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ABSTRACT 

 

TITLE: Evaluating the Influence of eVTOL Pilot Interface Visual Density and 

Information Density on Pilot Situation Awareness, Workload, and Search 

Performance 

AUTHOR: Bhoomin Bhupendrabhai Chauhan 

MAJOR ADVISOR: Dr. Meredith Carroll 

 

The purpose of the current study was to investigate the influence of levels 

of visual density (VD) and information density (ID) of an electrical vertical take-off 

and landing (eVTOL) aircraft pilot interface on pilot situation awareness (SA), 

workload, and search performance. An eVTOL aircraft is a novel aircraft design 

that is able to perform vertical take-off and landing similar to a rotorcraft and 

transition to a forward flight, similar to a fixed-wing aircraft. These aircraft are 

envisioned to operate in urban environments at lower altitudes, necessitating 

efficient, clear, and concise pilot interfaces to ensure safety and operational 

effectiveness. The study used a within subjects, quasi experimental design to 

determine the effect of varying levels of VD and ID on the pilot’s SA, workload, 

and search performance. The sample consisted of 26 instrument-rated student 

pilots, who performed four trials involving landing an eVTOL aircraft at four 

airports using varying levels of VD and ID. 

A multivariate analysis of variance (MANOVA) revealed that there was a 

significant effect of levels of VD and ID on SA, workload, and search performance. 
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Further analysis also revealed a significant interaction between VD and ID on 

search performance. The findings of the study were consistent with the SEEV 

model (Wickens et al., 2001) and Broadbent's (1958) filter model of attention. The 

study’s findings align with research in the aviation domain and provide strong 

evidence that the levels of VD and ID can affect an eVTOL pilot's SA, workload, 

and search performance.  
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Chapter 1 

Introduction 

Background and Purpose 

Purpose  

The purpose of the current study was to examine the effect of varying levels 

of visual density (VD) and information density (ID) of a simulated Beta ALIA-250, 

an electric vertical take-off and landing (eVTOL) aircraft pilot interface on 

situation awareness (SA), workload (NASA-TLX; Hart, 1986), and search 

performance during a simulated landing phase of the flight on a desktop-based 

flight simulator. VD is defined as a surplus of items, information, or the number of 

objects within a display (Horrey & Wickens, 2004) and was manipulated by adding 

and removing customizable pieces of information from the testbed pilot interface. 

ID, in the current study, is defined as the ratio of the total quantity of relevant 

information to the total quantity of information on the testbed pilot interface 

(Alexander et al., 2009). ID was manipulated by adding and removing 

customizable relevant, irrelevant, and redundant information on the testbed pilot 

interface. An eVTOL aircraft is a novel aircraft concept capable of vertical take-off 

and landing using an electrical propulsion system, in this study, the option available 

in X plane 12 was the BETA Technologies ALIA 250 aircraft. Participants were 

tasked to complete a total of four approaches using the simulated eVTOL aircraft at 

four major airports using a flight simulation software with four display conditions 

with varying levels of VD and ID. The dependent variables were SA (measured 
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using SAGAT queries; Endsley, 1995), workload (measured using NASA-TLX; 

Hart, 1986), and search performance (measured by the number of seconds taken to 

identify the final approach fix waypoint). Definitions for the target variables, 

relevant key terms, and variables are provided later in Chapter 1.   

Background 

 

As a result of new technological advances in the eVTOL aircraft design, the 

advent of electric propulsion systems, newer and more efficient battery technology, 

and advanced aircraft automation, an increasing number of aviation stakeholders 

have been investigating the integration of advanced air mobility (AAM; Cohen et 

al., 2021). AAM is a novel form of air transportation that envisions moving 

passengers and freight in urban, suburban, and rural regions (Andritsos et al., 2022; 

Cohen et al., 2021). From a passenger perspective, AAM includes commutes within 

a 50-mile radius and intraregional use cases for up to 100 miles using an eVTOL 

aircraft (Goyal et al., 2021). AAM envisions integrating crewed eVTOL flights (in 

the near term) and fully autonomous flights (in the long term) of varying mission 

classifications (for example, passenger, cargo, and medivac) in the National 

Airspace System (NAS; National Academies of Sciences, Engineering, and 

Medicine, 2020). According to the latest Federal Aviation Administration (FAA) 

concept of operations (ConOps), initial AAM flights will have a pilot on board, and 

AAM operators, who will offer eVTOL flights, will be required to operate under 

the 14 Code of Federal Regulations (CFR) Part 135 (FAA, 2023b, 2023d). For 

these early adopters of eVTOL operations, the FAA expects that pilots will be 
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required to operate from the surface to 4000’ above ground level (AGL) and adhere 

to the established two-way radio communication, navigation, and surveillance 

(CNS) requirements of the airspace they are operating in (FAA, 2023b). In 

addition, due to the unavailability of dedicated ground infrastructure, also known as 

vertiports, in urban and metropolitan areas, eVTOLs will predominately operate in 

relatively close proximity to, or directly on, airports in or around Class B and Class 

C Airspace (Mendonca et al., 2022). 

According to a report published by the Government Accountability Office 

(GAO), one of the critical components of the AAM ecosystem is the eVTOL 

aircraft and the pilots that will fly these aircraft (GAO, 2022; Lineberger et al., 

2019). Currently, eVTOL aircraft are not certified for commercial operations, and 

there is no established pilot certification requirement. As these novel aircraft 

continue to develop, the FAA has proposed alternate eligibility criteria to expedite 

the pilot certification process. This accelerated process would apply to pilots with a 

commercial pilot license (CPL) and an instrument rating (FAA, 2023c). While the 

operational ecosystem for near–term AAM flights will be similar to fixed-wing and 

rotorcraft operations, one of the primary differentiators between a conventional 

rotorcraft/aircraft and eVTOL aircraft will be the autonomous capability of the 

eVTOL aircraft, use of electric propulsion, and the pilot interface that the pilots 

will use to fly these aircraft. The eVTOL pilot interface will be different from the 

conventional aircraft cockpit in that the pilot interface would be required to present 

the advanced autonomous capability of the aircraft, and the real estate available in 
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the cockpit to display information will be much more restricted compared to 

conventional aircraft and rotorcraft (Bacchini & Cestino, 2019). Due to the limited 

space available in the cockpit, eVTOL original equipment manufacturers (OEMs) 

have partnered with companies like Garmin, Avidyne, and Honeywell to develop 

customized pilot interfaces for their eVTOL aircraft (Archer Aviation, 2022; 

Alcock, 2021; Garmin, 2021; Wyrick, 2023). These eVTOL pilot interfaces will be 

tailored to the eVTOL aircraft and display flight–critical information in the limited 

space in the cockpit, with customization to allow the pilot to decide which 

information they need during different phases of the flight. 

Modern aircraft and helicopter cockpits have evolved from multiple analog 

displays to glass and touch cockpit displays. A typical commercial, passenger-

service aircraft flight deck has up to six multi-function displays (MFDs), backup 

flight instruments, and several critical system indicators on the main instrument 

panel (Zhang et al., 2014). Generally, aircraft system controls are located on an 

overhead systems panel, and a mode control panel, also referred to as a flight 

control unit, is located centrally on the glare shield below the windscreens. Other 

flight management system (FMS) controls, communication controls, aircraft power 

system controls, and configuration controls are located on the pedestal between the 

pilots (Zhang et al., 2014). However, the exact positioning of these displays and 

what information is presented can vary significantly between different aircraft types 

and the air carrier’s requirements. This is why pilots are required to get a separate 

type rating for each aircraft model they operate. The eVTOL pilot interfaces 
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currently under consideration for use in AAM-supporting aircraft have several key 

differences from the traditional pilot interfaces. For example, an eVTOL pilot 

interface will likely consist of a single or dual MFD setup, integrate electric 

propulsion system information (e.g., multiple rotor rotation per minute information, 

battery level), powerplant setup, and unique flight characteristics, for example, 

automated vertical take-off (AOPA, 2022; Courtin et al., 2021; Kinjo, 2018). 

One clear distinction between a traditional aircraft pilot interface and an 

eVTOL pilot interface is that there will be fewer displays. Given the amount of 

space available and other drivers, such as the desire to reduce pilot training 

requirements, current efforts are focused on simplifying the displays by reducing 

the redundant and non–critical flight information, resulting in a pilot interface that 

is comparatively less cluttered than a traditional pilot interface. While clutter on a 

visual display and its different measures (e.g., display layout, display density, and 

task-relevant information) have been extensively studied in aviation, both for 

commercial and military applications, research from an eVTOL pilot interface 

perspective is limited and warrants further examination. Several bodies of research 

have studied the impact of pilot interface clutter and have shown that both high and 

low levels of clutter can degrade pilot situation awareness (SA; Endsley, 1988; 

Moacdieh et al., 2013; Wu et al., 2016), increase pilot workload (Doyon-Poulin et 

al., 2014; Hoh et al., 1987), and result in lower flight performance (Doyon-Poulin 

et al., 2012; Moacdieh et al., 2013). However, human factors research for an 

eVTOL aircraft is sparse. Much of the current eVTOL research is focused on 
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improving the eVTOL aircraft design, commercialization prospects, and 

automation (Vempati et al., 2023). Limited research is currently available to the 

research community concerning the influence of the eVTOL pilot interface on pilot 

SA, workload, and search performance. Considering the rate at which the AAM 

industry is developing, OEMs actively developing eVTOL aircraft are, no doubt, 

conducting internal human factors research; however, the competitive nature of the 

industry has led to minimal OEM research findings being made available to the 

public, academia, or interested stakeholders due to the fear of sharing technical and 

intellectual details regarding their eVTOL aircraft. Further, OEMs are trying to 

simplify the eVTOL pilot interface by removing redundant and non-critical 

information. Therefore, academic research examining the effect of various visual 

display clutter measures, such as VD and ID of a pilot interface and the pilot’s 

ability to use the information on an eVTOL pilot interface to conduct a mission 

safely, is needed. 

To ensure the safety of both passengers and cargo, eVTOL pilots must be 

able to use the information displayed on the pilot interface effectively. Due to the 

uncertainty around information that will be presented on an eVTOL pilot interface, 

including the information display characteristics, the quantity, and the presence of 

relevant information, it is crucial to examine how various characteristics of an 

eVTOL pilot interface, particularly the level of clutter, will influence the pilot’s 

SA, workload, and search performance. While several characteristics of a visual 
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display have been employed to quantify the level of clutter, VD and ID are the 

most commonly adopted measures of clutter (Moacdieh & Sarter, 2015).  

The VD of a visual display is often described as the total quantity of 

information within a display (Horrey & Wickens, 2004). In the context of the 

current study, a display with high levels of VD would have a higher quantity of 

information. Past research, both in the context of visual displays, in general, and 

pilot interfaces, has shown that high levels of VD can lead to lower performance 

(Backs & Walrath, 1992; Bennett et al., 2021; Wickens et al., 2005) and decreased 

SA (Alexander & Wickens, 2005; Wickens et al., 2004).  

ID, another widely used measure of clutter, is described as a high 

percentage of task-relevant information within a display (Doyon–Poulin et al., 

2012). In the current study, a display is considered to have high levels of ID when 

there is a higher quantity of task-relevant information compared to irrelevant and 

redundant information, resulting in a higher ratio. Conversely, a display with a low 

ID would have a higher quantity of redundant and irrelevant information than 

relevant information, resulting in a low ratio compared to a high ID. Research has 

shown that a pilot experiences lower workload, higher SA, and improved 

performance with high ID compared to low ID (Alexander et al., 2003; Morphew & 

Wickens, 1998; Prinzel et al., 2018).  

The current study intended to examine the influence of VD and ID as 

measures of eVTOL pilot interface clutter on the pilot’s SA, workload, and search 

performance. While previous research has been focused on evaluating the influence 
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of VD and ID on a fixed-wing and rotorcraft pilot interface, there is no published 

academic research currently available to inform the industry about the influence of 

VD and ID in eVTOL pilot interfaces. The primary reason for the lack of 

understanding of this emerging research may be attributed to the lack of access to 

new eVTOL displays and aircraft, given the proprietary nature of the aircraft and 

the fact that major OEMs are in their flight test campaign and applying to certify 

their aircraft with the FAA. Although individual manufacturers may be evaluating 

the effectiveness of their displays independently, these results are not available to 

the public, or academia, and lack of access to these interfaces prevents the unbiased 

academic research that can help inform the broader AAM community. The current 

study aimed to inform the aviation community by examining the impact of reduced 

information quantity and redundancy on pilot SA, workload, and search 

performance. 

Definitions of Terms 

This section presents the definitions of key terms that will be used in the 

current study. 

1. Advanced air mobility (AAM) refers to a rapidly emerging sector within 

the aerospace industry, focused on safely and efficiently integrating 

novel aircraft into the NAS (National Academies of Sciences, 

Engineering, and Medicine, 2020). In the current study, to simulate 

AAM operations, the participants performed four approaches at four 
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major airports, using existing air traffic procedures on a desktop-based 

flight simulator.  

2. Critical information refers to any piece of information that is essential for 

the pilot to complete a task at hand (Jonsson & Ricks, 1995). In the 

context of the current study, critical information for an eVTOL aircraft 

was determined based on the pieces of information deemed critical by 

SMEs in aviation, with experience working in AAM space.  

3. Clutter refers to a display that has an excess quantity of unwanted or 

unnecessary information or is presenting an abundance of irrelevant or 

redundant information for the task at hand (Ahlstrom, 2005; Doyon-

Poulin et al., 2012; Lohrenz et al., 2009). In the current study, the level 

of clutter was established by varying the levels of VD and ID on the pilot 

interface of the simulation testbed.  

4. Electric vertical take-off and landing (eVTOL) aircraft refers to a type of 

aircraft that utilizes electric propulsion systems to power multiple 

vertical lift propellers or rotors, enabling it to take off and perform a 

near–vertical landing (Pavel, 2022). In the current study, participants 

used a simulated eVTOL aircraft selected for the X plane 12 testbed to 

complete the task using a desktop-based flight simulator.  

5. Information density (ID) is defined as the ratio of the total quantity of 

relevant information to the total quantity of information on a primary 

flight display (PFD) and MFD (Alexander et al., 2009). In the current 
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study, ID was calculated by deriving the ratio of relevant information to 

the sum of redundant, irrelevant, and relevant information, i.e., the total 

quantity of information. Low and high ID was manipulated by adding 

and removing customizable relevant, irrelevant, and redundant pieces of 

information from the simulation testbed pilot interface.  

6. Irrelevant information refers to any piece of information that does not 

assist the pilot in completing the task at hand (Doyon-Poulin et al., 

2012). For the current study, the quantity of irrelevant information was 

determined based on the individual pieces of information that were 

deemed irrelevant for an eVTOL pilot performing an approach at an 

airport by pilot SMEs, some of whom had experience working in AAM.  

7. Non-critical information refers to any piece of information that is helpful 

but not required for the pilot to complete the task at hand. In the current 

study, non-critical pieces of information were identified by consulting 

with pilot SMEs, some of whom had experience working in AAM. 

8.  Part 135 operator, refers to an air carrier operator that will be FAA-

certified to offer eVTOL flights operating under Part 135 (FAA, 2020). 

In the current study, to simulate Part 135 operations, participants were 

tasked to land the simulated eVTOL aircraft at four airports using a flight 

simulator testbed.  

9. Search Performance, in the context of the current study, refers to the time 

taken by a participant to locate a piece of information from the pilot 
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interface of their aircraft. In the current study, search performance was 

quantified by measuring the time in seconds for the participants to name 

the final approach fix waypoint to the runway of the airport, where they 

were performing the near vertical landing.  

10. Pilot interface, refers to the PFD and the MFD panels of the flight 

simulator testbed. The pilot interface was used to present the flight 

information and develop the display conditions for the experimental 

manipulations.  

11. Powered-Lift refers to an aircraft that can change the direction of the 

thrust generated from the aircraft’s propulsion system, both on land and 

while in flight (FAA, 2023c). In the context of the current study, this 

operational characteristic makes an eVTOL aircraft different from a 

traditional, fixed-wing aircraft, and therefore, a simulated eVTOL 

aircraft was utilized for the study.  

12. Redundant information refers to any information presented multiple 

times on the pilot interface (FAA, 2014). In the context of the current 

study’s manipulation, any pieces of information that were presented 

multiple times on the pilot interface were labeled as redundant pieces of 

information.  

13. Relevant information refers to any information that is useful or needed 

for the pilot to complete a particular task at hand. In the context of the 

current study, the quantity of relevant information for an eVTOL pilot 
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interface was determined based on pieces of information that were 

deemed relevant by pilot SMEs, some of whom had experience working 

in AAM and with eVTOL aircraft.  

14. Situation awareness (SA) refers to an individual’s perception and 

understanding of the elements and dynamics within their environment or 

a specific situation, along with their comprehension of the implications 

and potential future developments (Endsley, 1995). Participant SA was 

measured by calculating the sum of correct responses to Level 1, Level 

2, and Level 3 Situation Awareness Global Assessment Technique 

(SAGAT) queries (Endsley, 1998a). 

15. Visual density refers to a measure of clutter as measured by the total 

quantity of information presented on the pilot interface (Alexander et 

al., 2018). In the current study, the VD of the testbed pilot interface was 

calculated by summing the total number of pieces of information on the 

pilot interface. VD was manipulated by adding and removing 

customizable pieces of information from the testbed pilot interface. A 

low VD display condition had lower quantity of information compared 

to high VD display condition. 

16. Workload refers to the cumulative cognitive and physical effort required 

by the pilot to meet the demands of a specified flight task (Roscoe & 

Ellis, 1990). The current study measured the participant’s workload 

using the NASA TLX questionnaire (Hart, 1986; see Appendix B).  
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Research Questions and Hypotheses 

Research Questions 

As the intention of the study was to examine the impact of varying levels of 

VD and ID on the pilot’s SA, workload, and search performance, the corresponding 

experimental research questions that guided the study are as follows:                                                                     

Research Question 1. What is the effect of pilot-interface VD on pilot SA, 

workload, and search performance? 

Research Question 2. What is the effect of pilot-interface ID on pilot SA, 

workload, and search performance? 

Research Question 3. What is the interaction between the levels of VD and 

ID with respect to the pilot’s SA, workload, and search performance? 

Research Hypothesis 

The corresponding research hypotheses are as follows:  

Hypothesis 1a: Pilot interfaces with high VD will lead to lower SA than 

pilot interfaces with low VD. 

Hypothesis 1b: Pilot interfaces with high VD will lead to a higher 

workload than pilot interfaces with low VD. 

Hypothesis 1c: Pilot interfaces with high VD will lead to lower search 

performance than pilot interfaces with low VD. 

Hypothesis 2a: Pilot interfaces with high ID will lead to higher SA than 

pilot interfaces with low ID. 
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Hypothesis 2b: Pilot interfaces with high ID will lead to a lower workload 

than pilot interfaces with low ID. 

Hypothesis 2c: Pilot interfaces with high ID will lead to higher search 

performance than pilot interfaces with low ID. 

Hypothesis 3a. There will be an interaction between VD and ID on SA 

such that when VD is low, high levels of ID will result in increased SA, but when 

VD is high, higher levels of ID will cause a decrease in levels of SA. 

Hypothesis 3b. There will be an interaction between VD and ID on 

workload such that when VD is low, high levels of ID will result in a lower 

workload, but when VD is high, higher levels of ID will cause a higher workload. 

Hypothesis 3c. There will be an interaction between VD and ID on 

performance such that when VD is low, high levels of ID will cause an increase in 

search performance, but when VD is high, higher levels of ID will lead to lower 

search performance. 

Exploratory Qualitative Research Question 

To understand the impact of varying levels of VD and ID of an eVTOL 

pilot interface, a phenomenological research question was also employed to guide 

the study:  

Research Question 4 

What is the participant’s reaction to using each of the four display 

conditions?  
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Participant reactions were collected using a series of open-ended qualitative 

questions. These responses were not analyzed as part of the primary analysis but 

were analyzed from an exploratory perspective and presented to the reader.  

Study Design 

The current study utilized a repeated measures research design. This method 

was ideal as it allowed me to collect quantitative data regarding the impact of 

varying levels of VD and ID on pilot SA, workload, and search performance and 

collect subjective reactions regarding the usability and reaction to using varying 

levels of eVTOL pilot interface VD and ID. For the experimental component, a 

within-subjects repeated measures design was used with two independent variables: 

VD (low vs. high VD ) and ID (low vs. high ID). This research methodology 

allowed me to identify statistical disparities between the different levels of VD and 

ID and any potential interactions between the two variables. The study involved 

participants with diverse backgrounds and varying levels of experience. A within-

subject design was utilized to account for individual differences, with all 

participants experiencing each treatment condition. Consequently, there was a 

single group of participants in the study. 

For the qualitative component, a phenomenological approach was utilized 

by having the participants respond to a series of open-ended questions. The 

questions focused on gathering subjective responses about the usability of the 

eVTOL pilot interfaces in each display condition.  



 

 

 

 

 

 

16 

Significance of the Study 

Several industry stakeholders, regulatory authorities, and OEMs are actively 

working toward developing and identifying certification requirements for eVTOL 

aircraft, ConOps, and operational requirements of eVTOL aircraft. Although there 

is a plethora of aviation display literature that current OEMs can consult, there is 

still limited academic research regarding how various display characteristics of an 

eVTOL pilot interface can impact performance and safety. This study is one of the 

first to contribute to this body of research by examining how eVTOL pilot interface 

VD and ID impact pilot SA, workload, and search performance. The findings of the 

current study can help OEMs understand the implications of VD and ID impact on 

pilot SA, workload, and search performance. Consequently, it can help OEMs 

develop more effective interfaces, resulting in safer and more efficient eVTOL 

operations. Considering that the current pilot interfaces enable the pilots to 

customize which information is presented, the findings of the current study might 

also help inform guidance for this customization or requirements that will constrain 

the customizability of the displays. The findings of this study can provide evidence-

based recommendations to assist the FAA in certification requirements, ensuring 

that eVTOL pilot interface designs align with human factors principles.  
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Study Limitations and Delimitations 

Limitations 

Limitations are the conditions, events, and circumstances that are beyond 

the researcher's control and, therefore, can affect the generalizability of the study 

and the findings. Limitations associated with the current study include: 

1. Representativeness of the Sample. The sample consisted of Florida 

Tech flight students, who hold an instrument rating. Given that the requirements for 

future eVTOL pilots do not currently exist, and only provisional pilot training 

requirements have been made available by the FAA, there may be different training 

requirements in the near future, yielding additional differences between the 

proposed sample and the eVTOL pilots, limiting the generalizability of the study.  

2. Representativeness of the Scenarios. In the current study, the 

experimental tasks that the participants performed were based on the review of the 

FAA AAM Implementation Plan, FAA’s Urban Air Mobility (UAM) ConOps 

(FAA, 2023d) and recommendations from subject matter experts (SMEs) in 

aviation with expertise in AAM, aviation planning, air traffic control, and airport 

operations. As eVTOL aircraft are not certified for commercial operations, the 

industry does not expect to see commercial AAM flights for at least the next three 

to four years. Therefore, modifications in factors relative to the flight, departure, 

and destination sites can change after the current study is concluded. The 

experimental task, the flight path, and eVTOL using an active landing runway may 

not represent future eVTOL flights. This limits the generalizability of the current 
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study. Therefore, future studies that utilize scenarios, such as established AAM 

flight corridors and vertiports, may yield different results from the current study.    

3. Experience in flying an eVTOL aircraft. In the current study, 

participants were tasked to fly a simulated eVTOL aircraft in a flight simulator. As 

eVTOL aircraft are not yet certified by the FAA for commercial operations or flight 

training, the sample population will not have any experience flying an eVTOL 

aircraft, which limits the extent of tasks that I can ask the sample population to 

perform. Any future study that utilizes certified eVTOL pilots or student pilots 

training to become eVTOL pilots could yield different results. 

4. Relevant versus irrelevant information. In the current study, I was 

limited in identifying relevant and irrelevant information for each of the conditions 

based on the information that was already displayed on the simulator pilot interface 

and/or the information that could be customized. Additionally, SMEs were 

consulted to help determine the relevancy and irrelevancy of the information. A 

different study that utilizes a different pilot interface or uses different SMEs or a 

different process to establish relevant and irrelevant information, might yield 

different results.  

Delimitations 

A study’s delimitations are conditions or events that a researcher imposes to 

make the study more feasible to implement. However, the reader should keep in 

consideration that these delimitations may further reduce the generalizability of the 

results. Potential delimitations of the current study include:  
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1. Sample Strategy. The current study utilized convenience sampling with 

the criterion of completion of instrument rating. Using this screening criterion 

should allow for control of learning effects and form a homogenous group. As it is 

still unclear the number of flight hours an eVTOL pilot would require to be 

certified to fly an eVTOL, a study in the future that uses participants, who are in 

eVTOL flight training or are eVTOL pilots, may yield different results.  

2. eVTOL Pilot Interface. The current study utilized a Garmin G1000 pilot 

interface that was available with the simulation testbed setup. As stated previously, 

several eVTOL OEMs have proposed using different Garmin display models, for 

example, Garmin G3000, for their respective eVTOL aircraft. However, the 

interface chosen for this study may not accurately represent the pilot interface from 

a certified eVTOL aircraft but presents information that will be included in an 

eVTOL aircraft. A study in the future that employs a different pilot interface, for 

example, an Avidyne, a Honeywell pilot interface, or a Garmin G3000 pilot 

interface, may yield different results. 

3. Simulated eVTOL Aircraft. The simulated eVTOL was selected for the 

current study as it was one of the only available fully functional eVTOL aircraft 

offered by an off-the-shelf flight simulator. The simulated eVTOL aircraft is an 

accurate model of an actual eVTOL currently being developed for different 

applications in the AAM ecosystem. While there are other flight simulators, the X-

Plane 12 testbed was selected due to the availability of an eVTOL aircraft. 

However, other simulation testbeds with simulated eVTOL aircraft are available for 
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purchase, none of which are representative of an actual eVTOL aircraft. A study 

employing a different eVTOL aircraft or testbed may yield different results. 

4. Representativeness of the Scenario Challenges. The experimental tasks 

developed for the current study scenarios do not span the full range of flight 

profiles an eVTOL aircraft would be flying. The scenarios for the current study 

were developed considering the FAA recommendations for initial AAM operations. 

Studies that use different sets of scenarios that accurately represent the AAM 

ecosystem, for example, landing at a vertiport in a metropolitan area, might yield 

different results. 

5. Representativeness of performance measure. In the current study, I 

measured each participant’s search performance by measuring the time it took them 

in seconds to name the final approach fix waypoint using the pilot interface. This 

search performance measure was selected based on past conventional fixed-wing 

aircraft literature and results from the data analysis pilot run. However, a different 

study in the future that utilizes a different performance metric or uses a pilot 

interface from a certified eVTOL aircraft as a measure of search performance could 

yield different results. 

6. Independent Variable Manipulation. The current study manipulated 

the IVs by adding and removing select customizable pieces of information from the 

pilot interface to develop the four display conditions. Using the available 

customizability of the panels allowed for a realistic representation of an eVTOL 
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pilot interface. However, a study that utilizes a different method to manipulate VD 

and ID may yield different results.  

7. SAGAT Queries. The current study employed queries designed 

specifically for this mission and simulator context. These queries were developed 

using the method outlined by Endsley (2000), combined with previously published 

task analyses and queries, resulting in a total of 20 queries. However, the limited 

number of queries and the brief task duration may prevent a comprehensive 

assessment of SA. Additionally, since the queries were self-developed for this 

study, they have not undergone extensive testing to ensure their validity and 

reliability. Consequently, the queries may not have provided the most accurate and 

robust measure of objective SA, and future studies using a different set of queries 

may yield different results. 

8. Workload Measure. The current study used the NASA-TLX 

questionnaire to measure workload. A different study that uses different measures 

of workload, such as The Bedford Workload Scale (Roscoe, 1984), or 

physiological measures, such as cardiovascular activity: Heart Rate (HR), Heart 

Rate Variability (HRV), and Electrocardiography (ECG) may yield different 

results.  

 

 

 

 

 

 

 



 

 

 

 

 

 

22 

Chapter 2 

Literature Review 

Introduction 

The current chapter is divided into three sections. The first section will 

provide a detailed overview of the theories in which the current study was 

grounded, i.e., the Salience, Effort, Expectancy, and Value (SEEV) Model by 

Wickens et al. (2001) and Broadbent’s Filter Model (1958). The first section will 

provide a detailed description of the SEEV Model and Broadbent’s Filter Model 

and their relevance to how top-down and bottom-up contributors of the clutter of 

eVTOL pilot interfaces can influence pilot, SA, workload, and search performance. 

The second section will provide a detailed review of past research conducted to 

understand the influence of clutter and its associated top-down and bottom-up 

contributors, i.e., VD and ID, on SA, workload, and search performance. The third 

section will summarize the past research findings and their implications for the 

current study.  

Overview of the Underlying Theories 

Clutter has been defined as “unwanted or unnecessary information” 

(Lohrenz et al., 2009, p. 90), “redundant information” (Ahlstrom, 2005, p. 90), or 

“an abundance of irrelevant information” (Doyon-Poulin et al., 2012, p. 2D1–2). 

Research has shown that clutter can degrade monitoring (Schons & Wickens, 

1993), delay visual search (Henderson et al., 2009; Neider & Zelinsky, 2011), and 

negatively affect SA (Kim & Kaber, 2009). These results highlight that clutter can 
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impose significant challenges for an operator to perceive information from their 

visual stimuli.   

Alexander et al. (2008), based on the characteristics of a display, 

emphasized various aspects of clutter in their research by making the distinction 

between the bottom-up or data-driven property of the display (i.e., visual/display 

density, physical appearance, eccentricity; proximity) and the top-down or 

knowledge-driven property of the display (i.e., ID, relevancy, and redundancy) 

aspects of clutter. This distinction clearly highlights how both the inherent 

characteristics of how the information is presented and how the operators process 

the information are influenced by levels of clutter.  

The total quantity of items on display is one of the most frequently adopted 

and accepted measures of clutter (Horrey & Wickens, 2004). The number of objects 

presented on a display varies with the domain. For example, in aviation, VD is a 

measure of the number and proximity of icons, symbols, or pointers on a cockpit 

display (Kim & Kaber, 2009; Lohrenz et al., 2009; Wickens & Andre, 1990; Yeh & 

Wickens, 2001). In the current study, the influence of varying levels of VD was 

characterized as a bottom-up contributor to clutter. Varying levels of ID were 

characterized as a top-down contributor to clutter and were grounded using the 

SEEV Model and Broadbent’s Filter Model.  

SEEV Model 

Wickens et al. (2001) proposed and evaluated a model of attention that 

states that the ability to allocate attention is not just limited to the prediction of eye 
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movement as historically proposed by visual attention theories (Carbonell, 1966; 

Moray, 1986; Senders, 1964) but also by the characteristics of the information that 

is presented. Wickens et al. (2001) identified four key features of visual stimuli that 

can influence attention in a dynamic, visually stimulating environment, for 

example, an aircraft cockpit. As shown in Figure 2.1, these four factors comprise 

the top-down and bottom-up processes that can influence how attention is directed 

towards stimuli presented to the operator. These four factors are 1) Saliency of the 

information, 2) Effort needed to undertake (i.e., the time spent locating information 

by the terms of longer or smaller scans) to identify information, 3) Expected 

location of the information, and 4) Value of the information (relevant or irrelevant 

information).  

Figure 2.1 

SEEV Model 
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Note. Components of SEEV Model. From “NT-SEEV: A Model of Attention 

Capture and Noticing on the Flight Deck by C. Wickens, J. McCarley, and K. 

Steelman-Allen, 2009. Proceedings of the Human Factors and Ergonomics Society 

Annual Meeting, 53(12), 769–773. (https://doi.org/10.1177/154193120905301202). 

Copyright 2009 by the Human Factors and Ergonomics Society.  

The SEEV Model describes the nature of the underlying attention 

mechanism that drives visual search in a dynamic environment. According to the 

model, visual attention is allocated based on bottom-up and top-down information 

processing when a visual stimulus is presented to the operator. In the bottom-up 

process, according to the SEEV Model, salience and effort are identified 

characteristics of a piece of information that help predict how information is 

captured. Salience can be regarded as the extent to which a piece of information 

captures attention based on its physical qualities (Schriver & Rantanen, 2007). For 

example, on a pilot interface, a more salient piece of information will be attended to 

first compared to other pieces of information that are not as saliently presented. In 

the model, effort is defined as the extent to which the pilot has to shift their 

attention to locate information on the pilot interface (Wickens et al., 2001). In the 

context of the current study, if the information is presented in a display with a 

higher quantity of information, it will result in a visually dense display, even if it 

presents task-relevant information. In a visually dense display, the pilot will be 

required to exercise additional effort within the target pilot interface to access 

information. 

https://doi.org/10.1177/154193120905301202
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Schriver and Rantanen (2007) stated that the more effort required to access 

information, the more likely the pilot will spend additional cognitive resources to 

access the information. 

In the top-down process, according to the SEEV model, both expectancy 

and value parameters of the visual stimuli can help predict how the information will 

be captured, where the information is expected to be displayed, and determine the 

value (relevancy) of the information. In the SEEV model, expectancy is defined as 

the attention allocated to sources of higher task-relevant information. The 

expectancy in the model describes how the information (change) will appear on the 

display and how it can influence whether the pilot can focus the attention on the 

changing information. Through the model, Wickens et al. (2001) identified that an 

operator is drawn to areas on a display where there is a tendency for frequent 

change in information. For example, a pilot’s attention will be drawn towards the 

changing altitude during take-off rather than radio frequencies. Value in the SEEV 

model is defined as the attention allocated to sources of information more valuable 

(relevant information) to the task. The value of information in a dynamic 

environment is very task-specific. Any information presented on the display that is 

irrelevant or redundant will not be captured by the pilot and will be filtered out. 

In contrast, a visual search will only capture the task-relevant information. 

Both expectancy and value highlight that not every piece of information displayed 

on a pilot interface will aid the pilot in performing the task at hand. Research has 

shown that low ID, i.e., a higher presence of irrelevant and redundant information, 
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can increase search time (Henderson et al., 2009; Neider & Zelinsky, 2011; Ververs 

& Wickens, 1998), which means that the pilot will have to spend more time 

identifying task-relevant information from the redundant and irrelevant 

information. From all the information displayed on the pilot interface, the pilot has 

to filter out irrelevant and redundant information. Broadbent’s Filter Model 

explains this filtering process of irrelevant and redundant information.  

Broadbent’s Filter Model of Attention 

Based on the definition of clutter, ID is not only influenced by the quantity 

of the information on the display, but also associated with the presence of relevant 

information available for the task (Doyon-Poulin et al., 2014). Woodruff et al. 

(1988) initially aimed to assess ID by altering specific information characteristics. 

However, subsequent studies, such as those by Alexander et al. (2008) and 

Rosenholtz et al. (2007), adopted different strategies like presenting superfluous 

details or unrelated task information to manipulate ID. In the current study, ID as a 

contributor to clutter was theoretically grounded using Broadbent’s Filter Model of 

Attention.  

In a dynamic environment, humans are exposed to a variety of stimuli, 

some of which are relevant to the task at hand, and some that are deemed irrelevant. 

Broadbent (1958), in his Filter Model, suggested that all stimuli are processed 

simultaneously based on fundamental physical properties (color, orientation, 

saliency). In the process of filtering information, Broadbent (1958) argued that 

when a stimulus is presented, it is first stored in the sensory store, after which the 
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information is passed to a filter, which is regarded as the selector of relevant 

information. Information relevant to a particular task will be attended to, while 

irrelevant information is discarded. Research has shown that if irrelevant and 

redundant information is presented to the pilot, it can severely limit the pilot’s 

visual search performance (Doyon-Poulin, 2014; Moacdieh & Sarter, 2015). The 

pilot will use up their cognitive resources trying to process and filter out irrelevant 

and redundant information, resulting in lower SA, increased workload, and lower 

search performance.  

Figure 2.2 

Broadbent’s (1958) Filter Model 

 

 

 

 

Note. Information filtering process. From Broadbent, E.D. (1958) Perception and 

Communication. Pergamon Press. 

Broadbent (1958) proposed a stage model of perception, as shown in Figure 
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pass through the filter for further processing. In the selective filter model, irrelevant 

and redundant stimuli are filtered out and lost, while relevant information moves to 

the next stage for high-level processing, where it is stored in the working memory 

to be used in the context of the task at hand.  

In the current study, VD represented the total quantity of information 

presented on the pilot interface. The VD of the information on the pilot interface 

will influence how well the pilot can extract and then perceive information for the 

task at hand. Based on the SEEV Model, high VD (i.e., the total quantity of 

information presented on the pilot interface) on the pilot interface will result in 

lower SA, higher workload, and lower search performance as the pilot may spend 

more than the required time, and resources in processing information for the task. 

In the context of the current study, ID represents the ratio of relevant information to 

the total quantity of information. The presentation of task-irrelevant or redundant 

information on a pilot interface can lead to inefficiencies in performance and 

increased workload as the pilot will spend their cognitive resources filtering out 

irrelevant and redundant information. Based on the SEEV Model and Broadbent’s 

(1958) Filter Model, high ID will result in a lower workload and higher SA and 

search performance. On an eVTOL pilot interface, removing irrelevant and 

redundant information may lead to reduced workload and more rapid development 

of SA, which may help improve search performance.  
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Review of Past Research on Visual Density and Information density 

Over the past several decades, aircraft pilot interfaces have evolved from 

traditional analog displays to more technologically advanced glass cockpit displays. 

One of the major differences between the traditional pilot interface and the pilot 

interfaces being conceptualized for eVTOL aircraft is the level of clutter associated 

with the information presented to the pilot. Alexander et al. (2008), based on the 

characteristics of a display, identified the distinction between the data-driven 

property of a display (i.e., visual/display density, physical appearance, eccentricity, 

proximity) and knowledge-driven property of the display (i.e., ID, relevancy, and 

redundancy) as two widely studied contributors to clutter. This section will provide 

a comprehensive literature review related to VD, the data-driven aspect of clutter, 

and ID, the knowledge-driven aspect of clutter. These constructs are proposed to 

influence pilot performance in the shift from traditional pilot interfaces to 

simplified eVTOL pilot interfaces. As such, evaluating the impacts of these 

constructs on pilot SA, workload, and performance was the focus of the current 

study. 

In the literature review that follows, I distinguish the studies related to the 

two constructs as follows: the VD studies reviewed include those that manipulated 

the number of display elements per unit of space by either increasing the number of 

elements present on a display or the spatial proximity of display elements. The 

reviewed ID studies include those that manipulated the amount of relevant 

information per total information present on the display by presenting irrelevant 
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and/or redundant information on a display. It should be noted that these are not 

totally orthogonal constructs, as a manipulation of ID can influence VD, showing 

some level of interaction between the two constructs. For example, relevant 

information can be added to a point that the displays become visually dense. The 

studies reviewed in this chapter are categorized based on the construct they most 

closely align with. The literature review will lay the foundation for an empirical 

evaluation of the impacts of VD and ID of simplified, eVTOL pilot interfaces on 

pilot SA, workload, and search performance.  

Visual Density 

In research, VD is one of the most frequently adopted and accepted views 

of clutter and is defined as a surplus of items or objects within a display (Horrey & 

Wickens, 2004). In the context of the current study, a display is considered visually 

dense when multiple elements are presented in close spatial proximity or are 

overlaid over one another (Choe et al., 2021). This often leads to decreased 

performance because the operator spends additional cognitive resources trying to 

find the needed information placed among other information in close spatial 

proximity, which can affect their SA (Alexander & Wickens, 2005; Andre & 

Wickens, 1989). Several research studies related to the VD aspect of clutter have 

suggested that high levels of VD in a display can lower the operator’s monitoring 

performance (Schons & Wickens, 1993), increase workload (Ewing et al., 2006; 

Westerbeek & Maes, 2011), and negatively affect SA (Kim & Kaber, 2009) 

compared to displays with lower VD. However, research has also shown that 
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higher levels of VD can better facilitate performance, reduce workload, and 

improve SA compared to low VD displays (Iani & Wickens, 2004). These results 

suggest that the impact of VD on an operator’s SA, workload, and search 

performance is highly context-dependent.  

Basic Visual Density Research. A great deal of basic research has been 

conducted to investigate the effect of VD on visual search performance. These 

studies have found that high VD display leads to degraded performance. Van de 

Weijgert et al. (2019) conducted a study to investigate the influence of VD on 

search performance, as measured by reaction time, by varying the quantity and 

proximity of information presented on a visual display. For the experimental 

manipulation, the low VD condition was set up with less information that was 

sparsely placed on a visual display. In the high VD condition, more information 

was added to the display, resulting in a “crowded” display, where all the presented 

information was densely placed. For the experimental task, 12 participants were 

asked to search for the target present on the display using the low and high VD 

display conditions. On the display, a red horizontal line was used as the target 

visual stimuli, which contained a slightly offset gap towards the left or right. The 

distractor was placed in a vertical orientation. The VD aspect of the visual stimuli 

was manipulated by increasing the number of targets, the proximity, and the 

number of distractors on the display. A repeated-measures Analysis of Variance 

(ANOVA) yielded a significant density effect, showing that the participants’ search 

time was slower with the high VD display condition compared to the low VD 
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condition, F(1, 11) = 63.68, p < .001, ηp
2 = .853. The results from this study 

highlight that increasing VD by adding more information can lead to an increase in 

search time, resulting in lower performance, as the operator will need time to 

identify the target information or critical information from densely presented 

display. 

Bennett et al. (2021) conducted a study to assess the effect of the quantity of 

visual information on search performance in a simulated environment, where 35 

participants were instructed to identify a target from the presented information on a 

visual display. In the experiment, VD was manipulated by increasing the quantity 

of information on the display. For the experiment, a simulated hallway environment 

was set up in which participants were tasked to identify the target, i.e., the principal 

from the crowd, which served as the distractor. In the low VD condition, the 

number of people in the crowd presented was limited, many of the subjects were 

sparsely placed. In the high VD condition, the quantity in the crowd was increased, 

resulting in a densely packed visual display. The high VD condition corresponded 

to a higher number of, and more closely placed, people in the crowd. Bennett et al. 

(2021) analyzed reaction time to measure search performance, cognitive 

processing, and visual search ability. An ANOVA of the reaction time as a function 

of VD showed that reaction time was quicker for low VD (2212 ms) and slower for 

high VD (2545 ms). However, the difference in the reaction time was not 

statistically significant, F(2, 34) = 1.51, p = .220, ηp
2 = .003. The results from the 

study, although not significantly different, suggest a trend that a visual stimulus 
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with high VD can lead to an increase in search time, resulting in lower search 

performance, primarily because the operator will spend additional mental effort and 

time locating information potentially resulting in lower performance.   

Moacdieh and Sarter (2017) conducted a study to investigate the influence 

of VD on visual search performance using a simulated graphics program. In the 

experimental study, VD was manipulated by varying the number of icons on the 

visual display housing the graphics program. The high VD display used for the 

experimental manipulation included a complete set of 119 icons, whereas the 

medium VD condition corresponded to 45 icons. The low VD display condition 

only had 38 icons. A total of 20 participants were tasked to identify target icons 

from the presented quantity of icons from each display condition. Visual search 

performance was measured by calculating the time taken to identify the target icon 

and analyzed using a three-way repeated measure ANOVA. Only correct answers 

were considered for calculating the reaction time from the participants' run. The 

results from ANOVA showed that participants took significantly longer to react 

with high VD display (9.9 seconds) compared to low VD condition (4.7 

seconds), F(1, 19) = 88.2, p < .001, ηp
2=.82. The results from the study suggest that 

as the quantity of displayed information increases, it takes more time for the 

operator to locate target information, which leads to poor search performance. 

Aviation-Related Visual Density Research. Similar to basic research that 

has investigated the influence of VD on search performance, extensive research has 

been conducted in the aviation context, specifically to evaluate the influence of 
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pilot interface VD on pilot search performance and SA. Most of the studies have 

shown that an increase in VD impedes performance and degrades the pilot’s SA.  

Backs and Walrath (1992) conducted an experimental study to investigate 

the effect of the VD of an aircraft pilot interface on pilot search time. In the study, 

VD was manipulated by increasing the number of symbols displayed on the screen. 

For the low VD condition, 10 sparsely placed symbols were shown to the 

participants, and in the high VD display condition, 20 densely placed symbols were 

presented to the participants. As part of the experimental procedure, eight 

participants were tasked to search for target information on a simulated aircraft 

tactical display. Participants completed a total of 32 different trials in a single 

session, in which they were instructed to identify a specific target within six 

seconds. Participant search time was measured by the time required to locate the 

target successfully. A within-subject ANOVA revealed that pilot’s search time with 

high VD display condition significantly increased compared to low VD display 

condition, F = 17.97, MSe = .62, p < .001. Additionally, response accuracy, as 

measured by participants identifying the correct target, also revealed a significant 

difference: response accuracy was better in low VD (90%) compared to high VD 

(78%), Q(1) = 2.56, p < .05. The authors argued that the participants required more 

search time due to the increased presence of display elements and showed lower 

accuracy in the high VD display condition. The results of this study support the 

current study’s hypothesis that as VD increases, by increasing the quantity of 
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information presented on an eVTOL pilot interface, there will be a decrease in in-

flight performance.  

Wickens et al. (2005) conducted an experimental study to examine the role 

of clutter in visual search on a pilot interface. The VD aspect of clutter was 

manipulated to investigate its effect on search performance and traffic detection. In 

the study, 16 pilots were tasked to search for a target from an array of aircraft on an 

air traffic display. The array consisted of multiple aircraft that were presented 

against a black background. VD was manipulated by increasing the array load, i.e., 

by increasing the number of aircraft on the traffic display. At any given time, there 

were either three (low VD), five (medium VD), or seven (high VD) aircraft present 

on the pilot interface. The study’s primary objective involved searching for a target 

aircraft within a pilot interface from the available air traffic information. A within-

subject experimental design was used, with two independent variables being 

manipulated: target presence and the number of aircraft array loads. The 

participants were required to conduct the target search across 60 trials. The order of 

trials with different numbers of aircraft was randomized across participants to 

control for order effects. The results showed that pilots took significantly longer to 

respond with an increased number of aircraft on the display, F(2, 30) = 42.71, p < 

.01. The results from the study demonstrate that as the level of VD increases, there 

is a significant cost to response time, which Wickens et al. (2005) attributed to 

pilots spending more time locating information. In the context of the current study, 

the results support the hypothesis that increasing the VD by increasing the quantity 
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of information on an eVTOL pilot interface can result in lower search 

performance.   

Wickens et al. (2005) conducted another study similar to the experimental 

study discussed in the previous section. The primary difference between the two 

studies was that in addition to manipulating the quantity of information, i.e., the 

number of aircraft, the second study also manipulated the map type by varying the 

spatial proximity of the navigation information on which the aircraft was presented. 

In the low VD condition, the display contained sparse features such that the 

navigation information was placed at a greater spatial proximity from one another. 

The medium VD condition presented aeronautical chart information. In addition to 

the aeronautical chart information, the high VD condition also presented terrain 

information that was placed in close proximity. The manipulation of the number of 

aircraft and the map resulted in a fully factorial within-subject design. For the tasks, 

16 pilots performed similar tasks requiring them to search for a target from the 

display conditions. Using the same statistical procedure, the results for response 

time revealed a significant main effect for the map type, F(2, 30) = 3.91, p < .05, 

and array size, F(2, 30) = 3.91, p < .05, showing that participants had significantly 

higher response time with the high VD condition compared to the low VD 

condition. When the VD was high, there was a systematic increase in visual search 

time. These findings support the current study’s hypothesis that an increase in VD 

due to the number and spatial proximity of information can result in lower search 

performance as measured by response time.  
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In a study to understand the influence of increasing the quantity and 

proximity of information on pilot performance, Beck et al. (2012) examined the 

effects of global and local clutter on aeronautical charts on visual search 

performance in a piloting task. VD, as a contributor to clutter, was manipulated by 

using three versions of the same aeronautical chart and increasing the quantity of 

information and the proximity of the added information in the aeronautical charts. 

The low VD condition consisted of limited, sparsely placed markers on the 

aeronautical chart. The medium VD condition added additional information to the 

existing information, resulting in increased number of markers and closer proximity 

compared to the low VD condition. In the high VD condition, more information 

was added to the medium VD display condition, resulting in more information 

presented in even closer proximity. For the task, three different versions of each 

base display condition were created, where the target was either placed in a region 

of high and low VD or the target was completely absent. In the study, 32 non-pilots 

and 31 F/A-18 pilots in the U.S. Navy were tasked to search for an elevation 

marker using the aeronautical chart. The participants were presented with 72 charts 

(24 each for low, medium, and high VD) and were asked to determine whether a 

target was present or absent in each chart. Responses were coded as accurate (a 

response was given and it was correct), inaccurate (a response was given and it was 

inaccurate), or timeouts (no response was given within the one-minute time limit). 

A 3 x 3 x 2 mixed model ANOVA was conducted with VD (low, medium, high) 

and target presence (high, low, absent) as within-subjects factors and expertise 
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(pilots, non-pilots) as a between-subjects factor. Results for accuracy showed that 

there were main effects for global clutter F(2, 232) = 91.84, MS = 1.9, p < .001, 

target presence, F(2, 232) = 155.26, MS = 4.7, p < .001, and expertise, F(1, 58) = 

12.54, MS = 1.0, p = .001 on search performance. Results from the study indicate 

that the participants were significantly faster at identifying the target with the low 

VD condition than with the high VD condition. Participant search performance was 

also significantly lower when VD was high F(2, 204) = 104.42, MS = 3350.9, p < 

.001. The results of this study support the current study’s hypothesis that as the 

level of VD increases on a pilot interface, it can impose significant costs on the 

pilot’s ability to locate flight information, leading to lower search performance. 

Camacho et al. (1990) conducted two studies to evaluate the effect that the 

amount of information on pilot interfaces has on performance. The quantity of 

information as a measure of VD was manipulated by increasing the number of 

aircraft status indicators on the display. The status display was simulated using a 

touchscreen cathode ray tube (CRT) display. A total of 24 participants took part in 

the study, out of which 12 were either current or former military pilots and 12 were 

non-pilots. The VD of the display was manipulated by increasing the number of 

indicators on the status display. The low VD display condition consisted of 4 

indicators, the medium visual display density condition consisted of 12 indicators, 

and the high visual display density consisted of 20 indicators. The dependent 

measures for the study included tracking performance, reaction time, and selection 

error. For the first experiment, 12 participants were assigned to the group subjected 
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to display using monochrome icons, while the second experiment implemented 

colored icons on the display. For both experiments, the same format was used for 

displaying alphanumeric indicators. Both experiments followed the same 

experimental procedure in which the participants performed a primary tracking task 

under all experimental conditions. As part of the procedure, participants were 

provided with a questionnaire, the answers to which were provided on the display. 

The participants were instructed to track the moving target. An appropriate number 

of indicators (4, 12, and 20) appeared on the screen during this. The participant’s 

task for both experiments was to keep tracking and selecting the correct answers 

from the number of indicators on the display. A four-way ANOVA showed that the 

participant’s reaction time significantly increased with an increase in the number of 

indicators, F(2, 2856) = 216.24, p < .001. An ANOVA for tracking performance 

showed a significant main effect for VD, F(1, 2856) = 10.77, p < .00l, indicating 

that the tracking performance decreased as the VD increased. The findings from the 

study support the hypothesis that increasing VD can negatively influence the pilot’s 

reaction time and search performance.  

Alexander and Wickens (2005) conducted a study to evaluate the influence 

of adding additional weather and surrounding traffic information on a pilot’s flight 

path performance and change detection performance (SA). The pilot interfaces 

designed for the study were configured in two ways: 2D co-planar and spilt screen, 

in which VD was manipulated by varying the number of air traffic and weather 

information visible on the pilot interface. The high VD condition was characterized 
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by a higher number of traffic aircraft and weather icons on the display compared to 

the low VD display condition. A within-subjects manipulation of the displays was 

used, in which 24 pilots were tasked to fly with two levels of workload for a total 

of four conditions presented in counterbalanced order. The pilot’s flightpath 

performance was measured by measuring altitude, lateral deviation, and change 

detection by measuring their reaction time. Results of a repeated measures 

ANOVA revealed that pilots had significantly less deviation under low VD 

conditions, F(1, 23) = 32.6, p < .01, compared to high VD condition. Change 

detection analysis revealed that pilots were faster at detecting changes in low VD 

condition compared to high VD display configuration, F(1, 23) = 3.20, p < .05. 

Alexander and Wickens (2005) argued that placing more information induces 

increased scanning demands, resulting in higher workload, lower performance, and 

SA. The study’s findings support the current study’s hypothesis that performance is 

better when VD on their pilot interface is low. 

Although the majority of research has shown that high VD impedes 

performance, some studies have also shown that an increase in VD can improve 

performance, and this is often due to the associated increase in ID. Wickens et al. 

(2004) conducted a study that examined the VD effects of clutter by manipulating 

the location of the instrument panel, which was either overlaid on an synthetic 

vision system (SVS) display or located on a display to the side of the SVS. The 

study’s primary purpose was to evaluate the influence of overlaid information on 

flight performance and traffic awareness using SVS in response to off-normal 
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events. In the study, 14 pilots flew a simulated aircraft with an SVS display through 

a high-fidelity flight simulator in a terrain- and traffic-rich environment. The 

proximity of the information presented on a pilot interface was manipulated by 

varying the spatial position of the instrument panel. In the high VD condition, the 

instrument panel was overlaid on the SVS display with a tunnel-in-the-sky flight 

path guidance. In the low VD condition, the instrument panel was presented 

separately from the SVS display without the tunnel-in-the-sky flight path guidance, 

resulting in a higher spatial proximity between the presented information. 

However, it should also be noted that this also increased the ID of the display. As 

accurately as possible, the pilots were tasked to follow the flight path guidance, 

verbally report new traffic, and report changes to traffic altitude on the display. 

Results for flight performance as measured by flight path deviations showed that 

pilots had significantly lower flight path deviation when using the high VD 

condition for both vertical deviation, F(1, 13) = 32.4, p < .01, and lateral 

deviation, F(1, 13) = 96.5, p < .01). This is likely due to the increased ID created by 

adding additional relevant information to the display. In terms of traffic awareness, 

as measured by other traffic surveillance, results showed the high VD condition 

imposed a significant six-second cost to detecting traffic compared to when the 

information was presented on a separate display in the instrument panel, F(1, 13) = 

34.9, p < .01, a finding the authors attributed to clutter. Five of six pilots (83%) 

who experienced this event in the low VD condition responded with an appropriate 

evasive response for off-normal event detection. In contrast, only four of eight 
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(50%) did so in the high VD. Although the difference between these was not 

statistically significant (Chi-squared = 2.67, p = .102), these results have practical 

significance given the potentially catastrophic nature of failing to detect conflicting 

traffic. The findings from the study show that high VD display condition helped 

improve flight performance. However, this is likely due to the increased relevant 

information. The findings also showed that there were detriments to event detection 

due to increased levels of clutter. Wickens et al. (2004) attributed this finding to 

increased VD, which could lead to lower performance. These results support the 

hypothesis that there are costs to SA with increased VD of the display. This also 

provides support for the hypothesis that there is an interaction between VD and ID, 

such that if increased VD is due to increased ID, it can result in performance 

improvements. 

Iani and Wickens (2004) conducted a study to compare the influence of a 

traditional, baseline SVS pilot interface with a tunnel-enabled SVS pilot interface 

on pilot performance. VD was manipulated by using two display configurations. 

The first display condition, corresponding to high levels of VD, had the SVS terrain 

overlaid with the instrument panel with a tunnel-in-the-sky flight path guidance. 

This resulted in a display with a higher number and densely placed information. 

The second display condition, corresponding to a low level of VD, removed the 

tunnel-in-the-sky flight path guidance information, resulting in a display with a 

lower quantity of information that was sparsely placed. The experiment was 

conducted in a high-fidelity flight simulator with 40 certified pilots. The pilots were 
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required to manually fly three 8-minute curved approaches to land at a synthesized 

airport over rugged terrain using a digitally depicted environment under instrument 

meteorological conditions (IMC). An ANOVA was performed on mean absolute 

flight path deviation data with display format (tunnel vs. baseline) as a between-

subjects factor to measure pilot performance. Because the data for performance 

were not normally distributed, the Kruskal-Wallis test was used to compare the 

difference between the two display configurations. The results from data analysis 

showed that the tunnel display (M = 14.8 m, SD = 21.9) supported better flight 

performance, H = 28.98, p < .001, compared to the baseline display (M = 202.6 m, 

SD = 137.7). This is likely due to the increased quantity of relevant information, 

which not only increased VD but also increased ID. The results from the study 

provide support for the hypothesis that there will be an interaction between VD and 

ID, specifically, if the VD is varied by presenting information that is relevant for 

the pilots to accomplish the task at hand, thereby increasing ID, which literature has 

shown can support better flight performance, as discussed in the next session.  

Information Density 

ID is a knowledge-driven property of a display and is the ratio of the 

amount of the relevant information on a display to the total amount of information 

presented; and is associated with the information relevancy and redundancy for the 

task at hand (Doyon-Poulin et al., 2014). In the context of the current study, a pilot 

interface with a greater number of relevant pieces of information in the absence of 

redundant or irrelevant information is categorized as a high ID display condition. A 
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pilot interface with fewer relevant pieces of information and an increased number 

of irrelevant or redundant information is categorized as a low ID display condition. 

Research has shown that pilot interfaces with high ID improve performance and SA 

and lower workload (Alexander et al., 2003; Brahydt & Hansman, 1990; Morphew 

& Wickens, 1998). While the presence of more relevant information has been 

shown to aid pilots in improving their performance, research has also shown that 

high levels of ID, even when the information is relevant, can lead to high VD, 

which can increase workload and be detrimental to pilot performance (Lohrenz & 

Hansman, 2004). 

Barhydt and Hansman (1999) conducted an experiment to evaluate the 

influence of providing additional aircraft intent information on a prototype cockpit 

traffic display. In the study, ID was manipulated by systematically increasing the 

relevant information related to the intruder aircraft intent information on the 

prototype cockpit traffic display. The experiment’s primary objective was to 

examine the effect of increasing levels of traffic information on the pilot’s ability to 

recognize separation violation (SA) and maneuvering time (performance). Each 

display was superimposed onto a traditional map display with current traffic 

collision avoidance system (TCAS) symbology and aircraft ownship identity. 

Using a within-subject design, the ID of the cockpit traffic display was manipulated 

between four separate displays (baseline TCAS, rate, command state, and flight 

management system path (FMS-path) with increasing amounts of relevant intruder 

traffic information, respectively. The baseline TCAS display condition 
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corresponding to the low ID condition only displayed the intruder aircraft’s 

identity, climb rate, position, and relative altitude to the ownship aircraft. The rate 

TCAS display, in addition to the information presented in the baseline display 

condition, added a conflict probe and profile view in relation to the intruder 

aircraft. The command state display condition included the intruder aircraft’s 

commanded heading and altitude in addition to the information shown on the rate 

display. The FMS path added the intruder aircraft’s programmed trajectory, lateral 

navigation (LNAV), and vertical navigation (VNAV) path information to the 

command state display condition. The baseline TCAS display corresponded to low 

ID conditions with four pieces of intruder aircraft information. While the rate, 

command state, and FMS path corresponded to the high ID condition with relevant 

intruder aircraft information, respectively. The experiment was carried out using a 

Massachusetts Institute of Technology (MIT) part-task flight simulator, in which 

eight commercially rated pilots were tasked to maintain a minimum of 2 nm lateral 

or 500 ft vertical separation from all other traffic. McNemar tests for correlated 

proportions, with a one-tailed t test, were performed to compare separation 

violation percentages between the low and high ID display conditions. Performance 

data analysis showed that compared to the baseline TCAS display condition, the 

pilot’s tendency to violate separation from the intruder aircraft was lower with rate, 

command state, and FMS-path display conditions. However, the difference was not 

significant at the 95% confidence interval (TCAS and rate, t(47) = .24,  p > .05; 

TCAS and command, t(47) = 1.17, p > .05; and TCAS and FMS-path, t(47) = 
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1.71, p > .05. Even though the results were not statistically significant, Barhydt and 

Hansman (1999) argued that due to the presence of relevant information, the 

participants were better able to avoid the intruder aircraft and maintain separation 

as the relevant information assisted the pilots in maintaining their separation from 

the intruder aircraft. As measured by pilots performing an avoidance maneuver, 

results for maneuvering time showed that pilots performed significantly better with 

high ID display conditions than with low ID conditions. The maneuver time 

differences for the following display combinations were statistically significant at 

the 95% confidence interval (p < .05), TCAS and rate, t(26) = 2.92, p = .043; 

TCAS and FMS-path, t(26) = 5.66, p < .001; rate and FMS-path, t(26) = 3.85, p = 

.004; and commanded state and FMS-path, t(26) = 4.01, p = .003. In the context of 

the current study, the results from Barhydt and Hansman (1999) support the 

hypothesis that increased ID due to the presence of more relevant information on a 

display will help improve pilot flight performance.  

Morphew and Wickens (1998) examined the effect of different information-

varying displays on pilot performance, workload, and traffic avoidance (SA). In the 

study, three pilot interfaces were conceptualized with varying levels of ID. The low 

ID condition (the baseline display) only provided a predictive flight path of the 

ownship. The medium ID condition (the intruder predictor display) provided both 

the ownship and the intruder aircraft flight paths. While the high ID condition 

(threat vector display), in addition to both aircraft having flight path predictor 

information, also displayed the potential flight path direction towards the point of 
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closest contact with the intruder aircraft, which was relevant for the pilots to 

complete the experimental task. The study was simulated in a low-fidelity flight 

simulation, where 15 pilots were instructed to fly to a designated waypoint while 

avoiding traffic conflicts and minimizing the deviations from the established speed, 

heading, and altitude. Each simulated run involved 10 encounters with a single 

intruder aircraft. Pilots were tasked to respond to the intruder as quickly as 

possible. The results for traffic avoidance, as a measure for SA, revealed a 

significant difference between display types, F(2, 28) = 19.28, p < .001, 

demonstrating that the pilots showed better traffic avoidance with high ID 

compared to low ID display condition, as they had more relevant information 

available to make evasive maneuvers to avoid conflict with the intruder aircraft. 

Authors report that analysis of workload by the NASA TLX score revealed a 

marginally significant difference between the display types, F(2, 26) = 3.08, p = 

.08, with the threat vector yielding the lowest workload scores. The result from the 

study shows that high levels of ID support better performance, which Morphew and 

Wickens (1998) attributed to task-relevant flight information. In the context of the 

current study, the results support the hypothesis that increased ID as a result of 

increased relevant information can result in lower mental demand, resulting in 

reduced workload and improved SA.  

Alexander et al. (2003) conducted an experiment to evaluate the influence 

of display format on pilot flight performance, traffic awareness, and workload. In 

the study, 18 pilots were tasked to fly a sequence of six flight scenarios designed to 
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compare three levels of information in the pilot interface. All display formats were 

overlaid on a computer-generated terrain. ID was manipulated by removing 

relevant information from the display conditions. In the high ID display condition, 

relevant flight path guidance information in the form of a highlighted tunnel-in-the-

sky display was presented over the terrain information. In the medium ID display 

condition, relevant flight path guidance information in the form of tunnel-in-the-

sky was presented. However, it was not displayed as prominently in the first 

display. The low ID display condition presented no relevant flight path guidance 

information. Instead, it displayed the aircraft’s position five seconds ahead of 

ownship. A within-subject, counterbalanced manipulation of display type was used 

such that each pilot experienced each level of ID once and again in reverse order. 

Flight performance was measured by calculating the vertical and lateral flight path 

deviations during the flight scenarios. A repeated measures ANOVA revealed that 

participants had significantly lower vertical flight path deviations with medium and 

high ID display conditions than low information display condition, F(2, 34) = 

6.05, p < .01. Lateral deviations were measured as deviations from the center of the 

path. Using planned comparisons analysis revealed that pilots showed fewer lateral 

deviations with medium ID (M = 7.18 m) than with high ID (M = 7.74), t(17) = 

−1.8,  p < .09, and smaller deviations with high ID than the low ID, t(17) = 

−2.6, p < .02. Traffic awareness, as measured by traffic detection, showed that the 

pilots were not significantly slower in identifying traffic with high ID (M = 15.5 s) 

compared to medium ID (M = 11.1 s) and low ID (M = 10.7 s), F(2, 32) = 2.37, p = 
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.11. The subjective mental workload was highest with low ID, intermediate with 

medium ID, and lowest for high ID display condition. However, the study did not 

discuss the p values for the workload results. 

Prinzel et al. (2018) conducted a study to evaluate the influence of using an 

SVS display on pilot workload and SA. ID was varied by providing additional 

relevant information on the pilot interface. The lower ID display condition 

consisted of a traditional blue-over-brown PFD without relevant terrain elevation 

information. The higher ID display consisted of an SVS display with added 

relevant terrain elevation information. The study’s primary objective was to 

determine whether including relevant terrain information on a pilot interface 

influenced the pilot’s ability to maintain altitude and a leveled flight. In a high-

fidelity B-787 simulator, pilots were tasked to fly a pre-determined flight path and 

were asked to maintain altitude and airspeed. For the low and high ID display 

condition, the pilot’s workload as measured with the NASA-TLX showed a 

significant main effect, F(1, 11) = 8.952, p < .012, showing that the pilot using SVS 

display reported lower workload compared to blue-over-brown display. The results 

for SA, as measured by Situation Awareness Rating Techniques (SART), showed 

that the pilot using the SVS display gave it a significantly higher SA rating 

compared to the traditional blue-over-brown display, F(1, 11) = 9.329, p < .001. 

Prinzel et al. (2018) state that the presence of the relevant terrain information in the 

SVS display increased the pilot’s confidence to maintain terrain clearance, thereby 

increasing their SA and reducing workload, which was not possible with the blue-
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over-brown display. The results from the study align with the current study’s 

hypothesis that increased ID through the presence of relevant information will 

increase pilot SA and lower their workload. 

Lazaro et al. (2021) investigated the influence of visual complexity on 

visual search and target detection on cockpit displays. In the study, what they refer 

to as visual complexity and what I refer to as ID of a pilot interface was 

manipulated by increasing the level of irrelevant information presented on the 

display. From the visual stimuli created as part of the experimental manipulation, 

the low visual complexity display corresponded to a high ID condition as it only 

had relevant information about the simulated task with minimal irrelevant 

information. The medium visual complexity corresponded to the medium ID 

condition, which had more irrelevant information than the high ID condition. The 

high visual complexity display condition corresponded to the low ID display 

condition, which consisted of more irrelevant information than low and medium ID 

conditions. The simulated experiment was conducted using a 23-inch monitor 

replicating an F-35 cockpit display, for which 17 participants were presented with 

varying levels of ID. The participants were tasked to identify whether the target 

was present or not in each trial. Two task performance measures (response time and 

response accuracy) were assessed. A one-way repeated-measures ANOVA was 

conducted at a significance level of .05 to investigate the effects of ID on 

performance. Results for task performance as measured by the number of correct 

responses revealed a significant effect of ID on response time, F(2, 32) = 
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198.07, p < .001, demonstrating that participants were slower in detecting targets 

using high ID compared to medium and low ID condition. The results for response 

accuracy as measured by participants correctly identifying the targets showed that 

participants were significantly more accurate in identifying the target with high ID 

condition than with low ID condition (χ2(2) = 18.72, p < .001). The results support 

the hypothesis of the current study that decreasing ID by including irrelevant 

information on the displays can lead to lower performance. 

Moacdieh et al. (2013) conducted a study to investigate the performance 

and attentional costs associated with PFD clutter. A simulated flight was conducted 

with 23 instrument-rated pilots (22 males and one female), of which nine held an 

airline transport pilot (ATP) rating, seven were commercial pilots, and five were 

private pilots. Three generic PFD designs (low-, medium-, and high-cluttered) were 

created for the study. In the context of the current study, the low clutter display 

condition corresponded to the high ID condition as it had more relevant 

information than irrelevant information. The medium clutter condition corresponds 

to the medium ID condition, which included a few irrelevant information elements 

in addition to the relevant information. The high clutter condition in the study 

corresponded to the low ID due to the increased presence of irrelevant information 

included to create a cluttered display. A between-subject experimental design was 

employed for the study in which the pilots were tasked to fly a 32-minute flight 

from Denver, CO, to Aspen, CO. During the flight, there were two high-workload 

phases of 8 minutes each and one low workload phase for 16 minutes. Throughout 
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the flight, 22 visual alerts and notifications (11 each in high and low workload) 

appeared on the PFD. Search performance was evaluated by measuring the reaction 

time for the pilots to identify the alerts and notifications. A mixed-design ANOVA 

after applying Bonferroni corrections for post-hoc analyses showed that high ID led 

to a significant reduction in response time to alerts, F(2, 163) = 4.47, p = .013, 

suggesting that pilots were able to react faster using high ID displays compared low 

and medium ID displays. Data analysis for the high workload phase yielded similar 

results, showing that the pilot’s reaction time was significantly lower with the high 

ID condition compared to the medium and low ID condition, F(2, 189) = 4.65, p = 

.011. Although a similar trend was observed during the low workload phase, the 

difference was not significant. Moacdieh et al. (2013) concluded that including 

irrelevant information not critical for the task can lead to the pilot missing critical 

information such as alerts and notifications. Researchers proposed that this is due to 

the pilot needing to spend additional cognitive resources filtering out irrelevant 

information, leading to their search performance detriment. In terms of workload, 

although the low workload condition did not yield a significant difference, the 

findings reveal a trend suggesting that under high and low workload phases of 

flight, the presence of relevant information facilitated better search performance. In 

the context of the current study, this supports the hypothesis that low ID can result 

in lower search performance.     

Lohrenz and Hansman (2004) conducted a study to investigate the influence 

of display content and clutter on pilot performance. The level of ID was 
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manipulated in three display conditions. The low ID corresponded to the map-only 

display with just the topographic information. The medium ID corresponded to a 

combination map display, which consisted of a topographic map and the flight 

path, meaning that the information displayed had some level of relevant 

information present, with moderate presence of irrelevant information. The high ID 

corresponded to overlays-only display conditions with only mission-specific, 

relevant flight path information and no irrelevant information. In the study, 12 

volunteers flew one mission for each display. Subjects’ primary target acquisition 

task was to stay on the flight path and identify a target as quickly as possible. 

During the task, participants’ flight guidance performance (FP), target acquisition 

performance (TP), flight guidance workload (FW), and target acquisition workload 

(TW) were measured. A least square analysis for flight guidance measure identified 

display condition as having a main effect on performance, F(2, 20) = 14.71, p < 

.001, with the participants performing significantly worse with low ID display 

condition compared to the high ID display condition. Results for workload as 

measured by the participant’s target acquisition using a t test revealed a significant 

difference in TW rating between medium ID and high ID condition, t = 1.92, p < .1, 

suggesting that the participants experienced significantly higher workload with low 

ID display compared to the high ID display condition. The results from the study 

support the current study’s hypotheses that a low level of ID results in lower search 

performance and higher workload compared to a high ID, which suggests increased 

search performance and lower workload. 
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Some research indicates that decreased ID in the form of redundant 

information can lead to improved search performance and increased workload. 

Peterson et al. (1999) examined the effectiveness of using a terrain-enhanced PFD 

(TE-PFD) for detecting and avoiding potential Controlled Flight into Terrain 

(CFIT) accidents. For the study, two display configurations were set up. While both 

displays showed terrain information, including flight information, one crucial 

difference between the two display conditions was including a separate artificial 

horizon line and the natural horizon line provided by the terrain. In the context of 

the current study, the display configuration with the artificial horizon line 

corresponded to a low ID condition, as the artificial horizon line was deemed 

redundant for the task. The second display configuration without the artificial 

horizon line corresponded to high ID due to the absence of redundant information. 

The two displays were simulated on a flat panel CRT monitor, in which 22 

participants were tasked to judge potential conflict between the current flight path 

and surrounding terrain using the two display configurations. Participants viewed 

the TE-PFD in a variety of terrain situations, either with or without an artificial 

horizon line superimposed over the terrain. Participants were asked to judge 

whether an avoidance maneuver was required. In addition to the artificial horizon 

line on the pilot interface, the horizontal separation (distance) between the aircraft 

and terrain was manipulated between 2000 m, 4000 m, and 6000 m, and the vertical 

separation between the aircraft was manipulated between 150 m and 50 m. 

Reaction time was measured from the display onset to the pilot deciding whether to 
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maintain course or perform a maneuver to avoid the terrain. The study found a 

significant difference in reaction time between low and high ID display 

conditions, F(1, 21) = 11.57, p < .01. With the low ID condition, i.e., when the 

horizon line was present, the participants’ average reaction time was 926 ms. While 

in the high ID condition, in which the horizon line was absent, the average reaction 

time was 1778 ms, nearly twice as long. Although the result from the study seems 

to show that low ID led to lower search performance due to an increase in the 

clutter from the presence of redundant information, Peterson et al. (1999) argued 

that the benefits of using redundant information to aid pilot search performance 

outweighed the cost incurred due to  clutter. The results from the study suggest that 

redundant flight information does not always lead to negative search performance 

impacts if the information is relevant to the task at hand and can aid the pilot in 

performing the task at hand. 

Van Geel et al. (2020) experimentally evaluated the effect of enhanced 

vertical flight information on the pilot’s workload and search performance. The 

study’s manipulation consisted of two experimental pilot interfaces. The baseline 

display condition corresponding to high ID consisted of a basic PFD and a vertical 

situation indicator (VSD) with only relevant information for the experimental 

procedure. The Configured VSD (CVSD) and the PFD corresponded to low ID 

display conditions as they displayed several irrelevant pieces of information that 

were not required for the flight procedure. A simulated pilot-in-the-loop experiment 

was carried out with 16 pilots. All participants flew two similar scenarios with both 
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display conditions in a fixed base flight simulator. Participants were tasked to fly 

an approach and go-around procedure flight maneuvers in a single scenario. The 

scenario consisted of a standard non-precision approach using a 3-degree glideslope 

with a go-around at an altitude of 600 ft. The experiment was set up as a within-

subjects repeated measures design, meaning all participants flew using the CVSD 

and baseline VSD displays. The dependent measures for altitude and velocity were 

measured using Root Mean Squared Deviation (RMSD) to assess pilot 

performance. Workload was measured using the Rating Scale Mental Effort 

(RSME), and SA was measured by evaluating the pilot’s awareness of their casual 

and intentional velocity limits. Results showed no significant difference in altitude 

performance between the two displays using the Wilcoxon-Signed-Rank test, Z = 

.362, p > .05. Velocity RMSDs were compared using paired t-test, which showed 

that pilots had significantly better velocity tracking performance with the high ID 

display condition (baseline VSD), t(15) = –2.19, p < .05 compared to the low ID 

display condition (CVSD). Data analysis for SA using the Wilcoxon-Signed-Rank 

test showed that pilots showed significantly better awareness of their current state 

with the low ID display condition, Z = –2.29, p < .05, compared to the high ID 

condition. The workload was analyzed objectively through control input variation 

and subjectively through self-reported RSME ratings. Control inputs were captured 

by measuring side stick deflection and thrust setting. For both display conditions, 

Wilcoxon-Signed-Rank tests found no difference for standard deviation in elevator 

input rates, Z = –.958, p > .05, or throttle deflection rates (Z = –.675, p > .05). 
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These results are replicated by self-reported workload ratings, showing no 

differences in reported subjective workload scores, t(15) = –.798, p > .05. Van Geel 

et al. (2020) argued that with low ID display conditions with additional 

information, the pilots were able to maintain an adequate level of safety by abiding 

by the flight envelope information, even though it was not critical to the task they 

were performing compared to when using the high information display condition. 

The findings from the study highlight that the pilots might place a higher emphasis 

on maintaining safety rather than optimizing performance. In the context of the 

current study, the findings suggest a clear interaction between visual and ID aspects 

of a visual display. While the high ID did support better search performance, an 

equivocal result for SA showed that low ID did support the pilot maintaining better 

SA. 

Interaction Between Visual and Information density 

The previous two sections covered the literature on VD and ID as two 

separate constructs. This section will provide a review of research conducted to 

understand the impact of the interaction between VD and ID on pilot SA, workload, 

and search performance. Research has shown that high ID is good as long as it does 

not lead to VD that is too high. However, there appears to be a point at which too 

much relevant information is presented, resulting in VD that is too high and 

negatively impacts search performance. Therefore, high ID leads to improved 

search performance, reduced workload, and increased SA when VD is low or 
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manageable. However, when ID is too high, it can lead to high VD, leading to 

search performance degradation, increased workload, and decreased SA. 

Doyon-Poulin et al. (2014) investigated the influence of three experimental 

PFDs with varying levels of VD and ID aspects of clutter with similar flight guide 

functions (localizer and glideslope instruments) on pilot workload and 

performance. In the low clutter display, VD was low, and ID was high with basic 

readouts of the relevant flight information. In the medium clutter display condition, 

Doyon-Poulin et al. (2014) increased ID, which also increased the VD to a medium 

level but was still manageable. In the high cluttered display, the authors increased 

the ID to the point that the VD of the display was very high. For the study, 12 pilots 

were tasked to complete a total of nine simulated approaches to Montreal Airport’s 

runway 06L in a fixed-base, side stick-controlled flight simulator. The pilots 

manually flew all the approaches with the help of localizer and glideslope 

instruments in instrument meteorological conditions (IMC). For the scenario, the 

pilots were instructed to keep the current heading and follow the localizer and 

glideslope indications as precisely as possible. The pilots completed the approach 

using each of the three PFDs, employing a within-subject experimental design. The 

pilot’s mental workload was measured using the NASA-TLX scale, and 

performance was assessed in terms of localizer and glideslope deviations. Results 

from the study indicated that there was a significant effect of PFD clutter on pilot 

workload F(2, 22) = 8.67, p < .005, partial–η2 = .44. Tukey’s HSD post-hoc test 

revealed that participants’ workload scores significantly increased with increase in 
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level of clutter, such that pilots exhibited higher workload with the high clutter 

condition compared to medium and low clutter display conditions. These results 

suggest that when the presence of relevant information is too high, it makes the 

display visually dense compared to the low and medium clutter. When the ID was 

high, but the VD was manageable, the pilots were able to perform the task without 

increasing their workload. Regarding flight performance, only difference in 

localizer deviations between display types reached statistical significance, F(2, 22) 

= 3.70, p < .05, partial–η2 = .25. Tukey HSD post-hoc test revealed that the pilots 

performed better with medium clutter display condition compared to high clutter 

display configuration. The performance results also reveal a similar trend to the 

workload results, demonstrating that when a display is visually dense due to high 

ID, it can cause performance decrements. The workload and flight performance 

results suggest an interaction between the VD and ID aspects of a display. When 

the ID is high with low VD, it can support better performance and lower the pilot’s 

workload. However, once the threshold is reached in which high ID results in a 

visually dense display, it can cause decrements to the pilot performance and 

increase workload. The study’s findings support the hypothesis that there is an 

interaction between VD and ID. While relevant information has been shown to 

support pilot performance, there is a limit to how much relevant information can be 

presented on a pilot interface. Too much relevant information after a certain point 

can make the display visually dense, with a cost to the pilot’s workload and 

performance. 



 

 

 

 

 

 

61 

Alexander et al. (2008, 2009) conducted a study to evaluate the effect of 

data-driven and knowledge-driven contributors of clutter on pilot workload and 

performance. For the study, VD and ID as a function of clutter was manipulated by 

varying the quantity and the spatial proximity of information on the pilot interface. 

The experiment was conducted using the Integration Flight Deck (IFD) simulator, 

where four expert pilots were instructed to fly six approaches. The low clutter 

display corresponded to a low VD and high ID display condition as it presented a 

comparatively lesser quantity of information, the majority of which was relevant 

information for the task. In the medium clutter display condition, the authors 

increased ID, which also increased the VD to a medium level but was still 

manageable. In the high cluttered display, the authors increased the ID to the point 

that the VD of the display was very high. The display configuration and workload 

were manipulated as within-subject variables such that each participant got the 

chance to fly with low, medium, and high clutter display configurations under both 

low and high workload conditions. Participants’ performance was assessed by 

measuring glideslope and localizer deviation, while mental workload was measured 

using NASA-TLX. The analysis of workload data showed a significant effect of 

display configuration on workload, F(2, 93) = 3.3, p = .04. This suggests that 

participants experienced reduced workload when the display had greater ID while 

maintaining a manageable VD level. In terms of performance, data analysis 

revealed that display configuration had a marginally significant effect on glideslope 

deviation, F(2, 59) = 2.75, p = .07. The medium clutter yielded the most stable 
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control compared to the high clutter display configurations. The workload result 

from the study showed that high clutter displays produced elevated reports of 

workload due to increased VD of information. In comparison, the low clutter 

displays were also reported with higher workload scores because of spaced-out 

information required for experimental tasks, meaning that the pilot would exert 

additional effort to locate information. In the context of the current study, although 

added display elements provide pilots with relevant information, the imposed cost 

of VD exceeded the benefits of relevant information for a specific task. This 

supports the current study hypothesis that an interaction between VD and ID could 

influence pilot performance, SA, and workload.   

Alexander et al. (2012) conducted a study to investigate the effect of low-, 

medium-, and high-clutter on pilot performance. The study was conducted using 

the IFD in which three levels of clutter were manipulated by adding relevant and 

irrelevant flight information to the critical flight information. The low clutter 

condition corresponded to high ID and low VD by sparsely placing limited flight-

relevant information. The medium clutter display consisted of additional flight 

information to the information already present in the low clutter display condition, 

resulting in a high but manageable VD display condition. In the high clutter 

condition, the ID of the display was increased by including an SVS image overlaid 

on the flight information, making the display more visually dense. For the study, 

six airline captains were required to fly six instrument landing system (ILS) 

approaches, where the primary task for the pilots was to maintain the localizer 
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course at a constant altitude before intercepting the glideslope. The dependent 

measures included measuring the pilots’ workload using NASA-TLX and 

performance measured by calculating the deviation from the glideslope and 

localizer path. A repeated measures ANOVA showed that pilots reported 

significantly lower workload with medium clutter compared to high clutter display 

conditions, F(2, 93) = 3.3, p = .04. A repeated measures ANOVA for flight path 

tracking performance revealed a marginally significant effect of the clutter level on 

glideslope deviation, F(2, 59) = 2.75, p = .07, revealing that the pilots deviated 

maximum under low-clutter condition. In comparison, medium-clutter condition 

showed the least deviation compared to high-clutter conditions. In the context of 

the current study, the results from Alexander et al. (2012) reveal a trend that there 

is an interaction between high and low levels of VD and ID. While high ID 

supports better performance and lowers workload, there is an interaction between 

the two constructs such that after a point, high ID leads to an increase in the VD of 

the display, which research has shown to impede performance.  

Summary and Study Implications 

In conclusion, in both basic and aviation research paradigms, increasing the 

VD by increasing the quantity and the spatial proximity of information per space 

available on a visual display can lead to lower SA and lower search performance. 

Increased ID, as defined by the ratio of the quantity of relevant information with 

the total quantity of information presented to the pilot, can lead to improvements in 

search performance, lower workload, and higher SA. However, under certain 
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situations, added redundancy did provide some level of benefit over clutter as it 

provided task-relevant information. However, there is a threshold at which this 

benefit is achieved. When looking at both these constructs together, there is an 

interaction between VD and ID. When VD is low, high ID leads to higher search 

performance and lower workload. However, after a threshold is reached, when ID 

causes an increase in the VD of the display, it can lead to decrements in pilot search 

performance and increased workload. 

While VD and ID’s influence has been studied using conventional, 

traditional pilot interfaces, research using pilot interfaces for an eVTOL aircraft, 

particularly focusing on AAM operations, has not been conducted. This is a new 

research domain as there are differences between conventional and AAM flight 

operations concerning the information displayed on the interface and how pilots 

will use this information. This research offers new insights built from findings from 

the current literature with basic and conventional aviation research contexts by 

examining the impact of VD and ID on pilot SA, workload, and search 

performance in an AAM eVTOL piloting context. The SEEV model and 

Broadbent’s Filter Model of Attention provide theoretical support, and the literature 

reviewed provides empirical support for the current study research questions and 

hypotheses presented in Chapter 1. 
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Chapter 3 

Methods 

Population and Sample 

Population 

The target population for the current study is all United States (U.S.) pilots, 

who hold an instrument rating and operate either scheduled or non-scheduled air 

taxi and cargo missions. Recently, the FAA proposed training and pilot certification 

requirements for air taxi missions in the AAM ecosystem (FAA, 2023c). In these 

requirements, the FAA expects commercial pilots of winged eVTOL carrying 

passengers to hold a powered-lift category and instrument rating, in addition to the 

type certification for each eVTOL they will fly. This will be required in addition to 

any airplane or helicopter rating a pilot already might have (FAA, 2023c). 

According to the FAA, the minimum flight time needed to earn a commercial 

rating under FAA Part 61 is 250 hours (FAA, 2023a), and under FAA Part 141 is 

190 hours (FAA, 2023). As eVTOL aircraft are currently not type certified to 

operate commercially and are not used for flight training, pilots certified to fly 

eVTOLs are not accessible because they do not exist yet. Considering the 

requirements identified by the FAA for eVTOL pilot training, the most suitable 

population is pilots who have an instrument rating, so I recruited from this 

participant pool. 

The reader should keep in consideration that the FAA classifies eVTOL 

aircraft as a powered-lift aircraft from an aircraft certification point of view (FAA, 
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2023c). The recently announced pilot training requirement for powered-lift aircraft 

is not a final version and is made available to the industry stakeholders for 

comments and inputs; a final version has yet to be published by the FAA. Due to 

the nascent nature of the AAM operations and the uncertainty in the minimum 

requirements for crewed eVTOL operations, the minimum flight time required for 

an eVTOL pilot is subject to change in the future as the FAA releases further 

regulations in support of crewed powered-lift aircraft operations. 

The accessible population included all the student pilots currently enrolled 

at the Florida Institute of Technology (FIT), who hold their instrument rating. 

Flight students receive this certificate rating at flight schools like FITA, so I 

recruited from this participant pool. According to the Bureau of Labor Statistics 

and the United States (U.S.) Census Bureau, the demographic breakdown of the 

pilots who hold an instrument rating is presented in Table 3.1 for the target 

population.  

Table 3.1 

Target Population Demographics 

  Raceb 

Occupation 

by Location 

Total 

pilots 

(2023)a Female Male Caucasian 

African 

American Asian 

Hispanic 

Latino 

Instrument 

Rated pilots  

 
      

 United States 483,255 16.4% 83.6% 81.7% 8.9% 1.1% 7.4% 

Note. aReprinted from Federal Aviation Administration Airmen Statistics. (2023). 

bReprinted from United States Census Bureau. (2022).  

 



 

 

 

 

 

 

67 

Sample 

From the accessible population, a convenience sampling strategy was 

employed to recruit participants for the current study. As the future cadre of 

eVTOL pilots could come from Part 141 and Part 61 flight schools, participants 

who had completed their instrument rating were considered to participate in the 

study. Demographic information of the sample was collected and compared against 

the population after data collection to ensure a representative sample. Descriptive 

statistics of the sample demographic data, presented to the reader for 

generalizability purposes in Chapter 4 (see Table 4.1), showed a similar ratio of 

male to female participants when compared to the target population; however, the 

sample was less diverse than the population with respect to race. The reader should 

keep this in mind when interpreting the results. 

Power Analysis 

Based on the lack of previous research conducted in line with the current 

research, an a priori repeated measures within-factors Multivariate analysis of 

variance (MANOVA) power analysis was performed using G*Power (Faul et al., 

2009) with the following assumed values:  

- ⍺ = .05 

- Effect size = .25 

- Power = .80 

- Number of groups = 4 

- Number of measurements  = 3 
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- Correlation among rep. measure = .50 

The power analysis resulted in a needed sample of 32 participants, which was the 

number of participants the study aimed to recruit; however, due to difficulty in 

recruiting qualified participants to volunteer, a sample of only 26 participants was 

obtained. However, a post hoc power analysis indicated a power of .86, revealing 

that the sample of 26 participants was sufficient to find the hypothesized effects.  

Human Subject Research 

An Institutional Review Board (IRB) expedited request was submitted and 

approved by the Florida Institute of Technology (FIT) IRB (see Appendix A). The 

risks of participation in this study did not exceed the risks of the everyday 

operation of a flight simulator on a desktop computer. The primary risk was 

potential simulation sickness, which was mitigated with breaks as needed by 

participants and the ability for participants to stop participation at any time. The 

researcher was the sole data collector of the study. The researcher and the major 

advisor were the only individuals with access to the participant data. Participant 

identifying information was kept separate from their data to ensure anonymity. 

Research Methodology 

The current study employed a repeated measures experimental research 

design. This was the ideal and appropriate method to explore quantitative, 

experimental data to show statistical interaction between varying levels of VD and 

ID of an eVTOL pilot interface and capture the pilot’s reaction to an eVTOL pilot 

interface and its associated level of clutter. The quantitative part of the research 
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methodology was a within-subjects repeated measures design with two independent 

variables, including VD (low VD vs. high VD) and ID (low ID vs. high ID). This 

was the appropriate research methodology to explore quantitative data to show 

statistical differences between the VD and ID levels, any associated interactions, 

and their influence on the participant’s SA, workload, and search performance. 

Participants in this study had varying levels of experience and came from various 

backgrounds. To control for individual differences, a within-subject design was 

used. As such, there was only one group, and each participant received all treatment 

conditions in a counterbalanced order to avoid order effects. The current study 

measured three dependent variables: SA, workload, and search performance. The 

participant’s SA was measured using SAGAT queries (Endsley, 1995), workload 

was measured using the NASA-TLX questionnaire (Hart, 1986), and search 

performance was the time in seconds taken by the participants to name the final 

approach fix waypoint upon asking. Utilizing this approach allowed the comparison 

of varying VD and ID levels on the multiple dependent variables. 

For the qualitative part of the study, a phenomenological approach was used 

as the research question aimed to capture the participant’s reaction to flying a 

simulated eVTOL aircraft with varying levels of pilot interface VD and ID. A 

complete list of qualitative questions is provided in Appendix B. 

Independent Variables 

In the current study, two independent variables (IVs) were manipulated with 

two levels each: (1) VD (low vs. high) and (2) ID (low vs. high). The two IVs were 
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manipulated by adding and removing customizable pieces of information from the 

experimental testbed's pilot interface. Specifically, VD was changed by 

manipulating the number of pieces of information presented on the displays. 

Critical information was presented on the pilot interface in all conditions; relevant, 

irrelevant, and redundant information was determined and then added or removed 

to develop a total of four display conditions. The second IV, ID, was manipulated 

by adjusting the ratio of the number of pieces of relevant information presented on 

the display to the total number of pieces of information presented on the display. 

This total number of pieces of information is the sum of relevant, redundant, and 

irrelevant information. 

To determine the display conditions for the experimental task, the following 

process was used: 

1. The first step was to determine what information would be presented on an 

eVTOL pilot interface. To accomplish this, I conducted a comprehensive 

review to investigate the current generation of eVTOL aircraft design, 

focusing on the pilot interface. From the review, I identified all the 

information poised to be presented on an eVTOL pilot interface. A 

complete list of all the information that is presented on the simulation 

testbed is included in Appendix C. 

2. After determining which pieces of information would be presented on an 

eVTOL pilot interface, I met with five industry SMEs with extensive 

experience in the eVTOL domain and asked them to mark which pieces of 
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information were critical, relevant, irrelevant, or redundant to the 

experimental task. In the context of the current study, relevant information 

refers to any piece of information that is useful or is needed for the pilot to 

complete a particular task at hand. This includes information that would 

help the pilot assess the current operational status of the flight (FAA, 2014). 

Critical information refers to any piece of information that is essential for 

the pilot to complete a task at hand. Irrelevant information refers to any 

piece of information that is not required or helpful for the pilot to complete 

a task. Redundant information refers to any information that is presented at 

multiple locations on the pilot interface. The SMEs included two helicopter 

pilots, one eVTOL test pilot and aircraft researcher, one eVTOL operation 

SME, and a retired FAA Acting District Manager of Terminal Facilities.  

3. I also queried the SMEs regarding which information could be removed 

from the pilot interface without impacting their ability to land an eVTOL 

aircraft. From the input provided by the SMEs, I created a complete list of 

all the relevant, irrelevant, critical, non-critical, and redundant information, 

which is provided in Appendix D (PFD) and E (MFD).  

4. Inter-rater reliability was calculated as the average percent agreement for 

each piece of information. Each piece of information was scored 1 if it was 

tagged relevant and critical information by the SME and 0 if the 

information was tagged irrelevant and non-critical information by the SME. 

For each piece of information on the pilot interface, the percentage agreed 
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(1) 

upon was calculated. Then, the overall average of these percentages was 

calculated, yielding an overall inter-reliability percentage of 82.6%. 

5. Next, I created quantitative metrics for VD and ID. These metrics were 

developed based on definitions provided by Alexander et al. (2008) and 

Moacdieh and Sarter (2014) for VD and ID as measures of clutter. Utilizing 

the VD and ID metrics, as shown in equations (1) and (2), allowed me to 

quantify and ensure a quantifiable difference between the two levels of each 

condition for the two constructs. These metrics were used to determine the 

total quantity of information and the ratio of relevant information to the 

total quantity of information. The total quantity of information included 

relevant, irrelevant, and redundant information. 

VD = Total quantity of information = Quantity of Relevant information + Quantity 

of Irrelevant information + Quantity Redundant Information 

ID = Quantity of Relevant Information/Total Quantity of Information 

6. Utilizing equations (1) and (2), I calculated the ID ratio and VD levels for 

each display condition. I then performed an iterative process, in which I 

adjusted the levels VD and ID to ensure sufficient difference between the 

display conditions. Once the four display conditions were set, the SMEs 

were asked to rate the level of clutter for each display condition.  

7. I then performed an iterative process in which I adjusted the information 

included in each of the four display conditions. I evaluated them objectively 

using the metrics and subjectively based on the SME clutter ratings of the 

eVTOL pilot interface until I reached a state where there were distinct 

(2) 
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differences between the low and high levels but no distinct differences 

within each level.  

8. After the four display conditions were finalized, I completed a pilot run 

with five participants in order to examine the trends in the participants’ SA, 

workload, and search performance to validate that the manipulations were 

distinct enough. Based on the results, appropriate adjustments were made to 

the four display conditions. The final SME ratings are shown in Table 3.2, 

and the values used in the calculations and the resulting VD and ID levels 

for each display condition are shown in Table 3.3. 

Table 3.2 

SME Subjective Rating of Clutter for Display Conditions  

 
Low VD, low 

ID 

Low VD, high 

ID 

High VD, high 

ID 

High VD, Low 

ID 

SME 1 3 3 4 5 

SME 2 2 3 4 5 

SME 3 2 3 4 5 

SME 4 3 2 4 5 

SME 5 4 4 5 5 

Ma 3 3 4 5 

Note. 1 = Not cluttered at all, 2 = Slightly cluttered, 3 = Moderately cluttered, 4 = 

Cluttered, 5 = Extremely cluttered 

aM = Mean for each display condition rounded to the next whole number 
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Table 3.3  

Display Condition Calculations 

Ratio Calculation 
Low VD, 

high ID 

High VD, 

high ID 

High VD, 

low ID 

Low VD, 

low ID 

 Rcritical 18 21 21 18 

Total quantity of relevant 

information (R1 = Rcritical 

+ Rnon-critical) 

32 42 29 23 

Total quantity of 

redundant information 

(R2) 

3 16 26 9 

Total quantity of 

irrelevant information 

(IR) 

2 7 17 9 

VDa 39 65 72 41 

IDb .82 .65 .40 .56 

Note. aVD = Total quantity of information = R1 + R2 + IR. bID = Total quantity of 

relevant information/total quantity of information 

Based on the calculated ID ratio, in total, four display conditions were 

developed, as shown in Figure 3.1, Figure 3.2, Figure 3.3, and Figure 3.4.  

Figure 3.1 

Low VD, High ID Display Condition 
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Figure 3.2 

Low VD, Low ID Display Condition 

 

 
 

Figure 3.3  

High VD, High ID Display Condition 
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Figure 3.4 

High VD, Low ID Display Condition 

 
 

Dependent Variables and Measures 

The current study intended to investigate the influence of VD and ID on 

three dependent variables: SA, workload, and search performance.  

Situation Awareness 

Participant SA was measured using the SAGAT queries (Endsley, 1995) to 

assess VD and ID’s influence on participant SA. Based on the studies that have 

compared SA evaluation techniques, different SA measures assess different aspects 

of SA (Nguyen et al., 2019). For example, SA measurement techniques, such as the 

Situation Awareness-Subjective Workload Dominance Technique (SA-SWORD; 

Prinzel et al., 2004) and the SART (Selcon & Taylor, 1990), provide an advantage 

of ease of implementation, but they pose several limitations. Endsley (1995) states 

that such rating techniques can be affected by participants performing multiple 

trials, and the direct self-rating collected at the end of the task can be prone to 

overgeneralization by the participant. Additionally, Endsley (2019) states that self-

report measures of SA tend to deviate from the results of SA measure that more 
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directly quantify SA. The main advantage of SAGAT is that it allows an objective, 

unbiased index of SA that assesses operator SA across a wide range of elements 

that are important for SA in a dynamic system. The SAGAT approach freezes or 

pauses the task at hand and asks the participant to answer SA probes targeted at 

each level of SA that are administered either verbally or via a computer system 

(Endsley, 1995). This assessment directly measures SA as it taps into the operator’s 

perceptions rather than infers them from behaviors that many other factors besides 

SA may influence (Endsley et al., 1998a). According to Endsley and Garland 

(2000), SAGAT queries should include probes regarding all three levels of SA, 

including Level 1 (Perception of data), Level 2 (Comprehension of meaning), and 

Level 3 (Projection of the near future) components. In an aviation setting, 

specifically for a pilot, these probes could include questions, such as “What is the 

current altitude of your aircraft?” (Level 1), “Enter the deviation between the 

current track and desired track.” (Level 2), and “Enter the minutes remaining before 

the aircraft lands” (Level 3). 

When the participant was flying the eVTOL aircraft, the simulation was 

paused, and a white blank paper was immediately placed over the pilot interface, 

after which the participant was asked to respond to Level 1, Level 2, and Level 3 

SAGAT queries without referring to the displays or any other information. The 

SAGAT queries were administered via Qualtrics on an iPad. According to Endsley 

(1995), it is suggested to have a first SA freeze at least three to five minutes into 

the task, and no two SA freezes within the same 60 seconds. The SAGAT has been 
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shown to have high reliability with test-retest Cronbach’s alpha of .92 to .98 

(Endsley & Bolstad, 1994). Endsley et al. (1999)’s research shows the SAGAT to 

be a valid measure of SA as it correlates with SME ratings of SA. In addition, 

research has shown a significant correlation between overall SAGAT scores and 

search performance (Jones & Endsley, 2004; Salmon et al., 2009). However, as 

SAGAT queries are context-specific, they must be developed based on the task. 

Due to the lack of previous research that leveraged the SAGAT freeze probe 

technique to evaluate SA for an eVTOL pilot interface, Level 1, Level 2, and Level 

3 freeze probe queries were developed for the current study. To ensure the validity 

of the developed SAGAT queries, queries were developed using the SA 

information requirements for commercial pilots by Endsley et al. (1998). They 

were evaluated for face and content validity by four SMEs, including one eVTOL 

test pilot, two helicopter pilots, and one aviation human factors researcher. They 

reviewed the scenarios, stop points, and queries and provided feedback on the 

content validity for the scoring parameters (threshold of correct vs. incorrect), and 

verbiage. Correct responses for all Level 1, Level 2, and Level 3 queries were 

developed to evaluate the participant's response to the queries, including the 

threshold for what was considered correct versus incorrect. The participant’s 

SAGAT score was a continuous variable. For each display condition, a sum of 

correct queries was calculated to get each participant’s final SA score (see 

Appendix F). To mitigate the testing effect, a pool of queries was developed. The 

participants received a total of four queries for each level for each display condition 
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from a pool of queries. The order in which the participants received a select set of 

queries throughout their four trials was randomized to mitigate testing and learning 

effects.  

Workload 

The NASA-Task Load Index (NASA-TLX) was used to measure the 

participant’s mental workload. The NASA-TLX has been frequently used as a self-

reported questionnaire on cognitive workload. Six workload dimensions are 

measured, including mental, physical, temporal, performance, effort, and 

frustration, on a 20-point scale from low to high. For example, participants are 

asked, “How mentally demanding was the task?” and “How successful were you in 

accomplishing what you were asked to do?” (Hart & Staveland, 1988). The final 

result is a cumulative workload score of responses from all six dimensions. The 

NASA-TLX has been shown to have high test-retest reliability with a Cronbach’s 

alpha of .83 (Hart & Staveland, 1988). For validity, the NASA-TLX has been 

shown to correlate with other workload measures and subjective ratings of mental 

workload, as well as being sensitive enough to detect changes in workload 

manipulations (Longo, 2018; Rubio et al., 2004). Participants were asked to 

complete the NASA-TLX after each scenario. The NASA-TLX was administered 

via Qualtrics on an iPad. The overall workload score, which includes the six 

dimensions, was analyzed as part of the data analysis. The NASA-TLX 

questionnaire that was used for the study is provided in Appendix G.  
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Search performance 

For a crewed eVTOL operation, one of the crucial search performance 

parameters is the pilot’s ability to locate a specific piece of information from the 

pilot interface. For an eVTOL pilot to perform a smooth landing, an eVTOL pilot 

should be able to locate information from the pilot interface, such as other 

waypoints names, flight plan magenta line, airspace indicators, airports, heliports, 

and other air traffic markers. To measure the participants’ search performance, I 

asked them to name the final approach fix waypoint during each scenario. A 

participant’s search performance was measured with a stopwatch as the time it took 

them in seconds to name the final approach fix waypoint after being asked to report 

it. This was repeated for each scenario. Raw values in seconds for each scenario 

were recorded in an Excel Spreadsheet, separately for each display condition. A 

higher value indicated that it took longer for the participant to identify the name of 

final approach fix waypoint, indicating lower search performance. Conversely, a 

smaller value meant that the participants were able to identify a relevant piece of 

information faster, indicating higher search performance. Several studies in the past 

have utilized search performance as a reliable measure in aviation (Beck et al., 

2012; Beck et al., 2010) and in automobile interfaces (Pankok Jr. & Kaber, 2018).  

In addition to the three primary dependent variables, a demographic survey 

was administered to the participants before the beginning of the study to capture the 

characteristics of the sample. The demographic survey asked the participants to 

report their age, biological sex, race, and ethnicity to compare the sample with the 
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target population. In addition, participants were asked to report their flight hours, 

the purpose of using the flight simulator, estimated flight hours in the flight 

simulator, and experience level using a fixed-based flight simulator to control for 

individual differences in skills and experience. The list of questions that were 

included in the demographic survey is provided in Appendix H. 

Manipulation Check and Qualitative Measures 

 

The manipulation check and qualitative measure were developed to assess 

the participants’ perception on the level of VD and the effectiveness of the ID for 

each display condition (See Appendix B). Participants rated each display 

condition’s level of clutter, with response options ranging from "Not cluttered at 

all" to "Extremely cluttered," This question aimed to assess the VD of each display 

condition. Next, participants rated each display condition’s level of effectiveness, 

with response options ranging from "Not at all effective" to "Extremely effective," 

which assessed how each display condition through different levels of ID assisted 

in completing the experimental task. Next, participants described what they liked 

and disliked about the display conditions and explained why, providing insights 

into specific features or functionalities that enhanced or hindered their ability to 

effectively complete the experimental task. This manipulation and feedback 

approach, combining quantitative ratings and qualitative responses, was utilized to 

validate the display conditions that were developed with varying levels of VD and 

ID and provide insights for the results from the inferential statistics.  
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Figure 3.5 

Experimental Testbed Setup 

 

Experimental Testbed 

The current study used a custom-built, fixed-based flight simulator to run 

the experimental task. The desktop-based flight simulator, shown in Figure 3.5, 

consisted of the following hardware:  

- Custom-built central processing unit (CPU) equipped with an Intel i9-

10850K CPU, 64 GB of RAM, an NVIDIA RTX 3090 Ti graphics card, 

and Windows 10 Pro operating system.  

- Samsung Odyssey G9 Curved, gaming monitor to display out-of-the-

window view for the participants.  

- Two RealFlightSim Gear PFD and MFD display panels to simulate the 

pilot interface of an eVTOL aircraft. 
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- Logitech X-56 H.O.T.A.S Flight Stick and throttle lever to control and 

fly the aircraft. 

The current study utilized X-Plane simulation software. At the time of this 

writing, the X-Plane 12 simulator was one of the only off-the-shelf flight simulators 

that allowed users to fly an eVTOL aircraft. The Beta ALIA-250, an eVTOL 

aircraft model available in the X-Plane 12 Flight Simulator aircraft catalog, was 

used for the experimental task. The Beta ALIA-250 is an aircraft currently being 

developed by BETA Technologies and is one of the first eVTOL aircraft that has 

completed several hundred hours of flight hours, including a fully electric cross-

country flight. Several companies, both charter (BLADE Mobility) and cargo 

companies (UPS), have signed contracts to purchase the ALIA eVTOL after it is 

certified by the FAA. The aircraft consists of four pairs of propellors used for 

vertical take-off and landing and a separate pair of propellors specifically to power 

the aircraft’s forward flight, as shown in Figure 3.6 (actual aircraft) and Figure 3.7 

(simulated aircraft). 
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Figure 3.6 

BETA Technologies ALIA-250 eVTOL Aircraft 

 
Note. Prototype demonstrator of the Beta Technologies eVTOL Aircraft. Adapted 

from Beta Technologies Media Kit, by Brian Jenkins, 2021 

(https://photos.app.goo.gl/iGaB8GCffRmkowwD7). In the public domain.  

Figure 3.7 

Simulated BETA Technologies ALIA-250 eVTOL Aircraft 

 
Note. This is the eVTOL aircraft simulated in X-Plane 12 flight simulator.  

https://photos.app.goo.gl/iGaB8GCffRmkowwD7
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Experimental Task 

Before beginning the experimental task, the participants were asked to 

review an eVTOL flight training and task familiarization video. In the video, the 

participants were provided information about an eVTOL aircraft, shown how to use 

the flight stick and the throttle lever to fly the eVTOL aircraft, the task they were 

going to perform, and informed about the SAGAT questions that they needed to 

answer during the practice flight. After reviewing the eVTOL training video, the 

participants were given a total of 10 minutes to practice landing the simulated 

eVTOL aircraft, giving them an opportunity to familiarize themselves with the pilot 

interface and how the aircraft responded to the control inputs. During this practice 

session, the participants were administered a set of mock SAGAT queries. After 

finishing the training flight, the experimental task involved participants completing 

four scenarios in which they performed visual approaches to Chicago O’Hare 

International Airport (ORD), Newark Liberty International Airport (EWR), Los 

Angeles International Airport (LAX), and John F. Kennedy International Airport 

(JFK) using the testbed described in the previous section. Each of the four 

scenarios commenced at a distance of 4 nm from each airport. The primary 

experimental task for the participant flying was to fly and perform a near-vertical 

landing at the assigned runway at each airport using each of the display conditions. 

To ensure that no other factors influenced the participant’s ability to fly the 

eVTOL, external environmental conditions, such as wind, were set to ideal 
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conditions. An approximate timeline highlighting the experimental task completed 

in each scenario is shown in Figure 3.8.  

Figure 3.8 

Timeline of Experimental Task Completed within each Scenario 

 
To ensure the experimental task was realistic to the proposed eVTOL 

operations, several industry SMEs, including one eVTOL test pilot, one air traffic 

controller, one vertiport development company chief executive officer (CEO), and 

one eVTOL infrastructure SME, were consulted to ensure the task resembled the 

currently proposed eVTOL crewed operations. During the development of the 

experimental task, the SMEs were provided with a detailed description of the tasks 

the participants would be performing, including the simulator testbed capabilities. 

One of the SMEs flew one of the scenarios using the simulation testbed setup. 

Based on the feedback received from the SMEs, the experimental task was 

modified and was again provided to the SMEs for their feedback. Based on the 

feedback received, final revisions were made to ensure that the experimental task 

was realistic to the proposed eVTOL operations. 
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Pilot Testing 

Before the primary data collection, two pilot tests were conducted. The first 

pilot test was conducted with four SMEs, including two flight instructors and two 

helicopter pilots, to evaluate the content and face validity of the scenarios. After 

completing each trial, I queried the SMEs to rate the level of similarity and 

difficulty for each trial, and whether the experimental task resembled a realistic 

approach a pilot would perform. The SMEs rated the level of difficulty as moderate 

(on a scale from extremely easy to very difficult) for each trial and rated the level 

of similarity as somewhat similar (on a scale from very dissimilar to very similar). 

Based on the responses provided by the SMEs, two adjustments were made to the 

scenarios. First, the outside visibility was changed to marginal VFR (MVFR) 

instead of VFR. This adjustment ensured that the participants used the displays to 

complete the experimental task. The second adjustment was to begin the approach 

at a distance of 3 – 4 nautical miles (nm) from the airport, which was previously set 

at 10 nm, allowing the scenarios to be shortened. After making these adjustments, a 

second pilot test was then conducted with a sample of five instrument-rated pilots, 

whose data was used to examine the effect of IV manipulations. All dependent 

measure data was collected. After this, the means of the dependent variables for 

each display condition were compared for each independent variable. The analysis 

of the means revealed no noticeable difference in workload and search performance 

data. A re-examination of the conditions revealed that a large portion of the display 

was dedicated to the flight plan page, which did not include any information 
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manipulation other than the size of the information. Based on these comparisons, 

the four display conditions were adjusted by entirely removing the flight plan page 

from the MFD panel of the simulation testbed, allowing for a larger portion of the 

display to be dedicated to use the available information where the variable 

manipulations occurred. I then used the metrics mentioned in (1) and (2) to 

recalculate the VD and ID variables and adapted the information on the testbed 

pilot interface to ensure differences in the quantity and ratio of relevant information 

across the four display conditions. The revised calculation for the four display 

conditions is provided in Table 3.3. After revising the display conditions, I resumed 

pilot testing to re-evaluate the means for the dependent variables. After running 

four participants, I re-examined the means of the dependent variables for the four 

display conditions. The results from these four participants revealed noticeable 

differences across the four display conditions – showing that the revision of the 

display conditions based on the results of the pilot runs was showing the 

hypothesized effect of the manipulation on the dependent variables. These four 

participants were used as my first four official data collection points, and I 

proceeded with data collection. 

Study Implementation  

To recruit participants, fliers were posted on the FITA flight line, and 

course instructors were asked to promote the study in aviation classes. In addition, 

word of mouth was also used to recruit participants. A QR code or hyperlink was 

provided, which took interested participants to a screening and scheduling page, 
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where they had the opportunity to select the date and time if they met the inclusion 

criteria of holding an instrument rating for participation in the study. To determine 

if the participants met the inclusion criteria, prospective participants were required 

to input their current flight hours and the current pilot license and rating they hold. 

Then, based on the responses, participants who met the criteria were asked to come 

to the Florida Institute of Technology’s Center for Aeronautics and Innovations 

(CAI) for the study during the scheduled date and time. 

Upon arrival, the participants were given a consent form on an iPad 

informing them of the study’s purpose and associated risks. After which the 

participants completed a demographics survey, reviewed the training and 

familiarization video introducing them to eVTOL aircraft and its flying 

characteristics, and study procedures. Afterward, participants were given the 

opportunity to practice flying and landing the eVTOL, gaining familiarity with its 

flight controls and understanding its responsiveness to their inputs. After 

completing the practice flight, the participants were asked to leave the room, so that 

the data collector could set up the first display condition of the experimental task. 

The primary reason for asking the participant to leave the room was to ensure that 

the participant did not become aware of which display condition they were about to 

receive. Once the display condition was set, the participants were called into the 

data collection room to begin the experimental task. Each participant completed 

four visual approach trials, one in each display condition and one at each of four 

airports: ORD, EWR, LAX, and JFK. To prevent order effects, the display 



 

 

 

 

 

 

90 

conditions and the airports were counterbalanced such that each display condition 

and airport occurred across each of the four trials, and each display condition 

occurred at each airport. The participants were rotated through these scenario 

orders using a Latin Square to ensure equal distribution of participants for each of 

the display conditions (see Appendix I). Randomized level 1, level 2, and level 3 

SAGAT queries were administered during each trial. During the experimental task, 

the simulator was paused, and the participants were asked to complete the SAGAT 

queries on an iPad. Search performance data was collected by measuring the time it 

took the participants to name the final approach fix waypoint. After each scenario, 

participants were asked to leave the data collection room, complete the NASA-TLX 

questionnaire and fill out the manipulation check questions and the qualitative 

questionnaire associated with the scenario just completed. 

The participants were asked to leave the room after completing the first, 

second, and third trials. After the participant left the room, the data collector set up 

the next scenario. At the end of the study, participants were thanked for their 

participation and given contact information, which they could use to contact the 

data collector if they had any questions. Once the participant left the data collection 

room, search performance data for all the display conditions was transferred to an 

Excel spreadsheet for data analysis. A timeline of the study implementation is 

shown in Table 3.4. 
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Table 3.4 

Simulation Task Procedure and Timeline 

Task Description Duration 

Introductions 
Participants were read an introductory 

script and asked to sign the consent form 
2 minutes 

Pre-survey 
Participants will complete the 

demographic survey 
5 minutes 

Training 

Participants reviewed an eVTOL flight 

training, task familiarization, and 

introductory eVTOL pilot interface 

video 
 

10 minutes 

eVTOL 

practice 

Participants completed a 10-minute 

practice flight  
10 minutes 

Scenario set-up 
The proctor set ups the scenario for each 

display condition (1-minute x 4) 
4 minutes 

Experimental 

task  

Participants completed a ~6 min 

experimental scenario for each display 

condition (6 minutes x 4) 

24 minutes 

In-task survey 
Participants completed an online survey 

with the SAGAT Queries (2 minutes x 4) 
8 minutes 

In-task data 

collection 

Participants responded with the name of 

the final-approach-fix waypoint name for 

the runway they were flying to.   

1 minute 

Post-task 

Survey 

Participants completed the qualitative 

survey and NASA-TLX. (2 minutes x 4) 
8 minutes 

 Total Time 
~ 72 

minutes 

 

Threats to Internal Validity 

Campbell and Stanley (1963) defined various factors impacting the internal 

validity of a research design. These factors are defined as threats to internal validity 

and refer to whether the differences observed in the dependent measures are due to 
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the treatment condition. These threats to internal validity need to be controlled to 

ensure that the effects on the dependent measures result from the independent 

variables. A detailed description of all relevant threats applicable to this study are 

discussed below.  

History. History threats include cultural or news events that occur during 

the course of the study that may impact the dependent variable. For example, 

during data collection, the FAA could publish eVTOL operational procedures or 

the final version of the eVTOL pilot training requirement, or an eVTOL 

manufacturer could release details about the pilot interface of their eVTOL aircraft. 

This could result in participants participating in the study after this event acting 

more diligently in the experimental task than the previous participants. To control 

for this effect, changes in the AAM industry were monitored. There was no major 

event in the AAM industry that was likely to cause a history effect.  However, 

considering how fast the eVTOL technology is changing, changes in the 

perceptions of the population regarding AAM and eVTOL aircraft could have 

occurred over the five months of the studies’ data collection period.  

Testing. A testing effect occurs when the exposure to a pretest alters the 

participant’s search performance of an identical posttest. This effect can cause the 

participant to become familiar with the task and may perform differently because of 

the pretest instead of the treatment. In the current study, after a participant 

completed the first approach at an airport, they might perform better at the second 

airport due to the exposure to the first visual approach. To control for this effect, 
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the visual approaches the participants performed were set to be similar but at four 

different airports. In addition to the four different approaches, the primary 

manipulation of the IVs was counterbalanced with the four airports to mitigate the 

influence of order effect that may occur.  

Maturation. A maturation effect occurs when changes occur to the 

participant over time, such as increased age, decreased motivation, or fatigue. Each 

participant completed the study in approximately 74 minutes. Previous studies that 

have conducted experiments of similar timeframe have shown that this duration is 

not large enough to elicit a significant maturation effect. As a precaution, to ensure 

that the participants did not exhibit decreased motivation during the four scenarios, 

the order of the display conditions and the airports the participants received was 

counterbalanced to wash out any fatigue or motivational effects. Due to the length 

of the study, the participants were also given the option to take a break between the 

trials. 

Instrumentation. An instrumentation effect occurs when changes between 

measurements occur. This can include differences in the researcher who collects 

data, biases applied to that data, or interpretations that change as scoring continues. 

For example, two different researchers may note the search performance of the 

same individual differently. I was the sole primary data collector for all 

experimental tasks to control for instrumentation effects. The same dependent 

measure instruments were used for each participant for all scenarios, the scoring 

criteria for the SAGAT queries and their scoring criteria was determined before the 
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queries are administered, and an experimenter script and protocol were developed 

and utilized to ensure each participant received the same the instructions.  

Subject effect. Two types of subject threats can occur when the 

participant’s perception of the study impacts their responses. These can include an 

increased search performance from being observed, i.e., the Hawthorne effect, or 

different performance due to their knowledge of their group assignment, i.e., the 

John Henry effect. For example, the participant can act differently or perform better 

if they were aware of being placed in the group that is assigned a less favorable 

treatment condition or because of the novelty of the treatment. In this study, 

participants might act more diligently than required because they are observed 

while performing the experimental task. To mitigate this, the experimenter sat 

slightly behind the participants to make their presence less conspicuous.   

Experimenter effect. An experimenter effect can occur when different 

experimenters administer the treatment differently. For example, a pilot with more 

experience with flight simulators might be more enthusiastic and involved while 

administering the treatment than a proctor who is not a pilot. To control for this 

effect, only I acted as the sole administrator of the study and utilized scripted 

instructions. 

Location. A location effect may occur if the study is conducted in many 

locations. For example, a flight simulation study conducted in a room with other 

flight simulators or similar equipment may result in different results from the 

participants. To control the effect of location, the experimental testbed was not 
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moved from the data collection room. Any additional equipment accessories not 

required for the experimental task were removed from the room for the duration of 

the study. 

Mortality. A mortality threat can occur if participants drop out during the 

study, leading to a more biased sample. Similar simulation studies have been 

performed in the lab, and dropout rates are typically very low. Nevertheless, any 

missing data resulting from a participant dropping out was not considered for the 

primary data analysis. 

Selection. A selection effect occurs when participants in the control group 

differ from participants in the treatment group. For example, participants in the 

group with low levels of VD could show better search performance solely because 

of individual differences and not because of the treatment condition. For this study, 

a within-subjects design was used, and participants served as their own control. 

This controlled for any individual differences. Therefore, this threat to internal 

validity is not relevant to this study. 

Selection-Maturation. The selection-maturation threat occurs when 

participants in different groups mature at different rates. The current study 

employed a within-subject design where every participant was administered all the 

treatment conditions. This threat was not relevant to this study as there was only 

one group. 

Statistical Regression. The statistical regression effect occurs when 

participants who score very high or very low on their pretest regress toward the 
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mean on subsequent assessments. If one group has more participants who scored 

high in the pretest, the data may show that this group had higher flight performance 

in the posttest than the other group when they did not. This threat was not relevant 

as a within-subject design was used where participants would serve as their own 

control. 

Diffusion. A diffusion effect occurs when participants communicate 

between groups and learn about the treatment effect. This may result in different 

behaviors from the participants. For example, a participant who has received the 

treatment condition might share their experience of flying an eVTOL with one who 

might have not yet received it. This can alter the participant’s behavior as they now 

know the manipulation and the task. Because a within-subject design is used in the 

study, participants served as their own control, and this is not a relevant threat to 

this study. To mitigate the effect of diffusion, participants were asked not to discuss 

the study with their peers.  

Treatment Verification and Fidelity 

Treatment verification and fidelity refer to the extent to which the actual 

implementation of the study followed the planned study implementations (Shaver, 

1983). All the display conditions were manipulated using the specific parameters 

on the simulation testbed to ensure that the manipulation implementation was 

identical regardless of the participant. In addition, a checklist was prepared and 

used, listing every piece of information used for each display condition. All 

participants eligible to participate in the study received the same demographic 
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survey, study information, and training video. Further, all participants got a chance 

to complete an eVTOL practice flight. All dependent measures data was collected 

via Qualtrics and then exported to an Excel spreadsheet. A common script was 

utilized when introducing the participant to the study to ensure standardization of 

verbiage outside of the manipulation to ensure treatment fidelity. To ensure 

ecological validity, inputs from aviation SMEs with experience in eVTOL 

operations, which included one eVTOL test pilot, two AAM researchers, a 

consultant, industry reports, current development of eVTOL operations, and 

ConOps were studied in detail to ensure ecological validity. A detailed description 

of each is presented in Chapter 3 to ensure that both the independent and dependent 

variables can be replicated.  

Data Analysis  

Data analysis was performed using both descriptive and inferential 

statistics. After the data collection, the dependent measure data were exported from 

Qualtrics and scored accordingly. Demographic data were summarized and 

presented descriptively by domain, including biological sex, ethnicity, and flight 

simulator experience for fixed-wing and rotor aircraft. In addition, each measure’s 

descriptive averages and standard deviations are presented to the reader. The 

participants’ SAGAT scores were scored either correct or incorrect within a 

response correctness range for each query and then added to get the final SA score, 

resulting in a continuous variable. The NASA-TLX score response was a 

continuous variable representing the sum of the scores for each question, ranging 
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from 0 to 100, with zero indicating a lower workload and 100 scores indicating the 

highest workload. Participants’ search performance was also a continuous variable. 

The search performance data was measured as the time taken in seconds by the 

participant to name the final approach fix waypoint. To determine the effect of the 

varying levels of VD and ID on the dependent variables, a one-way repeated 

measure MANOVA was conducted to determine the main effects of, or interaction 

between, the two independent variables on SA, workload, and search performance 

data. The data analysis was performed using SPSS 29. Participant’s responses to 

qualitative questions were analyzed separately to evaluate participants’ reaction to 

the display conditions. The results of these analyses are provided in Chapter 4.  
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Chapter 4 

Results 

Introduction 

This chapter presents the results of the current study. The first section will 

summarize the descriptive statistics of the sample demographics and dependent and 

independent variables, including NASA-TLX scores, search performance, and 

SAGAT scores. The second section will include the results of the inferential 

statistics, including the preliminary analysis, the one-way MANOVA, and the 

corresponding univariate results. The preliminary analyses present steps taken to 

analyze and address invalid or missing data, outliers, and assumptions associated 

with a MANOVA. In the MANOVA, the results of the multivariate omnibus 

analysis and univariate analyses for each display condition are provided. The third 

section presents the results of the participants’ responses to the qualitative 

questionnaire and hypothesis testing results corresponding to the research questions 

identified in Chapter 1.  

Descriptive Statistics 

A total of 26 individuals participated in the study. Before beginning the 

experimental task, the participants completed a demographic survey. In addition to 

identifying their demographic information, the demographic survey also asked 

them to input their experience with flight simulators and their knowledge about 

advanced air mobility. A summary of the responses to the demographic survey is 

provided in Table 4.1.  
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Table 4.1 

Summary of the Demographic Variable 

Demographics N M SD 

Biological Sex    

Male 20   

Female 6   

Age 26 22.4 2.59 

Ethnicity    

Asian 13   

African American 1   

Mixed 4   

White 8   

Flight Hours 26 343.14 174.50 

Academic Level    

Sophomore 2   

Junior 12   

Senior 10   

Graduate 2   

Experience with flight simulator    

Less than 1 year 3   

1 – 2 years 13   

3 – 4 years 8   

More than 4 years 2   

Purpose of using flight simulator    

Instrument flight training 11   

Skill development  9   

System familiarization 3   

Visual flight training 1   

All of the above 2   

Estimated flight hours in simulator 26 44.07 38.89 

Familiarity with advanced air mobility    

Not at familiar 13   

Slightly familiar 11   

Moderately familiar 2   
 

   

    

While performing the experimental task using each display condition 

outlined in Chapter 3, SAGAT query responses and search performance data were 

collected. After completing the experimental task of landing the eVTOL aircraft for 
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each display condition, the participants were asked to take NASA-TLX and the 

qualitative questionnaire. The descriptive statistics associated with each dependent 

variable are presented in the following section. 

The SAGAT questionnaire was designed to capture objective SA and was 

calculated by summing the total number of correct responses to Level 1, Level 2, 

and Level 3 SAGAT queries. Based on the process outlined by Endsley et al. 

(1990), a response to a query is deemed correct if it falls within a range that is 

considered to be operationally close to the correct answer. For example, a correct 

answer of 70 knots for eVTOL airspeed, a range of 65 – 75 knots, is deemed 

correct. Both the queries and the ranges of the correct responses were presented to 

an SME and confirmed to be operationally relevant for an eVTOL aircraft 

performing an approach at an airport (the experimental task). The range of the 

correct answers for the developed queries is presented in Appendix F. SAGAT 

score could range from 0 to 18, with a higher score representing a higher SA. As 

summarized in Table 4.2 and graphically shown in Figure 4.1, based on the 

collected responses to the queries, the low VD and high ID display condition had 

the highest SA (M = 11.69, SD = 1.95), followed by high VD and high ID display 

condition (M = 10.34, SD = 2.79), low VD and low ID (M = 7.84, SD = 1.69) with 

the high VD and low ID display condition (M = 7.50, SD = 2.64) having the lowest 

SA. Generally, SAGAT scores were higher in display conditions that had higher 

ID.  
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Table 4.2 

SAGAT Scores by Display Conditions 

Display Conditions M SD 

Low VDa, low IDb  7.84 1.69 

Low VD, high ID  11.69 1.94 

High VD, low ID  7.50 2.64 

High VD, high ID  10.34 2.79 

Note. N = 26. The Situation Awareness Global Technique (SAGAT) is a measure of real-time 

situation awareness. The scores could range from  0 to 18, with higher scores representing 

higher objective situation awareness.   

a Visual density. b Information density. 

Figure 4.1 

SAGAT Number of Correct Response by Display Conditions 
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Workload was measured utilizing the NASA-TLX questionnaire and was 

administered using Qualtrics on an iPad. The final workload score for each display 

condition was derived by calculating the average sum of the scores for the six 

questions for a score range from 0 (lower workload) to 100 (Higher workload).  

As summarized in Table 4.3 and shown in Figure 4.2, the low VD and high 

ID (M = 50.11, SD = 14.80) had a lower workload rating, followed by high VD and 

high ID (M = 54.11, SD = 19.55), high VD and low ID (M = 58.05, SD = 19.69), 

with low VD and low ID display condition (M = 59.66, SD = 16.04) reporting the 

highest workload. Generally, the participants exhibited a lower workload when 

they were provided with a display condition that consisted of a higher ID.  

Table 4.3 

Workload Scores by Display Conditions 

Display Conditions M SD 

Low VDa, low IDb  59.66 16.04 

Low VD, high ID  50.11 14.80 

High VD, low ID  58.05 19.39 

High VD, high ID  54.11 19.55 

Note. N = 26. The NASA-TLX is a measure of mental workload. Scores could range from 0 to 

100, with higher scores representing a higher mental workload.  

a Visual density. b Information density.  
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Figure 4.2 

Workload Rating by Display Conditions 

 

Search performance was measured by capturing time taken in seconds by 

participants to name the final approach fix waypoint after being prompted to do so.  

As summarized in Table 4.4 and shown in Figure 4.3, search performance 

was highest with the low VD and high ID display condition (M = 4.76, SD = 1.79), 

followed by high VD and high ID condition (M = 6.31, SD = 1.95), low VD and 

low ID condition (M = 6.56, SD = 1.99), with high VD and low ID condition (M = 

13.4, SD = 3.12) showing the lowest search performance. In general, participants 

spent less time locating a piece of information when they were provided with high 

ID and/or low VD.  
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Table 4.4 

Search Time by Display Conditions 

Display Conditions M SD 

Low VDa, low IDb  6.56 1.99 

Low VD, high ID  4.76 1.79 

High VD, low ID  13.4 3.12 

High VD, high ID  6.31 1.95 

Note. N = 26. Search performance was measured by measuring the time in seconds to identify a 

piece of information from the pilot interface. A higher value represented that it took 

participants longer to locate the information on the pilot interface.  

a Visual density. b Information density. 

Figure 4.3 

Search Performance by Display Conditions 
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Inferential Statistics 

Overview 

The primary purpose of the current study was to explore the influence of 

VD and ID of an eVTOL aircraft pilot interface on the pilot’s SA, workload, and 

search performance. The research methodology that was best suited to address the 

research questions associated with the study’s purpose was within-subjects repeated 

measures experimental design. This design was the most appropriate as it allowed 

the comparison of varying levels of VD and ID on the targeted dependent variables, 

while also controlling for individual differences. The primary inferential statistical 

procedure employed for the current study was a repeated measure MANOVA with 

univariate follow-up analyses.  

Preliminary Analysis 

Dataset Modification. To prepare the data for the analysis, I downloaded 

the participants’ responses to the NASA-TLX questionnaire and the SAGAT 

queries. The participants’ response to search time was tabulated in an Excel 

spreadsheet. A total of 26 participants took the NASA-TLX questionnaire and 

responded to the SAGAT queries. After downloading the responses from Qualtrics, 

the responses were then transferred to an Excel spreadsheet. No other modifications 

were made to the responses.  

Missing data. Missing data occurs when participants willingly or 

unwillingly do not respond to an item on the questionnaire. For search 

performance, a data point was deemed missing when participants either did not 
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respond when asked to name the final approach fix waypoint or when the 

participant said they did not understand the question. There were four missing cases 

for the low VD and low ID, one missing data point for low VD and high ID, three 

missing data points for high VD and low ID, and one missing data point for high 

VD and high ID. Upon inspection of the SAGAT data, it was determined that there 

was one missing data point for the low VD and low ID display condition. 

According to Cohen et al. (2003), these missing data were replaced with the means 

of the particular display condition, after confirming that the data points were 

missing at random and not systematically.  

Outlier Analysis. In a dataset, outliers are extreme cases that can have an 

adverse impact on the results of the study. Outliers are cases that lie far away in a 

dataset compared to the other data points for a particular variable. These outliers 

can either be contaminated cases or rare cases. In the current study, I performed an 

outlier analysis using Jackknife distances. A total of eight outliers were detected 

using this analysis. I further examined each case to determine if they were rare or 

contaminated cases. Two outliers were detected in the NASA-TLX scores for the 

low VD, high ID display conditions; upon further inspection, these two data points 

were less than three standard deviations from the mean, which was determined to 

be a rare case. These outliers were included in the final data set. 

Three outliers were detected in the search time for the low VD, high ID 

display condition. Upon further inspection, I determined that one participant had 

taken 13 seconds to name the final approach fix waypoint name. This was more 
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than four standard deviations from the mean of 4.7 seconds. This outlier was 

deemed as a contaminated data point and removed from the dataset.  

Three outliers were detected in the SAGAT score for high VD, high ID 

display condition. Upon further inspection, it was determined that one participant 

had scored 18 correct responses, which was more than three standard deviations 

above the mean of 10 correct responses. This outlier was deemed as a contaminated 

data point and removed from the data set. Upon further inspection of the remaining 

two outliers, I determined that they were less than two standard deviations away 

from the mean. Therefore, these two outliers were deemed as rare cases, and 

included in the final dataset.  

Multicollinearity. When a multivariate analysis is conducted, there is a 

high chance that each variable could be related to one another. When the 

relationship between the variables is high (for example, r > .8), then it could result 

in a difficult interpretation of the effect of the independent variable on the 

dependent variable (Cohen et al., 2003). This concept of high correlation between 

the independent variables is referred to as multicollinearity. To assess the 

relationship between the variables, I ran bivariate correlations for the dependent 

variables. The analysis revealed that the correlation ranged from r = –.10 to r = .52. 

It was shown that all variables exhibited a correlation of less than .8. Therefore, it 

was determined that multicollinearity was not an issue.  

Statistical strategy assumptions. After completing the preliminary data 

analyses presented above, additional assumptions must be met based on the 
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statistical strategy used for this study. For a MANOVA, the following assumptions 

must be met: (a) Independence of the dependent variables, (b) linear relationship 

between the pair of dependent variables, (c) equal variance across the dependent 

variables, and (d) normal distribution across the dependent variables. Each of the 

assumptions and their compliance with each assumption are discussed in the 

sections below.  

Independence of dependent variables. The independence assumption is 

concerned with the observation that each DV is independent of the others. The 

reader should note that none of the dependent variables for this study, NASA-TLX 

scores, search performance measured by search time, and SAGAT scores, were 

dependent on one another. Based on the fact that none of the dependent variables 

were dependent on one another, this assumption was met.  

Normal distribution. This assumption is tested to determine if there is a 

normal distribution around the mean. To test for normality, a Shapiro-Wilk test for 

normality was conducted. It was found that, of the three dependent variables, all 

exhibited a normal distribution except the search performance measure of search 

time for low VD, high ID and the overall SAGAT score for low VD, high ID 

display condition. Particularly, for search time data, this was expected due to the 

low variability discussed in the previous section. Additionally, as suggested by 

Stevens (2001), “…the sampling distribution of F is only slightly affected, and 

therefore the critical values when sampling from normal and non-normal 

distributions will not differ by much” (p. 262). Therefore, the non-normal 
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distribution detected for the two dependent variables did not preclude me from 

continuing with the primary data analysis.  

Equal variance. The equal variances assumption is concerned with equal 

variances across the residuals regardless of the independent variable values. To test 

this assumption, Levene’s test of equality of error variances was conducted. It was 

found that all DVs satisfied the equality of error variances except for the search 

time. However, as Stevens (2001, p. 268) notes, “…the F statistic is robust against 

heterogeneous variances when the group sizes are equal.” The group sizes were 

equal for each condition of the dependent measure, given the within-subjects nature 

of the study. Therefore, non-compliance with the equal variance assumption did not 

preclude me from continuing with my primary analysis. 

Linearity. The linearity assumption is concerned with the type of 

relationship between the dependent variables. To test this assumption, a bivariate 

correlation was conducted between each pair of dependent variables. It was 

discovered that all pairs of the dependent variables exhibited a significant linear 

relationship except for the NASA-TLX and SAGAT scores, p > .05. This was 

expected as Endsley’s (1995a) theory of SA discusses that workload can impact 

SA. The reader should keep this linear relationship in consideration when 

interpreting the results of the primary analysis.  

Summary of Preliminary analyses. Following the removal of the two 

outliers during the preliminary analysis, the total sample size included N = 26 

participants. In terms of missing data, it was determined that the data were missing 
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at random and systematically. A total of five missing data points were identified in 

the preliminary analyses. Case-wise imputation was used to replace the missing 

data for the independent variable and the associated measure. No variables were 

removed due to multi-collinearity, and the independence assumption was met. 

Equal variance and normality assumptions were violated; however, the primary 

analyses should not be affected due to the robustness of the F test. The linearity 

assumption violation between the workload and SAGAT score should be noted by 

the reader when interpreting the results of the primary analysis.  

Primary Analysis 

MANOVA. A repeated-measures MANOVA was conducted to examine the 

effects of VD and ID on SA, workload, and search performance. VD and ID were 

treated as within-subject factors, and workload (NASA-TLX), search performance 

(as measured by search time), and SA as the dependent variables. Conducting a 

MANOVA allowed for an omnibus test to prevent inflation of Type I errors. As 

shown in Table 4.5, at the multivariate level, there was a significant main effect of 

VD on the dependent variables, F(3, 21) = 34.88, p < .001; Wilk's Λ = 0.16, partial 

η2 = .83. There was also a significant main effect of ID on the dependent variables, 

F(3, 21) = 70.85, p < .001; Wilk's Λ = 0.09, partial η2 = .91. Further, the analysis 

showed significant interactions between VD and ID on the dependent variables, 

F(3, 21) = 9.85, p < .001; Wilk's Λ = 0.41, partial η2 = .58. Therefore, univariate 

follow-up tests were conducted on VD, ID, and the VD*ID interaction.  
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Table 4.5 

Results of Repeated-Measures MANOVA at Multivariate Level 

Variable Λ F ratio df partial η2 

VD .167 34.882*** 3, 21 .833 

ID .090 70.850*** 3, 21 .910 

VD*ID .415 9.851*** 3, 21 .585 

Note. N = 26 

*p < .05. **p < .01. ***p < .001. 

Univariate Results. The results of the follow-up univariate analyses are 

presented in Table 4.6. The univariate results revealed that VD had a significant 

effect on search performance, F(1, 23) = 106.25, p < .001; partial η2 = .88. The 

univariate results also revealed that VD had a significant effect on SAGAT scores, 

F(1, 23) = 4.37, p = .048; partial η2 = .16  However, there was not a significant 

effect of VD on workload, F(1, 23) = 0.08, p  = .77, partial η2 = .004. 

Table 4.6 

Results of Repeated-Measures MANOVA at Univariate Level 

VD F ratio df p partial η2 

SAGAT 4.37 1, 23 .048* .160 

Workload .08 1, 23 .770 .004 

Search Performance 106.25 1, 23 .001*** .822 

ID F ratio df p partial η2 

SAGAT 98.29 1, 23 .001*** .810 

Workload 9.12 1, 23 .006** .284 

Search Performance 123.71 1, 23 .001*** .843 

VD*ID F ratio df p partial η2 

SAGAT 2.69 1, 23 .114 .105 

Workload 1.05 1, 23 .316 .044 

Search Performance 26.68 1, 23 .001*** .537 

Note. N = 26 

*p < .05. **p < .01. ***p < .001. 
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In the context of the current study, pilots using a pilot interface with low 

levels of VD, i.e., a lesser quantity of information, exhibited higher SA and better 

search performance compared to when they were using a pilot interface with high 

VD. The practical significance of the mean differences is discussed in Chapter 5. 

In terms of ID, the univariate analysis showed a significant effect of ID on 

the NASA-TLX scores, F(1, 23) = 9.13, p = .006; partial η2 = .28. In addition, both 

search performance, F(1, 23) = 123.71, p < .001; partial η2 = .84, and the SAGAT 

scores, F(1, 23) = 98.29, p < .001; partial η2 = .81 were significantly affected by 

ID. In the context of the current study, pilots using an eVTOL pilot interface with 

higher levels of ID, i.e., a higher ratio of relevant information compared to 

irrelevant and redundant information, experienced lower workload, better search 

performance, and higher SA when compared to participants using a pilot interface 

with lower levels of ID.  

The follow-up univariate analysis for the interaction between VD and ID 

revealed one significant variable accounting for the omnibus significance of the 

interaction. There was a significant interaction between VD and ID on search 

performance, F(1, 23) = 26.68 p < .001; partial η2 = .54. There was no significant 

interaction between VD and ID with respect to workload, F(1, 23) = 1.05, p = .32; 

partial η2 = .04, or SAGAT score, F(1, 23) = 2.69, p = .11; partial η2 = .11. In the 

context of the current study, these results suggest that there is an interplay between 

VD and ID on search performance. When VD is low, ID does not have as much of 

an impact on search performance. However, when there is a high level of VD, the 
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level of ID has a significant impact on search performance, with low ID leading to 

longer search times than high ID. The reader is reminded that in the current study, 

VD is defined as the total quantity of information presented on the pilot interface. 

ID is defined as the ratio of the relevant information on the pilot interface to the 

total quantity of information. To provide more clarity, the interaction of VD and ID 

on search performance is shown in Figure 4.4.  

Figure 4.4 

Interaction of VD and ID on Search Performance  

 

Manipulation Check. To provide a meaningful check of the manipulations 

for the four display conditions, a series of questions about each display condition 

were asked to the participants. First, participants were asked to rate the level of 
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cluttered” to 5 = “Extremely cluttered”. As summarized in Table 4.7 and shown in 

Figure 4.5, overall, low VD, low ID was rated as the least cluttered, followed by 

the low VD, high ID display condition, the high VD, high ID display condition, and 

the high VD, high ID display condition. The participants’ responses denote that the 

low VD display conditions were considerably less cluttered than the high VD 

display conditions. These findings served as a manipulation check and provided 

insight into the participant perceptions of the level of visual density for the displays 

and the associated quantitative findings. 

Table  4.7  

Participant rating of clutter 

Display Condition M SD 

Low VDa, Low IDb 2.46 1.03 

Low VD, High ID 2.62 1.17 

High VD, low ID 3.42 .86 

High VD, Low ID 3.35 1.02 

Note. The level of clutter was rated on a scale from 1 = “Not at all cluttered” to 5 = 

“Extremely cluttered.”  

a Visual density. b Information density. 
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Figure 4.5 

Rate of Clutter by Display Condition 

 

Next, the participants were asked to rate the level of effectiveness of the 

pilot interface in completing the task on a scale from 1 = “Not at all effective” to 5 

= “Extremely effective.” As summarized in Table 4.8 and shown in Figure 4.6, 

overall, the participants rated the low VD, high ID display conditions as the most 

effective, followed by the high VD, high ID display condition, the high VD, low ID 

display condition, and the low VD, low ID display condition was rated as the least 

effective.  
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Table  4.8  

Participant rating of the effectiveness of the display conditions 

Display Condition M SD 

Low VDa, Low IDb 2.46 .90 

Low VD, High ID 3.81 .75 

High VD, Low ID 2.85 .92 

High VD, High ID 3.12 .82 

Note. The level of effectiveness was rated on a scale from 1 = “Not at all effective” 

to 5 = “Extremely effective.”  

a Visual density. b Information density. 

Figure 4.6 

Rate of Effectiveness by Display Conditions 
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When asked to comment on the level of clutter of the pilot interface, 

participants reported that the low VD display conditions were less cluttered 

compared to the high VD display conditions. Notably, for the low VD, low ID 

display, participants commented that it was “...hard to track important data” and 

that “information was hard to find.” In the low VD, low ID display condition, 

which had a lower ratio of relevant information compared to the irrelevant and 

redundant information, participants reported that the “PFD seemed cluttered with 

unnecessary information” and that “it was harder to find information on the MFD.”  

The low VD, high ID display condition had a higher ratio of relevant 

information compared to irrelevant and redundant information. Participants 

reported that for this display condition, there was “less stuff to distract me on PFD” 

and “by using the information provided in the interface, I was able to control the 

aircraft better. For the high VD, low ID display condition, participants reported that 

the interface “will overwhelm the pilot’s workload and divided the attention 

unevenly.” The participants’ commented that they had to exercise “extra focus in 

finding the information instead of the flying the eVTOL aircraft.” For the high VD, 

high ID display condition, the participants reported that the level of clutter did not 

affect their ability to locate information but made it demanding to “identify 

information key to the task” and “zone out the unnecessary information and focus 

only on what’s information for me to complete the task.” The participants’ 

comments support the inferential results: levels of VD and ID did influence the 
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participant’s ability to find the information presented on the pilot interface to 

complete the task.  

Qualitative Comments. Next, the participants were asked to respond to 

what they liked and disliked about the eVTOL pilot interface. Participants' 

comments were categorized as either positive comments or negative comments. 

Then, similar terms were extracted for each display condition from the responses. 

Table 4.9 and Table 4.10 present the most frequently noted liked and disliked 

aspects of the display conditions. For the low VD, low ID display conditions, the 

participants reported that they liked how easy it was for them to see familiar 

information, which helped them monitor information, and that the display was 

simple to use. For the low VD, high ID display condition, the participants liked that 

it was less cluttered with the quality of information that was provided to them to 

complete the task. For the high VD, low ID display condition, the majority of the 

participants liked the fact that “it was a G1000 pilot interface”, which they 

regularly use during their flight training. However, participants also noted that there 

was too much information. For the high VD, high ID display condition, participants 

also commented that the eVTOL pilot interface was similar to the G1000 pilot 

interface, which helped them find information for the task they were performing.  
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Table 4.9 

Qualitative Comment Frequency About What Participants Liked  

Low VD, 

Low ID  
f 

Low VD, 

High ID  
f 

High VD, 

Low ID  
f 

High VD, 

High ID  
f 

Easy-to-see 

information  

8 Ease of use 4 Familiar to 

G1000 

12 Similar to 

G1000 

8 

Clear 

presentation  

3 Quality of 

information 

2 Quantity of 

information 

3 Vertical 

speed 

7 

Easy to 

monitor 

2 Less clutter 2   Easy to find 

information 

4 

Simple 

display 

2 RPM 

information 

2    
 

 

In terms of dislike for the low VD, low ID display condition, the 

participants reported there was a “lack of salient information”, making it 

challenging to adjust to scanning and cross-referencing, hindering their ability to 

complete tasks. Moreover, participants also reported that the “battery information 

was inadequate.” For the low VD, high ID, the majority of participants reported 

that there was “nothing to dislike”. However, participants expressed concern, 

stating that a first-time eVTOL pilot could find it cluttered. For the high VD, low 

ID display condition, the participants found it hard to interpret the information 

presented. Participants identified high VD, high ID display condition to be 

cluttered.  
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Table 4.10  

Comment Frequency regarding Aspects of the Display the Participants Disliked 

Low VD, 

Low ID  f 

Low VD, 

High ID  f 

High VD, 

Low ID  f 

High 

VD, 

High ID  

F 

Lack of 

salient 

information 

5 
Nothing to 

dislike 
5 

Hard to 

interpret 
9 Cluttered 8 

Hard to 

find 

information 

3 
Couldn’t 

Zoom in 
3 

Too much 

information 
7 

  

Clutter 3       

Hard to 

adjust  

scanning  

2 Cluttered 

for first time 

(eVTOL) 

pilots 

2     

 

Results of Hypotheses Testing 

The research questions and hypotheses for the current study are presented in 

Chapter 1. This section restates the research hypotheses in null form for testing 

purposes. Each hypothesis is presented along with the corresponding decision to 

reject or fail to reject. 

Null Hypothesis 1a: There will be no significant effect of varying levels 

of pilot interface VD on the pilot’s workload. As shown in Table 4.6, VD had no 

significant effect on workload. As a result, hypothesis 1a was not rejected, 

implying that the quantity of information presented on an eVTOL pilot interface 

has no significant effect on a pilot’s workload.  
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Hypothesis 1b: There will be no significant effect of varying levels of 

pilot interface VD on the pilot’s search time. As shown in Table 4.6, VD had a 

significant effect on search time. As a result, hypothesis 1b was rejected. This 

means that the quantity of information presented on an eVTOL pilot interface has a 

significant effect on a pilot’s search time.  

Hypothesis 1c: There will be no significant effect of varying levels of 

pilot interface VD on pilot SA. As shown in Table 4.6, VD had a significant 

impact on SA. As a result, hypothesis 1c was rejected. This implies that the 

quantity of information presented on an eVTOL pilot interface has a significant 

effect on a pilot’s SA.  

Hypothesis 2a: There will be no significant effect of varying levels of 

pilot interface ID on the pilot’s workload. As shown in Table 4.6, ID had a 

significant impact on workload. Therefore, hypothesis 2a was rejected. This shows 

that the ratio of relevant information to irrelevant and redundant information 

presented on an eVTOL pilot interface has a significant effect on the pilot’s 

workload. 

Hypothesis 2b: There will be no significant effect of varying levels of 

pilot interface ID on the pilot’s search time. As shown in Table 4.6, ID had a 

significant impact on search time. Therefore, hypothesis 2b was rejected. This 

shows that the ratio of relevant information presented on an eVTOL pilot interface 

has a significant effect on the pilot’s search time.  
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Hypothesis 2c: There will be no significant effect of varying levels of 

pilot interface ID on the pilot’s SA. As shown in Table 4.6, ID had a significant 

impact on SA. Therefore, hypothesis 2c was rejected implying that the ratio of 

relevant information presented on an eVTOL pilot interface has a significant effect 

on the pilot’s SA.  

Hypothesis 3a. There will be no significant interaction between VD and 

ID on workload. As shown in Table 4.6, there was no significant interaction 

between VD and ID for workload. Therefore, hypothesis 3a was not rejected. This 

means that the effect of each IV did not have a significant impact on the effect of 

the other IV on workload.  

Hypothesis 3b. There will be no significant interaction between VD and 

ID for search performance. As shown in Table 4.6, there was a significant 

interaction between VD and ID for the search performance. Therefore, hypothesis 

3b was rejected. This means that when VD was low, ID did not have a large effect; 

however, when VD was high, ID had a large effect with low ID having 

significantly higher search times than high ID.  

Hypothesis 3c. There will be no significant interaction between VD and 

ID for SA. As shown in Table 4.6, there was no significant interaction between VD 

and ID for SA. Therefore, hypothesis 3c was failed to be rejected. This means that 

the effect of each IV did not have a significant impact on the effect of the other IV 

on SA. 
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Chapter 5 

Conclusions, Implications, and Recommendations 

Summary of the Study 

The purpose of the current study was to investigate the effect of varying 

levels of VD and ID of a simulated eVTOL aircraft pilot interface on pilot SA, 

workload, and search performance during the landing phase of the flight. The 

independent variables consisted of VD (low vs. high) and ID (low vs. high).  The 

level of VD of the pilot interface was manipulated by changing the total quantity of 

information presented on the pilot interface.  The level of ID was manipulated by 

changing the ratio of relevant information on the pilot interface to the total quantity 

of the information. The dependent variables consisted of SA, workload, and search 

performance. The study utilized a within-subject repeated measures design, which 

was deemed to be the ideal approach to answer the research question of this study. 

The order of the VD and ID display conditions were counterbalanced to mitigate 

order effects. This approach controlled for individual factors, such as experience 

and previous training.  

The target population for the study was all pilots who hold a CPL and 

operate either scheduled or non-scheduled air taxi and cargo missions. This target 

population is representative of future eVTOL pilots as they have knowledge of 

airspace procedures and experience flying at lower altitudes. Further, this 

population was deemed appropriate for the study based on the preliminary 

requirement recommended by the FAA for eVTOL pilots to have a CPL and hold 



 

 

 

 

 

 

125 

an instrument rating. The accessible population included all the student pilots 

holding a CPL or training to get their CPL enrolled at the Florida Institute of 

Technology. However, to meet the sample size based on the power analysis, the 

minimum requirement was reduced to student pilots who have completed their 

instrument rating. Participants were recruited through word of mouth and online 

sign-ups using flyers distributed to the flight line and put on Florida Tech’s COA 

bulletin boards. Additionally, the instructors at the COA shared information about 

the current study in their courses and offered extra credits to any students who 

participated. Lastly, information regarding the current study also went out on the 

COA email list to all registered students.  Utilizing convenience sampling and the 

snowball approach, the final sample size obtained was N = 26. The demographic 

breakdown of the sample is presented in Chapter 4 (Table 4.1).  

The data collection instruments consisted of (a) objective measurement of 

SA captured via SAGAT queries, (b) workload captured via the NASA-TLX, and 

(d) search performance captured via the time taken in seconds to locate the final 

approach fix waypoint on the pilot interface. The reliability and validity of these 

measures are presented in Chapter 3.  

Summary of the Findings 

A total of 26 participants completed the study. Before conducting primary 

data analysis to test the study hypotheses, preliminary data analyses included 

outlier analysis using Jackknife distance, resulting in a final dataset of N = 26, tests 

for multicollinearity, and MANOVA assumptions testing. A repeated-measures 
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MANOVA was performed and revealed significant effects of VD and ID on the 

dependent variables, and an interaction effect between these two variables. A brief 

summary of the findings and the results of the corresponding hypothesis testing 

concerning these findings are summarized in Table 5.1.  

Table 5.1  

Summary of the Results of the Hypothesis Testing 

Null Hypotheses Decision 

1a There will be no significant effect of varying levels of pilot 

interface VD on the pilot’s workload. 

Failed to reject 

1b There will be no significant effect of varying levels of pilot 

interface VD on the pilot’s search performance. 

Rejected  

1c There will be no significant effect of varying levels of pilot 

interface VD on pilot’s SA. 

Rejected 

2a There will be no significant effect of varying levels of pilot 

interface ID on the pilot’s workload. 

Rejected 

2b There will be no significant effect of varying levels of pilot 

interface ID on the pilot’s search performance. 

Rejected 

2c There will be no significant effect of varying levels of pilot 

interface ID on the pilot’s SA. 

Rejected 

3a There will be no significant interaction between VD and ID for 

pilot’s workload. 

Failed to reject 

3b There will be no significant interaction between VD and ID for 

pilot’s search performance. 

Rejected 

3c There will be no significant interaction between VD and ID for 

pilot’s SA. 

Failed to reject 

 

MANOVA. A repeated measures MANOVA revealed that at a multivariate 

level, VD and ID significantly affected the dependent variables. The MANOVA 

also revealed a significant interaction between VD and ID. A summary of the 

results of the MANOVA is discussed and presented in Table 4.5. Univariate 

follow-up analyses revealed that VD significantly affected search performance and 
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SA but not workload. At the univariate level, ID significantly affected all the 

dependent variables (see Table 4.6).  

Interactions. Interactions between VD and ID were revealed for search 

performance. That is, when VD was low, ID did not have a large effect on search 

performance, with the low ID condition having very similar search performance as 

the high ID condition. However, when VD was high, ID had a large effect on 

search performance, with the low ID condition having a significantly longer search 

time than the high ID condition. This significant interaction influences how the 

main effects should be interpreted. Specifically, the interaction indicates that when 

displays are not visually dense ID does not play a prominent role with respect to 

search time and may not be a concern.  However, in visually dense displays, it 

appears to be crucial to provide only the most relevant information to the pilot to 

maintain optimal search performance. No significant interactions were revealed 

between VD and ID for workload and SA.  

Manipulation check. The participants’ rating, during the manipulation 

check measures, of the level of clutter and the level of effectiveness for each 

display condition suggest that providing a higher ratio of relevant information 

compared to irrelevant and redundant information removes distraction and supports 

more effective performance. Participants’ responses to the manipulation check 

questions also served as a validated that the four display conditions were, in fact, 

perceived to be different in their level of clutter and effectiveness, with the high 
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VD display conditions being rated as higher in clutter and the high ID conditions 

being rated as more effective.  

Qualitative comments. Open-ended responses regarding the participants’ 

opinions about the level of VD and ID revealed subjective opinions regarding how 

the display conditions impacted them during the experimental task. Particularly, for 

the low VD and high ID display condition, participants commented that it was 

simple, intuitive, and easy to see the information, which helped them complete the 

task. Participants also commented that it was easy for them to see the information 

on the pilot interface, and “see all the important data in one area” and that it was 

very clear to look at the pilot interface to get the information. While for the high 

VD and low ID display condition, participants commented that the pilot interface 

was too cluttered, due to which they had to divide their attention, they needed to 

apply extra focus, it was hard to find information, and reported difficulty in 

monitoring the information on the pilot interface. The higher quantity of 

information presented on the interface may have contributed to higher levels of 

workload and made it challenging to focus on the task. The analysis of the 

qualitative comment for the high VD and high ID display condition followed 

similar trends to high VD and low ID; participants commented that even though the 

pilot interface was cluttered, they were able to locate important information, and 

provided more relevant information about the aircraft which helped them land. 

These findings imply that that when the participants were provided with a higher 

quantity of information with a lower ratio of relevant information, it made it 
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difficult to focus on relevant information. Finally, for the low VD and low ID 

display condition, participants reported that it was “hard to track data” and 

“information was hard to find.” 

Conclusions and Inferences 

In the following section, the findings from the study are presented and 

discussed relative to the research questions and terms discussed in Chapter 1. Each 

section described the results related to the corresponding research question, along 

with interpretations of those findings in the context of the research setting of the 

study. Plausible explanations for the findings are also presented.  

Research question 1: What is the effect of pilot-interface VD on pilot SA, 

workload, and search performance?  

The repeated measures MANOVA revealed a significant effect of VD on 

search performance and SA, but not a significant effect on workload (see Table 

4.6).  Participants experiencing high VD significantly took longer to name the final 

approach fix waypoint and had significantly lower accuracy on the SA queries. One 

plausible explanation is that when presented with a visually dense interface, there 

was an increase in cognitive load as the participant needed to filter and process a 

higher quantity of information. This added time to the search and could have led to 

difficulties in effectively locating and interpreting relevant information, impairing 

search performance. In the context of search performance, a visually dense 

interface may overwhelm the pilot's visual attention, making it more challenging to 
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identify and locate specific information or cues quickly. This could result in longer 

search times.  

Similarly, regarding SA, a plausible explanation is that a visually dense 

interface can hinder the pilot's ability to maintain a comprehensive understanding 

of the current situation. With limited cognitive resources available, the pilot may 

need help to perceive and comprehend a large quantity of information compared to 

when the VD is low, leading to a loss of awareness or misinterpretation of the 

situation. 

A plausible explanation for why workload was not significantly impacted is 

that the experimental task the participants were tasked with completing was 

performing a visual approach at an airport. Considering the demographic 

breakdown and the minimum requirements established to participate in the study, 

the participants were pilots-in-training who had experience performing such 

approaches during their flight training in an actual fixed-wing aircraft and in-flight 

simulators. It is possible that due to their proficiency in performing similar tasks to 

the experimental task in their flight training, the VD of the pilot interface of an 

eVTOL aircraft did not affect their workload.  

Research Question 2. What is the effect of pilot-interface ID on pilot SA, 

workload, and search performance? 

The repeated measures MANOVA revealed a significant effect of ID on the 

dependent variables (see Table 4.6). The results of the current study showed that 

when ID was low, it led to longer search times, higher workload, and lower SA 
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than when ID was high. A plausible explanation for these results can be grounded 

in the Broadbent Filter Model of Attention (Broadbent, 1958). That is, when the 

pilots are fed information from the pilot interface, any information irrelevant to the 

task at hand must be filtered out, adding workload and time and taking from the 

cognitive resources necessary to process relevant information.  

In the context of the current study, one plausible explanation for the results 

of the workload based on the Broadbent Filter Model of Attention is that when the 

participants were presented with a low ID display (where the ratio of relevant 

information to the redundant and irrelevant information is small), the cognitive load 

associated with processing information could have increased as the participants 

needed to exert additional mental effort to filter out information that is not relevant 

for the task they were performing. This can lead to increased workload.  

A plausible explanation for the search performance is that ID directly 

influenced the participant's ability to locate relevant information on the pilot 

interface efficiently. When the participants were presented with more relevant 

information and less irrelevant information, it was easier to locate information on 

the eVTOL aircraft’s pilot interface. However, when the ID is low, the relevant 

information often gets obscured due to irrelevant and redundant information, which 

could have led to the participants spending more time looking for relevant 

information.  

A plausible explanation for SA is that in the low ID condition, the 

participants could have struggled to discern patterns and relationships among the 
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redundant and irrelevant data presented on the pilot interface, especially 

considering they were flying an eVTOL aircraft. The presence of irrelevant and 

redundant information could have impeded their ability to form a comprehensive 

understanding of the current situation –  flying an eVTOL aircraft. Conversely, 

when the participants were provided with more relevant information than redundant 

and irrelevant information, it could have allowed them to use the relevant 

information more readily for the task, helping them improve their SA.  

Research Question 3. What is the interaction effect between VD and ID with 

respect to the pilot’s SA, workload, and search performance? 

A repeated measures MANOVA was used to examine the interaction 

between VD and ID on the dependent variables. The results revealed a significant 

interaction between VD and ID with respect to the participant’s search performance 

(see Table 4.6). This interaction is the key finding of the current study, as it can 

influence the interpretation of the main effects of VD and ID on search 

performance. When VD was low, ID did not have a large effect on search 

performance, with the low ID condition having very similar search performance as 

the high ID condition. However, when VD was high, ID had a large effect on 

search performance, with the low ID condition having a significantly longer search 

time than the high ID condition. This significant interaction influences how the 

main effects should be interpreted. Specifically, the interaction indicates that when 

displays are not visually dense, ID does not significant effect with respect to search 

performance and it may not be a concern. However, in visually dense displays, the 
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interaction suggest that it is crucial to provide only the most relevant information to 

the pilot to maintain optimal search performance. 

One plausible explanation is that when the display was not visually dense 

and there was less information presented on the eVTOL pilot interface, in general, 

it was easy to find the information needed, even if there was a large amount of 

irrelevant information, likely because there was not as much information to search 

through. However, when the pilot interfaces are visually dense with information, 

there is much more information to search through, and therefore, the added increase 

in irrelevant and redundant information, which can potentially act as a distractor, 

leading to increased search time. 

Implications 

Implications for the current study’s results are presented from three aspects: 

(a) implications relative to theory, (b) implications relative to prior research, and (c) 

implications for aviation practice. 

Implications Relative to Theory 

The current study was based on the theoretical foundations of the SEEV 

model (Wickens et al., 2001) and Broadbent’s filter model of attention (1958). In 

the following section, a brief overview of each theory, a discussion of the 

implications of the study’s findings relative to each theory, and whether the study’s 

findings support or refute the given theory is provided to the reader. 

SEEV Model. The current study was grounded using the SEEV model 

proposed by Wickens et al. (2001), which states that the ability to allocate attention 
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is not just limited to the prediction of eye movement. This model identifies four 

features of visual stimuli that shape attention allocation, incorporating top-down 

and bottom-up information processing. These four features are (1) Saliency, (2) 

Effort, (3) Expectancy, and (4) Value. The SEEV model proposes that, among 

other factors, the effort required to locate information and the relevancy of that 

information will impact attention allocation processes. 

The current study's findings are in line with the SEEV model—notably, the 

effort required to locate information and the relevancy of information. Based on the 

model, when the operator is provided with a higher quantity of information, they 

will require additional time to locate information relevant to the task they are 

performing, affecting their search performance and ability to maintain SA. The 

current study identified that when the participants were presented with a visually 

dense display, it took them longer to identify the name of the final approach fix 

waypoint on the interface compared to when the VD was low on the eVTOL pilot 

interface. As the VD on the eVTOL pilot interface increased, the participants had to 

exert additional effort to locate the waypoint name, resulting in a longer search 

time, negatively affecting their SA.  

Second, the findings of the effect of the levels of ID support the 

implications of providing relevant information to the operator. Particularly, when 

the participants were provided with minimal irrelevant information, they were 

better able to allocate their attention to the information they needed to complete the 

task. Because of this, the participants experienced a higher SA, lower workload, 
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and better search performance compared to when they were provided with a lower 

ratio of relevant information to irrelevant and redundant information. 

Broadbent’s Filter Model of Attention. Broadbent (1958), in his Filter 

Model, proposed that all stimuli are initially processed simultaneously based on 

their basic physical attributes, such as color, orientation, and saliency. According to 

Broadbent, during the process of filtering information, when a stimulus is 

presented, it is initially stored in the sensory store. Subsequently, the information 

undergoes filtering, wherein a filter acts as the selector of relevant information. 

The findings of the current study support Broadbent’s Filter Model of 

Attention. The model states that during the filtration process, only relevant 

information will be filtered and attended to by the operator. Any irrelevant or 

redundant information will be filtered out. The ratio of the relevant information to 

the total quantity of information can determine the cognitive resources the operator 

will spend filtering relevant information. In the current study, when the participants 

were provided with a high ID, they showed higher SA, lower workload, and better 

search performance compared to when they were presented with a low ID pilot 

interface. These results can be attributed to the fact that when the participants were 

presented with a higher quantity of irrelevant and redundant information, they had 

to use excess cognitive resources to filter irrelevant and redundant information 

from the relevant information, resulting in lower SA, higher workload, and lower 

search performance.  
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Implications Relative to Prior Research 

The current study was based on prior research findings on VD, ID, and the 

interaction of VD and ID in aviation and non-aviation domains. The following is a 

brief overview of the prior research, including those that were both consistent and 

inconsistent with the current study's results. 

Visual Density. Current study findings were consistent with basic VD 

research that has consistently found that higher VD leads to lower search 

performance, including search time (Bennett et al., 2021; Moacdieh and Sarter, 

2017; Van de Weijgert et al., 2019). Further, the results of the current study were 

consistent with aviation-specific VD research that has found that higher VD in 

aviation displays led to pilots experiencing lower search performance (Alexander & 

Wickens, 2005;  Backs & Walrath, 1992; Wickens et al., 2005) and lower SA 

(Beck et al., 2012; Wickens et al., 2004). The literature reviewed that was related to 

VD did not focus on workload, perhaps because there was not a proposed 

relationship.  As such, the current study findings are consistent with what is 

currently in the published literature. 

Information Density. The current study found a significant effect of ID on 

the SA, workload, and search performance. Participants showed significantly 

higher SA, lower workload, and better search performance when presented with a 

high ID eVTOL pilot interface. The current study's findings were consistent with 

previous research conducted in an aviation context (Alexander et al., 2003; Brahydt 

& Hansman, 1990; Morphew & Wickens, 1998). Specifically, the results of the 
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current study were consistent with aviation ID research that found that higher ID in 

aviation displays supported better search performance (Barhydt & Hansman, 1999; 

Morphew & Wickens, 1998) and lower workload (Alexander et al., 2003). 

However, the results of the current study, particularly SA, were not consistent with 

previous studies that found that there was no significant effect of ID on SA 

(Alexander et al., 2003). One plausible explanation for this inconsistent finding for 

SA could be attributed to the fact that Alexander et al. evaluated the level of SA by 

measuring the participant’s other air traffic awareness, which was different from 

how SA was evaluated in the current study. 

Interaction between Visual Density and Information Density. The 

current study found a significant interaction between VD and ID on search 

performance.  

The results of the current study were partially consistent with studies that 

have found an interaction between VD and ID, specifically in regard to search 

performance, for which it was found that when VD was low, ID did not have a 

significant effect on performance, however, when VD was high, ID had a large 

effect, with low ID having significantly lower search performance (Alexander et 

al., 2008; 2009). This was different from the interaction observed in previous 

research, which assessed performance through glideslope deviation and found that 

pilots had the maximum deviation with low VD and high ID (Alexander et al., 

2012). However, the workload results of the current study were not consistent with 

that of the previous research, which showed that when VD was low, ID did have a 
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significant effect on workload (Doyon-Poulin et al., 2014). Lastly, the SA results of 

the current could not be compared for consistency with previous research, as there 

were no research studies available that specifically looked into the interaction of 

VD and ID on the pilot’s SA.  

Implications for Aviation Practice 

The implications for the aviation and AAM industry are important to 

consider, especially due to the emergent nature of the AAM industry and the rapid 

development of the eVTOL aircraft.  

The results of the study show that there is an interaction of VD and ID on a 

pilot’s search performance. Specifically, when displays are visually dense with a 

higher quantity of irrelevant or redundant information, the pilots will take more 

time to find critical information, leading to decrease in SA which may impact flight 

safety, especially during emergencies or time-critical events. With respect to 

workload, the greater the quantity of information presented to the pilot, the more 

time and effort they will have to spend to go through all the information to 

determine which information is critical and help assist with the task. This can lead 

to a higher workload, which can then further lead to pilots losing sense of their 

situation and degrading their search performance. With respect to workload, an 

increased workload associated with displays could take a task that was manageable 

and make it unmanageable. And reductions in SA can reduce pilot decision making 

effectiveness. As the eVTOL aircraft pilot interface would be highly customizable, 

allowing pilots to choose how much and what information to make available on 
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their displays, the findings of the current study can help the industry to understand 

the effects that this customization may have on pilot search performance and the 

need to mitigate these effects.  

Generalizability, Limitations, and Delimitations 

 

Generalizability  

 

This section discusses the external validity of the current study, which 

refers to the extent to which the results of the current study can be applied to other 

populations and settings beyond that of the current study. In terms of population 

generalizability, the current study utilized a convenience sampling strategy. As a 

result, the sample may not be representative of the target population, specifically 

the current eVTOL pilot requirements of having a commercial license. However, it 

is likely representative of future pilots, who will be training to fly these vehicles. 

Efforts are underway to reduce training requirements, making this sample more 

indicative of the broader future pilot population. Furthermore, it is important to 

consider the impact of sampling methods. A convenience sample was used, and 

while students at the Florida Institute of Technology COA come from all over the 

world, they may not fully represent the entire population of pilots who could 

eventually become eVTOL pilots. Based on the sample demographics provided in 

Table 4.1, out of the 26 participants who reported their ethnicity, 13 were Asian, 

one was African American, four were mixed, and eight were white. Additionally, 

20 participants were male, and six were female. Therefore, the study's findings are 

generalizable to pilots with the demographics described above.  
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Ecological generalizability refers to the ability for the conditions and the 

associated results to apply to different settings, conditions, or circumstances. The 

methods, the eVTOL aircraft, and the experimental task (performing a visual 

approach at an airport) all impact the ability for the findings of the current study to 

apply to a real, certified eVTOL aircraft landing at an airport. The reader must take 

into account the simulated nature of the task, the eVTOL aircraft that was used for 

the current study, and the airports at which the participants were tasked to land the 

eVTOL aircraft. First, the simulated task was conducted at four airports (LAX, 

EWR, ORD, and JFK), which may not be representative of eVTOL flights in other 

cities or airports. The use of the simulated Lift+Cruise eVTOL aircraft and other 

features, constraints, and limitations of the current study that are discussed in detail 

in Chapter 1 can impact the generalizability of the study. However, based on Beta 

Technologies (2024) and Joby Aviation (2024)’s respective eVTOL flight test 

campaigns focused on the eVTOL aircraft’s landing flight profile, and the results of 

the study are most applicable to a Lift+Cruise and vectored thrust eVTOL aircraft 

performing a visual approach at an airport. Another constraint that could limit the 

ecological generalizability is that the current study was conducted in a simulation, 

which may not be representative of how pilots will perform in actual eVTOL 

aircraft or at an airport.  

Study Limitations and Delimitations 

The current study experienced many limitations and delimitations. For the 

ease of the reader, the limitations and delimitations from Chapter 1 have been 
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replicated in this section to establish a framework and set the stage for the next 

section, which presents recommendations for research and practice relative to the 

study's limitations and delimitations. 

Limitations. A study's limitations encompass conditions or events beyond 

the researcher's control that restrict the generalizability of its findings. The 

limitations of the present study are outlined here, and readers are encouraged to 

evaluate any conclusions or inferences drawn from the study's results in light of 

these constraints. 

1. Representativeness of the Sample. The sample consisted of Florida 

Tech flight students, who hold an instrument rating. Given that the requirements for 

future eVTOL pilots do not currently exist, and only provisional pilot training 

requirements have been made available by the FAA, there may be different training 

requirements in the near future, yielding additional differences between the 

proposed sample and the eVTOL pilots, limiting the generalizability of the study.  

2. Representativeness of the Scenarios. In the current study, the 

experimental tasks that the participants performed, were based on the review of the 

FAA AAM Implementation Plan, FAA’s Urban Air Mobility (UAM) ConOps 

(FAA, 2023d), and recommendations from subject matter experts (SMEs) in 

aviation with expertise in AAM, aviation planning, air traffic control, and airport 

operations. As eVTOL aircraft are not certified for commercial operations, the 

industry does not expect to see for-hire AAM flights for at least the next three to 

four years. Therefore, modifications in factors relative to the flight, departure, and 
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destination sites can change after the current study is concluded. The experimental 

task, the flight path, and eVTOL using an active landing runway may not represent 

future eVTOL flights. This limits the generalizability of the current study. 

Therefore, future studies that utilize scenarios, such as established AAM flight 

corridors and vertiports, may yield different results from the current study.    

3. Experience in flying an eVTOL aircraft. In the current study, 

participants were tasked to fly an eVTOL aircraft in a simulated environment. As 

eVTOL aircraft are not yet certified by the FAA for commercial operations or flight 

training, the sample population will not have any experience flying an eVTOL 

aircraft, which limits the extent of tasks that I can ask the sample population to 

perform. Any future study that utilizes certified eVTOL pilots or student pilots 

training to become eVTOL pilots could yield different results. 

4. Relevant versus irrelevant information. In the current study, I was 

limited in identifying relevant and irrelevant information for each of the conditions 

based on the information that was already displayed on the simulator pilot interface 

and/or the information that could be customized. Additionally, SMEs were 

consulted to help determine the relevancy and irrelevancy of the information. A 

different study that utilizes a different pilot interface or uses different SMEs or a 

different process to establish relevant and irrelevant information, might yield 

different results.  

Delimitations. A study’s delimitations are conditions or events that a 

researcher imposes to make the study more feasible to implement. However, the 
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reader should keep in consideration that these delimitations may further reduce the 

generalizability of the results. Potential delimitations of the study include:  

1. Sample Strategy. The current study utilized convenience sampling with 

the criterion of completion of instrument rating. Using this screening criterion, 

should allow for control of learning effects and form a homogenous group. Because 

it is still unclear the flight hours eVTOL pilot would require to fly an eVTOL, a 

study in the future that uses participants who are in eVTOL flight training or are 

eVTOL pilots may yield different results.  

2. eVTOL Pilot Interface. The current study utilized a Garmin G1000 pilot 

interface that was available with the simulation testbed setup. As stated previously, 

several eVTOL OEMs have proposed using different Garmin display models, for 

example, Garmin G3000, for their respective eVTOL aircraft. However, the 

interface chosen for this study may not accurately represent the pilot interface from 

a certified eVTOL aircraft but presents information that will be included in an 

eVTOL aircraft. A study in the future that employs a different pilot interface, for 

example, an Avidyne, a Honeywell pilot interface, or a Garmin G3000 pilot 

interface, may yield different results. 

3. Simulated eVTOL Aircraft. The simulated eVTOL was selected for the 

current study as it was one of the only available fully functional eVTOL aircraft 

offered by an off-the-shelf flight simulator. The simulated eVTOL aircraft is an 

accurate model of an actual eVTOL currently being developed for different 

applications in the AAM ecosystem. While there are other flight simulators, the X-
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Plane 12 testbed was selected due to the availability of an eVTOL aircraft. 

However, other simulation testbeds with simulated eVTOL aircraft are available for 

purchase, none of which are representative of an actual eVTOL aircraft. A study 

employing a different eVTOL aircraft or testbed may yield different results. 

4. Representativeness of the Scenario Challenges. The experimental tasks 

developed for the current study scenarios do not span the full range of flight 

profiles an eVTOL aircraft would be flying. The scenarios for the current study 

were developed considering the FAA recommendations for initial AAM operations. 

Studies that use different sets of scenarios that accurately represent the AAM 

ecosystem, for example, landing at a vertiport in a metropolitan area, might yield 

different results. 

5. Representativeness of performance measure. In the current study, I 

measured the participants’ search performance by measuring the time it took them 

in seconds to name the final approach fix waypoint using the pilot interface. This 

search performance measure was selected based on past conventional fixed-wing 

aircraft literature and results from the data analysis pilot run. However, a different 

study in the future that utilizes a different performance metric or uses a pilot 

interface from a certified eVTOL aircraft as a measure of search performance could 

yield different results. 

6. Independent Variable Manipulation. The current study manipulated 

the IVs by adding and removing select customizable pieces of information from the 

pilot interface to develop the four display conditions. Using the available 
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customizability of the panels allowed for a realistic representation of an eVTOL 

pilot interface. However, a study that utilizes a different method to manipulate VD 

and ID may yield different results.  

7. SAGAT Queries. The current study employed queries designed 

specifically for this mission and simulator context. These queries were developed 

using the method outlined by Endsley (2000), combined with previously published 

task analyses and queries, resulting in a total of 20 queries. However, the limited 

number of queries and the brief task duration may prevent a comprehensive 

assessment of SA. Additionally, since the queries were self-developed for this 

study, they have not undergone extensive testing to ensure their validity and 

reliability. Consequently, the queries may not have provided the most accurate and 

robust measure of objective SA, and future studies using a different set of queries 

may yield different results. 

8. Workload Measure. The current study used the NASA-TLX 

questionnaire to measure workload. A different study that uses different measures 

of workload, such as The Bedford Workload Scale (Roscoe, 1984), or 

physiological measures, such as cardiovascular activity: Heart Rate (HR), Heart 

Rate Variability (HRV), and Electrocardiography (ECG) may yield different 

results.  
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Recommendations for Research and Practice 

Recommendations for Research Relative to Study Limitations 

The recommendations for future research relative to study limitations are 

presented below. 

1. The current study utilized pilots who had, at minimum, completed or 

training to get their instrument rating. Future studies should attempt to 

obtain a sample that is more representative of the experience and 

certification that will be required for eVTOL pilots once published by 

the FAA. 

2. The current study utilized a Lift+Cruise eVTOL aircraft for the 

simulated task. Although representative of some of the eVTOLs in the 

market, it is not representative of all eVTOL aircraft and potentially the 

aircraft for future UAM operations. Future studies should utilize other 

eVTOLs, such as a tilt-wing aircraft.  

3. In the current study, the simulated scenario consisted of performing an 

approach at an airport. Future studies should develop scenarios based on 

the current industry practice recommendations for eVTOL integration 

into the National Airspace System (NAS), such as established eVTOL 

corridors and performing a landing at a vertiport – a dedicated ground 

infrastructure for eVTOL aircraft.  

4. The current study utilized a commercial off-the-shelf flight simulator 

testbed to host the simulated experimental task. Future studies should 
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consider using more advanced eVTOL simulation testbeds with more 

extensive customization and realistic eVTOL flight capabilities.  

5. The current study used G1000 to present and manipulate the quantity 

and ratio of relevant information of the eVTOL flight information to the 

participants. While G1000 is being considered for future eVTOL 

applications, future studies should consider other more representative 

eVTOL pilot interfaces. Also, future studies should consider selecting 

an interface that allows more information customization that can be 

representative of an eVTOL aircraft.  

6. The current study utilized flight students with very little to zero 

experience flying an eVTOL aircraft. Future studies should consider 

participants who have experience flying an eVTOL aircraft.  

7. The current study utilized search time to measure the participant’s 

search performance. Future studies should consider using other 

applicable, eVTOL-specific performance measures, for example, 

reaction time.  

8. Once there are experienced eVTOL pilots, testing to see if the results 

hold for a population with experience using these interfaces would be 

interesting. 

Recommendations for Research Relative to Study Delimitations 

1. The current study utilized convenience and snowball sampling leading to a 

sample that may not be representative. Future research should utilize an 

alternative, more robust sampling strategy such as purposive sampling.  
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2. The current study utilized a Garmin G1000 pilot interface that is 

available with the simulation testbed setup. Future research should 

utilize different eVTOL pilot interfaces representative of those proposed 

by various OEMs, such as Avidyne, Honeywell, or Garmin 3000. 

3. The simulated eVTOL was selected for the current study as it was one 

of the only available fully functional eVTOL aircraft offered by an off-

the-shelf flight simulator. However, there are many different types of 

vehicles and simulation testbeds available. Therefore, future studies 

should utilize other eVTOLs that may be more representative of UAM.  

4. The scenario utilized in the current study did not span the full range of 

flight profiles or missions an eVTOL aircraft would operate. Future 

studies should use different sets of scenarios, for example, vertical take-

off, hover, transition to forward flight, and vertical landing from a 

vertiport.  

5. The current study measured the time in seconds it took the participants 

to name the final approach fix waypoint to evaluate search performance. 

Future studies should use other performance measures, specifically for 

evaluating flight performance. For example, vertical takeoff 

performance, or adherence to specific flight procedures such as lateral 

separation from other air traffic.  

6. The current study manipulated VD and ID by adding and removing 

select pieces of information from the pilot interface of the simulation 
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testbed. Future studies should consider using pilot interfaces that allow 

the research to modify the display characteristics of the pilot interface, 

for example, moving the information from one place to another more 

robust customizability options to manipulate information presented on 

the pilot interface of an eVTOL aircraft.  

Recommendations for Future Research Relative to Implications 

 

In this section, a list of recommendations for future research is provided that 

corresponds with the current study’s implications.  

1. The current study’s findings were consistent with the SEEV model 

and Broadbent’s filter model of attention. Future research should 

look at replicating the study with the same measures to compare the 

results.  

2. The current study’s findings were consistent with the findings from 

VD research findings that should that higher levels of VD can lead 

to lower search performance and SA. The results of the current 

study showed it took participants longer to respond with the name of 

the final approach fix waypoint when they were presented with a 

higher quantity of information. The results of the effect of VD on 

workload were not significant. As discussed in the implication 

section, this could be due to the similarity of the task of performing 

an approach at an airport – a flight phase that student pilots use 

extensively for training. A future study should employ a different 
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task, such as vertical take-off from a helipad, to examine the effect 

of VD on the workload.  

3. The results of the current study showed that higher ID, characterized 

by a higher ratio of relevant to irrelevant information, significantly 

improved SA, reduced workload, and enhanced search performance. 

The findings of workload and search performance were consistent 

with previous research. While the findings were inconsistent with 

the previous research’s findings on SA. A future study should use a 

different set of SAGAT queries or a greater number of queries to 

examine the impact of ID on the participant’s SA.  

4. The results of the current study found a significant interaction effect 

of VD and ID on search performance. A future study should 

replicate the study to ensure and validate the effect of varying levels 

of VD and ID on search performance. While the main effects of the 

effect of VD and ID were presented for completeness, a future study 

should use a different search performance metric, for example, 

reaction time to investigate the effect of  interaction of VD and ID 

on search performance.  

Recommendations for Practice Relative to Implications 

Firstly, considering ID, the current study found a significant effect of ID on 

the dependent variables. Aviation practitioners, particularly companies that are 

eVTOL aircraft manufacturers, can tailor cockpit displays to ensure an optimal 
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ratio of relevant information to total information. By minimizing redundant and 

irrelevant data, pilots can more efficiently process relevant information and 

maintain situational awareness without compromising their workload and search 

performance. This may involve employing hierarchical display structures, where 

relevant information is presented prominently, while information deemed 

redundant or irrelevant is nested or accessed on demand.  Such designs can reduce 

cognitive load, allowing pilots to allocate attention more effectively and make 

informed decisions in dynamic flight conditions. 

From a regulatory standpoint, federal authorities such as the FAA could 

establish guidelines for pilot interface design that consider both VD and ID. 

Regulations should be developed that mandate pilot interfaces that prioritize 

relevant information while minimizing VD. Compliance with these regulations 

could be enforced through the certification processes for aircraft and cockpit 

equipment. By incorporating requirements related to ID and VD into regulatory 

frameworks, aviation authorities can promote cockpit designs that enhance pilot 

performance and safety across the industry.  

Finally, training programs should incorporate comprehensive modules that 

educate pilots on the impact of VD and ID on their SA, workload, and search 

performance. These programs should combine theoretical and practical components 

to ensure pilots understand how different display configurations can affect their 

cognitive processes and overall performance. Further pilots can be trained on the 
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impact of visual and ID on their SA, workload, and search performance, such that 

when they configure their displays, they know to minimize VD and maximize ID. 

This study provides seminal findings related to the impact of VD and ID on 

SA, search performance and workload in the AAM piloting context, in particular, 

the interesting interaction between ID and VD with respect to search performance.  

The results of the current study demonstrate that varying levels of VD and ID can 

significantly affect how well an eVTOL pilot will be able to perceive and use the 

information presented on the pilot interface. The key finding of this study revealed 

that there is a significant interaction between VD and ID on a pilot’s search 

performance. Specifically, when VD is low, low ID does not affect a pilot’s search 

performance. However, when there is a high VD, ID can have a significant effect 

on search performance, implying that in a visually dense display, it is essential to 

minimize the presentation of irrelevant information to the pilot. This interaction 

emphasizes the importance of carefully balancing VD and ID in the design of 

eVTOL pilot interfaces to optimize search performance. Given the emerging nature 

of AAM and eVTOL operations, integrating human factors considerations into the 

design of pilot interfaces will be essential. This study's findings provide a 

foundation for eVTOL pilot interface designers to create more effective displays 

that can improve pilot performance and operational safety.  
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Appendix B 

Manipulation Check and Qualitative Questions 

1. Please rate the level of effectiveness of the eVTOL pilot interface (PFD and 

MFD combined) in helping you find the information needed to complete the 

task.  

o Not at all effective  

o Slightly effective  

o Somewhat effective  

o Very effective  

o Extremely effective  

 

2. What did you like about the displays of the eVTOL aircraft you just utilized 

and why?_____________________________________________________ 

_____________________________________________________________

_____________________________________________________________ 

 

3. 3. What did you dislike about the displays of the eVTOL aircraft you just 

utilized and why?______________________________________________ 

_____________________________________________________________

_____________________________________________________________ 

 

4. Please rate the level of clutter on the display you just utilized.  

o Not cluttered at all 

o Slightly cluttered 

o Moderately cluttered 

o Cluttered 

o Extremely cluttered.  

5. How did the level of clutter on the pilot interface (PFD and MFD combined) 

influence your ability to complete the task?__________________________ 

_____________________________________________________________

_____________________________________________________________ 
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Appendix C 

List of Information Displayed on Simulation Testbed.  

# PFD MFD 

1 NAV 1 COM 1 

2 NAV 2 COM 2 

3 COM 1 Nav 1 

4 COM 2 Nav 2 

5 Next Waypoint Ground Speed (critical) 

6 Arriving waypoint (critical) Track  (critical) 

7 Distance to Next Waypoint Direct track (critical) 

8 Bearing ETE to Waypoint 

9 Airspeed  Primary Propellor RPM 1   

10 True Airspeed  Primary Propellor RPM 2  

11 Moving Map w/Waypoints  Primary Propellor RPM 3  

12 Moving Map w/Airspace Primary Propellor RPM 4  

13 Moving Map w/Airports &heliports Secondary Propellor   

14 Moving Map w/Active flight plan Battery Pack 1 Temperature 

15 Moving Map w/Traffic  Battery Pack 2 Temperature 

16 Moving Map w/Topo Battery Pack 3 Temperature 

17 Moving Map w/Terrain Battery Pack 4 Temperature 

18 Moving Map w/NEXTRAD Batter Capacity 

19 Wind Moving Map w/Flight Plan 

20 DME - Nav 1 Moving Map w/Traffic  

21 Bearing 1 - GPS RWY Distance  Moving Map w/Topo 

22 Bearing 2 - GPS RWY Distance  Moving Map w/Terrain 

23 Autopilot Heading Moving Map w/Airways Low 

24 Heading compass - Current Heading Moving Map w/Airways High 

25 GPS Approach - Arrow Moving Map w/Waypoints 

26 Course Indicator Moving Map w/Airspace 

27 Altitude  Moving Map w/Airports & heliports 

28 Vertical speed Flight Plan Narrow with Waypoint  

29 Nearest Airport Information Flight Plan Narrow w/DTK 

30 Alerts Flight Plan Narrow w/Distance 

31 Flight Plan Window w/DTK, distance Flight Plan Narrow w/Altitude 

32  Flight Plan Wide w/Waypoints 

33  Flight Plan Wide/DTK 

34  Flight Plan Wide w/Distance 

35  Flight Plan Wide w/ETE 

36  Flight Plan Wide w/ETA 

37  Flight Plan Wide w/Bearing 
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Appendix D 
Complete List of Relevant, Irrelevant, Redundant, and Removable Information on 

the PFD.  

Information on PFD Removable (Y/N) Relevant Redundant Irrelevant 

NAV 11 N 0 1 1 

NAV 21 N 0 1 1 

COM 11,2 N 1 1 0 

COM 21 N 0 1 1 

Next Waypoint3 N 1 1 0 

Arriving waypoint  N 1 1 0 

Distance to Next 

Waypoint3 

N 1 1 0 

Bearing3 N 1 0 0 

Airspeed  N 1 0 0 

True Airspeed  N 1 0 0 

Moving Map 

w/Waypoints  

Y 1 1 0 

Moving Map 

w/Airspace 

Y 0 1 1 

Moving Map w/Airports 

&heliports 

Y 1 1 0 

Moving Map w/Active 

flight plan  

N 1 1 0 

Moving Map w/Traffic  Y 1 1 0 

Moving Map w/Topo Y 0 1 0 

Moving Map w/Terrain Y 0 1 0 

Moving Map 

w/NEXTRAD 

Y 0 1 0 

Wind Y 0 0 1 

DME – Nav 1 Y 0 0 1 

Bearing 1 – GPS RWY 

Distance  

Y 0 0 1 

Bearing 2 – GPS RWY 

Distance  

Y 0 0 1 

Autopilot Heading N 0 0 1 

Heading compass – 

Current Heading  

N 0 0 1 

GPS Approach – Arrow  N 1 0 0 

Course Indicator  N 1 0 0 

Altitude   N 1 0 0 

Vertical speed  N 1 0 0 
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Information on PFD Removable (Y/N) Relevant Redundant Irrelevant 

Nearest Airport 

Information 

Y 0 1 1 

Alerts Y 0 0 1 

Flight Plan Window 

w/DTK, distance 

Y 1 1 0 

Note: 1Information on the PFD that was not removable and was therefore covered 

in black tape during the low VD, high ID display condition. 2Information that was 

not removable and was covered with black tap during the high VD, low ID display 

condition. 3Information that was not removable and was covered with black tap 

during the low VD, low ID display condition.  
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Appendix E 
Complete List of Relevant, Irrelevant, Redundant, and Removable Information on 

the MFD.  

Information on MFD Removable 

(Y/N) 

Relevant Redundant Irrelevant 

COM 12, 3 N 1 1 0 

COM 21, 2 N 0 1 1 

Nav 11, 2 N 0 1 1 

Nav 21, 2 N 0 1 1 

Ground Speed  N 1 0 0 

Track   N 1 0 0 

Direct track  N 1 0 0 

ETE to Waypoint4 N 1 0 0 

Primary Propellor RPM 1   N 1 0 0 

Primary Propellor RPM 2  N 1 0 0 

Primary Propellor RPM 3  N 1 0 0 

Primary Propellor RPM 4  N 1 0 0 

Secondary Propellor N 1 0 0 

Battery Pack 1 

Temperature 

N 1 0 0 

Battery Pack 2 

Temperature 

N 1 0 0 

Battery Pack 3 

Temperature 

N 1 0 0 

Battery Pack 4 

Temperature 

N 1 0 0 

Batter Capacity N 1 0 0 

Moving Map w/Flight 

Plan 

Y 1 1 0 

Moving Map w/Traffic  Y 1 1 0 

Moving Map w/Topo Y 1 1 1 

Moving Map w/Terrain Y 0 1 1 

Moving Map w/Airways 

Low 

Y 0 1 1 

Moving Map w/Airways 

High 

Y 0 1 1 

Moving Map 

w/Waypoints 

Y 1 1 0 

Moving Map w/Airspace Y 0 1 1 

Moving Map w/Airports 

& heliports 

Y 1 1 1 
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Information on MFD Removable 

(Y/N) 

Relevant Redundant Irrelevant 

Flight Plan Narrow with 

Waypoint   

Y 1 1 0 

Flight Plan Narrow 

w/DTK 

Y 1 1 0 

Flight Plan Narrow 

w/Distance 

Y 1 1 0 

Flight Plan Narrow 

w/Altitude 

Y 1 0 0 

Flight Plan Wide 

w/Waypoints   

Y 1 1 0 

Flight Plan Wide/DTK Y 1 1 0 

Flight Plan Wide 

w/Distance 

Y 1 1 0 

Flight Plan Wide w/ETE Y 1 1 0 

Flight Plan Wide w/ETA Y 1 0 0 

Flight Plan Wide 

w/Bearing 

Y 1 1 0 

Note. 1Information that was covered during the low visual density, high ID display 

condition. 2Information that was covered during the high visual density, high ID 

display condition. 3Information that was covered during the high visual density, 

low ID display condition. 4Information that was covered during the low visual 

density, low ID display condition. 
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Appendix F 

SAGAT Queries 

SA 

Levels 

Pilot SA Information 

Requirement 
SAGAT Queries 

Dependent 

Measure 

Range of 

correctness 

1 
Aircraft state: 

Heading 

Enter the current 

heading of your 

aircraft? 

Error in 

degrees 

± 10 

degrees 

1 
Aircraft state: 

Altitude 

Enter the current 

altitude of your 

aircraft?  

Error in feet ± 100 feet 

1 
Aircraft state: 

Indicated airspeed 

Enter the current 

indicated 

airspeed of your 

aircraft? 

Error in knots ± 20 kts.  

1 
Aircraft state: 

Pitch/attitude 

Enter the current 

pitch of your 

aircraft?  

Error in 

degrees 

± 5 

degrees 

1 
Aircraft state: Thrust 

setting 

Enter the current 

RPM of your 

primary 

propellors?  

Errors in RPM ± 20 RPM 

1 
Aircraft state: 

Battery power 

Enter the current 

battery level of 

your aircraft?  

Error in 

KW/Hr. 
± 2 

1 
Aircraft state: 

Vertical speed 

Enter the current 

vertical speed of 

your aircraft?  

Error in 

feet/minute 
± 200 FPM 

1 
Aircraft state: 

Ground speed 

Enter the current 

ground speed of 

your aircraft?  

Error in knots ± 20 kts.  

1 
Aircraft state: 

Distance 

Enter estimated 

distance to the 

runway? 

Error in 

seconds 
2 - 6 nm 

2 Aircraft State 

Enter the 

number of 

aircraft on the 

moving map 

Absolute 2 - 6 

2 Aircraft State 

Enter the 

direction (left or 

right) the aircraft 

must turn to face 

north 

Absolute 
Left or 

right 
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SA 

Levels 

Pilot SA Information 

Requirement 
SAGAT Queries 

Dependent 

Measure 

Range of 

correctness 

2 

Flight plan 

conformance: 

Altitude deviation 

Enter the 

deviation 

between the 

current vertical 

speed and the 

minimum 

required vertical 

speed. 

Error in 

degrees 
± 200 FPM 

2 

Flight plan 

conformance: Track 

deviation 

Enter the 

deviation 

between the 

current track and 

desired track. 

Error in 

degrees 

± 10 

degrees 

2 

Flight plan 

conformance: 

Heading deviation 

Enter the 

deviation 

between the 

current heading 

and desired 

heading. 

Error in 

degrees 

± 10 

degrees 

2 

Flight plan 

conformance: 

Airspeed deviation 

Enter the 

deviation 

between the 

current airspeed 

and desired 

airspeed. 

Error in knots 
± 5 

degrees 

3 Flight plan 

Enter the 

estimated time in 

seconds to the 

destination 

Absolute 
± 20 

seconds 

3 Flight plan 

Enter the 

estimated time in 

seconds to the 

next waypoint 

fix 

Absolute 
± 10 

seconds 

3 Flight plan 

Enter the 

estimated 

distance in nm to 

the destination 

Absolute ± 5 nm 

3 Aircraft 

Enter the  time 

in seconds to 

transition for 

vertical landing.  

Absolute 
± 5 

seconds 
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SA 

Levels 

Pilot SA Information 

Requirement 
SAGAT Queries 

Dependent 

Measure 

Range of 

correctness 

3 Flight plan 

Enter the 

location of the 

touchdown on 

the runway 

Absolute 

touchdown 

zone 

marking, 

threshold 

marking, 

aiming 

point 

marking 
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Appendix G 

NASA TLX Questionnaire 
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Appendix H 

Demographic Survey 

1. Participant ID:__________________________ 

2. Age: _____________________ 

3. Biological Sex: 

o Male 

o Female 

o Prefer not to say. 

4. Ethnicity: 

o White 

o Black or African American 

o Asian 

o Native American or Alaska Native 

o Native Hawaiian or Pacific Islander 

o Mixed or Multiracial 

o Other 

o Prefer not to say 

5. Total flight hours in an actual aircraft (open-ended response) 

6. Academic level.  

o Freshmen 

o Sophomore 

o Junior 

o Senior 

o Graduate 

7. What level of experience do you have in using a flight simulator?  

o Less than 1 year 

o 1 – 2 years 

o 3 – 4 years 

o More than 4 years 

8. What is the purpose of your use of a flight simulator? 

o Skill development 

o System familiarization 

o Instrument flight training 

o Visual flight training 

o Other: _________________ 

9. Estimated flight hours accumulated in a fixed-wing crewed aircraft in a flight 

simulator. (open-ended response) 

10. Estimated flight hours accumulated in a helicopter/rotorcraft in a flight simulator. 

(open-ended response) 

11. How familiar are you with advanced air mobility and eVTOL aircraft?  

o Not at all familiar  

o Slightly familiar  

o Moderately familiar  

o Very familiar 

o Extremely familiar 
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Appendix I 

Counterbalance Order 

Participant Order Trial 1 Trial 2 Trial 3 Trial 4 

1 1 LL, EWR LH, JFK HL, LAX HH, ORD 

2 2 HH, JFK LL, LAX LH, ORD HL, EWR 

3 3 HL, LAX HH, ORD LL, EWR LH, JFK 

4 4 LH, ORD HL, EWR HH, JFK LL, LAX 

5 5 LL, LAX LH, EWR HL, JFK HH, ORD 

6 6 LH, EWR HL, JFK HH, ORD LL, LAX 

7 7 HL, JFK HH, ORD LL, LAX LH, EWR 

8 8 HH, ORD LH, LAX HL, JFK LL, EWR 

9 1 LL, EWR LH, JFK HL, LAX HH, ORD 

10 2 HH, JFK LL, LAX LH, ORD HL, EWR 

11 3 HL, LAX HH, ORD LL, EWR LH, JFK 

12 4 LH, ORD HL, EWR HH, JFK LL, LAX 

13 5 LL, LAX LH, EWR HL, JFK HH, ORD 

14 6 LH, EWR HL, JFK HH, ORD LL, LAX 

15 7 HL, JFK HH, ORD LL, LAX LH, EWR 

16 8 HH, ORD LH, LAX HL, JFK LL, EWR 

17 1 LL, EWR LH, JFK HL, LAX HH, ORD 

18 2 HH, JFK LL, LAX LH, ORD HL, EWR 

19 3 HL, LAX HH, ORD LL, EWR LH, JFK 

20 4 LH, ORD HL, EWR HH, JFK LL, LAX 

21 5 LL, LAX LH, EWR HL, JFK HH, ORD 

22 6 LH, EWR HL, JFK HH, ORD LL, LAX 

23 7 HL, JFK HH, ORD LL, LAX LH, EWR 

24 8 HH, ORD LH, LAX HL, JFK LL, EWR 

25 1 LL, EWR LH, JFK HL, LAX HH, ORD 

26 2 HH, JFK LL, LAX LH, ORD HL, EWR 

30 3 HL, LAX HH, ORD LL, EWR LH, JFK 

Note. LH – Low visual density, high ID, HH – High visual density, high ID, 

HL- high visual density, low ID, LL – low visual density, low ID. EWR – 

Newark International Airport. ORD – Chicago O’Hare International Airport. 

LAX – Los Angeles International Airport. JFK – John F. Kennedy 

International Airport.  
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Appendix J 

Raw Data 

 Low VD, Low ID Low VD, High ID High VD, Low ID High VD, High ID 

Row SA Workload SP1 SA Workload SP SA Workload SP SA Workload SP 

1 10 75.32 3 14 34.17 4 8 61.26 14 12 28.33 9 

2 8 55.83 5 14 20.83 3 12 65.36 16 10 39.17 6 

3 9 56.67 6 13 36.67 3 6 54.17 18 10 62.50 4 

4 9 45.36 7 15 43.33 4 9 38.33 10 18 34.17 11 

5 11 62.50 10 14 45.23 5 7 73.33 15 13 67.50 5 

6 7 94.17 8 11 55.23 4 4 56.26 10 7 65.00 6 

7 7 41.67 8 9 63.33 3 6 74.17 18 10 65.00 5 

8 6 45.00 9 8 52.89 5 7 43.33 12 9 41.67 9 

9 7 78.33 9 13 65.83 4 10 71.67 10 10 35.00 4 

10 7 46.67 6.4 12 40.83 4 5 58.11 13.48 6 54.17 6.26 

11 5 66.67 6.4 9 61.36 4 6 73.33 13.48 5 71.67 4 

12 8 56.32 7 10 54.17 4 11 51.67 12 14 37.50 6 

13 9 59.17 5 10 57.35 11 8 75.83 17 8 78.33 5 

14 8 74.17 9 14 25.83 4 9 33.33 14 11 67.50 8 

15 6 58.33 4 14 54.17 6 3 75.00 17 10 78.33 3 

16 8 72.50 7 10 68.33 3 4 60.00 13.48 9 55.83 6 

17 6 45.00 3 13 44.17 5 6 15.00 8 8 29.17 4 

18 11 55.00 8 11 44.17 4 11 49.17 13 11 51.67 8 

19 9 36.67 7 13 51.67 6 4 98.33 10 9 39.33 7 
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 Low VD, Low ID Low VD, High ID High VD, Low ID High VD, Low ID 

Row SA Workload SP SA Workload SP SA Workload SP SA Workload SP 

20 6 50.00 6.4 12 48.33 7 6 35.83 18 10 37.50 7 

21 9 57.50 5 12 57.50 8 9 65.00 14 10 50.70 4 

22 5 44.17 6.4 10 28.33 3 9 21.67 6 11 30.83 8 

23 6 40.83 5 9 45.00 5 9 48.33 16 9 45.00 8 

24 9.04 73.33 3 10 54.17 4 8 51.67 15 10.09 50.83 7 

25 9 60.00 8 11 58.33 6 5 85.00 14 15 94.17 6 

26 9 100.00 9 13 91.67 4.76 13 74.17 13 14 98.33 8 

Note. 1 Search performance.  
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