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Abstract
Past research has shown that multi-modal sensory cues can reduce the workload of the user while simultaneously
increasing performance capacity. This study looks to examine how performance is impacted in a multi-modal sensory
cueing target detection task in which the cueing automation is imperfect. Twenty-seven undergraduate participants
volunteered to take part in the present multi-modal sensory automation target detection task. The independent vari-
ables were trial (i.e., three five-minute trial blocks) and the cueing method (i.e., tactile, auditory or a combination of tac-
tile and auditory cueing) used to assist visual search for target detection across three screens. Dependent variables
included each participant’s response time and rate of accuracy. Results illustrate a significant decrease in response in the
final trial when compared with the first trial. Results also illustrated a decrease in response time in each successive trial
compared with the previous, each reflective of learning effects. A one-trial block exposure (5 minutes) to imperfect
automation resulted in a response time decrease of 24%, while a two-trial block exposure (10 minutes) resulted in a
response time decrease of 38%. Errors of omission results showed significantly lower miss rates in the final trial block
when compared with the first trial block. In addition, errors of omission were lower in each successive trial compared
with the previous. A one-trial block exposure (5 minutes) to imperfect automation resulted in a decrease in misses of
45%, while a two-trial block exposure (10 minutes) to imperfect automation resulted in a decrease of 65% in such
misses. Our results suggest that interchanging multi-modal cues create stronger learning trends in a human–automation
system than uni-modal cues. Results also showed that in spite of the automation used, automation failure resulted in a
significant performance decrement. Auditory automation cueing failure produced a sevenfold increase in response time,
while tactile automation cueing failure and a combination of auditory and tactile automation cueing failure produced a
fourfold increase in response time. A speed–accuracy trade-off is not the cause of these results, because auditory auto-
mation cueing failure produces a twofold decrease in accuracy, and a combination of auditory and tactile automation
cueing failure produced a threefold decrease in accuracy.
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Auditory cueing, tactile cueing, imperfect automation, target detection, visual search

1. Introduction

Automated tasks have become commonplace in today’s

society. According to Lee and See,1 automation ‘‘actively

selects data, transforms information, makes decisions, or

controls processes.’’ Imperfect automation has been

described as automation that has limitations of which its

designer is aware.2 Although the designer of a system may

be mindful of the system’s limitations, such as how envi-

ronmental conditions can affect performance, and how

these limitations affect the reliability of the system, such

limitations may not be readily apparent to the operator of
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the system. This unreliability can lead to problems such as

reduced situation awareness, over-reliance, complacency

and mistrust.3,4 If an operator of such a system is not aware

that a given system is not perfectly reliable, they will likely

continue to use the system as if it were reliable, which

would result in poor performance. Imperfect automation

may result in an immediate performance decrement; how-

ever, once the operator becomes more experienced with

the imperfect automation, they often adjust their level of

trust and performance accordingly.5 For example, partici-

pants performing a target detection task with unreliable

automated cueing improved their performance signifi-

cantly once they became aware of the imperfect automated

cueing.6

Often operators are required to visually monitor several

screens at once over an extended period of time to spot

signals. These vigilance-type tasks impose high workload

demands on the operators. The addition of automated cue-

ing to assist the operator in detection tasks can improve

the salience of the targets; however, vigilance decrement

may occur.7 An automated cue can fail to perform in one

of two ways: it may fail to notify the operator when an

event is present (a miss) or it may give false notification

when there is no event present (a false alarm). Of the two

failure types, misses are considered to be more detrimental

to overall performance than false alarms.8

When the primary task is presented visually, adding

auditory and tactile cues can aid in such detection perfor-

mance. Different modalities use different attentional chan-

nels, and therefore do not necessarily compete for

cognitive resources.9,10 Information presented in different

modalities can be processed separately, which can increase

processing bandwidth,11 and promote problem solving.12

In studies simulating target detection tasks, the use of

additional modalities to present information to operators

resulted in improved response time while locating threats,

providing an overall performance improvement.13

Hancock et al.14 have reported evidence that information

is processed more quickly and more efficiently when cues

are provided in other modalities. In addition, when partici-

pants in a driving simulation task were provided with

directions multi-modally, their response time was 15%

faster than a baseline condition.15

Auditory cueing has decreased effort and improved per-

formance on a multi-screen target detection task,16 as well

as improved detection rates and lowered detection times.17

However, the capacity of the auditory system itself is lim-

ited. Pilots reported higher situational awareness during

trials where the auditory workload was lower and adding

tactile cueing to trials with high auditory loads improved

performance.18 Tactile cueing is also beneficial in circum-

stances where visual communication may not be available

or clear. Merlo et al.19 obtained promising results when

augmenting visual displays with tactile cues. The addition

of tactile cueing in a target detection task has been shown

to significantly decrease reaction time.13

In previous studies, operator performance (in terms of

accuracy and response speed) improved as the operator

gained experience with the imperfect automation.5,6 Our

work presents two studies that explore the relationship

between imperfect automation, multiple modes of auto-

mated cueing and performance. The objective of the first

experiment is to establish whether comparable perfor-

mance gains occur with cues that interchange between

modalities. Thus, we hypothesize that in a mixed-modality

cue setting with imperfect automation, participants’ per-

formance (as measured by response speed and accuracy)

will improve with increased experience.

Imperfect automation in a monitoring task often results

in missed targets, false alarms and an overall decline in

performance. In certain task environments, this perfor-

mance decline can be catastrophic. The objective of our

second experiment was to present support that automation

failure in the individual auditory and tactile automated

cueing conditions will have more of a negative effect on

performance compared with the combined cueing condi-

tion. Thus, our second hypothesis is that when automation

is imperfect, single modality cueing will result in a greater

performance decrement than combined cueing condition.

2. Simulator

To conduct these experiments we used a simulator, which

incorporated a custom-built computer with three monitors

and speakers, and a tactile belt made by Engineering

Acoustics, Inc. (EAI). In addition, we used National

Instruments LabView software to develop a program to

synchronize video playback and automated cueing, as well

as record performance measures. The National Instruments

LabView software provided us with the ability to program

the cueing automation and input video into the simulator.

Figure 1 shows the experimental setup and simulation

environment.

2.1 Cueing automation

Each participant participated in each of the three cueing

conditions (i.e., tactile, auditory and combined of tactile

and auditory). Automated cues and the presentation of sti-

muli were synchronized for each task, and were designed

to guide the participants’ attention to a specific screen.

Tactile cues were 500 ms bursts of 250 Hz that took place

in one of three tactors located on the participant’s abdo-

men, each corresponding to an exact visual screen (i.e.,

left, right and center). The auditory cues were 500 ms 900

Hz tones emanating from one of three speakers at 50 dB,

each mounted underneath a corresponding liquid-crystal

display (LCD) screen.
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Each participant was naive to the rate of reliability in

the automated cues, which was 80% to guarantee that an

automation failure event took place once for each task per

trial. Automation error is when an event takes place and

the participant is not alerted by the automation.

2.2 Experimental stimuli

Each scenario contained five targets on each of the three

respective screens, for a total of 15 targets. Each screen

presented a visual task and an ‘‘acknowledge’’ button.

Screen one (left of center) presented a text messaging

‘‘chat room.’’ The participant was tasked with monitoring

all text messages on screen one and was asked to click the

‘‘Acknowledge’’ button whenever a text message from

‘‘Bulldog 6’’ appeared on the screen. Screen two (center)

presented a viewpoint of a driver traveling on a specific

road. The participant was tasked with clicking the

‘‘Acknowledge’’ button whenever they saw a pre-specified

route marker. Participants were told all other route mar-

kers should be considered non-targets. Screen three (right

of center) presented a top-down map view that displayed

symbols for friendly and hostile units, similar to a Blue

Force Tracker system. The participant was tasked with

clicking the ‘‘Acknowledge’’ button every time a symbol

emerged on the map.

To ensure none of the participants identified a pattern,

throughout each participant’s series of trails stimuli were

presented at irregular intervals. Two steps were taken to

address task difficulty and any potential asymmetric trans-

fer effects. Firstly, all scenarios were assessed to match

for difficulty level (medium level of demand) beforehand

and14,20 were counterbalanced. Although the concern of

potential transfer cannot be addressed algorithmically, cer-

tain strategies can reduce its impact on outcome results.21

In our present experiment, participants were split into

groups of nine and were assigned a different sequence of

scenarios by cueing conditions.

3. Experimental method
3.1 Experimental participants

Twenty-seven undergraduate participants (6 male, 21

female) who were enrolled at a large university volun-

teered for class credit. Age for all participants ranged from

18 to 22 years (M = 19.3 years). Each participant com-

pleted an informed consent form before they participated.

3.2 Materials
3.2.1 Demographic information. We administered a demo-

graphic questionnaire to obtain pertinent information on

participants (e.g., age, gender, education level).

3.2.2 Experimental apparatus. Apparatus in this experiment

included a wearable EAI tactor belt with embedded tactile

actuators, three Dell LCD video monitors and three Altec

Lansing FX 4021 speakers. The embedded tactile actua-

tors presented 250-Hz sinusoidal vibrations onto each par-

ticipant’s skin through a contactor. When put around the

participant’s body, the participant has an actuator over the

umbilicus and one centered over their spine. Only three

tactors were used, one on the umbilicus, one on the left

and one on the right-hand side of the torso.

A LabView-based software program controlled and

synchronized all displays and logged response times and

accuracy. The center display was located directly in front

of the participants, approximately 16 inches in front of

their eyes. The other two displays were presented next to

the center display, one on the left and one on the right.

Each visual display presented a different visual search

task.

3.3 Experimental design

The experimental design was a within-subject mixed-

mode design. The independent variables were trial block/

time (i.e., three five-minute trial blocks) and the cueing

(i.e., tactile, auditory or combined tactile and auditory)

used to aid visual search for target detection across the

three displays.

The dependent variables included response time and

accuracy rates. Possible errors included failing to acknowl-

edge a target that appeared (miss), acknowledging a target

Figure 1. Experimental setup and simulation environment.
Shown are three monitors, with a speaker mounted below each,
and a keyboard with a mouse. Also displayed are the tactile belt
with battery and a reference sheet describing visual targets that
appear on screens two and three.
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on the wrong display or acknowledging a target that did

not occur (false alarm).

3.4 Procedure

The experiment was conducted in a competing noise- and

vibration-free controlled laboratory environment. Before

beginning the procedure, participants were briefed on their

role in monitoring the three video displays and signed

appropriate informed consent forms. Participants were

trained on how to use a mouse to physically click the

‘‘Acknowledge’’ button on the respective displays that

presented each pre-specified target. All participants were

asked to respond as quickly and as accurately as possible.

In addition, to assist participants in properly identifying

each target cue before responding, participants were shown

representative examples of each target. Lastly, all partici-

pants were familiarized with each augmenting cue and

how they related to the three visual displays in front of

them.

Participants were not aware of the associated reliability

rate of any automated cues. Upon completing the instruc-

tions, participants completed a practice session to familiar-

ize themselves with the simulator. After completing their

practice trial, participants started the experimental trials.

Each trial block was 5 minutes in length. Each time parti-

cipants completed a trial block, they then completed a

workload assessment questionnaire. After the participants

completed testing, they were debriefed and departed the

laboratory.

4. Results

The present experiment assessed objective performance

capacity for both independent variables through three

dependent measures: response time (the latency between

the onset of the stimulus and the proceeding depression of

the ‘‘acknowledge’’ button), response omissions (misses)

and false alarms .

4.1 Response time by trial block

A paired-samples t-test was conducted to examine the

response time between the three trial blocks. Results

revealed a significant difference in the response times

between the first trial block (M = 4.36, SD = 4.47) and the

last trial block (M = 2.67, SD = 1.20), (t(26) = 2.173, p =

0.011). Response time was significantly faster in the third

trial block compared with the first trial block. There was

no significant difference in response times of the first and

second trial blocks, and the second and third trial blocks, p

> 0.05. Figure 2 illustrates that response time improved

with each subsequent trial (i.e., first trial block = 4.36 s,

second trial block = 3.30 s and third trial block = 2.67 s).

A one-trial block exposure (5 minutes) to imperfect auto-

mation caused a 24% decrease in response, while a two-

trial block exposure (10 minutes) to imperfect automation

caused a 38% decrease in response time.

4.2 Error rate by trial block

A paired-samples t-test was conducted to examine missed

stimuli between the three trial blocks. Errors of omission

or misses significantly reduced in the third trial block (M

= 0.26, SD = 0.45) compared with the first trial block (M

= 0.74, SD = 1.02), (t(26) = 2.229, p = 0.035). Figure 3

shows that errors of omission decreased across subsequent

trial blocks (i.e., first trial block = 0.74, second trial block

= 0.41 and last trial block = 0.26). A one-trial block expo-

sure (5 minutes) to imperfect automation resulted in a

45% decrease in misses, while a two-trial block exposure

(10 minutes) to imperfect automation resulted in a 65%

decrease in response misses. There proved to be no signifi-

cant difference between false alarms for any of the trial

conditions.

4.3 Response time by automated cueing type

A paired-samples t-test was conducted to compare

response time between automated (M = 1.54, SD = 0.44)

and non-automated (automation failure) (M = 6.02, SD =

2.06) stimuli across all cueing conditions (t(80) = 19.020,

p < 0.001). We found that response time when automated

cues failed was significantly higher compared with when

automated cueing was present. As Figure 4 shows, auto-

mated auditory cueing failure caused a fivefold decrease

in response time (7.39 s versus 1.42 s), automated tactile

cueing failure caused a threefold decrease in response time

(4.97 s versus 1.51 s) and combined automated auditory

Figure 2. Response time by trial block.
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and tactile cueing failure caused a fourfold decrease in

response time (5.71 s versus 1.60 s).

In addition to these evaluations, we examined auto-

mated cueing failure response time. A repeated-measure

Analysis of Variance (ANOVA) showed a significant

main effect, that is, F(2, 52) = 10.765, p > 0.001. Here

results showed that the response times when automated

cueing failed was significantly higher in the automated

auditory cue condition and the combined automated tactile

and auditory cue condition compared with the automated

tactile cue condition (i.e., auditory cue = 7.39 s, combined

cue = 5.71 s, tactile cue = 4.97 s). Post hoc comparisons

using Fisher’s least significant difference procedure

revealed significant differences between failed automated

auditory cueing and failed automated tactile cueing, in

addition to the combined automated cue condition and the

automated tactile cue condition. Figure 4 shows the overall

response time benefit for any of the automated cueing con-

ditions and the overall response times when automation

failed by automation type. There proved to be no signifi-

cant difference between the overall response times (cued

and non-cued) for any of the three automated cueing

conditions.

4.4 Error rate by automated cueing type

A paired-samples t-test was conducted to compare error of

omissions (misses) between automated (M = 0.16, SD =

0.43) and non-automated (automation failure) (M = 0.52,

SD = 0.90) stimuli across all cueing conditions (t(80) =

3.382, p = 0.001). Results show that misses were signifi-

cantly higher when automated cueing failed. Automated

auditory cueing failure caused a threefold decrease in accu-

racy (0.63 versus 0.22), automated tactile cueing failure

caused a threefold decrease in accuracy (0.33 versus 0.11),

and the combined automated auditory and tactile cueing

failure caused a fourfold decrease in accuracy (0.59 versus

0.15). Figure 5 shows the overall error of omission rate

benefit for any of the automated cueing conditions. There

proved to be no significant difference between false alarms

for any of the cued conditions.

5. Discussion

The present research investigated both the influence of

experience gained throughout time and performance decre-

ment based on modality in a target detection task. Each

participant completed three five-minute trial blocks (audi-

tory, tactile and combined cueing) in alternating order to

mitigate any potential order effect.

To test our first hypothesis, we evaluated performance

improvements through experience in mixed-modality cue-

ing setting with imperfect automation to determine

Figure 3. Error rate by trial block.

Figure 4. Response time by cueing type.

Figure 5. Error of omission rate by automation type.
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whether speed and accuracy would improve with experi-

ence. Research has shown that when faced with imperfect

automation, operators recalibrate their expectations and

trust according to the performance of the automated

device, thereby improving performance.6,22 The results

confirmed that with each subsequent trial block, both

response time and number of misses decreased, suggesting

an increase in performance over time. Moreover, the

results show a significant difference between the first and

third trial blocks in both response time and number of

misses. These results offer further evidence of the ‘‘first

automation failure effect’’ proposed by Wickens and Xu,2

which also showed improvements in performance in sce-

narios involving imperfect automation over time. Our

results show that this effect occurs even when the modality

of the automated cue is varied with each subsequent trial.

Furthermore, these findings suggest that interchanging

multi-modal cues create stronger learning trends in a

human–automation system than uni-modal cues.

For the second hypothesis, we compared differences in

performance decrement as a function of imperfect automa-

tion in scenarios that used a single modality (auditory or

tactile) cueing, versus scenarios employing combined

(auditory and tactile) cueing. Previous work by Hancock et

al.14 has provided similar evidence for this hypothesis by

showing improved performance in conditions using multi-

ple modalities over conditions using only a singular modal-

ity. While our work also shows a significant difference in

response time between the automation types when automa-

tion failed, there was no significant difference between

automation types when automated cues were reliable.

Here, the fastest reaction times for the imperfect automated

cues were found in the tactile conditions. Some explana-

tion for the superior performance in the tactile cueing con-

dition can be found in a recent meta-analysis conducted by

Lu et al.,23 which investigated performance differences

between tactile and auditory modalities. Their results

showed that while complex information was responded to

more quickly when it was presented as an auditory cue,

participants responded to urgent interruption signals more

quickly when presented in the tactile modality. Since our

stimuli were not complex, it supports the previous finding

that participants respond more quickly to an interruption

signal presented via a tactile cue.

In addition to eliciting the fastest reaction times, the tac-

tile cueing conditions also showed the fewest number of

missed stimuli when automation failed and when automa-

tion was reliable. Moreover, the difference in number of

missed stimuli was significantly lower for the tactile cue-

ing condition than for either auditory or combined cueing

in both reliable and unreliable automation cueing trials.

As would be expected, response time and accuracy both

suffered in the conditions where the automation performed

unreliably. The automation failure rate used here was only

20%, but it still significantly degraded performance. It is

therefore of the utmost importance that automated systems

be designed so as to perform as reliably as possible.

However, it is understood that in real-world scenarios

automated systems do not perform with perfect accuracy,

so designs should be implemented in such a way to mini-

mize over-reliance on automated cues. Future research

efforts should ideally focus on designing systems that both

maximize reliability of automated systems and minimize

operator over-reliance on systems.
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