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ABSTRACT

Objectives:A pilot study was conducted to investigate the effectivenesmtinuous haptic
peripheral displays in supporting multiple UAV supervisory contBackground: Previous
research shows that continuous auditory peripheral displays can enhancer geefatmance in
monitoring events that are continuous in nature, such as monitoring how well UsAMsnstheir
pre-planned courses. This research also shows that auditory cdartse masked by other
auditory information. Command and control operations are generallyrpedoin noisy
environments with multiple auditory alerts presented to the operdtoder to avoid this
masking problem, another potentially useful sensory channel for provickdgndant
information to UAV operators is the haptic chanféé&thod: A pilot experiment was conducted
with 13 participants, using a simulated multiple UAV supervisoryrobmask. All participants
completed two haptic feedback conditions (continuous and threshold), wheredbmed alerts
based on UAV course deviations and late arrivals to tarfgetsults Threshold haptic feedback
was found to be more effective for late target arrivals, wiseoeamtinuous haptic feedback
resulted in faster reactions to course deviatiddgnclusions: Continuous haptic feedback
appears to be more appropriate for monitoring events that are continuous inirafurevy well

a UAV keeps its course). In contrast, threshold haptic feedback apjpedrstter support
response to discrete events (i.e., late target arrivialgire research.Because this is a pilot
study, more research is needed to validate these preliminarmggdA direct comparison
between auditory and haptic feedback is also needed to provideibh&tjbts into the potential
benefits of multi-modal peripheral displays in command and control of multiple UAVSs.



INTRODUCTION

In current military conflicts, the unmanned aerial vehicle (UAV) is @intie most highly sought
after air assets (Whitney, 2007). UAVs provide real time infaonaind support to battlefield
operations remotely from either local or global control statioatfguims. Each of these
operational environments presents fluid atmospheres of noise and activity.

Currently many medium and high altitude UAV operations requireiphellbperators to control
a single UAV; the desire for the future is to invert the numbers and havdedegator control
multiple UAVs (Culbertson, 2006). To achieve this, research is deedenderstand how best
to aid and integrate the human operator into a system of semi-awtosddAVs. Due to
potential information overload of operators in visually-saturating dwmnauch as UAV
supervisory control, reducing mental workload by offloading some cegmtocessing to the
other senses, primarily auditory and haptic, is critical.

Graham & Cummings (2007) investigated whether continuous auditory displays couldied appl
to a command and control setting, particularly for supervisory cooitrmhe or more unmanned
vehicles by a single operator (see the Appendix). Specifically,continuous audio displays
were mapped to the alerting of two human supervisory task problemég:codrse deviations
and late target arrivals. The findings suggest that for UAV cawos®rmance, the continuous
audio alert resulted in better performance than discrete atetjaydless of the alert type
provided for late target arrivals (i.e., continuous or threshold). Feralaivals, continuous late
arrival alert in general, and the threshold late arrival alelgt when accompanied by threshold
course deviation alert resulted in good performance. When accomg@nimxhtinuous course
deviation alert, the threshold late arrival alert generatedabrst performance. The authors
attributed this performance degradation to a possible masking proiheme the continuous
course deviation audio alert saturated the audio channel to a poithietiatie arrival’s threshold
beep alerts were not heard, resulting in longer late arrival reaction times.

Auditory feedback could enhance operator performance, but command aral settings are
generally noisy, and auditory alerts may be masked, as wasghighl in the previous study.
Another sensory channel that can be utilized to provide feedback totarpeisathe haptic
channel. Haptic feedback has been shown to support operator perfoimdiftearent domains,
such as driving (Schumann, Godthelp, Farber, & Wontorra, 1993; Suzuki & Janssonapd03)
aviation (Sklar & Sarter, 1999). Sklar & Sarter (1999) showed that wbempared to visual
cues, both tactile, and redundant visual and tactile cues resulten fasponse to and higher
detections rates for mode transitions in an automated cockpitrsy8erke et al. (2006)
compared the effects of visual-auditory and visual-tactic feédhming a meta-analytic
approach on 43 different studies. Adding an additional modality was found tacenha
performance overall, with visual-auditory feedback most effectivenbderate workload, single
task conditions, and visual-tactile feedback more effective for higrklead, multiple task
conditions. As the command and control tasks shift from many operatursling one vehicle
to one controlling many, high operator workload can become a majog. idoreover, as
mentioned above, auditory warnings provided to the operator can be nigskaglironmental
noise and other auditory alerts. Therefore, haptic feedback prayde better support for
command and control, and merits research in this domain.



As a follow on to the research of Graham & Cummings (2007), a giiloty was conducted to
assess the potential benefits of continuous haptic feedback in UAAfvaqry control. This

report presents the findings of this study which in particular cosdpaontinuous haptic
feedback to discrete haptic feedback.

EXPERIMENTAL PROTOCOL
Objective

The objective of this experiment was to assess and comparefdoés eff continuous and
discrete haptic feedback in supporting multiple UAV supervisory conRalticipants were
presented with continuous or discrete haptic feedback on UAV cdeawsations and late target
arrivals while performing an auditory secondary task.

Participants

Thirteen participants completed the study. The majority ofigyaants were Humans and
Automation Laboratory members. The experiment took between 2.5 and 3thaasplete.
The threshold condition data for the first participant could not Haded in the analysis due to
a bug in the experimental software which was later fixed. Heroparticipant’'s data was
completely dropped from analysis because of the test prodtorgfdo administer proper
training. This participant was also an outlier in regards to #ge (i.e., 63). The remaining
participants consisted of five females and seven males, ag@sgémogn 18 to 45 years (mean =
27, standard deviation = 8.14).

Apparatus

The simulated task of controlling multiple UAVs was carried outMultiple Autonomous
Unmanned Vehicle Experimental (MAUVE) test bed developed byMassachusetts Institute
of Technology’s Humans and Automation Laboratory (HAL). MAUVE isva screen interface
that allows the simulation of any nhumber of unmanned vehicles condwsttikg operations in
hostile environments (Figure 1). MAUVE, for this experimenpwadd the operator to arm and
fire on targets with various priorities while monitoring each UAV’s flighpath, event timeline,
and radio traffic (The Appendix provides more details).

The test bed provided a map for geo-spatial tracking of UAVs ongheset flight paths along
with an interaction control panel for making UAV control inputs (Maigplay, Figure 1).
Control inputs included arming and firing a UAV to destroy targdigecting specific path
changes, and acknowledging radio calls. The path changes includethodmg a UAV to skip
a target to get a UAV back on schedule. The operator could alsothes®/AV’s onboard
navigation to get the vehicle back on course if it drifted.

A timeline for each UAV, a scheduling decision support tool fohda&V, and chat interfaces
were also provided (Timeline Display, Figure 1). The timelirepldly helped operators ensure



UAVs would be on time to targets by monitoring when they wouldeat targets, and in what
phase they were currently located.

Figure 1: Multiple Autonomous Unmanned Vehicle Expemental (MAUVE) test bed.

Figure 2: The Multi-Modal Workstation (MMWS).

The MAUVE simulation environment was run on a multi-modal workstafMMWS). Pictured

in Figure 2, the MMWS is a four screen computer display (Os@ge @rden, Campbell,
Kellmeyer, & Lulue, 2002). The three screens across the top2deneshes and set to display at

1280 x 1024 pixel, 16 bit color resolution, and the 15 inch bottom center screen was set at 1024 x
768 pixels, 32 bit color resolution. The computer used to run the simulasoa Well Optiplex
GX280 with a Pentium 4 processor and an Appian Jeronimo Pro 4-Port agragdmd.
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Participants controlled the simulator through a generic corded cempuouse. Throughout the
experiment, the top left display showed the mission objectives andtipsioand the bottom
center displayed the color-coding for MAUVE. The top center disglagtained the left
MAUVE map and interaction display, and the top right display incluthedright MAUVE
timeline and decision support display. During the test sesglmscreen recordings for the left
and right MAUVE displays were captured by Camtasia ® recording software

An over-the-head headset with sealed around-the-ear cups (Sersiri@r5P, Figure 3) was
used to present the auditory secondary task used in the experirhenthebdset provides
ambient noise attenuation ranging from 35 to 40 db for the spectrum between 500 Hz and 8 kHz.

Figure 3: Sensimetrics HDiSP.

Haptic feedback was presented through a pressure vest that expmsged on late target
arrivals, and a wristband that vibrated to indicate course devigftagsre 4, Figure 5). The
hardware for the pressure vest included miniature face-mounted ceoaltres and eight place
manifolds from the Lee Inc. “LH Series”. The bladders inflate 20 psi. The wristband used
five Electronics Inc. “QX” miniature vibration motors. The frequenaly the vibrations
depended on the tightness with which the motors were held againsvdizebut the nominal
frequency was 100 Hz. Participants wore the wristband on their mayhd which they also
controlled the mouse with. How these haptic devices behaved fdatgts arrivals, and course
deviations will be described in further detail in a subsequent section.



Figure 4:Haptic feedback hardware: pressure vest, rad vibrating wristband.

Figure 5. Vibrating wristband and air pressure bladders for the vest.

Experimental Tasks

The task used in this experiment was identical to the multipl¥ lével scenario tested by
Graham & Cummings (2007), where participants had to control four UAYarticular,
participants had to respond to UAV course deviations and late tary@isawhile performing
an auditory secondary task. The primary task of the operator avassure weapons were
dropped on the correct targets during the specified windows of opportutayever,
unexpected head winds or crosswinds could cause UAVs to slow tkedt sp drift off course,
requiring the operator to take corrective action for projectegetalate arrivals or course
deviations. Late arrivals were a higher priority than cours@tiens. In addressing late arrivals,



the priority of the target (high, medium, or low) also had to beesdéd, such that it was more
important to hit a high priority target than a medium prioritygéd, and so on. In addition,
operators also had to ensure the UAVs would return to base by a specified time.

Course deviationsThe green line in Figure 6 indicates the plotted and desirdd fi@th of a
UAV. Anytime the UAV has completely departed from the gremurse line, it is considered to
have deviated. During the simulation, the UAVs constantly fluctuase#t Bnd forth on their
flight paths, but participants were trained to respond when the UANalacwas no longer
touching the course line. Figure 6 illustrates UAV 3 on couts®st off course, and off course.
The instructions on how to comply with recovery rules for course devsatvene to click “Reset
Navigation.” This theoretically reset the onboard navigation in the UAV amgkdat to fly back
to the planned flight path.

On Course Almost Off Course Off Coues

Figure 6: A course deviation event.

Late target arrivalstate arrivals were caused when a UAV slowed down because otseém
headwinds and was no longer able to reach a target in time to ¢eripdefiring mission,
according to its originally scheduled time. Figure 7 shows thealirepresentation for a late
arrival. A black rectangle on the timeline shows when the Ug\gaing to arrive at the labeled
target, and changes from black to red when the UAV is lates ddm also be seen when the
black rectangle moves past the orange window of opportunity. On thenenielow, the red
rectangle labeled “T-1L" indicates that the UAV is gotogbe late to target T-1L. In contrast,
the black rectangle labeled “T-2M” indicates that the UAV is going to bexantt target T-2M.

Figure 7: A late arrival event.

Participants were instructed to skip the low priority tardggtslicking the “Skip Target” button,
which caused the UAV to proceed immediately to the next tafgmtmedium and high priority
targets, the option was given to use a decision support visualizatidD8W), which illustrated

the effect of requesting delay for the current late targeghememaining targets for that UAV’s
flight plan. With the assistance of the information presented enOBV, participants then
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decided whether they should click the “Skip Target” button or “Reddelsty” button. If they
clicked “Request Delay,” they then had to wait to see if aydeks granted, and if the delay was
granted the UAV was then no longer late to the target and woulblé&adestroy it. For a high
priority target the participants were instructed to employ Di&fore requesting delay or
skipping target.

The instructions on how to comply with recovery rules for target late arrivals were

Low Priority — Click “Skip Target”
Medium Priority — Click “Skip Targetdr Employ DSV.
High Priority — Employ DSV before Requesting Delay or Clicking “Skip €trg

Auditory secondary tasldAs a secondary workload task, participants were instructed to monitor a
recording of continual air traffic radio chatter for the word ‘PusThe word “Push” occurred

62 times in a 30 minute session, with an average of 27 seconds be@ebetiPush” radio call.

To acknowledge the radio call, participants clicked an “Acknowledgd&”Pustton on the
display.

Task prioritiesThe operator was given the following as the primary objective for each mission:

Make sure the UAV(s) maximize the number of targets engagyectlhas arrive back at
the base safely.

Further, supervision of each of the UAV(s) for each missionbralsen down into the following
prioritized sub-tasks, from highest priority to lowest:

1. Return to base (RTB) within the time limit for the missiongtlinit was clearly
marked).

Comply with recovery rules for course deviations.

Comply with recovery rules for target late arrivals.

Destroy all targets before their time on target (TOT) window ended.

Avoid taking damage from enemies by avoiding all threat areas.
Acknowledge all “Push” radio calls.

ouhrwN

Participants were trained to follow these priorities, and thectgs and priorities above were
displayed to them throughout the experiment. Within the prioritexspvery rules of how to
recover the UAV from a course deviation or late arrival were also displayed.

Haptic Feedback

Continuous feedback for late target arrivalsie pressure vest inflated with the number of air
bladders filled proportional to the target priority, and stayed ot thetiparticipant responded to
the late arrival. Each air bladder inflated to 20 psi. There weoesets of air bladders, with a
total of eight bladders (Figure 5). Each set contained four bladéleuns (top most two in each
set), six (top most three in each set), and eight (all) bladsere filled for low, medium, and
high priority targets, respectively. The bladders stayed idflateil the operator addressed the




issue with corrective action or the issue disappeared becauséYhbdd continued to the next
target.

Threshold feedback for late target arrivalse pressure vest inflated for late arrivals and stayed
on for 2000 ms including the time it took to pump up the bladders to 20 IpsighAt bladders
were filled for 2000 ms, independent of target priority.

Continuous feedback for course deviatiomse wristband buzzed continually throughout the
experiment and the buzzing intensified as the UAV deviated fudfiecourse. The motors
always buzzed at their nominal 100 Hz frequency, and were aliwaysd on for 300ms for a
given activation. As course deviation increased, the number of activedtnts increased and
the amount of time that passed between each activation (i.e., gapwas decreased. The
number of motors turned on and the duration between activations wemidgiya mapped to
the course deviation parameter defined in MAUVE as degrees offainse (Figure 8). For
example, at a very low course deviation (e.g., “3 degrees” in MAU¥EIngle motor would
buzz (at 100 Hz) for 300 ms approximately every 6 seconds. Whetetetion increased to
nine degrees, three motors were activated, and the length of timeebeactivations was 2.5
seconds.
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Figure 8. Number of motors activated and gap time &étween each activation as a function of UAV course
deviation.

Threshold feedback for course deviatiothen a UAV deviated from its course by 10 degrees,
all five motors on the wristband turned on for 600 ms at their nonfieguiency of 100 Hz.
Falling below the threshold and rising past it again caused another activation atting. m

Experimental Design

The independent variable of interest was haptic feedback type, whidtvéndelels: continuous
(continuous course deviation and continuous late arrival), and threshoésh@ld course
deviation and threshold late arrival). The experiment was a sfagter repeated measures
design. That is, each participant completed both the continuous and theolthriEesedback



conditions. The order of presentation for the two conditions was coafgeded and randomly
assigned to participants.

While the experiment conducted by Graham & Cummings (2007) includacta that varied
number of UAVs under control (from 1 to 4), the current experiment éacos the 4 vehicle
condition, which represents the higher workload situation.

Dependent Variables

Dependent variables included the number of missed course deviat@act®ndime to correct
course deviations, number of missed late arrivals, reaction tic@rect projected late arrivals,
NASA TLX scores, and the number of acknowledged radio calls.

In each test scenario, participants were expected to respoadrttrifjgered course deviations
and four late target arrivals. Anytime the participant éaile respond to one of four triggered
course deviations, an error of omission was counted. Similarly,seafoomission for late
arrivals occurred when the participant failed to respond to one dbihériggered late arrivals.
Primary task performance was assessed using errors ofiamsider and reaction times to
course deviations and late target arrivals.

The number of push call responses was analyzed to assesspaatticisecondary task
engagement. Subjective workload was assessed using NASA Tasknidexd The NASA Task
Load Index gathered participants’ subjective assessment on atdale 20 of mental demand,
physical demand, temporal demand, effort, performance, and fiustra participant was then
asked to rate these six dimensions against each other to detetmeir importance in the
participant’s workload (Hart & Staveland, 1988). Since there waghysical demand in this
experiment, each participant was told to rate the physicahd@rso that it was zeroed out of the
score.

Procedure

Each participant experienced three separate consecutive phasespleting the experiment.
Each had a 60 to 70 minute training session followed by a 70 to 80 nmestession, and then
a 10 minute post-test survey. For the training session, each participant completeolgaaphics
survey, received standardized training from a PowerPoirorial, and a thirty minute practice
test session with a trial run through of NASA TLX. If requiredparticipant could do an
additional 10 minute practice session to ensure understanding of the PARAFE control
actions.

Before each feedback condition, the participants were preserited demonstration of how the
specific feedback worked, and hence were exposed to all the haptic feedbagkuleeieel in a
test session. They were presented with their respectivartatal and course deviation alerts, as
well as the radio chatter.

After the training was completed, each participant then completéd the continuous and
threshold feedback conditions in two separate test session. Atotidusion of every test
session, MAUVE generated a data log, with all the previouslyudsed dependent variables.

10



Additionally, participants completed a NASA TLX following eadbst session. At the
conclusion of the test session, participants completed a post-tesy,sand were thanked for
their time and involvement.

RESULTS

For statistical analysis, a repeated measures ANOVA amaducted on dependent variables.
Normality and homogeneity of variances assumptions were che&kadentioned above, there

were four course deviations and four late arrivals in each conditi@aVerage reaction times

were analyzed for both course deviations and late arrivals.

Course Deviations

Out of the 92 course deviations presented to the 12 participants, only higsed. This miss
was in the threshold condition. Figure 9 shows the means for the clauiséion reaction times
for the two haptic feedback conditions. Continuous haptic feedback tesulie@ estimated 2.46
sec faster course deviation reaction time than threshold fee(f2tk= -4.1,p = 0.0005, 95%

Cl =-3.70, -1.21).

(sec)
_|

Course Deviation Reaction Time

Continuous Threshold

Haptic Feedback Type

Figure 9: Course deviation reaction times (means ahstandard error bars).

Late Arrivals

All participants responded to all of the 4 late arrivals presetited, there were no late arrival
errors of omission.

For late arrival reaction times, out of the 92 late arrivah qaiints, five outliers had to be
removed from the analysis, which were more than three standard deviations@wd#ys mean.

11



These values were between 34 and 42 seconds, which indicateteth@rticipants’ actions
were not in response to initiation of feedback. Four of these outtemes in threshold feedback
condition and one was in continuous feedback condition. Continuous feedback was dtppose
stay on until the participant responded to the late arrival. Theeputsponse during the
continuous feedback and the two of the outlier responses during threslitilddledelonged to
one participant. This participant indicated that he could not feehtla¢ion of the pressure vest
very well in general, and also noted that the vest did not irfthatdhe first late target arrival in
the threshold condition (this corresponded to one of the outlier responsegyvd other outlier
responses observed during the threshold condition belonged to two different participaois F
of these participants, the experimenter observed that the vesotagk kime inflating/deflating
than normal. The cause of the other outlier response is unclear, bualstaye a vest
malfunction.

Threshold haptic feedback resulted in an estimated 1.74 sec #starrival reaction time than
continuous feedback(R1) = -2.51p = 0.02, 95% CI = -3.18, -0.30). Figure 10 shows the means
for the late arrival reaction times for the two haptic feedback conditions.

Late Arrival Reaction Time (sec)
()]
L
—

Continuous Threshold

Haptic Feedback Type

Figure 10: Late arrival reaction times (means andtandard error bars).

Secondary Task Engagement and Subjective Workload

The difference between continuous and threshold feedback types wagniitast for the
number of push call responséd8) = 1.98p = 0.22), as well as for NASA TLX scoret$1) =
0.26,p = 0.8) (Figure 11).

12
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Figure 11: Number of push call responses and subjtiee workload (means and standard error bars).

Post-test Feedback

Almost all participants thought that the haptic cues helped timenesponding to both late
arrivals as well as course deviations. Some even said thatdhegaked on haptic as the primary
source of identifying an off-nominal state. These participantteeddor the haptic feedback and
then confirmed the need for an action visually. The haptic feedbaceveeived to be useful,
especially for course deviations since the farthest off-cdufsé was always highlighted in red
and visual information alone was not enough to determine if the course deviationdregtive.
Despite the general positive attitude towards haptic feedbadle, Were also concerns about
operator annoyance with prolonged use of these haptic feedback devices.

As for the pressure vest, the majority of participants thoughthkadifferential inflation based

on target priority was not as informative as simply the irdfatof the vest. Most said that
feedback was very salient but the differences between taigetigs were indistinguishable.

Participants, in general, suggested keeping the vest inflatedhentate arrival was addressed.
However, one participant also suggested adding pulses to the inflatedinee they felt that if

they did not attend to the late arrival as soon as they got feedbhagkmay forget to do so.

There were two participants who found the pressure vest to be comtzerOne of these

participants indicated that he did not feel the inflation as mudieasoticed vibrations on the
wristband.

Most participants preferred the threshold feedback for the wristlBamticipants in general did
not like the continual buzzing; some even felt that they responded slatvethis type of

feedback. However, some still thought that the change in the iilgtexisbuzzing did help

indicate how far off course they were. A suggestion receivad fmultiple participants was to
design the wristband to not continually buzz, but still have a gradieat dfter a threshold
course deviation point was exceeded. As mentioned before, alligeante wore the wristband
on their right hands. One participant suggested wearing the wdstira their non-dominant
hand.

13



DiscussION

A pilot experiment was conducted to evaluate continuous peripheral Haptiback for
supporting multiple UAV supervisory control. The results of this erpemi showed that
continuous haptic feedback promoted better performance for course iafeyialvhereas
threshold haptic feedback resulted in better performance fertdaget arrivals. In general,
workload and secondary task engagement did not differ between the two feedback types

This pilot study suggests that continuous haptic feedback can loengsing way to help single
operators supervise multiple semi-autonomous vehicles. The prelimmggarlgs indicate that a
threshold haptic alert is more effective for tasks that regquomwitoring discrete events (e.g., late
arrival to a target), whereas a continual alert is more apptedor tasks that require monitoring
events that are continuous in nature (e.g., monitor how well a UAWskigs course). Graham &
Cummings (2007) also found that continuous auditory feedback resultegtér fesponse to
course deviations when compared to discrete auditory feedback.aldwe found that discrete
feedback resulted in slowest response to late target amia@is accompanied with continuous
feedback on course deviations, which was attributed to a possible masking effect.

In this study, continuous course deviation alert was presented witihwaun late arrival alert,
and threshold course deviation alert was presented with threshelariatal alert. It is unclear
how continuous and discrete haptic feedback would interact in supportiredapesponse. For
example, a combination of continuous course deviation and thresholdries @erts can free
more perceptual/mental resources, and/or enable the operator to bet#bateri@etween the two
supervisory tasks by supporting task switching. The current stagdyhat designed to assess the
interacting effects of continuous and discrete haptic feedbackiuaher research is needed to
understand how different feedback types interact in aiding supervgoriyol. Moreover,
Graham & Cummings (2007) used only one device delivering feedback headphones),
whereas in the current experiment, there was a separate featthace for the two different
monitoring tasks (i.e., wristband for course deviations, and pressurefovelsite arrivals).
Therefore, the type of device which provides feedback may alsoendé results. These
feedback types should be tested in more detail to detanglefélotsedf feedback type from the
effects of feedback device. In addition, further testing with a combmaf haptic and audio
alerts is warranted to determine the best alerting architecture.

An additional interesting finding in this study was the mismatcivdsen participants’ subjective
responses and actual performance for course deviations. Participageneral liked the
threshold feedback for course deviations, and some even said that contieedbsck
undermined their performance. Even if the continual buzzing of the wréstlvas annoying to
the participants, they still performed better with continuous feddblt is unclear how
operators’ acceptance of these alerts would change performéhdemng term use. Acceptance
of an alert has an important influence on the use and hence th#veffess of it (Donmez,
Boyle, Lee, & McGehee, 2006), but effectiveness may also guickeiped usefulness and
therefore acceptance. For example, low acceptance obsemesl study may lead to disuse of
the alerts in the long term, and result in degraded perform@rcéhe other hand, if operators
realize that their performance, in fact, improves with tlegtathen they may accept the alerts
more. Future research should address how operators would adapt tddghsseith long term
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use. In this study, most of the participants liked the gradienirupzt the continuous feedback.
Therefore, one possible way to make the vibrating wristband moeptabte and still keep its
benefits to performance may be to design the wristband to nonhgaliyi buzz, but have a
gradient buzz after a threshold course deviation point is exceeded.

Comments from the participants were generally positive about h&aptic cues complement
the visual display. Some participants even said that they used the ¢izgg as the primary
agent to identify an off-nominal UAV state, and did the visual cloedk after they received a
haptic feedback. The positive attitude towards these feedback isypesmising for operator
acceptance, but also is concerning especially if operators dtgending on feedback
inappropriately. With such an overreliance on feedback, system faitare lead to hazardous
situations that may not occur otherwise.

Even if the positive subjective responses seem to indicate thapénators would benefit from
haptic feedback in general, the lack of a baseline condition irxpsriment (i.e., no feedback)
makes it hard to make such a claim. This experiment focuses on rognpantinuous haptic
feedback to discrete haptic feedback. In order to assess thbemneéts of haptic feedback,
baseline data should be collected where participants perfornsaime tasks without the
assistance of feedback. Moreover, a direct comparison between aaditbhaptic feedback is
also needed. A future study focusing on these issues with a npresestative participant
population can provide better insights into how peripheral feedback carplegnented in UAV
supervisory control.

ACKNOWLEDGEMENTS

This research is sponsored by the United States Army througfmedl Business Innovation
Research lead by Charles River Analytics, Inc. The views andlusions presented in this
paper are those of the authors and do not represent an official opxpoessed or implied, of
the United States Army or Charles River Analytics, Inc. Bpebanks is extended Brian
Malley, the undergraduate assistant, who helped with data collection.

REFERENCES

Burke, J. L., Prewett, M. S., Gray, A. A., Yang, L., Stilson, F. R. B., Coovert, M. D., et al.
(2006). Comparing the effects of visual-auditory and visual-tactile feedback on user
performance: a meta-analysis.Rroceedings of the 8th international conference on
multimodal interface¢pp. 108-117).

Culbertson, E. (2006). COMUSAFE: unmanned aircraft key to future decision sugeriorit
Retrieved March 18, 2008, frohitp://www.af.mil/news/story.asp?id=123029520

Donmez, B., Boyle, L., Lee, J. D., & McGehee, D. (2006). Drivers' attitudes towapdsfact
distraction mitigation strategiesransportation Research Part F: Psychology and
Behaviour, 96), 387-398.

15



Graham, H. D., & Cummings, M. L. (200 Bssessing the impact of auditory peripheral displays
for UAV operatordNo. HAL2007-09): Humans and Automation Laboratory, MIT.

Hart, S., & Staveland, L. (1988). Development of the NASA-TLX: Results of eraparc
theoretical research. In P. A. Hancock & N. Meshkati (Etiiman mental workloall
ed., pp. 139-183). Amsterdam: North Holland.

Osga, G., Van Orden, K., Campbell, N., Kellmeyer, D., & Lulue, D. (20D&3ign and
evaluation of warfighter task support methods in a multi-modal watchsi@Nion1874):
SPAWAR, San Diego.

Schumann, J., Godthelp, H., Farber, B., & Wontorra, H. (1993). Breaking up open-loop steering
control actions the steering wheel as an active control device. In A. G.E&@Jg/fsion
in Vehicles IMpp. 321-332). North-Holland, Amsterdam.

Sklar, A. E., & Sarter, N. B. (1999). Good vibrations: Tactile feedback in support i@tte
allocation and human-automation coordination in event-driven dontdimsan Factors,
41(4), 543-552.

Suzuki, K., & Jansson, H. (2003). An analysis of driver's steering behaviour during auditory or
haptic warnings for the designing of lane departure warning sy3&hi Review, 24
65-70.

Whitney, R. (2007). Air Force stands up first unmanned aircraft systems wingevBetkarch
18, 2008, from
http://www.spacewar.com/reports/Air_Force Stands Up_First_ Unmannedaffi®yst
ems_Wing 999.html

16



APPENDIX: PHASE | REPORT



ASSESSING THE IMPACT
OF
AUDITORY PERIPHERAL DISPLAYS FOR UAV OPERATORS

H.D. Graham
M.L. Cummings

M ASSACHUSETTSINSTITUTE OF TECHNOLOGY *

PREPARED FOR CHARLES RIVER ANALYTICS, INC.

HAL2007-08

NOVEMBER 2007

http://halab.mit.edu e-mail: halab@mit.ed

\ Department of Aeronautics and Astronautics, Cambridge, MA O 9



Table of Contents

INAEPENENT VANADIES .......uviiiiiiie e e e e e e e e e et a s e e e e e e e aeaaaeeeeeennnnes
Dependent VariabIES.........coooiiiiiiiiiiiiiiee et a e e e e
F N o] 01T = L1 PP
o T (ol = g PSP
[ o Tot=To LU ] £ TP PPPPPPPPPPPPPRP
YU T PP PP PP
DISCUSSION. ..ttt bbbttt ettt ettt e e e e e e e e e e e e e e s e s e e aa bbbttt et e ettt ettt e e e e e e e e e e e e e e e e e e nannnabbbbbbbnsneee e
CONCLUSION. .ttt ettt e ettt e e e e ettt s e e e etttk e e e e e et ek e e e e e e e sa e e e e e e e aa e e e e e e e sba s e eeeennbnn e eeeennnnnnnns

ACKNOWLEDGEMENTS .. e 18
REFERENGCES. ...ttt bbbt
APPENDIX A COURSE DEVIATION AND LATE ARRIVAL IMAGES ..., 20
APPENDIX B SCENARIO EVENTS ...ttt 21

APPENDIX C PARTICIPANT CONSENT FORM ..ot 23
APPENDIX D DEMOGRAPHICS SURVEY ..ot 26
APPENDIX E MAUVE-MITUS TUTORIAL .ot 28
APPENDIX F POST-EXPERIMENT SURVEY ..o, 36
APPENDIX G GLM ANALYSIS: SPSS OUTPUT ..ot 38



List of Figures

Figure 1: Multiple Autonomous Unmanned Vehicle Experimental (MAUVE) test bed. ....4........
Figure 2: SENSIMELriCS HDISP. .....ciiii it e e e e e e e e e e e e e e e e e eaaannnn s 5
Figure 3: The Multi-Modal Workstation (MMWS).........coiiiiiiiiiiiieeeiiie e 10
Figure 4: The treatment means plots for the course deviations reaction.times................. 13

Figure 5: The treatment means plots for the two alert condifimnshe course deviations

== o1 0] o T8 1] 0 012 PP PPPPPPPRPPRPRPPR 14
Figure 6: The treatment means plots for the transformed (LN) late agaalon times.......... 15
Figure 7: The box plots of the number of missed radio CallS..........ccoooviiiiiiiiiiiiii e 16

List of Tables

Table 1: UAV Color-Coded Flight PRASES .........uuuuiiiiiiiii e 4
Table 2: EXPerimental DESIGN. .....coooo ittt e e e e e e e e e e e et s 8
Table 3: Summary of experiment statistiCal reSUILS. ..........ceiiiiiiii i 12

Table 4: Post Hoc Audio Alert Experimental DeSIgN............uuiiiiiiieiieieiiceeeeeeiiii e 13



ABSTRACT

A future implementation of unmanned aerial vehicle (UAV) openatics having a single
operator control multiple UAVs. The research presented hesores possible avenues of
enhancing audio cues of UAV interfaces for this futuristic @t multiple UAVs by a single
operator. This project specifically evaluates the value of continaodgliscrete audio cues as
indicators of course deviations or late arrivals to targets AW bhissions. It also looks at the
value of the audio cues in single and multiple UAV scenarios.

To this end, an experiment was carried out on the Multiple Autonomausakhed Vehicle
Experimental (MAUVE) test bed developed in the Humans and Automa#boratory at the
Massachusetts Institute of Technology with 44 military paicip. Specifically, two continuous
audio alerts were mapped to two human supervisory tasks within MAUme of the
continuous audio alerts, an oscillating course deviation alert wapeadato UAV course
deviations which occurred over a continual scale. The other continuousatertiiested was a
modulated late arrival alert which alerted the operator whe\ Was going to be late to a
target. In this case the continuous audio was mapped to a diseeetiein that the UAV was
either on time or late to a target. The audio was continuous int twas continually on and
alerting the participant to the current state of the UAVeithier was playing a tone indicating
the UAV was on time to a target or playing a tone indicating the UAV watolat¢arget. These
continuous alerts were tested against more traditional singteabests which acted as discrete
alerts. The beeps were discrete in that when they were aisetbhitoring course deviations a
single beep was played when the UAV got to specific threshold dffieofcourse or for late
arrivals a single beep was played when the UAV became late.

The results show that the use of the continuous audio alerts enharstegleaoperator’s
performance in monitoring single and multiple semi-autonomous vehielesever, the results
also emphasize the necessity to properly integrate the continuoosvétidihe other auditory
alarms and visual representations in a display, as it is posildescrete audio alerts to be lost
in aural saliency of continuous audio, leaving operators reliant @rvidual aspects of the
display.



INTRODUCTION

In current military conflicts, the unmanned aerial vehicle (UAV) is @intie most highly sought
after air assets (Whitney, 2007). UAVs provide real time in&ion and support to battlefield
operations remotely from either local or global control staticstf@ims. Each of these
operational environments presents fluid atmospheres of noise and activity.

Currently many of the medium and high altitude UAV operations requuiiple operators to
control a single UAV; the desire for the future is to invert the numbers andalsangle operator
controlling multiple UAVs (Culbertson, 2006). To achieve this, research dedde understand
how best to aid and integrate the human operator into a systemiedig®nomous UAVs. Due
to potential information overload of operators in visually saturatiognains such as UAV
supervisory control, reducing the workload by offloading some cogrptiveessing to the other
senses, primarily auditory and haptic, is critical. The pointisfresearch is to explore possible
auditory enhancements that can reduce operator workload and increase opdoatoapee.

B ACKGROUND

Improving UAV operator performance via audio enhancements has beantiaa area of
research, particularly in the areas of spatial audio, whictbéas shown to aid UAV operators
in target recognition, and 3D audio, which has been shown to enhanteradewarning
detection (for a review of the literature, see (Nehme & Cumsniag06)). One area in the audio
domain that has received less attention is the use of continuous augbloerzrdisplays,
particularly in complex, time pressured domains such as UAV operation in comnaandrdrol
settings.

Research in the medical domain indicates that continuous auditoryydigplao known as
sonifications) can aid anesthesiologists in monitoring patient statusai&tSanderson, 2004).
Deviations from normal breathing patterns matched to musicas aditeved doctors to aurally
detect a difference in patient status, while visually focusingtbar tasks. Given that such an
approach has worked in this medical monitoring domain, it is not @keather continuous
auditory displays can be applied to a command and control setting, @ayictdr the
supervisory control of one or more unmanned vehicles by a single operator.

While continuous audio displays can allow operators to effectivelydeliattention so that
disparate information can be taken in through different channels (susbuas and aural), the
environment plays a major role. In the case of the anesthesia, sipédsating rooms are
generally not as noisy as those settings typically found in @rmand control environments.
For example, Shadow UAV operators must work in the back of a trubksigmificant noise due
to nearby generators. In addition, unlike an operating room, UAV operators wear $isadbeit
they can communicate with both inter and intra team members. Al tindé operating room,
which may be connected to an intercom in another room, there isicaghiCommunication
coming into UAV operators from the outside world. UAV operators roastend with an air
traffic control-like environment, constantly scanning the audio landstageossible incoming
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communications, as well as listening to general radio chattesrder to gain situational
awareness for the overall mission.

Given these significant UAV environmental constraints, which areatount to noisy working
conditions, the design of an audio display, particularly a continuoussodijcult. Moreover, a
sonification should map to the task, i.e. perceptual changes shouldtelgcaratch the change
in the data (Barrass & Kramer, 1999). Thus, discrete events shapldamiscrete signals, and
continuous events should map to a continuous auditory display. In addition, in hikjloaglor
environments, whether sonifications can improve performance, or whethataspevill ignore
the auditory displays and rely primarily on the visual, is nearclin order to investigate these
issues, an experiment was conducted which is detailed in the remainder of the paper.

THE MAUVE SIMULATOR

The Massachusetts Institute of Technology’'s Humans and Automation at@tyor(HAL)
developed the Multiple Autonomous Unmanned Vehicle Experimental (MAUNMED) bed,
which is a two screen interface that allows the simulatioangfnumber of unmanned vehicles
conducting strike operations in hostile environments. MAUVE, for tkpeement, allowed the
operator to arm and fire on targets with various prioritiesemmibnitoring each UAV’s flight of
path, event timeline, and radio traffic.

The test bed provided a map for geo-spatial tracking of UAVs ongheset flight paths along
with an interaction control panel for making UAV control inputs (Maigplay, Figure 1).
Control inputs included arming and firing a UAV to destroy targdigecting specific path
changes, and acknowledging radio calls. The path changes includethodmg a UAV to skip
a target to get a UAV back on schedule. The operator could alsothes®/AV’s onboard
navigation to get the vehicle back on course if it drifted.

A timeline for each UAV, a scheduling decision support tool fohda&V, and chat interfaces
were also provided (Timeline Display, Figure 1). This displapdeloperators ensure UAVs
would be on time to targets by monitoring when they would arrivargets, and in what phase
they were currently located. In particular, the timeline useddlw-coding provided in Table 1
to represent phase of flight.



Figure 12: Multiple Autonomous Unmanned Vehicle Exgrimental (MAUVE) test bed.

Table 1: UAV Color-Coded Flight Phases

UAV Action Color
Enroute Gray
Loitering Blue

Arming Payload Yellow

Firing Payload Orange

Return to Base Green

The general task for MAUVE operators for this experiment iwwamonitor one or more UAVs
on a preplanned mission involving several waypoints and targets. Therypriask of the
operator was to ensure weapons were dropped on the correct targets thar specified
windows of opportunity. However, unexpected head winds or crosswinds could dAWs to
slow their speed or drift off course, requiring the operator to ¢akective action for projected
target late arrivals or course deviations. Late arrivalsewae higher priority than course
deviations. In addressing late arrivals, the priority of the tgifggh, medium, or low) also had
to be addressed, such that it was more important to hit a hightyptamget than a medium
priority target, and so on. In addition, operators also had to ensure Wig Wduld return to
base by a specified time.



SONIFICATION DESIGN AND INTEGRATION

Four auditory alerts were created by Charles River Analytioc. for incorporation into
MAUVE, which represent experimental independent variables. Theseatwlitory alerts were
the 1) threshold course deviation alert, 2) the oscillating calegation alert, 3) the threshold
late arrival alert, and 4) the modulated late arrival alert. Thesetalitory alerts were designed
to test the differences between discrete and continuous alarntisef two conditions of late
arrivals and course deviations. The threshold alerts were ddsigrbe discrete alarms; they
emitted a single discrete audio alert when some precondition weasTime oscillating and
modulated alerts were designed to be continuous alarms; they prowdédual audio
information about the state of a particular variable within MAUMEstead of indicating a clear
distinct threshold, the continuous and modulating alerts gradually iecdressthe severity of
either the late arrival or course deviation condition increased.

The threshold course deviation alert consisted of a single beep futidanental frequency of
1000 Hz. The beep lasted ~8 ms and played whenever a UAV movecetaynplvay from its
plotted course line.

The oscillating course deviation alert represented both the mogstnd severity of the UAV
course deviations. It consisted of comb filters that were apmiedmix of pink noise and the
ambient signal. Using pink noise means that filters equalizednigy of sound at each octave
level, resulting in a constant level presentation of the audio.mbheanged from 0.2 pink noise

for low deviation to 0.9 pink noise for high deviation. The comb filterséhbdse delay of 0.2

ms, with a 50 percent each mix of the base signal and a feedrdbdelay. The delay values
were then oscillated to create a periodic signal. Becauswélsigé continuous audio scheme, it
played continually to provide an auditory image of UAV path position. B&¥ drifted further

off course, the frequency of oscillation of the comb filter delayeBsed from 17 Hz to 4.5 Hz,

and the depth of oscillation increased from 0.2 ms to 0.7 ms, thus changing on a continual scale.

The threshold late arrival alert consisted of a single bedp avitindamental frequency of 415
Hz. The beep lasted ~18 ms, and played whenever a UAV was pdbjedie late to any target.
A UAV was determined late to a target when it had exceédedindow of opportunity to
destroy the target and was not going to be able to get oveartget in time to fire on the target
during the set time window it was required to be at the target.

The modulated late arrival alert consisted of discrete harnsagnals continuously playing to
indicate when a projected late arrival at a target. These sqiagsd continually until the
operator addressed the issue with the corrective action of choostedatothe UAV, skip a
target, or the issue disappeared because the UAV automatimaligued past the target when it
was going to be late to the next target. The harmonic sigrexkls gomposed of five Formant
filters that were applied to a mix of pink noise and the ambient signal. Dihengpndition of no
late arrivals, a baseline audio condition was generated withilters set to 261.6 Hz, two filters
set at 329.4 Hz, and one filter set at 392.0 Hz (a major C tithdewtra balance in the root and
third). If it was late to a low priority target, a signalsagenerated with two filters set to 261.6
Hz, two filters set at 311.1 Hz, and one filter set at 392.0 Hzifar C triad with extra balance
in the root and third). If it was late to a medium prioritygtdr a signal was generated with three
filters set to 293.6 Hz and two filters set at 415.3 Hz (a tritotexval with a D root). If the
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UAV was predicted to be late to a high priority target, aaigvas generated with three filters
set to 369.9 Hz and two filters set at 523.25 Hz (a tritone interital am F# root). As the
priority increased, the pink noise mix also increased, from 0.25 fdvabeline, to 0.7, 0.8, and
1.0 for the three priority levels.

All audio alerts were presented equally in both ears througheth&Betrics HDISP. Pictured in
Figure 3, the HDISP is an over-the-head headset with sealed dhmigdr ear cups. It provides
ambient noise attenuation ranging from 35 to 40 db for the spectrumelpeB06 and 8 kHz.

The headset has integrated digital signal processors, which prduu@ghals used in this
experiment based on generative audio filters and processing afient signal, which was
received from microphones mounted on the headband.

Figure 13: Sensimetrics HDiSP.
EXPERIMENTAL PROTOCOL

Experiment Objective
The objective of this experiment was to determine whether satiifits maximize the
information conveyed to UAV operators more efficiently than typiiscrete alarms typically

used in current ground control stations. In addition, the impact of continuosissvaiscrete
alerting on operators attempting to control multiple UAVs was also a resgaestion.

Research Hypothesis

There were three null hypotheses explored in this research:

1. For various combinations of discrete and continuous alerts, therenwas
difference in the operator’s performance.

2. For operators controlling either a single or multiple UAVs,réhevas no
difference in the operator’s performance.

3. There was no interaction between the discrete and continuouscalatéations

and whether the operator was controlling one or more UAVS.



The alternative hypotheses for the first two null hypotheesrefore, were that there is a
difference, and for the third null hypothesis, that there was interaction.

Task

For this experiment, the operator was given the following as timeapyiobjective for each
mission:

Make sure the UAV(s) maximize the number of targets engagyectlhas arrive back at
the base safely.

Further, supervision of each of the UAV(s) for each missionbralsen down into the following
prioritized sub-tasks, from highest priority to lowest:

7. Return to base (RTB) within the time limit for the missiongtmit was clearly
marked).

8. Comply with recovery rules for course deviations.

9. Comply with recovery rules for target late arrivals.

10. Destroy all targets before their time on target (TOT) window ended.

11. Avoid taking damage from enemies by avoiding all threat areas.

12. Acknowledge all “Push” radio calls.

Participants were trained to follow these priorities, and thectbogs and priorities above were
displayed to them throughout the experiment. Within the prioritiesvesy rules of how to

recover the UAV from a course deviation or late arrival wése displayed. See Appendix A
for a description of a course deviation or late arrival. The instnecon how to comply with

recovery rules for course deviations were to click “Reset Nawiga This theoretically reset the
onboard navigation in the UAV and caused it to fly back to the planned flight path.

The instructions on how to comply with recovery rules for target late arrivals were

Low Priority — Click “Skip Target”

Medium Priority — Click “Skip Targetbr Employ the decision support visualization
(DSV).

High Priority — Employ DSV before Requesting Delay or Clicking “Skip €trg

For low priority targets, clicking the “Skip Target” button woulduse the UAV to proceed
immediately to the next target. For medium and high priority targets, ttenopéis given to use
the DSV, which was a tool that illustrated the effect thédydieg the time on target for the one
late target had on the remaining targets for that UAV'dhfliglan. With the assistance of the
information presented in the DSV, participants then decided whéeshould click the “Skip
Target” button or “Request Delay” button. If they clicked “Requ2slay,” they then had to
wait to see if a delay was granted, and if the delay wadegtahe UAV was then no longer late
to the target and would be able to destroy it. For a high fyri@iget the immediate response
was to employ the DSV.



Independent Variables

The experiment was a 4x2 fixed factor repeated measures mwidel,two independent

variables: the audio condition (a between-subjects treatment)hamiiiber of vehicles under
control (a repeated within-subjects factor). The four levels oftlko condition factors were
combinations of the four auditory alerts described earlier. Ti#oaconditions were: 1) the
threshold audio condition for both the late arrivals and course deviatioribge 2ontinuous

oscillating course deviation audio condition with threshold alerts ferldte arrivals, 3) the
continuous modulated late arrival audio condition with a threshold aledofoise deviations,

and 4) the combination audio condition which consisted of the oscillatingecdevsation alert

and the modulated late arrival alert.

The second independent variable, the number of vehicles under control, haddisodegle
UAV and multiple UAV. In the single level, the participant supeadisnly one UAV, while in
the multiple factor level, the participant supervised four UAV$he framework of this
experiment is represented in Table 2.

Table 2: Experimental Design.

Scenario (Repeated)

Single UAV | Multi UAV

Both Threshold -- -

Audio Continuous Course Deviation, Threshold Late Arrival -- --
Scheme
(Between) | Continuous Late Arrival, Threshold Course Deviation - -

Combination -- --

Dependent Variables

Dependent variables included the reaction time to correct couxsatides, the number of

missed course deviations, the reaction time to correct projeatedatrivals, the number of
missed late arrivals, NASA TLX scores, and number of missd#id calls. These are discussed
in detail below.

1. Course deviation reaction time

In each test scenario, participants were expected to respond toidgered course deviations.
A course deviation was defined as when a UAV no longer appeareddbadveng its planned
flight path. A general rule for defining a course deviation whBA¥Y that no longer appeared
over the flight path’s line or a UAV completely left the flight path.



2. Course deviation errors of omission

Anytime the participant failed to respond to one of four triggemdse deviations, an error of
omission was counted.

3. Late arrival reaction time

Four late arrivals occurred in each test scenario. LataBrwere caused when a UAV slowed
down because of unforeseen headwinds and was no longer able to reegpét antdime to
complete the firing mission.

4. Late arrival errors of omission

Errors of omission for late arrivals occurred when the particifzgled to respond to one of the
four triggered late arrivals.

5. Radio calls missed (secondary workload assessment)

As a secondary workload task, the number of missed radio was artiordichthe operator’s
level of mental workload. The count of missed radio calls measy@® snental capacity.
Participants were instructed to monitor a recording of continuaradfic radio chatter for the
word “Push.” The word “Push” occurred 62 times in a 30 minute sessitbhawaverage of 27
seconds between each “Push” radio call. To acknowledge the radipastitipants clicked an
“Acknowledge Push” button on the display.

6. NASA TLX score (subjective workload assessment)

The NASA Task Load Index gathered participants’ subjectivesassnt on a scale of 1 to 20 of
mental demand, physical demand, temporal demand, effort, performawicéustration. A
participant was then asked to rate these six dimensions agaitstother to determine their
importance in the participant’s workload (Hart & Staveland, 1988ceSihere was no physical
demand in this experiment, each participant was told to rate ysecphdemand so that it was
zeroed out of the score. No difference between the single angpllWtAV scenario was
expected because the scenarios were designed with equal worklogpendiik B shows how
the single and multiple UAV scenarios were designed with the saamgs. The only difference
was that the multiple UAV scenario has the events divided 4vE¥AVs while the single
scenario has them all occurring with 1 UAV.

Apparatus

The experiment was administered in a testing room with a baaokd ambient noise level of
~64dB on a C-scale. MAUVE was run on a multi-modal workstation (MBIWPictured in
Figure 2, the MMWS is a four screen computer display.



Figure 14: The Multi-Modal Workstation (MMWS).

The three screens across the top were 21 inches and set to disp280 x 1024 pixel, 16 bit
color resolution, and the 15 inch bottom center screen was set at 1684pxéls, 32 bit color
resolution. The computer used to run the simulator was a Dell Optiplex GX280 with@Pénti
processor and an Appian Jeronimo Pro 4-Port graphics card. Particpatrtdled the simulator
through a generic corded computer mouse. Throughout the experiment, thedt tdizplay
showed the mission objectives and priorities, and the bottom centeaydidpghe color-coding
for MAUVE (Table 1). The top center display contained the leftU¥& map and interaction
display, and the top right display included the right MAUVE timelare decision support
display (Figure 1). During the test sessions, the screerdiegsifor the left and right MAUVE
displays were captured by Camtasia ® recording software.

Participants

Forty-four military personnel were paid $10 an hour to participaldie experiment took
anywhere from 2.5 to 3 hours to complete. Participants’ agesddmoge 20 years to 42 years,
with an average age of 26 years. There were 3 Navy midshjdm&rmy reservist specialist, 1
Air Force staff sergeant, and 39 officers from the Army/NAainforce. Overall, the personnel
tested had a combined experience of over 250 years of active dugryrskervice, with each
member having an average of 5.8 years of active duty serviee. piots contributed as test
participants, and most of the 28 junior officers tested will be future militaoyspil

For the data analysis, 5 participants were dropped because ofnpatiblelata. The first two
were omitted because of the failure of the test proctor toraske proper training. The third
was dropped because of a 3 day interruption between the single amplenAV test sessions.
The fourth participant was not used because his secondary data watiex for both the single
and multiple UAV scenarios. The fifth participant dropped was diveacluty Air Force
lieutenant colonel with 4 years experience as a maintenancerahd an additional 4 years of
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flight line time as a pilot and flight test engineer. He reggbhaving been diagnosed with
tinnitus and loss of high frequency tone in one ear. During the awadiinty, he reported not
being able to hear the differentiation between a low and high caeg@tion with the
oscillating course deviation alert. His hearing test results indicatedégeed hearing loss.

Procedure

Each participant experienced three separate consecutive phasespleting the experiment.
Each had a 60 to 70 minute training session followed by a 70 to 80 mestisession, and then
a 10 minute post-test survey. For the training session, each gaarticiompleted a participant
consent form and demographics survey, received standardized tr&ioinga PowerPoifit
tutorial, a hearing test, audio training for the audio condition Wexe presented, and a thirty
minute practice test session with a trial run through of NASX.T If required, a participant
could do an additional 10 minute practice session to ensure understanidiegpuaiper MAUVE
control actions. Copies of the participant consent form, demographicy,suutegial, and post-
test survey are in Appendices C,D, E, and F respectively.

The hearing test was designed to identify whether the particg#fered any hearing loss
(either temporary or permanent). For the hearing testcypeantits listened to a CD of test tones
from 40dBSPL down to 16dBSPL, with 5 frequencies tested (500 Hz, 1 kHz,, 21Kktz, and
8 kHz). The listener acknowledged how many beeps they heard for each earhainecesncy.
The range tested ensured they could hear to within 3dB of the nmiseoflthe headset in the
normal lab conditions. Based on the method of descending limits, theaeslesigned so that
hearing 5 beeps or more at each frequency showed adequate (®aadgrass, 1975; Wundt,
1902) If fewer beeps were heard at 8 kHz than at 1 kHz, particgxitiited high frequency
loss (Cooper & Owen, 1976; Humes, Joellenbeck, & Durch, 2006). Age relatedn@st loss
showed up most at high frequencies (i.e. 8 kHz congestion and otkes l&isow up at lower
frequencies and across range) (Walden, Prosek, & Worthington, 1975). Thng lieat was
generated by Dr. Thomas Edward von Wiegand of Sensimetrics 1@bgps, in conjunction
with the HDiSP.

The audio training gave each participant exposure to all of the aletits they would hear.

They were presented with their respective late arrival and eaengation alerts, as well as the
radio chatter. After introducing each of these individually, theyewlayed together to give the
full effect. After a demonstration of the audio condition, participargee encouraged to play
with the audio demonstration software until they were comfortalite iecognizing each of the

sounds.

After the training was completed, each participant then conaphbeith the single UAV scenario
and the multiple UAV scenario. The experiment was counterbalaneddpfithe participants
completed the single UAV scenario first, and the other half fidishe multiple UAV scenario
first. Additionally, the participants were randomly assignedthte four audio schemes to
maintain a balanced study. At the conclusion of every testoseddAUVE generated a data
log, with all the previously discussed dependent variables. Addiypnadich participant
completed a NASA TLX following each test session. At the commiusf the test session, each
participant completed a post-test survey, was paid, and thanked for their timea@adment.
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RESULTS

For statistical analysis, repeated measures ANOVAs weralucted for each dependent
variable. A summary of the dependent variables with signifiesults is presented in Table 3.
The audio scheme factor is a between-subjects factor forotirealidio conditions and the
scenario is a repeated within-subjects factor of single vensilis UAV levels. The current data
analysis is based on 39 participants, which meets the 23 particgoamtement of the priori
power analysis for a power of 0.80. Excluding the late arrigactron times and error of
omission counts, all of the remaining variables analyzed met néynaid homogeneity
assumptions. While = 0.05, p values between 0.05 and 0.10 are considered marginally

significant. See Appendix G for further details on the statistical anadygiss t

Table 3: Summary of experiment statistical results.

Audio
Dependent Variable Scheme Scenario Interaction
Course Deviation F(3'35_):2'878 F(l’35_)=3'215 NS
Reaction Times p=.05 p=.08
Late Arrival Reaction F(3,35)=3.345 | F(1,35)=20.737 NS
Times p=.03 p<.001

1. Course deviation reaction time

Figure 9 shows the means for the course deviation reactiors taoess the four audio
conditions (combination, continuous late arrival, continuous course deviation, astatial.
The omnibus test shows there is a statistically significaiférdnce in the performance of
participants based on the audio scheme (F(3,35)=2.878, p=.05), and a masjgrafigant
difference due to the scenario (F(1,35)=3.215, p=.08). A Tukey post hoc campsr®vs that
the primary points of difference are for the combination to threstwadtio conditions for the
single UAV scenario (p=0.02). There is not a significant diffeeebetween any of the other

points.
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Figure 15: The treatment means plots for the coursdeviations reaction times.

In Figure 9, there is an apparent division in the data based oh ainilto alert is present for the
course deviation. As part of the post hoc analysis based on the ws#icy in Figure 4, the
model was reconfigured as a 2x2 fixed factor repeated measod with audio scheme and
scenario as the independent variables, respectively (Table 4).dinstethe four audio
conditions, the factor levels were collapsed into two levels: tkeapesed to the oscillating
course deviation alert and those exposed to the threshold courseodewiatit. The audio
scheme remained still a between-subjects factor while tbeaso remained the same as a
repeated within-subjects factor.

Table 4: Post Hoc Audio Alert Experimental Design

Scenario (Repeated)
Single UAV | Multiple UAV

Oscillating Course
Audio Scheme | Deviation Alert - -

(Between) Threshold Course
Deviation Alert -- --

The combination and continuous course deviation audio conditions use thatiogcitourse
deviation alert condition while the threshold course deviation atamtlition is used in the
continuous late arrival and threshold audio conditions. As seen in Figurthel@nalysis
confirms that the participants with the continuous oscillating atemidition performed
significantly better than those with the threshold course demiatlert condition (F(1,37) =
8.874, p=.01).
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Figure 16: The treatment means plots for the two &t conditions for the course deviations reactionitnes.
2. Course deviation errors of omission

Out of the 156 course deviations presented to the 39 participants, 9 eseal 1t5.8%). The
data is not normal and the non-parametric tests (Wilcoxon-Signeki Reuskal-Wallis) show
no significant differences.

3. Late arrival reaction time

The original late arrival reaction times are not normal, thustaral log transformation was
performed. The omnibus results show a significant difference ipettiermance of participants
between the four audio conditions (F(3,35)=3.345, p=.03) and a significant nitéedee to the
scenario (F(1,35)=20.737, p<.001).

As seen in Figure 10, there is an apparent split in the data. tA@o3ukey comparison reveals
there is significant and marginally significant differencewsein the data for the continuous
course deviation audio condition and the other three audio conditions: threstimdc@ndition
(p=.05), continuous late arrival audio condition (p=.08), and combination audio condition
(p=.07). Point-to-point comparisons reveal the difference in the audimedkenot significant

for any of the single UAV comparisons, but for the multiple UAlio comparisons, there is a
significant difference between the combination and continuous courside\audio conditions
(p=.02), the continuous course deviation and continuous late arrival aumtigiens (p=.06),

and the continuous course deviation and threshold audio conditions (p=.07). loraddére is

a significant difference in performance from the single tonthwtiple UAV scenarios for the
combination audio condition (p=.04) and the continuous course deviation audio condition
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(p=.03). These post hoc comparisons confirm the apparent differentes thié treatment
means plot in Figure 10.
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Scenario

Figure 17: The treatment means plots for the transfrmed (LN) late arrival reaction times.

In fact, when the combination, continuous late arrival, and threshold audicticosdare
combined as one condition and compared to the continuous course deviatiocoaddion the
results show a significant difference based on audio conditidn3(H(= 10.528, p<.001) and
scenario (F(1,37) = 23.730, p<.001).

4. Late arrival errors of omission

All 39 participants responded to all of the 4 late arrivals predetat each of them, thus there
were no late arrival errors of omission.

5. Radio calls missed (secondary workload assessment)

For the number of missed radio calls, there is no significantreiifte between the audio
conditions or across the scenarios. According to this secondary adrkleasurement, the
participants appear to be equally work saturated regardless oa$iseined audio condition, or
whether they supervised a single or multiple UAVs. The box ptotSigure 11 show larger
variations of performance in the multi UAV scenario as compareldetsingle scenario for all
audio conditions except the threshold audio condition.
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6. NASA TLX score (subjective workload assessment)

Similar to the secondary workload measurement, the subjective measurof the NASA TLX
scores are not significantly different for the audio conditionc@nario. Because these are
subjective scores, this tool is best for comparing within-subpgatsss the scenarios, so this
result is not surprising.

DisSCUSSION

The results of this experiment show that sonifications for twemifit events, the combination
audio scheme, promoted the best performance for the two reactiendapendent variables.
This combination scheme consisted of oscillating course deviatlerts and modulated late
arrival alerts, and as will be discussed below, their integravas just as critical as their
existence for the individual alerts.

The post hoc analysis shows that the oscillating course deviagidnsabeneficial in controlling

both a single and multiple UAVs. Overall, participants were auidk respond to course
deviations with the oscillating course deviation alert than withthreshold course deviation
alert. This was true when a continuous alert was used eithefojusihe course deviation
scenario as well as when combined with the late arrival continaleus One reason for the
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longer course deviation reaction times for the threshold akeytbe that participants who have
visually identified the course deviation may wait for the threshl@d as confirmation. With the
oscillating course deviation, the auditory confirmation comes soonéhegs integrate the
continuous audio with the visual display. One participant reported doisig On the whole,
most participants reported relying on the audio as their printary a hey did not even visually
monitor for a course deviation until they were alerted by theoaudihe better performers,
therefore, were the participants with the oscillating course tiavialert because they were
forced to integrate the audio feedback continually and, as a resudt,weee actively visually
monitoring UAV progression on or off course.

The results for the late arrival reaction do not show the sands. Whether participants had a
continuous modulated alert for late arrival events across both tgke sind multiple UAV
conditions did not make a difference in late arrival reactioeginHowever, those participants
with the continuous course deviation audio condition and the threshold alddtd arrivals
performed significantly worse terms of late arrival reaction tima&cross both single or multiple
UAVs scenarios. This is notable because when presented with tlkdredbds for both the
course deviation and late arrival events, participants respondedjmokéy to late arrival alerts
than when the continuous course deviation alert was used.

This conflicting result could be indicative of an aural saligoroplem. It appears the oscillating
course deviation audio alert may saturate the audio channel to atlpatirthe late arrival’s
threshold beep alerts are not heard, resulting in longer latelagaaion times. Interestingly,
the combination audio condition with continuous alerts for both the latealaend course
deviation conditions produced statistically better reaction times Wiaen just the course
deviation continuous alert was used. The integration scheme of the twauoastalerts could
explain this result. The continuous modulated late arrival alert mgedito sound until the
participant addresses it; the participant cannot easily missaliert, even in the presence of the
oscillating course deviation alert. In contrast, the late artivalshold alert sounds once and is
easily missed in the presence of the continuous course deviatibrirais was noted by many
participants in the post experiment survey, where 16 participants askéerfomath “more than
just a simple beep” but instead wished for a more repetitive alert thakasit so they will have

to address it.

In terms of error rates in responding to both course deviation anariat@ events, only a very
small percentage of course deviation alerts were missed, larad the late arrivals were
responded to by the participants. Both events were also represesualiywivhich demonstrates
the value of coding on multiple channels. One difference in the vitralrepresentation that
could cause this slight difference in error rates is thatatieedrrival visual alert is easily seen by
the physical displacement and color change of the target icon. In stontieether a UAV is
truly off course and not correcting is a judgment call until th/Us clearly off the path.
Appendix A contains images of the late arrival and course dewiaéipresentations. In the
simulation, if a participant did not recognize and correct arcaidfse error in 30 seconds, the
UAV automatically resumed its correct course.

In addition to the audio condition independent variable, the impact of worklaacxamined.
Objectively, the secondary task results show that workload appebesthe same between the
four audio conditions and the two scenarios. This workload equality isswopase, because as
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discussed earlier and as shown in Appendix B, the two scenarios designed to have
comparable workloads, with the multi UAV scenario dividing the monitotasks over four
vehicles instead of just one. The subjective ratings, the NASA daba, confirm that the
participants felt the two scenarios were comparable in workload.

However, while participants observed that audio alerts were ‘tvelpful” when focusing on

other tasks, it was “harder to comprehend with four UAVs than oné& résults generally
support these comments. Across both the course deviation and laté r@aistgon times,

participants reacted more quickly to the single UAV scenario tteamultiple UAV case. This

result is not surprising since this trend is seen throughoutafiictcontroller studies, and is a
known effect of increased cognitive complexity (Cummings & Tsd@085). As the number of
aircraft that require supervisory control increases (akin to théoauonf UAVs under control),

reaction to the various tasks degrades because the user'soatisendivided across multiple
entities.

Comments from the participants were generally positive about hauii¢pry cues complement
the visual display. They reported that the audio “helped draw regptath to the matter so |
could make a decision.” However, not all subjective comments wesdtive. Many
participants, including actual Air Force pilots, reported that tbdeynot want to listen to
continuous “noise for hours at a time day after day.” A few @pants commented that the
perceived noise made them feel “overwhelmed” and was “fatiguing. few suggested
“dampening or eliminating” the “constant background noise when” the $Jéperate within
normal parameters. It is important to note that these scemare@s30 minute test scenarios, and
actual UAV operations occur over much longer periods. Integratingatidéo alert into
operations must be balanced against what operators will subjgdiblerate. It is possible that
continuous audio should only be used over limited time spans, during highams high
workload periods of the mission. These are areas of possible future research.

CONCLUSION

This research demonstrates that sonifications can help singiagesupervise multiple semi-
autonomous vehicles. However, auditory cues must be integrated inienfd#sat the operators
will be able to tolerate subjectively, and these signals rigst be integrated with other audio
cues to ensure balanced aural saliency. This research alsedstitat while workload is an
important factor in overall performance, the sonifications werellgogifective for participants
controlling one or four UAVS.
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APPENDIX A COURSEDEVIATION AND LATE ARRIVAL IMAGES

COURSE DEVIATION

The green line in the image below indicates the plotted and ddékgledpath. Anytime the UAV has

completely departed from the green course line it is considefeavodeviated. During the simulation,
the UAV constantly fluctuates back and forth on the flight path, butcymamts are trained to respond
when the UAV actually is no longer touching the course line. Bal@vmages illustrating UAV 3 on

course, almost off course, and off course.

On Course Almost Off Course Off Case

LATE ARRIVAL

The image below shows the visual representation for a latealarriy black rectangle on the timeline
shows when the UAV is going to arrive at the labeled target,changes from black to red when the
UAV is late. This can also be seen when the black rectangle smoast the orange window of
opportunity. On the timeline below, the red rectangle labeled “Tiditates that the UAV is going to
be late to target T-1L. In contrast, the black rectangle ldb@M” indicates that the UAV is going to
be on time to target T-2M.
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APPENDIX B SCENARIO EVENTS
These slides show the major events in the single UAV and multiple UAV 30 minusedesirios.
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The table below shows side by side images of the timeline display and map dspleydingle UAV
and multi UAV scenarios. The displays show that in both scenarios the operator hasetineirsdoer of
tasks to complete. The only difference between the two scenarios is thatrfarltihecenario the tasks
are divided over four UAVs instead of just one UAV.

Single UAV Scenario Multi UAV Scenario
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APPENDIX C PARTICIPANT CONSENTFORM
CONSENT TO PARTICIPATE IN
NON-BIOMEDICAL RESEARCH

Developing Decision Support for Supervisory Control of Multiple Unmanned Vehicles

You are asked to participate in a research study conducted ®sgoyoMary Cummings Ph.D, from the
Aeronautics and Astronautics Department at the Massachusdttaténsf Technology (M.I.T.) You
were selected as a possible participant in this study bedagissxpected population this research will
influence is expected to contain men and women between the ages of 3@ \aitld an interest in using
computers. You should read the information below, and ask questions about ganygbirdo not
understand, before deciding whether or not to participate.

PARTICIPATION AND WITHDRAWAL

Your participation in this study is completely voluntary and youfi@e to choose whether to be in it or
not. If you choose to be in this study, you may subsequently withdrawifrat any time without penalty
or consequences of any kind. The investigator may withdraw you fimresearch if circumstances
arise which warrant doing so.

PURPOSE OF THE STUDY

The study is designed to evaluate how decision support toolsammeendations, both audio and visual,
assist an operator supervising multiple simultaneous dynankis, t@sd how decision support assistance
and effectiveness changes as workload increases. In meath@ieffectiveness of decision support, an
operator’s performance and situation awareness are used a&sm@ituation awareness is generally
defined as the perception of the elements in the environment, the bemgitn of the current situation,
and the projection of future status of the related system.

PROCEDURES
If you volunteer to participate in this study, we would ask you to do the followingsthing

Attend a training and practice session to learn a video gamedfkegare program that will have
you supervising and interacting with multiple unmanned aerial veh{elgsmated time 0.75
hours).

Practice on the program will be performed until an adequatd td performance is achieved,
which will be determined by your demonstrating basic proficieincynonitoring the vehicles,
redirecting them as necessary, executing commands such asafmh@rming of payload at
appropriate times, using decision support visualizations and/or recommoesdé&bi mitigate

timeline problems, and responding to radio calls by clicking an adkdge button on the
software interface (estimated time 0.75 hours).

Execute two thirty minute trials consisting of the same tasks as above (1 hour)

Attend a debriefing to determine your subjective responses and opinitre cfoftware (10

minutes).

Testing will take place in MIT building 37, room 301.
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Total time: 2-3 hours, depending on skill level.
POTENTIAL RISKS AND DISCOMFORTS
There are no anticipated physical or psychological risks in this study.
POTENTIAL BENEFITS

While there is no immediate foreseeable benefit to you asti@ipant in this study, your efforts will
provide critical insight into the human cognitive capabilities amdatditions for people who are expected
to supervise multiple complex tasks at once, and how decision supportcéoolsupport their task
management.

PAYMENT FOR PARTICIPATION

You will be paid $10/hr to participate in this study which will be pgidn completion of your debrief.
Should you elect to withdraw in the middle of the study, you willdregensated for the hours you spent
in the study.

CONFIDENTIALITY

Any information that is obtained in connection with this study anddhatbe identified with you will
remain confidential and will be disclosed only with your permissioasorequired by law. You will be
assigned a subject number which will be used on all related documents to includeedatalramaries of
results, etc. Only one master list of subject names and numbleexist that will remain only in the
custody of Professor Cummings.

IDENTIFICATION OF INVESTIGATORS

If you have any questions or concerns about the research, pledsieeée to contact the Principal
Investigator, Mary L. Cummings, at (617) 252-1512, e-nraiksyc@mit.eduand her address is 77
Massachusetts Avenue, Room 33-305, Cambridge, MA 02139. The student itmestiga Hudson D.
Graham (719-238-1713, email:hgraham@mit.edy and Amy Brzezinski (617-276-6708,
amybrz@MIT.EDU).

EMERGENCY CARE AND COMPENSATION FOR INJURY

“In the unlikely event of physical injury resulting from part@ifn in this research you may receive
medical treatment from the M.L.T. Medical Department, includengergency treatment and follow-up
care as needed. Your insurance carrier may be billed focdsieof such treatment. M.L.T. does not
provide any other form of compensation for injury. Moreover, iheeitproviding or making such
medical care available it does not imply the injury is thit faf the investigator. Further information may
be obtained by calling the MIT Insurance and Legal Affairs Office at 126B72822.”
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RIGHTS OF RESEARCH SUBJECTS

You are not waiving any legal claims, rights or remedies beaafugeur participation in this research
study. If you feel you have been treated unfairly, or you have questegarding your rights as a
research subject, you may contact the Chairman of the Committae bise of Humans as Experimental
Subjects, M.L.T., Room E25-143b, 77 Massachusetts Ave, Cambridge, MA 02139, phon@53617
6787.

| SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE |

| understand the procedures described above. My questions have beeedbswer satisfaction, and |
agree to participate in this study. | have been given a copy of this form.

Name of Subject

Signature of Subject Date

| SIGNATURE OF INVESTIGATOR |

In my judgment the subject is voluntarily and knowingly giving informedsent and possesses the legal
capacity to give informed consent to participate in this research study.

Signature of Investigator Date
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. Age:

APPENDIX D DEMOGRAPHICS SURVEY
MAUVE-MITUS Demographic Survey

Gender: Male Female

Occupation:

If student:
a. Class Standing: Undergraduate Graduate
b. Major:

If currently or formerly part of any country’s armed forces:
Country/State:
Status: Active Duty Reserve Retired
Service: Army Navy Air Force Other
Rank:
Years of Service:
Did you ever serve in high noise environmentss  No
If yes please explain what the duties were, how long the shifts wereh@amdnany times you
served these shifts?

~ooooTw

Do you have experience with remotely piloted vehicles (land, sea, &ir)
Yes
No

If yes:
a. Vehicle type(s)/class(es):

b. Number of hours:

Do you have experience with radios such as those used for comnuation in flying?
Yes
No

If yes:
Please explain:

Have you been to a music concert in the last Month?
Yes
No

If yes:
a. Concert type:

b. When:

Do you have any hearing loss?
Yes
No
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If yes:
Please explain:

How often do you play video games?
Never
Less than 1 hour per week
Between 1 and 4 hours per week
Between 1 and 2 hours per day
More than 2 hours per day

Are you color blind?

Yes
No

If yes:

Which type of color blindness (if known)
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APPENDIX F POST-EXPERIMENT SURVEY
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APPENDIX G GLM ANALYSIS: SPSOUTPUT

Course Deviation Reaction Time (for 4 audio condians)

Tests of Normality

Kolmogorov-Smirnov(a) Shapiro-Wilk

Audio_Scheme Statistic Df Sig. Statistic Df Sig.

D_Sing Combination 175 10 .200(*) .949 10 .653
Continuous Late 192 10 200(%) 912 10 296
Arrival
Continuous
Course .180 10 .200(*) .893 10 .181
Deviation
Threshold 113 9 .200(*) 978 9 .952

D_Multi Combination .193 10 .200(%) .927 10 415
Continuous Late 192 10 200(%) 918 10 339
Arrival
Continuous
Course .267 10 .042 .843 10 .048
Deviation
Threshold .165 9 .200(*) .964 9 .836

* This is a lower bound of the true significance.
a Lilliefors Significance Correction
Levene's Test of Equality of Error Variances(a)
F dfl df2 Sig.
D_Sing 721 3 35 546
D_Multi 310 3 35 818

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Audio_Scheme Within Subjects Design: scenario

Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Type Il Sum
Source scenario of Squares df Mean Square F Sig.
scenario Linear 14.029 1 14.029 3.215 .082
scenario * Linear
Audio_Schem 10.780 3 3.593 .824 .490
e
E)I’I’OI’(SCGI’]B.I’I Linear 152 711 35 4.363
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Measure: MEAS

Tests of Between-Subjects Effects

URE_1

Transformed Variable: Average

Type Il Sum
Source of Squares df Mean Square F Sig.
Intercept 8998.235 1 8998.235 1089.907 .000
Audio_Scheme 71.289 3 23.763 2.878 .050
Error 288.959 35 8.256
Tukey Comparison
Multiple Comparisons
Measure: MEASURE_1
Tukey HSD
Mean 95% Confidence Interval
Difference
(I) Audio_Scheme (J) Audio_Scheme (1-9) Std. Error Sig. Lower Bound | Upper Bound
Combination Continuous Late Arrival -1.6292 .90862 .294 -4.0796 .8213
Continuous Course 3667 .90862 977 -2.0838 2.8171
Deviation
Threshold
-1.7949 .93352 237 -4.3125 7227
Continuous Late Arrival Combination 1.6292 190862 294 -.8213 4.0796
Continuous Course 1.9958 190862 144 4546 4.4463
Deviation
Threshold -.1657 .93352 .998 -2.6834 2.3519
Continuous Course Combination
Deviation -.3667 .90862 977 -2.8171 2.0838
Continuous Late Arrival -1.9958 .90862 144 -4.4463 4546
Threshold -2.1616 .93352 114 -4.6792 .3560
Threshold Combination 1.7949 .93352 237 -7227 4.3125
Continuous Late Arrival .1657 .93352 .998 -2.3519 2.6834
Continuous Course
Deviation 2.1616 .93352 114 -.3560 4.6792
Based on observed means.
D Min Max q* P
D1 | Comb-Mod -2.02 -4.48 0.45 -3.55
D2 | Comb-Osc -0.46 -2.92 2.00 -0.81
Sing D3 | Comb-Thresh -2.73 -5.20 -0.27 -4.81 0.02
D4 | Mod-Osc 1.56 -0.90 4.02 2.74
D5 | Mod-Thresh -0.72 -3.18 1.75 -1.26
D6 | Osc-Thresh -2.28 -4.74 0.19 -4.00
D7 | Comb-Mod -1.24 -3.70 1.22 -2.18
D8 | Comb-Osc 1.19 -1.27 3.65 2.09
Multi D9 | Comb-Thresh -0.86 -3.32 1.61 -1.50
D10 | Mod-Osc 2.43 -0.03 4.90 4.28
D11 | Mod-Thresh 0.39 -2.08 2.85 0.68
D12 | Osc-Thresh -2.05 -4.51 0.42 -3.60
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Course Deviation Reaction Time (for 2 audio alerts)

Tests of Normality

Audio_Scheme Kolmogorov-Smirnov(a) Shapiro-Wilk

_Osc Statistic Df Sig. Statistic df Sig.
D_Sing Oscillating Alert .145 20 .200(*) .933 20 179

Beep Alert .130 19 .200(*) 971 19 799
D_Multi Oscillating Alert 180 20 .089 940 20 237

Beep Alert .107 19 .200(*) 967 19 718

* This is a lower bound of the true significance.
a Lilliefors Significance Correction

Levene's Test of Equality of Error Variances(a)

F dfl df2 Sig.
D_Sing .328 1 37 .570
D_Multi 167 1 37 .685

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Audio_Scheme_Osc Within Subjects Design: scenario

Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Type lll Sum
Source scenario of Squares Df Mean Square F Sig.
Scenario Linear 14.534 1 14.534 3.311 .077
scenario * Linear
Audio_Scheme 1.089 1 1.089 .248 .621
_Osc
Error(scenario) Linear 162.403 37 4.389

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average

Type Il Sum
Source of Squares Df Mean Square F Sig.
Intercept 9007.397 1 9007.397 | 1146.991 .000
Audio_Scheme_Osc 69.684 1 69.684 8.874 .005
Error 290.564 37 7.853
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Transformed (Natural Log) Late Arrival Reaction Tim e

Tests of Normality

Kolmogorov-Smirnov(a) Shapiro-Wilk

Audio_Scheme Statistic Df Sig. Statistic df Sig.
LN_L_Sing Combination 162 10 .200(*) .958 10 768

Continuous Late 205 10 200(%) 943 10 583

Arrival

Continuous

Course Deviation 246 10 .088 .839 10 .043

Threshold .180 9 .200(*) 915 9 .349
LN_L_Muli Combination 156 10 .200(*) .962 10 812

Continuous Late 215 10 200(%) 903 10 234

Arrival

Continuous

Course Deviation 242 10 .098 915 10 319

Threshold 170 9 .200(*) 977 9 944

* This is a lower bound of the true significance.
a Lilliefors Significance Correction

Levene's Test of Equality of Error Variances(a)

F df1 Df2 Sig.
LN_L_Sing .651 3 35 .587
LN_L_Multi 1.583 3 35 211

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Audio_Scheme Within Subjects Design: scenario

Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Type Il Sum
Source scenario of Squares Df Mean Square F Sig.
Scenario Linear 6.513 1 6.513 20.737 .000
scenario * Linear
Audio_Schem 1.619 3 .540 1.719 181
e
E)I’I’OI’(SCGI’]B.I’I Linear 10.992 35 314

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average

Type Il Sum
Source of Squares df Mean Square F Sig.
Intercept 244 .837 1 244 .837 305.851 .000
Audio_Scheme 8.028 3 2.676 3.343 .030
Error 28.018 35 .801
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Tukey Comparison

Measure: MEASURE_1
Tukey HSD

Multiple Comparisons

95% Confidence Interval

42

Mean
Difference
(I) Audio_Scheme (J) Audio_Scheme (1-9) Std. Error Sig. Lower Bound | Upper Bound
Combination Continuous Late Arrival .0092 .28293 1.000 -.7539 7722
Continuous Course -.7099 28293 076 -1.4729 .0532
Deviation
Threshold
.0633 .29069 .996 -.7206 .8473
Continuous Late Arrival Combination -.0092 28293 1.000 -7722 7539
Continuous Course -7191 28293 071 -1.4821 0440
Deviation
Threshold .0542 .29069 .998 -.7298 .8381
Continuous Course Combination
Deviation .7099 .28293 .076 -.0532 1.4729
Continuous Late Arrival 7191 .28293 071 -.0440 1.4821
Threshold 7732 .29069 .054 -.0107 1.5572
Threshold Combination -.0633 .29069 .996 -.8473 .7206
Continuous Late Arrival -.0542 .29069 .998 -.8381 .7298
Continuous Course
Based on observed means.
D Min Max q* P
D1 | Comb-Mod -0.22 -0.95 0.52 -1.28
D2 | Comb-Osc -0.60 -1.34 0.13 -3.57
Sing D3 | Comb-Thresh -0.16 -0.89 0.57 -0.95
D4 | Mod-Osc -0.39 -1.12 0.34 -2.29
D5 | Mod-Thresh 0.06 -0.68 0.79 0.33
D6 | Osc-Thresh 0.44 -0.29 1.18 2.62
D7 | Comb-Mod 0.24 -0.50 0.97 1.39
D8 | Comb-Osc -0.82 -1.55 -0.08 -4.82 0.02
Multi D9 | Comb-Thresh 0.29 -0.44 1.02 1.70
D10 | Mod-Osc -1.05 -1.78 -0.32 -6.21 0.06
D11 | Mod-Thresh 0.05 -0.68 0.78 0.31
D12 | Osc-Thresh 1.10 0.37 1.84 6.53 0.07
Sing-Multi Min Max Q* P
Comb -0.75088 -1.48 -0.02 -4.44 0.04
Mod -0.29899 -1.03 0.43 -1.77
Osc -0.96236 -1.69 -0.23 -5.69 0.03
Thresh -0.30183 -1.03 0.43 -1.79




Transformed (Natural Log) Late Arrival Reaction Tim e (with
Combination/Continuous Late Arrival/Threshold Combined against Continuous
Course Deviation)

Tests of Normality

Kolmogorov-Smirnov(a) Shapiro-Wilk
Late_Comparison Statistic Df Sig. Statistic df Sig.
LN_L_Sing Continuous Course
Deviation .246 10 .088 .839 10 .043
Comb_ContLate_T 090 29 200(%) 959 29 316
hresh
LN_L_Multi Continuous Course
Deviation .242 10 .098 .915 10 .319
Comb_Contlate_T 149 29 101 961 29 341
hresh
* This is a lower bound of the true significance.
a Lilliefors Significance Correction
Levene's Test of Equality of Error Variances(a)
F dfl Df2 Sig.
LN_L_Sing 1.055 1 37 311
LN_L_Multi 3.216 1 37 .081
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Late_Comparison Within Subjects Design: scenario
Tests of Within-Subjects Contrasts
Measure: MEASURE 1
Type Il Sum
Source scenario of Squares Df Mean Square F Sig.
scenario Linear 7.476 1 7.476 23.730 .000
scenario * Linear
Late_Compari .954 1 .954 3.029 .090
son
)Error(scenarlo Linear 11.657 37 315
Tests of Between-Subjects Effects
Measure: MEASURE_1
Transformed Variable: Average
Type Il Sum
Source of Squares Df Mean Square F Sig.
Intercept 228.000 228.000 300.624 .000
Late_Comparison 7.984 7.984 10.528 .002
Error 28.062 37 .758
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NASA TLX Scores

Tests of Normality

Audio_Schem Kolmogorov-Smirnov(a) Shapiro-Wilk
e Statistic Df Sig. Statistic Df Sig.
TLX_Sing Combination .136 10 .200(*) .969 10 .882
Modulated 175 10 .200(*) 952 10 .688
Oscillating .209 10 .200(*) .886 10 153
Threshold 231 9 181 .939 9 574
TLX_Multi Combination 256 10 .063 .846 10 .051
Modulated 146 10 .200(*) .963 10 818
Oscillating 151 10 .200(*) 922 10 .376
Threshold 129 9 .200(*) .957 9 769

* This is a lower bound of the true significance.
a Lilliefors Significance Correction

Levene's Test of Equality of Error Variances(a)

F df1 df2 Sig.
TLX_Sing 2.424 3 35 .082
TLX_Multi 1.038 3 35 .388

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Audio_Scheme Within Subjects Design: scenario

Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Type Il Sum
Source Scenario of Squares Df Mean Square F Sig.
scenario Linear 3.364 1 3.364 .058 811
scenario * Linear
Audio_Schem 215.197 3 71.732 1.234 312
e
E)r ror(scenari  Linear 2035.166 35 58.148

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average

Type Il Sum
Source of Squares df Mean Square F Sig.
Intercept 96127.322 1 96127.322 188.194 .000
Audio_Scheme 1244.548 3 414.849 812 496
Error 17877.551 35 510.787
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Tests of Normality
Kolmogorov-Smirnov(a) Shapiro-Wilk
Audio_Scheme Statistic Df Sig. Statistic df Sig.
Missed_Sing Combination 234 10 127 .893 10 184
Continuous Late 165 10 200(%) 919 10 351
Arrival
Continuous Course
Deviation .245 10 .089 .865 10 .087
Threshold 221 9 .200(%) 910 9 315
Missed_Multi Combination 214 10 .200(%) .814 10 .022
Continuous Late 249 10 079 894 10 190
Arrival
Continuous Course
Deviation A77 10 .200(*) .909 10 273
Threshold 217 9 .200(*) 914 9 .349
* This is a lower bound of the true significance.
a Lilliefors Significance Correction
Levene's Test of Equality of Error Variances(a)
F dfl df2 Sig.
Missed_Sing 2.150 3 35 111
Missed_Multi 1.684 3 35 .188

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
a Design: Intercept+Audio_Scheme Within Subjects Design: scenario
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Type Il Sum
Source scenario of Squares df Mean Square F Sig.
scenario Linear 34.307 1 34.307 1.411 243
scenario * Linear
Audio_Schem 65.774 3 21.925 .902 .450
e
E)rror(scenan Linear 850.944 35 24313

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average

Type Il Sum
Source of Squares df Mean Square F Sig.
Intercept 7966.465 1 7966.465 92.043 .000
Audio_Scheme 210.033 3 70.011 .809 498
Error 3029.300 35 86.551
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