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ABST1VICT
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Ii - The ability of operators to detect step changes in the order of control

dynamics is investigated as a joint function of a) participatory mode : whether

subjects are actively controlling those dynamics or are monitoring an autopilot

I 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 concurrently

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

E in the manual as opposed to the autopilot mode and performance tn each mode was

derogated by the concurrent tracking requirement but not by increases in loading

task difficulty. Further analysis , involving mult iple regression techniques ,
- -

~~ I ensemble averaging and e~nmln.ation of response latency distributions suggested

that manual superiority was attributable to the additional proprioceptive in for—

~ I nation resulting f rom 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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INTBQPt CTION

I ‘ 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been replaced by on—board computers , and in some instances the pilot is no more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.

I 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) .

I Under these circuas~ancea detection latencies were two to five ttaes greater for

the monitor than the controller. £ ~~iond study which also compared detection

ability in th. two modes,hov v.r , resulted Lu contradictory findings.

• Ephrath [3] investigated failure detecti on performance in a tvo—d4~ ,ni ioual

I simit.l at.d landing task as a joint f%s%ction of participatory mode and workload. The

ii “failures,” which in this case were deviatio ns introduced into the flight path
ii

II
L IIw:~J 
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rather than changes in system dynamics, could occur in either the pitch or yaw

L channel. Under different conditions sul’jects 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.

- I Obviously, in many respects the studies of Young and Ephrath are not

compar~ib1e . Young employed single-axis tracking with changes in system dynamics,

I 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 exper iments , being influenced

j ~ by adaptation in Young ’s study and not in Ephra th ’s. In this light, it is not

surprising that the conclusions differed dramatically. Certainly, one of the

i 1 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 . -

1 While numerous other investigations of failure detection performance ar~
present in the literature (2,43, the studies of Young and Ephrath are the only

two that have explicitly contrasted detection between the two modes, so that a

I ~~
- d irect comparison is possible. The present study was conduc ted with the intent

of clarifying the nature of the superiority relation between the two modes. A

I - question of specific interest was whether the difference in results between the

results of Eph rath ’s and Young ’s study could be attributable to differences in
(1

concurrent task workload between the paradigm s, and for this reason secondary

task workload was man ipulated orthogonally to participatory mode.

B
_ _ _  

___ _ 4
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I Theoretica l. Analysis of Failure Detect m
U

The detection o~ a failure or change in the characteristics of a dynamic

I system requires that the detector have available two basic elements: (I) an

internal representation of the state of the normally operating system--the

Ii 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

I. may be assumed to involve the application of some statistical decision rule [7).

- More specifically 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 as memory for the standard of norma l 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

I thus the “strength” of the difference signal that is integrated becomes attenuated .

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

11 - 
information will eventually decline, dictating that detection accuracy (or number

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

I 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 (bottom). In both modes,

_ _-

~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~~~~~~~~~~~ 

_
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I - 
the available channels of information tc’ the decision making system concerning

current system state are represented . The following theoretical analysis,

emp loying 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.

Insert Figure 1 about here

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 estima te of the transfer

function of the system being controlled. This conception is consistent with

that employed by Curry & Gai [7] and Miller and Elkind (83 and others. With

respect to failure detection, a critical characteristic of an internal model

I ~- relates to its internal consistency or expected variability. For any given

input to the system, the range or variability of expected outputs is a measure

of this consistency.

it is proposed that when the operator is active ly con t rolling, the stability

of this inte rnal model is conside rably greater than when he is monitoring. This

difference reflects the fact that, when controlling, the operator has a greater

involvamsut with the system, and a direct knowledge of its input-output character-

Istici available by cocqa ring his control inputs with the system ..pofls. ~9].

This information ii only available when monitoring if the monitor ed display is

pursu it , and even then , knowled ge of control inputs is not as precise, since a
system response due to regulatory error correction, cannot easily be discriminated

I
II 

1~ 
-
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I Figure 1: Schematic representation of failure detection process in

I i control mode (top) , monitor mode (bottom) .
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from one resulting from externa l disturbances. Thus in the control node a

smaller variance estimate of the norma L state exists in the decision center and

I there fore detection should show greater sensitivity to departure s from this

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

- Info rm ation channels. A second attribute of the control mode that predic ts

superiority of failure detection is the greater numbr of channels of informa-
I tion concerning the current state • When monitoring, information is provided

to the operator exclusively via the visual channel (system error and its den -

- vative s in the compensatory display or input and outputs plus derivat ives in the

. 1 pursuit display). On the othe r hand, in the control situation the operator

- also has available a proprioceptive channe l of information concerning his own

input to the control stick, independent of distu rbances acting upon the system.

I Although control input cannot directly 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 acce leration) and/or

I - the characteristics of the operator ’s open-loop transfer function . Wh~n con-

trolling then, these propnioceptive channels will be available to the detection

system to supplement the visual channels that are available in both monitoring

I and controlling (Figure 1).

While the controlling mode thus seemingly provides a distinct advantage

Ii over the monitoring mode by virtue of its added propnioceptive channel, it should

be noted that this advantage is not invariably present for reasons telat.d to

I , th. non-independence of control input and error. More specifically, if .dapta-

- t~1oa to the failure is rapid and comple te , as may. occur for example in response

to shifts in system gain [2), the obtained distribution of error fol lowing the

- -

~ fl change wou ld show little or no alteration from that character izing the norma l

II~~
_ _  

- - -~~ 

-
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operating state, while a change would be manifest in the characteristics of the

ii cont rol response and , therefo re, the trans fer function.

Failure to initiate any ada pt ive con trol, on the othe r hand, would leave

unchanged the pi oprioceptive input, while altering both the nature of the error

I ~ 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 provided with only two sources of information (transfer func-

I tion plus error or control response) rather than three, a comparison of 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 mod..

Differential sensitivity to visual vs proprioceptive information.

- I Although a strict comparison of the number of cb~nneta of intormat.’.on available

to a decision mechanism favors control over monitoring, an important caution

shou ld be noted , As described above, the operator is able to trade off the

U strength of the failure occurrence “signa l” along the visua l vs propnioceptive

channe l, to th. extent that he engages in some degre e of compensatory adaptati on .

II As adaptati on increase s, proprioceptive “signal strength” increases at the

expens, of visua l error “signal strength.” Thue the prediction based upon the
- difference in number of information channels -- that control detection viii be

1 -
~ superior to monitoring detection —- is pr edicated upon the assump tion that

1 

detection of chang e i. equa lly efficient along all the channels (propnioceptive,

I i  transfer function, and vts.al). In othe r words this appro ach assi~~~s that,

I 
~~~~ 

- whiChever channels ar e employed in the control mode, their j oint signal will be

nor. easily detected than the sing le visuel signal in the monitoring nods,

~~~~~~~ 
‘ I-

_ _  - _ _ _ _ _
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Mitigating against this conclusio~, however, is a body of literature in

r psychology suggesting that the sensitivity to proprioceptive information is

reduced relative to visua l information particularly when the two sources are

available at the same time and are conveying conflicting information (e.g., 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 appropriat. gain, or lead-lag adjustment, has pre-

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

w~iile 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. McDonnell [13], in

fact, has noted anecdotally such instance. 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
- I . 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 perceptua l 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 i. 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 respond ing to failu re s is

regarded as a “task” separate from tacking, then since the operat or ’s at tentional

resources are limited, th. greater workload demands imposed in the control node

than in the monitoring mode would predict poorer performance on the added “t ask”
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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 additiona l tasks is required. A cou~ on 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

environment , as more demanding paired tasks “capture ” a greater prop ortion of

available attentiona l resources (17]. In the current context , monitoring - the

simpler task - should be more vulnerable to additiona l dual-task requirements

than controlling. -

Furthermore, to the extent that fa ilure detection wh ile cracking is

dependent upon the processing of inform at ion integra l to the tracking task,

then the qua lity of this information —- and , the refore , the quality of detection

itself -- will be preserved as tracking performance is guarded in the face of

1 - 

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.

Sumary -

The implications of the preced ing theoretical ana lysis are complex , In

si arizing, two attributes of the controlling mode may be identified that

would seemingly facilitate failure detectiong a greater consi~t.ncy of the

interna l aodel of the system, and a greater number of channels available upon

which to base failure detection decisions. At the same time, th. latter adnantage

may be mitigated to th. extent that: (a) adaptation tak s place reducing the

strength of a visual error signal and , (b) propnioc.pttve sensitivity is less

than visual. In comparison th. monitoring node is also characterized by two

attribute , that could facilitate detections ; a greate r “strength ” of the visual

4 -

_ _  
_ _ _ _ _  _ _  — -__
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signal (if adaptation by an autopilot does not take place) and a lower level

p of workload. -

Finally, it is argued that any advantage of monitoring over controlling

att ributable to workload diffe rences might itself be dissipated as the compe-

ii titian 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,

I I ‘
- 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 perfo rmance . -

I In the following experiment, indepe ndent variables of pa rticipatory mode
- 

- and task work load were manipulated to dete rm ine their effect on detection .
t -

~• Analysis techniques were then employed in an effort to identify fur ther the

nature of the processes operating in detection performance .

- METHOD 
-

Subj ects

I The subjects were f ive right-handed mal. university students enrolled in
- 

basic flight training courses at the Institute of Aviation , Subjects were paid

at a rate of $2.50 per hour.

• , 
Apparatus

I The basic experimental equipment included a 3 a 4 inch Hewlett Packard

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

(with an index-fing er trigger) operated with the othe r hand , and a Raythe on

t 1 704 16-bit digital computer with 24k memory and AID, DI~. interfaci ng tha t was

- 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 ar m rest s, one for

[I the track ing hand controlle r and one for the side-task finger controller. The

_ _-

~~~~ 

1T
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subject ’s eyes were approx imately 112 c’~ntiaete rs f rom the CRT display so that

the display substended a visual angle nf 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’. path was

determined by the suimnation of two non-harmonically relate sinuaoids 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 forc ing funct ion 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

cont rol dynamics of the tracking task were of the form 
~ 

— 
1-a + for

each axis, where a 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 a from a normal value of .3, a mixed velocity

and acceleration system with a high weighting on the velocity component, to

a — .9, a system that approximates pure second order dynamics.

I : As the loading task, the Critical Task [183, was employed. This was displayed

horizontally at the bottom of the screen and required the subject to apply force

to the spring-loaded f inger control in a left-right direction to keep the un—

•tabl. error cursor centered on the display. The value of the instability

- L constant A in the dynamics 
~~ 

— was set at a constant subcritical value.

Two values (i — .05 and )
~, — 1.0) ware employed on different dual task trials,

I I
Expe r imental Task

[ - 

Subjects participated in five experimental sessions of which the first

two were devoted entire ly to pra ctice on the tracking and detection tasks , and 
- -

the last three used to generate the experimental data, During the f i r st prac tice

day the subject performed only the two-dimensional pursuit tracking task. In

—-—————-
~ “~j ~~

-
~~

— — — - - — —--—.-— - ------ - - — - - - - -  -

- - —



the manual (Hi ) condition the subject p rformed the tracking manually while 
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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 effective

t ime-delay. The open loop gain was set at a constant value for all subjects,

and the time delay value was adjusted for each subject bo obtain an error measure

in the AU condition equivalent to the operator’s performance in the Hi condition.

This value of time delay was maintained throughout the rest of the experiment.

Each t rial, MA or AU, lasted 150 seconds.

To give the subjects some experience with the failed condition-(i.t., 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 tracking) 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 the nature

of the change. This training period was then followed by 8 regular detection

tridis (4 AU, 4 Mi in alternating order). Each trial contained either 4 or 6

J failures so tha t a total of 20 failures were presented in each mode.

The presentation of the failure was generated by an algor ithm that assured

random intervals between pr esentations and al lowed the subject sufficient time r

to establish baseline tracking performance before the onset of the next change.

Task logic also insured that chang es would only be intrdduced when system error

was below a criterion value, In the absence of thu latter precaution, changes

wouLd somet imes introduce obvious “jumps ” in cursor position .

During these detection trials, the detection decision was recorded by

praising th. trigger on the control stick . This response presented a “T” on

the screen and re turne d the system to normal operating conditions via a four-
El -

second rasp to the prefailere dynamic.. If the subject failed to detect the

I _ _ _ _—— - ---- — V ---—~~ - ----- ~~—---- -~~ - - - - 



13

change, the system returned to normal ~fter six second.. This was an interval
-I

within which it was assumed , on the basis of pretest data, that responses would

I corre spond to detected failure s and not to false alarm. . The subjects were told

to detect as many changes as possible as quickly as possible.
L On the second day (dual-task training) the subject performed the primary

[ tracking task together s’ith a side task, the Critical Task. After a refre sher

trial in the MA mode, the .i.SI.ct received a series of training trials to practice

the side task , first in the AU and then Lu the MA mode . When acceptable criteria

were achieved in the Critical T isk and MA tracking individua lly, the subject then

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

above.

- Eight more experimenta l trials were then presented in which the subject

performed all three task. (tracking or monitoring, Critical Task, and failure

detection) . Two trials were presented in each mode at each level of Critical

Task difficulty (A — 0.5, 1.0). The subject was instructed to “do the side-

I - 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

change s in available attentio na l resources . These instructions were
- 

I 
emphasized by provid ing subjects with tria l by trial feedback on cUtical

I task performance. In th is manner , workload demands were experimentally mani-

pulated. rather than being passive ly assessed ,

F Following the two tra ining days, the f inal 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 counter-balanced across subjects

and across days within a subject . The task logic, instruc t ions, and experimental
Ii

procedu re was other wise identical to that on days I. and 2. -

E l L  t -

-_ _

--
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Insert Table J about here

- 

- I 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

failure. (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 f rom 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 OUT) was simply the number

of detection responses falling within the interval divided by the total number

of intervals. 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 intervals.

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 nonparaaetric 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(RIT) and ?(?‘A) data by reference to tables in

)Iclicol (21]. This measure produces a score varyi ng from 0 to 1.0 for which

0.3 represe nts chance perfor mance and 1.0 represents perfect accuracy. Both

_ _ _  _ _  - - - - - - — - - - - --- - - - . ~~~~ - -
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lable

Within Subject Experimental Design

(Days 3, 4, 5)

Pa rticipatory Mode
I Auto (AU) Manual (M~~

30 failures 30 failu res
Tracking -

Single -

Task 
--J Tracking and

Easy Critical 30 failures 30 failures
- 

- Task
Dual

Task

~ I Tracking and

Difficult  30 failures 30 failuresI! Critical Task 
-

L I

II
~~~~

- 

L I
H
Ii
_ _  

_ _ __ _ _ _ _ _ _  

~~~~~~~~
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- the P(A) measure and the mean and stand.ird deviation of detection la tencies

were 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 BitS vector error on the primary task and ENS error

I ~
- on the Critical Task (if pertormed) were computed.

RtSULTS

- I 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,

- I - 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

- 1. Figures 2 and 3. Because considerable experimental literature indicates that

r adding a secondary task , and increasing it. difficulty may have qualitatively
- different effects on primary task performance , [22 , 23] .  Figure 2 contrasts

- F single with dual-task detection (the mean values of the two critical task

condition.) , while Figure 3 shows the effect on detection of the Critical Task
IT
11 difficulty level (e.g. , A — .5 vs. A — 1). 

Insert Table 2 and Figures 2 and 3 about here

1! -

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

[1 3 is that thes* two variables represent different manifestations of an underlying

Ii -:

_ _ _  _ _ _ _  _  

-~~~~~~
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Table 2F Detection Data

MA AU

Subj ect Single task A .5 ) 1.0 Single task ), .5 7~ 1.0

F C.W. PQI ) .406 .267 .267 .733 .700 .467

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

E.L. P(H) .767 .533 .56 7 .833 .533 .533I
- P(FA) .050 .150 .120 .120 .190 .150

I
r R.S. P(H) .467 ~433 .567 •533 .458 .423
1. P(FA) .270 .200 ~L20 .280 .166 .255

F
T.O. P(H) .267 .375 .200 .533 .700 .429

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

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

I P(FA) .075 .075 .073 .058 .090 .090

-i I•
~

~ F
II 

-
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- Single Dual
~ sk Task

(Collapsed)
• MA ’

1 1.0

iii

- 

±I cre (average over subjects)

.6
-4 5- -4

Single Task Dual Task
1_I •5 ...I~, I I I I I I I I I I

1 2.0 3.0 4.0

Latency (sec)
Ii -

Figure 2 : Effect of participatory mode and seconda ry task performance on

I - detection accuracy and latency. Mean subject trend (heavy

LI lines) . Individual subj ects (thin Lines).

j il

~ ll 
_ _ _
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i __ 
- 

- Critical Task -

Easy Difficult
1. A= .5 A=l.0

I _ _~~~- . - — - MA
- .90 - 

~~~~
- — —

1~ 
\C.W ‘TO.

/

I 

80

±lç (average over subjects )

I I I I I I I I I I _~_I

3.0 4.0
Ii Latency (sec)

- Figure 3: Effects of participatory mode and secondary task difficulty

on detection accurac y and latency.
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performance metric . In any effort to compare “perfo rmance” across conditions,

p4 1 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 slight ly lowe r azpected

accuracy. Furthermore the underlying model as proposed in the introdti~tton

that information is integrated over time until a decision criterion is reached

I suggests that speed and accuracy may be “traded off” by manipulating the

decision criterion. This tradeoff presents another justification for this

joint representation .

1 In Figures 2 and 3, “good” performance (fast anE~ accurate) is represented

in the upper left hand regions, while poor performance i~ in the lower right .

In an or thogonal direction, shift s in bias for speed vs. accuracy correspond

to movement be tween the lower left (speed bias) and upper right (accuracy bias)

in the space . These shifts may be inferred to relate to va - tat toos in setting

of the decision making criterion. The lighte r vectors portray the data of the

five subjects, while the heavier ones represent the mean trendy with each end

[ of the vector corresponding to the bivariate mean of the five indiv idua l 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

By this representation, it is possible to view siaultaneou;t, the trend of sub-

I ject ‘a behavior in the speed -accuracy apace , the extent to which the t reed

typifies the behavior of all, subjects and, through the confidence brackets the

reliability of the trends shown by individ ual subject.. --

I 
- Undoubtedly the most noteworthy effect in Figure 2 is the increase is

response latency from the W. to the AU condition (t — 5.U, 2 ~ .001). While

I this increase in latency for the AU mode is consistent for a ll subjects , it is
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accompanied by an increase in re sponse ~ccur at ely tha t is less pronounced and

P - is only eviden t in both single and dua l task conditions for three of the five

subjects (C.W.,  T.0., and M. A .) Thus the pre vai ling trend induced by shifting

- 
f rom the MA to AU mode appears to be a shift in bias to the upper right in the

L 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) is in the direction of poorer performance:

- increased latency and decreased accuracy . This is a trend predictable from the
I -I

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 modes, although it is considerably less consistent across

subjects in the MA condition, with two subjects (R.S. and )1.A.) showing vectors
• 

- 
that do not run in the predicted direction . R.S. shows an accuracy increase,

- 

~ 

and M.A. a ~atency decrease with Critical Task performance.

In Figure 3, presenting the effect of increasing Critical Task difficulty

- on detection performance, the mean trend in both modes shows a decrease in

I accuracy. However, this is only consistent across subjects in the AU mod.

(with minor exception of E. L. who shows a minimal accuracy increase) . Further-

~ I! more, in both modes the increase in Critical Task difficulty appears to lead

p to a slight decrease in average response latency. Subjects M A . (HA mode only)

ii and C. W. are exceptions here . -

Li While the trends in neither data set of Figure 3 are striking, the finding

of interest is perhaps the very fact that tre nds are not pronounced when theT
11 LI

I I might otherwise have been ezp.cted with increased loading task difficu lty . The

reason for this expectation is evident f rom Figure 4 which presents the effects

of the workload manipulation on tracking performance. It can be seen here in the

- 

- 1
~~~~

- - .-- - --
~~~——-- •~~~

_ ___ __
~~~~.~~~

_ ‘L. _ _ _  ~~~~
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MA mode that tracking performance deteriorates equally as the critical task is

added (t — 3.05, 2 < .01) and as its difficulty increases (t — 1.71, 2 < .05)

(the manipulations corresponding to those portrayed in Figures 2 and 3 respec-

tively). Even though there is a sligh t increase in Critical Task error with A,

I ’ it is safe to conclude that increasing Critical Task difficulty leaves fewer

processing resources available to devote to performance of the tracking task.
i Yet in the MA mode, this diminuition of resources does not appear to reduce

detection performance in any marked fashion for other than subject LA. -

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

- 
Informat ton Utilized in Detection

• In the introduction, two hypotheses were proposed to predict why detection
1 - 

might be superior in the MA over the AU mode, and two were proposed predicting

AU superiority . The results presented in Figures 2 and 3 and suggest that
- 

manual detection was generally superio~~ and the da ta were analysed in detail

~~~~~ 
to determine their consistency with the *econd hypothesi s pr’opos.d for manual

superiority i.e., the role of tb. added proprioceptive channel. In this endeavor,

- 
two analysis techniques were pursued to identify tlt i cues employed and provide

- 

insight into the nature of the detection process. (1) Ensemble averages of

display and control variable s were constructed primarily to determine the

1_I 
existence of failure “signals” : t ime varying characteri stics of the variab les,

- time-locked to failures and increasing during the post- failure interva l
I) (Figure 5).$epa rate ave rages were constructed for hit and miss trials in each

-~ :i~J fl condition. (2) Multi ple regressi on technique. were employed to determine what

- ~~~~~~~~~~~~~~ 
- cha racteristics of the signal and respons. were the best pred ictors of detection

U



23

- • 
C n ~~ion -

U 
- 

30 W — ~~ AU 7
i_I

I - -

I
I
~ 

• 

~~~.20 - 
-

H -
- .10 - 

-

~~~~~~~~~~ Crilk~al

I 
- - Single A .5 A tO

Task
• ~—Condit,on -—.’

ii figure 4& Effects of Critical Task difficulty on p.rforminca of primary

track ing and of Critical Task. Subject moans (top).

II Individual subj ects (bottom) .
- •



24
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 ana lysis 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 Figure 5. Clearly

a t ransient erro r in displayed increase is produced by the failure (information

is available to the decision center) and the difference between detectod failures

(solid lines) and undetected ones (dotted lines) is consistent with the view
~ that undetected fa ilures resulted f rom a smaller visual , error-based “signal .”

- 

Th is- analysis is corroborated by the multiple re;ression data (Table 3). The

negative value for the best predictor of AU latency suggests that larger errorIt signals at .6 second latency are associated with faster responses. Simii9rly

I ~; 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 dett ction latency.

Turning to the MA condition in Figure 5 the rolsi played by display error

is again evident. Displayed error inc reases following the failure, and therefore

is available as a signal (although it appa rent ly does not increase differentially

between hit end miss trials) . Furthermore from Table 3 the best pre dictor of

H resp onse latency is again tb. er ror variable , this tine samp led at 1. 2 seconds

- . post—failure . ; -

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

~~~ 

grams- in the A: than t:e MA condition sug~~sts that in 

:TT ~ :
~~~ °T

~ 
-

~~~~~
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Detected Failures
-- - 

• 

- — — — — Missed Failures

AU

—

Absolu te
• Error - •
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fj figure 3: Ensemble averages of error , and control velocity for single task
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: Tithle 3 -
-

Multiple Regression on Response LatencyC

- Condition

AU .

11 Variable Multiple Partial Variable Multi ple Partial
Name r r Name r r

Order of
Prediction
Var iable 

-

1 1 Error Error
1.2 sec. .310 -.310 .6 sec .357 — .357

2 Control .470 -.170 Error .490 — .309
vel. 0.6 Velocity

1 
.6 sec

• 3 Error Error
Velocity .521 -.251 Velocity .524 — .213
1.2 sec 2.4 sec

i i
U

U a
Ps-.dLC~Os- variables were excluded from the table if they occurred at latencies

- equal to or greater than the mean detection latencie s

151
Ii .

II
II -~~~~~~~~

-

- 
- -~~~ -~~~~- -
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is performing some sort of control adaptation to the new post—fa ilure plant

dynamics--an adaptation directed to bring error to its prefailure level.

According to predictions of the crossover mode l (26] ,  the increase in system

order produced by the failure requires the operator to develop greater lead,

I - 
diffe rentiate 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. Furthermore, 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

t control velocity.

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

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

This observa t ion supports the hypothesis tha t HA superiority is based upon the

added proprioc .ptive channe l of informa t ion, since the figure indicates clearly

that this information (manifest in the increasing control velocity) is available

prior to detection, as a channe l to th. decision maker of Figure 1. A further

I corroberation of the use of this chan~e1 is found in the multiple regression

-ì analysis that identifies control velocity as the second predictor of response
• latency. The level of correlatioa,.although modest , is found to be consistently

negative with latency , at the .6 and 1.2 second post—failure tine points. A

Latency distribution. The ensemble ave rage and mult iple regression analysis

of the single task data suggest that more rapid MA detection may be attributed

- to the adaptation-re lated props-inceptive information channel that becomes available

to the decision center within 1-2 seconds following the failure occurrence. This

~ I 
interpre tation re ceives more direct support from an analysis of the distribution

- 
of response latencies. In the current data , these distribution s for all MA

I. conditions were highly skewed in a positive direction, while those of the AU

• conditions were approxim ately sy strical. The latency distributi ons were
U

_ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _  - _ _ _ _ _
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t ransforme d to cumulative probability distributions portraying the relative

- 
number or probability of failures detected , as a functio n of latency after

failure (Figure 6). Lappin (28] has argued that a similar representation of

his reaction t ime data -- the latency operating characteristics(sometjaea
- 

referred to as the cumulative accuracy function) - - may provide evidence hearing
upon the time-dependent processes invo lved in detection: the integration of

evidence over time . Following Lappin ’s approach, it is argued here that the

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

assumed to reflect, in part the instant at which the sampled evidence excedes
- . the decision criterion, the extent to which accuracy increases as the cri terion

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

information in the post-failure interval. Thus the slope of a function of

• 
- 

relative accuracy vs. latency represents the rate at which perceptional evidence

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

I I ove rall quality of that information.

U 
- 

-

According to this interpretation, three important characteristics are

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

ioth of the MA functions indicat, the presence of a distinct discontinuity in the

Ii rate of accumulation of evidence, this discontinuity occurring at approximately

11 
1—1 ,3 seconds post -failure . In a manner consis tent with the earlier discussion,

it may be argued that the steeper ear ly growth rate reflects the added availa bility

of the propr iocept ive signa l during the initial 1-2 seconds of adaptat ion, while

the shallowe r slope b Uoying re presents the integration of evidence from the

visually disp:yed error signal . (2) The two AU traces, whIle not strictly
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linear , fa i l  to show the ab rupt discontinuity of the NA conditions , and thus

seemingly represent a uniform underlying process. This process , presumably the -

integration of displayed visua l information accumulates evidence at a faster rate

(steeper slope) than is evident in the later, visual portion of the MA mode. This

L 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 HA 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) I n both MA and AU modes,

I’  the data of the duel task condition lies below, but closely parallel to the

correspond ing single task value (intercept shif t ) .  This suggests that Critical

?ask performance, while affecting the overall quality of pe rceptual 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--ia 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 prima ry tracking task apparently

did not hinder the detection of fa ilures in this task, relative to the AU mode

when this controlling function was not required and the subject’s ~~~~ task was

to monitor the visua l display for failure s. ?wo answers may be provided. (1)

The role of both error signal and propri oceptive channels demonstrated in HA

detection suggeits that the very same mental operation s that migh t on the one

hand hi argued to increase the competition for resources with the detection ~
‘-

~
- . -

requirement are also the same ones that are integrally involved in the HA

detection process. These operations then may function in cooperation with

~ITT



3].

1; the detection process, rather than in competition for the resources upon whichp —

detection depe nds. (2) A different accounting for the absence of a workload

dete rioration ef fec t  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 t acking (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 between tracking and detection.

This argument, relating to the lack of interference be~veen 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

I demands requited by the left hand control manipulation (demand for response

resources). Thus the expected decrease in both the concurrent tracking perfor—

wance (Figure 4), and in detection performance (Figure 2) can be predicted, as

I: their respective processing resources arc both depleted by the added perceptual

- 3ncI response demands. However, the increase in A produces primarily an added

I demand on the availability of resources at the response stages of processing,

since the perceptual nature of the Critical Task is l-~~~le al tered (Critical Task 
-

Ii error changed little with A), but a greater motor involvement is required.

To th. extent that the increase in A thus depletes response related resources,

but not perceptual ones, greater deterioration will be evident in the response

I ~ losling task (Tracking) then in the perceptual one (Detection).

Ii ••
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SUMMARY AN!) CONCWSIOtIS

P 
- 

The major results can be briefly summarized as follows:

1. Detection of step increases in system order when the operator remains

in the control ioop (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 subcritical

value of A: An interaction between participatory m ode and workload was

not obtained .

I - 
3. The effect of adding the Critical Task was to reduce detection per—

- 
- 

for mance in both modes, but pe rformance was little altered with increasing

I. A.

- 
4 . Withi n the framework of the model presented , converging evidence from

1: multiple regression, ensemble averaging and latency distribution data was

F 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. Th is information, when

coupled with the displayed visual information allowed a rapid initial

I aggregation of evidence in the MA mode, yielding short latency detections.

II - However the availability of the proprioceptive adaptation information was

short-lived, due perhaps to the transient memory for the proprioceptive

~ I standard . Once gone , the now-adapted visual error signal continued to

• provide evidence of lesser strength, accumulated at a slower rate than

I the non-adapting AU condition, Therefore the mean and model latencie s of

11 AU detections were longer , but overall detection was slightly more accurate.

5. The role of task workload in affecting detection performance was

11 seemingly only evident as pe rceptual load was increased (adding the require-

_ _ _ _ _  
_ _ _ _  — -— i— i— ~--

- -
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ti ment of processing the Critical fltsk display) and not as

- additiona l demands were placed upon the response systems, either

• 
- through t racking the primary task, or through the greater resource

demands of the increased loading task difficulty.

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

of HA supe riority, it can be argued that this factor probably played a

relatively m inimal role in influencing the pres en . r es’&lts. This is

because the repeated measures design allowed the same subjects to

- I ’ participate alternately on AU and MA trials. Thus the internal model

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

j  
- 

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

- greate r MA superiority might be obtained if participatory mode were

• 
- manipulated as a between subjects variable.

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

ing HA vs. AU superiority could I t  accow ted fa r  in terms of the current

II 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

- 
- chang. in general. response chiracteris tics ‘operator describing function)

and therefore making availab le proprioceptive information. Conversely
IT

1 the failure employed by Ephrath, a gradual displacement or bias of the
- latera l position , ii one for which no -fundamental change in the

- : opera tor ’s tran sfe r function was - requi red to adapt . Therefore propri o-

F ~~~~~~ 

- ceptive channels probably conveyed little if any infor mation relati ng

to the occurrence of a failure. 
-

1
I Finally, some mention should be aide concerning the prese nce of ind ividual

differences. To some extent these are inevitable , particularly La a task con-
Ii figuration as complex as the current one, requiring dual tick performanc, in

- -
~~~~~~ - ~ - -~~

•• II

_ _ _  _ _ _ _  - - -~~~~~
—-.

~~~
- - - - - -____  -—- ---- - - - - - - --

~~
- - - - • •  



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 wall

L 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 . Ilevert he less, the importance is ackriow-

- 
ledged of acquiring more data to replicate and substantiate the trends reported

here. -

I Ii - • 
- 

- ..‘~~ - — 
• 

-
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-
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Footnotes

I 
- 1For the accuracy data , standard error of proportion scores were computed
- 

for hit and fal se alar m probabilitie, by the formula S~, ~ —

L Standard—error confidence brackets were then computed for the accuracy measure

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

I P(Hit) and P(Pa ls. alarm) were within one standard error of their respective

I estimated values, e.g., maximum accuracy: P(H) + lS~, P(FA) — lS~;

minimum accuracy: P(li) — 1S~ , P(FA) + lS~ •
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