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ABSTRACT

The ability of operators to detect step changes in the order of comtrol
dynamics is investigated as a joint function of a) participatory mode: whether
subjects are actively controlling those dynamics or are monitoring an autopilot
controlling them, and b) concurrent task workload. A theoretical analysis of
detection in the two modes identifies factors that will favor detection in
either mode. Five subjects either tracked or monitored the system dynamics
on a 2-dimensional pursuit display under single task conditions and concurreantly
with a “subcritical" tracking task at two difficulty levels. Latency and accuracy
of detection were assessed and related through a speed-accuracy tradeoff. repre-
sentation. Detection performance was faster, and only slightly less accurate
in the manual as opposed to the autopilot mode and performance in each mode was
derogated by the concurrent tracking requirement, but not by increases in loading §
task difficulty. Further analysis, involving multiple regression techniques,
ensemble averaging and examination of response latency distributions suggested 3
that manual superiority was attributable to the additional proprioceptive infor-

mation resulting from control adaption to the system change. The effects of the

loading task on detection and upon primary task tracking were interpreted in

terms of the concept of limited processing resources.
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INTRODPUCTION

Over the past decade, the aviation industry has witnessed a gradual change
in the role of the pilot in the cockpit. Many traditional pilot functions have
been replaced by on-board computers, and in some instances the pilot is no more
than a supervisor [1] or monitor of automatically controlled functions. One
task, however, that remains of critical importance to the operator of any avia-
tion system, whether he is removed from the control loop or not, is that of
monitoring all facets of aircraft performance for the occurrence of failures or
malfunctions. The relatively low frequency of occurrence of such events does
not diminish the importance of failure monitoring and detection, because the
consequences of an undetected malfunction, or one that is detected after an
unnecessary delay, can be disastrous, potentially resulting in the loss of the
aircraft or of human life. It can be argued in fact that one criterion that
should be used in considering whether a pilot should remain in the control loop
under particular conditions is his relative sensitivity to system malfunctions
in the two modes of participation.

Young [2] has argued strongly on the basis of his findings that the operator
is more sensitive to system malfunctions as an active participant in the control
loop, than as a passive monitor. In his experiment, subjects were required to
detect various step changes in system order and gain. Conditions were compared
in which the subject was an active controller and a passive monitor (who was
observing the compensatory display produced by another active controller).

Under these circuﬁsuncu detection latencies were two to five times greater for
the monitor than the controller. A ~=i:cond study which also compared detection
ability in the two modes,however, resulted in contradictory findings.

Ephrath [3] investigated failure detection performance in a two-dimensional

simulated landing task as a joint function of participatory mode and workload. The

"failures," which in this case were deviations introduced into the flight path
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rather than changes in system dynamics, could occur in either the pitch or yaw
channel. Under different conditions subjects were either in control when a
failure occurred or were monitoring a nonadaptive autopilot in control of that
channel. The non-failed channel could also be either controlled or monitored.
Ephrath's results indicated a clear superiority for detection on the monitored
as opposed to the controlled dimension, both in terms of the smaller number of
missed failures and of the shorter detection latency. This difference Ephrath
attributed in large part to the increased level of workload involved in the
controlled task, v

Obviously, in many respects the studies of Young and Ephrath are not
comparable. Young employed single-axis tracking with changes in system dynamics,
while Ephrath employed dual-axis simulator control with "deviation" failures
together with a secondary task designed to measure workload. In addition, the
monitoring conditions were different in the two experiments, béing influenced
by adaptation in Young's study and not in Ephrath’s, In this 1ight, {t {s not
surprising that the conclusions differed dramatically, Certainly, one of the
most salient differences between these studies lies in the contrast between
single- and dual-axis tracking and is inherent in the greater workload imposed
in the latter condition, :

While numerous other investigations of failure detection performance arc
present in the literature {2,4], the studies of Young and Ephrath are the only
two that have explicitly contrasted detection between the two modes, so that a
direct comparison is possible. The present study was conducted with the intent
of clarifying the nature of the superiority relation between the two modes. A
question of specific interest was whether the difference in results between the
results of Ephrath's and Young's study could be attributable to differences in
concurrent task workload between the paradigms, and for this reason secondary

task workload was manipulated orthogonally to participatory mode,




Theoretical Analysis of Failure Detection

The detection of a failure or change in the characteristics of a dynamic
system requires that the detector have available two basic elements: (1) an
internal representation of the state of the normally operating system--the
expected value of state variables and their expected variability [5,6] and
(2) a channel, or set of channels, of information concerning the current state
of the system. Failures are detected when the information concerning the
current system state is assessed to be sufficiently deviant from the representa-
tion of normal operation to warrent a decision. The decision process involved
may be assumed to involve the application of some statistical decision rule [7].

Moré-bpecifically it is assumed that the detection process involves the
integration over time of noisy evidence concerning any differences between
current and normal operation until the decision criterion is exceeded within
some time period. Provided that a failure has occured, the quality of this
noisy information will increase with the number of information sources and with
integration time, as long as memory for the standard of normal operation remains
salient, Provided memory is salient then, failure decisions should become more
prevalent at longer latencies., However it is also reasonable to assert that,
if sufficient time has lapsed with the post-failure dynamics, the internal model

of normal operation itself begins to reflect partially the new dynamics, and

thus the "strength" of the difference signal that is integrated becomes attenuated.

Thus while integrated information grows over time, the diagnostic value of that

information will eventually decline, dictating that detection accuracy (or number

of detections) will not be monotonically increasing with latency but rather

will reflect this tradeoff, achieving a maximum at an intermediate latency.
Figure 1 presents a schematic comparison between the failure detection

process described when the operator is in the control loop (top) and when he

is removed from the loop, monitoring autopilot control (bo:tom); In both modes,
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the available channels of information to the decision making system concerning
- current system state are represented, The following theoretical analysis,

employing the conceptual framework described above and represented symbolically

in Figure 1, will attempt to define the characteristics or attributes of each

participatory mode that might be expected to enhance the sensitivity of failure
detection in that mode.

o mm----- C R Y C

Insert Figure 1 about here

L ) -

Consistency of internal model of dynamics. An evolving conception in

| control theory is that the operator maintains an internal representation or
"model in the head" of the dynamic system that is being controlled, It is
| assumed here that this model provides the basis for predicting expected system

outputs in response to known inputs - an internalized estimate of the transfer

function of the system being controlled. This conception is consis;ent with
that employed by Curry & Gai [7] and Miller and Elkind (8] and others. With
respect to failure detection, a critical characteristic of an internal model
relates to its internal consistency or expected variability. For any given

input to the system, the range or variability of expected outputs i{s a measure

of this consistency.

It is proposed that when the operator is actively controlling, the stability
of thi; internal model is considerably greater than when he is monitoring, This
differcnce reflects the fact that, when controlling, the operator has a greater
involvement with the system, and a direct knowledge of its input-output character-

istics available by comparing his control inputs with the system response [9).

This information is only available when monitoring if the monitored display is
pursuit, and even then, knowledge of control inputs is not as precise, since a

system response due to regulatory error correction, cannot easily be discriminated

i1 i g LT Nide
PO R e
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Figure 1: Schematic representation of failure detection process in

control mode (top), monitor mode (bottom).
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from one resulting from external disturbances, Thus in the control mode a
smaller variance estimate of the normal state exists in the decision center and
therefore detection should show greater sensitivity to departures from this

state induced by changing dynamics, than should detection in the monitoring mode.

Information channels. A second attribute of the control mode that predicts

superiority of failure detection is the greater numbec of channels of informa-
tion concerning the current state, When monitoring, information is provided
to the operator exclusively via the visual channel (system error and its deri-
vatives in the compensatory display or input and outputs plus derivatives in the
pursuit display). On the other hand, in the control situation the operator
also has available a proprioceptive channel of information concerning his own
input to the control stick, independent of disturbances acting upon the system,

Although control input cannot direcctly reflect the occurrence of failures
(except as failures initiate mechanical feedback from the control itself), it
will do so indirectly to the extent that any compensatory adaptation that the
operator initiates to a system change will be reflected in a change in his
response characteristics (mean control position, velocity or accelerat%on) and/or
the characteristics of the operator', open-loop transfer function, when con-
trolling then, these proprioceptive channels will be available to the detectiom
system to supplement the visual channels that are available in both monitoring
and controlling (Figure 1), | |

While the controlling mode thus seemingly provides a distinct advantage
over the monitoring mode by virtue of its added proprioceptive channel, it should
be noted that this advantage is not 1nvnr1.bly present for reasons telated to
the non-independence of control input and otror; More specifically, if adapta-
tion to the failure is rapid and complete, as may. occur for example in response
to ohtftolta system gain [2], the obtained distribution of error following the

change would show little or no alteration from that characterizing the normal
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operating state, while a change would be manifest in the characteristics of the
control response and, therefore, the transfer function,

Failure to initiate any adaptive control, on the other hand, would leave
unchanged the proprioceptive input, while altering both the nature of the error
distribution and again, the resulting transfer function. In short, whether or
not an adaptive response is implemented, the transfer function will change. If
adaptation occurs, the response will change as well, If it does not, then the
error distribution will be altered,

However, even provideé with only two sources of information (transfer func-
tion plus error or contr§1 response) rathe; than three, a compntiao; cof number
of channels still favors the control mode over monitoring. Assuming that there
is some degree of independence of information processing along the channels,

the probability and/or speed of detecting change information along any one of

two channels characterizing the control mode, should be greater than that of
detecting change along the single visual channel available in the monitoring mode.

Differential sensitivity to visual vs proprioceptive information.

Although a strict comparison of the number of channels of informat'on available
to a decision mechanism favors control over monitoring, an important caution
should be noted, As described above, the operator is able to trade off the
strength of the failure occurrence "signal” along the visual vs proprioceptive
channel, to the extent that he engages in some degree of compensatory adaptation,
As adaptation increases, proprioceptive "signal strength" increases at the

expénse of visual error "signal strength.” Thus the prediction based upon the

difference in number of information channels -- that control detection will be
superior to monitoring detection -- is predicated upon the assumption that
detection of change is equally efficient slong all the channels (p!optlo@.?tlvt,
transfer function, and visual). In other words thtf approach assumes that,

" whichever channels are employed in ;hn control mode, their joint signal will be

more easily detected than the single visusl signal in the monitoring mode,
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Mitigating against this conclusion, however, is a body of literature in
psychology suggesting that the sensitivity to proprioceptive information is
reduced relative to visual information particularly when the two sources are
available at the same time and are conveying conflicting information [e.8., 10,
11, 12]. Such a conflict, in fact, describes precisely the situation in which
an operator has successfully adapted to a change in control dynamics. Under

these circumstances, the visual error channel is providing information describing

normal operation (since the appropriate gain, or lead-lag adjustment, has pre-

sumably been initiated to restore the original open-loop transfer characteristics),

wiile the less sensitive kinesthetic channel conveys the information that a
change has in fact been implemented., The predicted consequence of this conflict
situation is that the operator will be less likely to detect the change than

he would had no adaptation been achieved, the latter condition of course pro-
ducing a visual signal equivalent to the monitoring mode, McDomnell [13), in
fact, has noted anecdotally such instances in which successful adaptation has
been coupled with the failure to detect dynamic system changes.

Workload differences. A second characteristic of the manual control mode

that predicts a reduced sensitivity to the occurrence of failures relates to the
greater workload imposed by tracking than by monitoring. Numerous examples may
be cited from behavioral literature that demonstrate the attention demands of
purely perceptual tasks such. as monitoring to be less than those of tasks such
as tracking in which a requirement for the selection and execution of responses
is also imposed (14, 15]. This finding is verified as well in a direct compari-
son of controlling vs autopilot monitoring in the simulator [16]. In the frame-
work of the present analysis, if monitoring for and responding to failures is
regarded as a "task" separate from tacking, then since the operator's attentional
resources are limited, the greater workload demands imposed in the control mode

than in the monitoring mode would predict poorer performance on the added “task"

T
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of failure detection in the former condition,

' Whereas, workload differences make a clear prediction of detection differences
in the single~task environment, this prediction is not as apparent when the per-
formance of additional tasks is required. A common result emanating from much
dual-task research is that tasks that are in themselves simpler or less loading
are at the same time more vulnerable to performance decrements in a dual-task
eanvironment, as more demanding paired tasks "capture" a greater proportion of
available attentional runou;ccl (17]. 1In the current context, monitoring - the
simpler task - should be more vulnerable to additional dual-task requirements

{ than controlling.

; Furthermore, to the extent that failure detection while trvacking is

dependent upon the processing of information integral to the tracking task,

then the quality of this information -- and, therefore, the quality of detection
itself -- will be preserved as tracking performance is guarded in the face of
competing secondary task demands, In contrast, the quality of visual information
available in monitoring will be predicted by this view to deteriorate; rendering
detection while monitoring more vulnerable to loading than while controlling.
} Summary

The implications of the preceding theoretical analysis are complex, In
summarizing, two attributes of the controlling mode may be identified that
would seemingly facilitate failure detectiont & greater consistency of the
internal model of the system, and a greater number of channels available upon
which to base failure detection decisions., At the same time, the latter adwantage
may be mitigated to the extent that: (a) adaptation takes place reducing the
strength of a visual error signal and, (b) proprioceptive sensitivity is less
than visual., In comparison the monitoring mode is also characterized by two

attributes that could facilitatec detections: a greater "strength" of the visual

R
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signal (if adaptation by an autopilot does not take place) and a lower level
of workload.

Finally, it is argued that any advantage of monitoring over controlling
attributable to workload differences might itself be dissipated as the compe-
tition for attentional resources is increased by imposing concurrent tasks.
Clearly this interplay of factors is sufficiently complex to prohibit precise
predictions concerning the superiority of one mode over the other. It does,
however, facilitate a clearer identification of the nature of the failure
detection task and allows predictions to be formulated concerning the
differential effect of variables such as workload or.control adaptation on
detection performance,

In the following experiment, independent variables of participatory mode
and task workload were qanipulaccd to determine their ¢£fect‘on detection.
Analysis techniques were then cgploycd in an effort to identify further the
nature of the processes operating in detection performance,

METHOD
Subjects

The subjects were five right-handed mele university students enrolled in
basic flight training courses at thollnstttutc of Aviation, Subjects were paid
at a rate of $2,50 per hour,

Apparatus

The basic experimental equipment included 2 3 x 4 imch Hewlett Packard

Model 1300 CRT display, a spring-centered, dual-axis tracking hand control

(with an index-finger trigger) operated with the other hand, and a Raytheon ?

used both to generate inputs to the tracking display and to process responses
of the subjects., The subject was seated on a chair with two arm rests, one for

the tracking hand controller and one for the side-task finger controller. The
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subject's eyes were approximately 112 centimeters from the CRT display so that
the display substended a visual angle of 3,40,

Tracking tasks, The primary pursuit-tracking task required the subject to

match the position of a cursor with that of a target which followed a semi-
predictable two-dimensional path across the display. The target's path was
determined by the summation of two non-harmonically relate sinusoids along each
axis. The frequencies were: X-axis, .08 and .05; Y-axis, .08 and :05. The
position of the following cursor was controlled jointly by the subject's control
response and by a band-limited forcing function with a cutoff frequency of .32
Hz for both axes., Thus the two inputs to the system were well differentiated in
terms of predictability, bandwidth, and locus of effect (target vs cursor). The
1-a o

control dynamics of the tracking task were of the form Yc oy - +—3 for
8

each axis, where @ was the variable parameter used to introduce changes in the

system dynamics., These changes, or simulated failures, were introduced by step
changes in the acceleration constant ¢ from a normal value of .3, a mixed velocity
and acceleration system with a high weighting on the velocity component, to

‘&= ,9, a system that approximates pure second order dynamics.

As the loading task, the Critical Task [18], was employed. This was displayed
horizontally at the bottom of the screen and required the subject to apply force '
to the spring-loaded finger control in a left-right direction to keep the un-
stable error cursor centered on the display., The value of the instability
constant A\ in thedynamics Y = LA was set at a constant subcritical value,

c 8=\
Two values (A = .05 and \ = 1,0) were employed on different dusl task trials.

Experimental Task

Subjects participated in five experimental sessions of which the ftrft
two were devoted entirely to practice on the tracking and detection tasks, and
the last three used to generate the experimental data, During the first practice

day the subject performed only the two-dimensional pursuit tracking task. In
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the manual (MA) condition the subject p-rformed the tracking manually while
in the autopilot (AU) condition, his role in the control loop was replaced by
a simulated autopilot control dynamics consisting of a pure gain and effectch
time-delay. The open loop gain was set at a constant value for all subjects,
and the timé delay value was adjusted for each subject to obtain an error measure
in the AU condition equivalent to the operator's performance in the MA condition,
This value of time delay waa‘maintained throughout the rest of the experiment,
Each trial, MA or AU, lasted 150 seconds,

To give the subjects some experience with the failed condition-(i.e., the
higher acceleration in the control dynamics), the subject received two trials
(one AU and one MA) in which he tracked (or viewed the autopilot trackiﬁg) only
the failed dynamics, Two demonstration trials were then presented in which the
subject tracked in the regular condition, but the onset of each failure was cued
by the presentation of a "F" on the screen, ‘The subject was instructed to press
the trigger to return the system to normal only upon the detection of th; nature
of the change. This training period was then followed by 8 regular detection
trials (4 AU, 4 MA in alternating order). Each trial contained either 4 or 6
failures so that a total of 20 failures were presented in each mode,

The presentation of the failure was generated by an algorithm that assured
random intervals between presentations and allowed the subject sufficient time
to establish baseline tracking performance before the onset of the next change,
Task logic :lao insured that changes would only be intrdduced when system error
was below a criterion value, In the absence of this latter precaution, changes
would sometimes introduce obvious "jumps" in cursor position,

During these detection trials, the detection decision was recorded by
pressing the trigger on the couc;ol stick. This response presented a "I" on
the screen and returned the system to normal operating conditions via a four-

second ramp to the prefsilure dynamics., If the subject failed to detect the

aE
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change, the system returned to normal after six seconds, This was an interval
within which it was assumed, on the basis of pretest data, that responses would
corrcspond to detected failures and not to false alarms, The subjects were told
to detect as many changes as possible as quickly as possible,

On the second day (dual-task training) the subject performed the primary
tracking task together with a side task, the Critical Task, After a refresher
trial in the MA mode, the sudject received a series of training trials to practice
the side task, first in the AU and then in the MA mode, When acceptable criteria

were achieved in the Critical Task and MA tracking individually, the subject then

carried out these tasks together with the failure demonstrations, as described
above,

Eight more experimental trials were then presented in which the subject
performed all three tasks (tracking or monitoring, Critical Task, and failure
detection). Two trials were presented 1n‘each mode at each level of Critical
{ Task difficulty (A = 0.5, 1.0). The subject was instructed to "do the side-

’ stick task as efficiently and accurately as possible." The instructions, there-
fore, clearly defined the side task as the loading task while allowing perform-
‘ ance on the tracking and detection tasks to fluctuate in response to covert
changes in available attentional resources. These instructions were
emphasized by providing subjects with trial by trial feedback on ciitical
task performance. In this manner, workload demands were experimentally mani~
i pulated, rather than being passively assessed.
Following the two training days, the final three days, used to generate the
data for experimental analysis followed the format of Table 1, The order of
) presentation of the 12 experimental trials was eountcr-balanccd.acrou sub jects

and across days within a subject. The task logic, instructions, and experimental

| S——

procedure was otherwise identical to that on days 1 and 2,




Insert Table ! about here

ANALYSIS

Assumptions from signal detection theory [19] were employed to account for
detection performance in terms not only of the proportion of failures detected
(hit rate), but also the number of detection responses made in the absence of
failures (false alarms). The signal detection-based sensitivity index reflects
changes in both of these values. Some modification of classical signal detection
analysis procedures was required because of the undefined nature of the response
interval [20]. According to this procedure it is necessary initially to specify
the interval following each failure signal to be designated as a "hit" interval.

The data from a number of pretests, in which dynamics did not return to the
pre~failure level, indicated that the distribution of subject responses, following
signal occurrence, showed a peak at around three seconds and reached a relatively
stable baseline by six seconds following a failure. Therefore, six~second inter-
vals were defined as hit intervals, and the measure P(HIT) was simply the number
of detection responses falling within the interval divided by the total number
of 1nt;rvals. The remaining duration of the trial was similarly subdivided into
six-second false alarm intervals. The measure P(FA) was computed as the number
of false alarms divided by the number of false-alarm iatervals.

Because of the relatively small number of signals presented, and the ques-
tionable applicability of the formal signal detection theory assumptions to the
current data, the nonparametric measure of the area under the ROC curve, P(A),
was employed as the bias-free measure of sensitivity (19]. Values to this
measure were computed from the P(HIT) and P(FA) data by reference to tables in
McNicol [21]. This measure produces a score varying from 0 to 1.0 for which

0.5 represents chance performance and 1.0 represents perfect accuracy. Both




Table 1
Within Subject Experimental Design

(Days 3, 4, 5)

Participatory Mode

Critical Task

Auto (AU) Manual (MA)
30 failures 30 failures
Tracking
Single '
Task
Tracking and
Easy Critical 30 failures 30 failures
: Task
Dual
Task
Tracking and
Difficult 30 failures 30 failures
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the P(A) measure and the mean and standard deviation of detection latencies
wvere computed at the end of each trial.

Tracking performance. Tracking measures of vector error, vector control

position, and Critical Task error were sampled every 60 msec and stored on
digital tape for later data analysis. Error and control position were also
differentiated to obtain their respective velocity values. In addition, on a
fourth channel, the occurrences of failures and responses were recorded. At
the end of each trial, the RMS vector error on the primary task and RMS error
on the Critical Task (if performed) were computed.

ReSULTS

Detection Performance

Table 2 presents the average hit and false alarm probabilities for each
subject in each of the 6 conditions. Following the procedure outlined above,
these were converted to P(A) measures, and this bias-free accuracy variable,
plotted as a joint function of detection latency and condition, is shown in
Figures 2 and 3. Because considerable experimental literature indicates that
adding a secondary task, and increasing its difficulty may have qualitatively
different effects on primary task performance, [22, 23]. Figure 2 contrasts
single with dual-task detection (the mean values of the two critical task
conditions), while Figure 3 shows the effect on detection of the Critical Task

difficulty level (e.g., A = .5 vs. A = 1).

Insert Table Z and Figures 2 and 3 about here

The rationale for the joint speed-accuracy representation of Figures 2 and

3 is that these two variables represent different manifestations of an underlying
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Table 2
4 i Detection Data
i : MA AU

: Subject Single task \= .5 A= 1.0 Single task X =.5 ) = 1.0

i C.W. P(H) 406 .267 267 .733 .700 467

i P(FA) .071 .060 .080 .130 .100 .200

[ E.L. P(H) .767 .533 .567 .833 .533 .533

P(FA) .050 .150 .120 .120 .190 .150

R.S. P(H) 467 433 .567 .533 458 423

1' P(FA) .270 .200 120 .280 .166 258

: T.0. P(H) .267 .375 .200 .533 .700 429

i_ P(FA) .110 .133 .170 .120 .110 .186

M A. P(H) .500 .400 167 .833 .800 750

P(FA) .075 .075 .073 .058 .090 .090
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Figure 2: Effect of participatory mode and secondary task performance on

detection accuracy and latency.
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Figure 3: Effects of participatory mode and secondary task difficulty
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i

=t o

TN N N ey ey e BN

20
performance metric, In any effort to compare "performance" across conditions,
the joint implications of speed and accuracy must be taken into account [24, 25].
For example, a condition that produces a high accuracy of responding might do so
at such a prolonged latency that the utility of that decision in a real-world
context is less than that of a more rapid decision with slightly lower cxpected
accuracy. Furthermore the underlying model as proposed in the introduction
that information is integrated over time until a decision criterion is reached
suggests that speed and accuracy may be "traded off" by manipulating the
decision criterion., This tradeoff presents another justification for this
joint representation,

In Figures 2 and 3, 'good" performance.(fast and accurate) is represented
in the upper left hand regions, while poor performance is in the lower right.
In an orthogonal direction, shifts in bias for speed vs. accuracy correspond
to movement between the lower left (speed bias) and upper right (sccuracy bias)
in the space. These shifts may belinferred to relate to variations in setting
of the decision making criterion. The lighter vectors portray the data of the
five subjects, while the heavier ones represent the mean trend, with each end
of the vector corresponding to the bivariate mean of the five individual subject
data points, Because of the importance of viewing individual subject data,
the brackets below represent the average magnitude, across subjects of + 1
standard error confidence estimates along both the latency and accuracy ll.l.l
By this representation, it is possible to view simultaneousljy the trend of sub-
ject's behavior in the speed-accuracy space, the extent to which the trend
typifies the behavior of all subjects and, through the confidence brackets the
reliability of the trends shown by individual subjects.

Undoubtedly the most noteworthy effect in Figure 2 is the increase in
response latency from the MA to the AU condition (t = 5,84, p < .,001), While

this increase in latency for the AU mode is consistent for all subjects, it is
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accompanied by an increase in response iccurately that is less pronounced and
is only evident in both single and dual task conditions for three of the five
subjects (C.W., T.0., and M.A.) Thus the prevailing trend induced by shifting
from the MA to AU mode appears to be a shift in bias to the upper right in the
speed accuracy space: towards slightly more accurate, but considerably slower
detection.,

The chance in performance induced by the requirement to perform the addi-
tional Critical Task (Figure 2) 1is in the direction of poorer performance:
increased latency and decreased accuracy. This is a trend predictable from the
assumption of limited operator processing resources. The mean vectors indicate
that this trend is of about the same magnitude, and in the same direction for
both the AU and MA nodes,‘nlthough it is considerably less consistent across
subjects in the MA condition, with two subjects (R.S. and M.A,) showing vectors
that do not run in the predicted direction., R.S. shows an accuracy increase,
and M.A, a }latency decrease with Critical Task performance,

In Figure 3, presenting the effect of increasing Critical Task difficuliy
on detection performance, the mean trend in both modes shows a decrease in
accuracy., However, this is only consistent across subjects in the AU mode
(with minor exception of E. L. who shows a minimal accuracy increase). Further-
more, in both modes the increase in Critical Task difficulty appears to lead

to a slight decreuse in average response latency. Subjects M.A. (MA mode only)

" and C,W, are exceptions here,

While the trends in neither data set of Figure 3 are striking, the finding
of interest is perhaps the very fact that trvends are not pronounced when they
might otherwise have been expected with increased loading task difficulty., The
reason for this expectation is evident from Figure 4 which presents the effects

of the workload manipulation on tracking performance., It can be seen here in the
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MA mode that tracking performance deteriorates equally as the critical task 1is
added (t = 3.05, p < .01) and as its difficulty increases (t = 1.71, p < .05)
(the manipulations corresponding to those portrayed in Figures 2 and 3 respec-
tively). Even though there is a slight increase in Critical Task error with A,
it is safe to conclude that increasing Critical Task difficulty leaves fewer
processing resources available to devote to performance of the tracking task,
Yet in the MA mode, this diminuition of resources does not appear to reduce
detection performance in any marked fashion for other than subject M.A.
Similarly in the AU mode, the trend of detection performance with increasing A
can not be described as an unambiguous decrease in performance, but rather
as a shift in bias to fast inaccurate responding (Figure 3),

Insert Figure 4 about here

X L T X Tosseccsceees ceeorcercceses

Information Utilized in Detection

In the introduction, two hypotheses were proposed to predict why detection
might be superior in the MA over the AU mode, and two were proposed predicting
AU superiority. The results pt..cQch in Figures 2 and 3 and suggest that
manual detection was generally superior, and the data were analyzed in detail
to determine their consistency with tie second hypothesis proposed for manual
superiority i.e., the role of the added proprioceptive channel. In this endeavor,
two analysis techniques were pursued to identify th: cues employed and provide
iui;ht into the nature of the detection process. (1) Eunsemble averages of
display and control variables were constructed primarily to determine the
existence of failure "signals": time varying characteristics of the variables,
time-locked to failures and increasing during the post-failure interval
(Figure 5).Separate averages were constructed for hit and miss trials in each
condition, (2) Multiple n;ronto.u techniques were employed to determine what

characteristics of the signal and response were the best predictors of detection
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latency. As predictor variables error, error velocity, control velocity and
cursor velocity were sampled at the instant of failure, at .6, 1.2, 1,8, 2,4,
3.6, and 4.8 seconds after the failure, The results of this analysis are
presented in Table 3. The results of these two techniques will be discussed as

they bear upon the question of the cues utilized for detection.

Insert Figure 5 and Table 3 about here

The assumption that AU detection is based upon the error information is
born out by the single task ensemble of averages presented in ?1gﬁre 5. Clearly
a transient error in displayed increase is produced by the failure (information
is available to the decision center) and the difference between detected failures
(solid lines) and undetected ones (dotted lines) is consistent with the view
that undetected failures resulted from a smaller visual, error-based "signal,"
This analysis is corroborated by.the multiple regression data (Table 3), The
negative value for the best predictor of AU latency suggests thatllatger error
signals at .6 second latency are associated with faster responses. Similarly
the second predictor variable, error velocity, is also associated with latency

in such a way as to suggest that increases in its magnitude serve as a signal

to shorten detection latency. |
Turning to the MA condi;ion in Figure 5 the role played by display error

is again evident, Displayed error increases following the failure, and therefore

is available as s signal (although it apparently does not increase differentially

between hit and miss trials). Furthermore from Table 3 the best predictor of

response latency is again the error variqblc, this time sampled at 1,2 seconds

post-failure.

The fact that the increase in the average hit and miss error traces is

greater in the AU than the MA condition suggests that in the MA mode the operator
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Figure 5: 'lu.bh averages of error, and control velocity for single task
AU (m)' and IA .,‘(bocton) conditions. Vertical arrow indicates
mean detection latency.
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®predictor variables were excluded from the table if they occurred at latencies
equal to or greater than the mean detection latencies
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Table 3
Multiple Regression on Response Lntency‘
Condition
MA AU °
Variable Multiple Partial Variable Multiple Partial
Name T r Name b T
Error Error
1.2 sec. .310 -.310 .6 sec «357 =357
Control 470 -.170 Error 490 =-,309
vel. 0.6 Velocity
.6 sec
Error Exrror
Velocity 521 -.251 Velocity 524 -.213
1.2 sec 2.4 sec
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is performing some sort of control adaptation to the new post-failure plant
dynamics~--an adaptation directed to bring error to its prefailure level.
According to predictions of the crossover model [26], the increase in system
order produced by the failure requires the operator to develop greater lead,
differentiate the error value and produce a response velocity of higher average
value., Thus to the extent that adaptation is carried out, control velocity
should increase. Furthennore, even if adaptation is not the linear response
predicted by the crossover model, but represents instead a time-optimal bang-
bang response [27], the later strategy should still produce an increased
control velocity.

In the data presented in Figure 5 a distinct increase in control velocity

 is visible following failure, supporting the view that adaptation was carried out,

This observation supports the hypothesis that MA superiority is based upon the
added proprioceptive channel of information, since the figure indicates clearly
that this information (manifest in the increasing control velocity) is available
prior to detection, as a channel to the decision maker of Figure 1, A further
corroberation of the use of this chaniel is found in the multiple regression
analysis that identifies control velocity as the second predictor of response

latency. The level of correlationm, although modest, is found to be consistently

A M s

negative with latency, at the .6 and 1.2 second post-failure time points.
Latency distribution. The ensemble average and multiple regression analysis
of the single task data suggest that more rapid MA detection may be attributed

to the adaptation-related proprioceptive information channel that becomes available

to the decision center within 1-2 seconds following the failure occurrence., This
interpretation receives more direct support from an analysis of the distribution

of response latencies. In the current data, these distributions for all MA

conditions were highly skewed in a positive direction, while those of the AU
conditions were spproximately symmetrical, The latency distributions were
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| transformed to cumulative probability distributions portraying the relative
number or probability of failures detected, as a function of latency after
failure (Figure 6). Lappin (28] has argued that a similar representation of
{ his reaction time data -- the latency operating characteristics(sometimes
1 referred to as the cumulative accuracy function) -~ may provide evidence bearing
upon the time-dependent processes involved in detection: the integration of
evidence over time. Following Lappir's approach, it is argued here that the

data of Figure 6 may be interpreted as follows: Since detection latencies are

i assumed to reflect, in part the instant at which the sampled evidence excedes
the decision criterion, the extent to which accuracy increases as the criterion

l : moves to longer latencies (through between and within subject variation) is a
reflection of the rate of accumulation by the decision center of failure-related

i information in the poot-failurg interval. Thus the slope of a function of

) t3aT relative accuracy vs, latency represents the rate at which perceptionzl evidence

becomes available, while the level of the function or intercept represents the

overall quality of that inférmation.
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i Insert Figure 6'about here

L

According to thh interpretation, three important characteristics are

i evident concerning the single and dual (A = 1.0) task data of Figure 6: (1)

b ' Both of the MA functions tndicatc"“vthc presence of a distinct discontinuity in the
.i g rate of accumulation of cvidcneo,;thin discontinuity occurring at approximately
“ 1-1,5 seconds post-failure, 1In a manner consistent with the earlier discussion,

it may be argued that the steeper early growth rate reflects the added availability
of the proprioceptive signal during the initial 1-2 seconds of adaptation, while
the shallower slope following represents the integration of evidence from the

" visually displayed error u.nl.' (2) The two AU traces, while not strictly




29

Single Dual

Task Task
A=10
A
m e O 6
\ JOI-

.60
20

40
.30

.20
10

.08

.02

.0l
.0056

Cumulative Prdba'bility’of Detection

|

{ SR I | 1 1 L L i
l

| i
S IO 20 .30 4.0 5.0 6.0

Latency after Failure
- ..., (seconds)
Figure 6: Cumulative probability distribution of detection latencies for
single and dml‘(a = 1.0) task AU and MA conditions.

3
Y A oo L 3




30
linear, fail to show the abrupt discontinuity of the MA conditions, and thus
seemingly represent a uniform underlying process., This process, presumably the
integration of displayed visual information accumulates evidence at a faster rate
(steeper slope) than is evident in the later, visual portion of the MA mode, This
interpretation is consistent with the smaller display error profiles in the MA
as compared to the AU conditions (Figure 5), and with the assumption that any
adaptation in the MA condition should in fact reduce the magnitude of the visual
error signal, With less information therefore available, the integration of
this information will procede at a slower rate. (3) In both MA and AU modes,
the data of the duzl task condition lies below, but closely parallel to the
corresponding single task value (1ntercep£ shift). This suggests that Critical
Task performance, while affecting the overall quality of perceptual data in
identical manner for both modes, does not affect the rate of its sampling or
acquisition.

Role of Workload. The concept of workload--the task imposed demand for the

limited processing resources of the operator~-is relevant both as a potential
source of AU detection superiority, proposed in the introduction (but not shown
by the data) and as it concerns the affect of the added requirement of Critical
Task performance on detection. Concerning the first issue it is appropriate to
ask why the added workload of controlling the primary tracking task apparently
did not hinder the detection of failures in this task, relative to the AU mode
when this controlling function was not required and the subject's only task was
to monitor the visual display for failures, Two answers may be provided, (1)
The role of both error signal and proprioceptive channels demonstrated in MA
detection lngacitl that the very same mental operations that might on the one
hand be argued to increase the competition for resources with the detection
requirement are also the same ones that are integrally involved in the MA

detection process, These operations then may function in cooperation with
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the detection process, rather than in competition for the resources upon which
detection depends. (2) A different accounting for the absence of a workload
deterioration effect can be proposed in terms of the nature of the processing
resources themselves., While the resources involved in the failure detection task
are primarily related to perceptual and decision making mechanisms, the added
resources required by tracking (as opposed to monitoring) concern more directly
the response mechanisms, To the extent that perceptual/decision-making processes
and response processes draw from different structural pools of processing
resources that are not mutually available [22, 23, 29, 30], it is not expected
that large interference would be evident bgtween tracking and detection,

This argument, relating to the lack of interference between structurally
different processes can also account for the different effects upon detection
and tracking performance of a) introduction of the Critical Task (Figure 2), and
b) increases in its difficulty (Figure 3), Critical Task introduction adds both
a new display element (demand for perceptual resources), as well as new response
demands required by the left hand control manipulation (demand for response
resources)., Thus the expected decrease in both the concurrent tracking perfor-
mance (Figure 4), and in detection performance (Figure 2) can be predicted, as
their respective processing resources arc both depleted by the added perceptual
and response demands, However, the increase in )\ produces primarily an added
demand on the availability of resources at the response stages of processing,
since the p?tceptual nature of the Critical Task is li_LLle altered (Critical Task
error changed little Qith A), but a greater motor involvement is required,

To the extent that the increase in ) thus depletes response related resources,
but not perceptual ones, greater deterioration will be evident in the response

loading task (Tracking) than in the perceptual one (Detection),
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.

SUMMARY AND CONCLUSIONS
The major results can be briefly summarized as follows:
1. Detection of step increases in system order when the operator remains
in the control loop (MA mode) is considerably faster and only slightly
less accurate than when he is removed (AU mode), This finding of MA
superiority supports the earlier conclusions of Young (1969).
2, The extent of this superiority did not diminish as the Critical Task
was added or as its difficulty was increased by raising the suberitical
value of A: An interaction between participatory mode and workload was
not obtained,
3. The effect of adding the Critical Task was to reduce detection per-
formance in both modes, but performance was little altered with increasing
A
4, Within the framework of the model presented, converging evidence from
multiple regression, ensemble averaging and latency distribution data was
presented suggesting that the cause of MA superiority was the'added
proprioceptive information, resulting from control adaptation and available
for the first few seconds following the failure. This information, when
coupled with the displayed visual information allowed a rapid initial
aggregation of evidence in the MA mode, yielding short latency detections.
However the availability of the proprioceptive adaptation information was
short~lived, due perhaps to the transient memory for the proprioceptive
standard, Once gone, the now-adapted visual error signal continued to
provide evidence of lesser strength, accumulated at a slower rate than
the non-adapting AU condition. Therefore the mean and model latencies of
AU detections were longer, but.ovornll detection was slightly more accurate,
5. The role of task workload in affecting detection performance was

seemingly only evident as perceptual load was increased (adding the require-
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ment of processing the Critical Tisk display) and not as

additional demands were placed upon the response systems, either

through tracking the primary task, or through the greater resource

demands of the increased loading task difftculty;

6. Concerning the role of a more stable interval model as a cause

of MA superiority, it can be argued that this factor probably played a

relatively minimal role in influencing the prestni results, Thi= is

because the repeated measures design allowed the same subjects to

participate alternately on AU and MA trials, Thus the internal model

constructed during MA trials, if superior, was presumably also avail-

able on AU trials. On this basis it may be hypothesized that even

greater MA superiority might be obtained 1if participatory'uode wvere

manipulated as a between subjects variable,

7. The difference between the findings of Young and of Ephrath regard-

ing MA vs. AU superiority could lLe accounted for in terms of the current

findings. The MA condition in Young's experiment and in the current

one were in many respects similar, A step change in system order was

imposed following which control adaptation was required entailing a

change in genera) response characteristics ‘operator describing function)

and therefore making available proprioceptive information, Conversely

the failure employed by Ephrath, a gradual displacement or bias of the

lateral position, is one for vhicp no ‘fundamental change in the

operator's transfer function was required to adapt, Therefore proprio-

ceptive channels probably conveved little if any information relating

to the occurrence of a failure,

Finzlly, some mention should be isade concerning the presence of individual
differences. To some extent these are inevitable, particularly in a task con-

figuration as complex as the current one, requiring dual tssk performance in
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the AU mode and triple task performance in the MA., Given the subject's flexi- :
bility to allocate resources differentially to the two or three tasks, as well
as his ability to adapt various criteria on the speed-accuracy detection bias,
it is perhaps somewhat surprising that the individual subject data in Figures
2 and 3 are as consistent as they are, Nevertheless, the importance is acknow-
ledged of acquiring more data to replicate and substantiate the trends reported

here.
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* Footnotes

1 lror the accuracy data, standard error of proportion scores were computed

for hit and false alarm probabilities by the formula sP - —’;,%1—.—-2)-—.
[ Standard-error confidence brackets were then computed for the accuracy measure

P(A) by determining the maximum and minimum accuracy values obtainable when

—

P(Hit) and P(False alarm) were within one standard error of their respective
estimated values, e.g., maximum accuracy: P(H) + 1sp. P(FA) - 1sp;

minimum accuracy: P(H) - 1sp. P(FA) + lsp.
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