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Sample Models: 
Log (localizer RMSE) = -2.26 + 0.07 (z-clutter score)2 + 0.43 (leg) -1.41 (display) +0.43 

(workload) +0.95 (Luminance) ς1.81 (contrast) ς1.12 (density) 
(R2=0.36, p<0.0001)

Log (localizer RMSE) = -2.16 + 0.19 (z-TLX)  + 0.44 (leg) -1.38 (display) + 0.37 (workload) + 
0.99 (luminance) ς1.70 (contrast) ς1.17 (density)
(R2=0.37, p<0.0001)

Objectives
1. Perform preliminary validation of multidimensional measure of 

display clutter.

2. Assess influence of: (a) pilot experience; (b) HUD configuration; (c) 
flight segment; and (d) workload on perceptions of display clutter and 
cognitive load, and flight task performance.

3. Model HUD clutter scores in terms of display visual properties (e.g., 
lumens, contrast, active pixels).

ÅModel pilot performance in terms of perceived clutter and cognitive load.

Å Identify clutter descriptor terms most used by pilots with range of 
experience to define clutter under different conditions.

Introduction
ÅGoal of synthetic and enhanced vision systems (SVS/EVS) is to reduce 

incident of low visibility accidents and improve airport access during 
night and weather.

ÅDesign of HUDs integrating iconic and non-iconic imagery creates 
challenge in minimizing negative effects of display clutter.

ÅDesign of information elements may produce unclear or indiscernible 
display features .
Åe.g., EVS returns obscuring glideslope (G/S) deviation indicator.

ÅYear 1 research revealed that EVS, primary flight symbology, tunnel 
imagery, traffic collision avoidance system (TCAS) icons, and SVS are 
influential in pilot perceived clutter.

Method

Experiment 1: 
Åму ǇƛƭƻǘǎΧ
Åwith different levels of flight experience - low  (<5 yrs.), med. 

(5-15 yrs.), high (>15 yrs.)
ÅŦƭŜǿ ǎŜǘ ƻŦ ǘƘǊŜŜ άƭƻǿέΣ άƳŜŘΦέ ƻǊ άƘƛƎƘέ ŎƭǳǘǘŜǊ I¦5 

configurations
Åunder low (nominal) and high (crosswind) workload conditions

Experiment 2: 
Åс ŜȄǇŜǊǘ Ǉƛƭƻǘǎ ŦƭŜǿΧ
Åa set of nine HUD configurations -άƭƻǿέΣ άƳŜŘΦέ ŀƴŘ άƘƛƎƘέ 

clutter.
Åunder varied workload conditions (nominal and crosswind 

conditions).

ÁDependent variables:
Å/ƻƭƭŜŎǘŜŘ ōŜǘǿŜŜƴ ǘƘǊŜŜ ǇƘŀǎŜǎ ƻŦ ŦƭƛƎƘǘΧ
ÅMultidimensional measure of display clutter - ratings of 

dimensions
ÅOverall perceived clutter rating
ÅNASA-TLX ratings.

Å5ǳǊƛƴƎ ǇƘŀǎŜ ƻŦ ŦƭƛƎƘǘΧ
ÅRMSE (Root mean square error) of altitude, speed, lateral and 

vertical deviations from flight path
ÅPerformance stability (kurtosis of distributions).

ÁSimulator: 
ÅIntegration Flight Deck (IFD) at NASA Langley Research Center -

B-757 cockpit mock-up.

ÁTask: 
ÅFly standard ILS (Instrument landing system) Runway 16R 

approach into KRNO (Reno, NV) divided into three legs: IAF (Initial 
approach fix) to G/S intercept; intercept to FAF (Final approach 
fix); FAF to landing.

Hypotheses

Pilot ratings of clutter dimensions(in multidimensional measure) expected 
to be consistent with overallperceived clutter ratings.

H1

High experience pilotsexpected to provide lower clutter and workload 
ratingsthan medium or low experience pilots, and produce less variable 
flight performance.

H2

άIƛƎƘέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅǎexpected to yield higher clutter and workload ratings
along with greater performance variability.

H3

ά[ƻǿέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅǎexpected to lead to greater perceived workload and 
flight control variabilitydue to lack of relevant info.

H4

High flight workloadexpected to produce higher workload ratings and 
greater performance variability, with flight experience serving as a 
moderating variable.

H5

Basic visual display propertiesexpected to predict HUD clutter scoresbased 
on multidimensional measure.

H6

Pilot performancemay be predicted in terms of perceptions of display 
clutter and objective measures of visual display properties.

H7

High experience pilotsexpected to use different descriptor terms for
defining aviation display clutter than low experience pilots.

H8

Validation of Display Clutter Measure
ÁFunctional relations of ratings on dimensions of clutter with overall 

perceived clutterratings:
ÅSignificant positive linear association of colorfulness (r=0.11), dynamics 

(r=0.57), variability (r=0.57), and density (r=0.47) with overall clutter ratings 

across both experiments.
ÅSignificant negative linear association of redundancy (r=-0.43) and saliency (r=-

0.55) with overall clutter.

ÁNew clutter index 
Á Integrates pilot rankings of importance of each dimension with ratings 

collected during simulation runs...

ÁCalculated clutter score= (20 -άǊŜŘǳƴŘŀƴŎȅέ ǊŀǘƛƴƎύ Ȅ άǊŜŘǳƴŘŀƴŎȅέ ǿŜƛƎƘǘ ώŦǊƻƳ 

ǊŀƴƪƛƴƎ ŦƻǊƳϐ Ҍ άŎƻƭƻǊŦǳƭƴŜǎǎέ ǊŀǘƛƴƎ Ȅ άŎƻƭƻǊŦǳƭƴŜǎǎέ ǿŜƛƎƘǘ Ҍ όнл -άǎŀƭƛŜƴŎŜέ 

ǊŀǘƛƴƎύ Ȅ άǎŀƭƛŜƴŎŜέ ǿŜƛƎƘǘ Ҍ άŘȅƴŀƳƛŎǎέ ǊŀǘƛƴƎ Ȅ άŘȅƴŀƳƛŎǎέ ǿŜƛƎƘǘ Ҍ άǾŀǊƛŀōƛƭƛǘȅέ 

ǊŀǘƛƴƎ Ȅ άǾŀǊƛŀōƛƭƛǘȅέ ǿŜƛƎƘǘ Ҍ άŘŜƴǎƛǘȅέ ǊŀǘƛƴƎ Ȅ άŘŜƴǎƛǘȅέ ǿŜƛƎƘǘ

ÁCalculated clutter scores highly correlated with overall perceived 
clutter ratings: Exp. 1, r=0.78; Exp. 2, r=0.66.

Results on Display Clutter Ratings
Experiment 1: 
ÅSignificant effects of pilot experience, 

HUD configuration and flight workload
on display clutter ratings:
ÅHigh experience pilots more sensitive to 

clutter than medium or low (p<0.05).
ÅHigh clutter configuration led to higher 

clutter ratings than low (p<0.05).
ÅClutter ratings significantly greater under 

high flight workload (p=0.0001).

ÅClutter perceptions of high experience 
pilots more consistent with a prioriHUD 
groupings in terms of clutter features.

Experiment 2: 
ÅFor expert pilots with HUD experience, 

only HUD configurationwas significant 
in display clutter ratings (no workload 
effect).
ÅClutter ratings very closely matched 
I¦5 ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ όάƭƻǿέΣ άƳŜŘΦέΣ 
άƘƛƎƘέύ ŘŜǘŜǊƳƛƴŜŘ ōŀǎŜŘ ƻƴ ¸ŜŀǊ м 
results (p<0.0001).

Results on NASA-TLX Scores
Experiment 1: 
ÅSignificant effects of pilot experience, 

HUD configurationand flight workload 
on NASA-TLX ratings.
ÅάIƛƎƘέ ŀƴŘ άƭƻǿέ ŎƭǳǘǘŜǊ 

configuration led to higher NASA-TLX 
ǊŀǘƛƴƎǎ ǘƘŀƴ άƳŜŘƛǳƳέ ŎƭǳǘǘŜǊ 
configuration (p=0.001).
ÅNASA-TLX ratings significantly 

greater under high flight workload 
(p=0.002).
ÅWorkload manipulation (crosswind) 

did not influence NASA-TLX ratings of 
high experience pilots (p=0.059).

Experiment 2: 
ÅFor expert pilots with HUD experience, 

only HUD configuration was significant 
in NASA-TLX scores (no workload).
ÅάIƛƎƘέ ŀƴŘ άƭƻǿέ ŎƭǳǘǘŜǊ 

configuration led to higher NASA-TLX 
ǊŀǘƛƴƎǎ ǘƘŀƴ άƳŜŘƛǳƳέ ŎƭǳǘǘŜǊ 
configuration (p<0.05).
ÅAcross experiments, results indicate 

that high visual density or limited 
task-relevant info lead to higher 
perceived load.

Pilot Performance Stability
Experiment 1:
ÅPilot experience was not significant in 

stability.
ÅScenario was standard ILS approach and may 

not have significantly taxed control skills, 
even with crosswind.

ÅPath deviation:
ÅInteraction of HUD configuration and flight 

segment on vertical path deviation 
(p=0.0001); marginally significant effect for 
lateral path deviation (p<0.10).
ÅMain effect of display present for both 

vertical and lateral deviation.
ÅFlight segment significant for G/S deviation 

(p<0.05).

ÅExtreme display clutter conditions 
caused less stable performanceΧ
Åά[ƻǿέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅǎ ƭŜŘ ǘƻ ǳƴǎǘŀōƭŜ ǾŜǊǘƛŎŀƭ 

path control, attributable to lack of critical 
information features.
ÅάIƛƎƘέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅǎ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ 
άŎƻƎƴƛǘƛǾŜƭȅ ŎƻƳǇƭŜȄέ ōȅ Ǉƛƭƻǘǎ ŀƴŘ ǇǊƻŘǳŎŜŘ 
less stable performance.
ÅάaŜŘƛǳƳέ ŎƭǳǘǘŜǊ όƻǊ ƛƴŦƻ ŎƻƴǘŜƴǘύ I¦5ǎ 
ŀǇǇŜŀǊŜŘ ǘƻ ōŜ ǎǳǇŜǊƛƻǊ ǘƻ άƭƻǿέ ŀƴŘ άƘƛƎƘέ 
clutter displays across all other conditions.

Experiment 2:
ÅLateral control deviation: 
ÅSignificant effect of HUD configuration 

(p=0.0006) 
ÅInteraction of workload and segment 

condition (p=0.033).

ÅVertical control deviation: marginal 
effect of HUD configuration (p=0.07).
ÅAs in Experiment 1, less stable vertical 

and lateral path control occurred under 
άƭƻǿέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅ ŎƻƴŘƛǘƛƻƴΣ ǿƘŜƴ 
pilots may not have had critical 
information.

Higher kurtosis = greater stability

Clutter Models in Display Properties
ÁDeveloped multiple linear regression models of calculated clutter 

scores (from multidimensional measure) using HUD visual properties.
ÅClutter score = f (lumens, contrast, %occlusion, %density)
ÅModels for both experiments were significant:
ÅExp. 1 (R2=0.33, p <0.0001) 
ÅExp. 2 (R2=0.27, p <0.0001) 
ÅAll parameters were significant predictors of clutter scores.

Models:
Å% Clutter Score (for nominal conditions across experiments) 

=  29.3 - 12.3 x lumen - 10.4 x contrast + 1.1 x occlusion + 15.7 x density.
Å% Clutter Score (for off-nominal condition across experiments)

=  39.8 - 7.8 x lumen - 8.7 x contrast + 0.6 x occlusion + 9.9 x density.

ÅDecrease in lumens and contrast along with increase in occlusion and density 
led to increases in clutter scores.

ÅDensity and average lumens accounted for greatest portions of variability in 
calculated clutter scores.

Pilot Performance Models in Clutter
ÁExperiment 1: 
ÅNormalized clutter and TLX scores were significant predictors of pilot 

performance (RMSE for G/S and LOC (localizer) deviations, altitude and speed 
control errors) in various legs.
ÅBest fitting model of pilot performance in terms of clutter score was polynomial.
ÅLinear model best described relation of cognitive load to pilot performance.

ÁExperiment 2: 
ÅClutter and TLX scores were only significant for predicting G/S and LOC 

deviations.
ÅFunctional relations of perceived clutter and workload with performance were 

similar to Experiment 1.

ÅClutter and cognitive load appear to predict flight task performance 
(among other factors).

Subjective Survey Results
ÁExperiment 1: 
Å5ŜŦƛƴƛǘƛƻƴǎ ǊŜǾŜŀƭŜŘ Ǉƛƭƻǘ ǇŜǊŎŜǇǘƛƻƴǎ ƻŦ ƛƳǇƻǊǘŀƴŎŜ ƻŦΧ 

Årelevance of information to task at hand

Åredundancy and quantity of information

Ådensity and extent to which info obstructed other info.

Åtƛƭƻǘǎ ŜȄǇƻǎŜŘ ǘƻ ƘƛƎƘ ŎƭǳǘǘŜǊ I¦5ǎ ǊŜŦŜǊǊŜŘ ǘƻ άƛƴŦƻǊƳŀǘƛƻƴ ǊŜŘǳƴŘŀƴŎȅέΣ 
άǉǳŀƴǘƛǘȅέ ŀƴŘ άƻōǎǘǊǳŎǘƛƻƴέ ƛƴ ŘŜŦƛƴƛƴƎ ŎƭǳǘǘŜǊΦ

ÅbǳƳōŜǊ ƻŦ ŘŜŦƛƴƛǘƛƻƴǎ ŦƻŎǳǎƛƴƎ ƻƴ άŘŜƴǎƛǘȅέ ŀƴŘ άǘŀǎƪ ǊŜƭŜǾŀƴŎŜέ ƛƴŎǊŜŀǎŜŘ 
with increasing pilot experience.

ÁExperiment 2: 
Å5ŜŦƛƴƛǘƛƻƴǎ ǊŜǾŜŀƭŜŘ ƛƳǇƻǊǘŀƴŎŜ ƻŦ άŘŜƴǎƛǘȅέΣ άǎŀƭƛŜƴŎŜέΣ ŀƴŘ άƛƴŦƻǊƳŀǘƛƻƴ 
ŘȅƴŀƳƛŎǎέ ǘƻ ƘƛƎƘ-time pilots with HUD experience in defining clutter.

ÁPerceptions of clutter changed during course of experiment for over 
75% of pilots (across both experiments).

Discussion
ÁDeveloped new multidimensional measure of display clutter- was 

sensitive to manipulations of HUD configurations(H1).

ÁPilot experience does play a role in perceptions of clutter- high-time 
pilots are more accurate and consistent in judging clutter (H2).

ÁbŜƎŀǘƛǾŜ ŜŦŦŜŎǘǎ ƻŦ άƭƻǿέ ŀƴŘ άƘƛƎƘέ ŎƭǳǘǘŜǊ ŘƛǎǇƭŀȅǎ ƻŎŎǳǊǊŜŘ ŀŎǊƻǎǎ 
workload and performance measures - some optimal amount of 
HUD infoόάƳŜŘΦέ ŎƭǳǘǘŜǊ ƻǊ ŎƻƴǘŜƴǘύ Ƴŀȅ ŜȄƛǎǘ όIоΣ IпΣ IрύΦ

ÁPilotperceptions of clutter in new HUD designs can be predicted, in 
part, by low-level display characteristics(H6).

ÁModels of pilot performance based on clutter scores supported 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ άŎƭǳǘǘŜǊ ǘƘǊŜǎƘƻƭŘέ ŦƻǊ ŘƛǎǇƭŀȅ ŘŜǎƛƎƴ - low predictive 
utility of preliminary models (R2 values) does not provide reliable 
basis for predicting when performance degradations will occur (H7).

ÁPilot definitions of clutter revealed importance ofōƻǘƘ άbottom-upέ 
(e.g., density) andάtop-downέ όŜΦƎΦΣ ƛƴŦƻǊƳŀǘƛƻƴ ǊŜƭŜǾŀƴŎŜύ factors in 
contributing to perceptions of display clutter (H8).

Conclusions
ÁGeneral form of measures and models developed in research is 

expected to be applicable to evaluation of range of NextGen display 
concepts.

ÁCǳǘǳǊŜ ǿƻǊƪΧ

ÁFocus on applying new multidimensional subjective measure of 
clutter for evaluation of air traffic management support display 
technologies or cockpit moving map displays for taxi

ÁUse models/measures to identify occurrence of display clutter.

ÁAssess reliability of new clutter measure scores based on 
measures of actual display visual properties (predictive of 
clutter).

ÁNeed to develop more complete models for predicting pilot 
ōŜƘŀǾƛƻǊ ǿƛǘƘ ǾŀǊƛƻǳǎ I¦5 ŎƻƴŦƛƎǳǊŀǘƛƻƴǎΧ

ÁIntegrate contextual (task, environment and pilot) variables 
with clutter and workload measures.

ÁAimed at supporting HUD design.
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HUD Configurations
Nine HUD configurations selected based on Year 1 study.

High
Clutter

Medium
Clutter

Low 
Clutter

SVS/EVS/Tunnel/IMC SVS/EVS/Tunnel/PRIM EVS/IMC

Tunnel/PRIM SVS/EVS/PRIM SVS/Tunnel/IMC

IMC SVS/IMC PRIM

(Upper 20% 
of test pilots 

ratings.)

(Middle 20% 
of test pilots 

ratings.)

(Lower 20% 
of test pilots 

ratings.)

IMC = Symbol set for instrument meteorological conditions. 
PRIM = Complete primary flight display symbol set.
TUNNEL = Highway-in-the-sky guidance.


