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Many envisioned technological and conceptual innovations focus on allocating more functions to automation, relegating the human as an afterthought if not a nuisance. Yet, until complete autonomy is realized, the human will remain “in the loop”. NASA is supporting research for the development and maturation of automated technologies and architectures for the future of advanced air mobility. Standing up a remote operations center used to control, manage, and monitor multiple highly automated vehicles is an important step towards realizing the advanced air mobility vision. NASA Langley Research Center has a remote operations center used for human-piloted simulation testing. In this paper, we explore the human element within live sUAS flight operations that rely on increasingly automated technologies. Four ground control station operators performed multiple live flight operations. We employed a naturalistic approach and relied on qualitative data such as interviews and discussions with subject matter experts to help facilitate discovery. The present work evaluates the functions that the human and the automation had during the live operations, lists psychological constructs that may have promoted or reduced task performance, and provides recommendations on the design of the remote operations environment and training of future ground control station operators. 

 Introduction
[bookmark: _Hlk102402879]Automated technologies are becoming ubiquitous in our modern society. Understanding the human component within these complex human-automated systems is important to promote safety, efficiency, and performance. Concepts of aviation transportation operations, such as advanced air mobility (AAM) and urban air mobility (UAM), hold no exception [1]. AAM envisions the widespread transport of goods and services throughout various complex environments. A hallmark of AAM is an increased reliance on highly automated systems to fulfill tasks previously performed by a human [2]. One major goal of the AAM vision is to ensure safe operations while reducing the overall demand on the human so that fewer operators may manage more increasingly autonomous vehicles [3]. As designers push towards allocating more functions to automation, the human role becomes progressively more ambiguous, which leads to the following research question: What is the human’s role in these complex aviation transportation systems? An exploratory analysis of this question is one initial step to facilitating safe and efficient AAM operations [4, 5]. 
[bookmark: _Hlk117669183]Under the AAM project at NASA, the High Density Vertiplex (HDV) subproject is responsible for the development and maturation of automation technologies and architectures that serve the AAM community needs for infrastructure to support AAM operations. To this end, HDV is focusing on the development and testing of concepts, requirements, software architectures, and technologies needed for terminal environments around vertiports (i.e., identifiable ground or elevated areas, including any buildings, or facilities, used for the vertical takeoff and landing of an aircraft). A significant aspect supporting this work entails standing up a remote uncrewed aircraft systems (UAS) operations center, which will eventually enable a crew of human operators to remotely control, manage, and monitor multiple highly automated UAS beyond visual line of sight (BVLOS) [3]. NASA Langley Research Center’s (LaRC) version of a remote UAS operations center is located within the Air Traffic Operations Laboratory (ATOL) and named the Remote Operations for Autonomous Missions (ROAM) UAS Operations Center [6].
The Advanced Onboard Automation (AOA) subproject of HDV conducted an earlier simulation test in ROAM to verify system-in-test software, connectivity, and human performance using a simulated environment [7, 8]. This paper focuses on the second phase of the AOA activity which was conducted to transition from simulated operations to live flights. The AOA flight activity replicated as many of the aspects of the simulated activity as possible; however, there were some changes. Specifically, the live vehicle operations for the AOA flight activity in ROAM included: 1) up to three vehicles operating simultaneously, 2) up to three ground control station operators in ROAM, 3) the addition of a field flight crew, 4) an extensive preflight checklist and preflight procedure, 5) additional time required for vehicle operations setup and breakdown, 6) fewer scenarios completed per day, and 7) minor changes to displays. This work was focused on assessing the ground control station operator (GCSO) position from the live flight operations.
[bookmark: _Hlk102402915]In this paper, we explore the human factors within live extended visual line of sight (EVLOS; [9]) small uncrewed aerial system (sUAS) operations in a remote operations environment. We explored four professional remote ground control station operators’ behaviors across several live operations. Case studies of off-nominal events are evaluated using qualitative data acquired through an after-action review and interviews.
 Method
As discussed in Reference [5], this work is exploratory in nature. Specifically, we sacrificed experimental control and did not impose an experimental design to retain the high external validity of professionals performing their tasks in the operational environment to explore naturalistic behaviors.
A. Apparatus & Materials
1. ROAM UAS Operations Center. The ROAM UAS Operations Center [6] is the remote facility that was used to conduct the flight operations. The design of ROAM and its layout are intended to support workstation areas for the GCSO, Range Safety Officer (RSO), and Flight Test Director (FTD). 
2. GCSO Workstation. The GCSO workstation was the primary information and interaction location for the GCSO (see [6]). The workstation was designed to keep the displays of information simple and in a consistent presentation format. Two GCSO displays were of interest for this analysis:
· [bookmark: _Hlk118798059]Measuring Performance for Autonomy Teaming with Humans (MPATH) Ground Control Station (GCS) Software. Modified from the opensource QGroundControl software (http://qgroundcontrol.com/), MPATH is a GCS software application developed by NASA for controlling Micro Air Vehicle Link (MAVLink) enabled sUAS (see [10] for detailed review).
· iPad. 11” Apple iPad Pros were used to collect post-scenario questionnaire data. 
3. Extensible Traffic Management (xTM) client. The xTM client was a traffic management tool built for fleet management functions. This tool provided two main functions: 1) communication between a GCSO and fleet manager for determining and allocating an operation timeslot and flight plan, 2) vehicle position data on a map view containing traffic information with all other missions controlled by the fleet manager.
B. Onboard Automated Systems
Vehicles were equipped with three onboard automated systems:

· Independent Configurable Architecture for Reliable Operations of Unmanned Systems (ICAROUS). ICAROUS was a software architecture that supported a detect and avoid capability of midflight aircraft reroutes via communication to the vehicle autopilot (see [11] for detailed review). When ICAROUS was issuing commands to the autopilot, the automation entered an offboard mode that deviated from the initial onboard flight plan.
· Safe2Ditch. Safe2Ditch was a crash management system that could identify an optimal ditch site and communicate with ICAROUS to generate a new flight path for the autopilot to execute the ditch (see [12] for detailed review).
· Autopilot. The Pixhawk Cube Blue operating the PX4 firmware had the primary function of command and control and secondary function of telemetry for the live flight vehicle. All vehicles operated with the identical settings and PX4 firmware settings.
C. Participants
Four participants were sampled from NASA LaRC’s GCSO staff. Table 1 presents demographics of the participants including age, familiarity with the onboard automated systems, and a self-report estimate of how many operations they have conducted using vehicles equipped with each of the systems. The familiarity response options ranged from not at all (1) to extremely familiar (7).  Each participant was required to have previously taken the Crew Resource Management and Ground Control Station Operator training course at NASA LaRC.  Participants did not receive any direct benefits for participating and all participation was voluntary. This research complied with the American Psychological Association Code of Ethics and was approved by the Institutional Review Board at NASA. Informed consent was obtained from each participant.
Table 1. Demographics of participants.
	
	Age
	Familiarity with Safe2Ditch
	Operations using Safe2Ditch
	Familiarity with ICAROUS
	Operations using ICAROUS

	Average
	31.50
	5.00
	47.50
	4.00
	75.00

	St. Dev.
	  6.65
	1.67
	52.52
	1.52
	90.00



D. After-Action Review
An after-action review (AAR) is a knowledge elicitation method which uses a discussion of an event to ultimately understand and improve performance [13]. AARs are traditionally performed by military organizations to improve task performance as a training mechanism. In this study, we performed a modified AAR to discuss specific key events and systems used during those events. The goal of the AAR was to elicit knowledge from subject matter experts to explore the human’s role in these live flight operations. Participants were asked to engage in open discussion to explore what happened, why it happened, and how to improve overall system design and performance.
E. Procedure
Participation in this study took place over the course of five months. Before participation in the study, all participants read and signed an informed consent form, privacy act notice, and a demographics and background information form. Participants served as a remote GCSO in ROAM and were tasked with monitoring the GCS software as they would during field operations. Participants were in direct communication with a safety pilot who served as the pilot in command in the field and a flight test director who managed the flight operations. After each flight operation, participants filled out an open-ended questionnaire where the participant was instructed to record any thoughts or important takeaways they had from the scenario. At the conclusion of all flight operations, the participants were brought together for a two-hour AAR. At the end of the AAR, the participants were thanked for their participation, which concluded their participation in the study.
F. Operational Scenarios
Participants operated one live sUAS vehicle in seven different scenarios as a remote GCSO. No participant was exposed to all scenarios, but some participants were exposed to the same scenario multiple times (see table 2). Scenarios included up to three vehicles and three remote participants operating from ROAM under EVLOS conditions. EVLOS enables the sUAS operator to be remotely located relative to the vehicle, relying on trained observers in the field to keep the vehicle within their visual line of sight [9]. The operational scenarios were defined as follows.

1. Nominal Flight Path. Flight was executed per intended flight plan.
2. Geofence Test. The vehicle encountered a geofence causing ICAROUS to activate and provided a new flight trajectory to avoid the geofence and return to its original flight plan.
3. Flight Path Deviation – (Low). A low threat traffic incursion of a sUAS caused the need for a flight path deviation. ICAROUS activated, causing the autopilot to enter offboard mode, and rerouted to avoid the traffic incursion.
4. Flight Path Deviation – (High). A high threat traffic incursion of a sUAS caused the need for a flight path deviation. ICAROUS activated, causing the autopilot to enter offboard mode, and rerouted to avoid the traffic incursion. Predicted loss of separation is greater in this condition compared to the low condition. 
5. Landing Deviation – (Low). The vehicle incurred simulated health issues and needed to land at an alternative landing location than originally set in the flight plan. To land, the vehicle incurred a flight path deviation as the vehicle finished the departure leg of the flight plan. Safe2Ditch activated and routed the vehicle to the safest ditch location. 
6. Landing Deviation – (High). The vehicle incurred simulated health issues and needed to land at an alternative landing location than originally set in the flight plan. To land, the vehicle incurred a flight path deviation as the vehicle enters the arrival leg of the flight plan, one of the furthest locations from the original takeoff. Safe2Ditch activated and routed the vehicle to the safest ditch location. 
7. Flight Path and Landing Deviation. GCSO received notification of a vertiport closure requiring a new flight plan. A change in flight plans required the GCSO to communicate with the fleet manager (see [8, 14] for information about the fleet manager), who generated and scheduled a new flight plan via a software capability referred to as the trial planner. After the GCSO accepted the flight plan, they monitored the descent and landing of the vehicle at the new vertiport. 
G. Flight Operations by Phase
Flight operations were segmented into three phases. All operations took approximately 8 hours to complete from start to finish with a 1-hour lunch included each day. After the beginning of the day set-up for flight, flights consisted of nine stages: pre-flight, take-off, taxi-departure, ascent, cruise/transit, descent, taxi-approach, landing, and post-flight. Table 2 lists the different phases of operations and includes which scenarios were conducted, how many vehicles were in simultaneous flight, the participants in each phase, and the total days of operations. It is important to note that operations took place over the course of five months and the phases of operation took place in sequential order (T1, T2, T3). Not all participants in each phase were exposed to all scenarios within that phase. Some participants were exposed to the flight operations outside of the role of a participant or GCSO.
· Phase 1 (T1) included a single vehicle operation in a nominal scenario and a flight path and landing deviation scenario. Actors in this system were a single remote GCSO, a flight test director, a remote operations engineer, a remote technician, a safety pilot who served as the pilot in command (PIC) in the field, a range safety officer, a field GCSO, and a fleet manager. 
· Phase 2 (T2) included two vehicle operations in a geofence scenario, flight path deviation (low) scenario, flight path deviation (high) scenario, landing deviation (low) scenario, and landing deviation (high) scenario. Actors in this system were two remote GCSOs, a flight test director, a remote operations engineer, a remote technician, two safety pilots who served as the PICs in the field, a range safety officer, two field visual observers, and a fleet manager. 
· Phase 3 (T3) included three vehicle operations in a nominal scenario and a flight path and landing deviation scenario. Actors in this system were three remote GCSOs, a flight test director, a remote operations engineer, a remote technician, three safety pilots who served as PICs in the field, a range safety officer, three field visual observers, and a fleet manager. 
Table 2. Differences between phases of operation. Note P1 = participant 1, P2 = participant 2, etc.
	Phase of Operation
	Scenarios run
	Number of vehicles in simultaneous flight
	Personnel
	Total days of operation

	T1
	1, 7
	1
	P1, P3
	2 days

	T2
	2, 3, 4, 5, 6
	2
	P1, P2, P3, P4
	6 days

	T3
	1, 7
	3
	P1, P2, P3, P4
	2 days



I.  Analysis
This study was exploratory, and as such, our approach was to use an inductive process across multiple types of measurement to make discoveries in this novel environment. We utilized case studies, naturalistic observations, interviews with the participants, discussions with colleagues, the after-action review process, and the post-experimental review of video and audio recordings of the operations as data for exploration. Conclusions reached based on these results will need to be confirmed and validated in future experimentally controlled studies. 
A. General Analysis
In this section is an overall assessment of participants’ workload [15], situation awareness (SA) [16], and perceived risk [17]. These data were collected through the AAR and interviews with the participants. 
[bookmark: _Hlk116981596]1. Workload. When discussing what factors influenced the participants’ workload, they indicated two main factors: familiarity with the operation and ROAM and transparency of automation.  First, participants reported familiarity with the operation and ROAM influenced their workload. By the final phase of the operations (i.e., T3), participants reported they experienced lower workload. One participant who had experienced all three phases of operation referred to their participation in the final phase and stated, “We kind of knew what to check and where to check.” Further, when discussing their initial exposure to ROAM, one participant said, “We were used to being in the field. I’m used to having that visual cue and seeing the vehicle myself. Without that it took some time to adjust.” One implication of this finding is that greater exposure to both intended flight operations and the ROAM environment could foster decreased workload. Second, participants reported lack of state awareness (transparency) of automated systems influenced their workload. The T2 phase included the largest variety of scenarios and required the participants to interact with automated systems (e.g., ICAROUS and Safe2Ditch). However, application of these automated systems within the NASA LaRC test environment is still in flux. The participants knew what the automated systems were supposed to do, but they had little information about what the systems were going to do. One participant said, “You weren't sure about what was gonna happen next, so you were just on alert the entire time.” In addition, all case studies where an off-nominal event resulted in the cancelling of that current operation occurred during this T2 phase. The combined frustration of unsatisfactory operations and a lack of transparency of the automation’s actions could have contributed to the participants workload during the T2 phase. During the AAR, when asked what features they would have liked to have had during these operations, three features were recommended: 1.) providing the intended flight path of the automation, 2.) ICAROUS bands to indicate where and when there might be an incursion and how close it is, and 3.) information about what type of automated action ICAROUS is taking (e.g., raising altitude or changing direction). 
2. Situation Awareness Composition. When asked about the factors that influenced their SA, participants indicated two major factors. The first factor was the lack of transparency of automated systems as described above in the workload section. The second factor was moving from the field into a remote environment. Participants were used to doing the task in a particular way with a particular set of information: “we’re used to having our eyes on the vehicle.” The GCSOs’ expertise in the field might have influenced their perceptions of their SA within ROAM. Therefore, it is possible that operators trained in a remote environment would report higher SA in similar operations within ROAM than those captured during this study. 
3. Risk Mitigation. Participants indicated three factors that helped mitigate risk during these live scenarios. First, the safety pilot and visual observers in the field helped to lower perceived risk. The safety pilot served as the PIC and had eyes on the vehicle throughout its flight path. Second, the ability of the participant to end the scenario at any time for any reason helped to lower perceived risk. If the participant or flight test director cancelled the operation in flight, the safety pilot could take manual control of the vehicle at any time and either return the vehicle to the launch site or make an emergency landing. Third, trust and familiarity with the team and the review process of the operations, scenarios, and vehicles helped mitigate risk perception. Many risk mitigation processes (e.g., an airworthiness review and operation readiness review) are performed before enacting live operations. When live operations occur, the operators are familiarized with the roles and procedures and are confident in the ability of the team to complete the operation safely. One participant indicated that without these mitigation features, they would expect perceived risk to be a six or seven (from a scale of 1 [no risk] to 7 [maximal risk]).
B. Case Studies
In this section, we examine six specific operations where off-nominal events resulted in a mission abort. A mission abort occurred when an off-nominal event resulted in the early termination of the scenario. When a mission abort was called, the safety pilot was tasked with recovering the vehicle. Recovery of the vehicle included the take-over of control of the vehicle’s navigation systems, navigating the vehicle to a landing site, and landing the vehicle. No vehicles were lost during any operation, all unexpected events were recovered by the safety pilot, and the majority of operations went according to plan. Operations in this test environment are intentionally structured to account for potential hazards and to mitigate the risk of those hazards materializing. The case studies were explored through naturalistic observations, interviews with the participants, discussions with colleagues, the AAR process, and review of video and audio recordings of the operations. All case studies occurred during the T2 phase. 
Case study 1. During the ascent phase of flight, the vehicle stopped climbing towards its mission altitude. The ICAROUS system activated when it was not expected to and as a result the vehicle maintained its current altitude on the existing flight path. When ICAROUS is giving commands to the autopilot, the autopilot enters offboard mode. The remote GCSO, although scanning altitude, did not notice the unchanging altitude or mode change. However, the safety pilot in the field noticed the trajectory of the vehicle was “strange” and requested altitude status from the remote GCSO. Specifically, the vertical separation between the vehicle and the tree line in the distance was not as large as it had been in multiple operations prior. The GCSO reported altitude value and that it was not changing. An experienced visual observer advised to abort the operation and to return the vehicle to the  launch site. The safety pilot took control of the vehicle and landed the vehicle manually. The flight test director called for a mission abort. 
Analysis. This operation took place at the end of an 8-hour day. The flightcrew had performed 7 hours of checklists, pre-flight procedures, and test flights prior to this flight operation. Additionally, this operation day occurred after the flight crew performed more than a dozen successful nominal operations over the course of two months. The remote operation room was noisy with alarms, alerts, and vocal communications. The GCSO missed alarms given by the system due to the communication setup. Specifically, all communications were conducted through a single channel. The safety pilot and field crew served as a resilience factor. After this operation, the communication setup was altered by allowing each GCSO an individual communication channel with their safety pilot to prevent future issues of this nature. 
Case study 2. During the transit/cruise phase of flight, the scenario included a geofence that blocked the vehicle’s flight path. Based on previous operations, the vehicle was expected to turn left to avoid the geofence, but instead the vehicle turned right. The flight test director, seeing the difference between how the vehicle was behaving versus how it was expected to behave, called for a mission abort.  
Analysis. The flight test director viewed the MPATH screen of the GCSO on the front video wall during the operation. When the vehicle diverted from the expected action in MPATH, the flight test director let the scenario continue to see if it would correct itself before calling for a mission abort. The automated detect and avoid system acted in a way different from how it was expected. 
Case study 3. During the ascent phase, the vehicle stopped climbing towards its mission altitude. The ICAROUS system activated, and as a result the vehicle maintained its current altitude. Same issue from case study 1 occurred, yet this time, the flightcrew noticed the zero-climb rate and mode change resulting in the flight test director cancelling the operation. 
Analysis. The operation crew learned from the prior event.
Case study 4. During the taxi-approach phase, the vehicle was traveling at the correct velocity and altitude while maintaining its flight path. However, the ICAROUS system remained activated when it should have changed modes. The flightcrew noticed the undesired vehicle mode, and the flight test director called for a mission abort.
Analysis. The flight test director noted the unchanging vehicle mode before making the call to cancel the scenario. If the vehicle was allowed to continue, it was likely to have entered the landing site and descended without complications. However, the flight test director made the decision that during this flight phase the vehicle should not land under ICAROUS’ control. 
[bookmark: _Hlk116913649]Case study 5. During the transition from the descent phase to the taxi-approach phase, the remote GCSO mistakenly signaled to the safety pilot to deactivate the ICAROUS system while the vehicle was still in offboard mode and under ICAROUS’ control. In the event of a connection loss between the vehicle and ICAROUS while in offboard mode, the vehicle will enter a failsafe “return to launch site” mode. The flight test director noticed the “return to launch site” activation and called for a mission abort, having the safety pilot recover the vehicle. 
Analysis. This operation resulted in a mission abort due to human error of an incorrect action caused by poor mode awareness. The safety pilot complied with the GCSO’s command, although that request was not correct while the automation was in its current mode. However, the flightcrew was able to recover this error by ending the operation and having the safety pilot manually control and land the vehicle.
[bookmark: _Hlk116913724]Case study 6. During the transition from the descent phase to the taxi-approach phase, the safety pilot deactivated the ICAROUS system while the vehicle was still in offboard mode. The safety pilot thought the vehicle had traversed to a location where ICAROUS would normally give control to the autopilot. However, the vehicle had not reached that location yet and was still in offboard mode. By deactivating the ICAROUS system too soon, the vehicle entered the failsafe “return to launch” mode. The flight crew noticed the vehicle entering “return to launch” mode, and the flight test director called for a mission abort. 
Analysis. This operation resulted in a mission abort due to the human error of an incorrect action caused by poor mode and vehicle awareness. The safety pilot had disengaged the ICAROUS system many times prior as the vehicle reached a certain point in the flight path. This experience of performing the same action at the same point many times may have resulted in this action becoming automatized. Automaticity could allow a person to skip certain stages of processing to achieve better speed of processing [18, 15]. However, in this event the vehicle was not at that point in the flight path, nor had it switched modes. Nevertheless, the flight crew noticed the error and ended the scenario resulting in the safety pilot manually controlling and landing the vehicle.  
II.  General Discussion
[bookmark: _Hlk117247286][bookmark: _Hlk117253899]The purpose of this work was to explore the human factor within live EVLOS sUAS operations in a remote operations environment at NASA LaRC. Under the High Density Vertiplex (HDV) subproject’s AOA flight activity, operations spanned from one remote GCSO flying one vehicle to three remote GCSOs flying singular vehicles across a variety of scenarios. We explored participants’ workload, SA, and perceived risk as well as case studies of specific events that occurred during these live operations. Yet, the primary question remains unanswered: where is the human in the loop? 
  Within the AOA flight activity, automated systems served as tools to assist the human operator. Table 4 lists the roles and functions each agent had within the flight operations. Automation roles and functions included the following: controlled the vehicle’s position, movement, and attitude (roll, pitch, yaw); maintained the vehicle’s trajectory along a pre-programmed flight plan; provided some ability to detect and avoid both in-air traffic incursions and geofences [11]; and provided some ability to decide on an optimal ditch site and land the vehicle [12]. Automation served as the primary controller of the vehicle’s flight. Alternatively, the human roles and functions included the following: conducted formal and informal risk analyses before and during the operation and had to decide to either begin or abort an operation based on the information provided; created, performed, and validated operational procedures before flight to ensure safety; programmed the operational flight plan and automated systems’ parameters for the mission; performed vehicle inspections; monitored the vehicle status and airspace before and during flight, managed the vehicle’s flight plan; validated display or system errors; and ensured a clear landing zone. Both agents, human and automation, shared the ability to recover the vehicle if an abort maneuver was required. The human was the primary responder, with the field safety pilot having “eyes on the vehicle” and the ability to take manual control of the vehicle at any point in the flight for a secure landing. If, however, the human lost connection with the vehicle across three separate lines of connection, the vehicle was equipped with the capabilities to maneuver to the launch zone and land itself. This shared function demonstrated the multiple layers of error recovery built into the operational system.
Table 4. Role or function of either human or automated systems within the AOA flight activity.
	Agent
	Role or function

	Automation
	Control of vehicle; maintaining flight plan; detect in-air traffic incursion; avoidance maneuvers for traffic incursion; geofence avoidance; abort maneuvering; crash management decision making; landing maneuvers

	Human
	Risk analysis, decision making to begin and abort operations; program flight plan; program automated system parameters; manage flight plan, create, perform, and validate operational procedures; vehicle inspection; monitor vehicle status and airspace; validate display or system errors; ensure clear landing zone

	Shared
	Recovery of vehicle


The AOA flight activity provided data that can highlight the multi-layered error recovery inherent within this remote operations system at NASA LaRC. The automated systems themselves were designed with redundancies to build resiliency into the systems. A system can be considered resilient if it can adjust its functions prior to, during, or following changes and disturbances to sustain its required operations under both expected and unexpected conditions [19]. Yet, as listed in Table 4, the human also supported many operational functions and served as an additional layer of resiliency.  In the entire system, the human worked with the automation to complete each operation. 
Reference [20] describes the value of human performance and its contribution to safety, specifically within commercial aviation. The human can serve as a source of error within the system, but the human can also serve as a positive factor to prevent error in ways an automated system may not. In Reference [21], the author applied widely reported human error and recovery percentages to 10 years of international jet data and concluded that for every action a human made that contributed to an accident the human contributed 157,000 actions to keep the flight safe. This effect of the human’s contribution to safety can also be seen throughout the six case studies. All six events resulted in a human either anticipating, monitoring, or responding to an off-nominal event leading to the successful recovery of the vehicle. Even in events when a human missed information or made an incorrect action, there was another “human in the loop” to recover that error. In case study one, when the remote GCSO missed the cues and alarms about the vehicle’s mode change and zero-climb rate, the safety pilot and field flight crew utilized their prior experience of the vehicle’s trajectory to intervene. This intervention led to the discovery of the zero-climb rate and mode change, resulting in the recovery of the vehicle. In case study two, the parameters set for the automated system were incorrect for the current scenario. When the vehicle acted opposite to the expected flight path, the flight crew noticed and recovered the vehicle. In case study three, the same event from case study one occurred but the flight crew had learned from their prior experience and updated their communications system. The mode change and zero-climb rate were noticed much earlier in the flight and led to a successful recovery of the vehicle. In case study four, the vehicle status (such as altitude and ground speed) indicated a nominal state for the vehicle, but the flight crew noticed the mode had not changed as it should. In this event, operational procedure, as well as safety processes and culture present at NASA resulted in the call to recover the vehicle manually. In case studies five and six, a human made an incorrect action leading to the vehicle leaving its intended flight plan, but the flight crew monitored the event and recovered the vehicle. In addition, it is unknown how many off-nominal events or incidents were prevented through the preflight operations and safety procedures developed and put into place before an operation had even begun. Indeed, throughout these live flight operations the human was integral not simply for the operation’s function but to its resiliency and safety. 
In addition, useful information can be garnered through investigating the instances of human error during operations. Out of the six case studies, there were three occurrences of human error during operations. One occurrence represented a lack of human intervention when it was required, and two occurrences represented human intervention that caused the vehicle to behave abnormally and resulted in a mission abort. The first occurrence from case study one could be attributed to fatigue [22], complacency [23], or false alarms [24]. Just as a driver who is tired and looking at a long empty road during the night may fail to notice their vehicle drifting into another lane, a remote GCSO who is fatigued and interacting with an automated system that had yet to err may fail to notice an unexpected mode change. In fact, all three instances of human error were associated with mode changes. For the two errors that occurred because the human performed an incorrect action, both were associated with mode changes during the final phases of the flight. One implication from this finding is that mode awareness issues are particularly concerning as the vehicle is switching from the descent phase of flight to the taxi-approach phase, just before landing. A study exploring pilots’ interaction with automation in a flight simulator also found that poor mode awareness reflected the inappropriate actions taken by pilots [25]. In that study, the authors found that monitoring the mode status is necessary for accurate mode awareness, but it is not sufficient. The operator must both see and understand the mode status for accurate mode awareness. The influence of knowledge driven anticipation and understanding for monitoring mode changes promoted the potential to train the pilots to reduce mode awareness errors. For operators in the AOA flight environment, training is one solution. Alternatively, designers could improve the automation’s transparency providing the operator with improved feedback or improved information about the automation’s intentions [26, 27]. Other considerations for assessing human error within the six case studies would be unnecessary mission aborts. For the current missions under the AOA flight activity, a very low risk threshold was maintained as the goal of the operations did not necessitate engaging in higher risk flights. If the vehicle separated from the expected and pre-programmed flight plan, the flight test director was prepared to abort the operation. For operations of varying mission types that may hold a diverse risk threshold, care should be taken to determine what factors would necessitate an abort before any live operations occurred. The psychological management of risk is only one of the many psychological mechanisms demonstrated in the case studies. 
Reference [3] describes how attention related constructs such as workload, situation awareness, and vigilance may theoretically interact with human performance in an AAM environment. In this current study, we explored professional GCSOs, and their flight crew, performing live flight operations and found similar findings as theoretically supposed. Table 5 lists the psychological constructs that can either help facilitate good task performance or lead to poor task performance. One feature prominently displayed throughout all case studies was the “tilt reflex.” The tilt reflex occurs when one attends to information that contradicts expectations [28]. This contradiction can lead the human to question the existing information and can promote insight. The safety pilot experienced this tilt reflex when they noticed the separation between the vehicle and the tree line, and the flight test director experienced it when the vehicle performed an unexpected maneuver around the geofence. To create these contradictions that generated insight, the operators relied on their expertise. In Reference [20], authors interviewed professional airline pilots and determined that most performance strategies employed by the pilots to promote resiliency leveraged their expertise. Developing ROAM to support both live and simulated operations serves as a particularly useful and productive enterprise as some models of learning suggest developing skills and expertise can be enhanced by learning within an immersive simulated environment [29]. 


Table 5. List of psychological constructs that may have promoted or reduced human task performance.
	Effect on human task performance
	Psychological constructs

	Promote
	“Tilt reflex” [28], Expertise [30], Shared Situation Awareness [31], and Locus of Responsibility/Control [32]

	Reduce
	Complacency [23], High Mental Workload [33], Mis-Calibrated Trust [34], Vigilance [35], and Automaticity [18, 36]


Another psychological construct observed within these live flight operations was shared situation awareness. Shared situation awareness is comprised of all portions of the individual’s situation awareness that is shared by the group [31]. In AOA flight, those in ROAM had a different set of information and awareness of the situation than those in the field. They were able to share this information via communication channels (e.g., vocal communication), which is the most critical element for the development of shared situation awareness [31]. The safety pilot and visual observers in the field developed their situation awareness by maintaining extended visual awareness of the vehicle. The field crew additionally developed SA through voice comms from ROAM as the GCSO made calls about the vehicle state. Although the GCSO did not have access to the visual observation data of the vehicle and airspace, they were able to supplement this by communicating with the field crew. 
By providing the safety pilot with the ability to control the vehicle, and not the remote GCSO in ROAM, and having different sources of information between ROAM and the field, there was a continuum for locus of responsibility across phases of flight. Although the responsibility for the vehicle’s safety was always with the safety pilot, the remote GCSO and the safety pilot negotiated their roles based on the quality of information they had. For example, during takeoff through ascent, the remote GCSO served as an assistant to the safety pilot who had eyes on the vehicle and a controller that could take manual control of the vehicle at any time. During transit, when the vehicle was far from the safety pilot, the remote GCSO became more active as they had the most useful and accurate information about the vehicle, and the safety pilot awaited their commands and status callouts. As the vehicle descended towards the landing zones, the locus of responsibility shifted back to the safety pilot as they had greater visual clarity of the vehicle and quicker reaction times to respond to an off-nominal event. In its most extreme case, during the landing phase, participants indicated that they disengaged from MPATH and watched the landing site via video to see the safety pilot land the vehicle. One participant stated, “once the vehicle is close in, you have a lot less room for error because it’s either taking off or landing. So, you need faster reactions.” The human operators shifted their locus of responsibility intuitively and strategically, working off each other’s abilities and strengths, to improve task performance and safety. 
Other psychological constructs either did or could have negatively influenced human task performance within the live flight operations. Although it is unknown if the remote GCSO in case study one missed the mode change because of complacency or high mental workload, it is theoretically possible that either could have had an effect. That remote GCSO had experienced over a dozen live flight operations with the same automated systems without any significant errors. Long-term exposure to an automated system that rarely fails can foster a mis-calibrated trust in the automation [34], where the human trusts the automated system more than they should. As future flight operations increase in complexity, more sophisticated automated technologies will be required to subsume tasks currently performed by humans. As the degree of automation increases, it is important to not fall victim to the “lumberjack effect” which states that with higher levels of reliable automation, worse outcomes of human performance can be expected when that system fails [37]. Or in a similar direction as Reference [38] indicates, if a system rarely requires human intervention, the human will rarely intervene when required. Two final constructs that may have led to humans performing an incorrect action resulting in mission abort were automaticity and expectation. One definition of automaticity is when a conscious, deliberate, and effortful mental process becomes unconscious, automatic, and effortless [18]. Although usually requiring many hours of practicing a consistently mapped stimuli to develop [39], automaticity has also been conceptualized across a continuum between fully automated and effortless to non-automated and effortful, providing the potential for partial automatization [36]. In case studies five and six, both the remote GCSO and safety pilot had performed the same actions at the same time during the vehicle’s flight plan multiple times prior. As the vehicle reached its final waypoint of the descent phase and entered the taxi-approach phase, the vehicle would change modes allowing the safety pilot to deactivate both ICAROUS and Safe2Ditch. However, in both case study events, the mode had yet to switch before the GCSO gave the command to deactivate the system or the safety pilot clicked the switch to deactivate the systems. Because of their expectations built through numerous prior flights, they were expecting to perform the action and acted without checking the mode status. Like the mistake of turning down a familiar road you take to work instead of the one you intended to, the responses found in case study five and six could have been partially automatized. However, the precise mechanism for why the remote GCSO or safety pilot made the incorrect action is unknown and needs further exploration. Through the investigation of these case studies, several design and training recommendations were created.
Design & Training Recommendations
Design: One important finding was a lack of transparency of the automated systems. GCSOs and the flight crew had an expectation of what the vehicle was supposed to do, but not always how it was going to achieve its goal. We propose the following design recommendations. 
· Provide the intended flight path of the automation.
· Include display elements into the ground control station display to indicate where and when there might be a mid-air incursion and how close that incursion may be.
· Include information about what type of automated action the automation is taking and why (e.g., raising altitude, changing direction, avoiding a traffic incursion).
Training: The findings of this paper also provided some training recommendations. While previous experience may enhance the human’s ability to solve problems in novel environments, it can also interfere (i.e., Einstellung effect [40] or negative transfer [41]). Novice remote GCSOs should practice within a remote operations center to become familiarized with both operational procedures and the remote operations environment. 
Limitations and Future Directions
This work represents one aspect of the phenomena found in this operational environment. One limitation of using the current exploratory design is that conclusions are hard to validate. Therefore, the data and results found within should be considered accordingly and future work should apply experimental designs to test the validity of the conclusions drawn from the results presented in this work. However, the ROAM environment provides researchers with a wealth of opportunity to explore professionals performing live operations. Through interviews and other subjective measures, researchers can gain clarity on the data after the trials have ended, not from speculation but from the participants themselves. Future work must contend with the scaling of operations as the role of the remote GCSO is envisioned to manage not only one vehicle but multiple. In the not too distant of a future, a team of up to ten remote GCSOs may be responsible for managing the takeoff and landing of a fleet of UAS. As the roles change and more tasks are distributed to automated systems, the interaction between the human and automation will most certainly change with it. Methods for collecting qualitative data such as case studies and analyzing such reports are slow and laborious and will need to scale alongside the growth in operations. References [20, 21, 42] propose some directions for methodological solutions for researching the human and design solutions for optimizing the human’s contribution to safety. 
III.  Conclusion
Using data collected from subject matter experts performing live flight operations within a novel working environment, we made one of the first steps to actualizing ROAM and understanding the human’s role within remote sUAS operations. Additionally, from examining the case studies of events that resulted in mission aborts, we identified several psychological constructs such as (but not limited to) shared situation awareness and trust that may partially explain the human behaviors observed in those cases. Designers should carefully consider the transparency features of the automated systems and better leverage the operator’s experience. Training programs for new operators can use a remote operations environment to simulate specific scenarios and benefit from training mechanisms such as part-task or variable priority training [43, 44]. However, this research only represents the first step among many towards developing ROAM for more complex remote operations (e.g., fewer human operators [m] managing more increasingly autonomous vehicles [N], operating under beyond visual line of sight conditions). These results should be tested in more controlled experimental environments to validate the conclusions presented in this paper and document the mechanisms that promote human-automation team performance. 
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