at the eye)for
viewing distancesof 50, 150, and 250 cm, respectively.
3. The Efect of Manipulandum Gain
The results for trials with reduced movement amplitude
(increasedmanipulandum gain) are given in Figures 4c and
4d; again the equivalentdata is that of Figure 2, Subject I,
middle plot. The break point was 6, 9, and 8 pixels (0.23,
0.34, and 0.30" at the eye) for movementgains of lO0Vo,
l5OVa,and 20OVo,resPectivelY.
Monkey Data
The data for the monkey tracking sinusoids at three frequenciesare shown in Figure 5. The break point was meas ur edat 9, 8 , a n d l 1 p i x e l s(0 .9 3 , 0 .8 3 , a n d l .13' at the
monkey's eye) for target frequenciesof 0.2,0.3, and 0.4
Hz, respectively.

Discussion
In these experiments, we have attemptedto measurethe
size of the error threshold or deadzoneduring manual track304

ing. Our hypothesiswas that the addition of an artificial
deadzone(ADZ) larger than the subject'sintrinsicdeadzone
should increasetracking error. Hence, a characteristicplot
of tracking error against ADZ width should be obtained.
This was found to be the case(Figures3-5), and the fit of
nonlinear regressionmodels to the data was in all casesstatistically significantlybetterthan that of a linear regression
model (p < .05). As described in the introduction, the
break point of these curves gives an estimate of the size of
the intrinsic deadzone.Hence,theseresultssupportthe proposal that a positional deadzone exists in compensatory
manual tracking.
We chose to use a compensatory tracking paradigm in
order to restrict the task to error correction and to prevent
possible contaminationof our results by eye movements.
Intermittency is also seenin pursuit tracking, however, and
it may be that this intermittency also is related to an error
deadzone. For example, pursuit of a pseudorandomtarget
shows clear intermittent responses.It is an open question
whether the smooth tracking of predictable targets eliminates the deadzone,or avoids its efect by utilizing feedforward control.
There are four possible contaminants of our measureJournalof MotorBehavior
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r:'.r'nts
of the deadzone.We believethat none of theseneed
.,)rry uS,for the following reasons:
l. Inappropriate measurementof performance. It could
t arguedthat subtle changesin the subjects'responsesat
. rrr small ADZ sizesmight not have been obvious in our
:(rlormance measure of mean tracking error. If so, this
.,'uld imply that even small ADZ sizescould alter the re.1)nses, and the intrinsic deadzone,if present,would be
.raller than estimated.To test this, we examinedthe fre-rcncy structureof the tracking responses,using velocity
:iiher than position recordsto emphasizeresponsefrequen.:r'\ above those of the target. No obvious differenceswere
: .und betweenthe spectraat ADZ sizes below the break
:\'tnt given by the error measure,whereasdifferenceswere
.cen for largerADZ sizes.Hence, we believethat our mea. -rcment of tracking performance was adequate.
). \/isual reaction time. By adding an artificial deadzone

to the tracking task, we inrroduced a discontinuity in the
display of error (see Figure 2, bottom right). Hence, we
may have added the effects of visual reaction time to the
task. If the subject were to hold the manipulandum completely still, then, as the target moves continuouslyaway
from the monitor spot position, the actual positional error
would increase smoothly. With a non-zero ADZ in place,
however, the subject would see the monitor spot jump suddenly from the center of the target to the edge of the ADZ
deadzone(Figure lb), and the subjectwould then respond
one reaction time later.
Note, however,that by the end of the reaction time (100400 ms, Cordo & Flanders, 1989) the monitor spot would
have fallen even further behind the target than it was when
first displayed on the edge ofthe deadzone,and so performance would have suffered. This is true for whatever size of
intrinsic or artificial deadzone. Hence, the reaction delay
will affect performance at all deadzone sizes, whether in-
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trinsic or added artificially. The whole curve of performanceerror againstADZ would be shiftedvertically upward,
but not the position of the break point on the curve.
Furthermore,the discontinuity should have becomeapparent as soon as the smallest ADZ was introduced.We
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thereforemight expect a step increasein performanceerrors
between tracking with no deadzone (ADZ : 0) and
ADZ:
l. This is not seen(Figures3-5). Therefore,we
believethat the effectsof the subjects'reactiontime did not
affect our measurementof the size of their intrinsic deadzone.
3. Learning. Our identificationof the best break-point
position in the curvesdependson the relative differencein
performancebetweentrials for eachsubject,ratherthan the
absolute value of performance error. Thus, the effect of the
subject's learning more about the task should not affect
the results. As just arguedfor the effectsof reactiontime,
the effectsof learningwould only shift the whole curve vertically (downward) and should not affect our measurement
of the break point in the curve.
An indicationof learningwould be that the performance
measuredwith no ADZ should improve over the courseof
the experiments.This would be obvious as a trial-by-trial
reduction in the performance error at ADZ : 0. The subjects were experiencedat the tracking task, however,and
there was no consistenttrend in trial-by-trial error scores;
(note the relatively small 2 SE barsat ADZ : 0, Figures3
and 4).
Of course, if the size of the deadzonewere to change
with learning,this would affectour results;we havenot yet
tested fully this point, but no evidenceof such a change
was seenin the presentexperiment.
4. Psychological refractory period. We also believe that
our measurementof the deadzonecannot have been contaminated by the presenceof a psychological refractory period. This is the other mechanismthat is postulatedas the
causeof intermittenttracking responses.We shall consider
our results in the light of three possibleconditions:First,
that an error deadzonemechanismexists and is the sole
cause of intermittency; second. that only a psychological
refractoryperiod exists;and third, that a combinationof an
error deadzoneand psychologicalrefractoryperiod exists.
First, if a deadzoneexists and there is no psychological
refractory period, our measurementof the deadzone size
would be straightforwardand would give rise to the observedplots. By definition, the subject would not correct
for any errorsthat fall within his intrinsic deadzone.Hence,
if the ADZ was smallerthan the intrinsic deadzone,it could
not influence the subject's performance.If it was larger,
then some errors that normally would be correctedwould
now fall within the ADZ, and could not be seen by the
subject(and hencecould not be correctedfor). Thus, only
if the ADZ is smaller than an internal deadzonewould we
expect an initial horizontal segment to the graphs. If an
intrinsic deadzonedoes not exist, we would expect an immediate increasein trackins effor as we increasedthe ADZ
size.
Second,if there were no intrinsic deadzone,but only a
psychologicalrefractory period, could we still obtain the
characteristic nonlinear plots? When two stimuli are presentedto a subjectin rapid succession,the reactiontime to
Journalof MotorBehavior
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::c secondstimulus is increased.The increasein reaction
::nre has been referred to as the psychologicalrefractory
r-rrod (Smith, 1967). The psychologicalrefractory period
- rn be defined, for a tracking task, as a period after the start
r one movement during which a subsequentmovement
. rnnot be initiated. In this case,eachcorrectivemovement
.:.\)uld start one psychologicalrefractory period after the
::L-\ious movement. Only if positional error was actually
-'jro at the end of the refractory period would the subject
::tl to make a subsequent
correction,whereasfailure to cor::'.t for any nonzeroerrors of courseimplies the existence
: .in error deadzone.We have shown that the size of errors
:r'aSUrgdat the start of each corrective movement has a
:..ughly normal distribution (Miall, Weir, & Stein, in
::ess). This means that movements are initiated from a
-:oad, continuous rangeof starting errors, and so, if the re::.rcrory period exists,then most movementsindeed should
:.:' initiated one refractory period after the previous one. If
.r arbitrarily small ADZ is now introduced, some errors
*.ruld be expectedto fal within this zone; hence, the cor::.;rive responsewould not be initiated ilnmediately after
::.:' €nd of the refractory period, but would be delayeduntil
::.:' subject next receivedvisual conhrmation of his error,
::.rr is, one reaction time after the error had built up to ex.r-:J the ADZ. Therefore, even a small ADZ would be ex:.:'.'redto impair tracking performance, and the plot of per: ::nance error against ADZ should rise immediately.
. :.us. the presenceof a refractory period alone cannot ac-...nr for the horizontal portion of the plots.
Third. with both an error deadzoneand a refractory pet limiting movement initiation, corrective movements
. .ld not start if they fell either within the intrinsic dead. :.. or during the refractory period. While the ADZ was
.r .rller than the intrinsic deadzone,there would be no ef::.: ()n performance,and the plot would have a horizontal
.L,li()n. Once the ADZ was greaterthan the real deadzone,
:::;' again would be a region between the intrinsic and
-::rricial deadzonewhere movementsnormally would be
:.:r.rted.As soon as the ADZ was greaterthan the intrinsic
.-:,Jzone, becausestarting errors are distributed roughly
- :mally, there would be occasionswhen normal move:int initiation would be suppressed.This would lead to a
- .. in tracking error. Therefore we argue that the possibil:. Lri 3 psychologicalrefractory period did not affect our
of the size of the subjects'intrinsic deadzones.
---:Lmation
Ihe Relationship Between Thsk Parameters and
lkadzone Size
fhe intrinsic deadzonewas found to increasein both hu:rin subjectsas the targetfrequenciesincreased(Figure 3).
":.trefore, a larger positional error was toleratedbefore a
- :rective movement was initiated for faster moving tar-;;. Therewas not sucha clear increasein sizeofthe dead. nc-with increasingfrequencyfor the monkey (Figure 5).
.i: have previously found, however, that monkeys best
:,-:;k sinusoidsof frequenciesof about0.3 Hz; whereasfrebcember 1992,Vol.24, No.4

quenciesof less than 0.1 Hz or greater than 0.5 Hz are
followedpoorly (Miall et al., 1986).This may explainwhy
the deadzonewas found to be smallerat 0.3 Hz than at 0.2
Hz in this experiment.
The intrinsic deadzonealso increasedas viewing distanceincreased(Figure 4). The increasefrom 6 pixels at 50
cm, to 7 pixels at 150 cm, and 8 pixels at 250 cm was less
than could be explained simply on the basis of viewing
angle, however.Furthermore,the smallestobserveddeadzone (of 8 pixels at 250 cm, or 0.07o at the subjects'eye)
was still greaterthan this subjects'acuity at distinguishing
separatepoints on the screen,whetherstationaryor moving
at the velocity of the targetusedin this experiment.Hence,
the size of the deadzonecannot be simply relatedto visual
acuity.
As the manipulandumgain increased,deadzonesize increasedsomewhat(from 6, to 9, to 8 pixels at gainsof 100,
150, and 2O0Vo;Figure4). Note that as gain increased,finer
wrist movementswere required. If the deadzonewere of
fixed size in terms of movementof the wrist, one would
expect that the observeddeadzone(measuredin pixels at
the screen)would increasein proportion to the manipulandum gain. Hence, as with viewing distance,theremay be a
factor related to "motor acuity" that influencesthe size of
the deadzone,but it is not a simple linear relationship.The
smallestobserveddeadzoneof 8 pixels at a gain of 200Vo
representsa wrist angleof0.52'. Subjectsare easily ableto
position the joystick to stationarytargetsunder visual guidance with this accuracy,but their accuracy (excluding a
deadzone)underdynamic conditionsis unknown.
A regressionof deadzonesize for the combined data
from both humans (measuredin pixels) againsttarget period (s), manipulandumgain (as a percentageof the normal), and viewing distance (in meters)gave a nonsignificant fit at the p : .05 level (,? : l0). The questionthen
is: If the deadzoneis not relatedsimply to the period, gain,
and viewing distance,what setsits level?
The visuomotor systemcan be regardedas three subsystems acting in series:the sensory,sensorimotorinterface,
and motor control subsystems.We haveshownthat the arm
fails to respond to small visual errors, and therefore there
must be a limitation in one of thesesubsystems.A limitation in the performanceof the motor subsystemwould not
behaveas a deadzone,however.Responsesstill would be
made but would producemovementsof inappropriatesize.
Therefore, a visuomotor deadzonecould not result from
limitations in the motor control but may result from the
characteristics
of the sensoryor interfacesubsystems.It has
been shown in the oculomotor systemthat saccadescan be
made accurately (and error therefore perceived) to target
displacementsas small as 3.4 min (Wyman & Steinman,
1973).This is smallerthan any of our measurements
of the
deadzone.Therefore, the limitation is likely not to be in
the sensory subsystem.It seemsprobable, therefore,that
the location of the visuomotor deadzonelies in the interface
betweensensoryinput and motor output.
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The plots in Figures 3, 4, and 5 show that the errors
measuredat ADZ : 0 were not significantlybetterthan at
other ADZ valuesbelow the best-fit break points. A baseline error for each experiment therefore was taken to be the
mean of all the points below the best-fit break point; this
correspondsto the horizontal segment of the regression
model plotted in each figure. The baselineerror was seen
to vary with target speed in the human subjects and in the
rhesus monkey, and also varied with viewing distance and
manipulandumgain for the one human subjecttested.
A regressionof baselineerror (BE) for the combinedhuman dataagainsttargetperiod (P), manipulandumgain (G),
and viewing distance(D) gavethe following:
BE : 39.6 - 0.48P - 4.03G - 1.65D,with a significantcorrelationof r : .916 (p = .01, n : l0).
We therefore attempted to regress our measurementsof
deadzonesize on the baselineerrors for all human data; this
correlationwas not significant(r : .53,p > .1, n : l0).
Hence, althoughthe subjects'performancevariedfrom trial
to trial, presumablyas the task difficulty varied,this did not
correlatewith the measuredsize of the error deadzone.It
may be that the size of the deadzoneis set by the subjecton
of the task difficulty.
the basis of his subjectiveassessment
But, there appearsto be no simple relationshipbetweena
small deadzoneand good tracking performance.In fact, a
large deadzonemay be a "good" strategyfor tracking:Subject 2 had lower tracking errors but a larger intrinsic deadzone than Subject l. (see Figure 3). This corresponds
closely to Craik's (1947) original suggestion,taken up by
others(Neilson,O'Dwyer, & Neilson,1988),that sampling
of the tracking error, in this case by an error deadzone,
confersthe advantagesof sampledfeedbackin an uncertain
task.
In summary, therefore, we believe our results demonstratethat an error deadzonemust be presentin compensatory manual tracking. We cannot state that it is the only
causeof intermittency,althoughour measurement
of its size
is independentof psychologicalrefractory period or reaction time. We are confidentthat theseresultscould not be
achievedby a mechanismthat does not include an error
deadzone.We have also shown that the size of the deadzone
varies with a number of factors but is not simply related to
the difficulty of the tracking task. Thus, the determination
of deadzone size must incorporate both the visual and the
motor aspectsof the task: Its size is not constantwhen measured in either visual or movementcoordinatesalone. but
is a mixture of the two.

308

ACKNOWLEDGMENT
We thank Graham Kerr for his helpful comments on the manuscript. D. M. Wolpert is supportedby a Medical ResearchCouncil
Training Fellowship, R. C. Miall and J. L. Winter are supported
by the WellcomeTrust.
REFERENCES
Bekey, G. A. (1962). The human operatoras a sampled-datasystem. I.E.E.E. Transactions Human Factors in Electronics,
HFE3,43-5r.
Beppu,H., Nagaoka,M., & Tanaka,R. (1987).Analysisof cerebellar motor disorders by visually guided elbow tracking
movements.Brain. ll0. l-18.
Cordo, P. J., & Flanders, M. (1989). Sensorycontrol of target
acquisition.Trendsin Neurosciences,12, ll0-11?.
Craik, K. J. W. (1947). Theory of the human operatorin control
systems.I. The operatoras an engineeringsystem.British Journal of Psychology,38, 56-61.
Lemay, L. P., & Westcott,J. H. (1962, September).The simulation of human operator tracking using an intermittent model.
Symposium conducted at the meeting of the International Congressof Human Factorsin Electronics,Long Beach, CA.
Miall, R. C., Weir, D. J., & Stein, J. F. (1985). Visuo-motor
tracking with delayedvisual feedback.Neuroscience,l6,5ll520.
Miall, R. C., Weir, D. J., & Stein,J. F. (1986).Manualtracking
of visual targets by trained monkeys. Behavioral Brain Research.20. I 85-20 I .
Miall, R. C., Weir, D. J., & Stein, J. F. (in press).Intermittency
in human manual tracking tasks. Journol of Motor Behavior,
Neilson,P. D., O'Dwyer, N. J., & Neilson,M. D. (1988).Internal models and intermittency:A theoreticalaccountof human
tracking behaviour.Biological Cybernetics,58, 101-l 12.
Pew, R. W., Duffendack,J. C., & Fensch,L. K. (1967). Sine
wave tracking revisited.I.E.E.E. TransactionsHuman Factors
in Electronics. HFE8. l3O-4.
Poulton, E. C. (1974). Tracking skills and manual control. London: AcademicPress.
Smith, M. C. (1967). Theoriesof the psychologicalrefractoryperiod. P sychological Bulletin, 67, 202-213.
Smith, K. U., & Sussman,H. M. (1970). Delayedfeedbackin
steering during learning and transfer of learning. Journal ofApplied Psychology,54, 334-j42.
Vince, M. A. (1947). The intermittency of control movements
and the psychological refractory peiod. British Journal of Psychology, 38, 149-157.
Weir, D. J., Stein,J. F., & Miall, R. C. (1989).Cuesand control
strategiesin visually guided tracking. Journal of Motor Behavior. 21. 185-204.
Westheimer,G. (1954). Eye movementresponsesto a horizontally
moving visual stimulus. Archives of Ophthalmology, 52, 932941.
Wyman, D., & Steinman,R. M. (1973).Small steptracking:Implications for the oculomotor "dead zone." Vision Research,I3 ,
2165-2t72.

Submitted
February25, 1991
Revised
July24, 1991
SecondrevisionNovember18,l99l

Journalof MotorBehavior

