
ABSTRACT 

NAYLOR, JAMES T.  The Influence of Dynamics, Flight Domain and Individual Flight 

Training & Experience on Pilot Perception of Clutter in Aviation Displays. (Under the direction 

of Dr. David Kaber). 

 

This thesis is a meta-analysis of a NASA-sponsored series of three studies conducted over three 

years, 2007 through 2009. The series, entitled Measures and Models of Aviation Display Clutter 

(MMADC), was intended to develop and test a model of flight display clutter using pilot 

perceptions of clutter based on multiple relevant dimensions. Year 1 (Y1) presented the pilots 

with static flight images from which to make their clutter assessments. Year 2 (Y2) employed a 

high-fidelity flight simulator, and Year 3 (Y3) was conducted using a Vertical Take-Off and 

Landing (VTOL) flight simulator. This thesis used statistical analysis of data gathered over the 

three studies to assess the effect of dynamics and vehicle-type on pilot perceptions of display 

clutter. This was accomplished through a comparative analysis of data from Years 1 and 2 and 

Years 2 and 3, respectively. Additionally, this thesis study used statistical analysis of Y3 data 

(the only year in which the author participated directly) to draw inferences about the effect of 

pilot-specific training and flight experience on flight task performance and clutter perceptions.  

 

The primary finding regarding the effect of dynamics on perceived clutter was that tasks 

conducted under dynamic display conditions generated lower clutter ratings, primarily attributed 

to the temporal context provided by dynamic displays. Primary findings from the Y2/Y3 analysis 

on domain (vehicle type) indicated that the pilots used primary flight cues differently between 

years and that an increased level of difficulty in the Y3 flight task increased pilot sensitivity to 

display clutter. The most significant finding among demographic factors assessed in the Y3 study 

was that pilots with military attack aircraft flight training and experience performed better 



statistically in the experimental flight tasks and produced higher clutter ratings. This combination 

was interpreted to indicate that pilots trained with highly complex flight displays and flight 

domains were more quickly able to accommodate the experimental display conditions and the 

unfamiliar flight environment. (The Y3 study used fixed-wing pilots as the subjects in the VTOL 

flight simulator.) It also indicates that the attack pilots were more discriminating in terms of 

which display features they found useful for the given task and which they did not.  

 

Another conclusion reached in this thesis is that goal states associated with specific flight tasks 

and approach segments directly impacted where the pilot was looking on the flight displays. This 

directly affected clutter perception in that local salience, contrast and occlusion specific to 

information features being actively used in the flight task drove clutter assessments. It was also 

determined that few training or experience factors had any significant impact on flight 

performance or clutter assessments. This finding indicates that ergonomic display design will 

prove generally more effective than a training intervention in mitigating the effects of display 

clutter on pilot performance and mental workload. 
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1 Introduction 

 

1.1 Background 

The introduction of Multi-Function Displays (MFDs) into the aviation cockpit has provided a 

tool for potential improvements in pilot situation awareness (SA). For both fixed and rotary-

wing aircraft pilots, the transition from the analog to digital cockpit produced an immediately 

perceptible contrast between old “steam gauge” instruments and glass CRTs, with menu-

based options for various actions. The old instrument technology involved text-based 

readouts and required translations of numerical GPS positions onto a paper map. This process 

was onerous and error-prone. For example, a fratricide incident occurred during Operation 

Desert Storm, in which an Apache helicopter crew accidentally engaged two U.S. Army 

vehicles as a result of difficulties associated with pre-MFD systems. The aircrew received a 

radio call during a night mission in which a series of grid coordinates were communicated 

with an order to “check in the vicinity” for potential enemy vehicles. After having entered the 

coordinates through the keyboard, the crew used the aircraft’s laser range-finder/designator 

(LRFD) to check the grid coordinates of some armored vehicles they saw through their 

Forward-Looking Infrared (FLIR) optics system. Unfortunately they confused the grid they 

had entered from the radio call with the grid location they had just marked with the laser, and 

they engaged two friendly vehicles, killing two American soldiers and wounding six 

(Government Accounting Office, 1993).  
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With the MFDs in the Longbow Apache, in contrast, a similar situation would cause far less 

confusion for pilots. Pictorial displays clearly depict the aircraft’s present position, where the 

FLIR or Day TV optics are looking, and they integrate colors and marker headings to 

differentiate between locations specified as enemy, friendly or unknown. Display options 

allow for additional cues as desired by the pilot, including a dynamic compass overlay 

centered over an own-ship symbol, a map underlay, and control measures (such as phase 

lines and engagement areas) that make it much easier to distinguish between locations of 

friendly forces and enemy or unknown locations. As a result, an incident such as the one 

described above is much less likely to occur.  

1.2 NGATS and Associated Technology 

The same type of SA enhancement that MFDs and associated technologies can provide to 

combat aircraft may be beneficial to commercial aircraft as well. The "Vision 100-Century of 

Aviation Reauthorization Act" recognizes this fact in providing for the establishment of a 

Joint Planning and Development Office (JPDO) within the FAA to develop and implement 

an integrated plan for a Next Generation Air Transportation System (NGATS). The JPDO 

has the mandate to harness parallel efforts in the Departments of Defense, Commerce, 

Homeland Security, and NASA. The overarching goal of the NGATS effort is to improve the 

efficiency of air traffic within the national airspace structure.  

A key tenant of the plan is minimizing the impact of weather on the flow of traffic (NASA, 

2008). To that end, a number of technologies have been proposed to allow for near-Visual 
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Flight Rules (VFR) operations during inclement weather, or Instrument Meteorological 

Conditions (IMC), and cockpit displays provide the interface medium delivering such 

technology to the pilots (Prinzel, Comstock, Glaab, Kramer, Arthur & Barry, 2004). One 

proposed visual aid, currently in limited use, is the “Highway-in-the-Sky” (HITS) tunnel. 

Other proposed capabilities that can aid pilots during IMC flight include Enhanced Vision 

Systems (EVS), such as camera-based FLIR and data-based terrain depictions known as 

Synthetic Vision Systems (SVS). (See Figure 1-1.) 

 

    HITS Tunnel       SVS      Combined EVS & SVS 

Figure 1-1: Example displays with HITS, SVS and EVS features  

(from Kaber et al., 2009) 

 

These technologies are presently being integrated into prototype displays along with standard 

avionics information features. MFDs provide the opportunity to present almost limitless 

information to the pilot. However, display space is constrained, as is the pilot’s ability to 
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process information. Too much information will ostensibly result in iconic and non-iconic 

information overlap and occlusion, potentially inhibiting pilot use of important flight 

information at critical times (Kaber et al., 2007). Even if all required information is visible, 

too much information, particularly information that is unnecessary for a task at hand (often 

labeled as “clutter”), only makes it more difficult for pilots to find information for successful 

task completion. This was documented in a study finding that visual display information 

overload can lead to increased pilot visual search times (Wickens, Alexander, Ambinder & 

Martens, 2004). 

1.3 Clutter Definitions, Models and Metrics 

While there is no single, definitive, generally accepted definition of display clutter, there 

have been several constructive definitions proposed. Ewing, Woodruff and Vickers (2006) 

proposed a clutter definition that focuses on the interference of display features with an 

operator’s ability to gather information in a target detection task, considering imagery that 

masks or confuses the target to be clutter. Prinzel and Rizner (2004) characterized clutter as 

imagery presented on a HUD that obscures the pilot’s forward field of view. Ahlstrom 

(2005), referencing the ATC domain, defines clutter as the negative result of redundant 

information, while Verver and Wickens (1998) define it as the presence of information 

unrelated to the current task.  

Kaber, et al. (2008) defined display clutter as “the unintended effect of imagery display that 

obscures or confuses other information, or that may not be relevant to the task at hand,” and 
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presented some objective characteristics of clutter. These characteristics, derived from a 

variety of previous studies, included the representation of display features relative to the size 

of the display region, the location of displays, the number of objects in a display, the density 

of objects, the complexity and similarity of objects, and the location of features relative to 

foveal vision, their salience, contrast to background and relative motion. Of particular 

relevance to the present study, Kaber et al. (2007) found utility in pilot subjective 

assessments of display dynamics in describing clutter. The consideration of display dynamics 

in perceptions of clutter was based on several research findings, including increased 

difficulty of visual search with dynamic versus static objects (Beijer, Smiley & Eizenman, 

2004), display complexity (Xing, 2004) and overlap of visual objects (Wang et al., 2001). 

Kaber et al. (2008) also identified the potential for perceived display clutter to be influenced 

by pilot feature preferences, task workload, and SA. Using both subjective and objective 

measures of various factors, Kaber et al. defined predictive models of clutter.  

Advanced aviation displays have been designed to support pilot ability to integrate 

information, to achieve SA, and to reduce pilot workload. In order to do this effectively, 

designs must account for the variety of factors in clutter as well as pilot experience, the 

specific task being performed and accompanying performance criteria. Specifically 

referencing displays with integrated EVS and SVS features, Kaber et al. (2008) expressed 

concern that these types of conformal, non-iconic features, intended to provide a virtual out-

the-window view, may actually degrade pilot SA due to their potential to produce clutter. 
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1.4 Research motivation: Aircraft Displays and Situation Awareness 

A great deal of research has been conducted on the effectiveness of integrated display 

applications incorporating HITS, EVS, SVS, and other technologies in heads-up (HUD) and 

head-down (HDD) displays (Snow & Reising, 1999; Arthur, Prinzel, Kramer, Parrish, & 

Baily, 2004; Schnell, Ellis, & Etherington, 2005). The primary objective of such technology 

is to support cognitive flight processes and situation awareness (SA) (Kim, 2009). Wickens 

(2000) defines SA as “the ability to extract and integrate information in a continuously 

changing environment and to use such information to direct future actions.” Endsley defines 

SA as “the perception of elements in the environment within a volume of time and space, the 

comprehension of their meaning, and the projection of their status in the near future.” Thus, 

SA can be divided into three levels: perception, comprehension and projection, which 

Endsley designates as Level 1, 2 and 3 SA, respectively (Endsley, 2000). This provides a 

useful framework upon which to evaluate the effectiveness of displays in supporting SA.  

Endsley (2000) asserts that Level 3 SA is the trademark of highly-skilled experts with 

elaborate mental models of complex systems, but she posits this ability to be contingent upon 

accurate Level 1 and 2 SA. Related to this, other research findings have attributed 76% and 

20% of pilot SA errors to perception and comprehension, respectively. Experts will tend 

toward automaticity in system state projection and action selection through pattern 

recognition ability that comes from experience and training and well-established mental 

models. The critical function of aircraft displays, therefore, is to bridge the information gap 

for pilots under dynamic operational constraints. That is, effective conveyance of information 
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patterns and their meaning is the principal display function in support of accurate decision-

making under high time-pressure. 

Endsley and Smith (1996) conducted a study that specifically motivated some of the 

hypotheses in the present research concerning military pilot performance and those with 

attack aircraft flight skills. Endsley and Smith’s research identified some of the SA 

challenges pilots face in fighter and bomber tactical flight domains. In addition to operating 

the aircraft, these pilots are faced with a thinking opponent and a host of systems for 

targeting and countermeasures. While nine of the major branches of the U.S. Air Force cited 

SA as the most important factor in improving mission effectiveness (Endsley & Smith, 

1996), the information requirements in the complex tactical environment can quickly exceed 

limited cognitive resources. For pilots with less experience, this can lead to a lack of focused 

attention and decrements in SA. The primary coping mechanism for this is development of 

and dependence on an elaborate internal model of the environment that is based on extensive 

training. Unfortunately, sampling strategies and pattern matching cannot account for all 

information in the environment, particularly the unexpected (Wickens, 1984). The effects of 

visual dominance and attentional narrowing under high workload can exacerbate this 

limitation. The combination of these effects serves to elevate information presented visually, 

particularly that which is presented centrally and perceived to be task critical (Posner, 

Nissen, & Klein, 1976). This is often done to the exclusion of other potentially important 

information in the environment, a condition which Sheridan (1981) termed “cognitive tunnel 
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vision.” This circumstance can prove lethal in the tactical flight domain and is consequently a 

consideration in pilot selection and training.  

One study, using the WOMBAT-CS situational awareness and stress tolerance test, found 

that elite pilots had exceptional cognitive abilities that allowed them to quickly assimilate 

and integrate relevant information in a dynamic environment, assess changes in situation 

priorities and shift attentional allocation quickly even compared to other highly experienced 

pilots (O'Brien & O'Hare, 2007). While these innate abilities may not be improved through 

training, procedural training to provide structure to information acquisition can be effective 

in morphing mental models and improving task performance (O'Brien & O'Hare, 2007). In 

general, there is an expectation that pilots with military and attack domain flight experience 

can more effectively sample and pattern-match display content against mental models to 

achieve higher SA and superior task performance. Mental model formulation and SA abilities 

may result from selection and training techniques employed in the development of military 

pilots.  

In a study assessing aviation displays incorporating combinations of SVS, EVS and HITS 

non-iconic, conformal information features along with standard iconic flight information 

features, Kim (2009) linked findings on pilot perceptions of display clutter, SA and 

performance. This study found that separate presentations of EVS and SVS features were 

perceived to support SA and safety; however, when combined, they were perceived to 

degrade SA as a function of clutter. In the tested display configurations, a decrease in 

contrast between the display background (shaded EVS imagery) and flight information 
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features, as well as confusion of features with the wireframe SVS presentation, appeared to 

drive clutter perceptions. When both EVS and SVS were presented, SA decreased and clutter 

perceptions increased. Display clutter was specifically associated with decrements in 

awareness of aircraft system states, while spatial awareness was unaffected. Furthermore, 

there was a resulting performance decrement in the final landing phase with the combined 

SVS/EVS presentation. This research illuminated the significance of display clutter as a 

potential SA inhibitor. If clutter encumbers the perception and interpretation of important 

information features in a dynamic environment, all levels of SA can be degraded. On the 

other hand, displays that provide relevant information clearly would be expected to support 

pilot SA, simply as a function of perception. Displays that provide relevant context using 

intuitive, distinguishable information features would be expected to enhance Level 2 SA, 

comprehension. Level 3 SA, projection of near-term system states, is generated largely as an 

interaction between Levels 1 and 2 SA, pilot experience and training, and display features 

(such as HITS), that provide some preview indication of what is to come for the aircraft. 

Based on these relationships between display clutter and SA, it is reasonable to expect that 

measures of clutter may be indicative of a display’s potential to effectively support pilot SA.  

Different approaches have been defined for the measurement of display clutter. Objective 

measures have included quantification of target-to-background contrast (Aviram & Rotman, 

2000) with validation based on human subjective ratings of clutter. Ewing et al. (2006) and 

Rotman et al. (1994) focused on measurement of local display density as an indicator of 

clutter and related this to human performance in visual search. Still other measures have been 
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based on the degree of global display clutter (Rosenholtz, Li, Mansfield & Jin, 2005). The 

main limitation of objective measures is that they simplify the concept of clutter to one or 

two physical display characteristics.  

Subjective measures of pilot display preferences (Haworth & Newman, 1993) and clutter 

have been developed to capture the interactive effects of many display properties, which are 

manipulated in complex technologies like the SVS, on pilot perceptions. The utility of 

subjective measures is, however, limited by the potential for pilot bias and simply the ability 

to accurately apply ratings methods.  Beyond this, subjective measures are generally intrusive 

and may impact performance on the target task to some degree.  Venerated indices like 

Situation Awareness Global Assessment Technique (SAGAT), the NASA Task Load Index 

(NASA-TLX) and the Subjective Workload Assessment Technique (SWAT) all 

acknowledge some level of intrusiveness and task interference in their methods, which 

explicitly attempt to minimize task interference and its effects (Endsley, 1988; Rubio, Díaz, 

Martín & Puente, 2004).  Another major issue is that subjective assessments of clutter, SA, 

workload, etc, may not be correlated with performance assessments for various reasons, such 

as pilots being overly confident or unaware of problems in SA (Kaber, et al., 2008a).   

In a study conducted at the Air Force Flight Dynamics Laboratory, active pilots worked with 

researchers to develop a targeting display symbology set, which was considered desirable by 

the pilots.  In subsequent simulator flight testing, however, performance was significantly 

worse than with the original symbology set.  The research offered critical sobering lessons:  

(1) “a format may be appealing in concept and on paper but not…usable in real-life 
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applications; and (2)“the results from the experiment illustrate that one should not rely too 

heavily on subjective data” (Herron, 1980).  By the same token, the aforementioned objective 

measures of display clutter (focusing on display density, contrast of features, etc.) do not 

provide a comprehensive assessment of the concept, as they fail to account for the effects of 

task characteristics and demands on flight task performance (Kaber, et. al, 2008a).   

The limitations of existing objective and subjective clutter measures, served to motivate the 

development and assessment of a multi-dimensional measure of clutter through the MMADC 

research for NASA (Kaber et al., 2007. The measures developed as part of this research 

included clutter ratings and clutter scores, incorporating both display properties as well as 

pilot perceptions,. Data on these measures is analyzed in this study. 

1.5 Meta-Analysis Source Material 

This study involved a meta-analysis of data sets generated during a three-year NASA-

sponsored research project aimed at developing measures and models of aviation display 

clutter (MMADC). During the first year (Y1) of the MMADC research program, four expert 

test pilots evaluated static images of cockpit displays, as a basis for prototyping a 

comprehensive subjective measure of clutter. A collection of six different ratings scales was 

developed based on underlying display qualities that pilots considered to be influential in 

perceived clutter (Kaber et al., 2007). During the second year (Y2), the subjective 

measurement technique was applied in a high-fidelity Boeing-757 flight simulator with a 

sample of 24 current commercial airline pilots with varied levels of experience in order to 
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determine the sensitivity, diagnosticity and reliability of the clutter measure in evaluating 

various display conditions. Pilot flight control performance was also observed and the 

relationship of perceived clutter to performance was examined (Kaber, Kim, Kaufmann, 

Alexander, Stelzer & Hsiang, 2008). The Year 3 (Y3) study was conducted using a high-

fidelity vertical take-off & landing (VTOL) aircraft simulator with a non-motion platform. 

Sixteen test subjects with varying levels of flight experience participated. The intent of the 

Y3 study was to assess the validity of the previously developed clutter measure for 

application to similar cockpit display concepts but under different flight scenarios and with a 

different vehicle type (Kaber, Alexander, Kaufmann, Kim, Naylor & Entin, 2009). Of 

importance here is that Kaber and colleagues did not make direct comparison of the results of 

the Y1, Y2 and Y3 studies. In that the display configurations and flight scenarios were 

similar for the Y1 and Y2 studies, there was an opportunity to assess the effect of display 

dynamics on pilot perceptions of clutter. In addition, since comparable displays were used 

across the Y2 and Y3 studies, there was an opportunity to assess the effect of aviation 

domain on pilot perceptions of clutter. 
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2 Objectives  

 

The objective of this research was to assess the sensitivity of subjective measures of display 

clutter to variations in advanced aircraft cockpit display configuration across different types 

of vehicles and to dynamics in flight scenarios. The research was also to investigate the 

importance of specific pilot demographics in modeling perceptions of overall clutter based on 

display parameters and flight condition variables. The latter was motivated by differences in 

pilot demographics within one of the studies for NASA. The effect of dynamics was assessed 

through a comparison of data from the MMADC Y1 and Y2 studies.  The assessment of 

sensitivity of the proposed clutter measure to different aviation display configurations across 

domains (aircraft types) was accomplished by statistically comparing the results of the Y2 

and Y3 studies. Beyond this, the research assessed the role of specific pilot demographics, 

including flight experience as a military or civilian pilot and military aircraft mission-role on 

experimental task performance and perceptions of clutter. This part of the research focused 

on the data from the Year 3 study.  

It was expected that the research would result in identification of additional task, system and 

individual factors influential in pilot perceptions of display clutter. Such work is important 

because measures and models of display clutter are needed in the aircraft concept design 

phase in order to identify display configurations and task conditions under which density 

and/or confusion of visual imagery might degrade pilot SA and performance. Within the 

NGATS plan, the stated proposition of user-centered airspace structure implies a sharing of 



 14 

additional information among Air Traffic Control (ATC) and pilots in the cockpit in order to 

facilitate increased traffic throughput in the face of surge times and weather changes. The 

sharing of information among many sources has the potential to lead to display clutter and 

pilot overload. The present research effort further emphasizes the importance of human-

centered design in the development of future aircraft displays towards minimizing the 

occurrence of clutter and the potential for decrements in pilot SA.  
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3 Methods 

 

3.1 Effect of Dynamics 

The comparison of MMADC Y1 and Y2 studies was based on data generated from 

comparable test trials in terms of task complexity, pilot experience level and display type, 

across experiments. The independent variables for the comparison included display 

configuration and year, with year indicating the presence (Y2) or absence (Y1) of display 

dynamics. The dependent variable was subjective clutter ratings (CR). (The subjective 

measure of clutter developed by Kaber et al. (2008) was only applied in the Y2 and Y3 

studies. Therefore, clutter scores (CS) were not available for the Y1 study and comparison of 

the Y1 and Y2 results could not be made on this basis.) Similarly, since there was no pilot 

performance assessment in the Y1 study, observations on the effects of dynamics on 

performance across the Y1 and Y2 experiments could not be made.  

Y1 experiment subjects were all expert test pilots. Thus, only expert pilot observations from 

the Y2 study were used in the data analysis. In the Y1 study, NASA Langley Research 

Center recruited four pilots for participation in the study. In order to promote the 

generalizability of results to actual commercial cockpit display design, only pilots with prior 

experience in flying commercial transport vehicles, including the B-757, and having some 

familiarity with advanced HUDs, were included in the study. The subject group consisted of 

three male pilots and one female pilot, ranging in age from 27 to 59 years (mean = 47.5 

years). While all four participants had significant experience as aviators, their total flight 
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hours ranged considerably from 1300 to 9000 hours (mean = 5325 hours). These individuals 

also differed in their experience with the SVS and EVS interface technologies. Specifically, 

only two of the four pilots had flown an aircraft equipped with SVS displays, and only one of 

the four participants had flown an aircraft equipped with EVS capabilities (Kaber et al., 

2007). In the Y2 study, only observations from the six expert test pilots were used. The pilots 

recruited by NASA Langley Research Center were all Captains with greater than 15 years 

experience in flying commercial transport vehicles, and all had some familiarity with 

advanced HUDs. The Y2 subject group consisted of six male pilots, ranging in age from 47 

to 57 years (mean = 50.3 years). Total flight hours ranged from 7500 to 32000 hours (mean = 

16842 hours) (Kaber, Alexander, Steltzer, Kim, Kaufmann & Hsiang, 2008). 

The basic scenario used for both the Y1 and Y2 experiments was very similar, with the 

primary difference being that static images were presented in the Y1 experiment while the 

Y2 experiment was a simulation of an actual approach and landing in a high-fidelity mock-up 

of a B-757cockpit. The simulator presented a dynamic version of the scenario developed for 

the first year’s study. In both experiments, the approach was the ILS Runway (RWY) 16R 

approach to the Reno-Tahoe International Airport (KRNO). The terrain features in the 

vicinity of the airport (mountains rising 6000 ft. above the runway elevation) were important 

to motivating the operational relevance of the SVS and EVS features in the HUD for the 

pilots on the approach. At the start of each trial in the Y2 study, the aircraft was established 

on the localizer course abeam the initial approach fix (IAF), PYRAM, at 8500 feet MSL and 

traveling at 210 knots indicated airspeed (KIAS). This differed from the first year’s scenario, 
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where the initial position was at PYRAM, which is slightly offset from the localizer course. 

This change was made due to the appearance of the tunnel (highway-in-the-sky) when 

viewed from the side in the HUD. (The orientation of the corners that make up the tunnel, 

which follows the localizer course, appeared confusing to pilots and did not provide usable 

course guidance when the aircraft was approaching the localizer course from the side.) The 

approach itself was broken into three segments, with the simulation being halted at the end of 

each segment. The segments each represented a different phase of the approach, and were 

chosen based on differences in the pilot’s primary task set. Each leg was also flown with a 

different set of display features presented on the HUD; therefore, pilots saw three HUDs in 

any one trial.  

In the Y1 experiment, the script provided aircraft flight information for each point in the 

approach at which a HUD image was presented. The information content present in the HUD 

varied from image to image, ranging from a basic, decluttered IMC symbology presentation 

to a full-featured display including primary mode symbology, SVS, EVS, TCAS, and flight 

path guidance via a HITS tunnel. In the Y2 experiment, the highly experienced pilots (the 

group selected for comparison to Y1 pilots) were tested on all nine HUDs with one “low,” 

“medium” and “high” clutter display appearing in each leg of an approach for three test trials.  

In both experiments, the first segment began at the IAF and ended just after glideslope (G/S) 

intercept. During this segment the pilot also slowed from the initial airspeed of 210 KIAS to 

a final approach speed of 138 KIAS, extending the landing gear and flaps during the slow 

down. In this segment, the pilot’s main task was to maintain the localizer course at a constant 



 18 

altitude before intercepting the glideslope. This was to be accomplished while fully 

configuring the aircraft for landing (including flaps, slats, speed brake setting, and gear). The 

simulator was halted at the end of the segment, and the pilot completed cognitive workload 

and HUD clutter assessments.  

The second segment began with the aircraft established on the localizer course and on 

glideslope (regardless of any flight path deviations at the end of the first segment). The 

airspeed was 138 KIAS, with the landing gear and flaps fully extended. On this segment, the 

pilot’s main task was to maintain the localizer course while flying at the correct rate of 

descent to stay on the glideslope. The second segment ended just inside of the DICEY 

intersection (about 5.9nm from the end of the runway), at approximately 900 feet above the 

standard/published ILS decision height. Once again, at the end of the segment the simulator 

was halted and the pilot completed the workload and clutter assessments.  

The third and final segment began at DICEY and continued until the pilot made the decision 

to either land or perform a missed approach at the appropriate decision height for the HUD 

display condition. While the pilot’s main task of maintaining the localizer course and 

glideslope was the same as it was in the second segment, the pilot was also expected to begin 

to attend to the actual out-of-cockpit view, as the aircraft neared decision height and the pilot 

needed to make the decision to either land or go around. Ceiling and visibility conditions 

varied such that some trials were not landable, while others had sufficient weather to 

successfully land the aircraft. For the non-landable trials, the runway was never visible with 

the naked eye. For trials with the EVS active on the third segment, the meteorological 
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conditions were such that the runway environment was visible with the EVS display at the 

published ILS decision height. This allowed pilots to continue the approach down to 100 feet 

AGL (EVS minimums) by reference to the EVS imagery. At that point, in order to legally 

land the aircraft, the actual runway had to be visible to an unaided eye, otherwise a go around 

was required. At the end of this segment the pilot completed the final set of workload and 

clutter assessments. (The weather manipulations depended on the HUD configuration 

presented in the final segment of each trial and were not balanced across trials in either 

experiment.)  

In order to ensure comparable task difficulty between years, matching flight segments were 

selected. Specifically, only airport approach flight segments involving glideslope intercept 

and final approach were used. Both of the flight segments required pilots to carefully track 

the localizer courseline and glideslope indicators in primary flight displays, as well as make 

control inputs to maintain the aircraft’s flight path within defined constraints.  

The independent variables that were manipulated in the Y1 and Y2 experiments related to 

various HUD display features (see Table 3.1 for an overview and sample images). The 

informational elements that were toggled “on” or “off” included SVS, EVS, TUNNEL 

(pathway guidance) and HUD primary mode symbology. The following display information 

feature descriptions are from the original studies (Kaber, et al., 2007; Kaber, et al., 2008). 

The SVS was manipulated by turning a wire-frame representation of a terrain model on or 

off. When SVS was turned “on,” the terrain model appeared in the display (see the first 
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image in Table 3.1).There was no texturing of polygons in the model. The wireframe mode 

of presentation was used primarily to distinguish the SVS information from the EVS imagery 

as part of the HUD. The accuracy of the source data used for the SVS terrain model was 

comparable to that of prior NASA Langley developed models.  

EVS was manipulated by turning on or off imagery collected by a thermal imaging system on 

actual approaches previously flown into KRNO. When EVS was turned “on,” sensor returns 

for terrain were revealed as a texture map in the HUD (see the second image in Table 3.1). 

The accuracy of displayed imagery and the database resolution were comparable to that of 

commercially available EVS technology.  

TUNNEL was manipulated by turning on or off the “highway-in-the-sky” or pathway 

guidance. When TUNNEL was turned “on,” four sets of crows-feet were presented to outline 

boxes in HUD image (see the fourth image in Table 3.1). In previous NASA Langley studies 

of this technology, the tunnel boxes have represented a maximum physical space width of 

600 ft. and maximum and minimum heights of 350 ft. and 50 ft., respectively.  

HUD symbology was manipulated by turning primary instrumentation on or off. When 

primary instrumentation was turned “on,” the following display features were presented, in 

addition to the standard IMC mode symbology: pitch ladder, ground speed, selected speed, 

airspeed tape, speed bug, altitude tape, selected altitude, baro setting, and runway outline 

(depending on phase of flight). The last image in Table 3.1 presents the full-featured or 

primary mode HUD symbology. 
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Table 3-1: Examples of independent variable settings through advanced HUD images 

(from Kaber et al., 2007) 

Independent 

Variable 

Brief 

Description 

Manipulation “On” Sample Image 

SVS Wire-frame 

representation 
of terrain 

On/Off 

 

EVS Displayed 
imagery 

collected via 

thermal imaging 

On/Off 

 

TUNNEL Highway-in-the-

sky pathway 

guidance 

On/Off 
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Table 3-1 Continued 

HUD 

Symbology 

Instrumentation 

to support 
VMC/IMC 

flight 

On 

(Primary)/Off 
(IMC) 

 

 

As previously discussed, comparable display conditions and flight segments from Y1 and Y2 

were selected for data analysis. (The Y2 study found that there was no significant effect of 

flight segment on clutter ratings; so the aggregation of Segment 2 and 3 observations within 

studies did not pose a problem for the statistical analysis.) Using Segments 2 and 3 from each 

study limited the comparable data such that only four display configurations could be 

compared. The ratings of display cutter were collected at the end of each flight segment in a 

scenario across both studies. This yielded a total of 88 observations, 40 from Y1 and 48 from 

Y2, with an equal number of observations on each display condition in each year, for a total 

of 22 observations per display condition. The features of the various HUD configurations that 

were compared in the data analysis are summarized in Table 3-2.  
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Table 3-2: Display conditions for Y1/Y2 data analysis  

 
Display Condition M (HC1) 

SVS, EVS and Tunnel “on” 

 
Display Condition O (HC3) 

EVS “on” 

 
Display Condition H (MC2) 

SVS and EVS “on” 

 
Display Condition P (LC3) 

Baseline (no advanced features) 

 

In general, it was expected that with the introduction of dynamics in the display imagery 

(Y2), pilots would perceive an increase in display clutter due to a greater potential for 

overlap or confusion of features (Hypothesis 1 (H1)). This hypothesis was assessed using an 

ANOVA model (Test 1 (T1)) and examining the significance of the independent variable, 

Year, in predicting clutter ratings (CR). More specifically a higher mean CR was expected in 

Y2. In the ANOVA model, the Subject term was coded as a random effect nested within 
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year. Related to this analysis, all F-tests reported in this study used MSE as the denominator 

value. 

Due to consistency in the aviation domain between the Y1 and Y2 studies, the observed 

differences in CRs among display conditions were expected to remain consistent (Hypothesis 

2 (H2)). This hypothesis was tested (T2) using an ANOVA on the CRs for common displays 

across the studies and Tukey’s post-hoc tests to determine if condition groupings were the 

same in the presence (Y2) and absence (Y1) of dynamics. In addition to being apparent in the 

by-year Tukey groupings, consistency in the differences among displays would be indicated 

through the ANOVA by a lack of interaction between the year and display conditions. 

3.2 Effect of Domain 

 A similar approach was taken in the comparison of the Y2 and Y3 data sets, in which the 

effect of aviation domain (flight platform) on perceptions of clutter was assessed. As in the 

Y1 and Y2 analysis, comparable flight segments and displays were matched between the Y2 

and Y3 conditions. Twelve pilots from the Y2 study, with low and medium levels of 

experience were matched with 14 Y3 pilots. All pilots were First Officers. Low experience 

pilots had less than 5 years of line experience and an average of 3979.7 hours of flight time. 

Medium experience pilots had between 5 and 15 years of line experience and an average of 

8437.7 hours of flight time. The average across groups was 5958.7 hours of total flight time. 

The 14 Y3 pilots all had over 15 years of line experience with a mean of over 14,000 hours 

total flight time. However, all 14 Y3 pilots were novices in the VTOL flight domain; so their 

flight performance was expected to be comparable to the low and medium experience Y2 
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pilots. There were two pilots with significant VTOL experience in Y3 whose data was not 

used in the Y2/Y3 comparison presented here. Y3 clutter scores (CSs), CRs and performance 

data were aggregated into 98 applicable observations and were analyzed with 112 Y2 

observations. Independent variables included display condition and year, which denoted 

aircraft type (Fixed-wing or VTOL).  

The Y2 flight displays compared in the Y2/Y3 analysis contained the same features as 

previously described for the Y1/Y2 analysis. However, in the Y2/Y3 analysis, seven display 

conditions were matched between studies (see Table 3-3) The Y3 display conditions were 

similar to those from the Y1 and Y2 trials, but they were presented in a head-down display 

(HDD) rather than in a HUD. Also, one display contained both the primary flight display 

(PFD) and the navigation display (ND) (see Table 3-3). The combined display format used in 

Y3 appears to be a portrait layout vs. the landscape layout used in Y2. However, the PFD by 

itself retained dimensions similar to the Y2 HUD presentation. It should be noted here that 

the “primary” symbology was turned “on” in all Y3 trials. As noted above, some Y2 display 

conditions did not include the primary symbology. Although the displays were still largely 

comparable, it is possible that the additional information features present in some Y3 display 

conditions may have generated slightly higher CRs and CSs with a potential influence on 

flight performance. The display images presented below were taken from the original 

MMADC Y3 report (Kaber, et al., 2009). 
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Table 3-3: Display conditions for Y2/Y3 data analysis 

Display Features Y2 Classification Y3 Classification 

SVS, EVS, Tunnel 

 
HC2 

 
HC1 

EVS 

 
HC3* 

 
HC3 
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Table 3-3 Continued 

Tunnel 

 
MC1 

 
MC3 

SVS, EVS 

 
MC2 

 
MC1 

SVS, Tunnel 

 
MC3* 

 
MC2 
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Table 3-3 Continued 

SVS 

 
LC2* 

 
LC1 

Baseline 

 
LC3 

 
LC2 

(Note: * indicates that the primary flight symbology was off in the Y2 display condition) 

The Y3 flight scenario was also a precision (ILS) approach, presenting similar but not 

identical conditions to the KRNO ILS 16R approach used in the Y1 and Y2 studies. The Y3 

flight scenario was an instrument approach to an unlit desert landing site under night IMC 

with a 500-foot overcast cloud ceiling. The approach consisted of two segments. The first 

was the descent phase, which was an ILS-style precision approach. The second was a 



 29 

decelerating approach to a hover 250 feet above the touchdown point with a subsequent 

vertical descent to termination. The object of the approach was to arrive at a hover 250 feet 

above the touchdown point. Consequently, the entire approach required constant deceleration 

of the aircraft and a corresponding decrease in rate of descent in order to remain on 

glideslope. Only the first flight segment (descent phase) of the Y3 data was used in the 

Y2/Y3 comparisons. The second segment was too dissimilar from the Y2 flight scenario for 

valid any comparisons to be made.  

During the descent phase in each trial, there was a failure of the aircraft-based navigation that 

drove the HITS tunnel, SVS and navigation display (ND) courseline. The failure caused the 

course guidance to diverge from the raw (sensor) data on the localizer, as shown on the 

course deviation indicator. Following the tunnel or ND courseline would lead to a two-dot 

deviation, which violated defined flight path control criteria. This had been briefed to the 

pilots a flight violation and cause for experimenter termination of the test trial. NAV failures 

could occur early or late, and to the left or right. The types of NAV failure were not found to 

be significant in influence on the response measures in the Y3 study; therefore, they were not 

considered in the selection of observations for the present meta-analysis.  

With respect to dependent variables, overall clutter ratings were collected at a simulation 

freeze during the descent of the approach. A uni-dimensional scale ranging from 0-20 points 

was used for these ratings. As in the Year 2 study, CSs were calculated based on the 

multidimensional index developed by Kaber et al. (2008), including six subdimensions 

(Redundancy, Colorfulness, Salience, Dynamics, Variability and Density). (The composite 
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score was computed as a rank-weighted sum of the ratings on the individual subdimensions.) 

The scores ranged from 0-100%. In this study, only the uni-dimensional CRs and the 

composite CSs were analyzed.  There was no analysis of the CS subdimensions. In addition 

to the clutter measures, flight path control deviations were assessed based on simulator 

output, including LOC and G/S deviations measure in terms of RMSE during the descent. 

Pilot detection of NAV system failures (“Yes” or “No”) were recorded in the descent phase 

of the flight scenario. 

The Y3 experiment included a training session for each pilot. A 30-45 minute briefing was 

provided to familiarize them with the experiment and the aircraft displays and controls. The 

briefing was followed by a 30 min in-cab familiarization prior to beginning three training 

trials. The training trials included two part-task approaches prior to a final whole-task 

training run. The first part-task trial required subjects to apply vertical speed control using a 

side-stick with a hat switch. The second trial required pilots to apply directional control with 

the side-stick. The third trial required both vertical speed and directional control. If the 

subject was unable to successfully complete either phase of the approach in the third training 

trial, the trial was repeated until the subject was successful. None of the test subjects required 

more than three whole-task training runs to successfully complete the approach, with most 

being successful on the first attempt. Total time required for the training approaches was 30-

45 minutes.  

It was expected that aircraft type would affect CSs such that they would not be consistent 

between studies. While the clutter measurement approach developed by Kaber et al. (2008) 
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may have comparable sensitivity and diagnosticity to display manipulations under various 

levels of workload regardless of the aviation domain, pilots use primary flight cues in 

different ways across the fixed-wing and VTOL domains. Similarly, it was expected that the 

influence of display condition on objective measures of flight performance would differ 

between Years 2 and 3 (fixed-wing vs. VTOL) due to different flight path control 

requirements (decelerating vs. a constant-airspeed approach). It was speculated that this 

difference would be primarily due to pilot goal states within domain, and the relationship of 

display features to pilot flight information requirements as well as the frequency and pattern 

of visual attention. Thus, some display conditions might have been more useful in the Y3 

VTOL approach than in the Y2 fixed-wing approach.  

Although an interaction of aviation domain and display condition was expected, it was 

anticipated that (in general) Y3 clutter ratings and scores would be significantly higher than 

in Y2 simply because the approach scenario was more difficult for the pilots. It was also 

expected that the relationships between subjective clutter assessments and performance 

would be consistent across Years 2 and 3, suggesting that the display clutter measure was 

predictive of performance and clutter perception for both experimental platforms, fixed-wing 

and VTOL (or aviation domains). The specific hypotheses for the Y2 vs. Y3 analysis along 

with associated statistical tests are summarized below: 

 H3 - The aviation domain was expected to alter pilot goal states and tasks such that 

display features would affect clutter scores (CSs) differently between years.  
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 T3 - An ANOVA model was used to evaluate whether an interaction effect of year 

and display occurred for clutter scores. As in the Y2/Y1 analysis, the ANOVA model 

represented a split-plot experiment design using year as a grouping variable and 

Subject entering as a nested, random effect. Significance of the interaction was 

considered to support H3.  

 H4 - It was expected that the Y3 trials would pose increased task difficulty and 

generate higher mean CSs vs. the Y2 trials.  

 T4 - Significance of the year term in an ANOVA model on CS along with a higher 

Y3 mean was considered to support H4. 

 H5 - As a result of the difficulty of the Y3 flight task, pilots were expected to be more 

sensitive to feature and clutter differences in display conditions in Y3, as compared to 

Y2.  

 T5 - An ANOVA model was used to test the effect of display condition on CS and 

CR within year. Differences in Tukey’s HSD groupings of displays between Y2 and 

Y3 were considered to support H5. 

 H6 - CSs were expected to be predictive of performance across aviation domains.  

 T6 - Correlation analyses were conducted to test this hypothesis using a bivariate fit 

model of CS with the summation of RMSE values for the glideslope (GS) and 

localizer (Loc). The bivariate fit was expected to reveal a positive correlation of CS 

with RMSE values; as CS increases, RMSE increases. 
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 H7 - Any correlation between CS and RMSE was expected to remain consistent 

across domains.  

 T7 - An ANOVA model was structured, including CS, year and the interaction of 

these effects to predict GS and Loc RMSE. The absence of a significant interaction 

was considered indicative of a consistent relation of CS and RMSE across years.  

3.3 Effect of Demographics 

The role of pilot demographics in the Y3 study was assessed using regression analysis in 

order to determine whether individual characteristics were predictive of task performance 

and the perception of display clutter, in a systematic fashion. As this analysis was conducted 

on the Y3 data only, observations on all 16 subjects were used. As the VTOL vehicle used in 

Y3 was a lunar lander, any earth-based VTOL experience was not expected not to be 

relevant. The dependent variables evaluated in the regression analyses included subjective 

clutter assessments, flight task performance (RMSE) and guidance failure detections. 

Independent variables included in various models were cockpit display configuration 

(features), and the type of pilot flight training (military and commercial or commercial-only). 

For those pilots with military experience, the role of the aircraft they flew was also assessed 

for significance in clutter scores and guidance failure detections. Additionally, some subjects 

had previous flight experience in aircraft and/or flight simulators, which had the potential to 

improve performance on the experimental flight task. This included training with SVS or 

EVS displays and VTOL aircraft. Such training was assessed using discrete variables 

(yes/no) in the regression models, as the amount of experience in each condition was not 
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recorded for all subjects in the study. The dependent variables evaluated included the 

subjective CRs and flight task performance (RMSE).  

In general, it was expected that subjects with military training would demonstrate better 

performance and produce lower subjective ratings than those without. In addition, pilots with 

attack-role cockpit experience were expected to demonstrate better performance and produce 

lower subjective clutter ratings than those without. There have been no studies indicating that 

either of the aforementioned pilot experience categories led to superior performance; 

however, as previously discussed, some studies have suggested the cognitive challenges 

presented by the tactical flight domain may lead to higher levels of pilot performance. The 

fighter/bomber tactical flight domain has been identified as one of the most difficult flight 

environments (Endsley & Smith, 1996). Thus, the training and selection associated with 

those categories of flight experience were expected to generate better performance as a result 

of an enhanced ability to accommodate the types of complex displays evaluated in the Y3 

study. Similar expectations were held for EVS, SVS and VTOL experience. The specific 

hypotheses on the demographics effects and their associated tests are as follows: 

 H8 - Military trained pilots were expected to generate lower CSs and flight path error 

in the Y3 task than their non-military counterparts and to achieve higher guidance 

failure detection rates due to familiarity and comfort with highly complex flight 

conditions.  

 T8 - A one-way ANOVA model was used to compare mean CS and RMSE values 

between subjects with military training and those without. Model significance and 
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lower mean CS and RMSE values for military pilots were considered to support H8. 

A contingency table analysis was used to determine the significance of military 

training in guidance failure detection rates. 

 H9 - Attack pilots (those with flight experience in military fighter, bomber or 

fighter/bomber aircraft with MFDs) were expected to generate lower clutter scores 

and lower flight path error as well as higher off-nominal event detection rates than 

subjects without attack aircraft flight experience. This hypothesis was based on the 

assumption that flight experience with heavily-loaded displays (as a function of 

weapons, targeting and tactical situation information) may better condition attack 

pilots to cognitively accommodate the display conditions used in the experimental 

trials. 

 T9 - A one-way ANOVA model was used to compare mean CS and RMSE values 

between subjects with attack aircraft training and those without. Model significance 

and lower mean CS and RMSE values for attack pilots were considered to support 

H8. A contingency table analysis was used to determine the significance of military 

training in guidance failure detection rates. 

 H10 - Pilots with SVS training were expected to generate lower CSs and flight path 

error in the Y3 task than those without and to generate higher guidance failure 

detection rates due to familiarity with the SVS display feature. 

 T10 - A one-way ANOVA model was used to compare mean CS and RMSE values 

between subjects with SVS training and those without. Model significance and lower 
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mean CS and RMSE values for SVS trained pilots were considered to support H10. A 

contingency table analysis was used to determine the significance of SVS training in 

guidance failure detection rates. 

 H11 - Pilots with EVS training were expected to generate lower CSs and flight path 

error in the Y3 task than those without and to generate higher guidance failure 

detection rates due to familiarity with the EVS display feature. 

 T11 - A one-way ANOVA model was used to compare mean CS and RMSE values 

between subjects with EVS training and those without. Model significance and lower 

mean CS and RMSE values for EVS trained pilots were considered to support H11. A 

contingency table analysis was used to determine the significance of EVS training in 

guidance failure detection rates. 

 H12 - Pilots with VTOL training were expected to generate lower CSs and flight path 

error in the Y3 task than those without and to generate higher guidance failure 

detection rates due to familiarity with VTOL craft. 

 T12 - A one-way ANOVA model was used to compare mean CS and RMSE values 

between subjects with VTOL training and those without. Model significance and 

lower mean CS and RMSE values for VTOL trained pilots were considered to 

support H12. A contingency analysis determines the significance of VTOL training in 

guidance failure detection rates. 
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Due to the small sample size for the study, the results of these analyses were expected to 

serve primarily as trend indicators for further research. Based on the sample of 16 pilots, the 

generalizability of the results to the population of professional aviators may be limited.  

3.4 Data Analysis  

Descriptive statistics for all datasets are presented in Appendix A. A careful effort was made 

to ensure that the numbers of observations were adequately balanced between datasets to 

ensure validity of the analyses.  

In order to satisfy the normality assumption of the ANOVA procedure, some data 

transformations were required. RMSE values typically extend from zero out to the right 

(position values), with the majority of scores clustered near zero. In order to satisfy the 

normality assumption for parametric analysis, all RMSE data was transformed using the log10 

function. For the analysis of demographic effects, Y3 CSs were normalized using z-scores. 

Scatter plots as well as Shapiro-Wilks tests were used to assess the effectiveness of the 

transformations on the response measures for ensuring ANOVA assumptions were satisfied. 

Response distribution, normal quantile and scatter plots are all presented in Appendix B. 

Some observations in the original datasets were intentionally excluded. There were two trials 

in the Y3 study that generated extreme outlying RMSE values, skewing the response 

distribution. All other excluded observations, occurred in test trials in which pilots violated 

defined flight path control criteria (“two-dots” of deviation on the GS and/or Loc 
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parameters), resulting in experimenter termination of test trials. A table of all excluded 

observations is presented in Appendix C. 
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4 Results 

 

4.1 Effect of Dynamics 

It was expected that dynamics would increase mean CRs in Y2 vs. Y1 (H1). ANOVA results 

revealed a significant main effect of year (F(1,72)=7.4751, p=0.0079); however, the mean 

CR for Y2 (12) was lower than Y1 (13.8). On average, CRs inY2 were lower for all but one 

of the four display conditions evaluated. This finding was counter to H1, stating that the 

presence of dynamics in the Y2 study would contribute to an increased perception of clutter.  

H2 speculated that due to the consistency of pilot goal-states and domain tasks across studies, 

the pattern of CRs among display conditions would remain consistent from Y1 to Y2. The 

ANOVA model, including display, study year and the interaction of display and year, for 

predicting CRs revealed significance of both main effects as well as the interaction (see 

Table 4-1). The significance of the interaction (F(3,72)=4.1741, p=0.0088) was counter to the 

stated hypothesis that CRs would be consistent across years. Figure 4-2 shows the results of 

post-hoc analyses using Tukey’s HSD tests (α=0.05) and identifies the significant differences 

among mean clutter ratings for the various display configurations within year. In Y1, mean 

clutter ratings for display conditions M (HC1) and O (HC3) were significantly different from 

H (MC2) and P (LC3), and conditions H and P were also significantly different from each 

other. In Y2, there were no significant differences in clutter ratings between display 

conditions. In Y2, there was greater variability in clutter ratings and less difference between 

the means for each display condition.  
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Figure 4-1: Y1 & Y2 Model and ANOVA 

 

 

Figure 4-2: Tukey’s HSD Groupings of display conditions in Y1 & Y2 based on Clutter 

Ratings 

 

4.2 Effect of Domain 

As previously described in the Methods section, several models were used to investigate the 

effects of domain on clutter assessments and flight task performance. H3 was tested with an 

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 15 1086.6421 72.4428 7.8164
Error 72 667.3010 9.2681 Prob > F
C. Total 87 1753.9432 <.0001*

Effect Tests
Source Nparm DF Sum of Squares F Ratio Prob > F
Display 3 3 482.63741 17.3584 <.0001*
Year 1 1 69.28009 7.4751 0.0079*
Display*Year 3 3 116.05786 4.1741 0.0088*
Subject[Year] 8 8 435.88646 5.8789 <.0001*
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ANOVA model including display, year and the interaction of these terms. The model 

represented a split-plot experiment design with year as a grouping variable and the Subject 

term coded as a nested, random effect to predict CSs and CRs. In the CS model, the ANOVA 

indicated that both predictor variables as well as the interaction were highly significant. The 

significance of the interaction between year and display condition (F(6,114.5)=7.1725, p 

<0.0001) supported H3, stating that clutter assessments would not be consistent between 

studies. H4 (increased task difficulty in Y3 leading to greater sensitivity to clutter) was also 

supported by the significance of the year term in the ANOVA model (F(1,21.3)=8.8760, 

p=0.0071), combined with a higher mean CS for Y3 trials (Y3=55.5, Y2=46.8).  

Similar effects observed for the CSs were observed with the clutter ratings, except that the 

predictor variable, Year, was not significant F(1,21.6)=1.5198, p=0.2309. Both display 

condition (F(6,111.1)=13.0132, p<0.0001), and the interaction between  year and display 

condition (F(6,111.1)=7.3044, p<0.0001) were significant. Though not statistically 

significant, the CR mean was also higher in Y3 (Y3=57.0, Y2=50.3). The differences in 

degrees of freedom reported in the CS and CR F-tests are the result of a missing value in the 

Y2 CR data. 

It was expected (H5) that there would be greater differentiation among display conditions in 

Y3 vs. Y2 due to the higher level of difficulty of the VTOL scenario. ANOVAs were 

performed on the CS and CR responses with display condition as a predictor. In the CS 

models, display was highly significant for each year (Y2: F(6,105)=8.1493, p<0.0001; Y3: 

F(6,76)=8.7054, p<0.0001). A full statistical model including the interaction of display and 
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year revealed a significant effect on CS. Related to H5, the ranking of means using Tukey’s 

HSD groupings was different among years (see Table 4-3).  Contrary to expectation, all but 

two display conditions fell into exactly the same number of Tukey’s groups across years. 

This suggested no greater differentiation in the Y3 CSs vs. Y2.  

  

Figure 4-3: Tukey’s HSD Groupings for Y2 & Y3 Clutter Scores  

Similar findings were obtained for the CRs by display condition within year (Y2: 

F(6,104)=5.98, p<0.0001; Y3: F(6,76)=12.32, p<0.0001). The interaction of study year by 

display was significant in a full model of CRs (F(6,180)=5.8720, p<0.0001). Post-hoc 

analyses using Tukey’s HSD tests produced the groupings in Table 4-4. For the CR response 

measure, again, all but two display conditions fell into exactly the same number of Tukey’s 

groups across years. However, the range of CRs in Y3 (32.5-74.4) was much greater than in 

Y2 (32-68). This suggested greater differentiation in the Y3 display conditions, which 

supported H5.  

Y2 Y3 



 43 

 

Figure 4-4: Tukey’s HSD Groupings for Y2 & Y3 Clutter Ratings  

In order to test H6, the expectation that CS and CR would be predictive of flight 

performance, quadratic regression bivariate fit models (including CS and CR) were run on 

the Loc and GS deviations (RMSE values). All four models produced very low R
2
-values, 

indicating that H6 was not true: CR on GS RMSE, R
2
=0.003; CR on Loc RMSE, R

2
=0.04; 

CS on GS RMSE, R
2
=0.005; and CS on Loc RMSE, R

2
=0.04. The quadratic regression 

model was used based on the results of the MMADC Y2 study revealing that “medium” 

clutter displays (based on subjective assessment) were more supportive of performance than 

“low” and “high” clutter displays because they provided more information germane to the 

task, but not so much as to create confusing overlap of features. In fact, quadratic models did 

produce slightly better fits than linear models; however, the predictive power was still very 

low. 

It was expected (H7) that the relation of clutter perceptions with performance would remain 

consistent across years of the study (domains). The tests on H6 revealed that the clutter 

Y2 Y3 
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measures were not useful predictors of flight performance. Therefore, no additional tests 

were conducted on H7. 

4.3 Effect of Demographics 

In this section, the effects of demographics (flight experience and specific training) are 

presented according to the response variables. The results of the analyses on performance, 

measured in terms of the sum of GS and Loc RMSE, within the categories specified in H8, 

H9, H10, H11 and H12, are presented in Table 4-1.  Only Attack and SVS experience were 

significant in the integrated measure of path deviation. Attack pilots produced significantly 

lower path deviations than those without attack experience. In the case of SVS training, the 

mean RMSE value was actually higher (worse performance) for those pilots with SVS 

experience, contrary to the expectation stated in H10.  

The results of the CS analysis are presented in Table 4-2. Significant effects were found for 

Attack, SVS and VTOL experience categories. However, only the VTOL experience 

generated a lower mean clutter score, as compared to pilots without VTOL experience. 

Contrary to H9 and H10, pilots without attack and SVS training actually rated displays as 

being less cluttered than pilots with such experience.  
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Table 4-1: Y3 flight task performance (RMSE) results accoding to pilot demographics 

  RMSE 

 Training Significance 
F-test 

(1,251) P-value Means 

H8 Military NS 0.2512 0.6167 0.8275 

  No       0.9827 

H9 Attack Significant 11.0184 0.0010 0.5371 

  No       0.9525 

H10 SVS Significant 4.8622 0.0284 1.0015 

  No       0.7502 

H11 EVS NS 2.1687 0.1421 0.8024 

  No       0.9192 

H12 VTOL NS 1.6051 0.2064 0.9050 

  No       0.7860 
 

Table 4-2: Y3 Clutter Score results according to pilot demographics 

  Clutter Score 

  Training Significance 
F-test 

(1,252) P-value Means 

H8 Military NS 0.6516 0.4204 54.2311 

  No       52.3291 

H9 Attack Significant 6.4893 0.0114 59.3194 

  No       52.3252 

H10 SVS Significant 4.2556 0.0401 55.8740 

  No       51.4199 

H11 EVS NS 0.1955 0.6588 53.0246 

  No       54.0189 

H12 VTOL Significant 4.7718 0.0299 49.5450 

  No       55.0000 

 

The results of the guidance failure detection analysis are presented in Table 4-3. A significant 

effect was found for Attack experience, where the detection rate for the subjects with attack 

experience was 22.92%, more than double the detection rate of those without attack 
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experience (11.17%). No other types of pilot experience or training were influential in failure 

detection rates. 

Table 4-3: Y3 guidance failure detection results according to pilot demographics 

  Detection 

  Training Significance 
Likelihood 

Ratio P-value 
Detect 

% 

H8 Military NS 0.049 0.8240 13.07 

  No       14.10 

H9 Attack Significant 4.123 0.0423 22.92 

  No       11.17 

H10 SVS NS 0.544 0.4606 11.81 

  No       14.96 

H11 EVS NS 0.743 0.3886 15.79 

  No       11.95 

H12 VTOL NS 1.149 0.2838 9.52 

  No       14.66 
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5 Discussion 

 

5.1 Effect of Dynamics 

The expectation that display dynamics in Y2 would increase clutter assessments, as 

compared with Y1 displays, was not supported by the statistical analysis. This expectation 

was based on the fact that the dynamic flight task poses temporal demands on the pilot, 

which combined with overlap and occlusion of specific display features due to aircraft states, 

might create perceptions of clutter in searching for visual targets. However, the trend 

information conveyed by display dynamics seems to have more effectively supported task 

performance and reduced perceptions of clutter. Even though the Y1 pilots were read a 

scenario to provide context and were not time-constrained in making CRs, the static images 

may have been cognitively demanding. Pilots had to reorient themselves to the displayed 

state of the aircraft and flight environment for each observation (without dynamic context). 

In contrast, the dynamic displays used in Y2 allowed pilots to maintain concurrent aircraft 

SA and led to lower CRs. Endsley (1995) explicitly acknowledges the “highly temporal” 

nature of SA, stating that “SA is not necessarily acquired instantaneously but is built up over 

time. Thus it takes into account the dynamics of the situation that are acquirable only over 

time.” The absence of trend information in the Y1 static display conditions effectively 

reduced context for pilots and may have inhibited the ability of expert pilots to pattern-match 

and predict future states. It is possible that this limitation in pilot SA was attributed to display 

clutter. Essentially the lack of dynamics may reduce the expert’s information process to that 
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of a novice; one that is rule-based and thus relies on very clear perception of individual 

elements of information and their mental integration (Rasmussen, 1983).  

H2 posited that the rating of display clutter would be consistent across years, indicating that 

the clutter measure, which was developed under the static display conditions, remained valid 

in the dynamic conditions. While the significance of interaction of study year by display 

seems contrary to this expectation, the relationship is actually more nuanced. In fact, with the 

exception of display condition H (SVS, EVS), the ordinal ranking of the displays by clutter 

rating was completely consistent across the two studies. Furthermore, specific ranking of the 

H display was less a function of increased CR for the H condition than it was a function of 

decreased mean CR for conditions M (SVS, EVS, Tunnel) and O (EVS). In general, this 

indicates that dynamics effectively mediated the perception of clutter in conditions M and O, 

but not in condition H. In the case of display condition M, the salience of the tunnel and its 

usefulness as a navigational aid likely dominated the perception of the display and limited the 

sense of clutter that might otherwise be attributed to SVS and EVS features in the display 

condition. Similarly, the context provided by the display dynamics may have reduced the 

perception of clutter associated with the EVS feature.  

In the static display conditions where context had to be drawn from information features 

perceived individually, the reduced contrast between the non-iconic information and the 

background due to the appearance of EVS returns may have been more troublesome for the 

pilots. Absent the tunnel, the presence of both the EVS and SVS features in the dynamic 

display condition (Y2, display H) was perceived as only slightly more cluttered than in the 
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static condition (Y1). Thus, dynamics provided only limited mediation of perceived clutter in 

the H display.  

It is also possible that the familiarity of the flight task in Y2 yielded smaller differences in 

CRs, as compared to Y1. That is to say, because of high levels of IMC flight experience in 

similar or identical cockpit environments, in Y2 the pilots were likely capable of completing 

the approach even under display conditions providing less effective information presentation. 

This inference is supported statistically by the absence of significant differences between 

HUD conditions in Y2.   

5.2 Effect of Domain 

The significance of the interaction between year and display condition on CSs and CRs 

supports H3, the expectation of inconsistency of clutter assessments between domains. This 

was not surprising given the differences in the primary flight cues used in the two domains. It 

is probable that the interaction was due to differences in domain-specific experience levels of 

the pilots. The pattern-matching approach used by experts would logically generate different 

clutter perceptions than the sequential observation of individual information features typical 

of novice task performance. That is, the pilots in the Y3 study were primarily novices to the 

craft type and flight scenario. 

H4 speculated that the mean CR value would be higher among comparable display 

conditions in Y3 due to increased task difficulty in the VTOL scenario. This was 

corroborated by the data analysis. The original MMADC Y2 study noted that medium and 
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high experience pilots, due to comparable IMC flight time, were less sensitive to high clutter 

displays. In the Y3 experiment, all 14 pilots (whose observations were used in the present 

analysis) were novices in the VTOL domain. Thus, despite significant IMC flight experience 

in fixed-wing craft and the fact that both assessed Y2 and Y3 approach segments were 

similar ILS descents, it was not certain whether the Y3 pilots would be sensitive to high 

clutter displays in the VTOL craft. The expectation was that, as novices in the VTOL 

domain, they would exhibit greater sensitivity to “cluttered” displays.  This was supported by 

the present data analysis. 

The CS data contradicted H5, the expectation of increased discrimination of displays in Y3 

due to increased task difficulty. Y2 display configuration clutter scores were fairly uniformly 

distributed, while Y3 clutter scores gravitated into two groups, a low-clutter group (with 

scores between 40 and 50) and a high-clutter group (with scores between 61 and 65). All four 

high-clutter displays included the SVS feature. All three low-clutter displays did not. Thus, 

the SVS feature proved highly influential in the perception of display clutter in Y3, as noted 

in the original MMADC Y3 report. The point of interest here is the inconsistency of the SVS 

clutter effect between years. This may be a function of pilot sensitivity to clutter due to the 

fact that they were effectively novices in the Y3 domain. The lack of consistency in effect 

was also likely influenced by the location of the SVS in the MFD. In Y3, the terrain model 

presentation was such that the SVS wireframe was densely depicted in the top-half of the 

HUD (see Figure 5-1). In Y2, the dense wireframe mass was in the lower-half of the display 

(see Figure 5-1). This may have created more feature overlap with respect to the most 
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significant flight information or it may have created a general sense of clutter with its 

prevalence above the artificial horizon indication.  

In Y2, the three lowest mean CSs for display configurations were between 39 and 40, a 

narrow range. The other four mean CSs ranged from 45.8 and 63. A common feature among 

the three lowest CS displays was the absence of primary VMC symbology. With one factor 

in clutter being the degree of iconic and non-iconic feature overlap, perhaps the absence of 

primary, iconic symbology reduced the overlap and clutter scores in Y2. The subjects in the 

Y2 study flew a familiar aircraft in a standard instrument approach and were, for all intents 

and purposes, very comfortable. On this basis, it is reasonable to assume that the pilots 

instinctively looked to the IFR flight symbology for aircraft status information since they had 

hundreds, and in some cases, thousands of hours using that symbology in that environment. 

Thus, the presence of HUD symbology, typically used only during VMC flight, was expected 

to increase perceived clutter.  
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MC2 

 
LC1 

 
LC1 

Figure 5-1: Y2 and Y3 displays with greatest Clutter Score inconsistency between years  

(Identified by their Y3 objective clutter classifications) 
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H6 was also not supported by the data analysis. Clutter scores were not predictive of flight 

task performance. This was likely attributable to erratic Y3 flight task performance. With the 

task being new to all 14 Y3 pilots, whose performance was used as a basis for the Y2/Y3 

comparisons, the most significant predictor of performance appears to be the individual. As 

previously discussed, all Y3 subjects received substantial training prior to beginning the test 

trials.  Nonetheless, some of the pilots learned the flight control inputs and cues fairly 

quickly and thus performed relatively well. Some pilots struggled with the approach 

throughout the course of their trials. There were no on-board guidance failures in the training 

trials; so it is possible that the difficulty of the task combined with the guidance failure events 

simply proved overwhelming for some of the Y3 pilots. Consequently, individual differences 

may have dominated other trend information and precluded the extraction of any meaningful 

display (clutter) effects on performance. 

As was previously discussed, the statistical tests on H6 revealed no relationship of CSs with 

flight task performance. This rendered tests of H7, comparison of the consistency of clutter 

assessments for predicting performance across years, irrelevant.. 

5.3 Effect of Demographics 

The only training or experience effect that proved consistently significant across all three 

response variables collected in the Y2/Y3 studies was attack experience (H8). This seems to 

validate the expectation that factors, which improve performance under difficult flight 

circumstances include: (1) the selection and training employed in attack pilot development; 

(2) the tactical domain in which attack pilots are trained; and (3) the complexity of flight 
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displays. Attack pilots exhibited increased sensitivity to display clutter, evidenced in higher 

mean clutter scores, which was counter to hypothesis. However, the group’s superior 

performance suggested the information features did not overwhelm them, but rather they 

were more discerning with respect to features they found useful in the flight task.  

The fact that SVS experience (H10) was associated with significantly worse flight task 

performance and higher clutter scores contradicts the expectation that flight experience with 

similar display conditions would improve performance and moderate pilot perceptions of 

clutter. Similarly, there was no observed effect of EVS training (H11). It may be that the 

SVS and EVS conditions previously experienced by test subjects were presented in a 

significantly different format than in the MMADC Y3 study, so that there was no transfer of 

training effect. It is also likely that the flight domains (fixed-wing vs. VTOL) trained and 

tested were considerably different, thereby precluding any appreciable training effect.  

VTOL training (H12) only demonstrated significance in the CSs. The absence of a significant 

VTOL performance effect may be attributable to the flight task studied in Y3. In the present 

analysis, comparable conditions (to fixed-wing format) were selected, those being descent 

rather than hover tasks, where differences in control inputs between domains (VTOL vs. 

fixed-wing) were minimal.  

The absence of any significant military effect (H8) was presumed to be a function of 

similarity between military and civilian flight training. Likely contributing to the difficulty of 

error detection (and attribution in this case) is the fact that the standard GS and Loc cues 
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were located on the display’s periphery while SVS, EVS and tunnel were presented either 

ubiquitously or centrally. The off-nominal task was such that it relegated the very salient, 

centrally located iconic information features to a position of being secondary information, 

with the primary cues remaining on the display’s periphery.  

Consistency of the display features with the two previous studies was important, but absent 

that constraint, there are a number of display options that would have aided in the 

detection/comprehension task. Almost certainly, use of the proximity compatibility principle 

(Burns, 2000) would have proven helpful in that regard. In a listing of design guidelines for 

flight MFDs (Endsley, 1988), Endsley presents a number of concepts who’s violation may 

well have contributed to the low off-nominal detection rates in the Y3 experiment. Among 

those are: 

- Group related information (iconic and non-iconic as possible) in terms of spatial 

proximity to minimize attentional shifts (as noted previously). 

- Most important information should be most salient. 

- Peripheral vision can be employed for non-attentive monitoring of qualitative state 

changes and simple secondary information. 

- Compensate for attentional narrowing through methods that present secondary 

information simultaneously with primary information without inducing decrements to 

the primary task. 
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6 Conclusions 

 

The overarching goal of the three years of the MMADC experimentation was to develop a 

multidimensional measure of display clutter in aviation displays. The purpose of this research 

was to develop a refined understanding of the perception of display clutter by contrasting 

pilot assessments of comparable displays across studies under flight dynamics and various 

domains and by investigating the effects of specific task-relevant training and experience.  

Generally, the analysis generated findings that serve to illuminate very complex relationships 

among display features, clutter perception and performance. The primary effect of dynamics 

was its conveyance of trend information, providing the context subjects needed to effectively 

perform flight tasks. This largely mitigated clutter effects that were clearly discerned under 

static display conditions.  

The effects of domain were more nuanced, but generally support the notion that a clutter 

measurement method can be effectively applied across domains. Certainly, the present 

models of pilot performance in clutter merit refining through recursive study to improve 

predictive power, as evidenced by low R-squared values. More specifically, enhancements 

should consider domain-specific effects. The analysis revealed that goal states and tasks 

significantly influence perceived clutter, even within aviation domains. One would expect 

similar, if not more pronounced, domain influences to be evident between air and ground 

vehicle display assessments. The introduction of integrated navigation and communication 
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systems in automobile cockpits holds the same potential for creating clutter, as has been 

evidenced in air vehicles. Thus, they should be subjected to similar analytical scrutiny. 

The effects of training and experience may have been countered by domain differences, but 

generally, they were not significant. This indicates a general operator susceptibility to 

perceived clutter and provides additional support for considering cognition in display design 

over training interventions for performance improvement. In other words, the venerated 

approach of engineering-centered design and training pilots to accommodate system 

configurations is hazardous. Whether in ground or air vehicles, ergonomic display design 

should be followed to enhance operator performance. 

The display designs considered in this study are relevant to current aviation operations, both 

in the civil and military aviation sectors. EVS has been in widespread military aviation use 

since the 1980s. The U.S. military has employed both image intensification (I
2
, night-vision 

goggles) and forward-looking infrared (FLIR) devices in a wide range of fixed-wing and 

VTOL aircraft. There is also military interest in SVS as a non-emitting system for IMC 

terrain-following capability. Various forms of the HITS tunnel are in operational use in civil 

aviation cockpits. NASA is currently researching civil aviation applications for SVS and 

EVS technologies and has completed some SVS flight testing (Prinzel et al., 2004). 

6.1 Limitations 

Displays in the Y2/Y3 comparisons were not all matched with respect to the primary VMC 

symbology, as the symbology was turned off for some display conditions in Y2 but was on 



 58 

for all Y3 display conditions. While the focus of this comparison was on the effect of domain 

on CSs, the absence of the primary navigation feature in the Y2 displays, when matched to 

Y3 displays (HC3, MC2 and LC1), may have limited the validity of those comparisons. 

Nonetheless, the other four comparisons covered all three objective clutter classes (high, 

medium and low) without systematically different results.  

Manipulation of the display features in the off-nominal event detection task and the inability 

of subjects to effectively interpret what was happening with the displays, may have 

artificially increased Y3 clutter assessments. This was attributed to pilot frustration as a result 

of difficulty in mentally explaining guidance system errors. Further research should be 

conducted with other off-nominal events to separate the off-nominal event from direct feature 

manipulation.  

Demographic data concerning flight experience from the Y3 research was fairly limited, as it 

was gathered strictly for descriptive purposes, not for use as predictor variables for either 

clutter assessments or performance. Further, with only 16 subjects observed and only three of 

those fitting the definition of having relevant attack role, military flight experience, the 

generalizability of the results is very limited. This aspect of the research was, however, 

intended as a preliminary investigation as a basis for potential future research. 

6.2 Future Research 

Future research might involve an experiment originally planned for MMADC Y3, 

introducing off-nominal events into a fixed-wing domain. This could help quantify the 
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cognitive load imposed by different display configurations. Those displays for which off-

nominal detections are significantly better might support flight task performance in such a 

way that cognitive resources are available to attend to other issues in the environment. An 

alternate method that may prove useful in measuring cognitive resources available beyond 

those allocated to the flight task is the “bonus task” arrangement used with WOMBAT 

testing, which presents cognitively demanding tasks to be performed during the flight task. 

Under the NGATS vision of tailorable airspace and dynamic routing to accommodate 

expected increases in air traffic, SA in the cockpit will be a critical issue. Displays that 

minimize clutter and attentional resources necessary for basic flight tasks and support pilot 

SA are an obvious tool toward that end.   

Based on recently published findings, a number of SVS formats were assessed favorably 

against the wireframe presentation investigated in the MMADC studies. As on-board 

processor computing power continues to increase, limitations of resolution in display 

presentation format become less restrictive. Thus, photo-realistic SVS formats with various 

shading techniques and color schemes can be implemented in aircraft cockpits (Schnell, 

Keller & Etherington, 2009). The model developed in the MMADC experiments should 

prove a useful metric for identifying clutter in these newer formats. Such experiments could 

serve to help establish a consistent multi-dimensional clutter metric. Inevitably, continued 

testing and development of the model would serve to improve its validity and robustness 

across display types and domains for a host of future applications.  
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Appendix A: Descriptive Statistics 

Year 
Y1 

Disp N  Mean Std Dev Min Max Range Median 

1 H 10 12.50 2.17 10.50 17.00 6.50 11.75 

1 M 10 17.95 1.82 14.50 20.00 5.50 18.00 
1 O 10 15.50 2.88 12.00 20.00 8.00 15.00 

1 P 10 9.40 1.96 7.00 13.00 6.00 8.75 

2 H 12 13.58 4.03 8.00 20.00 12.00 13.50 

2 M 12 13.67 4.05 7.00 20.00 13.00 13.00 
2 O 12 11.58 5.43 4.00 20.00 16.00 12.00 

2 P 12 9.13 4.65 3.50 19.00 15.50 8.50 

Y1 & Y2 Clutter Scores 
 

 

Year 
Y3 

Disp N Mean Std Dev Min Max Range Median 

2 HC1 16 63.00 10.76 47.00 84.83 37.83 65.17 
2 HC3 16 39.05 12.62 21.00 61.00 40.00 38.92 

2 LC1 16 39.92 14.76 5.00 66.33 61.33 38.00 
2 LC2 16 45.79 11.61 29.67 63.33 33.67 47.67 

2 MC1 16 52.88 14.21 18.00 70.00 52.00 57.67 
2 MC2 16 39.41 8.70 21.67 52.33 30.67 39.33 

2 MC3 16 47.55 12.46 23.67 64.33 40.67 49.67 

3 HC1 9 64.56 9.98 50.67 83.00 32.33 63.83 

3 HC3 11 46.37 10.29 28.17 60.00 31.83 47.67 
3 LC1 12 61.60 9.14 46.17 74.00 27.83 62.34 

3 LC2 13 40.74 15.27 5.33 60.17 54.84 41.83 
3 MC1 14 61.74 13.05 36.00 84.00 48.00 62.25 

3 MC2 13 64.37 10.10 46.50 84.67 38.17 62.50 

3 MC3 11 50.12 9.53 33.67 66.67 33.00 49.67 

Y2 & Y3 Clutter Scores (100-Scale) 
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Year 
Y3 

Disp N  Mean Std Dev Min Max Range Median 

2 HC1 16 68.13 20.34 30.00 100.00 70.00 67.50 
2 HC3 16 33.44 22.87 5.00 80.00 75.00 26.25 

2 LC1 16 54.00 30.89 20.00 100.00 80.00 45.00 
2 LC2 16 52.66 23.80 25.00 95.00 70.00 48.75 

2 MC1 16 66.09 24.92 20.00 100.00 80.00 75.00 
2 MC2 16 32.03 15.52 10.00 67.50 57.50 30.00 

2 MC3 16 44.06 24.22 15.00 90.00 75.00 42.50 

3 HC1 9 72.50 17.32 32.50 92.50 60.00 75.00 

3 HC3 11 39.09 12.36 20.00 60.00 40.00 35.00 
3 LC1 12 69.17 17.33 45.00 92.50 47.50 75.00 

3 LC2 13 32.50 22.43 5.00 75.00 70.00 25.00 
3 MC1 14 63.93 16.83 40.00 92.50 52.50 63.75 

3 MC2 13 74.42 14.65 45.00 95.00 50.00 75.00 

3 MC3 11 49.32 12.60 30.00 67.50 37.50 52.50 

Y2 & Y3 Clutter Ratings (100-Scale) 

Year 
Y3 

Disp N  Mean Std Dev Min Max Range Median 

2 HC1 16 0.0673 0.0541 0.0112 0.2153 0.2041 0.0539 

2 HC3 16 0.2696 0.1930 0.0509 0.6788 0.6279 0.2364 
2 LC1 16 0.3868 0.3966 0.0691 1.5394 1.4703 0.1745 

2 LC2 16 0.2979 0.3225 0.0389 1.2917 1.2528 0.1605 
2 MC1 16 0.3037 0.2487 0.0661 0.8538 0.7876 0.2488 

2 MC2 16 0.0469 0.0402 0.0106 0.1434 0.1328 0.0257 
2 MC3 16 0.0552 0.0463 0.0065 0.1576 0.1512 0.0495 

3 HC1 9 0.1228 0.1420 0.0021 0.4515 0.4494 0.0973 
3 HC3 11 0.2498 0.3055 0.0036 1.0471 1.0435 0.1287 

3 LC1 12 0.2282 0.2121 0.0031 0.7154 0.7123 0.1936 
3 LC2 13 0.3308 0.4015 0.0120 1.4588 1.4469 0.1725 

3 MC1 14 0.1647 0.2530 0.0027 0.9735 0.9707 0.0797 
3 MC2 13 0.1241 0.1110 0.0036 0.2965 0.2928 0.0759 

3 MC3 11 0.1041 0.1220 0.0035 0.3529 0.3494 0.0497 

Y2 & Y3 Localizer RMSE 
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Year 
Y3 

Disp N  Mean Std Dev Min Max Range Median 

2 HC1 16 0.3328 0.1303 0.1716 0.6291 0.4575 0.2905 
2 HC3 16 0.5850 0.2547 0.2512 1.2741 1.0230 0.5615 

2 LC1 16 0.5168 0.2714 0.1036 1.0928 0.9892 0.4649 
2 LC2 16 0.4192 0.2089 0.1294 0.9416 0.8122 0.4307 

2 MC1 16 0.5581 0.1853 0.2769 0.9035 0.6266 0.5812 
2 MC2 16 0.2561 0.0966 0.0906 0.4602 0.3696 0.2615 

2 MC3 16 0.2753 0.2650 0.0856 1.2275 1.1419 0.2383 

3 HC1 9 0.5217 0.3111 0.2163 1.0641 0.8478 0.4854 

3 HC3 11 0.6678 0.3228 0.2167 1.0167 0.8000 0.7849 
3 LC1 12 0.4829 0.4005 0.1624 1.4442 1.2818 0.3283 

3 LC2 13 0.5350 0.3290 0.1743 1.3216 1.1472 0.3924 
3 MC1 14 0.5249 0.3232 0.1123 1.1315 1.0192 0.4738 

3 MC2 13 0.5365 0.3503 0.1517 1.3311 1.1795 0.4849 

3 MC3 11 0.4067 0.2079 0.1197 0.7530 0.6333 0.3590 

Y2 & Y3 Glideslope RMSE 

Display N Mean Std Dev Min Max Range Median 

HC1 25 0.7224 1.0491 0.0822 4.3142 4.2320 0.3618 

HC2 27 0.4076 0.4580 0.1047 2.3725 2.2677 0.2845 

HC3 25 0.8665 1.2781 0.1543 5.0535 4.8992 0.3701 

LC1 28 0.3885 0.4389 0.1051 2.4962 2.3911 0.2915 

LC2 23 0.4008 0.3257 0.0984 1.5940 1.4956 0.2706 

MC1 27 0.4388 0.4653 0.0984 2.1045 2.0062 0.2566 

MC2 26 0.4815 0.3926 0.1118 1.7894 1.6776 0.3565 

MC3 27 0.5507 0.6062 0.0404 2.2676 2.2273 0.2942 
Y3 Glideslope RMSE (Abort Exclusions) 
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Display N Mean Std Dev Min Max Range Median 

HC1 25 0.1107 0.1446 0.0017 0.6200 0.6183 0.0464 

HC2 27 0.0636 0.0804 0.0021 0.3331 0.3310 0.0240 
HC3 25 0.1762 0.3264 0.0035 1.5814 1.5779 0.0665 

LC1 28 0.1757 0.2695 0.0018 1.1886 1.1868 0.0557 
LC2 23 0.1495 0.1679 0.0023 0.6945 0.6922 0.1083 

MC1 27 0.1265 0.3380 0.0009 1.7754 1.7744 0.0262 
MC2 26 0.0912 0.1476 0.0015 0.5915 0.5899 0.0252 

MC3 27 0.1129 0.1494 0.0019 0.5444 0.5425 0.0644 
Y3 Localizer RMSE (Abort Exclusions) 

Display N Mean Std Dev Min Max Range Median 

HC1 25 0.8331 1.0651 0.0869 4.4547 4.3678 0.4084 
HC2 27 0.4712 0.4892 0.1258 2.5727 2.4469 0.3094 

HC3 25 1.0426 1.3320 0.1748 5.4385 5.2636 0.4726 
LC1 28 0.5642 0.5772 0.1094 2.9207 2.8113 0.4004 

LC2 23 0.5503 0.4152 0.1018 1.9139 1.8121 0.4957 
MC1 27 0.5653 0.6213 0.1027 2.5876 2.4849 0.3116 

MC2 26 0.5727 0.4052 0.1133 1.8092 1.6959 0.5049 
MC3 27 0.6636 0.6335 0.0438 2.4038 2.3600 0.3999 

Y3 Total RMSE Combined (Abort Exclusions) 

Display N Mean Std Dev Min Max Range Median 

HC1 32 1.1729 1.3680 0.0869 4.6734 4.5865 0.5581 

HC2 32 0.7119 0.8890 0.1258 3.9938 3.8680 0.3947 
HC3 31 1.1100 1.2626 0.1748 5.4385 5.2636 0.5874 

LC1 31 0.7614 0.9471 0.1094 4.5483 4.4388 0.4110 
LC2 32 0.9170 1.0585 0.1018 4.6356 4.5338 0.5471 

MC1 32 0.6971 0.7283 0.1027 2.5876 2.4849 0.3438 
MC2 32 0.7319 0.5707 0.1133 2.2044 2.0911 0.5887 

MC3 32 0.8992 0.9825 0.0438 4.2029 4.1591 0.4909 
Y3 Combined RMSE observations (2 Exclusions, extreme outliers) 
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Appendix B: Graphs for the Assessment of ANOVA Assumption 

Violations 

Test for Normality 

 
The normal quantile plot for aggregated Y1 and Y2 Clutter Ratings 

 

 
The normal quantile plot for Y2 & Y3 Log10 Glideslope RMSE observations 
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The normal quantile plot for Y2 &Y3 Log10 Localizer RMSE observations 

 

 
The normal quantile plot for Y2 & Y3 Clutter Score Observations 
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The normal quantile plot for Y2 & Y3 Clutter Rating observations 

 

 
The normal quantile plot for Y3 Log10 Sum RMSE observations 
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The normal quantile plot for Normalized Y3 Clutter Score observations 

 

 

Test for Equal Variance 

 

Scatter plot of the residuals as a function of the Clutter Rating values for Y1 & Y2 

Analysis 
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Scatter plot of the residuals as a function of the Log10 Localizer RMSE values for Y2 

vs. Y3 Analysis 

 

 

Scatter plot of the residuals as a function of the Log10 Glideslope RMSE values for Y2 

vs. Y3 Analysis 

 



 77 

 

Scatter plot of the residuals as a function of the Clutter Score values for Y2 vs. Y3 

Analysis 

 

 

Scatter plot of the residuals as a function of the Clutter Rating values for Y2 vs. Y3 

Analysis 
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Scatter plot of the residuals as a function of the Log10 Glideslope RMSE values within 

Y2 for Y2 vs. Y3 Analysis 

 

 

Scatter plot of the residuals as a function of the Log10 Glideslope RMSE values within 

Y3 (not significant) for Y2 vs. Y3 Analysis 
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Scatter plot of the residuals as a function of the Log10 Localizer RMSE values within 

Y2 for Y2 vs. Y3 Analysis 

 
 

 

Scatter plot of the residuals as a function of the Log10 Localizer RMSE values within 

Y3 (not significant) for Y2 vs. Y3 Analysis 
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Scatter plot of the residuals as a function of the Log10 Glideslope RMSE values with 

Clutter Scores as predictor variable (not significant) for Y2 vs. Y3 Analysis 

 

 

Scatter plot of the residuals as a function of the Log10 Localizer RMSE values with 

Clutter Scores as predictor variable (not significant) for Y2 vs. Y3 Analysis 
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Appendix C: Excluded Observations 

 

Exclusions from Y2/Y3 analysis dataset 

Data 
Point Year Subject 

Y3 
Disp RMSE GS 

RMSE 
Loc 

Score 
100 

Rating 
100 Tunnel 

1 3 1 HC1 2.176497 0.187307 63.5 67.5 On 

2 3 1 HC3 2.88608 0.377358 37.67 30 Off 

7 3 1 MC3 1.791166 0.276255 47 40 On 

8 3 2 HC1 0.67652 1.910767 64 80 On 

9 3 2 HC3 3.565872 3.144329 42.33 22.5 Off 

15 3 3 HC1 2.728747 0.183435 74.67 87.5 On 

21 3 3 MC3 2.538373 0.177353 55.67 67.5 On 

24 3 4 LC1 2.375327 0.216438 45.33 42.5 Off 

25 3 4 LC2 2.060196 0.474545 39.83 25 Off 

30 3 5 HC3 2.529136 0.036313 47.5 40 Off 

31 3 5 LC1 5.536279 0.02961 57.5 50 Off 

43 3 7 HC1 2.252419 0.179144 54 65 On 

50 3 8 HC1 1.803239 0.03619 50.17 57.5 On 

76 3 11 MC2 1.759849 0.180844 78.33 92.5 On 

84 3 12 MC3 1.901263 0.344238 71.5 72.5 On 

 

These are aggregated Y3 observations (aggregated within subject and within display) for 

comparison with Y2 observations. All excluded observations were those in which the subject 

exceeded a two-dot localizer or glideslope deviation. Highlighted data points are those in 

which the display condition included the guidance tunnel.  
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Exclusions due to Abort from Y3 dataset (for detection analysis only) 

Highlighted values are the extreme outliers where subjects lost control of the vehicle. These 

were omitted in all demographic analyses to avoid data skewing. 

Data 
Point  Subject Trial Display RMSE GS RMSE Loc 

RMSE 
Sum 

Total 
Exclusions 

2 1 3 HC1 2.8760 0.1184 2.9943 1 

3 2 1 HC1 1.0952 3.5782 4.6734 2 

4 2 13 HC1 0.2578 0.2433 0.5012 3 

5 3 1 HC1 3.9336 0.2658 4.1994 4 

6 3 2 HC1 1.5239 0.1011 1.6250 5 

7 4 1 HC1 1.7057 0.7572 2.4629 6 

28 14 14 HC1 0.2879 0.6200 0.9079 7 

34 1 11 HC2 2.2250 0.6488 2.8738 8 

36 2 16 HC2 0.5975 3.3964 3.9938 9 

37 3 9 HC2 1.2464 0.2773 1.5237 10 

55 12 6 HC2 0.6375 0.3167 0.9542 11 

67 2 2 HC3 6.7836 6.2850 13.0686 12 

69 3 7 HC3 0.4376 0.0641 0.5017 13 

70 3 11 HC3 1.4478 0.6002 2.0480 14 

71 4 3 HC3 1.6634 0.1549 1.8183 15 

77 7 3 HC3 1.8393 0.9549 2.7941 16 

85 11 5 HC3 0.5739 0.0135 0.5874 17 

87 12 4 HC3 0.3411 0.2531 0.5941 18 

101 3 10 LC1 1.6862 0.6425 2.3287 19 

102 3 13 LC1 0.5921 0.3360 0.9282 20 

103 4 4 LC1 4.3308 0.2175 4.5483 21 

105 5 8 LC1 10.7994 0.0242 10.8236 22 

131 2 3 LC2 1.1805 0.7638 1.9443 23 

132 2 8 LC2 0.5280 2.1539 2.6819 24 

135 4 2 LC2 3.8498 0.7859 4.6356 25 

151 12 2 LC2 2.4336 1.3748 3.8083 26 

152 12 8 LC2 0.2096 0.0791 0.2886 27 

153 13 13 LC2 0.3786 0.2162 0.5948 28 

157 15 10 LC2 0.8263 0.8136 1.6400 29 

158 15 16 LC2 0.4592 0.3955 0.8547 30 

159 16 5 LC2 0.2246 0.0144 0.2390 31 

161 1 10 MC1 1.5264 0.5132 2.0396 32 

166 3 4 MC1 1.8068 0.4658 2.2725 33 

183 12 11 MC1 0.3183 0.2743 0.5926 34 

188 14 16 MC1 1.1444 0.7523 1.8967 35 

189 15 12 MC1 0.2404 0.0034 0.2439 36 

194 1 15 MC2 0.6610 0.5024 1.1634 37 

197 3 6 MC2 2.1449 0.0595 2.2044 38 

206 7 11 MC2 0.3855 0.2930 0.6784 39 

213 11 2 MC2 1.6236 0.1858 1.8094 40 

214 11 3 MC2 1.8961 0.1759 2.0720 41 

215 12 10 MC2 0.2119 0.3916 0.6035 42 

229 3 14 MC3 2.9333 0.1461 3.0794 43 

230 3 16 MC3 2.1434 0.2086 2.3520 44 

241 9 1 MC3 0.4444 0.3225 0.7669 45 

247 12 1 MC3 3.5824 0.6205 4.2029 46 

249 13 1 MC3 0.3610 0.0945 0.4555 47 




