
INTEGRATING IMPERFECT AUTOMATED AIDS INTO A MULTI-TASK SITUATIONS

BY

ANGELA MARIE COLCOMBE

B.S., Northern Michigan University, 1995
A.M., University of Illinois at Urbana-Champaign, 2002

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Psychology

in the Graduate College of the
University of Illinois at Urbana-Champaign, 2006

Urbana, Illinois































































































type (E(1,ll) = 4.69, ll. = 0.05) such that difficult tracking was especially damaging to sensitivity

in the likelihood condition, and that the likelihood cost was greater with difficult tracking.

Figure 12: Sensitivity (d') as a function of alarm type and tracking difficulty.
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Participants were marginally more sensitive to auditory alerts compared to color alerts (M

=3.41 vs. M =3.34: E(1,l1) =4.57, ll. =0.056). There were no other significant main effects or

interactions.

10.2 Concurrent task Performance

Tracking Error

Increased tracking difficulty increased tracking error (M = 172.45 to M = 316.50: F(1,11)

= 675.66, ll. < 0.01). Also, there was a marginally significant cost to tracking performance when

and auditory alert was presented compared to when a visual alert was presented (M = 250.36 vs.

M =238.60: £(1,11) =3.59, ll. =0.09). The type of alarm (binary vs. likelihood) had no impact

on participants' tracking error (E(1,l1) =0.08, ll. > 0.10). There were no significant interactions

between alert modality, alarm type or tracking difficulty on tracking performance.

As in Experiment 1, we found no statistically significant difference in tracking error

when we compared mid-level and high level alerted trials in the likelihood condition. We also

found no difference in tracking error during mid-level likelihood alerts compared to the same

events signaled by the binary alert.
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11. RESULTS: EXPERIMENT 1 VS. EXPERIMENT 2

In Experiment 2 the threshold of the alert was lowered to simulate real-world alarm

systems which typically chose to minimize misses (with the consequence of making the system

false-alarm prone). The same analyses that were run for Experiment 1 and Experiment 2

independently, were run again using experiment as a between subjects factor in order to

determine performance differences that arose due to the lowered threshold of the alarm

(decreased miss rate, increased false alarm rate), therefore examining hypothesis 4.

11.1 Alerted Task Performance

Response Time

Lowering the alert threshold had no overall impact on participants' response time to

CDTI conflicts, (M =9.49 vs. M =8.86) . .E0,11) =0.22, 12. > 0.10. However, Figure 13 shows

that tracking difficulty did interact with alert threshold (neutral in Experiment 1 and low

Experiment 2) (.EO,11) =4.37, 12. < 0.05) indicating that the threshold reduction increased RT

only when the tracking was easy.

Figure 13: Response times to CDTI conflicts as a function of alert threshold (experiment) and

tracking difficulty.
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As shown in Figure 14, there was also a marginally significant interaction of experiment

with alert type (binary vs. likelihood (F =0,11) =3.42, p. =0.07», indicating that the false­

alarm increasing threshold shift only slowed RT when the alert was a likelihood alert.
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Figure 14: Response times for eDTI conflicts for Experiment 1 & 2 as a function of alarm type.
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Finally, as shown in Figure R15, there was a three-way interaction between tracking

difficulty, alert threshold, and alarm type (binary vs. likelihood), F(l,ll) = 5.76 p. < .05, such

that a likelihood alert cost emerged in Experiment 2, especially with the stable tracking task.

Alert threshold (neutral vs. low/false-alarm prone) did not significantly interact with alert

modality (F(l,ll) = .51).

Figure 15: Response times for eDTI conflicts for Experiment 1 (left panel) and Experiment 2
(right panel) as a function of alarm type and tracking difficulty.
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Participants were much more accurate in detecting eDTI conflicts in Experiment 2

compared to Experiment 1 (M = 3.38 vs. M = 1.89; E(l,ll) = 65.71, 12. < 0.01) even though the
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alerting systems themselves were nearly equally sensitive (1.33 vs. 1.54 for Experiments 1 & 2

respectively. While tracking difficulty did not interact with alert threshold (experiment) to

impact participants accuracy in detecting CDTI conflicts, EO,11) = 0.073, Q. > 0.05), Figure 16

depicts a significant interaction between modality and alert threshold (EO,ll) = 39.71, Q. < 0.01)

such that participants accuracy in detecting CDTI conflicts was helped more by the lowered

threshold shift in the visual alert condition compared to the auditory condition. Conflict detection

accuracy was essentially equivalent across modality in Experiment 2. There were not other

significant interactions across experiments (alert threshold).

Figure 16: Sensitivity (d') for Experiments 1 & 2 as a function of alert modality.
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11.2 Concurrent Task Performance

Tracking Error

Exp 1 Exp 2

Tracking error was better in Experiment 2 compared to Experiment 1 (M = 244.70 vs. M

= 273.70, E(l,ll) = 3.24, Q. = 0.05). Tracking difficulty did not interact with alert threshold to

impact tracking error, EO,11) = 2.58, Q. > 0.10, nor did alarm type interact with alert threshold,

EO ,11) = 2.24,12.>.10. But as shown in Figure R17, between experiment analyses did reveal an

interaction between modality and alert threshold (experiment) (EO,11) =4.64, Q. < 0.05) such

that the decrease in tracking error with the threshold shift from Experiment 1 to Experiment 2

was greater with visual alerts than with auditory alerts.
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Figure R17: Tracking Error for Experiments 1 & 2 as a function of alert modality.
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Eye Scanning

Visual scanning was analyzed as the percentage dwell time on either the tracking or

eDTI area of interest, as a function of experiment. There was an expected effect that visual

attention was more occupied with the tracking task (53%), imposing continuous visual demands,

compared to the eDTI task (28%), whose demands were intermittent (F 20=16.37, p<.OI)

However, there was no effect of experiment. Decreasing misses did NOT increase reliance which

would have made more attention available for the tracking task, an effect on scanning which,

had it been observed, would have been consistent with the better tracking performance seen in

Experiment 2.

As seen in Figure 18, there was also an interaction between modality and Area of interest

such that the eDTI (white bar) demanded more attention when it was paired with an auditory

alert, and the tracking display (blue bar) correspondingly received less attention (F20 = 16.0,

p<.OI) This is trend is consistent with the poorer tracking performance seen during auditory

alerts.

Figure18: Percentage dwell time on the eDTI as a function of alert modality
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While this finding of an auditory increase in CDTI attention demand may initially seem

counter-intuitive, when one considers that the greatest source of visual information was always

the visual data on the CDTI in both conditions (not the periodic automated alert) it is reasonable

to consider that it was easier for subjects to integrate the visual alert information with the visual

CDTI than the auditory alert information with the visual CDT!, so the latter required that more

attention be directed to the raw data.
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12. METHODS: EXPERIMENT 3

12.1 Participants

Twelve pilots from the University of Illinois Institute of Aviation were recruited to

participate in the experiment. Participants ranged in age from 20 to 26 with a mean age of 23.5.

Participants had normal, or corrected to normal vision. Participants had an average of 105 hours

of flight experience. Participants were paid $9 per hour for participating. Total participation time

did not exceed 1.5 hours.

12.2 Procedure

Experiment 3 was identical in terms of the (CDTI) alerted domain to Experiment 2 (with

the ecological alert threshold). The number and timing of air traffic events was also equivalent to

Experiment 2, as were the alarm (binary vs. likelihood) and alert (auditory vs. visual) conditions.

However, unlike Experiment 2, in which we used a compensatory tracking task, Experiment 3

employed an auditory computational working memory task as the ongoing task. We used the

working memory task in order to assess the impact of imperfect alerting, and the possible

mitigating effects of likelihood alarms, in a different task environment related to aviation than

was used in the first two experiments. Whereas the concurrent tracking task of Experiments 1

and 2 were analogous to flight control, the concurrent auditory working memory task in

Experiment 3 mimicked many of the demands of ATC communication of navigational

information.

Another objective of Experiment 3 was to determine how different working memory

demands affect both ongoing task performance when the task is interrupted by an alarm, and how

these demands affect responses to the alerted domain. To examine these issues, we used a

working memory task that progressively increased memory load interspersed by a low load

interval. This structure should allow for short "windows of opportunity" during which time

interruptions will be less disruptive. Figure 6 illustrates the timing of the working memory

problems and the interjected CDTI alerts. The working memory task included a ten second

presentation of three pairs of numbers related to current and desired heading, altitude, and

airspeed. The participant was to listen to each pair of numbers, determine the absolute difference
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between the numbers, and then vocally indicate their answer to the experimenter for all three sets

during a ten second period of silence. For example, the participant would hear "heading, 270

(two, seven, zero), 200 (two, zero zero), altitude, 020 (zero, two zero), 080 (zero, eight, zero),

airspeed, 130 (one, three, zero), 150 (one, five, zero). Only after all three problem sets were

presented were the pilots to indicate their answer for all three. In this example the participant

would say "70, 60, 20", during the 10 second answer phase. If the participants forgot one or

more of the problems, they were supposed to say "no value" in its' place. The presentation of

each number set took two seconds, with a two second delay between each problem, for a total of

ten seconds. After each set of three problems (heading, altitude, airspeed), there was a ten second

period of silence during which the participants were supposed to vocalize their answer. As

shown in Figure 19, the eDTI alerts were timed to interject either early, in the middle, or late in

the working memory task.

Figure 19: This figure shows the timing of the working memory task and the interjected
eDTI alerts.
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13. RESULTS: EXPERIMENT 3

13.1 Alerted Task Performance

Response Time

Participants were faster to respond to eDTI conflicts signaled by a visual alert compared

to those signaled by an auditory alert (M = 7.74 vs. M = 8.13: E(l,H) = 5.51, Q. < 0.05), and

faster to respond to eDTI conflicts in the binary alert condition compared to the likelihood alert

condition (M = 7.41 vs. M = 8.47: E(l,ll) = 10.22, Q. < 0.05). Alert type (binary vs. likelihood)

and alert modality (auditory vs. color) did not interact to impact reaction time to eDTI conflicts,

E(l,lI) =0.11, Q. > 0.10).

Response time data were then parsed based on when during the ongoing working

memory task an alert was presented (towards the beginning = early, in the middle = middle, or

towards the end = late). These data are shown in Figure 20. Response times increased as the

alerts occurred progressively later in the concurrent task sequence, F(l,ll), = 29.80, p. < 0.01.

There was also a significant interaction between when during the working memory task an alert

occurred (early, middle, late) and alarm type (F(l,ll) = 8.23, p. < 0.01) such that participants

were especially slow to respond to alerts presented late in the likelihood alert condition.

Figure 20: Response times to eDTI alerts at each interruption time as a function of alarm

type.

Exp 3 Reaction Time

13

12

11

10

•
/

~/

/

,,' ........
~~

....~
~

-+-Blnllry
__ -Ukellhood

Elrty Middle Late

Time of Interruption by Alert

Response times to the mid-level likelihood alert were compared with responses from both

the high-level likelihood alert and responses to events that were signaled by the binary alert but



were identical to those signaled by the mid-level alert in the likelihood condition. Consistent

with Experiments 1 and 2, participants were slower to respond to the mid-level alert (M= 10.85)

compared to the high level likelihood alert (M = 8.04) (F(l,l1) = 20.74, P < .05). In addition,

participants were slower to respond to conflicts signaled by the mid-level likelihood alert (M =

10.85) compared to identical conflicts signaled by the binary alert (M =7.4) (FO,ll) =13.91, P

< .05), suggesting that it was the particular alert type and not the difficult to resolve conflict

geometry that was responsible for the slowing.

Sensitivity

There was no main effect of either alert modality (auditory vs. color) (EO,ll) =0.18, n. >

0.10) or alarm type (binary vs.likelihood) (EO,l1) = 0.13, n. > 0.10) on participants' accuracy in

detecting CDTI conflicts. However, as shown in Figure 21 there was an interaction between

alarm type (binary vs. likelihood) and modality (auditory vs. visual), EO,ll) = 15.92, n. < 0.01.

The interaction revealed auditory alerts, delivered in binary fashion, were particularly harmful to

participants' accuracy. There were no other significant interactions.

Figure 21: Sensitivity (d') for Binary and Likelihood alarms as a function of alert modality.
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13.2 Concurrent Task Performance

Working Memory Accuracy

Color CDTI alerts were slightly more disruptive than auditory alerts to participants

concurrent working memory (communications) task performance (accuracy) (M = 83.6%: vs. M
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= 85.3%: (f(1, 11) = 6.35, ~' < 0.05). However, this effect of modality can only be interpreted

within the context of the significant modality x alert type interaction (F(1,II) = 9.73, P < 0.01),

which revealed a visual cost with the likelihood alert, but a slightly smaller visual benefit

(auditory cost) with the binary alert .. There was no main effect of alert type (binary vs.

likelihood) on concurrent working memory performance. (f(I,II) =0).

As shown in Figure 22, when working memory performance data were parsed based on

when during the task an alert occurred (early, middle, or late), auditory alerts did not degrade

concurrent communication (working memory) task performance unless they were presented late

in the task but the converse was true of color alerts f(1,II) =5.28,~. < 0.05. That is, the cost to

concurrent computation task performance was progressively reduced when color alerts were

presented later in the task, Thus in the visual (color) alert condition, there was a reciprocity

between performance on the eDTI (RT) task (Figure 20) and the working memory task (Figure

21), as the timing of the former is varied. In contrast, in the auditory condition, both tasks

suffered as the alert was presented later.

Figure 22: Working memory accuracy for each interruption time as a function of alert

modality.
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As shown in Figure 23, a three-way interaction between alarm type, alert modality, and

time of alert presentation during the working memory task (early, middle, late) was also

statistically significant, f(1, 11) = 4.12, ~' < 0.05, suggesting that the pattern in Figure 21 is



unique to the likelihood alarm. There were no other interactions between the time interval and

other factors.

Figure 23: Working memory accuracy at each interruption time for Binary Alarm (left

panel) and Likelihood alarm (right panel) as a function of alert modality.
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Concurrent working memory task performance was also computed for trials that were

interrupted by the mid-level likelihood alert compared to trials that were interrupted by the high­

level likelihood alert. There was no significant difference in accuracy between these two types

of alerts (84% vs. 83% respectively). However, when mid-level likelihood alerts were compared

with identical trails from the binary alert condition, participants were marginally more accurate

in the binary alert condition compared to the likelihood alert condition (M =88% vs.

84%respectively) (F(l,ll) = 3.48, p =.089). This is contradictory with what we would expect

given the longer response times during the mid-level likelihood alert. We would expect that the

amber alert would signal less urgency to the participant, therefore prolonging the response times,

but preserving ongoing task performance.
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14. RESULTS: EXPERIMENT 2 VS. EXPERIMENT 3

Experiment 2 and Experiment 3 were identical except that Experiment 2 employed a

concurrent tracking task where as Experiment 3 employed a concurrent auditory working

memory task. We were interested in comparing participants' performance Experiment 2 and

Experiment 3 to determine the impact of the type of concurrent task on alerted task performance

in two experiments with alerts that were false-alarm prone. Note that we could not compare

performance on the concurrent tasks between these experiments because they had no common

metric.

14.1 Alerted Task Performance

Response Time

Overall response time did not differ between Experiment 2 and Experiment 3, E(2,24) =

1.36,12. > 0.10. There were no other significant interactions between Experiment 2 and

Experiment 3.

Sensitivity

Participants were more accurate in detecting eDTI conflicts in Experiment 2, when the

concurrent task was tracking, than in Experiment 3, when the concurrent task was auditory

working memory (M =3.37 vs. M =2.55) E(2,24) =10.28,12. < 0.05. In addition, as shown in

Figure 24, modality interacted with concurrent task type (experiment) (E(2,24) = 5.67, R. < 0.05)

to produce especially poor conflict detection accuracy with auditory alerts in Experiment 3 when

the concurrent task was also auditory (auditory working memory).



Figure R24: Sensitivity (d') for Experiments 2 & 3 as a function of alert modality.
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As shown in Figure 25, there was also a marginally significant interaction between alarm

type (binary vs. likelihood) and concurrent task type (experiment) (F(2,24) = 3.48, p. > .05), with

a more severe likelihood cost with the concurrent auditory working memory task compared to

the concurrent tracking task.

Figure R25: Sensitivity (d') for Experiments 2 & 3 as a function of alarm type.

Exp 2 va. Exp 3 Sensitivity

3.' ,-----------------

OBlnary
}-- .L1kelihood

3.4

3.' +-----===---------;===;----

3.2

"2.'

ExpZ bp3
IbpllrtnMInt (concurrent tr.cklng _. concurrent worklltg memory)



15. METHODS: EXPERIMENT 4

15.1 Participants

Twelve pilots from the University of Illinois Institute of Aviation were recruited to

participate in the experiment. Participants ranged in age from 19 to 26 with a mean age of 22.8.

Participants had normal, or corrected to normal vision. Participants had an average of 102 hours

of flight experience. Participants were paid $9 per hour for participating. Total participation time

did not exceed 1.5 hours.

15.2 Procedure

Figure 26 illustrates the display used for Experiment 4. The procedure for Experiment 4

was identical to that of Experiment 3 except that the working memory number sets were

presented simultaneously on screen (visually) instead of in serial order auditorally. The visual

working memory stimuli were presented centrally, in the same location as the tracking task in

Experiments 1 and 2 and persisted on the screen for 10 seconds and then disappeared. This 10

sec interval was equivalent to the delay between the start and the last digit presented in the

auditory condition (see Figure 7). Participants then had 10 seconds to respond vocally as they did

in Experiment 3.
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Figure 8: Display used for Experiment 4.



16. RESULTS: EXPERIMENT 4

16.1 Alerted Task Performance

Response Time

There was no effect of alert modality on participants' response times to CDTI conflicts,

EO,ll) = 1.28,12. < 0.05. However there was a cost in terms of response time for the likelihood

alert compared to the binary alert (M =8.43 vs. M =7.05: EO,Il) =31.65, 12. < 0.05). Alert

modality and alarm type did not interact to impact reaction time to conflicts, EO,ll) = 3.13,12. >

0.10. There were no other significant interactions.

As shown in Figure 27, when data were parsed by when in the working memory task an

alert was presented (early, middle, or late), response times tended to get longer as the alert was

presented later (M =4.86, vs. M =6.35, vs. M =11.24), E(2,24) =36.94,12. < 0.01, as had been

observed in Experiment 3. In addition, presentation time of the alert interacted with alarm type

(F(2,24) =30.62, p. < 0.01) to produce an especially high cost to conflict detection time in the

likelihood condition when alerts were presented near the end (late) in the working memory task,

again replicating the effects in Experiment 3.

Figure 27: Response time to eDTI conflicts for each interruption time as a function of

alarm type.
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When response time data were compared between the mid-level likelihood alert and the

high-level likelihood alert, a significant effect emerged such that participants were again slower



to respond to the mid-level alert (M = 11.83) compared to the high level alert (M = 7.34) (F 0,

11) = 29.71, P < .05). No significant effects emerged for events signaled by mid-level likelihood

alerts and those same events signaled by a binary alert.

Sensitivity

The modality of the alert did not impact participants ability to detect eDTI conflicts

(EO, 11) =1.19,12.. > 0.10). While alarm type (binary vs. likelihood) did not reveal a significant

trend (F(1,11) = 3.01, P > 0.10), the non-significant trend indicated an advantage for the

likelihood binary alert (M = 3.91) relative to the likelihood alert (M = 3.54). Alert modality and

alarm type did not interact to impact participants accuracy in detecting eDTI conflicts, FO,ll) =

0.50, p. > 0.10. There were no other significant main effects or interactions.

16.2 Concurrent Task Performance

Working Memory Accuracy

Overall accuracy was quite high. There were no significant effects of alert modality

(EO,ll) = 0.78, 12.. > 0.10), or alarm type (EO,ll) = 0.90, 12.. >0.10) on concurrent working

memory performance in Experiment 4. An interaction between alert modality and alarm type was

also not found, E(1,11) = 0.64, 12.. > 0.10

When data were parsed based on when during the working memory task an alert was

presented, there were no significant main effects of time of interruption FO,ll) =0.396, p> 0.05,

nor were there any significant interactions due to time of interruption. In addition, there were no

differences in computation task performance when the task was interrupted by a mid-level

likelihood alert, a high level likelihood alert, or the matched-trial binary alerts.



17. RESULTS: EXPERIMENT 3 VS. EXPERIMENT 4

Experiments 3 and 4 were compared to determine the impact the concurrent auditory

working memory task used in Experiment 3 had on performance compared to the concurrent

visual working memory task used in Experiment 4. While there were no statistical differences in

response time between the experiments, conflict detection accuracy (d') was much higher in

Experiment 4 compared to Experiment 3 (M =3.72, vs. M =2.56) F(2,24) =19.06, p. < 0.01. In

addition, task performance was better in Experiment 4 (when the task was presented visually)

compared to Experiment 3 (when the task was presented auditorally and imposed working

memory demands) (M = 97.6% vs. M = 85.6%) F(2,24) = 24.98, p. < 0.01. There were no other

significant interaction.
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18. RESULTS: EXPERIMENT 2 VS. EXPERIMENT 4

Experiments 2 and 4 were compared to determine the different impact on performance

generated by a concurrent visual tracking task compared to a concurrent visual working memory

task (i.e. a spatial vs. verbal concurrent task, both with visual input). Responses were

significantly longer in Experiment 2 compared to Experiment 4 (M = 9.5s vs. M = 7.4s)(F(l,II)

= 15.04, p. < .05)
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19. DISCUSSION

19.1 Interpretation of Results

The current experiment was designed to evaluate six hypotheses that emerged from the

collective wisdom of the prior research on attention switching, task management, modality

differences and alarm/alert theory. Our conclusions regarding these hypotheses inform the

applied psychology of human-system interaction in multi-task environments, and also, in part,

some aspects of CDTI alert design in the cockpit. However in the latter instance, we

acknowledge that some compromises were made to the true ecological nature of the CDTI,

compromises we felt were necessary in order to cleanly address the scientific issues. We address

these six hypotheses first, before turning to a general discussion of the relevance of the results to

CDTI design.

Our first hypothesis (HI) stated that higher difficulty tracking (OT), because of its

instability, would be more engaging, and thus pilots would be more reluctant to switch attention

to the alert task, hence delaying response to the latter (and possibly degrading its accuracy).

Across the first two experiments, there was minimal support for this hypothesis (although there

was no refutation either). Responses to CDTI conflicts were not delayed by increasing tracking

difficulty in either Experiment 1 or Experiment 2, and accuracy was not degraded in El. Only in

E2 was there a loss of conflict detection accuracy with higher tracking difficulty, and this effect

itself was only observed with the likelihood alert. Thus pilots appear to disengage as rapidly

from a difficult (unstable) concurrent task as they do from an easy unstable concurrent task, at

least as this disengagement was indexed by the RT to the interrupting task (choosing the

direction of turn to avoid conflict).

We also note that the fact that our participants were just as fast to respond to CDTI alerts

when engaging in an unstable tracking task as a stable one could be due to participant's ability to

stabilize the tracking task using peripheral vision.

Hypothesis two (H2), posits that the auditory computation task with its working memory

demands would resist interruption more than the visual computation task. Such a prediction was

not supported by the data. CDTI alert RT in Experiment 3 was no slower than that in Experiment

- h? -



4, as would have been predicted by the hypothesis. Furthermore, had attention remained longer

on the auditory working memory task (before switching), one might have predicted better

performance on the less interrupted auditory computation task, than on the visual task. Instead,

the effect was reversed. The auditory computational task accuracy suffered more than the visual.

Therefore, we believe that a different mechanism from a strategic switch delay was responsible.

Such a mechanism is probably the high interference between the working memory computations

in the auditory task, and the concurrent demands of processing the traffic conflict information.

Such computations were reduced, or could be more easily interleaved, with the visually

presented computation task. More discussion of the role of multiple resources in accounting for

this task interference will be covered below (H6).

Hypothesis 2b predicts another form of strategic influence: the rapid switch of attention

from concurrent to interrupting task if the interruption occurs early in the OT sequence - to the

advantage of the former, but the cost of the latter -- but the slower switch if it occurs later, as

more processing has been invested in the ongoing task computations, and hence there is a greater

reluctance to "leave it" until completed. Accordingly, there should be a reciprocity between

eDTI response speed, and working memory computational accuracy, as the interruption time is

varied. In Experiment 3, this reciprocity was nicely observed when the alert was a visual one, but

not when the alert was an auditory one. Instead, with the auditory alert, both tasks appeared to

suffer as the alert appeared progressively later, at a time when working memory was more

heavily loaded (i.e., late in the concurrent task episode shown in Figure 6). Such an effect would

seemingly reflect the heavy competition for auditory-phonetic resources between the two tasks, a

competition considerably reduced when non-linguistic visual (color) alerts were employed.

Interestingly, in Experiment 4 when the computational task was visual, evidence for this

between-task interference was greatly reduced. Again, later alerts led to longer switches to the

alerting task reflecting a strategic delay. However this delay led to neither better nor worse

performance on the computational task which, without heavy working memory demands, was

performed quite well in all cases.

Our third hypothesis (H3) was that auditory alerts would pre-empt the concurrent task

and consequently lead to speeded eDTI responses (and possibly higher detection accuracy to
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eDTI conflicts), but at the expense of the concurrent task (increased tracking and visual

computation task error). To examine this hypothesis, we considered the pattern of effects on

response times to eDTI conflicts, and concurrent task error, within the three experiments that

contained a visual concurrent task., and with greatest expectation for observing preemption

effects when the concurrent task was tracking (as this was the concurrent task that most

frequently rendered a preemption pattern in prior research; Wickens & Liu, 1988).

Partial support for the hypothesis was obtained. Across the three experiments, one

experiment (Experiment 2) showed faster response times to eDTI conflicts (reduced switching

time) with the auditory alerts, and no experiments showed slower responses. The two

experiments (Experiments 1 and 2) that used a concurrent tracking task showed higher accuracy

for eDTI conflicts during auditory alerting, and none of the three experiments showed lower

accuracy for eDTI conflicts during auditory alerting. For the concurrent task however this

syndrome of preemption was only partially supported. In Experiment 2, the concurrent visual

tracking task did indeed degrade more when the alert was auditory than when it was visual

(predicted by preemption). In Experiment 4 there was no effect, but in Experiment 1 the opposite

pattern was observed (although only for the likelihood alert). That is, both tasks were better

served by an auditory than a visual alert, an explanation more consistent with multiple resource

theory (see below).

One reason the expected preemption effect (Wickens, 2003) disappeared in Experiment

1, when misses were more frequent, and false alerts were more scarce may be because the higher

miss-rate degraded reliance (as predicted in hypothesis 4) and therefore forced participants to

expend more visual attention in order to continuously monitor the raw data. Under such

circumstances, when visual resources are more scarce, the predictions of multiple resource

theory, of a benefit for auditory offload, become quite relevant (see hypothesis 6 and Wickens,

Goh, Helleberg, Horrey & Talleur, 2003).

In Experiment 4, where the evidence (based on the concurrent task performance) in

choosing between the two mechanisms (preemption vs. multiple resources) was ambivalent, it

may well be that the two mechanisms offset each other. On the one hand, auditory preemption

would degrade concurrent task performance, but on the other hand, this modality would assist the



concurrent task because of the latter's requirement for foveal vision. The discussion of multiple

resource effects will be continued below within the context of hypothesis 6.

Hypothesis 4 addressed the predicted effects of alert threshold shift from Experiment 1 to

Experiment 2. Here we obtained relatively solid support. As the automation False alarm rate

increased, and the automation miss rate decreased from Experiment 1 to Experiment 2, two

parallel predictions were offered, based on the compliance/reliance distinction of Meyer (2001).

Regarding compliance, it was hypothesized that an increased alert false alarm rate would

generate the so called "cry wolf' effect, leading to poorer performance on the alerting task. This

hypothesis was partially supported, in that detection response times tended to increase from

Experiment 1 to Experiment 2, although the interaction indicated that the increase was only

present with easy tracking and the likelihood alarm. Thus pilots with a false alarm prone

likelihood alert were sometimes more reluctant to disengage from their ongoing tracking task,

than those with the more miss-prone alert. In contrast, conflict detection accuracy was actually

improved as the threshold alert was made more sensitive from Experiment 1 to Experiment 2

(Figure Rll). Since the sensitivity of the alerts themselves were virtually the same (1.33 vs.

1.53 for experiments 1 and 2 respectively), we believe this effect, reflecting a speed accuracy

trade-off between experiments, can be explained by assuming that the greater delay in addressing

the alerted conflict in Experiment 2 enables the potential conflict to have progressed closer to the

point of closest passage and thereby makes the discrimination between safe and unsafe

trajectories easier (higher sensitivity).

Regarding reliance, the compliance-reliance model predicts that a decreasing automation

miss rate (concomitant with the threshold shift from El to E2) will avail more capacity for other

tasks, and will, as a consequence, improve concurrent task performance. This effect was clearly

observed in Figure R12. Any detrimental effects found for concurrent task performance due to

the increased false alarm rate were clearly dominated by the benefits of increased reliance.

Having relatively "miss free" automation available for eDTI alerting in Experiment 2, allowed

ample attention to be devoted to tracking, to the benefit of the latter task. The importance of

visual processing in underlying this effect, is signaled by the greater reliance benefit (or greater

miss-prone automation cost) offered when the alert information was visual, than when it was

auditory as illustrated by the interaction between modality and experiment (Figure R12).
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Interestingly, this improved concurrent performance was not associated with more visual

attention as indexed by scanning. Instead we assume it reflects greater general cognitive

resources.

If there is high reliance in Experiment 2, compared to Experiment 1, as indexed by

concurrent task performance, then this reliance effect should also be manifest in the response to

"automation misses", which should be fairly rapidly detected in Experiment 1 (when reliance is

low, and the raw data are the focus of greater attention), compared to Experiment 2, when

reliance is higher, automation misses are less expected, and so the raw data required to support

detection of these missed conflicts receive less attention. This was the case in the binary alarm

condition, with misses being detected in the binary condition of Experiment lover a full second

faster than in Experiment 2 (compare left sides of Figure R2 and R6; difference of 1.3 seconds).

One somewhat unexpected effect between Experiment 1 and Experiment 2 was the dramatic

improvement in CDTI detection sensitivity that resulted, as the alert threshold was reduced, and

automation misses became less likely. Since the sensitivity of the alarms themselves was

essentially equivalent (1.33 V.s 1.54 for Experiments 1 & 2 respectively) , the reason for this shift

remains unclear, but may pertain to the reduced visual demands of raw data monitoring in

Experiment 2 in addition to the speed accuracy tradeoff mentioned earlier.

Hypothesis 5 proposed that the likelihood alarm would improve performance. Table 7

shows the pattern of "likelihood benefits" across the three dependent variables and four

experiments.

Table 7: Costs and benefits of likelihood alerts: A "+" indicates support for a likelihood alert
benefit, a "-" indicates support for a binary benefit, and a 0 indicates no effect. Parenthetical
words signal an interaction such that the likelihood cost (benefit) is only present in the
represented condition.

Response Time Sensitivity (d') Concurrent Task

El 0 0 • (aud)

E2 0 .(difficult tracking) 0

E3 . + (auditory) 0

E4 . 0 0
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The pattern of data presented in Table 7 suggests that the greater information content of

the likelihood alarm requires longer to process, and hence a greater response time (2 out of 4

experiments). However this added time will not be a concern if it buys greater accuracy or better

preserves performance on the concurrent task. In Experiment 3 it is apparent that the added time

does buy accuracy (at least if the alert is auditory); but in Experiment 2, the one case where there

was no time penalty for the likelihood alarm, the accuracy in detecting conflicts declined (with

difficult tracking).

Turning to the concurrent task, there was no evidence that the likelihood alert improved

its performance (e.g., by allowing more effective or timely switching, depending upon the

severity of the alert). This was somewhat surprising, in light of Woods concept of pre-attentive

referencing (1995). Our further in depth analysis examined performance on those subset of

conflict trials where the likelihood alert would provide its unique mid-level signal (orange or

"traffic"). Across all four experiments, response time to the mid-level alert was slower that to

the extreme (red, "conflict") alert. However, it is possible that this slowing resulted because

those conflict trails had a separation closer to the critical boundary and therefore were harder to

discriminate. Were this the case, then the corresponding trials on the binary condition should

have been equally delayed. However, they were not. In all but Experiment 2, these difficult

detection (mid-level) conflicts were detected more lowly with the likelihood than with the binary

alert.

Finally, we can ask the detailed question of whether the likelihood alert preserved

concurrent task performed better when the mid-level alert sounded. Here again, the answer was

negative. No differences in tracking error were found in Experiments 1 or 2 and concurrent

memory performance was actually poorer during the mid-level alert than during the

corresponding binary trials.

One reason the likelihood alert did not aid task performance much in these experiments

may have to do with the simplicity of the eDTI decision our pilots needed to make. In a real

aviation environment, the conflict detection decision would be much more complex. It is

reasonable to hypothesize that as the conflict detection decision becomes more cognitively

challenging, likelihood alerts may be able to aid performance but simplifying the decision, or at
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least communicating the amount of cognitive energy the pilot should invest in the alerted domain

before he or she leaves the concurrent task.

Also, in contrast to the predictions of hypothesis 5b, there was not much evidence that the

likelihood alarm mitigated the costs of some other effects thought to disrupt performance as the

results were scrutinized in terms of interactions between alarm type and other features of

increased difficulty. In Experiment 1, no interaction was found. However in Experiment 2,

increasing difficulty hurt detection accuracy (d') with the likelihood alert more, rather than less,

than with the binary alert. Furthermore, in both Experiments 3 and 4, delayed RT was found

when the alert was delivered later in the task sequence as discussed above. In both experiments,

this late alert time cost was actually greater with the likelihood than with the binary alert.

Hypothesis 6 addressed the issue of multiple resources, reflected in the general

predictions that cross modal (auditory-visual) and cross code (verbal-spatial) combinations

would support better performance than within modal combinations (auditory-auditory, visual­

visual) and within code combinations. As noted in discussing hypothesis 3, an auditory

advantage to the alerting task is predicted by both a preemption and a multiple resource (MRT)

mechanism, but the observation of an auditory advantage to the visual concurrent task clearly

supports MRT while refuting preemption. As noted there, data provided support for a MRT

interpretation particularly with regard to conflict detection sensitivity in Experiment 1, since

there was no auditory cost for the concurrent tracking task in Experiment 1. Noteworthy here is

the fact that the advantage for cross-modal (AV) presentation can not simply be attributed to the

greater visual scan requirements in the intra modal (VV) condition (visual alert with visual

tracking), as had been the case in Wickens et al., (2003). This is because considerable attention

was given in the pilot experiment, to insure that the visual color alert was equally salient to the

auditory voice alert.

In addition to the results of Experiment 1, further support for the role ofMRT was

provided in the between-experiment analysis of Experiment 2 and 3 in which the pattern of a

crossover interaction on sensitivity (Figure R18) showed that when the concurrent task (tracking)

was visual (Experiment 2), the auditory alert supported more accurate detection performance

than the visual, whereas when the when the concurrent task (working memory) was auditory



(Experiment 3), the pattern of interference reversed, and accuracy was better with a visual alert.

Of course this between-experiment comparison confounds the processing code of the task

(spatial- verbal) with modality (visual-auditory), and it may well be that the auditory cost in

Experiment 3 can be attributed as much to the role of the verbal-phonetic working memory loop

(processing code) in computing the digit value differences, as to the actual auditory presentation

of these digits. Indeed in Experiment 4, when auditory presentation was replaced by visual

presentation, the auditory cost disappeared; but was never replaced by a visual cost. Hence it is

likely that both code and modality interference (Wickens, 2002) contributed to the differential

pattern of task interference between Experiments 2 and 3. Final positive evidence for the role of

processing code interference was the finding in the Experiment 2 - Experiment 4 comparison,

when both concurrent task inputs were visual, that there was greater mutual interference with

tracking (Experiment 2, both tasks spatial) than with computation in Experiment 4 (CDT! task

visual, concurrent task verbal).

19.2 Practical Implications

The major practical implications of the current results are threefold. First, it appears that

likelihood alarms may not always be ideal alert systems, at least in circumstances where the

operator is given ample opportunity to inspect the raw data. This latter qualification is, of course,

critical, since without such raw data visibility there may be major benefits to allowing the alert

system to express its degree of uncertainty. In addition, the current experiment only used the

three categories to express the degree of uncertainty. An additional conflict dimension that could

have been employed to generate this third level of resolution is the degree of urgency, as perhaps

signaled by the time-to-closest passage. Clearly there are many more parameters of the

likelihood alarm that need to be explored, before strong conclusions regarding its operational

viability can be drawn.

Second, the current results have implications regarding the modality of presenting alert

information. While convention argues for heavy reliance upon the auditory modality in this

regard, the current data suggest that, so long as care is taken to assure peripheral visibility, then

visual alert systems may be equally effective, ifnot sometimes more effective (as in experiment

3), where they serve to better protect concurrent ongoing tasks, of potentially higher priority.
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Third, the current data speak favorably for the designer's tendencies to shift alerting

thresholds toward more false alarm prone automation. While such a shift does indeed amplify a

"cry wolf' effect, in the current experiment at least, this only prolonged alert response (by about

a second) without sacrificing accuracy, and the side benefit was the improved concurrent task

performance, fostered by the greater reliance accompanying such a threshold shift.
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