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SUMMIARY

A literature review which included tracking studies conducted from various
theoretical perspectives over several decades was performed. Three major areas
were eapoasiaed: (1) typical patterns of response in simple target-acquisition
and tracking tasks; ('Z) development of tracking skill under various conditions
uf training and practice; and (3) the impact of dual-task conditions on tracking
performance. A framework for interpreting the various theoretical constructs
and empirical findings was presented. This framework is based on the notion of
response organization. Based on the empirical findings, as interpreted within
this framework, the following principles of response organization were inf~arred:

1. Responses become organized by the degree and type of predictability
in the input signal. The term predictability refers to the operator's ability
to anticipate changes in the signal, not a purel-; mathematical calculation of
uncertainty.

2. Response organization can 'be characterized in the spatial and temporal
domains. These two domains are not independent, but temporal organization tends
to develop before spatial organization, regardless of the extent of organization
possible in either domain.

3. The most important property of the input signal, with respect to
response organization,, is bandwidth. Changes in the input signal which occur
too rapidly may demand responses which are beyond human capabilities. An
implicit assumption of the principles in the following discussion is that
required responses are within the operator's limitations.

4. If a task does not permit effective anticipation of responses in time,
then the extent of response organization is quite limited. Behavior in these
tasks is aptly described as reaction to observed error; the operator's manipu-
lation of the control device tends to lag behind changes in the input signal.

a. .Temporal organization in these tasks is limited to a decrease in
response latency. Response latency tends to approach the well-established
limits on human reaction time (e.g., 200-300 ms for manual response to a visual
stimulus).

b. Spatial organization is limited to a refinement of the amplitude
(accuracy) of responses. If a variety of response amplitudes are required, the
observed amplitudes of the initial response tend to regress toward the mean
required amplitude. For example, if the input functtm,.n is an irregular step
function, the operator will tend to overshoot the small step sizes and under-
shoot the larger step sizes.

cO Inability to effectively anticipate responses in time may result
from inherent unpredictability in the input signal with respect to time and
space, or from changes that are so gradual or infrequent that the operator
cannot time the responses accurately.

5. Effective anticipation of resp.;.nses in tine is facilitated by the pro-
vision of preview on the display. If a preview is not provided, then effective
anticipation can arise from sufficient experience with a repetitive waveform
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such as a mine wave. The extent of experience required increases with the
complexilty of the waveform.

6. If a task does facilitate effective anticipation,, then the responses
v~ii not tend to uniformly lag behind the Input signal. The responses will
tend to produce a closer correspondence between changes In the input signal and
changes in the output signal than Is obtained from moment-by-moment reactions
to the input signal. The nature of the response organization is determined by
the extent and type of predictability in the input signal.

a.If both the direction and amplitude of input signal changes are
highly predictable, but the tesporal pattern is highly unpredictable, then
anticipation will occur,, although It may be relatively inaccurate in time. The
duration of intervals between responses will tend to regress toward the mean of
the intervals between input signal changes. For example, if the input function
is a step function that is spatially predictable but temporally irregular, then
the operator will tend to lead the long-step durations and lag the short-step

F durations.

b. If the temporal pattern is highly predictable and the spatial
pattern L. at least predictable with respect to direction, then anticipation
will develop quicitly and will be quite accurate. Spatial accuracy may show
little if any improvement with practice, unless a quite extensive practice
regimen is used.

7. Aw task unpredictability is increased, its impact, in terms of dis-
rupting response organization, may increase disproportionately. At moderate
levels of unpredictability, response anticipation may be largely suppressed.
That is, the effect of the unpredictability may be more pronounced than would
be predicted by extrapolation from lover levels of inherent unpredictability.

This interpretive framework made it possible to predict how the process
of response organization is affected by the type and extent of predictability
in the task, and how those effects are reflected in the correlation matrices
based on extended practice of a task. Briefly, we argued that the process of
response organization produces a superdiagonal form in the correlation matrix.
We predicted that the development of response organization is evidence by a
pattern of increasing correlation coefficients in the first off-diagonal of the
matrix, up to a point where the magnitude of these correlations stabilizes and
then exhibits no further upward or downward trends. The point at which the
correlations stabilize represents the point at which response organization
stabilizes. We also predicted that the magnitude of the correlations in the
first off-diagonal will systematically vary as a function of task unpredicta-
bility. Another prediction was that the extant of practice required for these
correlations to stabilize will systematically vary as a function of the com-
plexit~y of the predictable task components.

Review of the dual-task literature revealed that performance of a tracking
task is almost Invariably degraded if a co'ncurrent task is added. The theoret-
ical accounts of this performance decrement have tended to focus on the notion
of time-sharing. In terms of response organization, the one relevant study we
reviewed suggested that the response organization is severely disrupted by dual-
task conditions, and that performance reverts to moment-by-moment corrections.
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Vis study was not clear whether this disruption could be remedied by further
practice In dual-task conditions. We entertained two possibilities: (1) the
disruption caused by a second task might be lessened if the primary tesk is
exuasivnly practiced alone, thereby allowing response organization to stabilize;
or (2) the response organisation which develop@ in single-task practice might

" actually be inappropriate for dual-task performance, thereby rendering dual-
task practice essential for the development of a response organi•sation which
accommoda tes both tasks.

A small-scale experiment was conducted, designed to allow at leant a pre-
limaiary assessment of theoretical and practical issues raised by the possi-
bilities pointed out earlier. A whole-task condition was created in which a
complex tracking task, which facilitated response organization, was performed
alone at the beginning of the trial, followed by concurrent performance of the
primary task and a simple target-acquisition task which did not facilitate
response organizmtion. Three groups of subjects performed this whole task in
transfer conditions; they differed in that they had received different training
regimens on the previous day. One group received whole-task tfaining; they
practiced the whole task exactly as it was to be performed on the following
day. The other two groups practiced both component tasks separately on the
first day; one of these groups received twice as much practice on the target-
acquisition task as compared to the other part-task group.

The results indicated that the groups were roughly equal in proficiency on
the primary task during the si~le-task segment of performance. The whole-task
group had an advantage in proficiency 'on the primary task during the dual-task
segment, and this advantage increased throughout performance on day 2. The part-
task groups bad an Initial advantage In proficiency on the target-acquisition
task, but this advantage decreased across performance on day 2. Further analyses
were performed on the primary tracking task data, to assess response organization
in the single- vs. dual-task segments of a trial, and to ensess differences among
the groups in response organizetion. The timing of responses in each segment
was assessed, and over all groups it was found that dual-task performance was
characterized by fewer numbers of responses which were in synchrony with the
input s*ig,.r, %nd greater numbers of lead errors, lag errors, and instances in
which no response was made (as compared with single-task performance); this
alone was not surprising. However, when the correlations among the frequencies
of each response type and overall performarice were examined as function of
trial segment (single- vs. dual-task) and group, an interesting pattern was
found. In the single-task segment, better performance was highly correlated
with higher numbers of synchronous responses, and lower numbers of leads, iags,
and omissions. This pattern was equally true for all groups. In the dual-task
segment, however, better performance was highly correlated with higher numbers
of synchronous responses and leads, and lower numbers of lags and omissions.
This pattern suggested that the subjects learned to improve performance by com-
mitting lead errors, perhaps to accommodate shift of visual attention to the
target-acquisition display. However, this pattern is descriptive of tho whole-
task training group only. One part-task training group did not show this pat-
tern, except that the number of leads was positively correlated with performance.
The other correlations were very low, suggesting that their respouses in tbh3
dual-task segment were not well organized. The other part-task group seemed
to be somewhat better organized, but not nearly to the extent exhibited by the
whole-task group.
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ZPAMCZNZNT OF RIIUN"I PLIO.1NANCIN 11
HANUAL TARGIT ACQUISITION AND TRACKING

XJINTRODUC'TION

The pilot of a modern tactical aircraft must perform a number of complex
psychomotor tasks during the course of a mission. The basic task of main-
tMining controlled flight certainly ba& complex pychoamotor components, and in
some types of missions, the pilot way be required to perform other psychomotor
tasks while maintaining flight control. ?or example, a cam'o. profile for a
low-altitude air-to-ground mission calls for the pilot to fly close to the
terrain while navigating to a predetermined point, then ascend ('poe") to a
somewhat higher altitude, acquire and track the intended ground target, ralaasu
the appropriate weapon, and finally to descend again close to the terrain for
agress. During the time spent at the higher altitude, the aircraft Is more
vulnerable to detection and engagement by enemy air defense systems. It is
desirable, therefore, that the tasks required for successful target acquisition
and tracking be performed as rapidly and efficiently as possible, without sac-
rif icing accuracy of weapons delivery.

Man7 studies of target acquisition have concentrated on visual factors
such as acuity and eye-movement (scan) patterns., These factors are undeulably
important. Rovever, many weapon systems also require manual control (typically
of a joystick).for successful acquisition and tracking. Never, more sophisti-
cated systems often include automatic acquisition and tracking functions, but
these functions are subject to error and may require manual assitarnce by the
human operator to acquire the correct target and/or to maintain accurate target
tracking. In a single-seat aircraft, these manual taska must be performed by
the pilot while maintaining flight control. Factors that affect the manual
aspects of target-acquisition and target-tracking tasks are the primary con-
cerns of this research.

Some target-acquisition and target-tracking tasks of interest here may be
relatively simple when considered alone. A common arrangement is one in which
a joystick controls the orientation of a sensing device--for example, a tele-
vision camera. The camera may be located underneath the aircraft, or, in some
cases, in an air-to-ground missile. The associated display is simply the image
captured by the camera, often with a symbolic sight (e.g., croashairs) superim-
posed on the image in the center of the display. The associated task is thus a
simple compensatory tracking task; that is, the operator's task is to null any
deviation between the target and the fixed representation of the sight. The
control system is typically first-order (rate control). Initially, tt. sensing
device may be slightly out of line with the desired target, requiring that the.
orientation of ihe sensor be tr4justed so the target Is brought to the center of
the display, coincident with the sight. At this point in many systems, t.he
operator presses a switch which initiates automatic tracking of the sighted
target. Then the operator monitors the display and uses the jcptick to cor-
rect any significcnt drift of the target from the sight.



Other aspects of target acquisition and tracking are obviously quite con-
plex. In mary types of missions, the pilot is expected to perform a high-
precision maneuver (to help minimise exposure to enemy defenses), which suet
result in a osar-boresight alignment of the aircraft and the target. A second
high-preeision maneuver may be performed after the target is acquired. The
manual activities required for these high-precilson maneuvers aust be coor-
dinated and accurate. Purthermore, some weapons system* require that the
operator continue to manually aid the target-tracking functions during the
second maneuver. Thus, there are two major types of mnnual tasks which are of
great importance in target acquisition and tracking: the highly precise and
coordinated manual aspects of flight control, and the relatively simple manual
tasks involved in aiding the automated acquisition and tracking functions. The
fact that, in a single-sest aircraft, the pilot may be required to simultane-
ously perform these tasks is of particular concern in thin research.

Although the specific manual control requirements vary across aircraft,
weapons systems, and missions, the tasks just described are representative of
the potential complexity of manual activities during target acquisition and
tracking. Various types of manual acquisition and tracking tasks have been
studied in previous research. Three relevant areas that have received par-
ticular attention are as follows: (1) typical patterns of performance in
simple acquisition tasks and in compensatory tracking tasks, (2) the effects
of various training and practice regimens on tracking proficiency and skill
organisation, and (3) the effects of dual-task conditions on performance of
tracking tasks. Each of these areas is reviewed. A special emphasis through-
out the review is the identification of conditions and techniques which enhance
performance. The review embraces studies conducted from various theoretical
perspectives over several decades. An attempt is made to provide a coherent
framework for interpreting the theoretical construct8 and empirical findings of
these diverse approaches.

LITERATURE REVIEW

Typical Patterns of Performance

Acquisition

Acquisition tracking, also called step tracking, is a task in which a
sudden (or initial) discrepancy between the target stimulus and a respoase
marker (e.g., a cursor) must be nulled by the operator. The time required
to acquire the target has been widely studied. Total acquisition time is
typically divided into three segments: (1) reaction time-the time from the
onset of the discrepancy to the initiation of a control movement; (2) primary
movement time-the duration of the first control movement, which usually mulls
most of the discrepancy between the target and the marker; and (3) correction
time-the time from the end of the primary movement until the target and marker
are in stable alignment. Brown and Slater-Hammel (6) analyzed these coqponents
of acouisition time in a task in which the direction and distance of movement
were varied. They found no difference in reaction time which co,14 be attri-
buted to either factor. Primary movement time was found to vary a4 a function
of distance, but not as a func'.ion of direction. Correction time was found to
be somewhat faster for the smallest distance used in their experiment then for
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longer distances, but no further difRerences In correction time were observed.
The men rmeation time in their experiment was about 250 ma, which iS typical
of reaction time to a visual stlmilue as measured from the onset of the stimu-
lus to the initiation of the response. Poulton (27) reported that reaction
time do not tend to vary an a function of step else unless the step is unex-
pectedly small or unexpectedly large.

The average primary movement time in the Brown and Slater-Hlamel (6)
experiment ranged from about 200 ma for a 2.5-M (1 in.) step alma to about
550 us for a 40-cm (16 In.) step sine. Thus, the primary movement time for
the 40-cm (16 in.) step was roughly twice that of the 2.5-cm (1 in.) step,
whereas the actual else of the step differed by a factor of 16. This differ-
once indicates that the rate of movement wea faster for the larger stop *Laes.
Taylor and Birmuighan (29) described typical patterns of movement race in an
acquisition tracking task. They found that the movement rate tends to Increase
rapidly during the first part of the movement, reaching Its maximum value nearly
halfway through the movement. The rate of movement then gradually decreases
throughout the second half of the movement. Crafk and Vince (7) found similar
patterns of movement rates for a variety of step sizes. Although faster maxi-
mum rates were found for larger step sines In both these studies (6, 7), the
primary movement time were reliably longer for larger steps. Thus, the in-
crease in movement race for larger steps does not fully compensate for the
actual difference in distance.

Craek and Vince (7) also analysed the accuracy of the primary movement.
As mentioned earlier, the primary movement typically nulls most of the error
beween the target and the marker. They found that the magnitude of the
remaining error is typically proportional to the size of the step. This rela-
tionship is often called "Craik'. ratio rule." The obtained proportions are
typically between 5X and 1OX. Poulton (27) reported that "Cralk's ratio rule"
does not hold for very small movements. Vince (30) also demonstrated that the
value of the proportion can be manipulated through Instructions which emphasize
either speed or accuracy over the other. Taylor and Birmingham (29) reported
that the tendency for the primary movement to undershoot vs. overshoot the
target ia related to the size of the step. They found that undershoots (i.e.,
the magnitude of the movement was too small) tended to be associated with large
stop sizes, whereas overshoots were typically found fo. small steps. These
tendencies must be interpreted as errors of central tendency within a given
experiment (27), because a given step size may be relatively small in one
experiment, but relatively large in another. Thus, the tendency to overshoot
or undershoot is larSely associated with the range of step sizes used in an
experiment rather than the actual size of the step.

Control system sensitivity (gain) apparently has little effect on primary
movement time if the control device is a joystick or lever, although it does
have an effect if the control device is a knob or handwheel that must be ro-
tated (7, 27). Control system sensitivity may have a pronounced effect on
correction time. Hammerton (14) exmined the effects of control system sensi-
tivity on both primary movement time and correction time, He found no differ-
ence in primary movement time across the various levels of sensitivity used,
but did find correction time to markedly increase for the higher levels of son-
sitivity. Thus, if sensitivity is high, it may be more difficul t to make the
precise adjustments required to bring the target and marker in stable alignment
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then if the sensitivity is moderato. Poulton (27) recommended that, for a joy-
stick position (zero order) control, the optimum sensitivity may be obtained by
equating the maximum displacement of the stick and the maximum required movement
of the response marker.

Sigher-order control systems tend to produce longer acquisition times.
Acquisition time with a rate (first order) control may be nearly twice as long
as with a comparable (in terms of obtainable movement rates) position control,
and acquisition time with an acceleration (second order) control say be so much
as 7 times greater than with a 4osparable rate control (27). These differences
are, in part, due to the additional control movements required to stabilize the
display. In a rate control system, two control movements are required to move
the marker (or target, if a compensatory disp:ay is used) from one stable posi-
tion to another. The first control movement establishes the rate of movement
of the marker, and the second movement is required to null the movement rate
back to terp. In an accelecation control system, three movements are required
to move the marker from one stable position to another. Not only do these
additional required movements take more time, but they also introduce addi-
tional opportunities for errors, in that they must occur at appropriate points
in tins. If the additional required control movements in hLgher-order systems
are off in time or in magnitude, then the correction time component of acquisi-
tion tracking is bound to be increased.

Compensatory Tracking

In a compensatory tracking task, the response marker remains in a fixed
position on the display. The target stimulus moves about by some input func-
tion which creates a discrepancy between the positions of the marker and the
target. Thus, the term compensatory literally refers to the nature of the
display. With a compensatory display, no preview of the to-be-tracked function
is possible, although, if the function is predictable (e.g., a sine function),
then anticipation of the correct response may be possible. If the input fuunc-
tion is unpredictable, the operator can only respond to an observed discrepancy
between the position of the marker and the target. One problem with a compen-
satory display is that the operator cannot readily distinguish between discrep-
ancies that result from the input function and those that result from incorrect
control movements (27), unless the input function is fully predictable. Thus,
typical patterns of performance vary as a function of the form of the input
function.

If the input function varies over time in an unpredictable manner, then
the operator is forced to react, moment by moment, to observed error. The most
important property of aa unpredictable signal, with respect to tracking accu-
racy, is the signal's bandwidth (23). If the low-frequency cutoff is fixed
near zero and the bandwidth is varied by selecting different high cutoff
points, then a typical pattern of results is for tracking error, integrated or
summed over time, to be rather stable for bandwidths below about 0.6 Hx, but to
increase rapidly as a function of higher bandwidths. With bandwidths above
about 1.0 Ha, the operator's control movements may actually create more error
than they eliminate (23), indicating that the operator is unable to track the
signal at all. Somewhat better performance is obtained with pursuit displays
for bradwidths between 0.6 Ha and 1.5 Hz.
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An input function describiýng the total of several sine waves appears to be
highly irrbgulir and is diffictit for an operator to predict, even though it is
exectly detetmined mathematicasI. The operator can learn the average proper-
tie's of the input function and then use these proporties a2 a basis for antici-
pating chanias in the input function (25). Performance undet these conditions
may be a mixture of anuacipation of the average form of the input function and
reaction to observed irregularitiec. The anticipation of the input function
may be highly inaccurate, particularly if the function contains fairly high-
frequency components.

When the form of the input signal is both fully predictable and relatively
simple (e.g., a single sine wave), then the operator may be able to track the
signal by producing a pattern of control movements synchronized with the input
siSnal. Pew (23) reported that, for sine waves with frequencies between 0.75 1M:e
and 1.5 Hz, operators were able to achieve this synchronization with little dif-
ficulty. For frequencies below about 0.5 Hz, however, the operators appeared to
make moment-by-moment corrections instead of generating the sine-wa e pattern.
For frequencies above about 1.7 Hz, the operators had a difficult time keeping
up with the pace.

Performance of a compensatory tracking task is apparently a mixture of
responding to observed error between the marker and the target, and generating
a pattern of cvntrol movements based on the expected properties of the input
signal. The contribution of each mode of performance depends on properties of
the input signal. For signal waveforms that are highly unpredictable or that
have a low frequency, the error-correcting mode dominates typical performance.
The pattern-generation mode is dominant if the signal waveform is highly pre-
dictable and has a moderate frequency. The notion of two response modes is re-
lated, but not identical, to the notion of closed-loop end open-loop mechanisms
in tracking. The error-correcting mode may be seen as a closed-loop mechanism
in which the perceived magnitude of error is the feedback in the loop. When
the error magnitude surpasses some threshold, a control movement is initiated
to null the error. The pattern-generator mode may be seen as an open-loop
mechanism in which a series of patterned movements is generated for some period
of time without modification due to feedback. A more detailed analysis reveals
that the correspondence between the two sets of terms is not perfect. In the
error-correcting mode, once the control movement is initiated, it may be largely
ballistic, depending on its duration (30). Occlusion of vision during very
brief control movements (less than about 500 ms) has little effect on accuracy.
The possibility that proprioceptive cues might provide feedback during control
movements was considered by several investigators (3, 31, 32). The results from
".hese studies indicate that proprioceptive cues can be effective for some types
of movements, but their value as feedback is limited. Fitts (9) argued that the
control of movements is limited by a fixed information-processing capacity of
central mechanisms rather than the availability of feedback. Thus, brief con-
trol movements .,- be entirely ballistic, and longer movements may be intermit-
tently ballist-1z. It may be appropriate to think of error-correcting mode as a
2-level hierarchy in which the outer loop is closed and the inner loop is open.
Similarly, pattern-generation mode need not be seen as entirely independent of
feedback. Pew (22) demonstrated that patterned responses on a tracking task
were systematically modified by the pattern of residual (i.e., uncorrected)
errors, Thus, it may also be appropriate to think of pattern-generation mode
as a 2-level hierarchy with a closed outer loop and an opeu inner loop.
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Effects of Training and Practice

The. development of a training program must address two fundamental issues:
(1) what be~haviors are to be trained, and (2) how those behaviors are to be
trained.. In addressing these issues, the characteristics of the task in the
situation of interest must be carefully analyzed, and the characteristics of
individuals -to be trained must be assessed. One of the important outcomes of
these processes is a clearer understauding of the need for training, and conse-
quently the goals of training. One goal of human factors engineering is to
reduce training costs by designing equipme~nt a-ad procedures that are well suited
for human use (18). Thus, one important issue is whether the need for training
can be reduced (or eliminated) by better equipment design. Given that a need
for training. on a manual tracking task exists, the goals of training must be
determined with reference to the desired behaviors in the situation of interest.
In this context, questions such as whole-task vs. part-task training must be
framed and relevant empirical findings interpreted. The outcome of a training
needs analysis might reveal, for example, that performance of a manual tracking
task under ordinary conditions requires little training beyond familiarization,
but performance under extreme or unexpected conditions does require training.
Another possible outcome is that the tracking task requires little training,
but performance of the task while simultaneously performing other tasks does
require training. A variety of training procedures for tracking tasks have been
studied; most are variations of the part-task training method. Few studies,
however, have included a statement of the goals of the procedure in terms of
the specific aspects of performance that are expected to benefit from training.

Part-task. vs. Whole-task Training

If a tracking task is sufficiently complex, it may be possible to identify
one or more components of the task that can be performed separately. A training
regimen may be established in which the task components are practiced separately
for a period of time, followed by performance of the entire task for a period of
time. Such a regimen is called part-task training. A part-task training pro-
cedure has two potential benefits: (1) performance of the whole task may be
better if the task components are practiced separately than if the whole task
is practiced fox a comparable period of time, and (2) substantial savings in
training costs may be realized if the part-task regimen is effective and is less
expensive than whole-task training. Thus, a part-task training procedure may be
desirable even though it is not as effective as a whole-task procedure, if it is
sufficiently effective and substantially less expensive than whole-task training.
Part-task training m~ay be particularly attractive for tasks performed by air-
crews, given the high cost of aircraft and the costs associated with logistical
support and expenJables such as fuel. The cost-benefit of part-task training,
however, must be az.sessed in the context of some existing or proposed training
program. The more salient issue here is whether part-task training, as com-
pared to whole-task training, tends to result in better performance of complex
tracking tasks.

Wightman and Lintern (35) reviewed part-task training methodology and
results from previous studies of part-task training for tracking tasks. They
identified three major classes of procedures used in extracting components of a
task for sReparate training: segmentation, fractionation, and simplification.
A segmentation procedure extracts a task component based on temporal or spatial
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characteristics. For example, some complex tasks may be considered as a aeries
of identifiable subtasks. If one (or more) of these subtaska is crucial to
overall performance, or is particularly difficult, then it may be advantageous
to train this segment of the task separately. Fractionation is similar to
segmentation, except that it extracts two or more identifiable subtaska which
must be performed simultaneoudly. These subtasks are then trained separately.
Fractionation might be advantageous for subtasks which are difficult to learn
together, but once mastered, are not difficult to perform together. Fractiona-
tion could be counterproductive, however, if the crucial element in overall
performance is how well simultaneous subtasks are coordinated or time-shared.
This issue is explored in more detail in the discussion on dual-task tracking
studies. Simplification procedures extract a subtask by adjusting, or perhaps
eliminating, one or more characteristics of the task. For example, a time lag
in a control system might be reduced or eliminated to facilitate learning other
control system dynamics.

In their review of empirical results, Wightman and Lintern (35) found
segmentation procedures to be particularly promising. Three of the four seg-
mentation studies reviewed showed a clear advantage for part-task training.
Furthermore, each of the three segmentation studies which found a part-task
training advantage used a backward-chaining technique to segment the task.
Backward chaining is a techni.que in which the last component in a sequence is
practiced first. Preceding components in the sequence are successively added
until finally the entire sequence is practiced. Part-task training based on
fractionation procedures was not found to be promising. Of the six fraction-
ation studies reviewed, only one showed an advantage for part-task training.
Wightman and Lintern (35) criticized the approaches used to extract the sub-
tasks for part-task training. Only one of the six studies used a systematic
method to identify crucial subtasks for training, and it was that study which
found the part-task training advantage. Part-task training based on simpli-
fication procedures produced mixed results. In general, techniques which
reduced ambiguity about the effects of control movements during training were
found to be promising for subsequent performance of a compensatory tracking
task. This observation is in accord with Poulton's primary criticism of com-
pensatory displays (27): the operator cannot readily distinguish the effects
of control movements from the effects of the input function when a compensatory
display is used. Wigatman and Lintern were also critical of the lack of sys-
tematic methodology in deciding which task characteristics to simplify in part-
task training. They noted that a variety of task characteristics could be
manipulated to adjust task difficulty, possibly leading to different results.
The selection of some task characteristics (e.g., control order) for simplifica-
tion, without a basis in a systematic task analysis or in psychological theory,
is unwarranted, and obtained results may add little to the understanding of how
to enhance the traiting of tracking skills.

Other Training Issues

Although part-task training procedures are most commonly proposed techniques
for complex psychomotor tasks, other techniques have been considered. One
class of these cechniques is called adaptive training. In adaptive training,
some aspect of the task is continuously or frequently modified as a function
of the trainee's performance (16). Adaptive training is predicated on the
assumption that training is most effective when the difficulty of the task is
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at an appropriate level. Thus, the task is made more difficult as the trainee
becomes more proficient. Implementation of the procedure requires two impor-
tant specifications: the performance measure which is taken to reflect the
trainee's current proficiency, and the characteristic of the task which is to
be manipulated to make the task more or less difficult. The funct~ion or logic
that relates these two items (i.e., how much change in task difficulty is to
be associated wita a given change in performance) must also be specified. Poul-
ton (27) reviewed studies which have employed adaptive training on a tracking
task. Hie concluded that adaptive functioning is not effective if the order of
the control system is manipulated, because strategies and response patterns
that are more effective for a given control order are not effective for a
higher or lower control order. Other techniques, such as varying the amplitude
or frequency of the input signal, may be more effective, but Poulton points out
that it is not possible to assess the value of adaptive training unlessa the
best forms of both adaptive and fixed training can be identified and compared.

Another technique that has received some attention is the use of augmzented
feedback during tnaining. There is inherent feedback in most tracking tasks--
the operator can see how well he or she is performing by virtue of the magni-
tude of error between the target and the marker. Feedback from kinesthetic
senses may also be of use to the operator. Additional feedback may be useful
if the quality of the display is degraded such that the magnitude of the error
is not clear. Additional feedback may also be effective when there is no prob-
lem with the display; it may serve as a reinforcer. Summary feedback at the
end of each trial in an experiiaent appears to be an effective technique. Other
techniques that have been examined include presentation of auditory cues when
the magnitude of error is acceptably small, and providing a display of error
rate or acceleration. Although these techniques may be somewhat effective,
they apparently have no advantage over an end-of-trial summary (26).

Development of Tracking Skill Under Extended Practice

When a tracking task is performed repetitively, it is no surprise to find
that performance tends to improve. A simple way to represent the improvement
in performance is to plot performance against time; that is, to plot the
learning curve. The plot of the lea'!:niag curve may be quite deceptive if the
performance measure is not carefully chosen. Bahrick et al. (4) showed that
learning curves based on the amount of time that error is below some criterion
value will markedly differ for different values of the criterion. They recom-
mended that root mean square error (RMSE) be used as the perfo'rmance mealsure,
Poulton (27) agreed that RM3E is the best overall measure of tracking, but
pointed out that RMSE is a gross measure that does not reflect subtle differ-
ences in performance. That is, nearly identical RMSE scores may be obtained
from patterns of performance which are quite different. Tracking errors stem
f rco two sources: spatial errors (control movements are off in magnitude
and/or direction) and temporal errors (control movements are incorrectly timed.)

Analysis of the temporal and spatial component of tracking error, in addi-
tion to analysis of gross error measures, provides valuable insight regarding
the development of tracking skill with practice. Merrill Noble et al. (21)
analyzed the acquisition and organization of tracking skills in five groups.
The tracking tasks given to the five groups differed in their predict-ability.
The input function for the tracking task was an irregular step function which



counsisted of 12 steps, and task predictability was seo by the percent (100o 83,
75, 67, or 0) of the steps which were repeated each. times the task was performed.
The'\teak was performed a, total of S2Q: t1A.es -by .each subject', over - the course ofseveral practice-6 0ee Atns' arde80more•mtlmes-3 months later. They d Lute

"rated absolute error (which is highly correlat.•.i it• L$S) as their -gto8s
performance meas ure.atd'developed specific iidlces of temporal and spatial
.. .rros-. Teyý also, found that, by the end of the praettise ,essionsi the in.t-
grateod error was'higIbiy o~a teltd with task, unpredictAbili ty, and the differ-
6nces between adjacent emnditions were about equal.

Their next analyses of temporal and spatial errors revealed quite different
trends for the groups. They classified t!ALng errors as leads (movement began
Woo soon) or lags (movement bepn ,too late). They found, not ourprisingly, that
the subjects performing the highly predictable tasks tended to make proportion!-
ally more lead errors, and;'hence less lag errors, than did the subjects who per-
form•d the less predictable tasks. They also found that performance of the 671-
predictable task was not much different from performance of the OZ-predlctable
task. The subjects In the 67% group were far less likely to commit lead errors
than tkh performances of the 75% and 83% groups would predict. This pattern,
indicates that a relatively high degree of predictability is required for the

pettern-generation mode of responding to doainats the error-correction mode in
this type of task. This Interpretation Is supported by examining the mean
duration of lag errors. for both the 01 and 67% groups, the mean duration of
lags was just under 200 as, which is about the same as typical reaction tines
to visual stimuli, whereas the mean duration of lag errors for the other groups
was much lower.

The analysis of spatial errors indicated that the magnitude of undershoots
and overshoots tends to increase throughout the early stages of practice, and
then decrease later with practice. This finding was taken to indicate that it
is skill in the timing of responses that is developed early in practice, whereas
skill in controlling the amplitudes of control movements does not improve until
late in practice. In their study, however, there was no temporal uncertainty;
the tasks differed only in spatial uncertainty. Later research (reviewed by M.
Noble and Trumbo (20)) examined the effects of temporal uncertainty in a task
with no spatial uncertainty. Temporal uncertainty was manipulated by the number
of step durations in the sequence that were fixed, analogous to the procedure
described earlier. Analysis of overall performance revealed that performance
was better on the highly predictable sequences than on the less predictable
sequences after a practice regimen of 40 trials. Finer-grained analyses of
temporal errors during practice showed that subjects in all groups tended to
commit lag errors in the early stages of practice, but by the end of practice,
the subjects performing the highly predictable sequences showed a greater tend-
ency to commit lead errors than did the subjects on less predictable sequences.
Furthormore, toward the and of practice, subjects in all conditions showed a
tendency to lead the long-duration steps and lag the short-duration steps. That
is, the temporal pattern of responses tended to regress toward the mean step
dara tioe.

Other investigators have used correlational techniques to study the devel-
opment of tracking skills. The correlations among performance measures at
various stages of practice and scores on other tasks are calculated. Factor
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analysis technques are often used to explore the nature of changes in tracking
performance over practice. A common finding is that the correlation matrix for
tracking performance at various stages of practice tends to have a superdiagonal
florm (L5). The essential characteristic of this pattern is the correlation of
performance on a given trial with performance on other trials decreases as the
number of intervening trials increases. For example, performance on trial 5 is
more highly correlated with performance on trial 6 than it is with performance
on trial 7, and so fortb6 No particular magnitude of the differences is neces-
sary. This pattern is typical of many typer of skilled performance (15). Clyde
ýNoble (19) had 500 subjects perform a standard Pursuit Rotor tracking task for
100 trials, and the resulting correlation matrix largely followed the superdi-
agonal form. Although this pattern of results is quite typical, no theoretical
explanation of the pattern has gained wide acceptance. The superdiagonal form
does indicate, however, that the relative differences among individuals, with
respect to tracking performance, do not change dramatically from trial to
trial, but may change substantially over the course of many trials. The form
also indicates that performance in the early stages of practice may not be a
good predictor of performance in later practice stages.

Fleischman and his colleagues used factor analytic techniques to study the
development of a variety of psychomotor skills over the course of practice (10,
12). In considering this research, it is necessary to first note the distinc-
tion between the terms "ability" and "skill" as used in their research. The
term ability refers to a general,, stable trait of an individual that may impact
performance on a variety of tasks, whereas the term skill refers to proficiency
on a single task or small group of highly related tasks (11). An individual's
level on a given ability is not expected to appreciably change over the course
of a study. The relationship between ability levels and development of skill
with practice is the object of interest in their research. To state it another
way, changes in the factor structure of the practiced task are used to describe
the development of skill on that task. Abilities are established statistically
as common factors in a battery of reference tests, which may include printed
tests and psychomotor tasks. In his study of the Pursuit Rotor tracking task,
Fleishman (10) had subjects perform the tracking task for 15 trials. A reference
battery of 17 tests was also administered. He used the 8 odd-numbered trials
out of the 15-trial sequence as measures of tracking proficiency. The inter-
correlations of the tracking measures and the reference tests were factor
analyzed. Eleven factors were extracted using the centroid method and were
graphically rotated. The orthogonality of the factors was preserved in the
rotation. Hie found two factors which were associated with the tracking task
only; that is, none of the reference tests had high loadings on these factors.
One of these factors was more strongly associated with the early stages of
practice, and the other was more strongly associated with the later practice
stages. lie interpreted the factor associated with the later practice stages as
representing skill on the tracking task. He speculated that the factor asso-
ciated with the early practice stages may have represented a "learning see"
which helped facilitate performance early in practice, but then diminished in
importance as the tracking skill developed. Of the factors defined by the
reference battery, only two had any systematic relationship with the tracking
measures. The Control Precision Factor, interpreted as the ability to make
controlled movements involving the large muscle groups, was found to have a
fairly stable relationship with tracking measures across the trials. This
factor was strongly associated with the Complex Coordination Test and the Track
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Treeing Toot in the reference battery. The second factor defined by the refer-
ence battery which was also related to the tracking measures was called Rate
Control. This factor had a moderate association with the early stages of prac-
tica, but had low association with the late stages of practice. Several other
factors were associated with various tests in the reference battery, but none
had strong associations with the tracking measures. The major problem with
such an analysis is that the factors which were interpreted as abilities were
forced to be mutually orthogonal, even though there was no reason to assume
that an individual's levels on various abilities were uncorrelatcad. As a con-
sequence, it is difficult to interpret the ability factors and to understand
their relationship with tracking proficiency. An oblique factor solution might
well have been more meaningful.

Clyde Noble (19) summarized four theoretical positions which have been
offered in correlational studies as accounts for the development of psychomotor
skills. According to the simplification viewpoint exemplified by Jones (15),
extended practice on a psychomotor task produces a progessive decrease in the
number of abilities that are related to performance of that task. In other
words, the proportion of variance in psychomotor performance that can be
accounted for by performance on other tasks decreases as a function of practice.
An alternate viewpoint, also espoused by Jones in 'a later work (16), is that
there are simultaneous processes of simplification and complication which affect
changes in performance over practice. If the task is quite simple, then the
complication process does not occur, but with more complex tasks, simplification
characterizes the early stages of practice and complication dominates the later
stages. A iair interpretation of this position is that the simplification
process represents the emergence of the uniqueness of the skill, whereas the
complication process represents the subsequent unfolding of the complexity and
organization of the skill. A third theoretical viewpoint is represented best
by Fleishman's position that different combinations of abilities are important
at different stages of practice. Contrary to Clyde Noble's Interpretation (19),
Fleishiman's position doss not imply that a complication process in at work;
Fleishman's position predicts that the factor structure of the task will chanR.
with practice. A progressive change toward a more complex structure is no0t
required by Fleishman's position. The fourth theoretical position, associated
with Adame (1), is that the combination of abilities which affect performance
does not change with practice, but the relative importance of each ability may
change. Furthermore, a unique skill (unrelated to any other abilities) may
arise if the task is complex; this unique skill is thought to be related to the
particular pattern of responses required by a given task. A task-.might tap a
variety of basic perceptual and motor abilities, but the sequence and pattern
of the perceptual and motor activities may be unique to that task.

Clyde Noble endorsed the simplification viewpoint. He tried to reconcile
the various theoretical viewpoints by noting that both Jones' simplification-
complication hypothesis and Adams' emphasis on the uniqueness of response
patterns predict that the task-specific variance In a psychomotor task will
increase with practice. (Task-specific variance for a given stage of practice
is variance which can be accounted for by performance ofc the same task at other
stages of practice, but not by performance on tests in a reference battery.)
His major criticism of the simplification-complication hypothesis was that it
does not offer prediction3 that differ from the predictions of the simplifica-
tion-only viewpoint; thus, the latter was preferred in the interest of parsimony.



Ase eaosidered the correlatins between trucking proficiency and refereace bat-
ta7 meakures# which ahsage as the tracking task is practiced, to be inter-
astiag in their own rithts but not enlightening with respect to understanding
the developmmnt of psychomotor skill. The important trend, accoqdLng to Clyde
... l" r is that the proportion of variance acuounted for by the whole reference
battery decreases with practice, while the task-specific variance increases
with practice.

Clyde Noble overlooked the fact that Jones' siaplifLcation-complLcatilon
- hypothesis was not a reversal of his previous endorsement of the simplification

viewpoints but Instead was an elaboration of it. The simplification component
of the hypothesis refers to the changing relationship between performance on
the task of interest and reference battery measures as a function of practice.
The complication component refers to the relationship between performance of
the task at a given stage of practice with performance at other etages of prac-
tice. Thus. the simplification component does refer to task-specifLc vwriance,
but the compliL ctou component refers to task-specific covariance. The
simplification-complication hypothesis was offered as an accounct for why some
tasks exhibit a strong superdiagonal trend in the correlation matrix and others
do not. Jones (16) noted that the superdiagonal form is characteristic of con-
plex tasks, but is less characteristic of simple tasks. He reasoned that, for
simple tasks, no organization qf skill is required. The relative differences
between individuals are established after a few practice trials. For more com-
plex tasks, however, such more practice is required for the individual differ-
ences to stabilize. If the superdiagonal form of correlations is taken to
reflect a complication process, then the amount of practice over which the form
persists should be a function of the complexity of the task. This interp:eta-
tion is in accord with Adams' notion (1) that the uniqueness of a complex task
is the patterning of component responses required for proficiency on that task.
Adams also raised a further possibility: Each individual could have a general
facility in patterning the components of a complex task, and, if so, then there
should be a stronger relationship between an individual's wall-practiced per-
formances on two complex tasks than between the performances of those tasks
early In practice, if the tasks are reasonably similar.

An Interpretation of Experimental and Correlational Findings

With many topics in psychology, it is somewhat difficult to relate findings
from experimental studies of a topic with findings from correlational studies
of the same topic. As Cronbach (8) noted, these two approaches represent dis-
tinct traditions in psychology. The approaches tend to be concerned with dLf-
ferent aspects of performance and to emphasize different sets of independent
variables. The experimental approach emphasizes differences among means; the
correlational approach emphasizes differences in accountable variance about
those means. The two approaches tend to use different terminology in describing
the same phenomena, and the analytic techniques employed are certainly different.
The topic of tracking is no exception. The experimental research reviewed
earlier was largely concerned with differences in tracking proficiency among
groups as a function of practice and stimulus conditions, whereas the correla-
tional research was chiefly concerned with changes in the variance-covariance
structure of cracking proficiency as a function of practice. But, Cronbach (8)
argued, a more complete account of a topic requires contribution from both
research approaches. That is, a theory or model which can describe how typical
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performance (means) varies as a function of conditions, and can also describe
systematic ways in which individuals differ under those conditions (variances
and covariances), is to be preferred over a description of either aspect alone.
With tracking proficlency, the situation is further complicated by the existence
of two distinct areas of inquiry within the experimental approach. Adams (2)
discussed these two areas at length, noting that applied experimental research
has concentrated on mschine-centered variables such as the design of displays
and controls, the ot.-der of the control system, and so forUh. aesic experimental
research, on the otmer hand, has concentrated on procedural variables such as
amount and spacing of practice, and the effect of instructions. But Adamn'
objections vere not focused on the differing emphases of the two areas; rather,
they were directed towaLd the lack of attention given to how sachLne-centered
variables and procedural variables might interact. Adams particularly admon-
ismbd applied researchers to consider the affects of procedural variables in
the interptetation and generalization of their results. ?o Adans' remarks it
could be added that the potential three-way interactions among machine-centered
variables, procedural variables, and organismic variables has received even
less attention than the two-ma7 Interaction.

A principal difficulty in simultaneously considering empirical results from
basic experimental, applied experimental, and correlational studies is that
they tend to use widely different explanatory constructs in interpreting their
respective findings. The basic experimental findings are discussed in terms of
learning curves, central processing mechanisms, motor programs, and similar cou-
structs. The applied experimental findings are often discussed in engineering
terms such as closed-loop vs. open-loop mechanisms, and one-integrator vs% two-
integrator systems. Correlational findings are expressed in terms of patterns
in correlation matrices, and the factor structures which can be derived from
those patterns. Nevertheless, It is possible to at least attempt to interpret
the various findings within a single framework. An example of such an attempt
is as follows:

A tracking task, according to Adams (2), is a task in which an input signal
defines a motor response for the operator. The response is executed by manipu-
lating a control device. The control renhanism, which includes the control
device and may consist solely of that device, generates an output signal. The
difference between the two signals is tracking error, and the operator's per-
formance is aeasurad as som function of that error over time. Given this
definition, it is cleaL that tracking performance is a joint function of proper-
ties of the input signal, properties of the control mechanism, and properties
of the operator. The properties of the input signal which have been shown to
affect performance include the manuer in wh 4ch the signal is displayed (27),
the signal bandwidth (23), and the degree of uncertainty associated with changes
in the signal (20). The uncertainty associated with changes in the signal may
be expressed with respect to time and space, and spatial uncertainty may be
further expressed with respect to direction and amplitude. Different patterns
of uncertainty, with respect to time, direction, and space, have difterent im-
pacts on performance (20). Properties of the control mechanism which have bee2
shown to affect performance include the order of the control system (27), cer-
tain characteristics of the control device such as physical resistance (3), and
the extent to which the output of the control system appreciably lags behind the
operitor's control movements in time (27). Properties of the operator which have
been demonstrated to have a relationship to performance include the operator's
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performance *f cartain other Oaks (10); the operator's previosts experience with
the tracking cask, and levels of proficiency iiuriug that previous experience (1);
and certain demographic properties, such as gender (19); which ace undoubtedly
Laportant, but are of lees interest in the discussion at hand. This list of
properties is not exhaustive but is representative of conditions which have
been studied.

The operator's behavior under many of the combinations of conditions
studied may to aptly described as moment-by-moment reaction to perceived
tricking error. The c..arator's manipulation of the control device under these
conditions tends to lag behind changes, in the input signal, and the magnitude
of the lag is roughly the same as the latency of human reactions to other types
of stimuli in other tasks. Under certain special conditions, however, the oper-
ator's behavior does not tend to lag behind changes in the input signal. The
operator tends to manipulate the control device in a way that produces a close
match beoeen changes in the input sign l1 and changes in the output signal with
respect to both time and space. The operator's behavior under these conditions
is more aptly described as the emission of a series of responses which are well
organised in time and space. The extent to which this description adequately
characterizes behavior may vary; it is perhaps more accurate to say that the
operator's behavior say be characterized by a description selected from a con-
tinuum anchored by "moment-by-moment" reaction and "well-organized responses."
The Identification of input signal, control system, and operator propevties
which are associated with wvll-organLsed responses is of great theoretical and
practical interest.

The conc.ept of well-organized response patterns has been discussed in
severAl ways. Some researchers have focused on the process of organisation;
othert have focused on the resul t of that process. To extract the common
themes from the various lines of research reviewed, it is necessary to first
eumine the Implications of the term "response organization," and then to
consider the different aspects of this concept which have been addressed--
theoretically and empirically-by various researchers. The fundamental impli-
cation of the term is that responses which are well organized produce a closer
correaponden'.e "•et'een changes in the input and output signals than do responses
which are less well organized. A second implication is that the results of
well-orgat.tzed responses, when repeated several time*, are more consistent than
the results of ".ess-organized responses. A third implication is that response
orjanizatinn aust develop with appropriate practice and then stabill'e as it
approache'n soue asymptote.

The tarme used by various authors to describe well-organLzed responses
reflect the various aspec.s of response organization that have been addressed.
Adams (1) used the taca "response patterning," and noted that the activities
which must be patterned include the perceptual and cognitive activities required
by a task ýesides the motor activities. His emphasis was chat various compo-
nents must be organized into a sequence and the uniquenecs of the combination
of components, and their temporal sequence, determines the uniqueness of a skill.
Poulton (24) referred to 3 types of anticipation: (1) riceptor anticipation,
which mav be provided by a preview of the input signal; (2) effector anticipa-
tion, which essentially is a preview of the output signal (as in a predictive
display); ane (3) parc-Otual anticipation, which arises from previous experi-
euce with a relatively predictable task. His emphasis was on the sources of
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infornation which facilitate responask organisatioro Pew (23) distinguished
between pattes-generatiom node and orror-correction mode, emphasising the
qualitative and quantitative differences between well-oranised responses and
moment-by-mament reactions. The currently popular terms are motor programs and
motor schemes (28). The term motor progsra empbheseis the importance of central
processing mectanisms in structuring the response sequence before it In executed,
and aleo that the sequence can be corrnecti•v executed without continuous feedback.
The tarm motor schema emphesizes the flexioility of the response organization
ander different environmental demandes and the importance of feedback in the

central mechanisms which compare the intended and actual resul ts of a response
sequence. The terms used to describe the process of organization also reflect
different aspects of response organization. Several researchers, including
Clyde Soble (19), have discussed response organiuetion as the elimination of
irrelevant responses. This term implies that the response components 'ihich
become organised are the components required by the task, and other components,
such as unnecesseay movements, tend to disappear with practice on the task.
Fleishman (11) emphasised the change in the factor structure of a task over
practice. Finding a task-specific factor which increases in importance over
practice is common in his research. This factor represents the tendency for
performance of a complex taok to become less related to performance on other
(reference) tasks, and also to become more consistent with practice. Jones'
processes of simplification and complication (16) also reflect these tenden-
cies.

Given that the theoretical constructs aescribed ecrlier are appropriately
interpreted as references to different aspects of respouse organization, it
is instructive to consider the empirical findings from the various lines of
research and to infer underlying principles of response organization. Although
the account offered later is incomplete, it will be argued that there is a
systematic pattern of results across various studies, sad the principles of
response organization may be derived from this pattern. Attention is focused
on properties of the input signal which facilitate response organization, and
the interaction of input signal properties with extent of practice. Although
properties of the control mechanism are undoubtedly important in response
organization, there apparently has been little research which assessed perform-
ance with different control mechanisms over extended practice.

Various properties of the input signal have been demonstrated to have an
impact on response organization. Apparently, the most important property of
the signal in this regard is its bandwidth (23). Changes in the signal which
occur too rapidly may demand retsponses which are beyond human capabilities.
Given that the input defines responses which are within a person's limitations,
the extent to which changes in the input signal can be anticipated or predicted
by the operator has a major impact on response organization. A technique which
greatly enhances response organization is simply to provide a preview of the
signal. With preview, changes in the input signal can be directly anticipated
by the operator, as ran the responses required by those changes. Preview pro-
vides the basis for what Poulton (24) called receptor anticipation, and the
amount of preview which is effective depends on the signal bandwidth (23). If
no preview is provided, then response organization is enhanced by the properties
of the input signal which can be predicted by the operator. These properties
facilitate what Poulton (24) called perceptual anticipation, and it must be
emphasized that the predictability of the signal is determined with respect to
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the operatoer not ik purely mathematical calculation of uncertainty. In general,
complex wave forms a're more difficult for an operator to predict. Simpler wave
forea.-such as a single isue wave, a regular triangle wave, and a regular step
wave.-ere ,om easily iredicted by the operator and hence facilitate response
orgar.msation. (Out exception to this principle is that even siaple wave forms
do not facilitate rospoese organization if the period of the wave is too long,
as Few (23) noted.) If tie operator is unable to predict the exact properties
of the input signal, trer. response organization can be based on the average or
typical properties of ths signal. This is demonstrated by the tendency to
undershoot large step sizes and overshoot small step sizes in tasks where spa-
tial irregularities In the Input signal are used (29), and by the tendency to
lead loug-step durations and lag short-step durations in tasks where temporal
irregularities ane used (20). A factor which apparently moderatee response
organization with predictable wave forms is the extant to which the responses
dmanded by the input signal are gradual and/or continuous, as opposed to
sudden and/or discrete (27). leeponsee which are sudden tend to be less accu-
rate then thoie which are gradual; responses which are discrete tend to be less
accurate then those which are continuous. Thus, according to the fundamental
implication of response organization, as discussed earlier, tte less accurate
responses must be considered loes organized.

The mature of the unpredictability in the signal has an Impact on the
resulting response organization. Signal unpredictability can be expressed with
respect to time and space; similarly, response organization can be characterized
temporally and spatially. Different mixtures of temporal and spatial unpredict-
ability have different impacts on the temporal and spatial aspects of response
organization. Spatial unpredictability can be further specified with respect
to direction and amplitude. Based on the research reviewed by Morrill Noble
and Trumbo (20), it appears that a high degree of predictability with respect
to direction is necessary for response organisation. Predictabi.ity with
respect to direction alone, however, is not sufficient. If the signal is highly
predictable with respect to direction and time, or directton and amplitude,
then overall performance will be better than if direction alone is predictable.
Although overall performance was equivalent for the direction-plus-time and the
direction-plue-emplitude conditions, the fine-grained aualyses reported by M.
Noble and Truabo reveal, quite different patterns of performance between the wo
conditions. The subjects in the condition with no temporal predictability, but
fixed direction and amplitude patterns, tended to commit lead errors on about
half of their responses. The magnitudo of their errors in timing increased
early in practice and remained fairly constant thereafter. This trend suggests
that the spatial components of their responses were well organized, but that
their temporal organization was based on the average duration of the steps in
the input signal. The subjects in the condition where time and direction were
fixed, but amplitude was unpredictable, showed a decrease in the magnitude of
timing errors over practice, indicating that the temporal organization of their
responses was well developed.

The common trend In the various studies discussed earlier is that responses
will become organized if they are within human capabilities and if they can be
anticipated. Furthermore, the nature of the organization is determined by the
degree and types of predictability present in the task. We will argue later
that the degree and types of predictability also determine the extent of prac-
tice required for the organization to emerge and stabilize. We will also argue
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that the"e factors are reflocted In the patterns found in correlation matrices
which are based oan extensive practice of a task.

If a task is so unpredictable thet responses cannot be beneficially anti-
cipatedg then the resapobee will coatinue to fit the descriptions of moment-by-
moment reactions. The response organisation vwill be quite limited. Temporal
organization is limited to a decrease In response latency. This decrease occurs
rapidly and approaches the well-ustablisoed as•mptote of 200-300 ms (7). The
spatial orpaimation Is liaLted to a refinement of the accuracy of respmine
amplit• de. The observed response amplitudes tend to regress toward the mean
required amplitude with practice (29). The movement rates tend to be organised
so thet they partially compensate for different response amplitudes (7, 29).
The correlation matrices based on practice of these types of tanks will show
a weak superdiagonal form (16). The supordiagonal form will likely be hearac-
rteistic of the early stages of practice (i.e.. the upper left corner of the

matrix), but will dissipate in later stages of practice. A reasonable predic-
tion is thet the extent to which the superdiagonal form persists is a function
of the spatial complexity of the responses. The temporal and spatial organism-
tLone of the response are interrelated in at least one way: Changes in the in-
put signal which are uncharacteristically large or mall will produce a longer
response latency (27).

In taks which facilitate anticipation of responses, the responses will
become organised on the basis of the type of predictability in the task (20).
Tasks which have high spatial predictability, but low or moderate temporal
predictability, will tend to produce responses which are well organized spa-
tially. The temporal organization tends to be based on the mean duration of
the time intervals between changes in the input signal; the times between
responses tend to regress toward this mean. This :tgression toward th mean
tends to occur early in practice and then stabilizes. A reasonable prediction
is that uncharacteristically long or short intervals between signal changes
might disrupt the spatial organization of the response to those changes, analo-
gous to the interrelationship between temporal and spatial organization discussed
earlier. Tasks which have high temporal predi'0tability, but moderate spatial
predictability, will tend to produce responses which are well organized in
time. The tendency to regress toward the mean duration of intervals between
input changes will be less pronounced. The spatial organization in these tasks
develops such more slowly.

A common trend for all types of tasks is that temporal organization tends
to stabilize before spatial organization. In tasks which do not permit antici-
pation, temporal organization is limited to a decrease in response latency.
This decrease occurs early in practice. In tasks which have high spatial pre-
dictability and low temporal predictability, the temporal organization is based
on the man duration between signal changes. This otganization semrges early
in practice and stabilizes as spatial organization continues to develop. Tasks
with high spat'ial and temporal predictability tend to produce responses Ohich
are well organized temporally; spatial organization legs behind temporal organi-
zation in these tasks (21).

In tasks which do permit response anticipation, the extent of practice
required for response organization to stabilize is a function of the degree of
predictability in the task. Tasks in which predictability is provided by a
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preview of the input signal require less practice for response organization to
emerge then task& with predictability which must be learned through experience.
For tasks with predictability which must be learned, Ue extent of practice
required for response organization to stabilize in a function of both the com-
plexity of the pattern to be learned and the degree of iSberent unpredictability
In the patterm. Obviously, th% response orgatnsation In thsee tasks is based on
the perceived regularities in the input signal; hence, the organisation cannot
stabilize until some point after the leaening of the pattern is su complete as
possible. If the pattern to be learned is quite siaple-for example, a simple
sine wave or step with no irrsgularlty--thin the pattern will be obvious almost
immediately (23). The learning of more complex patterns is apparently enhanced
by the use of a pursuit display instead of a compensatory display, presumbly
because the compensatory display confounds the changes in the input signal with
errors in control movements (27). The presence of inherent unpredictability in
the signal may result in a pronounced disruption of response organization. In
the stop tracking task used by Merrill Noble et &l. (21), the step function in
which exactly two-thirds of the steps were fully predictable did not produce
better performance than a completely random function until well, over 5O0 prac.
tices trials.

Jones (16) reported that correlation matrices based on extended practice
of a complex task tend to exhibit superdiagonal form over longer periods of
practice than those based on practice of a simple task. The interpretation
offered here is that the persistence of the superdiagonal form is associated
with tasks which facilitate response anticipation. (We acknowledged that the
superdiagonal form my also characterize practice on tasks which do not facili-
tate response anticipation, but which do involve complex sequences of actions
in responding.) If the superdiagonal form is a result of response organization
over practice, then it is possible to deduce the extent of practice required
for response organization to stabilize from other patterns in the correlation
matrix. Recall that the only requirement for superdiagonal form is that the
correlation coefficients progressively decrease in magnitude across rows (and
down columns, since the matrix is symmetric), starting with the element on the
min diagonal (which is always 1.0). But if the saperdiagonal form is a conse-
quence of response organization, then it is possible to predict definite trends
to be found in the first off-diagonal of the matrix. (To clarify terms, the
first off-diagonal in the matrix contains the correlations of trial 1 with
trial 2, trial 2 with trial 3, ... , trial N - 1 with trial N, in an N x N cor-
relation matrix. The second off-diagonal contains the correlation of trial 1
with trial 3, trial 2 with trial 4, and so forth.) One implication of the
notion of response organization, as discussed earlier, is that performance
should become more consistent with practice. Another implication is that the
organization should stabilize after some sufficient extent of practice. If the
outcome of responses becomes sore consistent with practice, then it is implied
that performance on a given trial becomes a better predictor of performance on
the next trial as practice proceeds, up to the point when the response organiza-
tion stabilizes. Beyond this point, the relationship between performance on a
given trial with performance on the next trial should remain fairly constant.
These implications can be assassed by examining the trend in the first off-
diagonal of the correlation matrix. The coefficients in this off-diagonal
should become progressively larger (reflecting the increasing consistency in
performance from trial to trial), up to some critical point. Beyond this cri-
tical point, there should be no further upward or downward trends (reflecting
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the stabilization of orgenization), although minor fluctuations up and down may
appear.

The correlation matrix presented by Clyde Noble (19, p. 368) was calculated
on the performance of the pursuit rotor task over 20 blocks of 5 trials each.
The correlation matrix is based on average performance within each block, and
was obtained from a sample of 500 subjects. The superdiagonal form persists
throughout the matrix. By the predictions offered earlier, elements along the
first diagonal increase steadily up to a critical point (block 7 with block 8),
and beyond this point there are no further trends upward or downward. Further
predictions can be derived from the interpretive framework offered earlier,
regarding patterns in the higher off-diagonals and the factor structure which
can be obtained from the matrix, but a full explication of these predictions is
beyond the scope of this report.

We noted that the interpretation offered earlier predicts that the magnitude
of the correlations in the first off-diagonal reflects the extent of response
organization at each point in practice, and that the magnitude of the correla-
tion at the stability point reflects the degree of response organization per-
mitted by the task. We further suggested that the magnitudes of the correla-
tions in the first off-diagonal should systematically vary %a a function of
task unpredictability, and that the extent of practice req.-red for the first
off-diagonal correlations to stabilize should systematically vary as a function
of the complexity of task predictability. That is, tasks which are highly
predictable should produce larger correlations in the first off-diagonal than
tasks which are less predictable, and tasks in which the predictable components
of the signal are more complex should require more practice for the first off-
diagonal correlation to stabilize than tasks with predictable components which
are simple. Unfortunately, few of the studies reviewed includ_ the correlation
matrix in their results; thus, it is not possible to test these predictions with
reported findings. Clearly, these predictions need empirical verification.

Effects of Dual-Task Conditions

Tracking tasks have been quite popular in dual-task studies, perhaps
because performance on a tracking task tends to be quite sensitive to the addi-
tion of a second task. One common use of the dual-task paradigm is to assess
"spare capacity" or "residual attention" in studies of workload. The rationale
is that performance of two concurrent tasks will show a decrement on one or both
of the tasks when their combined demands exceed the capacity of the operator.
By manipulating characteristics of one of the tasks (e.g., visual vs. auditory
inputs) and comparing the effects of these characteristics on dual-task perform-
ance, Investigators have attempted to identify which types of tasks impose rela-
tively higher workload. This effort has been of particular interest since the
advent of speech input-output technology in aircraft cockpits. Another reason
for the popularity of tracking rasks in dual-task studies is that piloting an
aircraft is, in many ways, a complex tracking task, and much applied research
has bien driven by concern about pilot performance in high workload conditions.

Performance on a tracking task tends to be degraded when a second task is
added. Pozlton (27) reviewed over 24 studies of tracking in dual-task condi-
tions and classified each one on the basis of the instructions given to subjects
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regarding the priorities of tr.e two tasks. He foun-d that performance on the
tracking task tended to show a reliable decrement if the instructions gave
priority to the other task. He also found that tracking tends to show a decre-
ment •kf the instructions were to give equal priority to both tasks, or if no
priority instructions were given. For studies where the instructions gave
priority to the tracking task, Poulton found that tracking performance did not
show a decrement if the second task did not compete for visual attention and if
the responses for the second task were vocal. In studies where separate visual
displays were used for each task, or where the second task required a manual
response, performance of the tracking task still showed a decremect, even
though the subjects were instructed to give priority to the tracking task.

Theoretical accounts of the decrement have tended to focus on the notion
of time-sharing. Time-sharing has different connotations for different theo-
retical positions. For theories which view the human as a single-channel
information-processing system, time-sharing implies that attention is switched
back and forth between tasks, and a performance decrement occurs whenever the
switching cannot occur fast enough to keep up with the processing requirements
of each task. Time-sharing is seen as a characteristic of individuals, in that
some people can switch faster than others. An alternate viewpoint is that there
are multiple processing resources, rather than a single channel, and that these
resources must be shared by the two tasks (33). A performance decrement occurs
whenever the two tasks compete for a given resource. This model accounts for
the finding that performance on a visual-manual tracking task need not suffer if
the second task is auditory-vocal, by proposing functionally distinct resources
for visual vs. auditory inputs, and for manual vE. vocal responses. This prin-
ciple has been extended to a proposition of distinct resources for central pro-
cessing of spatial tasks and central processing of verbal tasks, and it is fur-
ther proposed that the combinations of, visual Input--spatial processing--manual
output, and auditory input--verbal processing--vocal output, respectively, are
more efficient and compatible than other arrangements (34). Time-sharing effi-
ciency is suggested to be enhanced by the design of tasks which conform to the
more compatible configurations. A primary issue in time-sharing research is
whether an individual's facility for time-sharing is a general ability which
impacts performance on a variety of dual-task combinations, or instead is a
special skill which arises after practice on a given dual-task combination.

The impact of dual-task conditions on response organization in tracking
tasks has been given little attention. Garvey (13) studied the development
of tracking proficiency in single-task conditions over 25 days of practice,
followed by 3 days of dual-task performance, with a different secondary task
on each day. He described his results in terms of an analog computer model.
He f'itmd that, at the beginning of practice, subjects performed analogously
to a 1-.integrator system with a reed-forward loop, but after extended practice,
performance was analogous to a 2-integrator system. When the secondary task
was added, oerformance reverted to the 1-integrator analogy which characterized
initial performance. The second integrator in Garvey's model may be inter-
preted as the emergence of a well-developed temporal organization in responding.
If so, then his results imply that, under dual-task conditions, the response
organization is disrupted and performance reverts to moment-by-moment correc-
tions (the 1-integrator system). It is not clear, however, whether the disrup-
tion iv response organization could be remedied by further practice in dual-
task conditions.
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Two intriguing possibilities come to mind regarding possible interactions
of single- vs. dual-task conditions and practice, with respect to response
organization. One is that practice under single-task conditions is important
for the emergence and stabilization of response organization, and that the
disruption of a second task is lessened if the responses are well organized.
The recovery of response organization, to the extent possible, might be has-
tened if the responses were veil organized before dual-task conditions were
imposed. The alternative is that the response organization which develops
under single-task practice could actually be inappropriate for dual-task condi-
tions. The dual-task conditions might require a tracking task to be performed
in a different way to obtain satisfactory performance on both tasks. In either
case, it is clear that the response organization for a tracking task must accom-
modate the demands of a second task. The question is whether the accommodation
of the second task is achieved by developing a stable and efficient organization
in single-task conditions, thereby permitting easier accommodation of a second
task, or whether the second task must be accommodated by the development of an
organization which integrates the requirements of the second task with those of
the tracking task. If the first explanation holds, then dual-task performance
should be enhanced by single-task practice. If the second explasnation holds,
then single-task practice beyond mere familiarization should provide little
benefit to dual-task performance; dual-task practice would be required for the
appropriar,3 response organization to emerge.

The possibility that the response organization required for dual-task per-
formance might be fundamentally different from the organization which develops
under single-task conditions is supported, at least indirectly, by the general
tendency for part-task training based on fractionation to be inferior to whole-
task training (35). It is further supported by the finding of Briggs and
Naylor (5) that both whole-task training and progressive part-task training (in
which crucial part-task components are combined during traiding) resulted in

better performance in the transfer conditions than either a pure-part procedure
or a simplification procedure. The whole-task and progressive part-task proce-I
dures both allow practice under conditions where performance on concurrent sub-
tasks must be coordinated.

The issue of whether dual-task performance is enhanced by single-task vs.
dual-task practice has important implications for theoretical perspectives on
human performance and on practical issues such as trainiag program design. An
explicit assumption of many models of dual-task performance is that performance
in dual-task conditions is largely a function of proficiency on the component
tasks; the debate has focused on the nature and importance of other factors
such as time-sharing. A finding that performance In dual-task conditions is
enhanced by extended practice in single-task conditions would support this
assumption. The alternate finding, that proficieuicy in dual-task conditions
is largely independent of proficiency in dual-task conditions, would certainlyP
require this assumption to be reconsidered. Such a finding would also imply
that training programs based on part-task fractionation procedures are likely
to be ineffective. The experiment reported next was designed to allow assess-
ment of these possibilities.?
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EXPERIMENTAL METHOD

Subjects

Twelve right-handed male undergraduate~ students enrolled in psychology
courses at Georgia Tech served as experimental subjects. Subjects were sched-
uled for testing on two consecutive days, At their first testing session,
subjects read and signed an info 'rmation and consent form which described the
tasks and duration of testing. At the conclusion of 'testing, all subjects
received extra credit in their psychology course for their participation.

Tasks

The whole-task condition in this experiment consisted of single-task
performance of a primary tr~acking task for 15 s, followed by dual-task per-
formance of the priaary task and a secondary target-acquisition task. The
primary tracking task was a pursuit task in which the input signal was deter-
(mined by the sum of two sine functions. A constant was added and subtracted
from this function to form two parallel sinusoids which were displayed on a
cathode-ray tube (CRT), giving the appearance of a winding road which scrolled
down the screen over time. The response marker (output signal) wa's a small
circle. The vertical position of the circle was fixed at the center of the
display; the horizontal position was determined by the movement of a joystick
in its x-axis. As the roadway moved downward, the subject's task was to move
the joystick to position the circle as close to the cen:er of the road as pos-
sible. After 15 9, a target array containing a solid circle, square, and tri-
angle was presented to the left of the road. A bell wars3 sounded, signalling the
appearance of the target array. The subject examined the shapes and decided if
the triangle was bounded by a set of brackets, which represented the sight. If
the triangle was inside the sight, the subject continued tracking on the roadway
until the trial ended and the screen blanked. If the triangle was not inside
the sight, he pressed the batton on the joystick which activated the target-
acquisition task. Then the subject concurrently performed the pr- nary tracking
task and the target-acquisition task., each with a CRT display and first-order
joystick control. The general appearance of cach display is shown in Figure 1.
The right hand was used to perform the primary tracking task; the lef t hand was
used for the target-acquisition task.

The target-acquisition task was displayed on a second CRT located directly
below the primary task display. On the display was an expanded view of the
three shapes, in the same relative placement, and separated by the same pro-
portional distances as those which appeared next to the road on the primary
tracking task. The sight was fixed in the center of the screen. The joystick
controlled the horizontal movement of the three shapes as a fixed group such
that any of the shapes could be placed under the sight, but the distanc~es be-
tween the targets and their position relative to each other remained constant.
The uiubfdct entered this target-acquisition task only if the position of the
triang.Le required adjustment for it to appear under the sight. The subject
corrected the position of the triangle and then firmly pressed the button on
the target-acquisition joystick as quickly as possible. A bell sounded to
indicate that the button had been sensed, representing the initial acquisition
of the target. Then a random function was used to perturb the position of the
tar~e t f rom side to side, resul ting in an occasional drif t of the targe t away
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from the eight. The subject's task was to null these drifts as quickly as
possible.

The subjects were instructed to examine the target array presented on the
primary display and to decide 1f performance of the target-acquisition task was
required. They were also instructed to stabilize the position of the response
sarker on the primary task before initiating the target-acquisition task. They
were told that initiation of the acquisition task could be performed at any
point in the 9-s interval between the appearance of the target array at the top
left of the screen and its disappearance off the bottom of the screen, and that
speed in initiating the acquisition task was not of interest in the study. The
subjects were further instructed to perform the initial acquisition as quickly
as possible after the init1iation of the acquisition task, and to then begin to
perform both tasks simultaneously. They were told to consider both tasks
equally important during the dual-task segment of a trial. Once initiated, the
target-acquisition task continued for 12 s. There was a brief period after the
end of the acquisition task in which the primary task alone was active; the dur-
ation of this period depended on how quickly the subject initiated the acquisi-
tion task.

Subjects receiving part-task training on the two component tasks were pre-
sented with the same displays used in whole-task performance, with minor proce-
dural differences. On the primary tracking task, subjects tracked the changing
roadway for 30 s without interruption by display of the targets. On the target-
acquisition task, at the beginning of each trial, a bell sounded and the screen
displayed TRIAL STARTING... Several seconds later, the trial automatically
started with the screen display of the three shapes and the target indicator;
each trial lasted for 12 s.

Appara tus

Subjects were tested with a sound-attenuated chamber (Industrial Acoustics
Co., Bronx, New York) with the door open throughout the experimental testing
session. A 30.48-cu (12.2 In.) monochrome CRT display (Zenith Data Systems,
Model MMZVK-121) was placed at a viewing height of 110.8 cm (44.3 in.) above the
chamber floor. Directly below the monochrome display, a 30.48-cm (12.2 in.)
color CRE display (Quadchrome, Model #HX-12) was placed at a viewing height of
81.0 cm (32.4 in.) above the chamber floor. The subject was comfortably seated
at a chair hc:ight of 44.5 cm (17.8 in.) directly in front of the CRT displays.
Joysticks were occured at 29.25 cm (11.7 in.) from the center of the lower CRT
display directly to each side. Each joystick was fixed in the center of the
y-axis and could move t30 degrees along the x-axis. A response button was
located in the upper left corner of each joystick. Directly outside the sound-
attenuated chamber, an IBM PC controlled the primary tracking task on the upper
display and an IBM XT controlled the target-acquisition task on the lower display.

Procedure

Subjects were randomly assigned to one of three groups as shown in Table 1.
Notice that all groups received identical treatment on day 2: 4 blocks of
whole-task performance. On day 1, group 1 received whole-task training and
groups 2 and 3 received part-task training. Group 3 differed from group 2 by
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receiving twice as much training on target acquisition. On day 1. all subjects
read the information and consent form and answered the questions.

TABLE 1. EXPERIMENTAL DESIGN

Group Day I Day 2

1 3 blocks whole task* 4 blocks whole task*

2 3 blocks primary task plus 4 blocks whole task*
3 blocks target acquisition

3 3 blocks primary tracking plus 4 blocks whole task*
6 blocks target acquisition

*The whole task consisted of a segment in which the primary tracking task was
performed alone, followed by a segment in which the primary tracking task.and
target-acquisition task were performed concurrently.

Subjects in whole-task training received a demonstration of the primary
tracking task and target-acquisition task separately, and then were shown the
two component tasks as a dual task. The following strategy was suggested to
all subjects: Center the joystick between trials on both tasks so that the
position of the open circle on the upper task and the position of the targets
in the lower task would be stable when the next trial began. Subjects were
also instructed to correct the bottom task only when the triangle drifted out-
side the bounds of the sight. Subjects were given 3 blocks of 15 trials each
on day 1. Day 2 performance wr's identical to day 1 training, except that 4
blocks of 15 trials were performed.

Subjects in the part-task training groups received only a demonstration of
the primary tracking task and the target-acquisition task separately. Subjects
were first given 3 blocks of 15 trials on the primary task, and then were given
either 3 or 6 blocks of 12 trials each on the acquisition task. On day 2, sub-
jects in both part-task training groups were given a demonstration of the whole
task and the strategies that had been given to the whole-task training group on
day 1. They were then given 4 blocks of 15 trials on the whole task.

The position of the targets and the distance between them were randomized
within blocks for all subjects. Within each block, 3 trials were given on which
no correction of the triangle's position was needed. Twelve trials remained
where the subjects needed to perform the target-acquisition task. Of these
12 trials, 6 required movement of the triangle to the left, and 6 required move-
ment to the right. Three distances between targets were used: 2.2 cm (0.88 in.),
3.3. cm (1.32 in.), and 4.5 cm (1.8 in.). The 12 trials were arranged so that
each possible combination of direction and distance appeared exactly twice, in
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a random order. The 3 catch trials (i.e., the triangle was already sighted)
were randomly interspersed with the test trials. The inclusion of the catch
trials and the use of the various distance-direction combinations in random
order produced a task which as inherently unpredictable with respect to the
initial acquisition of the target. The sampling interval for data collection
was 274 as on the primary tracking task and 55 ms on the target-acquisition
task.

Rtationale

The experiment described earlier permits assessment of a number of issues
related to the effects of whole vs. part training on proficiency and response
organization. The transfer condition (i.e., day 2) is one in which the whole
task requires performance of the primary tracking task both alone and with the
target-acquisition task. Thus, proficiency in both conditions is of interest
and can be assessed separately throughout practice on day 2. Response organiza-
tion can also be assessed separately for single-task and dual-task conditions
on day 2. The primary tracking task facilitates response organization. The
summed sine waves produce a pattern that is easy to learn, and the provision of
substantial preview should eliminate any uncertainty associated with changes in
the input signal. In contrast, the target-acquisition task does not facilitate
response organization. The target array presented on the primary tracking
display permitted anticipation of the direction and amplitude of the initial
acquisition, but beyond this point, the task was inherently unpredictable.
When performed alone, this task is quite simple, even though the responses are
limited to moment-by-moment reactions to observed error. Thus, interest in
r oficiency on this task is limited to dual-task conditions.

RESULTS AND DISCUSSION

The measures of overall performance on the primary tracking task are RMSE
the single-task segment of the trial (RMSE1), and RMSE in the dual-task seg-

ment (RHSE2). The RMSEI was calculated for the period from the beginning of the
trial until the targets appeared on the top display. The RMSE2 was calculated
frc , the time the subject pressed the button on the right joystick, thereby
iniciating the target-acquisition task, until the target-acquisition task was
.... leted. The overall performance measures on the target-acquisition task are
acquisition time (AQTIME), measured from the initiation of the task until the
subject pressed the button on the left joystick, and RMSE from that point until
the end of the acquisition task (AQRMSE). The accuracy of the initial acquisi-
tion was also calculated, but inspection of these data revealed that instances
in which the target was not within the boundaries of the sight were extremel.y
rare. No further analyses of these data were performed. It should be noted
that thee were very few instances where a subject initiated the acquisition
task when it was inappropriate (i.e., the catch trials), or where a subject
failed to initiate the acquisition task within the specilied Limau 1IL. D&ML
from the few trials where a subject performed inappropriately are not included
in the analyses. Data from the catch trials are also excluded from the analyses.
The analyses focus on blocks 2-4 of day 2; block 1 of day 2 is omitted because
of potential warm-up effects. All RMSE measures are expressed in the coordinate
units of the graphics system which controlled the displays.
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The group "ans on IRNSl are shown in Figure 2. There were no significant
differwe es bete the groups or across blocks., ammimation of these mane
suggests that single-task proficiency on the primary tracking task was stable
and roughly equal for all groups. This pattern was not the ease for dual-task
proficiency. The group means on IKS92 are shown in Figure 3. The whole-task
group showed a steady improvement (i.e., decreased ixS2) across blocks 2-4,
whereas the part-task groups did nout The means for the part-task groups are
somwehet misleading because they are inflated by extremely high RKS82 scores on
a fme trials In which the subject lost control of the primary tracking task.
That is, the subject did not stabilize the cursor position on the primary task
before attending to the target-acquisition task. Consequently, the cursor mowed
farther and farther away from the road, and in sow instances, It disappeared
from the display. Three of the four subjects In each part-task group lost con-
trol of the primary task on at least one trial in blocks 2 and 3. This action
produced heterogeneous within-group variances for blocks 2 and 3; inferential
tests are therefore inappropriate. By block 4. all subjects were able to main-
tamn control over the primary task. The difference between groups at block 4
is significant (F a 4.89; df - 2, 9; p<O.05).

It is worthwhile to note that, by block 4, there was virtually no overlap
of the subject means in the whole-task group with the subject mans in the
part-task groups; the highest slibject mean in the whole-task group and the
lowest subject mean in the pat'. .k groups were roughly equal. Thus, there
was a whole-task training advautage for dual-task performance of the primary
tracking task, and this advantage became more pronounced across practice on
day 2.

The group means ou AQINSE are shown in Figure 4. The group effect is
significant (F - 5.89; df - 2, 9; p<0.05). Post hoc contrasts reveal that the
part-task groups were significantly batter than the whole-task group for blocks
2 and 3, but the difference at block 4 was not significant. Thus, there was a
part-task training advantage for the target-acquLsLtion task, but this advantage
became less pronounced across practice on day 2. There was apparently no addi-
tional advantage from the extra practice provided for group 3.

There were no differences among the groups on AQTIML The group mans on
this measure are shown in Figure 5.

It is important to note that the diffe:ences between the groups on RMSE2
and AQILMSE cannot be readily explained by arguing that the two tasks were
allocated different priorities by the groups. The whole-task group actually
improved on both tasks throughout day 2; both part-task groups remained about
the same on both tasks. if the whole-task group merely gave higher priority to
the primary tracking task while the part-task groups gave higher priority to
the target-acquLsitLon task, then one would not expect the whole-task group to
simultaneously increase its advantage on the primary task and decrease its Jis-
advantage on the acquisition task. Although thore could have been difierences
in priorities, it is not clear how the whole-task group's priorltia& could allow
performance of both tasks to improve, while the part-task groups' priorities
did not allow performance of either task to improve. A more reasonable inter-
pretation is that the whole-task training given group 1 allowed the development
of a response organization which accommodated the demands of both tasks. As
this organization developed, performance on both tasks improved. The part-task
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training given groups 2 and 3 provided an initial advantage for performance
of the target-acquisition task, perhaps by simply allowing these subjects to
become vall-acquaintad with the typical dynamics of the task. But the part-
task training did not promote a response organization which accommodated the

concurrent demands of both tasks, and no further Laprovemente in proficiency
were possible without an appropriate organization.

Any assessment of response organismtion is necessarily indirect. The
available data are simply the frequencies and magnitudes of different types of
responses$ such as leads and lags in the temporal domain and undershoots and
overshoots in the spatial domain. An assessment of response organization for a
given point in practice is largely limited to a description of the relationships
between these different types of responses and overall performance. Assessment
of response organization development with extensive practice can be more sophis-
ticated, but requires a much larger sample size than was possible here.

The response organization in the primary tracking task is of principal
Interest here. The target-acquisition task did not permit anticipation of
responses to any great extent, except that the direction (and to some extent
the amplitude) of the initial acquisition could be inferred from the target

array presented on the primary tracking task display* Beyond that point, the
task was inherently unpredictable. The primary tracking task was entirely
predictable, due to -the repetitiveness of the Input function and the preview
of the display. Thus, the response organization for single-task performance
could be expected to develop rather quickly. The issues to be addressed are
as follows: (1) the nature of the impact of dual-task conditions on response
organization; (2) the extent to which responses in the dual-task condition
ware organized, and whether this organization (if present) is different from

single-task organization; and (3) whether there are any differences between
the groups in response organization that can be attributed to differences in
training. A reasonable assumption is that the timing of responses on the pri-

mary tracking task is the locus of disruption in dual-task conditions, because
the unpredictable target-acquisition task required frequent diversion of visual
attention to the acquisition display even if no manual response was required.
With a constantly changing input function and first-order control on the pri-
mary task, the timing of control movements was probably the major determinant
of overall performance. When visual attention was diverted, proper timing was
undoubtedly more difficult. Therefore, the temporal response organization is
the focus of the following assessment.

The temporal organization of responses iu the primary tracking task was

assessed as follows. Cursor positions for a complete period of the input func-
tion (6.7 a) in the single-task segment of a trial were examined and changes in
the direction of cursor movement (i.e., the output signal) were identified. The
input function during this period had six changes in direction. The changes in
the output signal direction were classified according to whether they preceded
changes in the direction of input function (LEADS), were in synchrony with
changes in the input function (SYNCS), or followed changes in the direction
of the input function (LAGS). A fourth category was used for instances in
which no response was made to a change in the direction of the input function
(NOMOVES). Cursor positions for an identical period of the input function
in the dual-task segment of a trial were subject to the same analysis. The
starting and ending points of the input function period were carefully chosen,
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so that the analyzed movements would be free of extraneous influences. The
period analysed for the single-task segment began about 4,0 a after the trial
started and ended at about 10.7 a into the trial, thereby excluding any inad-
vertent movements which might have been produced by an off-center joystick
position at the beginning of a trial, and any movements which might have been
influenced by the appearance of the target array 15 a into the trial. The
period analysed for the dual-task segment began about 24.1 a into the trial and
ended about 30.8 a into the trial. The beginning of this period wes about 9.1 a
after the target array was first presented, thereby allowing more than enough
time for a subject to examine the array, initiate the second task, perform the
initial acquisition, and then begin to perform both tasks concurrently. The
mean percent of each response type (LEADS, SYNCS, LAGS, and NOMOVES) in the
single-task and the dual-task conditions Is shown for each group and block in
Table 2.

TABLE 2. RELATIVE FREQUENCY OF BACH RESPONSE TYPE*

"Single-task segment (Z) Dual-task segment (2)

Block Block

Group Variable 2 3 4 2 3 4

1 LEADS 12.8 15.7 9.0 18.8 18.3 19.2
SYNCS 54.8 58.2 58.2 22.5 26.0 36.5
LAGS 29.5 25.3 32.7 42.6 40.0 33.3
NOKOVES 2.9 0.8 0.1 16.1 15.7 11.0

2 LEADS 12.2 10.5 12.2 19.8 17.0 14.2
SYNCS 65.3 61.8 62.2 36.5 41.0 41.0
LAGS 20.0 23.7 25.0 21.5 28.3 33.0
NOKOVES 2.5 4.0 0.6 22.2 13.7 11.8

3 LEADS 22.5 20.8 16.7 20.5 22.2 19.2
SYNCS 46.5 54.8 57.0 31.3 29.5 27.7
LAGS 27.8 23.7 23.3 34.7 33.0 31.7
NOKOVES 3.2 0.7 3.0 13.5 15.3 21.4

*Frequencies were computed for one complete period of the input function within
each segment so that they would be comparable. Responses during other portions
of each segment are not included.

Overall, the groups are quite similar in each category, and there are no
pronounced trends across blocks. The major differences are between single-task
and dual-task performances. The majority of changes in the input signal direc-
tion were accompanied by synchronous changes in the output signal direction in
the single-task segment; this was not the case for the dual-task segment. There
were few instances of NOKOVES in the single-task segment, whereas in the dual-
task segment, typically 10%-20% of the changes in the input signal were not
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accompanied by a change in output Signal direction at any poInt. The relative
number of LEADS and LAGS tended to be slightly higher in the dual-task segment
than In the single-task segment.

based on the data shown in Table 2, it is clear that the demands of the
target-acquisition task impacted performance on the primary tracking task byreducing the number of SYNCS and greatly increaaing the number Af NOROVES.

There was also a greater tendency to commit LEADS and LAGS in the dual-task
segment. These effects, considered alone, are not surprising. The target-
acquisition task demanded that visual attention be periodically shifted away
from the primary tracking display, thereby reducing the number of SYNCS and
increasing the number of LEADS, LAGS, and NOIOVES. An additional consa.dera-
tion is the relationship between overall performance of the primary tracking
task and the tendencies to commit these different types of responses.

The correlations between overall performance on the single- and dual-task
segment@ of the primary tracking task and the frequencies of LEADS, SYNCS, LAGS,
and NOMOVES during the selected period in each segment are shown for each group
in Table 3. These correlations were obtained by computing the correlation be-
tween the frequency of each response type and RtSE, and then reversing the sign.

TABLE 3. CORRELATION BETWEEN RAW FREQUENCY OF EACH RESPONSE TYPE
AND OVERALL PERFORMIANCES

Condition

Group Response type Singla-task segment Dual-t•ek segment

I LEADS 0.01 0.28
SYNCS 0.41 0.47
LAGS -0.32 -0.21
NOMOVESb - -0 56

2 LEADS -0.04 0.11
SYNCS 0.44 0.05
LAGS -0.19 0.01
NLMOVESb -- -0.16

3 LEADS -0.10 0.10
SYNCS 0.25 0.35
LAGS -0.17 -0.05
NOtOVESb - -0.39

aTable entries are the correlations between the number of each response type
and RMSE, with the sign reversed. rrials in which the task was not performed
correctly are excluded, as are all trials in block 1. Typically, each correla-
tion is based on 144 trials (36 per subject).

bNOKOVES were quite infrequent in the single-task segment; the associated
correlations are omitted.
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(Note that these correlations are based on multiple observations per subject and
must be interpreted simply as a description of the present data, not as estimates
of population parameters.) Com'parison of these correlation. between groups and
conditions suggests that the response organization was different in the single-
task vs. dual-task segment., and that the groups differed in the extent to which
their responses were well organized in the dual-task segment. The correlations
in the single-task segment are similar for all groups--the positive correlation
of the number of SYI4CS with overall performance *.; fairly str~ong, and there in
a moderate, negative correlation between the number of LAGS and overall perform-
ance. The correlation of overall performance with the number of LEADS is about
zero. This pattern makes sense--one would expect the number of SYNCS to be
positively correlated with performance, and for the number of LAGS to be nega-
tively correlated with performance. The near-zero correlation of the number of

LEADS with overall performance is also understandable, in that, if a LEAD was

the rate of change in the output signal. The error induced by a LAG, however,
could not necessarily be eliminated by increasing the rate of change in the
output signal, because tiluo maximum obtainable rate in the output signal was
roughly equal to the maximum rate present in the input signal.

The patterns of correlations in the dual-task segment are somewhat differ-
ent from those obtained for the single-task segment. '-, particular, note that
the correlations for group 2 (part-task practice group) are all near zero,
indicating that there was no syztematic effect (positive or negative) of any
response type for this group. Even the number of SYNCS has a aear-zero corre-
lation with performance. In contrast, Lhe whole-task practice group (group 1)1
shows a fairly strong positive correlation between SYNCS and overall performance,
a strong negative correlation of NOKOVES with performance, and a moderate nega-
tive correlation of LAGS with performance. Furthermore, the nt~iber of LEADS is
positively correlated with performance, suggesting that group 1 subjects had
learned to make beneficial anticipation of changes in the direction of the input
signal. A reasonable speculation is that these subjects may have learned to
commit a LEAD before switching their visual attention to the target-acquisition
display during the dual-task segment. The pattern for group 3 suggests that
their responses were somewhat better organized than group 2, but not nearly as
well organized as group 1.

The obvious differences in the pattern of correlations for groups 1 and 2,
Zor the dual-task segment, suggests that the whole-task practice performed by
group 1 allowed their responses to become organized to some degree, whereas the
part-task practice performed by group 2 did not facilitate the development of a
response organization appropriate for the dual-task segment of whole-task per-
f ormance. Further evidence on the differences between tkhese two groups, and
the different organizations characteristic of performance in the single- vs.
dual-task segments, is obtained by examining the correlations between the mean
number of each response type and mean overall performance, averaging across all
trials within blocks for each subject. These correlations are shown ia Table 4.
Whereas the correlations in Table 3 reflect the relationship between the number
of each type of response on a given trial and overall performance on that trial,
the correlations in Table 4 indicate whether the subjects who tended to perform
better in a given block also tended to commit greater or fewer numbers of each
response type. The effect of the averaging is to reduce the influence of unsys-
tematic components of variance (i.e., error variance), thereby allowing the



correlations to more accurately reflect the systematic relationships between
overall performance and the frequencies of each response type.

TABLE 4.* CORRELATIONS BETWEEN 14EAN FREQUENCY OF EACH
RESPONSE TYPE AND MEAN OVERALL PERFORMANCE*

Condition

Group Response ty" Single-task segment Dual-task segment
1LEADS -0.57 0.67

SYNCS 0.77 0.90
LAGS -0.15 -0.77
NOMOVES -0.54 -0.88

2 LEADS -0.36 0.48
SYNCS 0.84 -- 0.12
LAGS -0.61 -0.24
NOMOVES -0.69 0.08

*Table entries are the correlations between the mean frequency of each response
type and mean RMSE, with the sign reversed. Means were computed from each sub-
ject on blocks 2-4.

The pattern of correlations in Table 4 is quite clear. In the single-task
segment, better performance was strongly associated with greater numbers of
SYNOS and fever numbers of LEADS, LAGS, and NOMOVES; this is true for both
groups. In contrast, better performance in the dual-task segment was strongly
associated with greater numbers of SYNCS and LEADS and fewer numbers of LAGS
and NOMOVES for the whole-task group. The part-task group did not show this
pattern, except that better performance was associated with the greater number
of LEADS. The other correlations for this group are quite low, even though the
influence of other sources of variance was reduced by averaging within blocks.
It appears that the dual-task response organization for group 2 was simply not
well developed.

In 3ummary, part-task practice of a simple target-acquisition and tracking
task was found to provide an initial advantage on that task during dual-task
performance, although the advantage was short-lived. This task was inherently
unpredictable and thus did not allow anticipation of responses. Performance of
a complex tracking task which did encourage anticipation was found to benefit
from whole-task practice. The whole-task condition was arranged so that the
complex task was performed alone at the beginning of a trial, followed by a
per' od in which the target-acquisition task was added. A more detailed analysis
Of performance of the complex task suggested that different response organiza-
tions were appropriate for the single- vs. dual-task segments, and that the
dual-task organization was far better developed in the whole-task practice
group than in the part-task groups.
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CONCLUSIONS

In retrospect, it seems likely that the most effective training regimen
would have been one in which the target-acquisition task was pra :ticed alone,
followed by training of the whole .ask. This regimen would provide both the
part-training advantage for the acquisition task and the whole-training advan-
tage for the primary task.

Tasks which do not facilitate response organization, and which must be
performed in dual-task conditions, may benefit from training in single-task
conditions. This benefit may simply be a matter of allowing subjects to become
acquainted with the dynamics of the task and to learn its typical properties;
there is little else to be learned. Extensive practice on such tasks is prob-
ably not required.

Tasks which do facilitate response organization, and which must be per-
formed in dual-task conditions, may benefit from training in the dual-task
conditions. The response organization which is promoted by single-task prac-
tice may be inappropriate for the combined demands of the dual task.

The assumption that performance in dual-task conditions is primarily a
function of single-task proficiency should be reconsidered. The fact that
different response organizations may be appropriate for single- vs. dual-task
conditions implies that there is not necessarily a direct, causal link between
single-task proficiency and dual-task performance.

Human performance in tracking tasks can be enhanced in two primary ways:
(1) designing the task so that response organization is facilitated; and
(2) providing training regimens which allow an appropriate response organiza-
tion to develop and stabilize.

RECOMMENDATIONS

The interpretive fraacvork offered earlier, and the principles derived

from it, are based on a synthesis of theoretical constructs and empirical
findings from a wide variety of studies. Further research is needed to allow
assessment of the derived principles and the predictions offered by the frame-

work. With additional refinement, it is possible that the framework could
produce a well-developed theoretical perspective which embraces both the
results and processes of the development of skill. Pursuit of this goal
requires a program of experimental and correlational research which uses a
variety of tracking tasks, fairly extensive practice regimens, and relatively
large samples. The first stage of this program should concentrate on experi-
mental manipulations which affect the superdiagonal form of the correlation
matrix and the pattern of correlations in the first off-diagonal. Previous
research has tended to neglect the effects of properties of the control mech-
anism on practice requirements, and should be included in the first stage of
this program. When the factors which affect the correlation matrix are better
understood, latent variable models of the variance-covariance structure may be
developed and tested with powerful confirmatory analysis techniques.
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A second area in which further research is particularly promising is
response organization in dual-task conditions. We recommend that the whole-
task configuration used in the present research be modified to include three
segments: single-task performance of one task, followed by dual-task perform-
ance, followed by single-task performance of the second task. Such a whole
task will ahlow assessment of proficiency in both components for single- and
dual-task conditions throughout practice. Two particular issues were left
unresolved, in this research and should be addressed. First, the response
organization which characterized dual-task performance in the whole-task groups
was very likely still developing at the termination of practice on day 2. It
is not clear whether this alternate organization would eventually become more
similar to the single-task organization. Second, it is not clear whether the
apparent lack of a systematic dual-task response organization for the part-task
groups was simply a matter of insufficient whole-task practice, or whether the
extensive single-task practice may have actually impeded the development of a
dual-task organization in the whole-task condition. Extending the practice
regimen and increasing the sample size should help address both issues.

We also recommend that further research in dual-task performance is needed
to address patterns of proficiet'cy and response organization in donditions
where both tasks facilitate response organization. The evidence is clear that
human performance In tracking is enhanced when the task is designed to facili-
tate response organization. It is not clear whether additional design consider-
ation3 should enter in when designing a multiple-task environment, based on the
facilitation of appropriate response organizations. If so, these considerations
are. not clearly known at this time. Multiple resource theory offers an estab-
lished starting point, but the possibility that response organization can com-
peneare for resource competition, given properly designed tasks, has not been
explored. Such research would aid the design of complex environments and the
development of theories of human performan.e in these environment%. Again, we
recommend that the pursuit of these goals muit be based or- a program of experi-
mental and correlational research, using a variety of tasks, extensive practice,
and large samples.
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