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Envisioned future Advanced Air Mobility (AAM) operations will require a transition of
aircraft command and control from onboard pilots to remote operators. The National
Aeronautics and Space Administration (NASA) has developed a research ground control
station (GCS) software called MPATH (Measuring Performance for Autonomy Teaming with
Humans) to study the human factors of remote operators in a representative AAM
environment, where small uncrewed aerial systems (SUAS; simulated or real) act as surrogates
for larger AAM aircraft. A primary focus of the research being conducted with the MPATH
GCS is scalability (i.e., one human managing multiple vehicles). MPATH has demonstrated to
be a useful capability for human factors research and remote operations. Two initial usability
studies and a multi-vehicle control assessment were recently conducted, and usability data and
operator feedback were collected. Generally, participants rated MPATH high on usability and
interface quality, whereas information quality was rated slightly lower. These results were
supported by specific feedback. Several generalized GCS design recommendations are
proposed based on the results and feedback from these flight activities. Future updates to
MPATH will incorporate the proposed recommendations. In practice, these recommendations
could be used by any GCS software designer or developer to promote usability and safety.

I. Introduction

The envisioned future of Advanced Air Mobility (AAM) will require a transition of aircraft command and control
from onboard pilots to remote operators. The AAM ecosystem is expected to include a diverse set of vehicles and
operations, such as small uncrewed aircraft system (SUAS; i.e., drone) operations [1], Urban Air Mobility (UAM; e.g.,
air-taxis) [2], and Regional Air Mobility (RAM) [3]. The markets for these subsets of AAM are currently in the early
stages of development, but to reduce costs, meet rising demands, and reach mature operations, it is anticipated that
remote operators capable of managing multiple vehicles simultaneously will be necessary.
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Relocating from the flight deck to a remote facility will inherently alter the types of information available to an
aircraft operator. For instance, pilots on board an aircraft have the advantage of out-the-window views and vestibular
cues (i.e., motion) to supplement and substantiate vehicle sensor data, whereas operators in a remote facility are limited
to only the vehicle sensor data and camera feeds displayed in the remote ground control station environment, which
are prone to delays and dropouts. This change in available information has the potential to alter the situation awareness
of remote operators in comparison to onboard pilots, which could impact performance and safety. Previous research
has explored the potential human factors issues associated with remote aircraft operations, but the primary focus of
this area of research has been military UAS operations [4], which do not necessarily reflect the operating environment
and operator roles envisioned for AAM (see Ref. [5] for definitions and differences in pilot and operator roles). New
vehicle types, flight profiles, and mission objectives have led to new technologies for remote operations that warrant
additional analyses.

As the primary source of information for a remote operator, the ground control station (GCS) user interface for
AAM vehicles is critical for ensuring safe and efficient flights. Currently, SUAS operations represent the most mature
subset of AAM, and from the perspective of remote vehicle operations, these SUAS vehicles and associated GCSs can
serve as useful surrogates for future UAM and RAM technologies. In this paper, we discuss a research GCS that has
been developed by the National Aeronautics and Space Administration (NASA) to explore the human factors of
remote operations using SUAS vehicles in a representative UAM environment.

1. MPATH Ground Control Station

A. Background

With a broad focus on research, NASA is uniquely positioned to test novel aviation concepts and technologies.
This research environment, which allows for extended visual line of site (EVLOS) sUAS operations, provides a level
of safety that enables researchers to test operational limits without significant risk to people or property. These EVLOS
operations permit the ground control station operator (GCSO) to be remotely located while trained observers in the
field maintain visual contact with the vehicle to ensure safety of flight (see Ref. [6] for an example EVLOS
configuration). Thus, researchers can evaluate safety-critical factors during routine remote operations rather than
having to rely solely on post-hoc review of accident and incident reports.

Researchers at NASA Langley Research Center began exploring the human factors of remote SUAS GCSOs in a
study that evaluated the effects of different autonomous traffic separation methods in a representative future AAM
environment [7]. This 2019 study used an open-source GCS (without modifications) and a separate prototype traffic
display interface. Participants in this study were tasked with managing only a single aircraft. Feedback from
participants revealed several shortcomings of the GCS and a need to improve the display and integration of information
presented to the GCSO.

The challenges of information processing for GCSOs in this environment will likely be amplified in future
operations where a human operator may be tasked with managing more than one aircraft simultaneously from a single
GCS (see Ref. [8]). In the face of these challenges, NASA’s Transformational Tools and Technologies — Revolutionary
Aviation Mobility (T3-RAM) subproject has identified scalability of remote aircraft operations as a critical barrier for
enabling mature AAM operations. Specifically, advances in research and technology will be required to allow few
humans to operate many vehicles (referred to as m:N, in which m operators manage N vehicles [9]). The role of the
human is expected to evolve as regulations and increasingly autonomous systems continue to mature [10], and it is
important to understand the implications of these changes on human operators. Thus, to address the issue of scalability,
T3-RAM has identified human-autonomy teaming (HAT) as a critical area of research to be explored under the HAT
Foundational Research Activity [11, 12].

Within the HAT Foundational Research Activity, NASA has developed the MPATH (Measuring Performance for
Autonomy Teaming with Humans) GCS software to support remote sUAS operations and to conduct human factors
research that enables multi-vehicle operations. The MPATH GCS is a software that is capable of controlling
MAVLink-enabled sUAS (i.e., vehicles that use the MAVLink communication protocol [13]). MPATH is built upon
the foundation of a widely used open-source GCS software (QGroundControl [14]), so it leverages existing
functionality, safety, and testing while also providing a testbed for exploration of experimental features, such as HAT
concepts and integration with advanced onboard automation. The MPATH GCS user interface is shown in Fig. 1. As
the role of the remote aircraft operator evolves within the research environment, MPATH will also evolve to support
the new roles, thus enabling test and validation of novel operational concepts in both simulation and flight.
Furthermore, an experimental version of the MPATH GCS, called MPATHX (where x represents Experimental), will
include exploratory features that can be exercised in simulation to assess forward-looking operational concepts and
configurations that reach beyond the current operating limits of real aircraft.
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Fig. 1. MPATH Ground Control Station (v1.0.2) user interface.

B. Design Approach

For development of the MPATH GCS, we considered the following two approaches: developing the software
either as an entirely new software application or as a modified version of an existing open-source software. In weighing
these options, we established several requirements based on the intended operational environment and project
constraints. The GCS software needed to be compatible with existing research SUAS and onboard research
technologies, relatively low effort for development and maintenance, familiar to the GCSOs, and sufficiently reliable
(i.e., stable and safe). Within the NASA research environment, the autopilot and research systems on board the
vehicles use the MAVLink protocol [13], which is an open-source messaging protocol for communicating with SUAS.
Because this protocol is widely used, several open-source MAVLink-based GCSs are available. The advantage of
building upon one of these established open-source GCSs is the ability to leverage existing functionality, stability,
testing, and updates from the open-source community. Additionally, there is potential for contributing fixes and
features back to the open-source codebase. From the available options, we selected QGroundControl [14] as the
foundation for the MPATH GCS. QGroundControl provides several unique and appealing features, such as the ability
to install and run on multiple operating systems and a user interface that was designed for both mouse-based and
touch-based interactions. Furthermore, the GCSOs at NASA Langley Research Center were already using
QGroundControl to operate research vehicles, which promoted both familiarity and consistency when transitioning
from one GCS to the other.

For the design and development of MPATH, we used a crowdsourcing method. Crowdsourcing provided access
to a large community of design and development experts and the ability to engage unique portions of the community
at each phase of the software development cycle. This method was not only efficient, but it included the added benefit
of increased innovation, particularly in the user experience (UX) design phase. Both the design and development
phases employed a challenge-based approach. During each challenge in the design phase, we were able to filter design
submissions to our top three choices and then select features from each to be merged into the final design solution.
This method allowed us to consider and integrate many creative solutions from designers with a variety of
backgrounds. Across the design and development phases, there was a total of 45 challenges and 96 unique challenge
participants.



C. Software Features

The studies described in this paper used MPATH version 1.0.2 (v1.0.2). This version represents an early stage of
development for MPATH and includes only a limited set of new features, which are described in this section.
Additional features have since been added to MPATH (e.g., improved multi-vehicle user interface), but those features
are not discussed in this paper. Furthermore, several features included in MPATH v1.0.2 were not used in these initial
studies, so those features are also excluded from this paper. MPATH v1.0.2 was built from QGroundControl version
4.1.3 (v4.1.3). The novel features included in MPATH v1.0.2 that extend beyond the functionality of QGroundControl
are grouped into the following three categories: general user interface (Ul) design improvements, improved
automation transparency, and integrated human factors data collection capabilities.

Though many of the modifications described in this section are meant to address human factors concerns, the
design of MPATH v1.0.2 is only an initial “best guess™ established through our design process (described in the
previous section). However, from this starting point, we have begun collecting empirical data directly from users that
will support iterative and incremental improvements to the design. The first collection of empirical usability data and
recommendations derived from these data are presented in the subsequent sections of this paper.

1. General Ul Improvements

The user interface for the Fly View (i.e., the primary view used during flight; depicted in Fig. 1) was modified in
several substantial ways to begin addressing general human factors concerns related to information access, to prepare
for the integration of additional onboard and offboard systems (e.g., detect and avoid automation, flight scheduling
servers) that will introduce more information into the display, and to prepare for multi-vehicle control from a single
GCS. QGroundControl v4.1.3 generally consolidated flight relevant information in the top toolbar and in the
Telemetry Values Bar at the bottom of the display. For MPATH, we established a modular widget-based design on
the right side of the display and moved the information from the top toolbar to a new Vehicle Status widget on the
right. The widgets in MPATH are collapsible, removable, and rearrangeable. Furthermore, new widgets can be
developed as new data connections are implemented within MPATH. By consolidating flight relevant information,
we are able to increase the spatial proximity of related information, which reduces scanning effort and facilitates more
efficient information processing (see proximity compatibility principle [15]). Additionally, providing operators with
the ability to customize the organization of widgets can help to maintain these advantages across mission and vehicle
types, in which relevance and priority of information may vary.

Two important considerations should be mentioned regarding the implementation of these features in MPATH
v1.0.2. First, we did not remove the Telemetry Values Bar at the bottom of the display (see Fig. 1) despite making this
information available in the Values widget on the right, which directly opposes our justification for the widget-based
design. There are two reasons for this design decision: the slider bar for confirming actions (i.e., a Ul element that
must remain prominent) is integrated into this bottom Telemetry Values Bar, and additionally, we wanted to gather
feedback and eye movement data to determine user location preferences for these critical vehicle state data. Second,
although the widgets were customizable (i.e., rearrangeable, removable) in this version of MPATH, the custom
configuration would reset when the software application was closed, and configurations could not be saved by the
user. Thus, users were required to rearrange the widgets before every flight, which inhibited the usability of this
feature.

2. Automation Transparency

One of the key motivations for developing the MPATH GCS was integration with onboard automation. The
following two specific automated systems were integrated with MPATH: ICAROUS (Independent Configurable
Architecture for Reliable Operations of Unmanned Systems) and Safe2Ditch. ICAROUS is an open-source software
developed by NASA that provides functionality for autonomously rerouting around other aircraft as well as geofenced
areas [16]. Safe2Ditch is a crash management software that provides functionality to autonomously select a ditch site
(from a predefined list of ditch sites), reroute to that site, and execute a landing [17]. Both of these automated systems
were used in a previous study with an open-source GCS (not modified), and feedback from participants indicated a
need for more insight into the behavior and intent of these systems [7].

Two widgets were developed within the MPATH GCS with the goal of improving automation transparency (i.e.,
availability of information about the automation’s behavior and intent [18]) for these systems. The ICAROUS widget
provides the overall system state (i.e., active or not active), conflict detection state (i.e., conflict with another vehicle
detected or not detected), and status messages from the system. In addition to the widget, MPATH also displays
heading bands around the vehicle icon, which are wedge shaped areas positioned within a circle around the vehicle
that are color coded to indicate safe and unsafe directions of travel. MPATH also displays the new flight path created
by ICAROUS when rerouting. The Safe2Ditch widget provides the overall system state (i.e., active or not active),
auto-landing state (i.e., auto-landing engaged or not engaged), and a dynamic list of the top three ditch sites. In addition



to the widget, MPATH also displays the ditch sites on the map and provides an interface for uploading ditch sites to
Safe2Ditch.

An important consideration regarding these automation transparency features is that they require data flow from
the automated systems on board the vehicle. However, this data flow is not possible on some vehicle configurations
even when the automation is present and active on the vehicle, which was the case for the initial usability studies
described in this paper. Without the correct vehicle configuration, the automation transparency features may be
substantially limited, yet basic information about the automation (e.g., activation status) is typically still available.

3. Human Factors Data Collection Capabilities

To facilitate human factors data collection, a feature was added to the MPATH GCS to log user interactions as
well as the dynamic screen positions of areas of interest (AOls; i.e., regions of the display) and objects of interest (i.e.,
individual Ul elements, such as a vehicle icon on the map). These screen positions are logged with timestamps to
enable post-hoc association with eye gaze positions, which are collected using separate eye tracking software. This
logging feature runs in the background and has no impact on the user’s experience.

1. Initial Usability Studies

A. Method

In 2021 and 2022, the MPATH GCS was used to remotely operate aircraft during two flight activities: one with
simulated vehicles and one with real vehicles (EVLOS operations). The simulated flight activity was completed over
the span of one month and included six participants sampled from the population of GCSOs at NASA Langley
Research Center. Each participant completed 17 simulated flight operations. For a detailed description of this
simulated flight activity, see Ref. [19].

The EVLOS flight activity was completed over the span of five months and included seven participants who were
also sampled from the population of GCSOs at NASA Langley Research Center. Both flight activities were conducted
in the ROAM (Remote Operations for Autonomous Missions) UAS Operations Center in the Air Traffic Operations
Lab (ATOL) at NASA Langley Research Center [20] (see Fig. 2). For a detailed description of this EVLOS flight
activity, see Ref. [21].
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In both flight activities, participants were tasked with regular duties of a GCSO within the GCS application. These
included loading the flight plan, launching the vehicle, observing automated flight, observing autonomous reroutes,
and landing the vehicle. Both flight activities included scenarios where the GCSO had to interact with specific
automated systems on board the vehicle. For ICAROUS scenarios, the participant observed the vehicle either rerouting
around another vehicle or rerouting around a geofenced area. For Safe2Ditch scenarios, the participant was instructed
to initiate an automated emergency landing (i.e., ditch) and observe the reroute and landing. The GCSOs were also
required to coordinate departure times and observe simulated traffic using a prototype research software on a separate
display from MPATH (not discussed in this paper). A small subset of these traffic vehicles also appeared in MPATH,
specifically the vehicles that would cause conflicts with the GCSO’s vehicle. Tasks associated with MPATH were the
same across both activities; however, the EVLOS flight activity included some additional tasks beyond the scope of
MPATH, including completion of a more extensive preflight checklist, communication with a safety pilot in the field,
and coordination with additional personnel in ROAM. Importantly, each GCSO was only controlling one vehicle
during flight operations in both flight activities. Additionally, during these flight operations, the automation
transparency features in MPATH were only used in a limited capacity due to configuration limitations on board the
vehicle that prevented the transmission of data from ICAROUS and Safe2Ditch. This limited access to automation-
related information is important to consider with respect to the usability results.

At the end of the full study session, each participant completed a usability questionnaire [22] for the MPATH
GCS. This questionnaire was included in both the simulated and real (i.e., EVLOS) flight activities. Additionally,
participants were able to provide general feedback via an open-response question after each scenario. Researchers
gathered additional feedback and observations related to the MPATH GCS throughout the duration of the studies.
Participants did not receive any direct benefits for participating in these studies. This research complied with the
American Psychological Association Code of Ethics and was approved by NASA’s Institutional Review Board.
Informed consent was obtained from each participant.

B. Results and Discussion

1. Usability Questionnaire

Subjective MPATH usability ratings were collected from participants using the Post-Study System Usability
Questionnaire (PSSUQ) [22]. This questionnaire consists of 18 questions divided into the following three categories:
usability, information quality, and interface quality. Each question is scored on a scale from 1 (strongly disagree) to
7 (strongly agree). Figures 3, 4, 5, and 6 show the mean ratings and standard deviations for each category and each
question from the simulated flight activity (“Flight Activity #1”°) and the EVLOS flight activity (“Flight Activity #2”).
The category ratings were calculated by averaging the scores of the questions contained within each category. The
results from this questionnaire are presented as descriptive statistics that provide clues to understanding where
usability issues may be hiding. Thus, differences discussed and depicted in the figures do not imply statistical
significance and are not meant to generalize beyond these participants. Rather, the results indicate high-level trends
that may warrant additional investigation using other sources of data (e.g., user feedback). The usability results from
the two flight activities are depicted separately in the figures but are discussed collectively since the overall trends
remained relatively consistent across the activities.

Overall, the MPATH GCS was rated high for usability and interface quality but slightly lower for information
quality (see Fig. 3). However, the mean rating for information quality was still relatively high (i.e., above the midpoint)
for both flight activities. These results imply that users generally felt comfortable using MPATH and generally liked
the user interface. Yet there may be some underlying issues with the availability of information. To better understand
these potential issues, we can evaluate the results of the individual questions within the information quality category.

The information quality results (see Fig. 5) indicate two questions with mean ratings below the midpoint, whereas
the other five questions in the category have relatively high ratings (i.e., above the midpoint). The first low-rated
question implies that MPATH did not give error messages that clearly indicated how to fix problems, and the second
low-rated question implies that on-screen messages provided in MPATH were not clear. Both of these findings point
to issues with alerts and messages that are further explored using participant feedback data in the next section.
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2. General Feedback

Subjective feedback for the MPATH GCS was collected across both flight activities from the following four
sources: open-response question (post-flight), open-response question for each PSSUQ rating (post-study), short
interviews (i.e., conversations; during study), and researcher observations (during study). Data from these four sources
were filtered to include only MPATH-related comments and exclude bug-related issues (i.e., not generalizable).
Positive feedback was also excluded as the purpose of this paper is to discover opportunities for improvements. The
responses were then categorized by general themes, which we established as potentially useful groupings for both
developers and researchers. This general feedback for MPATH is presented in Table 1. Whereas the data included
here span only the sources described, additional follow-up discussions were conducted with participants to explore
issues related to the flight operations more broadly (see Ref. [21]). That information is not included here but may
provide more insight into the underlying thought processes associated with the feedback presented in this paper.
Importantly, the feedback discussed in this section is for single-vehicle control from MPATH. Furthermore, because
data were collected during two specific flight activities, some feedback may not generalize to other flight operations
(i.e., specific feedback may be an artifact of a specific flight activity).

Notably, although the table only includes feedback targeting GCS deficiencies, the positive feedback provided by
participants generally supported the findings of the usability questionnaire. For example, several GCSOs stated that
the MPATH GCS interface felt familiar because of their previous experience with QGroundControl, which is reflected
in the high usability category ratings presented in the previous section.



Table 1 Participant feedback for MPATH from the two initial usability studies

Primary Category Secondary Category Specific Feedback

Information Availability | Alerts - Usually multiple nuisance error alerts during flight

- Error alert banner can be distracting when error is not critical

- Alerts should still be apparent when widgets are collapsed
Automation Transparency | - Aircraft intended flight path not clear during auto resolution

- Heading bands for collision avoidance would be helpful

- Auto-selected emergency landing site not clear during ditch
Customizability - Prefer ability to rearrange widgets to meet individual needs

Mode Awareness - Did not notice GCS link was lost until post-flight

- Noticed lost link but informed that this was normal

- Need autopilot mode changes to be more visually apparent

- Need automation active status to be more visually apparent
Traffic Information - Need altitude, speed, and intent of traffic aircraft on the map

- Show source of traffic data if known (e.g., ADS-B, local radar)

- Show last known update time for individual traffic vehicle data

- Show preceding flight track paths of traffic vehicles on map

- Display all traffic information in GCS rather than separate tools

- Not sure what traffic data to trust when distributed across tools

- Traffic icon should match vehicle type (e.g., airplane, drone)
Vehicle / Mission State - Important info is not placed in easy to view locations (e.g., lost link)
- Remove instances of redundant data to reduce scanning and clutter
- Need altitude and climb rate for own vehicle next to icon on map

- Unable to monitor active flight during in-flight plan change

- Had to compare lat/lon for ditch sites that should be indicated on map
- Eliminate unneeded scrolling and utilize color coding for ditch sites
- Geofence boundaries should be a different color than flight path

- Include clock (local time) with seconds on main map display

- Need confirmation of connect to / disconnect from vehicle

- Display routine landing sites on map

Vertical Position - Need visualization of vertical positioning beyond numerical data

- Include flight plan altitude profile view on main map display

- Include altitude and speed when hovering on vertical profile view

Action Implementation | Action Prompts - Confirmation prompt should be more prominent
- Confirmation prompt should only appear when confirm is expected
Flight Operation Review | - Improve interface to support flight plan reviews
- Unable to interact with active flight during in-flight plan change
Hidden / Buried Actions | - Provide easier access to common actions (e.g., vehicle connect)
Quick Actions - Need instant Return to Launch / failsafe action (less than 5 seconds)

- Need quick response to unexpected landing denied error
- Need manual control of descent rate for traffic hazards
Unneeded Redundancy - Remove unnecessary redundant buttons / controls

IV. Multi-Aircraft Control Flight Assessment

A. Method

In 2022, the MPATH GCS was used by a single GCSO to remotely control two aircraft simultaneously. This flight
assessment employed a hybrid configuration in which one vehicle was real (EVLOS operation) and one vehicle was
simulated. The flight assessment spanned several weeks and was conducted in the ROAM UAS Operations Center at
NASA Langley Research Center [20] (see Fig. 2). This flight activity was not associated with a study, so there were
no participants. Rather, the GCSO and flight crew were researchers, and lessons learned were collected throughout
the operations.

The GCSO’s duties were nearly identical to those in the initial usability study except that the GCSO did not use
the prototype research software for coordinating departure times. However, the GCSO used a new prototype 3-
dimensional (3D) display on a screen separate from MPATH that displayed the two vehicles and flight paths with a
detailed rendering of the physical environment. The simulated vehicle was equipped with ICAROUS and Safe2Ditch,
but automated resolutions were not enabled during these flights (i.e., the automation could not take control of the
aircraft). The real aircraft was not equipped with ICAROUS or Safe2Ditch.



B. Lessons Learned

The lessons learned from the multi-vehicle control flight assessment are presented as researcher feedback in Table
2. This feedback is organized into the same categories as participant feedback from the initial usability studies (see
Table 1). Empty cells in the table indicate categories that did not have associated feedback during this assessment.
Importantly, the multi-vehicle control functionality in this version of MPATH (v1.0.2) is the same as the standard
QGroundControl (v4.1.3) functionality, so these data provide a useful baseline for which to compare future MPATH
modifications to multi-vehicle control features.

Although not mentioned in the table, the GCSO reported that the prototype 3D display was very useful for
visualizing relative positions and altitudes of aircraft. This feedback indicates that the 3D display could be a candidate
tool for addressing the issues related to vertical position information exposed during the initial usability study.

Table 2 Researcher feedback for MPATH from the multi-aircraft control flight assessment

Primary Category Secondary Category Specific Feedback
Information Availability | Alerts - Need to prevent pop up alerts during process of switching vehicles
- Need alerts when other personnel reach critical points in checklist

Automation Transparency
Customizability

Mode Awareness

Traffic Information
Vehicle / Mission State - Need ability to label vehicles manually and maybe set vehicle icons
- Need more awareness of own vehicle states while not in focus

Vertical Position

Action Implementation | Action Prompts - Should have to confirm current vehicle before issuing any commands
Flight Operation Review | - Integrate shared checklists with other personnel across vehicles
Hidden / Buried Actions
Quick Actions - Need to be able to switch between vehicles with one click

Unneeded Redundancy

V. Design Recommendations

Based on the results of the two usability studies and the multi-vehicle control assessment, several GCS design
recommendations are proposed. These recommendations attempt to avoid addressing bugs or minor changes to the
MPATH interface but rather target generalizable issues that might be applicable to any designer or developer of a
GCS. The recommendations described here are derived from the results presented in the previous sections, but notably,
these recommendations do not capture every issue previously presented or discussed. It may be useful for designers
and developers to reevaluate the data in Tables 1 and 2 to derive additional insights. The following recommendations
provide general guidance for GCS development based on data collected in the ROAM UAS Operations Center at
NASA Langley Research Center.

1. Anticipate Alarm Fatigue and Response Automatization

Be aware of any possibility for repetitive errors or alerts (i.e., nuisance alerts) that could lead
the human operator to experience alarm fatigue [23], which may result in important information
being overlooked as alerts are repeatedly dismissed. Additionally, be aware of user actions or
sequences of actions that may be susceptible to automatization (i.e., reflexive or habit-formed
responses [24]), and ensure that an automatic response (by the human) is not triggered
erroneously in situations where the resulting action could lead to hazardous outcomes.

Examples of these issues in the context of GCS software include pressing a button to dismiss
nuisance alerts and sliding a slider bar (upon appearance of the slider; see slider at the bottom
of Fig. 1) to confirm an action. As a GCSO uses the GCS software, certain repeated responses
may be executed without processing the information or actions associated with that response.
This can be beneficial to operator performance in some cases (e.g., efficiency); however,
designers and developers should make an effort to avoid overwhelming the human operator
with alerts and avoid accidentally triggering responses from the human operator. For example,
if an operator regularly receives nuisance alerts, they may begin dismissing all alerts without
reading the alert message, which could result in the operator missing critical information. If
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these repetitive alerts cannot be avoided, effort should be made to protect the GCSO and the
vehicle from issues associated with missed information. As an example, one idea for addressing
the issue of nuisance alerts is to establish a method for muting specific error messages for the
remainder of a flight (but note that this approach would likely require a quick method for
unmuting error messages to avoid potential issues of missed information).

Provide Automation Transparency

While the human operator holds responsibility (i.e., accountability) for safety of flight, it is
important that they know where the vehicle will be traveling at any given time. In situations
where automation has the authority to control a vehicle, designers and developers should make
an effort to provide information to the operator that depicts the automation’s intent (i.e., what
the automation is doing and planning to do).

For example, in the case of detect and avoid (DAA) automation (e.g., ICAROUS), when the
automation takes control of the vehicle to avoid a potential collision, the GCS should display
the new flight path of the aircraft or at least some information that helps the operator understand
the unfolding situation and the aircraft’s intended direction of travel. Another option for
automation transparency with DAA automation is to provide color-coded heading bands around
the vehicle that show the heading ranges that the DAA automation is actively avoiding (an
approach used with the ICAROUS software). Note that the MPATH GCS software includes
these features, but the functionality was not available during the usability studies because the
vehicles were not properly configured.

Enable Quick Commands to Vehicle

While the human operator holds responsibility (i.e., accountability) for safety of flight, it is
important that they have the ability to quickly respond to potentially hazardous situations. Be
aware of situations where the operator may need to quickly execute an action, and ensure that
those actions are readily available to the operator when needed. Familiarity of responses should
not be expected for these types of situations (e.g., emergencies) as they may rarely be
encountered, so the interface for executing actions should be clear and straightforward.

For example, if a vehicle unexpectedly encounters a traffic conflict, it would be useful for the
operator to have the ability to quickly descend at a specified rate to avoid a collision. Generally,
if quick actions are not available, operators may have limited or inadequate options for
responding to critical situations.

Collocate Task-Related Information

To reduce visual scanning and promote efficient information processing, information
associated with a common task should have high spatial proximity where possible (see
proximity compatibility principle [15]).

For example, to determine a vehicle’s position, the operator looks at the vehicle icon on the
map (for horizontal position information) and then scans to the numerical altitude display (for
vertical position information). The need to scan away from the vehicle icon for altitude
information is a result of low spatial proximity and could lead to issues such as change blindness
(i.e., failing to notice something is different from what it was) [25]. However, by collocating
the altitude information with the vehicle icon, this repeated scanning and the issues associated
with it can be avoided. An idea for addressing this issue more generally is the use of modular
widgets in the display interface to collocate information related to a specific system or task,
which is a feature of the MPATH GCS interface that was previously discussed.

Reinforce Vertical Position Information

Presenting 3D vehicle position information on a 2-dimensional (2D) map display inherently
requires a decoupled representation of the horizontal position (i.e., latitude, longitude) and the
vertical position (i.e., altitude). This decoupling forces the operator to mentally integrate at least
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two sources of information to interpret the position of the vehicle in three-dimensional space.
Integration of these data sources by the operator may be less efficient if the information is
presented only numerically (i.e., lacking pictorial realism) rather than with the addition of a
graphical representation (e.g., Ref. [26]). Thus, to support efficient information processing and
decision making, the vertical position of the aircraft and the vertical dimension of the flight
path should be presented in a manner that eases integration with horizontal position
information.

This could be addressed with the inclusion of a 2D profile (or side) view of the aircraft position,
flight path, terrain, and obstacles. As mentioned previously, a 3D representation of the
environment could also potentially be used to address this issue; however, assuming the 2D
map view remains the primary display and the 3D display is supplementary, a solution for the
2D map view would likely still be necessary. Note that air traffic control (ATC) displays also
face this challenge; thus, existing solutions and research in the ATC domain (e.g., Ref. [27])
may be useful to consider for GCS development.

Support Flight Plan Reviews

Assuming the GCSO is required to review flight plans prior to takeoff, effort should be made
to streamline the flight plan review process. Additionally, if a new flight plan can be uploaded
during a flight, the GCSO should have the ability to review the new plan without hiding any
information related to active flights.

Flight plan reviews should be integrated into the GCS display rather than a separate display to
avoid issues associated with visual scanning and divided attention (e.g., change blindness).
Additionally, the flight plan preview should be integrated with the primary map display to allow
monitoring of active flights during review. As a possible solution for implementing a review
process, the GCS could require the operator to cycle through each mission point (i.e., include
‘Next’ and ‘Previous’ buttons) to confirm the details of each mission point before uploading to
the vehicle.

Support Shared Checklists (Multi-Vehicle Control)

While the human operator holds responsibility (i.e., accountability) for safety of flight, it is
important that they have awareness of the vehicle status at any given time. This is particularly
important during operations in which multiple non-collocated personnel (e.g., ground support
crew, remote GCSO) interact with the vehicle at various stages of the flight operation. To
address this issue, all personnel involved in the operation should have access to a shared
checklist that updates in real time as each item is marked complete.

This functionality would enable the GCSO to anticipate upcoming tasks (e.g., initiate takeoff
procedures upon completion of vehicle inspection by ground support crew) and maintain
vehicle status awareness without having to track progress manually or in working memory. This
is especially important for a single GCSO who is responsible for managing more than one
vehicle. Integrating this shared checklist within the GCS software (as opposed to on a separate
display) could facilitate better GCSO performance by reducing visual scanning, but
importantly, as more elements are added to the GCS display, appropriate design decisions
should be made to alleviate display clutter. Note that this issue was observed for multi-vehicle
control, but the proposed functionality could also be useful for single-vehicle control
operations.

Streamline Vehicle Switching (Multi-Vehicle Control)

To support multi-vehicle control by a single GCSO, effort should be made to facilitate the
following software behaviors: one-click action to change the current active (i.e., in focus)
vehicle, clear distinction of the active vehicle on the display, and required confirmation of the
current active vehicle before issuing any vehicle commands.
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If the operator encounters additional steps (e.g., pop-up alerts) when changing active vehicles,
they may have trouble responding quickly to potentially hazardous situations. If there is any
ambiguity regarding the currently active vehicle, the operator may mistakenly attribute vehicle
information or issue a command to a wrong vehicle, which could lead to hazardous situations.
To reduce the likelihood of ambiguity and confusion, the current active vehicle should be
clearly differentiated from the non-active vehicles (e.g., more salient vehicle icon).

V1. Conclusion

The MPATH GCS software has demonstrated to be a useful capability for human factors research evaluating
remote operators of AAM vehicles. The two initial usability studies and the multi-vehicle control assessment generated
valuable feedback, which was used to derive generalized recommendations for GCS software design and development.
Generally, participants rated MPATH high on usability and interface quality, whereas information quality was rated
slightly lower. These results were supported by specific feedback from open-response questions, short interviews, and
researcher observations. Future updates to the MPATH GCS software will incorporate the recommendations that have
been discussed. Additionally, future updates will include improvements to the multi-vehicle control interface.
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