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While much is known about differences in decisicaking outcomes related to pilot expertise, less is
known about the processes that underlie theseeliftes. We explored expertise differences in aectis
making processes by simultaneously measuring eapeérnovice pilots’ attention, using eye-trackiagd
their decision outcomes in a realistic context. &\ investigated how expertise differences iatgil
attentional strategies were influenced by cue ptagseof diagnosticity and correlation. Fourteapest
and 14 novice pilots flew brief simulated flightslalf the flights contained failures that requiidgnosis
and an action (i.e., a decision). The environmentas that signaled these failures varied in ddatjoity
and/or correlation. We found that experts mad&ebeiecisions than novices in terms of speed and
accuracy. Both groups made faster correct dedsidren cues were higher in diagnosticity. Onlyesigp
made faster correct decisions when cues were atetel Experts attended more to cues relevangto th
failure when a failure was present. Findings segtet expertise differences in decision outcopsety
reflect attentional strategies relevant to probtgagnosis.

INTRODUCTION

The benefits of experience for pilot decision mghirave
been repeatedly demonstrated, but a firm underisigad the
psychological processes underlying these bensftli
unavailable. The current study investigates eigeert
differences in attentional patterns (using eyekiray) while
also measuring decision outcomes of expert anccequilots
flying simulated flight scenarios requiring faulagnosis and
corresponding action (i.e., decision making).

Expertise-related differences may occur at “cuisgg,
“diagnosis” or “action choice” stages of decisioakimg
(Wickens & Hollands, 2000). For example, at the saeking
stage, experts may be better able to direct attendi
appropriate cues for decision making. Bellenkeikkéhs and
Kramer (1997) found that expert pilots are ablditect their
attention in a manner conducive to selecting flighéevant
information. At the diagnostic phase, Stokes, Kerngnd
Marsh (1992) found that experts made more accurate
diagnoses of flight-related problems than novidds@cause
they relied on more elaborate aviation-related Kedge
stored in long-term memory (LTM). These studie® algggest
that expertise advantages exhibited in attentiahksowledge
may interact in that experts’ attention is diredbgdnental
models based on domain knowledge.

Given that expert-related differences on pilot dieci
making tasks partly reflect differences in attemttsnd domain
knowledge, predictions about how the cue propedies
diagnosticity and correlation impact expertiseatifinces in
decision making follow. Before presenting thesedjigtions,
we briefly review the supporting literature.

Diagnosticity of Cues
Cue diagnosticity is defined as the degree to whipiece

of information specifies a particular state. Frarmaple, a
reading near empty on a gas gauge in an automeduilde

said to be high in diagnosticity because it indisahe state of
the automobile being low on gas and almost nedicates
any other state (with the rare exception of a nmaffioning
gauge). In this sense, information that is higdiagnosticity
can also be thought of as relevant to correctlgmaing the
state of the situation. Diagnostic information wddbe
selected in the cue seeking phase and integratbe in
diagnosis phase of decision making (Wickens & Huallg
2000).

More experienced pilots may be better able to seled
attend to diagnostic information than less expegempilots.
Stokes, et al. (1992) found that, compared to mopitots,
experts identified a higher number of diagnostiessdewer
irrelevant cues, and had a higher ratio of diagodsttotal
cues identified. The percentage of diagnostic aestified
was the best predictor of decision optimality, otiee
certificate held by pilot was removed from the e=gion
analysis. This result supports a hypothesizedadding that
paying attention to diagnostic cues leads to metaral
decision making performance. Wiggins and O’Ha@0@
also found that expert pilots, defined as thosetpilvith more
hours of cross-country flight experience, used naiagnostic
cues when making weather-related decisions. Mogoal.
(2008) found that expert pilots spent more timenthavices
reading cues that were independently determinde to
diagnostic for solving problems in unfolding deptions of
those problems. Such findings are consistent Slithnteau’s
(1992) proposal that experts are more discrimigattian
novices when it comes to diagnostic informationaaese
learning cue diagnosticity is context-specific @at only
develop with experience.

Correlated Cues
Correlated cues are “the co-occurrence of features

perception” (Wickens & Hollands, 2000). Correlatagks
form a recognizable pattern such that the decisiaker need
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not consider each piece of information separatetise
working memory resources to integrate that inforomat For
example, if a physician knows that two symptoms AAY'G
co-occur, then upon finding one symptom, she ne¢dook
for the other. In some cases, all of the cues madigignal the
state independently, but their co-occurrence sigtied state.
Experts should better recognize these patternsibechased
on experience, they have more stored informati@utbo-
occurrence in LTM against which to compare curocerg
patterns (Wickens & Hollands, 2000). These ideasfthe
basis of Klein’s (1993) recognition-primed decisimaking,
which accounts for experts outperforming novicedyinamic
situation assessment because experts rapidly certipar
characteristics of the present situation to schestmgd in
LTM.

Some evidence suggests that experienced pilots take
advantage of cue correlation to diagnose problamisgl
flight. Stokes, et al. (1992) found that expenperformed
novices on a memory-intensive flight decision mghiask, but
not on domain-general measures of short term wgrkin
memory or on a test of declarative aviation knogked
suggesting that experts could quickly match current
information with stored patterns (e.g., a schemeooffelated
cues), which in turn allowed them to choose an ayppate
action. Novices had to consider each cue indiiguasing
the capacity-limited resources of working memo#fs such,
they were also more prone to error. However, fewdies
have investigated whether experts benefit more tioaice
pilots do from cue diagnosticity and correlationemh
detecting and responding to problems during flighthe
attentional processes underlying these differences.

Predictions

Expert and novice pilots flew simulated flights|ftud
which contained a failure that required diagnosid a
decision about how to respond. The diagnosticity an
correlation of the cues to these problems were puodatied.
Pilots’ attention allocation was measured (by egeking) as
well as actions taken to diagnose and respondetéattures.
Our predictions concern overall expertise-relatéfémnces
in decision appropriateness and latency and agedcia
attentional strategies, as well as how these diffegs are
moderated by cue properties. We investigatedaheing
cue conditions: 1) Aingle, highly diagnostic cueS), 2)
Multiple cues that are eattigh in diagnosticity and
correlated to form a diagnostic pattertiC), 3) Multiple cues
that are eactow in diagnosticity andorrelated to form a
diagnostic patterrL(C), and 4) Multiple cues witmixed
diagnosticity (e.g., some high and some low in daggicity),
that areuncorrelated with one anotherM U). We made the
following predictions:

* General expertise performance differences (acatissie
conditions) should occur.
(1) Experts will make more appropriate decisionsano
quickly than novices, although (2) this differendél be

smallest in the S condition because both novicds an
experts should be sensitive to one highly diagnaste.
* Expertise and cue diagnosticity.
(3) Both experts and novices will perform bettelewh
cues are high vs. low in diagnosticity.
(4) Expertise benefits will be greater in the low
diagnosticity condition because the cues are cagdl
and experts should be more sensitive to this indbion in
the absence of diagnosticity.
* Expertise and cue correlation.
(5) Both experts and novices will perform betterewh
cues are correlated than when they are uncorrelated
(6) Expertise benefits will be greater when cues ar
correlated than when they are uncorrelated.
The final predictions relate to expertise differenn
attentional strategies related to diagnosing tiodlpms.
Attention allocation was measured by mean percestldime
(MPDT) on areas of interest that contain the coahé
failure.
* Both experts and novices will (7) spend more tatiending
to problem-relevant cues post-failure onset ifgnghen a
failure occurs than in trials when no failure occu(8) This
effect will be amplified for experts.
* In the MU condition, (9) experts are more likely than
novices to attend to highly diagnostic cues andrigrow
diagnostic cues.

METHOD

Fourteen expert and 14 novice pilots participatapb$
19-44). All novices had a private pilot’s licertsat were not
instrument-rated. All experts had a commerciaitfsllicense
with instrument ratings and had received flightinstor
training. Expert pilots had more total hours (48ds9110.5)
and instrument hours (80.5 vs. 10.8) than novit@giand
outperformed them on the aviation knowledge tedd fted
from an FAA written exam for instrument rating);pexts and
novices did not differ in mean performance on ahg set of
cognitive ability measures administered prior t® th
experiment. Thus, experts differed from novicetgilin terms
of domain knowledge and experience, but not dorgaimeral
cognitive abilities.

Participants each flew 16 brief simulated flightsai
Frasca 142 flight simulator. An out-the-windowplay was
projected on three 7’ x 10’ connected screens aitl35° field
of view and Air Traffic Control (ATC) messages were
simulated using audio recordings. Eye trackingdat
(frequency and duration of fixations) were recordétthin 26
areas of interest (AOIs) comprising all of the gesgrithin the
instrument panel, the radio rack, switch banksnérmation
display panel (presenting static weather and, vapgticable,
take-off conditions), and the three screens deyjdtie
outside world. Depending on the scenario, differsdls
contained the various manipulated cues.

The eight failure scenarios experienced by a ppéit
were drawn from a pool of 11 scenarios, createdvatidated
by experienced flight instructors. Table 1 disgléye
scenarios in each condition experienced by eathreé
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counterbalanced groups. Equal numbers of expdrhawice
pilots were assigned to each group. Performdodeg the
failure scenarios was monitored by the experimenter
recorded actions taken by the pilot on a checkkste data
were time-stamped any time an action was recorddtie
checklist. Non-failure scenarios were used aslioessfor
analysis of eye data.

Counterbalanced Groups
Group A Group B Group C
S IZitot Ice FaiIurj[lZitot Ice Failure, [Zitot Ice Failure,

vionics Failuref/Avionics Failure [|Avionics Failure
Low Oil Pressur|Low Oil PressurgCarburetor Ice

Failure, Failure, Failure,
Carburetor Ice |Static System  (Static System
Failure Failure Failure
'VOR Navigatior[VOR Navigation
H Failure, Failure, Electrical Failure,
Electrical FailurgSignificant Powe(|Significant Power
Loss Failure Loss Failure
Improper Improper Loadin(Broken Altimeter
Loading FailurelfFailure, Failure,
MU|Broken High Elevation [High Elevation
Altimeter FailurgPerformance Performance
Deficiency FailurgDeficiency Failure]

Table 1. Scenarios experienced by each of three groups.
RESULTS
Perfor mance measures

Diagnostic accuracyvas defined as the percentage of
failure scenarios that a pilot responded to colyect
determined by a subject matter expert (note: oktbht
original scenarios, the pitot ice scenario wittiia § condition
was dropped because no pilots responded corretdiylice
latencywas defined as the time from the onset of a failuntil
the pilot first noticed the problem. The lattenéi was
determined as follows: within the set of all fibats in a trial
longer than 500 msec (the minimum amount of tinggiired
to extract new information, Mumaw et al., 2000k Hubject
matter expert coded 1) when the pilot was lookingreAOI
that contained problem-relevant information anavBgther
the pilot subsequently modified his or her gazéepatin a
way that signaled he or she noticed a problennotli these
criteria were met, the fixation on the AOI contaigithe
diagnostic information was coded as the noticetpohttion
latencyis the time from the onset of the failure to the titine
participant performed his or her first action ispense to
failure. Mean values for these three dependemabis, for
the 4 cue conditions X expert and novice groups sapwn in
Table 2.

S HC LC MU
Diagnostic | | 7g4 750 | 750| 89.3
Accuracy
(percent) N 28.6 39.3 46.4 67.9
Notice E 20.4 6.8 36.2 28.1
Latency
(sec) N 5.2 9.1 60.2 32.1
Action E 29.8 16.2 50.5 48.6
Latency | | 259 355 | 796| 454
(sec)

Table 2. Performance measures.

General Expertise Differencesin Decision-making
Performance

To address predictions about overall expertisedifices
in performance, we conducted an expertise (noexgert) x
cue condition (S, HC, LC, MU) repeated measures XN©®
on diagnostic accuracy (i.e., appropriate decisioojice
latency, and action latency (for trials in whicle tharticipant
responded appropriately to the problem). The mtéceof
expertise was most relevant to predictioeXperts make more
appropriate decisions more quickly than novic&xperts
made appropriate decisions more often than noyEes
79.5%, N = 45.5%, F(1,26) = 277<.001). Experts also
responded more quickly to failures than novices (¥6.3
seconds, N = 46.6 seconds, F(1,22) =82.,01). The pattern
of means suggested they also noticed the problstarfthan
novices, but this difference was not significar(tl(22) = 1.6,

p >.10).

The expertise x cue condition interaction was most
relevant to prediction 2he expertise performance benefit will
be smallest in the S conditioifhe interaction was not
significant fordiagnostic accuracy (F(3,78) = 9>.10),
indicating experts and novices showed similar pasté
accuracy among the four cue configurations. ANOVAs
performed on notice latency and action latencydgdl
significant interactions (F(3,66) = 103<.001, F(3,66) = 8.5,
p <.001 respectively), however the mean values shiowable
2 reveal that novices actually performed betten #ngperts in
the S condition, contrary to prediction 2.

Expertise and cue diagnosticity

To test predictions 3 and 4, expertise (novicegetyx
cue diagnosticity (LC, HC) repeated measures ANOWAse
performed on diagnostic accuracy, notice latencyation
latency measures. Predictionb®th experts and novices will
perform better when cues are high vs. low in diadjcdy,
was not supported by the analysis of accuracyhesin
effect of cue diagnosticity was not significantI{f26) = .157,
p>.10). However, analysis of notice latency (LC8&2
seconds, HC = 8.0 seconds, F(1,22) = 142<4001) and
action latency (LC = 65.1 seconds, HC = 25.8 sespnd
F(1,22) = 181.4p <.001) both supported prediction 3 by
showing that participants noticed and acted inaasp to
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failures faster when cues were high in diagnogtitian when
they were low in diagnosticity.

Prediction 4expertise benefits will be greater when
diagnosticity is lowwas supported by an expertise x cue
diagnosticity interaction for notice latency (F(2)2 10.4,
p<.005) and a non-significant trend for the saneraction in
the same direction for action latency (F(1,22) & g.= .106).
Both showed larger expertise benefits when cues \oev vs.
high in diagnosticity. The ANOVA performed on acacy
showed no interaction (F(1,26) =.1%7>.10), thus
eliminating the possibility that the above-desatibe
interactions were the result of a speed-accuradetff.

Expertise and cue correlation

In order to test predictions about the effectsmfelated
cues, the MU condition was compared to an averaggev
from the two correlated conditions, HC and LC (i#C_LC).
Expertise (novice, expert) x cue correlation (HC, ML)
repeated measures ANOVAs on diagnostic accuradizeno
latency and action latency were used to test ptied& 5 and
6. Prediction 5both experts and novices will perform better
when cues are correlatedias not supported ke results.
The effect of correlation was significant, but e topposite
direction for accuracy (F(1,26) = 10{8<.005), and was not
significant for notice latency (F(1,22) = j6>.10) or action
latency (F(1,22) = .2% >.10).

However, prediction 6gxpertise benefits will be greater
when cues are correlatedias supported. The critical
expertise x condition interaction was marginallyngiicant for
notice latency (F(1,22) = 3.p,= .099) and was significant for
action latency (F(1,22) = 18.p,<.001). For action latency,
planned t-tests showed that experts did in fadoperbetter
when cues were correlated (MU = 48.6, HC_LC = 3§2)
= 2.7,p <.05), but novices performed worse in this cooditi
(MU = 45.4, HC_LC =57.61(22) = 2.8,p <.05). No
interaction was found for the accuracy (F(1,26867, p>.10).

Expertise differencesin attentional processes underlying
decision making

To evaluate prediction Both experts and novices spend
more time attending to problem-relevant cues paistiie
onset in failure vs. non-failure trigland prediction 8this
attentional strategy is exaggerated for expamiean percent
dwell time (MPDT) in problem-relevant AOIs for faile and
non-failure trials was analyzed. MPDT allocated\@ls that
contained cues that indicated a failure was medduoen the
time of failure onset to the time the participanik his or her
first action in response to the failure in botHued and non-
failure trials. In non-failure trials, MPDT was nsemed within
the same time interval as in their correspondiiigriatrials.
An expertise (novice, expert) x trial type (noridee, failure)
repeated measures ANOVA was then performed on thRBM
for trials in which participants made appropriageidions. A
marginally significant effect of trial suggested rm@ttention
to failure trials (NF = 7.6%, F = 8.6%, F(1,22) 43 = .08).

While experts and novices did not differ overall£N.6%, E
= 8.5%, F(1,22) < 1.0), a significant expertiseial ttype
interaction (F(1,22) = 4.8 <.05) suggested experts but not
novices allocated more attention to problem-releyedis
when a failure occurred(22) = 2.5,p < .05). The results of
this analysis lend some support to both predictibasd 8.
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Figure 1. PDTin AOIs containing cues low or high in
diagnosticity in non-failure and failure trialstafidard
deviation is shown

To test prediction %xperts are more likely than novices
to attend to highly diagnostic cues and ignore thagnostic
cues in the MU conditigran expertise (novice, expert) x cue
diagnosticity (low, high) x trial type (non-failuréilure)
ANOVA was conducted on MPDT computed within an
interval defined from the failure onset to the timigen the
participant took his or her first action. This ars was
restricted to the three scenarios in the MU coadjtand
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MPDT was computed only for those AOIs that contditoev
or high diagnostic cues for the failures. Consistéth the
prediction, a significant expertise x cue diagrufstix trial
type interaction (F(1,22) = 9.p,<.01) showed that experts
allocated more attention to the more diagnostic cwging
failure trials, and less to low diagnostic cuesilevhovices
showed the reverse pattern (see Figure 1).

DISCUSSION

We explored how expertise differences in pilot dieri
making were reflected in both the outcome and mwodf the
diagnosis stage of decision making. In doing sohamed to
find evidence that links expertise differencestteraion
allocation - presumably directed by knowledge stmes
stored in long-term memory — to diagnosis and ahoic
outcomes in a realistic context.

As a validity check, we note that experts, as dp@rally
defined by hours of experience and rating typeeweteed
better decision makers, both in terms of speedaandracy.
But how were they bettek¥e found several differences
consistent with expertise effects in other domains

Importantly, expertise differences in pilot decrsio
makingwere sometimes moderated by the properties of
problem-relevant cues, suggesting how experts dotpeed
novices. First, experts noticed and respondeddblems
more quickly when cues were correlated, whereagcas\did
not. This expertise-correlation effect was reinéatdy the
findings that experts, but not novices, appeardakttter
sustain rapid diagnosis when the diagnostic vafubkeoset of
cues was lower; but they were correlated neverskele4).
With correlated cues of higher diagnosticity, amg could be
selected to yield the correct diagnosis; it is omhen
diagnosticity is lowered that several cues needamsidered.
Experts could do this more rapidly than novicesspmably
by having good mental models of the cue correlation

Second, consistent with our predictions, expertshéted
greater attentional sensitivity to the more diagicasues when
cues varied in diagnosticity, as revealed by tloe@ss
measure of visual scanning. Importantly, as recehly the
three-way interaction, it was only when the infotima
sources were necessary for problem solving thatréneeived
more attention. We may assume that this processureavas,
at least in part, responsible for the overall bigefaccuracy
of experts in the MU condition; a benefit which leqed that
of correlation knowledge, manifest in the HC andipalarly
the LC conditions.

Some findings, however, were inconsistent with
predictions. Most prominent was the finding thapertise
benefits were smaller, not greater (as predicteathe multi-
cue vs. single cue condition. Other predictionsijevnot
contra-indicated by the results, were not suppoettr,
because of null statistical effects. For exampteueacy did
not show an overall benefit for correlated vs. urelated cues
or for more vs. less diagnostic ones. In genenalfact that
accuracy showed few effects probably reflects dheet
statistical power of this measure, based as it upen a
proportion score from 0 to 7.

CONCLUSION

Our study, like previous work, showed that expddte
are better decision makers than novices. Funiefpund
that expert pilots moderate their attention byratbeg more to
the relevant AOIls than novices do when failuresiréag
diagnosis are present. Together, these findinggge
support for the hypothesized link between attentiod
decision making (see O’Hare, 2003).

Because we found superior decision making perfoc@an
among experts and some evidence that this perfamenaas
related to their attention allocation strategies, findings
related to how cue properties of diagnosticity aodelation
influence expertise differences in decision makaig on
particular importance. We did in fact find a penfiance
(notice and action latency) benefit for cue diadicty, such
that novices and experts benefited when all cues high-
diagnostic, and a specific expertise benefit fa carrelation,
such that only experts were able to take advardfge
correlation.

Overall, the results show expertise differences in
sensitivity to the cue properties in terms of attemallocation
and associated decision making quality. Achieved high-
fidelity flight simulator, these results also adgl¢he issue of
lack of realism present in previous work.
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