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Abstract 

 

This document examines the challenges inherent in designing and regulating to 

support human-automation interaction for new technologies that will deployed into 

complex systems. A key question for new technologies, is how work will be 

accomplished by the human and machine agents. This question has traditionally been 

framed as how functions should be allocated between humans and machines. Such 

framing misses the coordination and synchronization that is needed for the different 

human and machine roles in the system to accomplish their goals. Coordination and 

synchronization demands are driven by the underlying human-automation architecture of 

the new technology, which are typically not specified explicitly by the designers. The 

human machine interface (HMI) which is intended to facilitate human-machine 

interaction and cooperation, however, typically is defined explicitly and therefore serves 

as a proxy for human-automation cooperation requirements with respect to technical 

standards for technologies. Unfortunately, mismatches between the HMI and the 

coordination and synchronization demands of the underlying human-automation 

architecture, can lead to system breakdowns. A methodology is needed that both 

designers and regulators can utilize to evaluate the expected performance of a new 

technology given potential human-automation architectures. Three experiments were 

conducted to inform the minimum HMI requirements a detect and avoid system for 
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unmanned aircraft systems (UAS). The results of the experiments provided empirical 

input to specific minimum operational performance standards that UAS manufacturers 

will have to meet in order to operate UAS in the National Airspace System (NAS). These 

studies represent a success story for how to objectively and systematically evaluate 

prototype technologies as part of the process for developing regulatory requirements. 

They also provide an opportunity to reflect on the lessons learned from a recent research 

effort in order to improve the the methodology for defining technology requirements for 

regulators in the future. The biggest shortcoming of the presented research program was 

the absence of the explicit definition, generation and analysis of potential human-

automation architectures. Failure to execute this step in the research process resulted in 

less efficient evaluation of the candidate prototypes technologies in addition to the 

complete absence of different approaches to human-automation cooperation. For 

example, all of the prototype technologies that were evaluated in the research program 

assumed a human-automation architecture that relied on serial processing from the 

automation to the human. While this type of human-automation architecture is typical 

across many different technologies and in many different domains, it ignores different 

architectures where humans and automation work in parallel. Defining potential human-

automation architectures a priori also allows regulators to develop scenarios that will 

stress the performance boundaries of the technology during the evaluation phase. The 

importance of adding this step of generating and evaluating candidate human-automation 

architectures prior to formal empirical evaluation is discussed. 
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Chapter 1: Introduction 
 

As current systems evolve into new ones, advancements in technological 

capabilities provide new opportunities to introduce ever increasingly sophisticated forms 

of automation. During this evolution from old to new, the age-old question about what to 

automate will be addressed by engineers either implicitly, through feature creep, or 

explicitly, through formal design methods that include the allocation of functions 

between men and machines. The way that the design of automation capabilities, function 

allocation, and coordination between humans and machines is handled during the 

development phase will greatly impact the success of the future deployed system. More 

importantly, the degree to which the coordination of functions between the human and 

machine agents are supported by the human machine interface (HMI) will have direct 

consequences on overall system performance, and in safety critical domains, on system 

safety. While issues of function allocation and human-automation interaction have been a 

concern for human factors and cognitive systems engineers supporting practitioners for 

decades, rapid technology development in safety critical domains has forced regulators to 

also explore these issues.  

This document will examine, from a cognitive systems engineering (CSE) 

perspective, a recent research effort aimed at defining the minimum HMI design 

standards for an emerging technology: detect and avoid (DAA) systems for unmanned 
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aircraft systems (UAS). DAA systems are a critical technological requirement to enable 

UAS operations in civil airspace by providing UAS pilots on the ground with capability 

of maintaining “well clear” from other aircraft. To fulfill this requirement, a DAA system 

will have to facilitate the performance of three well clear functions by the ground-based 

pilot: detect potential conflicts, determine a resolution maneuver, and execute the 

maneuver. A critical question for the regulators of this new technology is how these well 

clear functions will be accomplished by, and coordinated between, the pilot and DAA 

system. The answer to this question will help determine the final set of technical 

standards for DAA systems, especially those for the DAA HMI, which serves as the main 

conduit for human-machine interaction and cooperation.  

In order to understand the challenges underlying the design and regulation of this 

new technology a brief look at how human-automation interaction design has 

traditionally been approached is provided. This is followed by an overview of how the 

three well clear functions could potentially be coordinated between the pilot and the 

DAA system, and what the allocation of well clear functions between humans and 

machines implies about the underlying human-automation architecture. Finally, a 

discussion about the current effort to establish minimum operational performance 

standards (MOPS) for DAA systems provides the necessary context for understanding a 

series of experiments that were designed specifically to inform the minimum information 

requirements for the DAA HMI. These three experiments are then evaluated, from the 

perspective of CSE, as a methodology that could be utilized by designers and regulators 
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to ensure effective human-automation coordination and safety assurance in the 

deployment of new technologies. 

Human-Automation Interaction Design and Function Allocation 

Human-automation interaction design for complex systems has traditionally been 

treated as a question about how to allocate functions or tasks between human and 

machine agents (no distinction is made here between “tasks” and “functions” or between 

“machines” and “automation”). In practice, function allocation is inherently difficult 

because most tasks are not independent, and there are often an infinite variety of ways 

that tasks can be allocated or shared between the human and machine agents. The field of 

human-automation interaction has a rich history of research on, and methods for, 

determining how best to allocate functions in complex human-machine systems.  

A report authored by Fitts and his co-contributors (1951) was the first to propose 

a systematic method for the allocation of functions between humans and machines based 

on a list identifying the relative strengths and weaknesses of human and machines, 

commonly referred to as “Fitts list” (Table 1). This approach is now frequently called the 

“machines are better at, men are better at” or MABA-MABA approach, and variations of 

this list have shown up in the literature over the years. Under this seemingly elegant 

solution for designing complex human-machine systems, engineers need only to identify 

the functions for which machines are superior to humans and allocate those to the 

machine, and vice versa for humans. Birmingham and Taylor (1954) expanded this line 

of thinking by claiming that since machines are more reliable in performing intricate 
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computations, “man is best when doing least,” and that humans should be replaced by 

machines in complex systems whenever it is practically feasible.  

  

Table 1. The Fitts (1951) MABA-MABA list. 

Men are better at: Machines are better at: 
•! Detecting small amounts of visual, 

auditory, or chemical energy 
•! Responding quickly to control 

signals 

•! Perceiving patterns of light or sound •! Applying great force smoothly and 
precisely 

•! Improvising and using flexible 
procedures 

•! Storing information briefly, erasing 
it completely 

•! Storing information for long periods of 
time, and recalling appropriate parts •! Reasoning deductively 

•! Reasoning inductively  

•! Exercising judgment  
 

 

This statement by Birmingham and Taylor highlights a major criticism to these 

early approaches of function allocation: that they rely on a comparison of machine 

capabilities to human capabilities. This type of human-machine comparison ignores core 

human competencies that contribute to overall system performance and results in the 

majority of system functions being reduced to a mathematical equation (Jordan, 1963). 

Not surprisingly, machines often come out in this comparison as being superior to 

humans. Ironically, even Taylor and Birmingham recognized that humans were infinitely 

adaptable and contribute to maximizing system output, yet still managed to reach the 

conclusion that humans should be designed out of the system whenever feasible! Thus, 

these MABA-MABA approaches to allocating functions between humans and machines 

typically ended with the conclusion that anything that could be automated should be 
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allocated to the machine. Anything left over (usually those functions too hard to 

automatize) should be left to the human, who is typically be expected to adapt to the 

machine functioning. Since automating everything was clearly unrealistic in practice, the 

MABA-MABA list saw limited utility for engineers that attempted to use them. 

Recognizing the limitations of the MABA-MABA lists on their own in guiding 

function allocation, Sheridan (1997) laid out a number of considerations to aid in the task 

allocation process. While among these considerations included looking for the most 

obvious allocation of tasks (i.e., according to the MABA-MABA lists) as well as the 

“extreme” options (i.e., give all tasks to the machine or the human), Sheridan 

recommended looking at the levels or degrees of computerization or automation based on 

a hierarchy from his own supervisory control framework (Sheridan, 1987; Table 2).  The 

supervisory control paradigm, he argued, is useful for “classifying human functions with 

respect to computer functions” (p. 92) and for defining a categorization for all of the 

different ways that a human can supervise a machine. (Note the emphasis on defining the 

human role relative to the machine.) Supervisory control continues be a popular topic in 

human-automation interaction literature in a wide range of domains including surface 

transportation, aviation, spacecraft, ships and power plants. Research in supervisory 

control of robots (surface, underwater, and air) has received much attention and funding 

in the past several years as the Department of Defense (DoD) looks for ways to reduce 

the manpower burden and increase the operations of these relatively new technologies 

[see Chen, Barnes & Harper-Sciarini (2011) for a recent review of research on 

supervisory control of robots]. 
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Table 2. Scale of degrees of automation (Sheridan, 1987) 

1.! The computer offers no assistance: the human must do it all 
2.! The computer offers a complete set of action alternatives, and 
3.! narrows the selection down to a few, or 
4.! suggests one alternative, and 
5.! executes that suggestion of the human approves, or 
6.! allows the human a restricted time to veto before automatic 

execution, or 
7.! executes automatically, then necessarily informs the human, or 
8.! informs the human only if asked, or 
9.! informs the human only if it, the computer, decides to 
10.! The computer decides everything and acts autonomously ignoring 

the human 
 

 

More recently, research on human-automation interaction has begun to shift 

toward adaptable and adaptive automation. These newer human-automation interaction 

paradigms attempt to overcome the limited view of fixed human and machine strengths 

and weaknesses that plague both the MABA-MABA and the levels or degrees of 

automation approaches by implementing multiple levels or degrees of automation within 

a system that can change dynamically. Adaptable automation typically refers to the 

ability of the human to adapt the level of machine automation according to the human’s 

needs, current level of workload, etc. For an example of recent research on adaptable 

automation, see the flexible levels of interaction approach to multiple unmanned aerial 

vehicle control by Draper, Miller, Calhoun, Ruff, Hammel and Barry (2013). Adaptive 

automation, on the other hand, is automation that is self-adapting based on real-time 

information of the human’s physical and cognitive demands, such as workload or mission 
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performance (see Hancock, Jagacinski, Parasuraman, Wickens, Wilson, & Kaber, 2013 

for a recent discussion of adaptive automation research). 

While adaptable and adaptive automation reduce the rigidity of applying single 

levels of automation to various system functions such as those prescribed by 

Parasuraman, Sheridan & Wickens (2000), they still largely subscribe to machine-centric 

principles of function allocation – that is, how can we maximize what the automation 

does? In many ways both adaptable and adaptive automation rely on going back to the 

MABA-MABA and levels of automation lists with the added challenge of finding elegant 

ways to vary what the machine is doing without disrupting the performance of the 

human. Any function allocation based on machine competencies assumes that the task 

environment is predictable and controllable and that the nature of the task demands 

consistent performance (Jordan, 1963). However, to the extent that the task environment 

is dynamic and unpredictable, humans are necessary for coping with contingencies, a 

function that can only be carried out effectively when human-machine cooperation is 

properly supported; another reason that these traditional function allocation techniques 

fail is that they ignore the coordination and synchronization of activities that has to be 

accomplished between the human and machine agents. If complex human-machine 

systems are designed based solely on the allocation of functions without taking into 

consideration the human-machine cooperation necessary for optimal system functioning, 

at best the system will fail to meet performance expectations, at worst clumsy designs 

will lead to system failure with potentially catastrophic results. 
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The Myth of Function Allocation by Substitution 

Another limitation of function allocation according to MABA-MABA and levels 

of automation (whether implemented in a rigid or flexible manner) is that the allocation 

of functions to machines is frequently framed as simply substituting a function that was 

previously carried out by a human operator – a practice termed “function allocation by 

substitution” (Hollnagel, 1999). This practice reflects the wide held and persistent belief 

in the ‘substitution myth’: that a machine can substitute a human function within the 

system while preserving the current functioning of that system. This myth is perpetuated 

in some definitions of automation, such as Parasuraman et al.’s (2000) definition that 

“automation refers to the full or partial replacement of a function previously carried out 

by the human operator” (p. 287).  

This understanding of new automation as changing only a single role in the 

system ignores the reality that the introduction of new technology changes multiple roles 

as well as the interactions between roles. This is why the substitution myth is an 

oversimplification fallacy; observations of real work in complex systems reveal that the 

addition of new technology changes the roles of humans and introduces new ways of 

doings things, new demands on their cognitive activities, new ways of interacting, and 

new opportunities for failures (e.g., Roth et al., 1987, Sarter & Woods, 1994, Sarter, 

Woods & Billing, 1997). When a function, previously carried out by a human, is 

allocated to a machine, the function is not seamlessly absorbed into the system and 

eliminated from the human’s list of responsibilities. Rather, it creates new functions for 

the human, often in the form of meeting new coordination and synchronization demands 
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with the machine. These new functions include, but are not limited to, data entry and 

acquisition, directing attention, detecting potential problems, and deciding how and when 

to intervene in the automation’s activity. All of these functions are required to keep the 

system functioning properly and all of which become challenged by poor human-

automation cooperation, a detail that is often overlooked by designers and managers alike 

(Dekker & Woods, 2002, Woods & Hollnagel, 2006). The result is that introduction of 

new automation frequently falls short of fulfilling the promises (e.g., reduced workload, 

lower workforce costs, increased reliability, fewer errors, etc.) that the substitution of 

humans by machines was supposed to bring.  

Introducing new technology into highly regulated domains, where safety is a chief 

concern of regulators, provides a unique challenge. Here, a key question is how to ensure 

that safety is preserved or improved in the existing system as roles adapt and the way that 

work is done changes. While the consequences of these changes can be predicted, many 

are unanticipated. Despite promises for better performance, the past shows us that the 

implementation of new forms of automation has also resulted in new paths to failure that 

were previously thought impossible. The accident at Three Mile Island (Kemeny, 1979; 

Perrow, 1984) provides a stark example of system outcomes that were incomprehensible 

to designers, operators, managers, and other stakeholders. 

Capturing Evolving Systems as Changes in Human-Automation Architectures 

In order for automation capabilities to be exploited while also preserving, or even 

exceeding, the current level of safety within the target domain, an understanding of the 

human and automation roles is needed; the human machine roles and responsibilities, and 
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coordination between roles, define the underlying human-automation architecture. 

Specifically, we need to understand how the roles and responsibilities of humans and 

automation shift with changing architectures in order to design the new system such that 

these roles are properly supported, a critical requirement if the system is to perform at a 

desired level of efficiency and safety. As more and more forms of automation are 

introduced, the change in roles and responsibilities needs to be traced so that both 

designers and regulators can anticipate new challenges in the coordination and 

synchronization of the human and machine roles.  

For regulators, this process of tracing the various changes in human-automation 

architectures is especially critical as they anticipate the reverberations caused by 

introduction of the new technology to the overall system: impacts to operational goals, 

the need to change regulatory policy, and most critically, new opportunities for system 

failure. The regulatory body is responsible for ensuring that the integration of any new 

technology is as seamless as possible and does not adversely impact the safety of, or 

efficiency of operations within, the larger domain system. In order to do this, the 

regulators must have sufficient confidence in the reliability and performance of the new 

technology so that they can make considerations about how its introduction to the domain 

might create new challenges and risks. As part of this, they will also need to understand 

how the new technology will interact with other system components. Essentially, 

regulators must envision the effect of the future operations of the new technology in the 

future domain environment, a task that, like allocating functions to machines, is also 

susceptible to oversimplification. Engineers, customers, and managers frequently struggle 
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to accurately predict the real consequences of introducing new technology into the larger 

system, typically falling prey to envisioning only those consequences that they have 

predicted a priori (e.g., lower workload, high accuracy; Roesler, Feil & Woods, 2001, 

Dekker & Woods, 2002). Further, advocates for the new technology can become overly 

confident in their predictions, a miscalibration of how well they know what they know. 

This same problem of only anticipating and preparing for consequences that are predicted 

prior to implementation of a new technology is likely to befall regulators of the system, 

setting them up to be unprepared for unpredictable outcomes and potentially making less 

than desirable regulatory decisions.  

How Regulators Can Envision Future Operations: Learning from the Past 

In order overcome the oversimplification shortfalls inherent in envisioning future 

operations, a methodology is needed that will support better anticipation of the 

reverberations and side effects of change. In order to be successful, this methodology 

must occur earlier in the design or standards development process than is typically done 

today. Human factors and CSE have traditionally been utilized to study the impact of new 

technologies near the tail end of the design and development processes, often in the form 

of verification and validation activities or as part of a late-step tuning process, leaving 

little or no opportunity to make significant changes to the system. As Woods and Dekker 

observed “it is found, over and over again, that providing such empirical testing roles 

provides too little information, too late in the design process, at too great a cost” (p. 275). 

This problem is exacerbated in regulatory environments as design decisions become 

accepted standards for all manufacturers of that technology, and design problems, such as 
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those that result in poor human-automation cooperation, are propagated through the 

system. Instead, CSE needs to be applied early in the design and standards development 

process, collecting empirical human performance data in a relevant context to ensure 

successful human-automation cooperation and better predictability of the effect of 

introducing the new technology into the system. It is much easier to address potential side 

effects or consequences of new technology earlier on in the design and standards 

development processes, when the field is already undergoing a period of change and 

commitments to specific designs and/or requirements have not yet been made.  

    The research detailed in this document utilizes a specific domain, aviation, to 

extract lessons learned and to improve upon a methodology that can be applied to the 

process of developing regulatory requirements for new technologies. Aviation is a 

domain that has a history of numerous changes to its human-automation architectures for 

which the regulatory guidelines have not kept pace, especially with respect to cockpit 

design. In aviation, like in many other domains, “brand new” technologies typically do 

not appear. Instead, new technologies tend to be more machine-capable generations of 

previous technologies and they are introduced as a simple replacement of the previous 

generation. In the past several decades, new technological capabilities have allowed for 

the increasing use of automation for both tactical and strategic control and navigation 

functions, as well as the display and management of information.  

With each new advance in cockpit automation, the ensuing reverberations have 

included an increase in safety in some areas but also a decrease in safety in other areas as 

new risks have appeared. For instance, the implementation of these automation 
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capabilities has resulted in reduced workload associated with manual piloting tasks and 

increased airworthiness, reliability and operational efficiency of aircraft. However, new 

demands on pilots and new risks to safety have also resulted. Pilot tasks have shifted 

from largely inner-control loop tasks that demand a high level of psychomotor skill and 

continuous attention to more supervisory and management tasks, which while not 

entailing continuous attention, place new requirements on attentional, knowledge and 

information-processing resources (Billings, 1997).  

A major challenge for pilots of modern aircraft has been adjusting to the new role 

of monitoring the automation functioning – understanding what it is currently doing and 

what it will do next, and intervening when problems arise (Sarter & Woods, 1994, Sarter, 

Woods & Billing, 1997). A recent investigation into the use of highly automated flight 

path management systems found a number of challenges for pilots managing these 

complex systems which in turn result in new risks to aviation safety (FAA, 2013b). Some 

examples of identified vulnerabilities for pilots include: mode confusion errors; 

overreliance on, and reluctance to intervene in, automation functioning; degraded manual 

flying skills including the ability to prevent, recognize and recover from upset conditions, 

stalls and unusual attitudes; and, insufficient knowledge of system functioning or 

flightcrew procedures. Lest these findings lead one to fall into the trap of believing that 

humans are the weak link in the system, the working group also found that “pilots 

mitigate safety and operational risks on a frequent basis, and the aviation system is 

designed to rely on that mitigation” (p.29). Undoubtedly, these issues point to an absence 

of sufficient support for human-automation coordination, an issue that could potentially 
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be addressed in the design and standards development processes. Perhaps not 

surprisingly, the same report cited issues with flight deck design and standardization, as 

well as the knowledge and skills of the regulators and the regulatory process. Many of 

these concerns surrounded the human factors skills, knowledge, expertise, training, 

and/or application of both the designers and the regulators.  

These clear shortcomings of the existing cockpit automation technologies and the 

inability of regulators to keep pace with evolving automation capabilities, provide many 

areas of opportunity to improve the human-automation cooperation in various aviation 

systems. One such opportunity is to address the challenges faced by both designers and 

regulators in supporting effective human-automation coordination by utilizing a CSE 

approach to developing performance standards. Although this approach is much harder to 

implement with manned aircraft given the complexity and maturity of both the current 

systems and standards, the opportunity exists for a new aviation technology, unmanned 

aircraft systems (UAS).  

The purpose of this document is to present a recent research program that was 

implemented in order to develop the minimum HMI requirements for UAS DAA system, 

a newly transitioning technology for which there are no existing standards. The research 

program is then evaluated from the perspective of CSE, with the goal of improving upon 

that methodology so that both regulators and designers can implement it to systematically 

assess and ensure the safety performance of human-automation architectures for future 

systems. While this research program was devised, not with CSE principles specifically 

in mind, but rather to address near term goals to provide input on the design of this new 
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system, it provides a broader opportunity to look at how human-automation interaction in 

new technologies can be better supported by more explicitly defining and analyzing 

candidate human-automation architectures. The research program presented here exhibits 

the typical situation faced by both designers and CSE professionals whereby the human-

automation architecture is implicitly accepted and can only be narrowly tuned within 

defined boundaries. An improvement to the methodology, in turn, focuses on identifying 

potential variations of the human-automation architecture a priori and using those to 

guide the systematic testing of candidate prototypes. 

Two key conditions need to be met for any methodology to aid in the transition of 

new technologies to future, highly regulated worlds. First, it will need uncover changes in 

human and automation roles and responsibilities so that impacts of the new technology 

on the existing system can be identified. Of critical importance is understanding new 

coordination and synchronization requirements, which come with new opportunities for 

breakdowns and failures. Analyzing these changes allows stakeholders to more 

accurately predict or anticipate the reverberations of technological change in a mature 

system before it is deployed in order to steer design toward better human-automation 

cooperation (Woods & Dekker, 2000). Second, the methodology will need to provide the 

ability to make predictions based on empirical results that have been abstracted from 

observations embedded within a relevant context (Roesler, Feil & Woods, 2001). 

The research program detailed in later chapters provides a first step toward such a 

methodology. It utilized the systematic evaluation of various system configurations or 

prototypes embedded in a future envisioned environment in order to provide empirical 
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data from which regulators can make future predictions about operational performance. 

What it lacked, however, was the formal definition and analysis of the underlying human-

automation architecture of each prototype system. By missing this step in the overall 

methodology, the research program missed a significant opportunity to identify the 

critical coordination and synchronization demands within the system a priori and to allow 

those demands to drive both the candidate HMI designs as well as the scenarios used in 

system evaluation. Despite these limitations, the research presented here still provides a 

radical departure from the status quo process for developing HMI requirements. Instead 

of relying heavily on subject matter expertise with limited empirical study late in the 

development phase, this research program was employed early and relied heavily on the 

analysis of objective data collected through systematic investigation. Thus it provides an 

excellent starting point from which to improve on the development a new methodology 

for designing and regulating future systems.  

The next chapter provides the necessary context for understanding and 

interpreting the research detailed in subsequent chapters. While the research described in 

this document focuses on a specific system (UAS) embedded within a specific context 

(developing HMI requirements today for near term civil airspace operations), the lessons 

learned from this process can be extracted to a larger understanding of how to better 

design or regulate any future human-automation architecture in any domain.  
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Chapter 2: Background 
 

Detect and Avoid Systems for Unmanned Aircraft Systems (UAS)  

The introduction of UAS to the National Airspace System (NAS) provides a rich 

opportunity to examine the nature of evolving systems in a highly regulated environment. 

Today’s UAS represents a transition from the traditional, manned aviation human-

automation architecture where the pilot sits in the cockpit located on board the aircraft to 

a new human-automation architecture where the aircraft is remotely piloted from a 

ground control station (GCS); a command and control link transmits control and 

navigation commands from the GCS to the aircraft which in turn downlinks onboard 

sensor and status information. The immaturity of today’s UAS technologies coupled with 

the change in human-automation architecture provides a rich opportunity for the aviation 

and technology industries to exploit automation capabilities as various users envision 

future worlds where autonomous aircraft will operate. As with the previous promises in 

aviation and other domains, the anticipated benefits of both current and future UAS 

technology is lower costs (due to reduced manpower) and better performance (more 

reliable and consistent than fallible human pilots). The Department of Defense (DoD) is 

the biggest proponent of employing highly automated or autonomous UAS as they face 

constant pressures to reduce operating and manpower budgets, as well as reduce risk to 

life (Dahmn, 2010).  
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Despite the push by DoD and other users who want to see more broad operational 

and autonomous application of UAS, the Federal Aviation Administration (FAA) has the 

sole authority and responsibility to ensure the safety, and minimize the system-wide 

impact, of operations of UAS in the NAS. Arguably one of the biggest changes 

associated with the human-automation architecture of UAS compared to traditionally 

piloted aircraft, and one of the two biggest technological challenges currently being 

addressed by the FAA (FAA, 2013a), is a shift in the roles and responsibilities for 

complying with the “see and avoid” requirements specified by the General Operating and 

Flight Rules (2004) in section 91.113 of the Title 14 Code of Federal Regulations 

(14CFR), for a pilot of a manned aircraft to remain “well clear” of other aircraft. (The 

second biggest technological concern of the FAA with respect to UAS is defining and 

ensuring acceptable performance of the command and control technology that links the 

GCS and the aircraft). This rule is one of many regulations in the FAA’s layered 

approach to aviation safety. 

In today’s manned aircraft, pilots have sole responsibility for seeing and avoiding 

other aircraft under this rule. Even when an aircraft is under ATC separation services, the 

pilot in command maintains full responsibility for the safety of the aircraft and for 

maintaining a well clear separation distance from other aircraft in order to minimize 

collision risk. In order to maintain well clear, the pilot must carry out three major 

functions: 1) detect potential conflicts, 2) determine a safe conflict resolution maneuver, 

and 3) execute the safe conflict resolution maneuver. In addition to the functions required 

specifically for maintaining well clear, a pilot must also coordinate maneuvers with ATC 
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whenever practicable to maintain interoperability with the rest of the users of the 

airspace. This function is more of a general pilot function, but potentially has critical 

impacts to the larger system especially during well clear events where a pilot is required 

to make a maneuver. Figure 1 provides a simplified depiction of how the three well clear 

functions are accomplished in manned aircraft. To carry out these functions, the pilot 

relies upon visual, out-the-window acquisition of other aircraft to which s/he applies a 

subjective judgment of well clear to in determining whether another aircraft is a potential 

conflict (i.e., will penetrate the subjectively assessed well clear separation distance), and 

if it is, how to maneuver safely to avoid it. 

 

 

Figure 1. How well clear functions are currently accomplished for manned aircraft. 

 

With UAS, the pilot seated at a GCS is no longer capable of visually detecting other 

aircraft from the cockpit. Therefore, in order to be able to fulfill the regulatory 
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requirement to see and avoid other aircraft, some type of technology is needed to assist, 

or even replace, the pilot in maintaining well clear. Within the UAS community, the 

function of maintaining well clear via electronic detection of aircraft is now commonly 

referred to as “self-separation”1 or “detect and avoid” (versus the manned aviation’s “see 

and avoid”) and the technology that supports this function are referred to as a DAA 

system. (From a joint cognitive systems point of view, the “DAA system” necessarily 

includes the pilot, however, from the perspective of designers and regulators it typically 

only refers to the machine components. To avoid confusion to the reader, in this 

document “DAA system” will be used only to reference the machine components.) 

DAA Event Timeline 

Figure 2 provides a general overview of a DAA, or loss of well clear, event. The 

onset of the event occurs with the detection of a potential loss of well clear conflict. A 

potential conflict may occur simply due to the normal passing of aircraft in the airspace. 

In these cases, aircraft are usually not on a collision course and a maneuver may not be 

required to avoid a loss of well clear. Whether automation or the human does the 

detection, there will be some error in the estimation of a loss of well clear or collision 

risk. In other cases, a potential conflict may be the result of both anticipated and 

unanticipated events in the system, such as: violation of ATC separation criteria in 

                                                
 

1!The!term!“self-separation,”!while!still!commonly!in!use!amongst!the!UAS!community,!both!in!the!United!
States!and!internationally,!has!been!rejected!as!an!official!term!by!the!FAA!to!describe!the!function!of!a!
UAS!remaining!well!clear!of!other!aircraft!because!of!legacy!connotations!of!“self-separation”!in!the!air!
traffic!management!domain,!which!implies!full!delegation!of!separation!authority!and!responsibility!to!the!
pilot.!UAS!are!envisioned!to!operate!under!instrument!flight!rules,!which!mean!they!will!operate!under!air!
traffic!control!(ATC)!separation!rules.!!
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controlled airspace (by ATC or pilots), aircraft not maintaining right of way rules, late 

detection by the DAA system, and pilots of manned aircraft not visually acquiring nearby 

aircraft and failing to maintain their own well clear.  

 

 

Figure 2. DAA event timeline. 

 

Following the detection of a potential conflict, the DAA system and/or pilot must 

then determine a maneuver that will resolve the conflict. That maneuver then has to be 

coordinated with ATC before it is executed, except in exceptional cases. Finally, once the 

maneuver is executed, the aircraft begins to maneuver away from the conflicting aircraft 

until the aircraft are on diverging trajectories and the conflict is resolved. In this simple 

overview of the DAA even timeline, there are also two cascading events resulting from 
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the coordination and execution of a resolution maneuver (marked in blue text in Figure 

2). These are the maneuvers by other aircraft, either initiated by the pilots of those 

aircraft or ATC, resulting from the well clear maneuver by the UAS.  

The arrow in Figure 2 represents the temporal aspect of a DAA event as the 

aircraft approach the closest point of approach (CPA). The timeline for a DAA event is 

necessarily constrained, since they only occur when aircraft have gotten too close to each 

other, relative to a separation standard. In addition, system constraints influence how far 

out a conflict can be detected, while operational constraints influence when it is 

acceptable for pilots to maneuver to maintain well clear – which in turn affects when a 

potential conflict may be “flagged” as a threat by the system. A tradeoff has to be made 

between providing a safe amount of time for a DAA system to execute a well clear 

maneuver, and both technological capabilities and operational suitability. The left side of 

the timeline represents that maximum time allowed by the operational context and system 

capabilities to detect a potential threat. Here the temporal urgency for executing the 

stages of the DAA event is low. As you move further right, the temporal urgency 

increases, and there is less time for the DAA system to avoid a loss of well clear. 

Overall, the DAA event timeline is largely driven by the three well clear functions 

(detect, determine, execute); a failure in execution of any of these could result in a loss of 

well clear and potential collision. Coordination with ATC is also an important function 

because of the potential effects on the rest of the airspace system. However, elimination 

of the function is highly unlikely to be catastrophic, while on the other hand, due to the 

temporal nature of a DAA event, taking time to execute this function could delay 
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maneuvering and therefore increase collision risk – a critical tradeoff decision that a pilot 

has to make in real time. 

DAA Roles and Responsibilities 

The concept of DAA (both the function and technology) can be understood at 

three levels or scales within the aviation domain: tactical, operational, and regulatory. At 

each level are individuals with specific roles relevant to DAA. 

Regulatory 

At the regulatory level, the FAA has been granted the authority to regulate the 

safe use of the U.S. airspace (Federal Aviation Act, 1958). Another key role of the FAA 

is to ensure the efficiency of the airspace so that it is useable by the public – safety 

decisions that effectively shut down the airspace or even severely limit the operations 

available, will not be acceptable to the U.S. public. Thus, their primary role with respect 

to DAA is to ensure that UAS operations do not negatively impact the safety or 

operational efficiency of U.S. airspace through the development of DAA technology that 

enables UAS to remain well clear of other aircraft so as to reduce the risk of a near mid 

air collision (NMAC). As part of their role, the FAA will issue technical standards for 

manufacturers of DAA systems that are consistent with those responsibilities. At a 

broader level, the FAA will also develop operational rules and pilot certification 

requirements for UAS to operate in U.S. civil airspace, however, the DAA technical 

standards are a critical prerequisite before those rules can be written. In addition, the 

FAA will monitor the safety and operational performance of future deployed UAS 

systems to ensure that there is no degradation in either of these areas to the NAS. Where 
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UAS operations are found to degrade airspace efficiency or safety, they will modify the 

regulations to address those degradations.  

Safety and operational efficiency are not the FAA’s only areas of obligation; the 

powers and responsibilities granted by the Federal Aviation Act of 1958 also include the 

promotion, encouragement, and development of civil aeronautics, and meeting the 

requirements of national defense. These additional responsibilities are contextually 

important with respect to DAA: both the UAS industry and the DoD have a vested 

interested in the content of future UAS regulations. In fact, both groups were strong 

advocates pushing for the FAA to establish policy that would allow for expanded 

operations of UAS in the NAS, which lead to the current effort to develop technical 

requirements for DAA systems. The FAA typically employs the use of advisory 

committees to draft technical standards that will later be invoked through rulemaking. 

Advisory committees include, and require the consensus of, other industry and 

government organizations that choose to participate. In the case of DAA standards, 

representatives from UAS and avionics manufacturers, pilot lobby groups, DoD 

(primarily the Air Force), and NASA have all shown up to participate in the advisory 

committee process. So while the FAA is primarily concerned with the operational and 

safety impacts of UAS flying in the NAS when developing the DAA standards, the 

participation of other groups, especially those from industry, results in competing 

opinions about what the minimum technical requirements for DAA equipment should be. 

These opinions may be about strictly technical issues, for example, the best method for 

building or assessing hardware and software or even determining what is technological 
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feasible (there’s no point in specifying requirements for a system that can’t be built). 

However, beliefs about which requirements should be employed may also be based on 

non-technical issues such as economic concerns by manufacturers of the cost of building 

certain technologies, which cannot immediately be dismissed by the regulators since the 

final set of standards will have to be agreed to by those same manufacturers. Thus, 

decisions will have to be made by group consensus and will represent tradeoffs between 

competing wants within the advisory committee. 

Operational 

At the operational level, air traffic controllers are responsible for strategic 

operational efficiency and safety. Here, the role of controllers is to try to maximize 

throughput of the NAS given operational constraints (e.g., weather, demand, etc.) while 

also contributing to safety by ensuring that aircraft maintain minimum separation criteria 

according to the operational rules established by the FAA. With respect to DAA, the role 

of air traffic control (ATC) could be impacted by the deployment of a DAA system that 

does not interoperate smoothly with the current system. Since operational rules apply not 

only to how ATC operates, but also to how pilots operate, controllers have expectations 

about how pilots behave in the NAS. The ability of ATC to predict pilot behavior allows 

them to more efficiently and safely manage the airspace. These expectations center on 

what routes pilots fly and how they coordinate initial routes and changes to their route, as 

well as how pilots will interpret and follow clearances issued by ATC. UAS are expected 

to fly instrument flight rules flight plans under ATC separation services. This means that 

they will be expected to coordinate and receive ATC clearance approval for any 
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deviations off of their filed flight plan except in the case of an emergency. If the DAA 

system is built such that UAS pilots make frequent deviations from their flight plan, the 

frequent resulting maneuvers could be disruptive to the airspace environment. This is 

especially true if well clear maneuvering by a UAS causes other aircraft in the system to 

maneuver (on their own assessment of well clear) or be maneuvered by ATC (based on 

ATC separation criteria), highlighting the interaction of DAA roles beyond just the pilot 

and GCS. This problem could be further compounded if UAS pilots are not coordinating 

their maneuvers with ATC, which would cause a reduction in predictability of how UAS 

behave. If ATC does not feel they can reasonably predict the behavior of UAS pilots 

operating in their airspace, they may start employing unofficial procedures such as 

increased separation minima for UAS in order to ensure safety. This type of task tailoring 

would potentially have a negative impact on the missions of both manned and unmanned 

aircraft as well as affecting overall operational efficiency. 

Tactical 

At the tactical level pilots are responsible for fulfilling their operational missions 

while complying with airspace regulations and maintaining the safety of their aircraft. 

The change in human-automation architecture for UAS means that pilots now control the 

aircraft via the GCS that sends command and control information to the aircraft and 

receives back onboard sensor information. Maintaining well clear with the assistance of 

both onboard and ground-based DAA technology will be a critical responsibility that 

UAS pilots will need to perform. While pilots of manned aircraft execute this function 

primarily through visual acquisition of aircraft and input directly to the onboard control 
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and navigation interfaces, which in some cases may be aided by machine capabilities, 

UAS pilots will be responsible for executing this function in conjunction with DAA 

machine capabilities via the ground-based control station. Pilots will still be responsible 

for also following operational rules when executing this function, specifically, as outlined 

in the previous section, pilots will be expected to coordinate maneuvers off of their filed 

flight plan with ATC prior to executing well clear maneuvers, except in the case where an 

immediate safety of flight concern exists. A DAA system should support the pilot in 

meeting both of these responsibilities related to maintaining well clear in the operational 

environment. 

At a minimum, the DAA system will require a suite of onboard surveillance 

equipment that is capable of electronically detecting nearby aircraft. The removal of the 

pilot from a cockpit on board the aircraft means that it is physically impossible for the 

pilot to do this without the aid of machines. In addition, the DAA system will notionally 

consist of other hardware and software components that together provide the necessary 

information to support the ability of the UAS pilot to maintain well clear. These potential 

components include: data fusion and/or correlation logic, threat detection and resolution 

logic, the display of traffic and resolution maneuver guidance information, and control 

and navigation interfaces to execute a resolution maneuver. However, there are a number 

of possible configurations of the specific machine components, and the distribution of 

those components on board the aircraft or at the GCS is dependent on how the well clear 

functions are allocated or shared between the pilot and machines. A key question for both 

designers and regulators of this DAA system is the see and avoid functions to remain 
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well clear will be coordinated between, and accomplished by, the pilot and DAA 

capabilities. In other words, what human-automation architecture will be implemented for 

DAA systems for UAS (Figure 3). Note that coordination with ATC is still considered a 

pilot function to be carried out by the pilot in command in conjunction with the well clear 

functions. 

 

 

Figure 3. How will well clear functions be accomplished when coordinated between UAS 
pilot on the ground and onboard and/or ground-based automation. 

 

On one end of the spectrum, the three well clear functions could be accomplished 

entirely by the machine, leaving the pilot entirely “out-of-the-loop” (Figure 4). In this 

human-automation architecture all of the DAA hardware and software components that 

carry out the determine and execution functions would likely be located on board the 
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aircraft. The pilot on the ground would be responsible for monitoring the aircraft and 

coordinating with ATC based on the aircraft’s behavior (however, in many cases, 

coordination with ATC is disregarded altogether). This design assumes that not only are 

the well clear functions accomplished by the onboard DAA system, but that authority to 

maneuver is also delegated to the DAA system. The authority here is delegated by the 

designers who intentionally remove the links between the well clear functions and pilots 

under the assumption that the technology will perform as expected and only residual 

monitoring by the pilot is necessary. Unfortunately, the HMI is typically not designed to 

properly support the necessary monitoring and possible intervention or redirection of the 

automation’s activities, or the coordination of activities with ATC.  

 

 

Figure 4. Envisioned DAA system design where well clear functions are accomplished 
solely by the onboard automation which is delegated authority to maneuver without pilot 
input. 
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On the other end of the spectrum, the pilot could accomplish determining and 

executing resolution maneuvers without machine assistance (Figure 5). This is the most 

fully “manual” DAA architecture possible. Note that this human-automation architecture, 

and any for which the human shares or is fully responsible for either of the other two well 

clear functions, requires pilots to accomplish the function of detecting potential conflicts 

with the assistance onboard surveillance equipment. In this DAA design, the onboard 

equipment simply passes surveillance information to the pilot via the DAA HMI. Note 

that when the pilot accomplishes the DAA function of executing a resolution maneuver, it 

is essentially by instructing the flight control automation to execute the selected 

maneuver. 

 

 

Figure 5. DAA human-automation architecture in which the human accomplishes all 
three well clear functions. 
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Between these two ends of the spectrum there are multiple ways for allocating 

partial or full responsibility for the well clear functions between onboard and ground-

based machines and the ground-based pilot. While each option utilizes the same high-

level architecture, whereby the pilot remotely operates the aircraft from the GCS, each 

permutation of function allocation fundamentally changes the details of the human-

automation architecture and with it the coordination and synchronization requirements to 

support effective human-machine cooperation. This fact underscores the danger in taking 

only a simple, high-level view of the human-automation architecture and not fully 

analyzing the roles and responsibilities within that architecture and the resulting human-

machine cooperation needs. 

For all of the possible human-automation architectures of the DAA system, even 

for the fully autonomous option shown in Figure 4, an HMI is required to support the 

coordination of the shared responsibility of maintaining well clear between the pilot and 

machines, which becomes a critical component of the architecture. This is because the 

current regulatory environment requires that the pilot in command of the aircraft maintain 

ultimate responsibility for the safety of flight of the aircraft, regardless of whether that 

pilot is located on board the aircraft or in a GCS. In addition, the UAS pilot must fulfill 

the operational responsibility of coordinating any maneuvers off of their approved flight 

plan with ATC under most conditions. Thus, even in the fully autonomous option, where 

the onboard automation has authority to execute a well clear maneuver without pilot 

input, a pilot must still be capable of monitoring the activities of the aircraft and have 
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sufficient information about its operations that s/he can coordinate with ATC about the 

automation’s functioning and intervene in that functioning if necessary.  

In the fully autonomous DAA case, these pilot responsibilities add at least one 

additional (though likely more) well clear function(s) to monitor the automation’s 

activity. In order to effectively assess whether the automation’s behavior is appropriate in 

a given context, the pilot must also be able to monitor the automation’s accomplishment 

of the detecting and determining functions (Figure 6). In this “fully autonomous” case, 

the human-machine interface must provide sufficient information so that the pilot can 

coordinate his/her activity to intervene if necessary. In addition, that information must be 

timely enough relative to an evolving conflict in order to meet the synchronization 

demands of intervening soon enough to maintain well clear, which as will become 

apparent in later sections, always takes place within a constrained timeline. The 

differences between Figure 4 and Figure 6 highlights the oversimplification fallacy 

associated with function allocation by substitution: while designers may envision the 

human-automation architecture depicted in Figure 4, the one depicted Figure 6 is much 

more realistic – and much more complicated, even in these simplified diagrams. The 

predictable result of this oversimplification when envisioning the human-automation 

architecture is that the functions that the pilot is responsible is for, which require 

coordination and synchronization with the machine components, are ill supported, 

resulting in coordination breakdowns between humans and machines and possible system 

failure. The takeaway from this discussion and the figures provided, is that despite all of 

the human-automation architectures for proposed UAS DAA systems having the same 
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high-level structure inherent in a remotely piloted aircraft, they are all different at a 

functional level and will therefore all require very different human-machine interfaces to 

support the human-machine cooperation. 

 

 

Figure 6. True DAA human-automation architecture in which the machine is allocated all 
three well clear functions, but pilot remains ultimate responsibility for safety of aircraft. 

!

DAA Roles and Responsibilities Summary 

Figure 7 provides a high level overview of how the three levels and their 

associated roles are interrelated with respect to DAA. Each level essentially represents 

different scales that the DAA system can be viewed at. It is important to note that the 

human roles at each level are critical parts of the system. In fact, each level should be 

considered a joint cognitive system with multiple, interacting, intelligent agents (both 

human and machine). While this fact may seem self-evident on the regulatory and 
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operational levels where humans carry out key functions, it is sometimes lost on 

engineers and regulators that pilots should also be considered part of the DAA system. 

When the machine components of the any system are developed without consideration of 

the human role(s) associated with that system, predictable human-cooperation problems 

occur.  

 

 

Figure 7. Levels and interactions of DAA roles and responsibilities. 
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Another feature of the DAA levels shown in Figure 7 is that they are both nested 

and hierarchical. The nested nature of the levels represents how the activities of each 

inner level are contained within the activities of the outer level. The hierarchical nature of 

the nested levels shows the authority that the outer levels have on the inner levels. At the 

top outmost level, the FAA as the regulators develop regulatory documents that specify 

the technical standards for DAA systems as well as operational rules and pilot 

certification requirements that affect the execution of roles at the operational and tactical 

levels. In addition, the regulators will monitor and asses the activities in each of the two 

lower levels to determine whether changes to various DAA-related regulations are 

required as a result of observed or anticipated safety or efficiency degradations.  

In the middle level, ATC is responsible for executing the rules defined by the 

FAA within the contextual factors of the operational environment in order to ensure 

safety through maintenance of standardized separation minima while at the same time 

maximizing efficiency (i.e., throughput). For UAS equipped with DAA systems, a major 

factor influencing ATC’s ability to meet the demands of safety and efficiency is the 

ability to predict the behavior of UAS pilots in maintaining well clear. ATC’s ability to 

carry out their responsibilities is facilitated to the extent that UAS pilot’s maneuvers are 

predictable and coordinated beforehand. A well clear maneuver by any aircraft in the 

ATC sector can result in maneuvers by other aircraft in the sector, which can result in 

maneuvers by other aircraft, and so on. One can imagine a situation where aircraft 

maneuvers propagate through the system like dominos. These reverberations are 

exacerbated when maneuvers are frequent and/or unpredictable.   
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In return for predictable behavior, ATC can more easily facilitate the execution of 

the UAS’s mission and those of other aircraft in their airspace. To the extent that UAS 

pilots’ execution of well clear maneuvers with the assistance of the DAA system interfere 

with ATC’s ability to maintain separation minima and maximize throughput of the 

airspace, ATC may place operational restrictions on UAS pilots which degrades their 

ability to carry out their own missions. 

Finally, at the inner most level, UAS pilots are responsible for the safety of the 

aircraft by utilizing the DAA system to assist them in maintaining well clear of other 

aircraft. Their ability to carry out this function is directly impacted by the technical 

equipment standards defined by the FAA, and their actions in carrying out this function 

directly impact the ability of ATC to carry out their role at the operational level. While 

ATC does not directly impact the pilot’s ability to execute this particular function, formal 

or informal ATC rules can impact the pilot’s ability to execute their missions effectively. 

The key questions remaining in order to completely define the roles and responsibilities 

within the system, is to specify the human-automation architecture between the pilot and 

the DAA system at the tactical level. Once that is determined, the human-machine 

interface requirements to support the coordination and synchronization within the joint 

cognitive system can be developed. Unfortunately, human-automation architectures for 

systems are rarely specified in the design or requirements development phases, and 

instead must be derived implicitly from the stated system assumptions or requirements. 
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Development of Minimum Operational Performance Standards for DAA Systems 

Today the FAA faces a number of challenges in determining the minimum 

equipment standards or requirements for a UAS DAA system to ensure that UAS will 

maintain a safe separation distance (i.e., well clear) from other aircraft at an acceptable 

level of performance so that they are consistent with, and do not negatively impact, the 

current civil air traffic level of safety. The set of minimum standards that the FAA 

develops will indirectly specify the human-automation architecture of the DAA system 

through explicitly stated assumptions about the system as well as the final equipment 

requirements. The HMI requirements in particular, which are intended to support the pilot 

in command’s ability to maintain well clear at the specified safety or performance level, 

will provide some insight into the intended human-automation architecture. If the human-

automation architecture is not well understood during the requirements development 

process, which is likely given that human-automation architectures are not typically well-

specified by engineers or regulators in the design phase, then the HMI requirements are at 

a high risk of not being well matched to support the human-machine coordination and 

synchronization needed for effective performance.  

A second challenge for the FAA is that the regulations for DAA technologies 

need to be determined in advance of UAS being deployed operationally. No UAS 

currently has a DAA capability – those that are currently operating in civil or military 

airspace fly via segregated airspace procedures. In fact, many of the hardware and 

software technologies required by a DAA system are currently only in the research or 

prototype stage of development. At a high level, even the function of maintaining well 
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clear based on the electronic detection of other aircraft is entirely new to the aviation 

domain including both the manned and unmanned pilot populations. Because UAS 

present such a fundamental change in the human-automation architecture that has not 

been seen before in the history of aviation, this puts increased pressure on the ability of 

the FAA to accurately envision the future operational world and the impact that UAS 

employing DAA technologies will have on it before they allow these systems to be 

deployed. The degree to which methodologies utilized by the FAA in developing and 

testing equipment requirements accurately represent the future operational environment 

will be directly correlated to the true safety outcomes of introducing UAS into the NAS. 

RTCA Special Committee 228 (SC-228) is the advisory committee that was 

established in order to help the FAA develop the MOPS for DAA systems for UAS 

(RTCA, 2013b). This committee is a consortium of government, industry, and academic 

engineers and subject matter experts whose technical expertise includes: surveillance and 

avionics equipment, aerospace engineering, human factors, air traffic management and 

operations, and UAS manufacturing and operations. The final DAA MOPS will cover 

requirements for all equipment and processes required for a DAA system. The research 

detailed in following chapters was conducted in support of developing the MOPS for the 

HMI of the DAA system. The methodologies employed in this research were developed 

to address the following needs of the committee: 1) evaluation of potential DAA HMIs in 

order to determine the minimum requirements for a DAA system; 2) development of 

metrics that can be used to assess and predict the performance of the prototype interfaces 
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in the envisioned world; and, 3) testing in a relevant environment that captures the 

envisioned future operational context.  

Minimum Operational Performance Standards for a DAA HMI  

The primary HMI in the DAA system, and the focus of the reported research, is 

the DAA traffic display, which may provide the pilot with three key informational 

features: traffic information elements, alerting, and maneuver guidance. These features 

support the pilot’s ability to detect potential conflicts and determine maneuvers to resolve 

them. Information elements provide key data from nearby aircraft, such as altitude, 

heading, and speed. This data may be derived directly from surveillance sources, or they 

may be the result of computations by onboard or ground-based algorithms. An algorithm 

that uses aircraft state and/or intent information to extrapolate the time and location of 

CPA between the ownship and an intruder provides alerting information. The algorithm 

then applies a threat or alert level based on specified alerting thresholds; this alert level is 

presented to the pilot on the DAA display. Finally, maneuver guidance is an algorithm-

based decision-aiding tool that provides the pilot with one or more trajectories that would 

be conflict free. Maneuver guidance may be directive or suggestive. Directive guidance 

supports allocation of this function entirely to the machine, and is based on an algorithm 

that provides a single, specific recommended resolution. In terms of maneuver guidance 

for maintaining well clear, the algorithm may choose a maneuver based on pre-

determined heuristics, such as maximizing separation at CPA or minimizing time to gain 

(or regain) well clear. Suggestive guidance supports shared allocation of the determine 

function between the human and machine, it is based on an algorithm that provides a 
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range of potential resolutions from which the pilot can select the one that s/he deems is 

most appropriate.  

Information elements and alerting are common features of manned cockpit 

display of traffic information (CDTIs), and directive maneuver guidance is utilized in 

TCAS II displays, however, these features are intended to assist pilot’s normal visual 

acquisition of other aircraft. In fact, pilots are specifically prohibited from using 

information from a TCAS II traffic display as a basis for maneuvering without visual 

acquisition of the traffic they are maneuvering for (Department of Transportation, 2013), 

underscoring the novelty of the UAS DAA function of remaining well clear based solely 

on electronic systems. Thus, there is very little information about minimum information 

requirements for maintaining well clear on the basis of electronic displays of traffic 

information. 

Previous Research  

While there have been several recent human-in-the-loop evaluations of traffic 

displays for UAS (Calhoun, Miller, Hughes & Draper, 2014; Fern, Flaherty, Shively & 

Turpin, 2011; Fern & Shively, 2011), most have focused on military airspace operations 

rather than civil airspace operations. In addition, only a limited number of studies have 

examined traffic displays in the context of specific information requirements and their 

effect on pilot performance; that is, most studies have examined how to present a pre-

determined set of information rather than what specific information is required.  

A recent study examined the minimum visual information requirements for a 

UAS DAA system by comparing four display categories with different, and progressively 
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more, information: Position, Direction, Prediction, and Rate (Friedman-Berg, Rein & 

Racine, 2014). The Position display provided the pilot participants with instantaneous 

intruder positions and included aircraft identification, range, bearing, relative altitude, 

absolute altitude and numeric range. The Direction display added directionality as well as 

a heading chevron, numeric heading, and a vertical trend arrow. The Prediction display 

added yellow and red alert color-coding, and 30 second dead-reckoning vector lines to 

intruders. Finally, the Rate display added ground speed, history trails, and climb/descent 

rates. This study found that the Prediction display performed as good as, or better, than 

the Position and Direction displays, and no different than the Rate displays across a 

number of performance and workload metrics. Perhaps most importantly, the Prediction 

display resulted in significantly less NMACs than the two lower level displays (Position 

and Direction), and was not significantly different from the Rate display. The authors 

concluded that the information included in the Prediction display was the minimum 

visual information required for a DAA pilot display. 

A survey conducted by Draper, Pack, Darrah, Moulton & Calhoun (2014), found 

that the majority of pilots surveyed indicated that the following information should be 

present at all times on a DAA display: intruder identification, intruder location, intruder 

relative position, intruder threat/alert level, DAA task priorities and status, DAA 

maneuver recommendations, flight restrictions, weather, navigation data, and visual 

alerts. While Friedman-Berg et al. (2014) and Draper et al. (2014) sought to establish a 

minimum information set, Bell, Drury, Estes & Reynolds (2012) compared a basic 

display (similar to the Direction display described in the Friedman-Berg et al. study) to 



 

42 
 

two “advanced” concepts: a display that depicted the relative CPA between ownship and 

intruder, and a display that depicted ownship avoidance areas with polygon shapes. This 

study found no significant differences in the frequency of violations of the defined well 

clear threshold between the three display concepts, however, there was a significant 

difference in the duration of violation events – the basic display had significantly longer 

violation durations than both of the other two advanced displays. Together, these three 

studies provided a starting point for the systematic evaluation of candidate DAA displays, 

specifically with respect to determining the minimum information requirements for such 

displays. The next chapter will provide an overview of the experiments that were 

conducted in order to inform the HMI requirements for future DAA systems, each of 

which will be presented in subsequent chapters. 
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Chapter 3: Research Overview 
 

Three separate experiments were conducted to systematically evaluate potential DAA 

HMI configurations in order to inform the MOPS for UAS DAA systems. Each study 

evaluated the effect of various DAA HMI configurations on pilot performance of the 

function of maintaining well clear. The experiments reported in the following chapters 

were conducted iteratively, with each consecutive study building upon the lessons learned 

from the study that came before. Therefore, each experiment shares certain similar 

elements that are summarized below, such as: HMI components, human performance 

metrics, and the simulation of a relevant environment. They are all slightly different 

however, since new developments and decisions from the SC-228 advisory committee 

had to be incorporated prior to each experiment so that the resulting DAA human 

machine requirements would be consistent with other DAA requirements. In addition to 

documenting the experimental design for each experiment, the previous lessons learned 

and SC-228 decisions that informed the research question will be outlined. The results of 

each study will be discussed independently in each experiment chapter relevant to the 

research question being asked. The discussion will address all three experiments taken 

together. While some aspects and results of each of these three studies have appeared in 

other articles and reports, this document provides the first comprehensive description of 

how these studies link to the development of regulatory requirements.    



 

44 
 

Metrics of Human Performance 

Two key sets of metrics were developed in order to quantify and assess human 

performance: measured response and loss of well clear. Measured response metrics 

support two goals of the research. First, these metrics allow for the quantification of the 

pilot contribution to the DAA timeline shown in Figure 2. The portion of the timeline that 

captures only the pilot’s role in a DAA event is referred to as the “pilot-DAA timeline”. 

Second, measured response metrics provide a means for comparing and evaluating 

potential DAA HMIs. The loss of well clear metrics also support the ability to evaluate 

potential architectures and interfaces, but one that is more operationally relevant to safety 

considerations by the regulators. 

Measured Response 

Measured response has been used to quantify the end-to-end response time for a 

UAS pilot to complete an Air Traffic Control (ATC) clearance (Shively, Vu & Buker, 

2013; Vu, Morales, Chiappe, Strybel, Battiste, Shively & Buker, 2013; Rorie & Fern, 

2014). By breaking down the end-to-end response into discrete stages, from the issuance 

of the clearance until the UAS completes the maneuver, it is possible to extract discrete 

response time metrics, such as the time required for a pilot to initiate a control input into 

the GCS, or the time required to complete a control input in the GCS. A study by Rorie 

and Fern (2014), found these response time metrics to be sensitive to differences in GCS 

command and control input interfaces. For the series of experiments detailed in this 

document, measured response was adapted for the DAA pilot task by quantifying the 

end-to-end response time for a UAS pilot to complete a well clear maneuver in response 
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to an alert presented on the DAA display. The primary stages of the pilot-DAA timeline 

extend from the time that a DAA alert appears on the pilot’s display to when the aircraft 

completes the subsequent avoidance maneuver.  

Table 3 shows the stages of the pilot-DAA timeline. From this timeline, a number 

of different metrics can be extracted, such as the time it takes pilots to initiate a maneuver 

response in the GCS following the appearance of the alert (T3 – T0; i.e., initial response 

time), or the time it takes the pilot to upload the final maneuver response using GCS 

control interfaces (T4b – T3, i.e., total edit time). Figure 8 illustrates the relationship 

between several of the metrics that can be generated using the pilot-DAA timeline. Note 

that this timeline assumes that the pilot is responsible for executing the resolution 

maneuver (stages T4a and T4b). For human-automation architectures where automation is 

responsible for this, the stage would simply have to be renamed to reflect that, however, 

those stages would still have to be executed by the system. 

 

Table 3. Stages of the pilot-DAA timeline. 

Stage Description 
T0 DAA (self separation or collision avoidance) alert appears on the display 
T1 Pilot notifies ATC and requests a maneuver clearance 
T2 ATC provides maneuver clearance 
T3 Pilot initiates an edit in GCS to maneuver 
T4a Pilot uploads 1st maneuver to aircraft 
T4b Pilot uploads final maneuver to aircraft 
T5 Traffic alert is removed from display 
T6 UAS completes maneuver 
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Figure 8. Relationship between stages of the pilot-DAA timeline and measured response 
metrics. 

 

Measured response allows for the pilot’s contribution to the overall DAA timeline 

to be quantified. Figure 9 shows the DAA event timeline broken down into time 

segments. Pilot response time is critical to performing the DAA function – delayed pilot 

responses could result in delayed aircraft maneuvering, which in turn could cause losses 

of well clear. A delayed response may be due to a pilot’s inability to carry out one of the 

three major DAA sub-functions: detecting potential conflicts, determining a resolution 

maneuver, or executing a resolution maneuver.  
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Figure 9. DAA Timeline broken into time segments. 

 

Alternatively, system technology may be a limiting factor for pilot response 

times. Surveillance ranges dictate the furthest distance, and therefore time, that intruders 

can be detected. Active on-board radars, which are required to detect non-cooperating 

aircraft, are a newly developed technology for which the state-of-the-art detection ranges 

are still limited compared to cooperative sensor technology. Aircraft performance will 

also limit pilot response times, as enough time must be allotted in the DAA timeline for 

any conflict resolution maneuver to be executed. With respect to the technological 

limitations on pilot response times, there are obviously tradeoffs – better surveillance and 

aircraft performance can accommodate longer pilot response times. 

Unfortunately, the operational environment may constrain the amount of time that 

pilots have to detect and/or respond to potential conflicts in ways that are not as easily 

changed as the technological constraints. Pilots may be constrained in when they can 

detect threats; late detections may result from various encounter geometries, especially 
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late maneuvering aircraft (e.g., last minute changes in altitude or heading), which cause 

intruders to cross alerting thresholds at closer distances than the maximum surveillance 

ranges allow. Pilots may also be constrained in when they can maneuver against threats 

by operational rules. As previously mentioned, pilots are required to coordinate any 

maneuvers off of their approved flight plan under normal conditions, which adds time to 

the timeline. In addition, ATC may find it unacceptable and disruptive for pilots to 

maneuver too early against a potential threat. Consequently, considerations for 

interoperability with ATC must be taken into account.  

Figure 9 provides a nominal overview of the DAA timeline, taking these factors 

into account. The timeline is bound on the left by the maximum surveillance range that 

can be achieved and on the right by an NMAC, and has 5 major components (from left to 

right): 1) maximum surveillance range, 2) ATC interaction time (i.e., the time it takes 

pilots to coordinate a maneuver off of their approved flight plan with ATC), 3) pilot 

response time, 4) aircraft maneuver time, and 5) the time component of the well clear 

threshold. Overall, pilots are constrained in the maximum time that they have to respond 

to a potential threat by intruder trajectories, ATC interoperability requirements and the 

capabilities of the surveillance technology on one side of the DAA timeline, and aircraft 

performance on the other. Under normal conditions, a pilot may have the maximum 

allotted time in which to detect, determine and execute a well clear maneuver. However, 

pilots may have only a very short timeline in which to respond due to late maneuvering 

aircraft and other off nominal situations that must be taken into account when developing 

the minimum system requirements.  
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Comparing Figure 8 and Figure 9, the ATC interaction and pilot response times in 

the DAA timeline together correlate to T0 to T4b in the pilot-DAA timeline. Thus, 

measured response is not only able to capture the response times for pilots interacting 

with a DAA system; it also captures the effect of the end-to-end system performance. In 

addition, the two timelines above capture the synchronization requirements of the DAA 

system. That is, it highlights were activities need to be synchronized in order for a UAS 

to effectively maneuver to remain well clear of potential threats. The DAA equipment 

must synchronize the detection and display of threat and resolution information timely 

enough for pilots to determine and/or execute a maneuver to avoid the conflict. Further, 

pilots need to coordinate their maneuver with ATC in order to support interoperability 

with them and other users of the airspace.  

Measured response metrics can also be used to evaluate the effect of different 

HMIs on human performance. Since the pilot-DAA timeline shown in Figure 8 is divided 

into several stages in order to capture response times for different pilot interactions with 

the DAA system, different DAA systems can be evaluated for how they affect these 

various measures. For example, certain DAA architectures may degrade response times 

in initially responding to the appearance of an alert (i.e., initial response time) while other 

architectures may degrade how long it takes for the pilot (or automation) to determine a 

resolution maneuver (i.e., total edit time). Having multiple metrics that capture different 

stages of the timeline allow for these types of comparisons to be made across various 

potential systems.  
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Given potentially limited timelines, pilots will be expected to respond in a timely 

manner, and that response needs to be taken into account when designing various 

components of the DAA system. Thus, the ability to evaluate the anticipated pilot 

response times for a given human-automation architecture and assess how that affects the 

rest of the DAA system and its ability to meet the safety requirement of remaining well 

clear of other aircraft is critical for developing the DAA performance standards. 

However, measured response metrics do not provide insight into how well the system is 

performing in remaining well clear, in order to do that, loss of well clear metrics need to 

be analyzed also. 

The following seven measured response metrics are reported for all three 

experiments. 

Notification Time (T1 – T0). A measure of the time it takes a pilot to notify ATC of 

the appearance of a self separation or collision avoidance alert (T0) and the need to 

execute a maneuver (T1). Calculated as the difference between the first appearance of the 

alert and the beginning of the pilot’s transmission on the radio to notify the controller. 

Clearance Approval Time (T2-T1). A measure of the time it takes for ATC to 

approve a pilot’s request to maneuver in response to a DAA alert. Calculated as the time 

between the beginning of the pilot’s transmission to ATC (T1) to the beginning of the 

ATC’s response (T2). 
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Proportion of Uploads with Clearance Approval (T2 versus T4a). The percentage 

of encounters where pilots received ATC approval (T2) prior to executing a resolution 

maneuver in response to a DAA alert (T4a). 

Initial Response Time (T3 – T0). A measure of the time it takes a pilot to initiate a 

maneuver response, or edit, in the GCS command and control interface (T3) in response 

to a traffic display alert (T0). Calculated as the difference between the first appearance of 

the alert and the start of an edit. 

Initial Edit Time (T4a – T3). A measure of the time it takes a pilot to input an 

initial edit into the GCS in order to maneuver in response to a traffic alert. Calculated as 

the time between initiating an edit (T3) and the first upload to the aircraft (T4a). This 

metric is only relevant if a pilot uploaded multiple edits to the aircraft; when pilots made 

only one edit, initial edit time is equivalent to total edit time. 

Total Edit Time (T4b – T3). A measure of the time it takes a pilot to complete an 

edit into the GCS in order to maneuver in response to a traffic alert. Calculated as the 

time between initiating an edit (T3) and the final upload to the aircraft (T4b). The final 

upload is assumed to be the pilot’s final resolution decision. 

Total Response Time (T4b – T0). A measure of the time it takes a pilot to upload a 

final maneuver resolution to the aircraft in response to a traffic alert. Calculated as the 

time between the initial appearance of the traffic alert (T0) and the final maneuver upload 

to the aircraft (T4b). 
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Loss of Well Clear  

The loss of well clear metrics are an operational measure of the DAA system’s 

performance in maintaining well clear from other aircraft. The primary measure is the 

occurrence or rate of losses of well clear (i.e., penetration of the defined well clear 

threshold) given a particular instantiation of a DAA system. A measure of the severity of 

losses of well clear when they occur is also used to help to differentiate the performance 

of different DAA configurations. The severity metric reported in the studies in this 

document is an index of the separation between the aircraft at the CPA. The separation 

severity index, Sindex, (see Equation 1) is defined as the larger of the horizontal and 

vertical separations normalized by the required separation in each dimension where the 

h_sepCA and v_sepCA are the geometric portions of the well clear definition.  

Thus, the severity metrics captures the proportion of the spatial well clear volume that 

was penetrated when the loss of well clear happened. 

 

Equation 1. Separation index. 
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Relevant Environment 

The measured response and loss of well clear metrics of pilot performance were 

developed in order to provide a means for evaluating and comparing the performance of 

various DAA HMI configurations. As these prototypes are evaluated, the metrics become 

predictions for how they will perform in the future operational environment and are 
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critical to the safety assurance of the system. However, the metrics are valid for 

predicting future performance only to the extent that the environment that the systems are 

tested in encompasses the key operational features and demands that exist in the future 

environment. Therefore, in order to be useful in providing safety assurance to regulators 

who assess the results of the system evaluations, the critical features of the operational 

environment must be captured in a relevant environment.  

Fortunately, the DAA Operational Services and Environment Description (RTCA, 

2015b) document developed by the SC-228 committee provided substantial information 

on the target operational environment from which the simulation environment utilized in 

the DAA HMI experiments was modeled on. Key aspects of the operational environment 

that were modeled in the simulation environment included: airspace class, airspace 

density, operational and ATC interoperability rules, and separation requirements.  

All of the experiments reported in this document utilized a simulated UAS 

operating in a full airspace sector with other manned aircraft and a live air traffic 

controller. One benefit of conducting research with UAS compared to manned aircraft, is 

that it is much easier to create a realistic simulation environment since sophisticated 

motion and visual techniques are not needed to replicate a true operational setting. 

Utilizing a live controller to manage the simulated ATC sector was considered critical 

since interactions with ATC are such a critical part of the environment that UAS will 

operate in, and because of concerns that UAS will maneuver without prior coordination 

based on the DAA system. In addition, confederate “pseudo” pilots managing the 

simulated manned aircraft in the airspace sector provided realistic communications on the 
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ATC communication channel and created representative situations where UAS pilots had 

to wait for openings on a busy channel to request clearances to maneuver from the 

controller. Finally, “full mission” scenarios were employed whereby pilots operated a 

simulated UAS for longer periods of time than just a single encounter (which is typical 

for “part task” experimental designs) and were tasked with not only maintaining well 

clear of other aircraft, but also with carrying out other secondary mission-related tasks 

which took their attention away from the DAA display. As pilots executed their UAS 

missions, they would encounter a number of conflicts with different aircraft. 

In order to test the performance of pilots’ ability to maintain well clear given 

various DAA HMI designs, a number of different encounter types between the UAS 

ownship and other simulated manned aircraft were generated. Encounters varied in their 

predicted distance at CPA with the ownship in order to trigger various alert levels of the 

DAA system. Varying distances at CPA causes different alert levels and test whether 

pilots will respond as expected given training. For example, some alert levels indicate 

that pilots needs to make an imminent maneuver while others indicate no maneuver is 

required. If pilots maneuver for the latter, or don’t maneuver for the former, then this 

behavior points to issues in the training and/or design of the alert levels or other HMI 

features. Thus, scenarios were specially designed within the constraints of the simulated 

environment to elicit the activation of particular display elements in order to gather 

empirical data on pilot performance, in terms of measured response and loss of well clear 

metrics, while maintaining well clear of other aircraft.  
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Now that an overview of the general approach to method and measures for the 

three experiments has been provided, the following chapters will present each separate 

experiment in detail. 
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Chapter 4: Experiment One 
 

Overview 

The first meeting of SC-228 was held on 30-31 July 2013. The final DAA white 

paper that defines the assumptions, approach, and core requirements for a DAA system 

for UAS integration into the NAS was completed on 1 November of the same year 

(RTCA, 2013a), though the problem space of defining requirements for a future system 

was still largely indeterminate. One such case in point, although the DAA white paper 

provided the following assumption: “UAS pilots will be authorized to use their DAA 

system to remain “well clear” using new or revised rules analogous to 14 CFR §91.113 

and §91.181,” (p. 10), there existed no agreed upon mathematical definition of well clear. 

Shortly after the white paper was published, the first experimental attempt to identify the 

minimum human machine interface requirements for a DAA system was in its planning 

stages.  

Purpose 

The goal of the first experiment was to evaluate candidate DAA display and 

algorithms with respect to maintaining well clear and avoiding collisions. Three specific 

research questions were developed: 

1.! What are the minimum information requirements for DAA displays? 
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2.! What display features improve accuracy and expediency in determining, 

negotiating and executing traffic avoidance maneuvers? 

3.! Is there a performance difference between integrated and standalone displays? 

The first two research questions addressed the main goal of the SC-228 DAA 

working group with respect to the DAA traffic display – identification of the minimum 

information requirements that support acceptable pilot performance in maintaining well 

clear from other aircraft. Since there is no truly comparable task in manned aviation 

where pilots rely solely on an electronic display of traffic information to make decisions 

about maneuvering, it was not clear if an informative display, which lacks maneuver 

guidance or decision aiding for the pilot, would be sufficient for pilots to effectively carry 

out the DAA tasks.  

The third research question above, driven by near term technological 

considerations, was aimed at determining whether DAA the human machine interface, or 

DAA displays, should be integrated into the primary displays of a UAS GCS, or whether 

they could be ‘bootstrapped’ on a separate, standalone display within the GCS. Display 

location has the potential to significantly impact pilot performance in maintaining well 

clear and collision avoidance from other aircraft. A standalone display is considered a 

near term technology solution for existing UAS, because it is easier to develop, certify 

and field an independent, separate display compared to modify existing GCS software. 

However, the standalone display concept has some disadvantages. First, a standalone 

traffic display is unlikely to be integrated with the GCS command and control interface, 

thus a pilot would have to identify a potential threat and resolution maneuver, and then 
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translate that to the command and control interface on another display in order to execute 

the maneuver, and confusion could arise if the displays are at different zoom levels or 

orientations (e.g., track up versus north up). In addition, a standalone display is likely to 

be produced by a different manufacturer than the GCS, which could result in 

inconsistencies in the presentation of similar information between the DAA and GCS 

displays. Finally, pilot response times could be slower as pilots have to switch attention 

(and possibly interaction) between two different displays; previous UAS research has 

shown that switching between different information sources in the GCS can disrupt pilot 

performance (Draper, Calhoun, Ruff, Mullins, Lefebvre, Ayala, & Wright, 2008). While 

a DAA display that is integrated into the GCS primary display could overcome several of 

these disadvantages, in addition to the large increase in overhead in terms of resources to 

develop, a major risk of an integrated display is increased clutter on the primary display. 

Thus, display location in was considered a critical issue that needed to be understood in 

addition to minimum information elements. 

Experimental Design and HMI Configurations 

This study utilized a within-subjects, repeated measures factorial design to 

compare the effect of information level and display location on UAS pilots’ performance 

on maintaining well clear and collision avoidance from other aircraft while operating in 

civil airspace. Two levels of information (basic, advanced) were compared across two 

levels of display location (standalone, integrated) for a total of four displays (Figure 10): 

1) Basic Standalone, 2) Basic Integrated, 3) Advanced Standalone, and 4) Advanced 

Integrated.  
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Figure 10. The four DAA displays that were evaluated in Experiment 1: Standalone Basic 
(top left), Integrated Basic (top right), Standalone Advanced (bottom left), and Integrated 
Advanced (bottom right). 

 

Display Location 

For this experiment, the standalone DAA display condition could only receive 

ownship state and trajectory information from the navigation system, and could not send 

any information to it (e.g., to the command and control interface). In order to replicate a 



 

60 
 

completely independent system, the standalone display was configured to receive 

information from the UAS navigation system but was not capable of sending any 

information directly to the aircraft. All command and control changes to the aircraft were 

required to be made through the primary command and control interface in the GCS. The 

integrated display condition saw the DAA display features integrated directly into the 

primary display of the GCS. The DAA display was also integrated with the navigation 

system. Where possible, display features were integrated with the command and control 

interface. The alerting, information elements and maneuver guidance contained in each of 

the four different displays is described next. 

Information Level 

Two information levels were compared, basic and advanced, which differed in the 

information elements, maneuver guidance and alerting that was presented to pilots on the 

DAA display. For both basic display configurations, Standalone Basic and Integrated 

Basic, the same information elements were presented. However, the advanced display 

configurations, Standalone Advanced and Integrated Advanced, presented different 

informational elements based on different display capabilities of the underlying 

technology. Table 4 shows the alerting, information elements, and maneuver guidance for 

each display configuration.   
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Table 4. Alerting, information elements and display location for the four display 
configurations in Experiment 1. 

 Basic 
Standalone 

Basic 
Integrated 

Advanced 
Standalone 

Advanced 
Integrated 

Alerting     
Self Separation Alert ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Predicted Collision Avoidance 
Alert   ✔ ︎ ✔ ︎ 
Collision Avoidance Alert ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Information Elements     
Minimum Information Elements 
(Table 6) ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
CPA Location   ✔ ︎ ✔ ︎ 
Time to CPA   ✔ ︎ ✔ ︎ 
Well Clear Ring    ✔ ︎ 
Vertical Situation Display    ✔ ︎ 
Maneuver Guidance     
Auto-Resolutions   ✔ ︎ ✔ ︎ 
Trial Planner Tools  ︎ ✔ ︎ ✔ ︎ 
 

 

Alerting 

Thresholds. The alerting structure used in this experiment used a well clear 

definition of 0.8 nm lateral, 400 ft vertical, and 40 s to CPA. The DAA threshold for this 

experiment was 110 sec – the time to CPA of the self separation2 and the predicted 

collision avoidance alerts, which alert to predicted losses of well clear. The 110 sec 

                                                
 

2!The!term!“self!separation”!was!used!frequently!early!in!the!development!of!the!SC-228!MOPS!as!an!alternate!
description!of!the!pilot!task!to!remain!well!clear!(i.e.,!maintain!self!separation).!Due!to!concerns!from!ATC!
organizations!regarding!the!use!of!“separation”!as!a!function!that!falls!outside!the!scope!of!ATC!responsibilities,!the!
term!was!officially!removed!from!the!draft!MOPS!after!the!review!official!review!in!August!2015.!The!term!has!been!
replaced!with!“detect!and!avoid!(DAA)”!or!“maintain!well!clear”.!That!convention!has!been!followed!in!this!document,!
except!where!the!experiments!reported!have!already!been!published!with!labels!or!names!that!include!“self-
separation”!that!are!important!to!maintain!for!cross-reference!purposes,!such!as!alert!names.!
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threshold for these two alerts is based on a human-in-the-loop (HITL) study with air 

traffic controllers that indicated that 120 sec was the maximum time from CPA that air 

traffic controllers felt comfortable allowing UAS pilots to maneuver against other 

aircraft; maneuvers that occurred at 120 sec or greater to CPA were considered disruptive 

to the (Mueller, Isaacson, & Stevens, unpublished). Taken together the well clear and 

DAA time thresholds, 40 and 110 sec, respectively, help to bound the DAA timeline, 

leaving a maximum 70 sec (depending on the encounter) for aircraft maneuvering, ATC 

interaction, and pilot response (Figure 11). 

 

 

Figure 11. DAA timeline with the well clear and DAA alerting thresholds from 
Experiment 1. 

 

Alert Levels.  

Table 5 presents the multi-level alerting structure that was used in this 

experiment. Threat level was based on the location of and time to the CPA between the 

ownship and an intruder aircraft. Both the location and time thresholds had to be met for 
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an intruder to be assigned a threat level. Location of the CPA was measured by both the 

lateral distance, in nautical miles (nm), and vertical distance, in feet (ft), to the predicted 

CPA location. The time to CPA was measured in seconds (sec). For this experiment, the 

collision avoidance and well clear thresholds were treated as equivalent.  

 

Table 5. The multi-level alerting structure used in Experiment 1. Only the advanced 
display configurations, Advanced Standalone and Advanced Integrated, included the 
“Predicted Collision Avoidance” alert level; it was not included in the basic display 
condition. 

Alert/Threat Level 
CPA Distance from Ownship Time to 

CPA 
Color 

Lateral Vertical 

Proximal > 2 nm > 900 ft N/A Grey 

Preventative < 2 nm < 900 ft < 120 sec White 

Self Separation < 1.2 nm < 900 ft < 110 sec Yellow 

Predicted Collision Avoidance* < 0.8 nm < 400 ft < 110 sec Yellow, Red Border 

Collision Avoidance < 0.8 nm < 400 ft < 40 sec Red 

* Advanced Display configurations only 

 

 

In this experiment, the proximal threat level indicated aircraft that were within the 

simulated surveillance range of ownship, but not within one of the higher-level alert 

thresholds. The preventive alert level indicated aircraft within a close range of ownship 

that should be monitored for changes in state that could cause a higher-level alert. The 

self separation alert indicated aircraft who’s CPA was predicted to be within a buffered 

well clear volume within the alerting threshold time. The buffered well clear added 0.4 
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nm laterally to the well clear threshold. Finally, the collision avoidance alert indicated an 

aircraft that had penetrated the well clear threshold. 

The predicted collision avoidance alert level was introduced in the advanced 

display configurations to indicate the severity of a self separation alert. This alert was 

intended to aid pilots in discriminating between critical and non-critical self separation 

threats. The existence of a buffered lateral threshold for self separation alerts compared to 

collision avoidance alerts meant that some self separation alerts never progressed to 

collision avoidance alerts. The predicted collision avoidance alert level indicated critical 

self separation alerts that were predicted to progress to a collision avoidance alert, 

compared to the self separation alerts that were predicted to remain outside of the 0.8nm 

well clear threshold, but within the 1.2nm well clear buffer. In the Advanced Standalone 

display, the predicted collision avoidance alert was depicted with a red outline and yellow 

fill on the CPA location icon, while in the Advanced Integrated display condition, it was 

depicted with a red outline and yellow fill on both the intruder aircraft icon and the CPA 

location icon. Figure 12 depicts the difference between the self separation and predicted 

collision avoidance alert thresholds. 
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Figure 12. Visual depiction of DAA alert levels and thresholds 

 

Information Elements  

The results from Friedman-Berg et al. (2014) and Draper et al. (2014) discussed 

in the previous chapter, were crosschecked against existing relevant references and 

documents [e.g., Minimum Operational Performance Standards for Aircraft Surveillance 

Applications System (RTCA, 2011)], in order to come up with a set of minimum 

information elements that could be evaluated in this experiment as the basic condition. 

This baseline information set that made up the basic information condition is listed in 

Table 6.  
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Table 6. The minimum information elements for the basic display condition. 

Intruder Information Visibility 

Location Always visible 

Range Always visible 
Bearing Always visible 

Heading Always visible 

Relative Altitude Always visible 

Vertical Trend Always visible 
Heading Predictor Always visible 

Vertical Velocity Within data tag 

Absolute Altitude Within data tag 
Ground Speed Within data tag 

Aircraft ID Within data tag 

 

 

The visibility of each information element identified as a minimum requirement 

was also specified, that is, whether it should be always visible on the DAA display, or 

whether it could be shown in a data tag. Information shown within a data tag was only 

displayed if: 1) the data tag was selected for an intruder with a Proximal or Preventative 

threat level  

Table 5), or 2) an aircraft had a self separation or collision avoidance threat level 

(at which point the data tag information was automatically visible).  

The advanced information configurations provided additional information 

elements to the minimum information set listed in Table 6. Both the advanced display 

configurations depicted the predicted CPA location and time to CPA, while only the 

Advanced Integrated DAA display configuration also included a well clear ring and a 

vertical situation display.  
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CPA Location. At the onset of a self separation alert, the predicted physical 

location of the intruder’s CPA to ownship was depicted by a color-coded circle. In the 

Advanced Integrated condition, the ownship’s predicted location at CPA could also be 

displayed by hovering over the aircraft icon of the potential intruder. The CPA location 

remained on the display as long as a threat was active and automatically disappeared once 

an alert was cleared. 

Time to CPA. A countdown timer was triggered by the onset of a self separation 

alert, indicating the time remaining until CPA was reached. In the Advanced Standalone 

configuration, the time was displayed in data block the bottom left-hand corner of the 

display. In the Advanced Integrated configuration, the timer was displayed in the data tag 

of the relevant aircraft. The time disappeared from both the data tag and data block as 

soon as an alert was cleared. 

Well Clear Ring: The presence of a self separation alert enabled the appearance of 

a “well clear ring” around ownship. With a radius of 0.8 nm, the ring gave pilots a visual 

reference of the lateral collision avoidance threshold.  

Vertical Situation Display. A panel at the bottom of the Advanced Integrated 

configuration displayed a vertical profile of traffic +/- 1,000 ft vertically from ownship. 

The vertical situation showed traffic icons, heading predictors, CPA location, and 

appropriate color-coding for alert level. Range rings within the vertical situation display 

were designed to align with the range rings on the primary display of the GCS.  
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Maneuver Guidance 

Maneuver guidance was provided only in the advanced display configurations. 

The maneuver guidance provided both directive guidance, which provides a single 

recommended maneuver solution, in a text format, and suggestive guidance, which 

provides a range of potential solutions, in the form of trial planning tools. Pilots were not 

required to use or follow the guidance provided by the resolution tools included in this 

condition. Since they were implemented substantially differently within the Advanced 

Standalone (Figure 13) and Advanced Integrated (Figure 14) displays, they are described 

separately. The implementation of the auto-resolutions and trial planning tools in the 

Advanced Standalone DAA display condition is described below (Figure 13). 
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Figure 13. Screenshot of the Advanced Standalone DAA display condition during a self 
separation alert. The maneuver recommended by Autoresolver-AD is shown in the upper 
right-hand box (“Descend to: 14500 Feet”), the lateral trial planner is indicated by the 
magenta colored flight plan, the vertical trial planner (i.e., altitude tape) is located on the 
lower right side of the display, and the time to the predicted closest point of approach 
with the self separation alert is located in the bottom left. 

 

Auto-Resolutions. At the onset of a self separation alert, Autoresolver-AD 

(described in the next section) provided pilots with a recommended resolution maneuver. 

The maneuver appeared in a text box in the upper right hand of the display. If 

Autoresolver-AD computed a more effective maneuver, a “Refresh” button flashed 

continuously at the bottom of the display. When pressed, the new resolution maneuver 

replaced the previous one.  
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Trial Planning Tools. Two separate trial planning tools, each intended to give 

pilots the ability to ‘test’ various heading and altitude vectors by providing immediate 

feedback as to the predicted threat level of a proposed maneuver, were included. The 

tools were engaged automatically during self separation alerts and populated with the 

maneuver recommended by Autoresolver-AD. However, pilots were also able to engage 

the trial planning tools manually by selecting a dedicated button (“RAT”) at the bottom 

of the display.  

The lateral trial planning tool allowed pilots to superimpose a ‘proposed’ route 

line on top of their active route. The proposed route line could be manipulated without 

any impact to their active route. Using the superimposed route line, pilots could “trial 

plan” different heading vectors by clicking and dragging on a waypoint off the nose of 

the aircraft. As pilots moved a proposed waypoint away from their active route, a heading 

readout appeared adjacent to the waypoint, informing pilots of the exact heading vector 

being trial planned. The proposed route line was color-coded based on the predicted alert 

level for the trial-planned heading. Proposed headings that were predicted to lead to only 

proximal alerts turned the line magenta, while headings predicted to lead to at least one 

preventive alert turned the line white. Magenta was used instead of the corresponding 

grey color for proximal alerts, in order to be more visually salient to the pilot and 

distinctive from the actual current trajectory. Proposed headings that were predicted to 

lead to at least one self separation alert or at least one collision avoidance alert turned the 

route line yellow or red, respectively. While trial planning, halos appeared around 
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intruders that indicated their predicted threat level given the proposed trajectory. The 

halos were color-coded according to the predicted alert level of the associated intruder. 

Similar to the lateral tool, the vertical trial planning tool allowed pilots to probe 

different altitudes for their relative safety. In order to trial plan different altitudes, pilots 

manipulated an altitude tape positioned in the bottom right-hand corner of the display. 

The altitude tape included three different altitude ‘bugs’: current, commanded, and trial 

planning. The altitude tape was centered on the trial planning altitude bug, allowing pilots 

to test various altitudes by clicking and dragging the altitude tape’s surface. The trial plan 

altitude bug and the border of the altitude tape were then color coded using the same 

alerting logic described for the lateral trial planning tool.  

The implementation of the auto-resolutions and trial planning tools in the 

Advanced Integrated DAA display condition is described below (Figure 14). 
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Figure 14. Screenshot of the Advanced Integrated DAA display condition with an active 
predicted collision avoidance threat. The maneuver recommended by Autoresolver-AD is 
shown in the upper box (“Fly Heading 122”), the lateral trial planner is indicated by the 
arrow pointing to heading 122 off the nose of the ownship icon (center), the vertical trial 
planner is located on the far right side of the TSD, and the vertical situation display is 
shown in the lower quarter of the display. 

 

Auto-Resolutions. At the onset of a self separation alert, Autoresolver-AD 

provided pilots with a recommended maneuver. The text-based recommendation was 

displayed in the upper-right hand corner of the GCS primary display. If Autoresolver-AD 

computed a more effective maneuver, a “Refresh” button appeared directly below the 

recommended maneuver text. When pressed, the new resolution maneuver replaced the 

previous one.  

Trial Planning Tools. As with the Advanced Standalone condition, two separate 

trial planning tools, lateral and vertical, were included in the display. While the tools’ 
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overall function was still to allow pilots to test various heading and altitude vectors, their 

implementation had to be modified to allow for integration with the vehicle controls. 

Once again, the trial planning tools were automatically engaged at the onset of a self 

separation alert and populated with the maneuver recommended by Autoresolver-AD. 

The tools could also be launched manually in the absence of an active self separation 

alert. 

The lateral trial planning tool was integrated into the GCS’s autopilot interface. 

At the onset of a self separation alert the compass rose automatically opened on the 

primary GCS display and a vector arrow appeared, extending from ownship to the edge 

of the compass rose in the direction of the recommended Autoresolver-AD maneuver. As 

pilots dragged the heading bug, the collocated arrow gave instantaneous feedback as to 

the quality of the proposed heading. As with the proposed route line in the Advanced 

Standalone condition, the vector arrow was color-coded based on the safety level of the 

heading being probed. Proposed headings that were predicted to lead to only proximal 

alerts turned the vector arrow green, while headings predicted to lead to at least one 

preventive alert turned the arrow white. Proposed headings that were predicted to lead to 

at least one self separation alert or at least one collision avoidance alert turned the vector 

arrow yellow or red, respectively. Since the vector arrow was integrated into the autopilot 

interface, pilots could directly send any proposed heading holds up to the aircraft by 

pressing “Send” in the autopilot’s steering command window. 

The vertical trial planning tool utilized an altitude table permanently displayed on 

the far right side of the TSD. The altitude table consisted of five discrete altitude options: 
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one at the current altitude, two 1,000 ft above the current altitude (in 500 ft increments), 

and two 1,000 ft below the current altitude (also in 500 ft increments). The same color-

coding scheme as described for the lateral trial planning tool was used for the altitude 

table to indicate the predicted safety level of each altitude option.  Each altitude option 

was a selectable button and tied to the GCS’s autopilot interface. When pressed, the 

selected altitude was pushed to the steering command window. Pilots could then upload 

the new altitude to the aircraft by pressing “Send” within the steering command window. 

While trial planning with the lateral or vertical tools, halos appeared around intruders that 

were predicted to become a proximal, self separation or collision avoidance alerts. The 

halos were color-coded according to predicted alert 

Method 

Participants 

Twelve active duty RQ-4 pilots (M = 39 years of age) were recruited for this 

experiment. Participants had an average of 216 hours of experience flying UAS in 

combat and non-combat military operations. Eight of the participants had prior 

experience flying UAS in civil airspace, each with an average of 60 hours. A single 

retired air traffic controller served as a confederate for the study. 

Simulation Environment 

The simulation environment utilized in Experiment 1 contained a number of 

software and hardware components located at NASA Ames Research Center, all of which 

were networked using NASA’s Live Virtual Constructive (LVC) gateway (Murphy & 

Kim, 2013).  
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Ground Control Station 

Participants were situated at a UAS GCS containing two pieces of software 

distributed across four separate monitors, the Vigilant Spirit Control Station (VSCS) and 

the Cockpit Situation Display (CSD). Figure 15 shows the UAS GCS display set up. 

VSCS, developed by the Air Force Research Laboratory, is a mature GCS operator 

interface designed to support the control of UAS and their associated payloads 

(Feitshans, Rowe, Davis, Holland & Berger, 2008). In this study, VSCS generated three 

separate pilot displays in the ground station: a Tactical Situation Display (TSD), a health 

and status panel, and a simulated out-the-window nose camera display.  

The TSD (shown in Figure 16) served as the pilot’s primary display, providing 

ownship and route information, a moving map, and navigation and control interfaces. The 

TSD supported two separate vehicle control interfaces. The first, a waypoint-editing 

interface, allowed pilots to modify the assigned altitude or location of any waypoint on 

their mission route. The second, an autopilot editing interface, allowed pilots to enter into 

altitude, speed, and heading holds without modifying their mission route. Heading holds 

could be executed through numerical inputs to a steering command window or through 

interaction with a graphical compass rose interface (shown in Figure 17). The compass 

rose interface allowed pilots to drag a heading bug to their desired direction rather than 

enter the value manually. Altitude and speed holds, however, could only be executed 

using numerical inputs to the steering command window. Pilots uploaded changes to the 

aircraft by pressing a “Send” button within the steering command window. The TSD also 

hosted the DAA display in the integrated display configurations detailed above. 
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Figure 15. UAS GCS. CSD (not displayed), bottom left; TSD, bottom center; out-the-
window view, top center; health and status panel, bottom right. 

 

A health and status panel was positioned to the right of the TSD and contained 

subsystem information, telemetry data, a chat client, and an electronic checklist. The third 

VSCS display was a simulated out-the-window nose-camera view positioned directly 

above the TSD. This monitor included synthetic terrain and an integrated head up display 

with current airspeed, altitude and heading information. All interaction with the three 

VSCS components occurred through standard mouse and keyboard inputs.  
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Figure 16. Vigilant Spirit Control Station tactical situation display (AFRL/RH). 
Distribution A: Approved for public release; distribution unlimited, 3/18/2013; 88ABW-
2013-1303. 

 

 

Figure 17. Vigilant Spirit Control Station’s compass rose interface. 

 

A fourth monitor was populated by the CSD (shown in Figure 18), a 3D 

volumetric cockpit display of traffic information developed by the Flight Deck Display 
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Research Laboratory at NASA Ames Research Center (Johnson, Battiste & Bochow, 

1999). The CSD, positioned directly to the left of the TSD on a separate monitor, and as 

described above, was configured to display ownship information, surrounding traffic and 

alerting information, and, in select conditions, maneuver tools. Pilot interaction with the 

CSD, while limited, was enabled through standard keyboard and mouse inputs. Pilots 

were able to adjust the display range of the CSD by using the mouse’s scroll wheel within 

the boundary of the volumetric display or by using a range dial on an external menu. The 

CSD had a minimum display range of 10 nm and a maximum display range of 640 nm. 

Along with intruder and ownship information, the CSD provided pilots with range rings 

and heading markers along the edge of the display. For the purposes of this experiment, 

the CSD was restricted to a 2D top-down view and an ego-centric, north-up orientation.  
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Figure 18. The Cockpit Situation Display (CSD) developed by the Flight Deck Display 
Research Laboratory. 

  

Detect and Avoid System 

The DAA system utilized in this experiment was simulated using a software 

architecture called the Java Architecture for DAA Modeling and Extensibility (JADEM; 

Santiago, Abramson, Refai, Mueller, Johnson, & Snow, unpublished). JADEM is capable 

of modeling various components of the DAA system, including surveillance functions, 

like detect and track; alerting functions, such as evaluate, prioritize, and declare; and 

maneuver recommendation and determination functions. These DAA system functions 

provide the information elements, alerting, and maneuver guidance that is presented on 

the DAA traffic display. For a more complete description of the capabilities provided by 

JADEM see Santiago et al., unpublished.   
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Surveillance 

The software was configured to replicate Automatic Dependent Surveillance – 

Broadcast (ADS-B) surveillance, with a lateral sensor range of 80 nm and a vertical 

sensor range of +/- 5000 ft. Aircraft outside of this range were not displayed to the pilot.  

Alerting 

JADEM contained conflict detection logic that evaluated and prioritized 

surrounding traffic according to their predicted threat level with ownship. To calculate 

the predicted threat level, JADEM compared ownship’s known intent to surrounding 

traffic, extrapolating the intruder’s future position assuming their constant velocity. The 

spatial and temporal thresholds used to determine threats, along with their associated 

threat alerting levels as detailed in Table 5. 

Maneuver Guidance 

JADEM provided pilots in the advanced display conditions with text-based 

directive guidance (i.e., auto-resolutions) through its conflict resolution algorithm, 

Autoresolver-AD (Santiago et al., unpublished). Autoresolver-AD presented pilots with a 

recommended maneuver that was calculated as having the least amount of delay for 

resolving the active threat of all possible maneuvers (vertical or horizontal). If 

Autoresolver-AD was unable to generate a threat-free maneuver, the algorithm presented 

pilots with a maneuver that maximized the horizontal miss distance between ownship and 

the intruder. If at any point Autoresolver-AD computed a more effective (i.e., safer or 

more efficient) maneuver, pilots were given the ability to replace the previous 
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recommendation with the latest solution. Autoresolver-AD was disabled in the basic 

display conditions. 

Traffic Simulation 

The Multi-Aircraft Control Station (MACS) provided the air traffic simulation 

environment for this study (Prevot, 2002). MACS was used to generate simulated traffic 

targets, the confederate controller’s display, and two pseudo pilot stations. An en route air 

traffic control (ATC) display provided the confederate controller with the ability to 

realistically manage all traffic within the designated experimental sector (Oakland Center 

ZOA 40/41). Two pseudo pilot stations enabled confederate pilots to take control of, and 

respond as, any manned aircraft in the simulated airspace. All experimental participants 

communicated over a single voice IP communication application. 

Pilot Task 

Pilots were tasked with operating a simulated MQ-9 Reaper, “HAWK21,” along 

one of two pre-filed flight paths within Oakland Center airspace (ZOA 40/41). Pilots flew 

under instrument flight rules (IFR) and were responsible for navigating the aircraft and 

responding to a variety of scripted health and status tasks. These secondary tasks included 

responding to requests for status information (e.g., current fuel level) in a chat client and 

completing electronic checklists in response to aircraft system malfunctions. Pilots were 

also instructed to monitor their traffic display for potential safety of flight concerns. If a 

safety of flight threat was discovered, they were instructed to coordinate a maneuver with 

ATC (time permitting) and to upload the maneuver to the aircraft. They were encouraged 
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to minimize their deviation from the flight plan and to coordinate a return to their mission 

route and/or altitude with air traffic control as soon as practical. 

Scenarios 

Pilots flew two different mission routes, a “Fire Line” mission and a “Coastal 

Watch” mission. Each route started with HAWK21 already at mission altitude, flying 

towards its second programmed waypoint. There were no scripted altitude changes for 

either of the mission routes. The Fire Line mission route was level at 12,000 ft and 

Coastal Watch mission route remained level at 14,000 ft. Two different manned traffic 

scenarios were scripted to run alongside the two mission routes. Both traffic scenarios 

were developed by an ATC subject matter expert and designed to provide equivalent pilot 

workload. In each scenario, eight intruders were scripted to progress to a self separation 

then collision avoidance alert, absent of pilot action, while four different intruders were 

scripted to progress only to a preventive alert. All encounters were built for a single 

intruder, however, dynamic changes to the surrounding traffic made it possible for 

multiple intruders to occur simultaneously. Live traffic data was referenced in order to 

help simulate traffic patterns and densities that were representative of a busy day at 

Oakland Center. 

Procedure 

Training 

Participants first completed an informed consent form and a demographics form, 

which elicited information regarding their experience in manned and unmanned aviation. 

This was followed by a brief overview of the day’s schedule and an introduction to the 
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pilot tasks. Pilots then underwent extensive training on the basic functionality of VSCS. 

This included practice on how to use the TSD’s vehicle control interfaces as well as how 

to perform the various health and status tasks that would be present during the 

experimental trials. Pilots concluded this portion of the training with a 20 min practice 

scenario. Pilots received hands-on training and completed additional 20 min practice 

scenarios prior to all subsequent display conditions. 

Experimental Trials 

Participants completed four, 37 min experimental trials. All participants received 

the four different DAA display conditions described above: Basic Standalone, Basic 

Integrated, Advanced Standalone, and Advanced Integrated. The presentation of the 

display conditions was counterbalanced across participants to account for order and 

learning effects. Following each experimental trial, participants completed the NASA 

Task Load Index (TLX; Hart & Staveland, 1988) and a post-trial subjective 

questionnaire, which focused on the unique display elements of the preceding condition. 

A post-simulation questionnaire and debrief followed the final experimental trial. 

Measures 

All measured response and loss of well clear metrics detailed in Chapter 3 were collected. 

Results 

Measured Response 

Each of the five measured response metrics listed above were analyzed utilizing a 

2 (information level: basic, advanced) X 2 (display location: standalone, integrated) 

repeated measures Analysis of Variance (ANOVA) with Bonferroni pairwise corrections 
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for the main effect post hoc comparisons. An alpha level of .05 was used for all analyses. 

Significant interactions were analyzed using T test comparisons. Pilots responded to a 

total of 261 discrete alerts, 251 alerts appeared initially at the self separation threshold 

level, the remaining ten alerts appeared initially at the collision avoidance threat level. 

The means for each metric by display configuration is shown in Table 7.  

 

Table 7. Measured response means by display configuration for Experiment 1. 

 Notification 
Time 

Clearance 
Approval 

Time 

Proportion 
Uploads with 

Clearance 

Initial 
Response 

Time 

Initial 
Edit 
Time 

Total 
Edit 
Time 

Total 
Response 

Time 
Basic 

Standalone 31.91s  5.24s 0.49 15.26s 13.02s 21.60s 38.68s 

Basic 
Integrated 32.41s  5.04s 0.56 21.62s 17.11s 22.65s 44.86s 

Advanced 
Standalone  25.91s 5.01s 0.56 18.30s 11.43s 16.28s 35.60s 

Advanced 
Integrated  26.68s  5.21s 0.50 22.08s 5.51s 10.08s 32.35s 

Grand 
Mean 29.23s 5.12s 0.53 19.32s 11.77 17.65s 37.87s 

 

 

Notification Time  

The main effect of information level on pilot notification time approached 

statistical significance, F(1, 11) = 4.432, p = .059. The advanced displays (M  = 25.99; SE  

= 2.78) appeared to support faster pilot notification times than the basic displays (M = 

32.16; SE  = 4.85). There was no significant main effect of display location, F(1,11) = 

.140, p > .05, nor was there a significant interaction, F(1, 11) = .018, p > .05 (Figure 19).  
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Figure 19. Notification time by information level and display location. 

 

Clearance Approval Time 

There was not a significant interaction of information level by display location for 

clearance approval time, nor were either of the main effects significant, p > .05. It took, 

on average, 5.12 sec for the confederate controller to begin transmission of a clearance 

approval after the beginning of pilots’ request for one. 

Proportion of Uploads with Clearance Approval 

There was not a significant interaction of information level by display location for 

the proportion of maneuvers that received prior approval, nor were either of the main 

effects significant, p > .05. Across all displays, 53% of all maneuvers had clearance 

approval prior to the initiation of the maneuver. 

Initial Response Time  

There was not a main effect of information level on initial response time, F(1, 11) 

= .459, p  > .05. However, the main effect of display location on initial response time 
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approached significance, F(1, 11) = 4.635, p  = .054. Pilots’ initial response time 

appeared faster for the standalone displays (M = 16.78; SE = 1.80) compared to the 

integrated displays (M  = 21.85; SE  = 2.20). The interaction between information level 

and display location was not significant, F(1, 11) = .239, p  > .05 (Figure 20). 

 

 

Figure 20. Initial response time by information level and display location. 

 

Initial Edit Time  

There was a significant interaction of information level and display location on 

pilots’ initial edit time, F(1, 11) = 13.851, p  < .01 (Figure 21). Post hoc pairwise T tests 

revealed a significant difference in initial edit time between the basic (M = 17.11; SE = 

3.11) and advanced (M = 5.51; SE  = 3.42) displays for the integrated display condition, 

t(11) = 3.449, p  < .01. However, the difference between basic and advanced was not 

significant for the standalone condition displays, t(11) = 1.126, p > .05. The difference 

between basic and advanced for the integrated displays was large enough to result in a 
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significant main effect of information level on initial edit time, F(1, 11) = 8.972, p < .05. 

There was not a significant main effect of display location on initial edit time, F(1, 11) = 

.139, p > .05.  

 

 

Figure 21. Initial edit time by display location and information level. 

 

Total Edit Time  

Information level had a significant effect on total edit time, F(1, 11) = 11.821, p < 

.01 (Figure 22). The advanced displays (M = 13.18; SE = 2,48) had significantly shorter 

edit times than the basic displays (M = 22.12; SE = 3.14). There was not a significant 

main effect of display location on total edit time, F(1, 11) = 1.192, p > .05, nor was there 

a significant interaction between information level and display location, F(1, 11) = 2.804, 

p  > .05. 
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Figure 22. Total edit time by information level. 

 

Total Response Time  

 There was a significant main effect of information level on total response time, 

F(1, 11) = 6.619, p  < .05 (Figure 23). On average, the advanced display condition (M = 

33.98; SE = 3.34) was 13.79 sec faster than the basic display condition (M = 41.77; SE = 

3.53). The main effect for display location and the interaction were not significant, F(1, 

11) = .633 and F(1, 11) = 2.472, respectively, p > .05. 
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Figure 23. Total response time by information level. 

 

Loss of Well Clear  

Due to a low number of losses of well clear across all display configurations, the 

proportion of losses of well clear were analyzed utilizing separate paired-samples t-tests 

for each independent variable (information level and display location). An alpha level of 

.05 was used for all analyses. Descriptive statistics and distributions are provided for the 

severity metric. 

Proportion 

The proportion of losses of well clear by information level and display location is 

shown in Table 8. There was not a significant difference in the proportion of losses of 

well clear by information level, t(11) = 1.185, p > .05 (Figure 24). There also was not a 

significant difference in the proportion of losses of well clear by display location, t(11) = 

.225, p > .05 (Figure 24). The proportion of encounters that resulted in a loss of well clear 

across all displays was 0.440, or 44%.  
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Table 8. Proportion of encounters that resulted in losses of well clear by information level 
and display location. 

 
Basic Advanced Grand Mean 

Standalone 0.55 0.37 0.46 

Integrated 0.49 0.28 0.42 

Grand Mean 0.51 0.36 0.44 

 

 

   

Figure 24. Proportion of encounters that became losses of well clear by information level 
(left) and display location (right). Reprinted with permission from Santiago & Muller 
(2015), Pilot Evaluation of a UAS Detect-And-Avoid System’s Effectiveness in Remaining 
Well Clear. 

 

Severity 

The means of the separation index across all four display configurations are 
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percentiles) of severity indices by information level and display location is shown using 

box plots in Figure 25. Overall, Advanced Standalone had the highest separation index 

(M = 1.42; SE = .256) while Basic Integrated had the lowest separation index (M = 1.08; 

SE = .054). The mean separation index across all displays was 1.23. 

 

Table 9. Mean separation index across all display configurations. 

 
Basic Advanced Grand Mean 

Standalone 1.11 1.42 1.17 

Integrated 1.08 1.19 1.14 

Grand Mean 1.10 1.41 1.23 

 

 

    

Figure 25. Separation index distribution by information level (left) and display location 
(right). The lower and upper boxes represent the bottom 25th and 75th percentiles, 
respectively, the median is indicated by the line intersection the boxes, and the minimum 
and maximum values are shown by the lower and upper whiskers. 
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Results Summary 

The advanced information displays showed an advantage in terms of pilot 

performance over the basic, or minimum information, displays. Both the standalone and 

integrated versions of the advanced display condition showed significantly faster 

response times than the basic display conditions for two of the reported metrics: total edit 

time and total response time. In addition, the Advanced Integrated display supported 

significantly faster initial edit times than the Basic Integrated display. Finally, there was a 

trend toward lower proportions of losses of well clear for the advanced information level 

compared to based, which, while not statistically significant, provide converging 

evidence of the better performance of the two advanced displays compared to their basic 

counterparts. 

Surprisingly however, there were no significant findings for display location; of 

the six response time metrics reported only one, initial response time, showed a near 

significant difference between standalone and integrated. In terms of the loss of well clear 

results, proportion and separation index appeared to be nearly identical across the two 

levels of this independent variable. 
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Chapter 5: Experiment Two 
 

Overview 

Experiment 2 followed immediately on the heels of Experiment 1, with the main 

goal of determining which of the Advanced Integrated display features contributed to 

better pilot performance. No major changes had been made within the SC-228 committee 

between Experiment 1 and 2; the committee was still working from the original detect 

and avoid (DAA) draft whitepaper published in November 2013 (RTCA, 2013a). At the 

time, the well clear separation threshold was being defined separately from SC-228 by 

the Sense and Avoid Science Research Panel (SARP), a group of key experts from 

government organizations (Cook, Brooks, Cole, Hackenberg & Rask, 2015), although no 

final decision had yet been made. Experiment 2 was a distributed simulation, utilizing 

facilities at both NASA Armstrong and NASA Ames to highlight the capabilities of 

NASA’s UAS Integration into the NAS (UAS-NAS) project. 

Purpose 

Experiment 1 presented pilots with basic traffic display and advanced traffic 

display configurations. The advanced display configurations contained a suite of 

maneuver guidance tools that were meant to aid pilots in their determination of an 

appropriate resolution maneuver, whereas the basic displays lacked any maneuver 

guidance. The location of the traffic display was also manipulated, either integrating the 
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traffic information within the UAS moving map interface or situating the traffic 

information outside of the moving map in a standalone capacity. This resulted in a total 

of four different conditions for pilots: Basic Standalone, Basic Integrated, Advanced 

Standalone and Advanced Integrated. 

Experiment 1 concluded that the advanced display configurations lead to the best 

performance overall with significantly shorter initial and total edit times, as well as 

significantly faster total response times, compared to the basic display configurations. 

Although the only statistically significant difference between the Advanced Standalone 

and Advanced Integrated displays was in initial edit time, the Advanced Integrated 

display trended toward shorter response times total edit times and total response times 

compared to the Advanced Standalone, and also had the lowest proportion of losses of 

well clear across all for displays compared. Thus, the Advanced Integrated was identified 

as being associated with the most acceptable pilot performance. 

However, since the Advanced Integrated display configuration contained a suite 

of advanced information features and maneuver guidance, Experiment 1 could not 

provide conclusive input to specific minimum human machine interface (HMI) 

requirements for a DAA system. The goal of Experiment 2 was to systematically study 

the features of the Advanced Integrated display from Experiment 1 with the hope of 

determining the specific tool(s) that provide the greatest benefit to pilots, and therefore 

which HMI elements might constitute the minimum requirements for DAA. 
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Experimental Design and HMI Configurations 

This study utilized a within-subjects, repeated measures factorial design to assess 

pilots’ ability to maintain well clear across four different traffic display configurations: 

D1) Information Only (Info Only), D2) Information + Vector Planner Tools (Info + 

Vector), D3) Information + Auto-Resolutions (Info + AR), and D4) Information + Vector 

Planner Tools + Auto-Resolutions (Info + Vector + AR; Figure 26). The four displays 

provided pilots with different levels of maneuver guidance, with the Info + Vector + AR 

configuration being derived from the Advanced Integrated display in Experiment 1. In 

conditions where it was present, the maneuver guidance was integrated into the GCS 

command and control interfaces. Table 10 shows the alerting, information elements, and 

maneuver guidance for each display configuration.   

 

Table 10. Alerting, information elements and display location for the four display 
configurations in Experiment 1. 

 Info Only Info + Vector  Info + AR Info + Vector + 
AR 

Alerting     
Self Separation Alert ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Predicted Collision 
Avoidance Alert ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Collision Avoidance Alert ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Information Elements     
Minimum Information 
Elements (Table 12) ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
CPA Location ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Well Clear Ring ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 
Maneuver Guidance     
Recommended Maneuvers   ✔ ︎ ✔ ︎ 
Trial Planner Tools  ︎✔ ︎  ✔ ︎ 
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Figure 26. The four DAA displays that were evaluated in Experiment 2: Info Only (top 
left), Info + Vector (top right), Info + AR (bottom left), and Info + Vector + AR (bottom 
right).  

 

Alerting 

Thresholds. The same alerting and well clear thresholds from Experiment 1 were 

used in Experiment 2. The well clear threshold was 0.8nm lateral, 400ft vertical, and 40 

seconds to CPA. The DAA threshold for this experiment was 110 seconds, the time to 
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CPA of the self separation, and the predicted collision avoidance alerts, which alert to 

predicted losses of well clear. The same alerting structure was used for all four display 

conditions and included the predicted collision avoidance alert level.  

Alert Levels. Table 11 presents the multi-level alerting structure that was used in 

Experiment 2. Alert level was based on the location of and time to CPA between the 

ownship and an intruder aircraft. Both the location and time thresholds had to be met for 

an intruder to be assigned a threat level. Location of the CPA was measured by both the 

lateral distance, in nautical miles (nm), and vertical distance, in feet (ft), to the predicted 

CPA location. The time to CPA was measured in seconds (sec). As in Experiment 1, the 

collision avoidance and well clear thresholds were treated as equivalent.  

 

Table 11. The multi-level alerting structure used in Experiment 2 for all display 
configurations. 

Alert/Threat Level 
CPA Distance from Ownship Time to 

CPA Color Lateral Vertical  

Proximal > 2 nm > 900 ft N/A Grey 

Preventative < 2 nm < 900 ft < 120 sec White 

Self Separation < 1.2 nm < 900 ft < 110 sec Yellow 

Predicted Collision Avoidance < 0.8 nm < 400 ft < 110 sec Yellow, Red Border 

Collision Avoidance/Well 
Clear 

< 0.8 nm < 400 ft < 40 sec Red 
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Information Elements  

All display conditions in Experiment 2 contained the same baseline information 

elements, which was derived from the Advanced Integrated configuration in Experiment 

1. In addition to the “minimum information” set of requirements (Table 12) from 

Experiment 1, the baseline information configuration included predicted location of CPA 

and well clear ring. Time to CPA and the vertical situation display were removed based 

on subjective feedback from Experiment 1; time to CPA was rated low on a subjective 

usefulness scale, and while the vertical situation display had some very high subjective 

ratings, it also had some of the lowest subjective ratings and was considered to add to the 

perception of clutter on the display. The Display 1 (Information Only) configuration was 

limited to this set of information elements. 

 

Table 12. The minimum information set for the basic display condition. 

Intruder Information Visibility 
Location Always visible 
Range Always visible 
Bearing Always visible 
Heading Always visible 
Relative Altitude Always visible 
Vertical Trend Always visible 
Heading Predictor Always visible 
Vertical Velocity Within data tag 
Absolute Altitude Within data tag 
Ground Speed Within data tag 
Aircraft ID Within data tag 
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CPA Location. At the onset of a self separation alert, the predicted physical 

location of the intruder’s CPA to ownship was depicted by a color-coded circle. In the 

Advanced Integrated condition, the ownship’s predicted location at CPA could also be 

displayed by hovering over the aircraft icon of the potential intruder. The CPA location 

remained on the display as long as a threat was active and automatically disappeared once 

an alert was cleared. 

Well Clear Ring: The presence of a self separation alert enabled the appearance of 

a “well clear ring” around ownship. With a radius of 0.8 nm, the ring gave pilots a visual 

reference to the lateral collision avoidance threshold.  

Maneuver Guidance 

The other three display configurations utilized in Experiment 2 contained 

suggestive and/or directive maneuver guidance in addition to the baseline information set 

described above. Suggestive maneuver guidance presents pilots with a range of potential 

solutions to a potential conflict, while directive guidance recommends a single maneuver. 

Suggestive guidance was provided in the form of vector planner tools and directive 

guidance was provided via auto-resolutions. 

Vector Planner Tools  

The Info + Vector and Info + Vector + AR displays contained the vector planner 

tools, which included two separate vector planning tools, lateral and vertical. The tools 

allowed pilots to determine the predicted threat level associated with various heading and 

altitude vectors by querying a conflict resolution algorithm prior to the upload of a 

maneuver (Autoresolver-AD; Santiago & Mueller, 2015). The lateral vector planning tool 
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was integrated into the TSD’s autopilot interface (Figure 27). At the onset of a self 

separation alert the compass rose automatically opened on the TSD and a vector arrow 

appeared, extending from ownship to the edge of the compass rose in the direction of the 

recommended Autoresolver-AD maneuver. To use the lateral vector planner, pilots 

repositioned the vector arrow that changed color according to the threat level associated 

with the heading being tested.  

The vertical vector planner tool resided within an altitude table that was 

permanently displayed on the far right side of the TSD. The altitude table consisted of 

five discrete altitude options displayed as buttons: one at the current altitude, two 1,000 

feet above the current altitude (in 500 foot increments), and two 1,000 feet below the 

current altitude (also in 500 foot increments). When the vertical vector tool was engaged 

by the pilot (by hovering over it with the mouse), each altitude option in the table 

received a color-coded border according to its predicted threat level (Figure 27). 

Headings and altitudes that were predicted to lead to a collision avoidance threat were 

colored red, while those that were predicted to lead to a self separation or predicted 

collision avoidance threat were colored yellow. The tools turned white and green when 

the proposed vector was predicted to lead to preventive and proximal targets, 

respectively.  

As the heading bug and vector arrow were moved around the compass rose, the 

selected associated heading would be automatically populated in the GCS’s command 

and control auto-pilot interface. Similarly, when pilots clicked on an altitude button, that 

altitude populated the auto-pilot interface. It is important to note that the tools would only 
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allow a change to either the heading or the altitude at one time; if the lateral vector 

planner tool was engaged, the altitude field in the auto-pilot interface remained at current 

altitude and if the vertical vector planner tool was engaged, the heading field in the auto-

pilot interface remained at the current heading. When satisfied with a lateral or vertical 

maneuver, the pilot could upload the maneuver by pressing “Send” within the auto-pilot 

interface. While the tools automatically appeared at the onset of a self separation alert or 

higher, the tools could also be launched manually in the absence of an active self 

separation alert. 

 

  

Figure 27. The lateral (left) and vertical (right) vector planner tools. The white arrow on 
the lateral vector planner tool indicates that a small right turn would change current 
conflict from a self separation threat to preventive threat. The green-bordered altitude box 
indicates that a descent to 8000 ft MSL would result in a conflict free trajectory; the 
yellow-bordered altitudes indicate that altitudes from 8500 to 10,000 ft MSL would result 
in a self separation alert level. 
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Auto-Resolutions  

Info + AR and Info + Vector + AR added direct maneuver guidance, generated by 

Autoresolver-AD, to the feature set provided in the Information Only condition. Info + 

Vector + AR provided auto-resolutions in addition to the vector planner tools described 

above, while Info + AR provided only the information set and auto-resolutions. The 

directive maneuver guidance was presented via a text box in the upper right hand corner 

of the TSD, providing the pilot with a specific heading or altitude to fly in order to 

resolve a conflict (e.g., “Fly heading 343”, Figure 28). The recommended maneuver was 

also loaded into the auto-pilot interface. If pilots were comfortable with a maneuver 

suggested by Autoresolver-AD, they simply had to accept the maneuver to upload it to 

the aircraft.  

 

 

Figure 28. The auto-resolution text box providing directive guidance, here, “Fly heading 
343.” 

 

Method 

Participants 

Nine active duty UAS pilots (M = 46 years of age) participated in the study. All 

pilots had military UAS experience (average of 1182 hours of military combat & non-
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combat experience) and experience flying UAS in civilian airspace (average of 153 

hours). A single retired air traffic controller served as a confederate. 

Simulation Environment 

The simulation components for Experiment 1 and Experiment 2 were largely the 

same, with few notable modifications. First, Experiment 2 was a distributed simulation 

that took advantage of the Live Virtual Constructive (LVC) Gateway (Murphy & Kim, 

2013). In Experiment 2, the UAS GCS was located at NASA Armstrong Flight Research 

Center, along with simulated DAA system; the remaining simulation components were 

located at NASA Ames Research Center. Since Experiment 2 utilized different GCS 

hardware than was used in Experiment 1, the physical layout of the GCS displays was 

slightly different also, although the number of displays (four) remained the same. Second, 

since Experiment 2 utilized only an integrated DAA display, the health and status panels 

were allocated to both the lower left and right displays (in Experiment 1 the lower left 

display was reserved for the standalone display conditions). Finally, Experiment 2 

simulated two types of aircraft based on different surveillance capabilities, cooperative 

and non-cooperative aircraft; in Experiment 1, only the former was simulated by the 

DAA system. 

Ground Control Station 

As in Experiment 1, participants in Experiment 2 interacted with the simulation 

software using desktop PCs and standard keyboard and mouse inputs. The UAS pilot 

participants were situated at a UAS GCS containing the Vigilant Spirit Control Station 

software (VSCS; Feitshans, Rowe, Davis, Holland & Berger, 2008). Figure 29 shows the 
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UAS GCS display set up. VSCS generated four separate displays: the Tactical Situation 

Display (TSD), an out-the-window view, and two side panels. The TSD served as the 

pilot’s primary display, providing ownship and route information, traffic information, a 

moving map, and navigation/control interfaces. The out-the-window view provided pilots 

with synthetic terrain information and an integrated head-up display. The two side panels 

included health and status windows, a chat client, and an electronic checklist.  

 

 

Figure 29. UAS GCS set up for Experiment 2; TSD, bottom center; out-the-window 
view, top center; health and status panel, bottom right and bottom left. 

 

Detect and Avoid System 

The Java Architecture for DAA Modeling and Extensibility (JADEM) was 

utilized in this experiment as the traffic surveillance, threat detection, and maneuver 
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guidance calculation system (Santiago, Abramson, Refai, Mueller, Johnson, & Snow, 

unpublished).  

Surveillance 

JADEM referenced a quantified definition of well clear in order to determine the 

associated threat level of any aircraft within range of a two simulated sensors, 

cooperative and non-cooperative, which had different ranges. The simulated cooperative 

sensor was based on Automatic Dependent Surveillance – Broadcast (ADS-B) and with a 

lateral range of 80 nm and a vertical range of +/- 5000 ft. The non-cooperative sensor 

range was based on the current state of the art onboard active radar with a lateral range of 

6 nm, an azimuth of +/- 110 degrees (from the nose of the ownship), and an elevation of 

+/- 20 degrees (from horizontal).  

Alerting 

The multi-level alert structure (shown in Table 11) used the predicted lateral and 

vertical distance at CPA between ownship and the intruder and the time to CPA to 

determine the threat level for nearby aircraft. Predicted distance was calculated using 

ownship intent information and intruders’ state information. 

Maneuver Guidance 

JADEM also contained Autoresolver-AD, a conflict resolution algorithm that 

supported the vector planner tools and auto-resolutions described above. 

Traffic Simulation 

The Multi-Aircraft Control Station (MACS) software suite was used to generate 

simulated traffic targets, controller displays, and two pseudo pilot displays (Prevot, 
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2002). The confederate controller managed all simulation traffic, including the simulated 

UAS, from their controller station. Pseudo pilots were likewise able to take control of, 

and respond as, any manned aircraft in the simulated airspace at their respective MACS 

stations.  

Pilot Task 

Pilots were tasked with operating a simulated UAS in Oakland Center airspace 

(ZOA 40/41) under Instrument Flight Rules (IFR). Participants were instructed to 

prioritize their responsibilities in the following way: 1) comply with ATC clearances and 

traffic display alerts to maintain well clear, 2) maintain the pre-approved course and 

altitude as much as practical, and 3) monitor and respond to secondary chat and health 

and status tasks. Pilots were told to coordinate any maneuvers around traffic with ATC, 

time permitting. VSCS emulated the performance characteristics of an MQ-9 (Reaper). 

Scenarios 

The “Fire Line” mission was retained from Experiment 1. Two versions of the 

“Fire Line” mission route were created with different altitudes. Both mission routes were 

contained entirely within Class E airspace. Each flight plan had an associated traffic 

scenario, which resulted in pilots receiving each route and its traffic scenario twice. The 

simulated traffic scenarios were scripted by an ATC subject matter expert and designed 

to reflect a busy, current day at Oakland Center. The traffic scenarios provided the 

manned background traffic that populated the experimental sector and included eight 

scripted encounters with the UAS with the intention of testing the pilot’s ability to 

respond to DAA alerts. 
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Procedure 

Training 

Participants completed an informed consent for minimal risk form and a 

demographic survey that elicited information about their manned and unmanned flight 

experience. Participants began with extensive training on the basic functionality of 

VSCS, receiving instruction on the TSD’s vehicle control interfaces and how to 

successfully complete the secondary tasks. Pilots received additional, dedicated hands-on 

training, along with 20-minute practice sessions, on each display configuration prior to its 

associated experimental trial. 

Experimental Trials 

Participants completed a 37-minute experimental trial for each of the four display 

conditions. Over the course of the experimental trial, pilots were required to maintain 

well clear from scripted conflicts utilizing the tools available in the given display 

condition. The order of presentation of the four displays was counterbalanced across 

participants to account for order effects. 

Measures 

All measured response and loss of well clear metrics detailed in Chapter 3 were collected. 

Results 

Measured Response  

The results that follow compare pilots’ ability to respond to self separation and 

collision avoidance alerts with the four different display configurations: Info Only, Info + 

Vector Planner, Info + AR, and Info + Vector + AR. Each of the response time metrics 
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(except stage execution time) described above were analyzed using a one-way repeated 

measures Analysis of Variance (ANOVA). An alpha level of .05 was used for all 

analyses, with Bonferroni corrections made for pairwise comparisons. Means for all four 

displays across all measured response metrics (except stage execution time) are provided 

in Table 13.  

 

Table 13. Measured response means by display configuration for Experiment 2.  

 Notification 
Time 

Clearance 
Approval 

Time 

Proportion 
Uploads with 

Clearance 

Initial 
Response 

Time 

Initial 
Edit 
Time 

Total 
Edit 
Time 

Total 
Response 

Time 

Info Only 13.68s 5.68s 0.42 7.83s 8.10s 8.91s 16.75s 

Info + 
Vector 13.61s 5.65s 0.47 7.14s 9.04s 10.15s 17.29s 

Info +  
AR 12.01s 5.67s 0.40 9.45s 2.76s 4.70s 14.15s 

Info + 
Vector + AR 14.89s 5.26s 0.34 6.87s 4.34s 4.44s 11.52s 

Grand 
Mean 13.54s 5.56s 0.41 7.98s 6.07s 6.94s 14.92s 

 

 

Notification Time 

Display configuration did not have a significant impact on notification times, 

F(3,24) = 0.37, p > .05. The mean notification time across all displays was 13.42 sec. 

Clearance Approval Time 

There was not a significant effect of display configuration on clearance approval 

time, p > .05. It took, on average, 5.56 sec for the confederate controller to begin 

transmission of a clearance approval after the beginning of pilots’ request for one. 

Proportion of Uploads with Clearance Approval 
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There was not a significant effect of display configuration on the proportion of 

maneuvers that received prior approval, p > .05. Across all displays, 41% of all 

maneuvers had clearance approval prior to the initiation of the maneuver. 

Initial Response Time 

Display configuration also failed to have a significant effect on pilots’ Initial 

Response Times, F(3,24) = 0.52, p > .05. The mean initial response time across all 

display configurations was 7.98 sec. 

Initial Edit Time 

Display configuration did have a significant main on initial edit times, F(3,24) = 

11.51, p < .001 (Figure 30). Info + Vector (M = 9.04, SE = 0.97) resulted in significantly 

longer initial edit times than both Info + AR (M = 2.76, SE = 0.50) and Info + Vector + 

AR (M = 4.34, SE = 1.23), p’s < .05. Initial edit times for Info Only (M = 8.10, SE = 

1.19) were also found to be significantly longer than those seen for Info + AR (p < .05), 

while the difference between Info Only and Info + Vector + AR conditions approached 

significance (p = 0.69).  
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Figure 30. Initial edit times by display configuration. 

 

Total Edit Time 

Display configuration was also found to have a significant effect on total edit 

times, F(3,24) = 4.50, p < .05 (Figure 31). Info + Vector + AR condition resulted in 

significantly shorter total edit times (M = 4.65, SE = 1.13) than Info + Vector (M = 10.15, 

SE = 1.19), p < .05.  
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Figure 31. Mean total edit times by display configuration. 

 

Total Response Time 

There was not a significant effect of display configuration on total response times, 

although it did approach significance, F(3,24) = 2.37, p = 0.10 (Figure 32). Info + Vector 

resulted in the longest total response times (M = 17.29, SE = 1.32), while Info + Vector + 

AR resulted in the shortest (M = 11.52, SE = 1.87). 

 

0

2

4

6

8

10

12

Info!Only Info!+!Vector Info!+!AR Info!+!Vector!+!
AR

M
ea
n!
Ti
m
e!
(s
)

Display



 

112 
 

 

Figure 32. Mean total response times by display configuration. 

 

Loss of Well Clear 

The proportion of losses of well clear was analyzed using a one-way repeated 

measures Analysis of Variance (ANOVA) for display configuration (Info Only, Info + 

Vector Planner, Info + AR, and Info + Vector + AR). An alpha level of .05 was used for 

all analyses, with Bonferroni corrections made for pairwise comparisons. Due to the low 

numbers of losses of well clear, descriptive statistics only are provided for the severity 

metric. 

Proportion 

There was not a significant difference in the proportion of losses of well clear by 

display configuration, F(3, 27) = 1.266, p > .05 (Figure 33). The proportion of encounters 

that resulted in a loss of well clear across all displays was 0.130, or 13%. Table 14 shows 

the number and proportion of losses of well clear by display configuration. 
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Figure 33. Proportion of encounters that became losses of well clear by display condition. 
Reprinted with permission from Santiago & Muller (2015), Pilot Evaluation of a UAS 
Detect-And-Avoid System’s Effectiveness in Remaining Well Clear. 

 

Table 14. Number, proportion, and mean separation index of losses of well clear by 
display condition.  

 
Info Only Info + Vector Info +AR Info + Vector + 

AR 
Grand 
Total 

Number of Losses 
of Well Clear 8 6 3 2 19 

Proportion of 
Losses of Well 
Clear 

0.227 0.157 0.082 0.053 0.130 

Mean Separation 
Index 1.13 1.24 1.43 2.06 1.30 

 

 

Severity 

The means of the separation index across all four display configurations are 

shown in Table 14. The distribution (minimum, maximum, median, and 25th and 75th 
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percentiles) of separation indices by display type is shown using box plots in Figure 34. 

Overall, the Info + Vector+ AR had the highest separation index (M = 2.06; SE = .149) 

while Info Only had the lowest separation index (M = 1.13; SE = .066). The mean 

separation index across all displays was 1.30. 

 

  

Figure 34. Separation index distribution by display configuration. The lower and upper 
boxes represent the bottom 25th and 75th percentiles, respectively, the median is indicated 
by the line intersection the boxes, and the minimum and maximum values are shown by 
the lower and upper whiskers. 

 

Results Summary 

This experiment failed to reveal significant differences in pilot performance 

across most of the measures analyzed. There as a significant difference in edit times 

between the two display configurations that included the auto-resolutions tool (Info + AR 

and Info + Vector + AR) compared to the two display configurations that did not contain 

this tool, however, these differences did not correlate with significantly faster total 
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response times overall.  Despite a lack of significant differences, however, the measured 

response and loss of well clear results showed converging trends toward better pilot 

performance in maintaining well clear with the Info + AR and Info + Vector + AR 

displays, with the best performance observed for the latter display. 
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Chapter 6: Experiment 3 
 

Overview 

Data collection for Experiment 3 began in March 2015. A well clear separation 

threshold had been recommended by the Sense and Avoid Science and Research Panel 

(SARP) in August 2014, right after the start of planning for Experiment 3 (SARP; Cook, 

Brooks, Cole, Hackenberg & Rask, 2015). The quantitative well clear definition 

recommended by the SARP consisted of a modified tau3 value of 35 sec (to CPA) in the 

horizontal dimension with a horizontal miss distance (HMD) and a distance modifier 

(DMOD), both of 4000 ft. The distance threshold applies to the predicted location of 

CPA. The distance modifier provides a minimum distance from ownship for well clear 

given a slow closure rate. Thus, in order to cross the horizontal threshold of this well 

clear definition, an intruder must be less than 35 sec to CPA with the predicted CPA 

inside the 4000 ft threshold, or, the intruder itself is within the 4000 ft distance modifier. 

The SARP well clear definition also includes a fixed vertical separation threshold (for 

intruder location) of 700 ft. With this well clear formulation, depicted in Figure 35, a loss 

                                                
 

3!TAU!is!time-based!concept!calculated!as!the!slant!range!between!aircraft!divided!by!the!rate!of!closure!
or!range!rate.!
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of well clear occurs when another aircraft penetrates both the horizontal and vertical 

thresholds. 

 

 

Figure 35. SARP well clear threshold recommendation. Reprinted with permission from: 
RTCA (2015c), DRAFT Minimum Operational Performance Standards (MOPS) for 
Unmanned Aircraft Systems (UAS) Detect and Avoid (DAA) Systems, Appendix C, 
Development of DAA Well Clear 

 

Subsequent to the SARP’s recommendation, the Federal Aviation Administration 

(FAA) issued a whitepaper expressing operational concerns about the 700 ft vertical 

separation requirement of the SARP’s proposed well clear definition, since the existing 

accepted separation between instrument flight rules (IFR) and visual flight rules (VFR) 

aircraft is 500 ft (Walker, 2014). In order to accommodate operational concerns, but also 

to maintain the integrity and vertical protection of the selected well clear threshold, the 

FAA whitepaper proposed to change the well clear definition to 450 ft vertical separation, 

but to add 250 ft protection in the vertical dimension with the use of a traffic alert or 

advisory in the DAA alert structure. This modified well clear definition from the FAA 

whitepaper is depicted in Figure 36. It is the definition that was adopted by SC-228 and 

became the basis for a new alert structure. 
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Figure 36. FAA whitepaper well clear threshold recommendation. Reprinted with 
permission from: RTCA (2015c), DRAFT Minimum Operational Performance Standards 
(MOPS) for Unmanned Aircraft Systems (UAS) Detect and Avoid (DAA) Systems, 
Appendix C, Development of DAA Well Clear 

 

In addition to the new well clear definition adopted by SC-228, a number of other 

changes were made to the proposed alert structure (Table 15). The first major change to 

the alert structure was in the use of yellow and red intruder symbology. The use of a red 

outline around a yellow intruder icon, used for the predicted collision avoidance alert 

level in Experiments 1 and 2, was deemed non-standard and out of compliance with 

existing FAA guidelines that require the use of a yellow or red icon, e.g., Advisory 

Circular: Flightcrew Alerting [Department of Transportation (DOT), 2010]. According to 

these existing regulations, the use of yellow (caution) and red (warning) provide urgency 

information to pilots as well as the expected immediacy of actions. Advisory Circular 

24.1322-1 (2010) defines a caution as “the level or category of alert for conditions that 

require immediate flightcrew awareness and a less urgent subsequent flightcrew response 

than a warning alert,” and a warning alert as “the level or category of alert for conditions 

that require immediate flightcrew awareness and immediate flightcrew response.” In 

order to comply with existing flightcrew alerting requirements for manned aviation, the 
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alert structure was updated to reflect expected pilot actions for each alert level (shown in 

the third column of Table 15).  

The second major change to the alert structure was the addition of an alert level 

with the sole purpose of notifying the pilot of a need to take immediate action to avoid a 

loss of well clear. The addition of this alert level (DAA warning alert, level 4 in Table 

15) was based on the comparison of total response time for maneuvers with and without 

an attempt to obtain a prior clearance from air traffic control (ATC). This data revealed 

that pilots took on average 11 sec to upload a final maneuver in response to a DAA alert 

when ATC was not contacted versus 19 sec when an attempt to contact ATC was made. 

The purpose of the DAA warning alert is to indicate to the pilot that they should 

maneuver immediately and then contact ATC as soon as possible afterward. The alert is 

triggered when there is a predicted loss of well clear with 25 sec or less until penetration. 

Thus, the DAA warning alert uses the same “predicted a loss of well clear” criteria, 

however, it shortens the time required to 25 sec to loss of well clear (roughly 60 sec to 

CPA using a 35 sec modified tau). This alert essentially allocates roughly 11 sec to pilot 

response time and 14 sec to aircraft maneuver time in order to avoid a loss of well clear. 

The alert symbology is red, which in compliance with the flightcrew guidelines, indicates 

that immediate response by the pilot is necessary. The corrective DAA alert also uses the 

same “predicted loss of well clear” criteria as the DAA warning alert but the time criteria 

is extended out further to 75 sec to loss of well clear, or approximately 110 sec to CPA, 

making it essentially equivalent to the predicted collision avoidance alert from 
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Experiments 1 and 2, with the clear pilot action to contact ATC to obtain a clearance 

prior to maneuvering. 

 

Table 15. Proposed SC-228 MOPS alert structure. 

Alert1

Level1
Name1 Pilot1Action1

Alert1Time1(time1until1

penetrating1

separation1criteria)1

Symbology1
Aural1Alert1

Verbiage1

41

DAA1

Warning1

Alert1

•!Immediate(action(
required1
•!Notify1ATC1as1soon1as1
practicable1after1taking1

action1

251sec1

(tCPA1approximate:1

601sec)1 1

“Traffic,1

Maneuver1

Now”1

31
Corrective1

DAA1Alert1

•!On1current1course,1
corrective(action(
required1
•!Coordinate1with1ATC1to1
determine1an1appropriate1

maneuver1

751sec1

(tCPA1approximate:1

1101sec)1 1

“Traffic,1

Separate”1

21
Preventive1

DAA1Alert1

•!On1current1course,1
corrective1action1should(
not(be(required1
•!Monitor1for1intruder1
course1changes1

•!Talk1with1ATC1if1desired1

751sec1

(tCPA1approximate:1

1101sec)1 1

“Traffic,1

Monitor”1

11

DAA1

Proximate1

Alert1

•!Monitor1target1for1
potential1increase1in1threat1

level1

851sec1

(tCPA1approximate:1

1201sec)1 1

N/A1

01
None1

(Target)1
•!No1action1expected1 N/A1

1
N/A1

  

 

A third change to the alert structure is the introduction of the preventive DAA 

alert (alert level 2). This alert level provides the vertical protection to the well clear 

threshold as described by the FAA whitepaper on well clear (Walker, 2014) and depicted 

in Figure 36. The preventive DAA alert has a vertical threshold of 700 ft, and it’s primary 
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purpose is to alert the pilot to aircraft that currently have achieved the acceptable 500 ft 

separation, but for which a sudden change in altitude by either the ownship or the intruder 

could make a loss of well clear imminent. A 0.25 nm buffer was also added to the 

horizontal miss distance so that the preventive DAA alert provides both a horizontal and 

vertical buffer around a predicted loss of well clear. This alert level informs the pilot that 

an intruder is currently not predicted to result in a loss of well clear, but that it is close 

enough to the well clear thresholds that it should be monitored for changes in trajectory. 

Another change to the alert structure was the removal of the collision avoidance 

alert level from Experiments 1 and 2. The purpose of this alert level in Experiments 1 and 

2 was to indicate to the pilot that a loss of well clear had occurred, and to emulate when 

an independent collision avoidance system would take over. The use of this alert level 

was deemed unnecessary for two reasons. One being that a pilot should be acting to avoid 

a loss of well clear prior to the loss happening, and that an actual loss of well clear does 

not change the expected pilot action to maneuver immediately. The second reason the 

alert is considered unnecessary for DAA, is that in the first phase of the DAA MOPS, the 

installation of a separate, certified, collision avoidance system, like the Traffic alert and 

Conflict Avoidance System II (TCAS II), is considered optional. The functional purpose 

of the DAA system is to remain well clear of other aircraft; the addition of a separate 

collision avoidance system is anticipated to provide an additional layer of protection on 

top of the DAA system. As such, the DAA alerting should not include collision 

avoidance alert levels, however it will be required to accommodate, or interoperate, with 

the current collision avoidance system standard (i.e., TCAS II). If/when a collision 
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avoidance system is integrated with the DAA system, it will provide its own alert level(s) 

in addition to the DAA alert levels. 

Finally, aural alerts were added to the alert structure for the preventive, corrective 

and warning alert levels. The verbiage was based on subject matter expertise within SC-

228, particularly from human factors professionals from the FAA, as well as relevant 

literature and regulatory guidance and recommendations regarding aural alerts, e.g., 

National Transportation Safety Board, 1992.  

Purpose 

Experiment 1 manipulated the location of the DAA display (standalone and 

integrated) and the level of DAA information (basic and advanced) provided to the pilot. 

The result of Experiment 1 revealed both faster pilot response times and lower rates of 

losses of well clear with the advanced information displays, with the best performance 

observed when UAS pilots were presented with the Advanced Integrated display 

configuration. However, because of the mix of an additional alert level, multiple 

information elements, and both directive (auto-resolutions) and suggestive (vector 

planner tools) guidance, the source(s) of the improved pilot performance could not be 

identified. There were no significant performance differences found in Experiment 1 

between the standalone and integrated display conditions. 

The goal of Experiment 2 was to isolate each of the additional display elements in 

the Advanced Integrated configuration from Experiment 1 in order to be able to asses 

their contribution to pilot performance in maintaining well clear from other aircraft. In 

order to do this, four display were compared: Info Only, Info + Vector (i.e., vector 
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planner tools), Info + AR (i.e., auto-resolutions), and Info + Vector + AR. The baseline 

Info Only condition contained three “advanced” features in addition to the minimum 

information set utilized in Experiment 1’s basic display conditions: the location of the 

intruder’s predicted CPA, the well clear ring (0.8 nm around ownship), and the predicted 

collision avoidance alert level. The Info + Vector display added suggestive maneuver 

guidance in the form of the vector planner tools that were utilized in the Advanced 

Integrated display from Experiment 1. The Info + AR display added directive maneuver 

guidance in the form of auto-resolutions, also utilized in the Advanced Integrated display 

configuration. Finally, the Info + Vector + AR display contained both the vector planning 

tools and the auto-resolutions, and was roughly the same as the Advanced Integrated 

display configuration. The results of Experiment 2 suggested that the directive guidance 

(i.e., auto-resolutions) contributed to better pilot performance. Though only a couple of 

response time metrics showed statistical significance, other response time metrics and the 

proportion of losses of well clear showed strong converging trends to better performance 

by the displays equipped with the auto-resolution features. Pilots spent roughly half the 

amount of time interacting with the GCS in these two and the loss of well clear rate 

dropped to up to half of what it was without the auto-resolutions. This improved 

performance was likely the result of the auto-resolution maneuver being auto-loaded into 

the vehicle’s control interfaces, which substantially reduced the amount of interaction 

time required by pilots to upload the maneuver to the aircraft in the cases where they 

were satisfied with the recommendation. This stands in contrast to the Info + Vector 

display condition, where pilots had to determine their own resolution and take additional 
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time (if so desired) to use the tools to ensure that the maneuver was safe, and then interact 

with the command and control interface to upload the desired maneuver to the aircraft. 

One of the conclusions from Experiment 2 was that forcing pilots to interact with 

maneuver guidance tools could erase the benefit of providing the in the first place. A 

conclusion based on the finding that the Info + Vector display had the slowest response 

times of all four display conditions as well as the highest rates of losses of well clear. The 

integrated nature of the directive maneuver guidance with its reduced GCS interaction 

time, along with its ability to circumvent the need for the pilot to determine their own 

maneuver, can therefore be understood as the primary factors behind the improved 

performance associated with the Advanced displays in Experiment 1.  

Despite the improved pilot performance seen with the integrated directive 

maneuver guidance tools in Experiments 1 and 2, their contribution to the DAA was not 

as straightforward. One issue was whether integration of guidance tools with a GCS 

command and control interface would be considered a minimum requirement that 

manufacturers would have to meet. The goal of the MOPS is to establish a minimum 

performance standard that has been validated to meet a specified level of safety, not to 

prescribe design solutions on manufacturers. The integration of required guidance is 

likely to be at the level of manufacturer design discretion, and not at the level of 

specification in the MOPS. Given that the MOPS are unlikely to specify that maneuver 

guidance be integrated, it is unclear if any benefits would be found with guidance tools 

that are not integrated into the command and control interface of the GCS. Secondly, as 

was mentioned at the end of the previous chapter, concerns about the certification 
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requirements for an algorithm that generates a single maneuver recommendation that 

pilots are required, or highly likely (if not required), to follow, falls outside of the scope 

and the resources of the phase 1 DAA MOPS. Finally, although pilot performance with 

directive guidance was roughly 50% faster and resulted in 50% less losses of well clear 

than without the directive guidance, performance differences overall were not found to be 

statistically significant, nor possibly practically significant (total response time difference 

were less than 6 s between the worst and best performing displays). In addition, if 

directive guidance is definitely taken out as an option for the DAA system, at least in the 

near term, the suggestive guidance in the form of vector planner tools in Experiment 

showed worse performance than the Info Only display condition, though the difference 

was not statistically significant. Thus, the data from Experiments 1 and 2 do not 

definitively show that maneuver guidance constitutes a minimum requirement for the 

DAA human machine interface (HMI). 

One of the main purposes of the current experiment was to evaluate various 

potential suggestive maneuver guidance tools or displays. In order to move beyond the 

concept of requiring pilot interaction with the tools, an alternate display form, “banding”, 

was tested. Banding is term for a display or algorithm approach in which bands of color 

are used to indicate safe and unsafe values or regions. In terms of cockpit displays of 

traffic information, the banding display that pilots are most familiar with is the resolution 

advisory display that is part of TCAS II, which was originally developed in the 1980s 

(DOT, 2011). This display uses colored bands to indicate on an instantaneous vertical 

speed indicator the vertical speed s to be avoided (red) and achieved (green). The original 
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“non-glass cockpit” resolution advisory display utilized the round-dial instantaneous 

vertical speed indicator display as shown in Figure 37. Newer implementations in glass 

cockpits use bands the vertical speed tape, sometimes with pitch cues as well (Figure 38). 

 

 

Figure 37. TCAS II resolution advisory display implemented on a round-dial 
instantaneous vertical speed indicator, with the required vertical rate indicated by a green 
“band” and the vertical rate to be avoided indicated by a red “band”. Reprinted from DOT 
(2011), Introduction to TCAS II Version 7.1. 
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Figure 38. TCAS II resolution advisory display implemented on the primary flight 
display. The right shows the implementation of the red and green bands on the vertical 
speed tape. The left shows the pitch cue implementation (red pitch lines in the center of 
the attitude direction indicator). Reprinted from DOT (2011), Introduction to TCAS II 
Version 7.1. 

 

In the early 2000s, researchers at different laboratories began working on various 

“free flight” concepts whereby separation assurance responsibility is moved from ATC to 

the pilots. Free flight concepts require an airborne separation assurance system that 

provides detection, prevention and resolution tools that can assist pilots in maintaining 

safe separation from other aircraft. Two laboratories in particular, one at NASA Langley 

Research Center in Hampton, VA, and one at the Dutch national aerospace laboratory 

(NLR), developed banding algorithms and displays as part of the suite of tools in their 

airborne separation assurance testbeds/prototypes. Figure 39 shows the conflict 

prevention heading and vertical speed bands that were developed at NASA Langley 
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Research Center as part of their prototype autonomous operations planner for Distributed 

Air/Ground Traffic Management project (Mondoloni, Palmer & Wing, 2002). Figure 40 

depicts the conflict prediction bands developed at NLR as part of their predictive airborne 

separation assurance testbed (Hoekstra, van Gent & Ruigrok, 2002).  

 

 

Figure 39. Illustration of NASA Langley Research Center’s conflict prevention heading 
(right) and vertical speed (left) bands. Conflict prevention bands were generated by the 
prototype autonomous operations planner. Images reprinted from Mondoloni, Palmer & 
Wing (2002), Development of a Prototype Airborne Conflict Detection and Resolution 
Simulation Capability. 

 



 

129 
 

 

Figure 40. Illustration of NLR’s conflict heading bands generated by the predictive 
airborne separation assurance system. Reprinted from Hoekstra, van Gent & Ruigrok 
(2002), Designing for safety: the ‘free flight’ air traffic management concept. 

 

Not surprisingly, both NASA Langley and Dutch researchers have transitioned 

their banding concepts, and associated research, for use in UAS DAA systems, where 

pilots will be responsible for maintain separation assurance (i.e., well clear) under certain 

conditions. Recent research from both research teams on the application of conflict 

prediction and prevention bands can be found here: Chamberlain, Consiglio, Comstock, 
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Ghatas & Munoz, 2015; Munoz, Narkawicz, Hagen, Upchurch, Dutle, Consiglio, 

Chamberlain, 2015; Theunissen, Suarez & de Haag, 2013; Suarez, Kirk & Theunissen, 

2012. The major advantage of these banding displays, especially when compared to the 

vector and trial planner tools evaluated in Experiments 1 and 2, is that the maneuver 

guidance information is readily available to pilots without requiring interaction with the 

display. 

In this experiment three suggestive maneuver guidance displays were compared to 

a baseline information only display. Two of the suggestive maneuver guidance displays 

were based on the banding concept described above. The vector planner tools from 

Experiment 1 and 2 were also evaluated again, however they were modified so that they 

were decoupled from the vehicle’s control and navigation interfaces. Experiment 3 also 

removed some of the advanced information features from all of the display concepts, 

such as the well clear ring and the intruder’s CPA location, to better approximate 

minimum information set.  The directive maneuver guidance was also removed from this 

display evaluation.  

Experimental Design and HMI Configurations 

This study utilized a within-subjects, repeated measures factorial design to 

analyze pilots’ performance in maintaining well clear across four different DAA display 

configurations. The four displays with different forms of suggestive maneuver guidance 

were evaluated for their effect on pilot performance in maintaining well clear: 

Information Only (Info Only), No Fly Bands, Omni Bands, and Vector Planning Tools. 

The displays are shown in Figure 41. Unlike the suggestive and directive maneuver 
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guidance utilized in Experiments 1 and 2, the maneuver guidance utilized in the current 

experiment was de-coupled from GCS command and control interfaces. 

 

  

  
Figure 41. The four DAA displays that were evaluated in Experiment 3: Info Only (top 
left), No-Fly Bands (top right), Omni Bands (bottom left), and Vector Planning Tool 
(bottom right).  

 

Alerting 

Thresholds. The well clear definition adopted by SC-228 was used in Experiment 

3 (Figure 36). Well clear was defined as 35 s to CPA modified tau in the horizontal 
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dimension with a 0.75 nm distance modifier (DMOD), 0.75 nm horizontal miss distance 

(HMD), and a vertical separation of 450 ft (ZTHR). The DAA threshold, employed for 

both the corrective and preventive DAA alerts, was 75 s to loss of well clear 

(approximately 110 s to CPA). 

Alert Levels.  

Table 16 presents the multi-level alerting structure that was used in Experiment 3. 

Alert level was based on predicted time to loss of well clear or a buffered well clear 

volume. The DAA warning and corrective DAA alerts were based on time to penetration 

of the well clear volume. The preventive DAA and DAA proximate alerts were based on 

time to penetration of a buffered well clear volume. Both the time and spatial thresholds 

had to be met for an intruder to be assigned a threat level. Location of the CPA was 

measured by both the lateral distance, in nautical miles (nm), and vertical distance, in feet 

(ft), to the predicted CPA location. The time to CPA was measured in seconds (s).  

For three of the display configurations, Info Only, Omni Bands, and Vector 

Planner Tools, the alerting logic was generated by the JADEM DAA system, which 

utilized intent information for the ownship and state information for intruders in its 

trajectory predictions. The alerting logic in the No-Fly Bands display configuration was 

generated by the Stratway+ DAA system which utilized state information for both the 

ownship and intruders in its trajectory predictions. 
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Table 16. Multi-level alerting structure and separation criteria used in Experiment 3 for 
all display configurations. 

Alert Level Separation Criteria Time to Loss of 
Well Clear Symbology Aural Alert 

Verbiage 

DAA Warning 
Alert 

modTau = 35 sec 
HMD = 0.75 nm 

DMOD = 0.75 nm 
ZTHR = 450 ft 

25 sec 
 

“Traffic, Maneuver 
Now” 

Corrective 
DAA Alert 

modTau = 35 sec 
HMD = 0.75 nm 

DMOD = 0.75 nm 
ZTHR = 450 ft 

75 sec 
 

“Traffic, Separate” 

Preventive 
DAA Alert 

modTau = 35 sec 
HMD = 1.0 nm 

DMOD = 0.75 nm 
ZTHR = 700 ft 

75 sec 
 

“Traffic, Monitor” 

DAA 
Proximate 
Alert 

modTau = 35 sec 
HMD = 1.5 nm 

DMOD = 0.75 nm 
ZTHR = 1200 ft 

85 sec 
 

N/A 

None (Target) Within surveillance 
field of regard N/A 

 
N/A 

 

 

Information Elements  

All of the display conditions in Experiment 3 contained the same baseline set of 

minimum information elements. This information set was reduced down from the ones 

used in the previous two experiments in order to better approximate a minimum set of 

information. The display requirements from the “Minimum Operational Performance 

Standards (MOPS) for Aircraft Surveillance Applications (ASA) System” (RTCA, 2011) 

was used as a reference to determine the minimum set of information elements. Table 17 

shows a comparison of the information elements used across all three experiments. The 
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Info Only display configuration contained only these information elements and alerting, 

no maneuver guidance was provided. 

 

Table 17. Comparison of the information elements used in Experiments 1, 2 and 3. 

Intruder!
Information!

Experiment!1!
Basic!Displays!

Experiment!1!
Advanced!Displays!

Experiment!2!
All!Displays!

Experiment!3!
All!Displays!

Location1 ✔ ✔ ✔ ✔ 

Range1 ✔ ✔ ✔ ✔ 

Bearing1 ✔ ✔ ✔ ✔ 

Heading1 ✔ ✔ ✔ ✔ 

Vertical1Trend1 ✔ ✔ ✔ ✔ 

Relative1Altitude1 ✔ ✔ ✔ ✔ 

Absolute1Altitude1 ✔ ✔ ✔ ✔ 

Aircraft1ID1 ✔ ✔ ✔ ✔ 

Ground1Speed1 ✔ ✔ ✔ ✔ 
Heading1

Predictor1
✔ ✔ ✔  

Vertical1Velocity1 ✔ ✔ ✔  
CPA1Location1  ✔ ✔  
Time1to1CPA1  ✔ ✔  

Well1Clear1Ring1  ✔  
(Integrated1only) 

  

Vertical1Situation1

Display1
 ✔  

(Integrated1only) 
  

 

 

Maneuver Guidance 

The three suggestive maneuver guidance display configurations differed only in 

the way that the guidance that was provided. Each is described in detail below. 
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No-Fly Bands 
 

The No-Fly Bands display configuration provided pilots with vertical and 

horizontal suggestive maneuver guidance generated by the Stratway+ DAA system 

(Figure 42). While the Stratway+ software has been used previously to provide UAS 

pilots with DAA guidance information (Chamberlain et al., 2015), it had never before 

been integrated into the GCS software used in this experiment or assigned the alerting 

structure detailed in Table 16. Headings and vertical speeds that were predicted to lead to 

preventive DAA, corrective DAA or DAA warning alerts received amber bands, whereas 

headings and vertical speeds that would lead to no such alerts received no banding. The 

heading bands were presented within the inner range ring of the primary GCS display, 

while the vertical speed bands were presented within a vertical speed indicator located on 

the far right of the primary display. (The vertical speed indicator was not present in the 

other three configurations.) The No-Fly Bands were additive, allowing the guidance 

information to address multiple intruders or instances where a single intruder resulted in 

separate No-Fly regions. In situations where a loss of well clear could no longer be 

avoided, this display configuration added dashed-green “recovery bands”, which 

provided guidance that was calculated to result in the quickest resolution of the threat, 

despite the inability to avoid a loss of well clear. 
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Figure 42. The No-Fly Bands suggestive maneuver guidance shows the pilot which 
headings and vertical speeds are to be avoided with yellow bands. The heading bands are 
shown on the inner range ring of the primary GCS display (left) and the vertical speed 
bands are down on the vertical speed indicator located on the right side of the primary 
GCS display (right).  

 

Omni Bands 

  The Omni Bands display configuration also provided pilots with maneuver 

guidance bands in the horizontal and vertical dimensions, however they differed from the 

No-Fly Bands in several respects. First, the Java Architecture for DAA Modeling and 

Extensibility (JADEM; Santiago, Abramson, Refai, Mueller, Johnson & Snow, 

unpublished) DAA system instead of Stratway+ generated the Omni Bands. JADEM was 

used in Experiments 1 and 2 to generate the vector planner tools and auto-resolutions, 

and had been modified to output banding information for Experiment 3. Second, the 

vertical guidance was applied to specific altitude options, or “blocks,” instead of a 

vertical speed indicator. Altitude blocks were generated in 500 ft increments, and the 

altitude table displayed 1000 ft below current altitude and 1500 ft above current altitude. 
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Finally, the bands used a multi-color coding scheme modeled after the multi-level 

alerting structure. Whereas the No-Fly Bands used a single band color (amber) to indicate 

all threats predicted to be a preventive DAA alert or higher, the Omni Bands included a 

‘safe’ banding color (green), as well as three other banding types to differentiate between 

preventive DAA (dashed yellow), corrective DAA (solid yellow) and DAA warning 

alerts. Figure 43 shows the Omni Bands display with the multi-colored bands. Like the 

No-Fly Bands, the Omni Bands were additive, allowing the guidance information to 

account for multiple or complex encounters.  

 

   

Figure 43. The Omni Bands maneuver guidance shows pilots which heading and altitudes 
are predicted be safe versus those that are predicted to lead to a conflict. The heading 
bands are shown on the inner range ring of the primary GCS display (left) and the altitude 
bands are shown on altitude blocks on the right of the primary display (right). The green 
bands indicate a range of heading and altitude options (e.g., 8000 ft) that are not predicted 
to lead to a preventive DAA alert level or higher.  
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Vector Planner Tools 

  The Vector Planner Tools display configuration departed from the No-Fly Bands 

and Omni Bands displays in its presentation of vertical and horizontal suggestive 

maneuver guidance. Similar to the vector planning tools used in Experiments 1 and 2, this 

configuration required the pilot to engage a vertical or horizontal planning tool in order to 

test individual heading or altitude options (Figure 44). To test heading options, pilots had 

to click and drag a dedicated arrow attached to the inner range ring. As soon as pilots 

moved the arrow, its color changed to reflect the predicted alert level of the probed 

heading. A text readout off the tip of the arrow displayed the precise heading being 

probed. Similarly, pilots had to select, by clicking, an individual altitude block from the 

altitude table to receive vertical guidance information. Individual altitude blocks were 

generated in 500 ft increments, and the altitude table displayed 1000 ft below current 

altitude and 1500 ft above current altitude. The Vector Planning tools were generated by 

the JADEM DAA system, and thus, the same color-coding scheme used in the Omni 

Bands condition was applied; the main difference between these two conditions was 

whether the maneuver guidance information was always available to the pilot on the 

display or whether the pilot had to engage the display manually to retrieve the 

information. When not in use, the arrow and altitude table were colored dull grey.  
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Figure 44. The Vector Planner Tools maneuver guidance shows the predicted safety level 
of individual heading and altitude options when probed by the pilot. The heading options 
are probed by dragging an arrow along the inner range ring of the primary GCS display 
(right). The altitude options are probed by clicking on individual 500 ft blocks in the 
altitude table located on the far right side of the primary display (left). 

 

Method 

Participants 

Sixteen active duty UAS pilots (M = 37 years of age) were recruited for this 

experiment. Participants had an average of 1100 hours of experience flying UAS in 

military operations, and an average of 30 hours operating in civil airspace. Two active air 

traffic controllers from the National Air Traffic Controllers Association (NATCA) served 

as confederates for the study. 

Simulation Environment 

The simulation environment for Experiment 3 was very similar to that utilized in 

Experiment 2, except that the entire simulation was run at NASA Ames Research Center. 
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In addition, a new software package containing the Stratway+ DAA system was 

integrated into the Live Virtual Constructive (LVC) environment.  

Ground Control Station 

As in Experiments 1 and 2, Vigilant Spirit Control Station (VSCS), developed by 

the Air Force Research Laboratory (AFRL), served as the GCS for this study (Feitshans, 

Rowe, Davis, Holland & Berger, 2008). VSCS was configured to provide four different 

pilot displays: a Tactical Situation Display (TSD), two health and status panels, and a 

simulated out-the-window nose camera display (Figure 29). The TSD functioned as the 

pilot’s primary display, providing all navigation and control interfaces, along with 

general ownship, routing and airspace information. The TSD also contained the traffic 

and DAA information, however, the amount and type of information it provided 

depended on the particular display configuration under test. Directly to the left and right 

of the TSD were two health and status panels. The left panel included a chat client and a 

history of system events, while the right panel included system information (e.g., 

subsystem status, telemetry data) and an electronic checklist. A fourth display positioned 

directly above the TSD provided video of a simulated nose camera, populated with 

synthetic terrain and an integrated head up display. Pilots interacted with VSCS using 

standard mouse and keyboard inputs.  

 



 

141 
 

 

Figure 45. Experimental ground control station. TSD, bottom-center; health and status 
panels, bottom-left and right; out-the-window view, top center. 

  

Detect and Avoid System 

Two different DAA systems were utilized in this study: JADEM and Stratway+4 

(Santiago et al., unpublished; Chamberlain et al., 2015). JADEM was the DAA system 

utilized for the Info Only, Omni Bands and Vector Planner Tools display configurations. 

Stratway+ provided the DAA system for the No-Fly Bands display configuration. Both 

                                                
 

4!The!Stratway+!DAA!software!application!has!since!been!updated!to!the!Detect!and!Avoid!Alerting!Logic!
for!Unmanned!Systems!(DAIDALUS;!Munoz,!Narkawicz,!Hagen,!Upchurch,!Dutle,!Consiglio!&!Chamberlain,!
2015).!
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DAA systems provided surveillance emulations as well as alerting and maneuver 

guidance logic.  

Surveillance 

Both systems were configured to emulate two different sensors onboard the UAS, 

one to detect cooperative traffic, and another to detect non-cooperative traffic. The 

simulated cooperative sensor used automatic dependent surveillance-rebroadcast (ADS-

R)/TCAS-like ranges of 15 nm laterally and +/- 5000 ft vertically. (The lateral range was 

reduced from 80 nm in Experiments 1 and 2). The simulated non-cooperative sensor 

emulated a state-of-the-art onboard RADAR with a lateral range of 8 nm, an azimuth of 

+/- 110 deg and elevation of +/- 20 deg was simulated. (The lateral range was increased 

from 6 nm in Experiment 2). Traffic within range of these two sensor models was 

evaluated with respect to its predicted proximity to ownship’s well clear volume.  

Alerting 

Traffic predicted to enter the well clear volume, according to an extrapolation of 

their current state assuming their constant velocity, received dedicated visual and aural 

alerts (Table 16). JADEM compared the extrapolated position of intruders to ownship’s 

intent/trajectory, while Stratway+ compared intruders’ future position to ownship’s future 

state assuming its constant velocity. Additional alert levels were included to indicate 

proximate traffic.  

Maneuver Guidance 

Both JADEM and Stratway+ were capable of providing DAA suggestive 

maneuver guidance, as explained in the previous section. For detailed descriptions of how 
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the suggestive maneuver guidance is generated for displays see Santiago et al., 2015, 

Santiago et al., unpublished, Chamberlain et al., 2015, and Munoz et al., 2015. 

Traffic Simulation 

The Multi-Aircraft Control Station (MACS) software suite was used to generate 

simulated traffic targets, controller displays, and two pseudo pilot displays (Prevot, 

2002). The confederate controller managed all simulation traffic, including the simulated 

UAS, from their controller station. Pseudo pilots were likewise able to take control of, 

and respond as, any manned aircraft in the simulated airspace at their respective MACS 

stations. 

Pilot Task 

Pilots were responsible for navigating a simulated MQ-9 Reaper, “HAWK21,” 

under instrument flight rules (IFR) within Oakland Center airspace (ZOA 40/41). Pilots 

flew one of two different mission routes while responding to a variety of scripted health 

and status tasks. These tasks included responding to requests for status information (e.g., 

current fuel level) in a chat client and completing electronic checklists in response to 

aircraft system malfunctions. Simultaneously, pilots were tasked with monitoring the 

DAA system for potential threats to well clear. Instructions were to coordinate a 

maneuver off of route with ATC (time permitting) in the event of a conflict requiring 

corrective action. While of lesser importance, pilots were encouraged to minimize their 

deviation from the flight plan and to coordinate a return to their mission route and/or 

altitude with ATC as soon as practical. 
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Scenarios 

Two different mission routes were developed for this experiment, “Fire Line 

Low” and “Fire Line High.” Fire Line Low started the aircraft at 6,000 feet and included 

a temporary climb to 9,000 feet, with a subsequent return to 6,000 feet. Fire Line High 

inverted this pattern, starting the aircraft at 9,000 feet and then had the pilot descend to 

6,000 feet before returning to 9,000 feet. Each mission route was paired with its own 

manned traffic scenario, both of which were developed by an ATC subject matter expert 

using real sector data and designed to provide equivalent pilot workload. Pilots saw each 

mission route, and thus traffic scenario, twice to account for all four display 

configurations. Each traffic scenario included six intruders that were scripted to lose well 

clear with ownship. Since the encounters occurred in a dynamic environment (the pilots’ 

response to a given encounter could not be predicted ahead of time with certainty), 

encounters occasionally had to be modified during runtime to ensure they were captured. 

While the scripted encounters only accounted for single-intruder conflicts, this activity 

during runtime meant multiple-intruder encounters occasionally occurred. 

Procedure 

Training 

Participants first completed an informed consent form and a demographics form, 

which elicited information regarding their experience in manned and unmanned aviation. 

There were six distinct training sessions. The first training session focused on basic 

VSCS functionality, such as how to use the vehicle control interfaces, respond to chat 

messages, and complete the electronic checklists. A second training session introduced 
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the DAA system and focused on how to interpret traffic and alerting information. Pilots 

had to successfully complete a ‘training checklist’ before they could move on. The four 

display configurations received their own dedicated training session, which were 

administered immediately preceding the experimental trial. Display configuration 

training consisted of a hands-on demonstration as well as a 20-minute practice session 

where the participant used the configuration under test to fly a practice mission. 

Experimental Trials 

Participants completed a single 37-minute experimental trial for each of the four 

display configurations: Info Only, No-Fly Bands, Omni Bands and Vector Planning tools. 

The presentation of the display conditions was counterbalanced across participants to 

account for order and learning effects. Participants completed the NASA Task Load 

Index (TLX; Hart & Staveland, 1988) and a post-trial subjective questionnaire after each 

experimental trial. At the conclusion of the experiment, a post-simulation questionnaire 

was issued to participants and a debrief was conducted. 

Measures 

All measured response and loss of well clear metrics detailed in Chapter 3 were 

collected. An additional loss of well clear metric was collected: loss of well clear 

category. Losses of well clear were assigned one of four categories: ineffective 

maneuver, too slow, and too early return. An ineffective maneuver occurred when the 

pilot did not make a sufficient maneuver to avoid the loss of well clear, even though the 

guidance was correct (in the conditions that guidance was available). A loss of well clear 

was categorized as too slow when the pilot did not initiate the maneuver quickly enough 
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to avoid the loss of well clear. A too early return loss of well clear occurred when the 

pilot returned to course too soon and caused a loss of well clear with an aircraft that had 

been successfully avoided. The number of each type of loss of well clear was calculated. 

Results 

Measured Response 

All of the measured response were analyzed across the four display configurations 

(Info Only, No-Fly Bands, Omni Bands, and Vector Planning Tools) utilizing a one-way 

repeated measures Analysis of Variance (ANOVA) with Bonferroni pairwise corrections 

for the main effect post hoc comparisons. Greenhouse-Geisser corrections are reported in 

cases where Mauchly’s sphericity test was significant. An alpha level of .05 was used for 

these analyses. Descriptive statistics are provided for total response time by display 

configuration by alert type. Measured response means for all four displays are provided 

in Table 13.  

 

Table 18. Measured response means by display configuration for Experiment 3.  

 Notification 
Time 

Clearance 
Approval 

Time 

Proportion 
Uploads with 

Clearance 

Initial 
Response 

Time 

Initial 
Edit 
Time 

Total 
Edit 
Time 

Total 
Response 

Time 

Info Only 18.46s 5.38s 0.56 12.45s 9.06s 14.72s 27.05s 

No-Fly 
Bands 12.14s 5.10s 0.59 9.32s 8.42s 9.46s 18.78s 

Omni Bands 16.02s 5.09s 0.59 11.28s 8.78s 9.61s 20.90s 

Vector 
Planner 

Tools 
17.97s 5.13s 0.48 16.35s 6.33s 8.12s 24.47s 

Grand 
Mean 16.15s 5.17s 0.55 12.35s 7.94s 10.70s 22.80s 
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Notification Time 

No significant main effect of display configuration was found on pilot’s ATC 

notification times, F(1.77, 26.51) = 1.355, p > .05. Across all four displays, pilots took an 

average of 16.15 sec to notify ATC in response to a corrective DAA or DAA warning 

alert. 

Clearance Approval Time 

There was not a significant effect of display configuration on clearance approval 

time, p > .05. It took, on average, 5.17 sec for the confederate controller to begin 

transmission of a clearance approval after the beginning of pilots’ request for one. 

Proportion of Uploads with Clearance Approval 

There was not a significant effect of display configuration on the proportion of 

maneuvers that received prior approval, p > .05. Across all displays, 55% of all 

maneuvers had clearance approval prior to the initiation of the maneuver. However, the 

inclusion of a warning alert prior to a loss of well clear in Experiment 3 allows for an 

additional look at pilots’ rate of clearance approval in response to caution alerts 

separately from warning alerts. Table 19 and Figure 46 show the proportion of uploads 

with prior approval by alert type. While pilots only received prior approval 55% of the 

time overall, pilots received approval prior to maneuvering 72% of the time when only a 

corrective DAA alert was issued for an intruder (i.e., it did not progress to a DAA 

warning alert), compared to 15% of the time when only a DAA warning alert was issued 

for an intruder. This pattern is consistent across all display configurations. 
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Table 19. Proportion of uploads with prior clearance approval by alert type and display. 

Alert Type Info Only No-Fly 
Bands 

Omni 
Bands 

Vector 
Planner Tools 

Grand 
Mean 

All 0.56 0.59 0.59 0.48 0.55 

Only Corrective DAA 
(CORR) 0.72 0.70 0.75 0.72 0.72 

Only DAA Warning 
(WARN) 0.17 0.25 0.00 0.20 0.15 

 

 

 

Figure 46. Proportion of uploads with prior clearance approval by alert type and display. 

 

 

 

 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Info!Only No-Fly!Bands Omni!Bands Vector!Planner

Pr
op

or
tio

n!

Display!

All CORR WARN



 

149 
 

Initial Response Time 

Display configuration was found to have a significant effect on pilots’ initial 

response times, F(3, 45) = 5.408, p  < .01 (Figure 40). Pilots’ initial response times were 

fastest, on average, in the No-Fly Bands condition (M = 9.32; SE = 1.47), followed by the 

Omni Bands (M = 11.29; SE = 1.69) and Info Only (M = 12.45; SE = 1.55) displays. The 

Vector Planner Tools display (M = 16.35; SE = 1.83) resulted in the longest initial 

response times, which post-hoc analyses revealed to be significantly longer than those 

seen in the No-Fly Bands and Omni Bands displays (p’s < .05). 

  

 

Figure 47. Initial response time by display configuration. 
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Initial Edit Time 

No significant effect of display configuration was found on pilot’s initial edit 

times, F(2.13, 31.91) = 2.898, p > .05 (Figure 31). Averaging across all four displays, 

pilots required 7.94 sec to upload their first maneuver to the aircraft. 

Total Edit Time 

Display configuration was found to have a significant effect on pilots’ total edit 

times, F(3, 45) = 5.713, p  < .01 (Figure 31). Pilots’ total edit times were fastest, on 

average, in the Vector Planning Tools condition (M = 8.12; SE = 0.88), followed by the 

No-Fly Bands (M = 9.46; SE = 0.98) and Omni Bands (M = 9.61; SE = 1.13) displays. 

The longest total edit times were seen in the Info Only display condition (M = 14.72; SE 

= 2.16), which post-hoc analyses showed to be significantly longer than those seen in the 

Vector Planning Tools condition configuration (p < .05). 

 

 

Figure 48. Mean initial and total edit times by display configuration.  
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Total Response Time 

There was a significant effect of display configuration on total response times, 

F(3, 45) = 3.744, p  < .05 (Figure 32). On average, the No-Fly Bands display (M = 18.78; 

SE = 2.11) resulted in the shortest overall response times, followed by the Omni Bands 

display (M = 20.90; SE = 2.08). The Vector Planner display (M = 24.47; SE = 2.24) and 

the Info Only display (M = 27.05; SE = 3.09) resulted in the slowest times. Post-hoc 

analyses revealed that the difference between the No-Fly Bands and the Info Only 

displays was the only comparison that approached significance (p = .064). 

 

 

Figure 49. Mean total response times by display configuration. 

 

The total response time means for alert type at first appearance (corrective DAA 

or DAA warning alerts) are shown in Table 20 and Figure 50. Pilots are expected to 

contact ATC for prior maneuver clearance for a corrective DAA alert, but not for a DAA 

warning alert. 
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Table 20. Total response time means and medians (in brackets) by display configuration 
for corrective DAA and DAA warning alerts.  

Alert Type at First 
Appearance Info Only No-Fly 

Bands 
Omni 
Bands 

Vector 
Planner Tools 

Grand 
Mean 

Corrective DAA Alert 30.52s 
(22s) 

19.35s 
(17.5s) 

22.86s 
(20s) 

28.18s 
(22.5s) 

23.88s 
(21s) 

DAA Warning Alert 12.57s 
(9s) 

11.50s 
(10s) 

13.24s 
(12s) 

14.83s 
(10s) 

13.29s 
(10s) 

 

 

  

Figure 50. Total response time by alert type at first appearance, by display. 

 

Loss of Well Clear 

The proportion of loss of well clear results was analyzed across the four display 

configurations (Info Only, No-Fly Bands, Omni Bands, and Vector Planning Tools) 
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pairwise corrections for the main effect post hoc comparisons. An alpha level of .05 was 

used for these analyses. Descriptive statistics are provided for the severity of losses of 

well clear by display configuration by alert type. The number of each category of losses 

of well clear are reported. 

Proportion 

The proportion of all encounters that were predicted to lose well clear and became 

losses of well clear by display condition is presented in Figure 51. There was a significant 

effect of display configuration on the proportion of predicted to actual losses of well 

clear, F(3, 45) = 4.927, p < .01. The Info Only display condition (M = 0.087; SE = .023) 

had a significantly higher proportion of losses of well clear compared to the Omni Bands 

display (M = 0.000; SE = .000), p < .01. No other differences between displays were 

significant. 

 

 

Figure 51. Proportion of encounters that were predicted to lose well clear that became 
actual losses of well clear by display condition.  
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Category 

The number of each category of well clear was calculated by display condition (Table 

21). 

 

Table 21. Number of each category of loss of well clear by display condition. 

 Ineffective 
Maneuver Too Slow Too Early 

Return Total 

Info Only 8 0 4 12 

No-Fly Bands 2 1 2 5 

Omni Bands 0 0 0 0 

Vector Planner 3 2 1 6 

Total 13 3 7 23 

 

 

Severity 

Separation index means and medians across all four display configurations are 

shown in Table 9. The distribution (minimum, maximum, median, and 25th and 75th 

percentiles) of separation indices by display type is shown using box plots in Figure 52. 

Of the three display configurations that had losses of well clear, the Vector Planner had 

the highest separation index (M = 1.21; SE = .156) while No-Fly Bands had the lowest 

average separation index (M = 0.98; SE = .084). The distributions show that the Info 

Only display had the overall minimum separation index of 0.24. The mean separation 

index across all displays was 1.08. 
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Table 22. Mean and median separation index across all display configurations. 

 
Info Only No-Fly 

Bands Omni Bands Vector Planner ALL 

Mean 1.09 0.98 N/A 1.21 1.08 

Median 1.13 1.00 N/A 1.33 1.06 

 

 

  

Figure 52. Separation index distribution by display configuration. The lower and upper 
boxes represent the bottom 25th and 75th percentiles, respectively, the median is indicated 
by the line intersection the boxes, and the minimum and maximum values are shown by 
the lower and upper whiskers. 

 

Results Summary 

The results of Experiment 3 showed significantly better performance for both of 

the two banding displays (No-Fly Bands and Omni Bands) compared to the Info Only 

display. The No-Fly Bands had significantly shorter overall total response times 
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compared to Info Only, while the Omni Bands had a significantly lower proportion of 

losses of well clear. Pilot performance with the Vector Planner display appeared to fall 

between the performance observed with the banding displays and the Info Only display. 

The only metric on which the Vector Planner display performed better a banding display 

was severity: the mean and median separation index for the Vector Planner appears to be 

higher than those for the No-Fly Bands (no losses of well clear occurred for the Omni 

Bands configuration). 
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Chapter 7: Research Results and Implications for HMI MOPS 
 

The previous three chapters detailed the experimental design and results of three 

studies designed to evaluate the effect how various DAA HMI configurations affect the 

pilot performance on maintaining well clear of other aircraft. The goal of the larger 

research program within which these experiments took place, was to provide empirical 

data on which to establish the configuration of HMI components (traffic information, 

alerting, and guidance) that comprise the minimum requirement for DAA displays.  Two 

categories of measures, measured response and loss of well clear, provide the basis from 

which to compare and evaluate the different prototype display configurations presented in 

the three experiments. The full set of results across all three experiments and the 

implications of those results for the DAA MOPS are presented in this chapter. The results 

are discussed first within each category of measures first, followed by an examination of 

how the two categories relate to, and complement each other. Finally, the results are 

linked to actual requirements in the current draft of the DAA MOPS. 

Measured Response 

The primary purpose of a DAA display for UAS is to enable pilots to carry out the 

three primary well clear functions: detect potential threats, determine appropriate 

resolution maneuvers, and execute those maneuvers via the GCS control and navigation 

interface. In addition, pilots must coordinate those well clear maneuvers with ATC prior 
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to execution under most circumstances. A number of discrete stages mark key pilot 

activities along the pilot-DAA timeline (Table 3). The eight stages map roughly, though 

not perfectly, to the three DAA functions a pilot is responsible for. The execute function 

has the clearest mapping to the final upload (T4b). The detection function can be 

measured as some time after the first alert, T0, and before the next stage that the pilot 

executes, for example, notifying ATC of the need to maneuver (T1) or initiating a 

maneuver response in the GCS (T3; pilots did not always request a clearance prior to 

maneuvering). The determine function is the most difficult to map since pilots can be 

actively determining an appropriate maneuver any time between when the alert appears 

and the final maneuver is executed, essentially the entire timeline that the pilot is engaged 

in the DAA task. In fact, the stage execution time from the three reported experiments 

shows that pilots tend to initiate a maneuver change in the GCS prior to notifying ATC of 

their desire to maneuver, providing evidence that pilot tasks in support of executing the 

well clear function are being carried out concurrently rather than sequentially. Despite the 

challenge of directly mapping the eight timeline stages to the pilot’s DAA functions, a 

number of pilot performance metrics can be extracted and provide insight to pilots’ 

activities during these stages. The results from the three experiments detailed in the 

previous chapters show that some of these metrics are sensitive to various display 

configurations, especially differences in information across configurations. Each metric is 

discussed with the results from each experiment, below. The means for each for all three 

experiments are shown by display configuration in Table 23.



   

Table 23. M
easured response m

eans by display configuration for Experim
ents 1, 2 and 3. 
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E
xp. 1 

Basic Standalone 
31.91s 

5.24s 
0.49 

15.26s 
13.02s 

21.60s 
38.68s 

Basic Integrated 
32.41s 

5.04s 
0.56 

21.62s 
17.11s 

22.65s 
44.86s 

Advanced 
Standalone 

25.91s 
5.01s 

0.56 
18.30s 

11.43s 
16.28s 

35.60s 

Advanced 
Integrated 

26.68s 
5.21s 

0.50 
22.08s 

5.51s 
10.08s 

32.35s 

G
rand M

ean 
29.23s 

5.12s 
0.53 

19.32s 
11.77 

17.65s 
37.87s 

E
xp. 2 

Info O
nly 

13.68s 
5.68s 

0.42 
7.83s 

8.10s 
8.91s 

16.75s 

Info +
 Vector 

13.61s 
5.65s 

0.47 
7.14s 

9.04s 
10.15s 

17.29s 

Info +
 

AR 
12.01s 

5.67s 
0.40 

9.45s 
2.76s 

4.70s 
14.15s 

Info +
 Vector +

 AR 
14.89s 

5.26s 
0.34 

6.87s 
4.34s 

4.44s 
11.52s 

G
rand M

ean 
13.54s 

5.56s 
0.41 

7.98s 
6.07s 

6.94s 
14.92s 

E
xp. 3 

Info O
nly 

18.46s 
5.38s 

0.56 
12.45s 

9.06s 
14.72s 

27.05s 

N
o-Fly Bands 

12.14s 
5.10s 

0.59 
9.32s 

8.42s 
9.46s 

18.78s 

O
m

ni Bands 
16.02s 

5.09s 
0.59 

11.28s 
8.78s 

9.61s 
20.90s 

Vector Planner 
17.97s 

5.13s 
0.48 

16.35s 
6.33s 

8.12s 
24.47s 

G
rand M

ean 
16.15s 

5.17s 
0.55 

12.35s 
8.00s 

10.70s 
22.80s 
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Notification Time 

Notification time is a measure of the time it takes for a pilot to notify ATC of a 

potential conflict and the need to execute a resolution maneuver. A pilot could notify the 

controller and request a maneuver prior to maneuvering, or notify the controller after 

maneuvering. Notification time was not significantly impacted by changes in DAA 

display configurations for any of the experiments, however, notification times were 

roughly twice as long in Experiment 1 compared to the latter two experiments. For all 

three experiments, notification time was, on average, longer than initial response time 

meaning that pilots typically began interacting with the GCS in order to initiate a 

resolution maneuver prior to notifying ATC. The likely reason for this is that pilots 

wanted to determine an appropriate maneuver before requesting a clearance. Other 

possible reasons are that pilots were too busy determining a maneuver to notify ATC, or 

that the communication channel was busy, causing delays in pilots’ requests for 

clearances. In addition, in Experiment 3 pilots were instructed to maneuver immediately 

for a DAA warning alert and contact ATC as soon as practicable once the conflict was 

cleared, which would also contribute to longer notification times compared to initial 

response times. 

Clearance Approval Time 

Clearance approval time is a measure of the time that it takes for ATC to approve 

a pilot’s request for clearance to maneuver in response to a potential loss of well clear. 

There was surprisingly very little variance in clearance approval time across display 

configurations within each experiments, or across the three experiments. Clearance 
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approval times ranged from a mean of 5.1 sec in Experiment 1 to 5.6 sec in Experiment 2. 

There were also no significant effects of HMI configuration on clearance approval time 

for any experiment. The lack of variability is likely due to the confederate role of the air 

traffic controllers who were instructed to approve all clearance requests unless they 

would impact the safety of the surrounding airspace. In real life operations with a busy 

controller and a busy sector, clearance approval is unlikely to be as consistent or as short. 

Proportion of Uploads with Clearance Approval 

The proportion of uploads with clearance approval tests a major operational 

assumption for UAS operations in the NAS. UAS pilots will be expected to obtain a 

clearance to maneuver off of their approved IFR flight plan except in the case of an 

emergency, such as a Traffic alert and Collision Avoidance System (TCAS II) resolution 

advisory (14CFR Part 91, §91.123; Code of Federal Regulations, 2004). There were no 

significant effects of display configurations on the proportion of time that pilots received 

a clearance prior to maneuvering. The percentage of maneuvers executed by pilots that 

had prior clearance by ATC ranged from a low of 41% (Experiment 1) to a high of 55% 

(Experiment 3). Although there is not objective standard these numbers can be compared 

against, they are likely below what would be considered acceptable in real life operations.  

Though not analyzed for statistical significance, the expected pilot actions 

corresponding to corrective versus warning alerts appeared to have an impact on the 

proportion of maneuvers that had prior clearance in Experiment 3. While pilots only 

received prior approval 55% of the time overall, pilots received approval prior to 

maneuvering 72% of the time when only a caution alert was issued, compared to 15% of 
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the time when only a warning alert was issued. Thus in Experiment 3, the overall 

proportion of prior clearance approval is brought down by the expected low proportion 

for warning alerts, where pilots are trained to maneuver immediately and to wait until 

after maneuvering to contact ATC. This trend of higher proportions of clearances for 

correctives versus warnings persisted across all display configurations, which strongly 

supports the hypothesis that it is a result of the alerting structure, not differences in HMIs. 

The 72% clearance approval for the caution alerts is still not as high as would be 

desirable in normal operations, since the caution alert is designed with time built in for 

pilots to contact ATC prior to maneuvering, however, this could simply be a training and 

experience issue which would improve over time. 

These results from Experiment 3 point to a potential explanation for why the 

proportion of maneuvers with prior clearance was low in the first two experiments: the 

ambiguity in the time until a loss of well clear in the alert levels. Both the self separation 

and predicted collision avoidance alerts thresholds used in Experiments 1 and 2 were 

active from 0 sec to up to 70 sec from the well clear thresholds, but pilots did not have a 

clear indication of exactly how much time they had to maneuver to avoid a loss of well 

clear (in the advanced display conditions they had a time to CPA indicator, which 

requires extrapolation of the well clear threshold to find time to loss of well clear). This 

lack of clear indication of the imminence of a loss of well clear – 0 sec versus 70 sec is a 

relatively large range – coupled with the newness of the DAA task and system for UAS 

pilots, may have caused pilots to be reluctant to wait for a clearance approval from ATC 

and to maneuver earlier than they needed to. In addition, Experiments 1 and 2 lacked 
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clear operational training in when pilots should contact ATC, relying on pilots to make a 

judgment as to whether a safety of flight concern existed (i.e., how much time they had 

until a loss of well clear). Thus, the ambiguity in the time to loss of well clear in the alert 

levels coupled with a lack of clear operational instructions likely created a situation 

where pilots where pilots traded off operational interoperability with ATC in order to be 

more conservative by maneuvering sooner than if they’d obtained a clearance first.   

Initial Response Time 

Initial response time is a measure of the time it takes for a pilot to initiate a 

maneuver in the GCS control and navigation interface after the appearance of an alert on 

the DAA display. This time includes the time it takes the pilot to detect a potential threat. 

In addition, it may include some time where the pilot is determining an appropriate 

resolution maneuver. Differences in initial response time could be due to differences in 

the time for pilots to detect a potential threat, differences in the amount of time spent 

determining a resolution maneuver, or differences in control and navigation interfaces 

(see Rorie & Fern, 2014 for a discussion of the effect of different control mode interfaces 

on pilot’s measured response). Since each study utilized the same control and navigation 

interface for all four display conditions, potential differences would likely be a result of 

variation in the DAA HMIs.  

The only significant effect of display configuration found across the three 

experiments in Experiment 3 where the two banding displays (No-Fly Bands and Omni 

Bands) both had significantly shorter initial response times compared to the Vector 

Planner display. The Vector Planner tool display led to an increase in initial response 
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times of 43% compared to the No-Fly Bands display and 31% compared to the Omni 

Bands display. This difference was likely due to the fact that pilots had to engage the 

vector planner tool in order to determine a resolution maneuver prior to initiating a 

maneuver into the control and navigation interface. In Experiments 1 and 2 pilots were 

able to use the control and navigation interface while simultaneously engaging the Vector 

Planner tools, thus the use of the guidance tools coincided with initiating a maneuver 

response. In Experiment 3, that mirroring was de-coupled, forcing pilots to first interact 

with the tools and then enter their desired maneuver into the GCS manually, leading to 

longer initial response times. This explains the observed difference in initial response 

time between the two vector planner display configurations in Experiment 2 and 3 (7 sec 

and 16 sec, respectively). The other three displays in Experiment 3, and particularly the 

No-Fly Bands and Omni Bands displays, which provided similar maneuver guidance, 

required no such manual interaction prior to making inputs into the vehicle control 

interfaces and subsequently led to shorter initial response times. Differences in initial 

response times in Experiment 3, however, did not translate to significant differences in 

total response times between the banding and Vector Planner displays (see Total 

Response Times discussion). 

Overall initial response times decreased substantially between Experiment 1 and 

Experiment 2, and then increased slightly in Experiment 3 (grand means of 19, 8 and 12, 

sec respectively). It is not clear why there was a slight increase in initial response times 

between the latter two experiments, however, the decrease from Experiment 1 to 2 is a 
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trend seen across almost all of the measured response metrics which will be discussed in 

more detail in a later section. 

Initial and Total Edit Times 

Initial and total edit times reflect the amount of time it takes for a pilot to input 

and upload a first and final maneuver to the aircraft from the initiation of that input. In 

other words, it is the amount of time that pilots interact directly with the GCS control and 

navigation interface. Edit times capture most (if not all) of the time spent determining an 

appropriate resolution maneuver; however, the general lack of significant differences in 

initial response times across all experiments compared to frequently large observed 

significant differences in edit times suggests that pilots execute much of the determine 

function within the edit time (i.e., pilots begin interacting with the display consistently, 

regardless of configuration, but configuration affects the execution of the DAA tasks and 

therefore edit time). Initial and final upload times are captured because pilots sometimes 

make multiple uploads to the aircraft, using subsequent uploads to tweak or correct their 

initial upload.  

In Experiment 1, pilots operating with the advanced displays had, on average, 9 

sec shorter initial edit times, although the difference between the advanced and basic 

information display conditions was only significant for the integrated displays at the first 

upload, (5 and 17 sec, respectively – a 68% improvement for the Advanced Integrated 

display). The advanced displays were also roughly 9 sec, or 40% faster than the basic 

displays on total edit time, a difference that was significant for both display locations. 

Thus, it appears that the additional information and tools provided by the advanced 
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display conditions assisted pilots in more quickly determining and uploading a maneuver 

in response to displayed self separation and collision avoidance alerts. There were no 

significant differences in either initial or total edit between the standalone and integrated 

displays. 

 In Experiment 2, the HMI configurations that included auto-resolutions (Info + 

AR and Info + Vector + AR) consistently resulted in the fastest initial and total edit 

times, while the displays that lacked the tool (Info Only and Info + Vector) often led to 

the slowest edit times responses. The improvements were significant, with reductions in 

edit times ranging from 46% to 70%.  

 Unlike Experiments 1 and 2, there was not a significant difference in initial edit 

times. This finding suggests that pilots were consistent in uploading an initial maneuver 

regardless of the presence or type of DAA suggestive maneuver guidance provided by the 

GCS. The lack of a significant effect here is likely due to the removal of the integrated 

directive maneuver guidance (i.e., auto-resolutions) provided in the first two studies, 

which drastically reduced the amount of time pilots spent interacting with the GCS before 

making an upload. In those studies, pilots only had to accept an upload recommended by 

the DAA system in the cases where they were satisfied by the system’s recommendation. 

By requiring manual input by the pilot in all of the display configurations in Experiment 

3, the differences between pilots’ initial edit times leveled off at an average of 8 seconds 

across displays.  

While display configuration in Experiment 3 did not affect initial edit times, it did 

affect total edit times. The Info Only display lead to considerably longer total edit times 
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than were seen for the other three displays. The total edit times for the Information Only 

display were 36% longer than those for the No-Fly Bands display, 35% longer than the 

Omni Bands display, and 45% longer than observed for Vector Planner tools display (the 

only significant difference was with Vector Planner). Furthermore, the total edit times 

seen for the three suggestive maneuver guidance displays were very similar to their initial 

edit times, differing by between 1 and 2 sec. The total edit times for the Information Only 

display, conversely, were 6 sec longer than the initial edit times for that display, 

suggesting that pilots spent much more time modifying their initial upload to the aircraft 

when no suggestive maneuver guidance was present. 

Advantages in edit times, however, did not necessarily equate to overall faster 

response times, as it only captures one stage of a pilot’s functions to determine and then 

execute a resolution maneuver. Specifically, edit times only capture the time that pilots 

interact directly with the GCS, and not the time prior to interacting with the GCS which 

may be spent just visually examining the DAA display. A slower response earlier in the 

timeline could negate any benefits found in the edit times for a particular display 

configuration since total response time captures initial response time in addition to total 

edit time. 

Total Response Time 

Total response time captures the time that it takes for pilots to upload their final 

maneuver in response to a display alert, from when the alert first appears. Total response 

time captures all three well clear functions (detect, determine, execute) in addition to 

pilot interaction with ATC; thus total response time encapsulates the entire pilot-in-the-



 

 
 

168 

loop activity of the DAA system. By its definition, total response times consist of all of 

the aforementioned measured response metrics, with the exception of notification times, 

which in some instances were not completed until after a maneuver had been made. Total 

response times therefore provide the best overall picture of the effect of display 

configuration on pilots’ ability to comply with DAA display alerts in a timely manner. 

Thus, total response time is the response time performance metric most critical to the 

DAA MOPS development.  

In Experiment 1 Pilots completed their DAA functions about 14 sec, or 33% 

faster, with the advanced information displays than with the basic information displays. 

The total response time results in this experiment followed the same pattern of results for 

initial and total edit times, whereby the advanced displays showed faster response times 

than the basic displays, by 9 sec on average. A 14 sec difference in total response time 

could have a significant impact on the potential for a loss of well clear, depending on the 

rate of closure between the ownship and another aircraft. As mentioned in previous 

chapters, pilots will potentially face constrained timeframes for responding.  

Conversely, there were no significant differences in Experiment 2 in total 

response time by display configuration, although the results approached significance with 

shorter observed response times with Info + AR (14 sec) and Info + Vector + AR (12 sec) 

compared to 17 sec for both of the other two displays. The lack of significance in the total 

response time results is surprising given that the initial and total edit times did 

significantly differ by display configuration. The two displays that contained the auto-

resolutions tool were roughly 4 to 6 sec faster on average compared to the Info Only and 
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Info + Vector displays. That difference was reduced to 3 sec for Info + AR and 5 sec for 

Info + Vector + AR for total response time.  

For both of the first two experiments, the well clear threshold was set at 40 sec to 

CPA and the alerting threshold at 110 sec, leaving a maximum 70 sec for the pilot and 

aircraft to respond and maneuver in time to avoid a potential threshold violation. There 

are essentially two buffers on each side of a pilot’s total response time prior to a well 

clear violation: 1) a buffer for when a potential threat is detected (i.e., some allowance for 

a later detection due to sensor performance, encounter geometry or pilot distraction), and 

2) a buffer for aircraft performance (and lower restrictions on aircraft performance reduce 

costs on manufacturers and allow a wider variety of aircraft to meet defined standards 

and regulations). Shorter total response times for a pilot to respond to a DAA alert could 

allot for greater buffers for late detections and more limited aircraft performance.  

Figure 53 and Figure 54 show the relationship between the total response time for 

each of the four display configurations in Experiment 1 and 2 relative to the entire DAA 

timeline. For these simplified depictions, all of the buffer time that is leftover from total 

response time is allocated to aircraft maneuver time. There is a clear and substantial 

reduction in total response times between Experiment 1 and Experiment 2, even for the 

two displays that were nearly identical between them [Advanced Integrated from 

Experiment 1 (32 s) and Info + Vector + AR from Experiment 2 (12 s)].  
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Figure 53. Relationship between total response time for all four displays evaluated in 
Experiment 1, and the entire DAA timeline. 

 

 

 

Figure 54. Relationship between total response time for all four displays evaluated in 
Experiment 2, and the entire DAA timeline. 
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In Experiment 3 DAA display configuration did have a significant effect on total 

response times for all encounters, with the Info Only display resulting in the longest total 

response times. The total response times associated with the Information Only display 

configuration were 31% longer than those for the No-Fly Bands condition, 23% for the 

Omni Bands display configuration, and 10% longer than the Vector Planning tools 

condition (only the difference between the Information Only display and No-Fly Bands 

display was statistically significant). Total response time in Experiment 3 was not 

analyzed by alert type, however the descriptive statistics show that pilots were 

remarkably consistent in responding to DAA warning alerts: means ranged from 12 to 15 

sec, and medians ranged from 9 – 12 sec (Table 20). The total response time for DAA 

warning alerts represents the fastest times that pilots can respond to a DAA alert, since 

the warning provides an indication of urgency to pilots, and the need to maneuver 

quickly. In addition, pilots are not required to contact ATC until after they maneuver. 

Compared to total response times for DAA warning alerts, those for corrective DAA 

alerts are both longer and much more variable. Although not analyzed for statistical 

significant, it is unlikely that there are significant differences between display 

configurations for total response time when the DAA warning alerts are looked by 

themselves (although the trend for Vector Planner to be slower than No-Fly Bands 

appears to persist). This suggests that under time pressure, pilots can upload a maneuver 

within approximately 10 – 15 sec, regardless of display configuration. The results of the 

maneuvers (i.e., whether a loss of well clear occurred or not) would need to be analyzed 

by alert type also to determine display effects for this type of time-pressured alert. Given 
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the overall differences in the proportion of losses of well clear by display type, however, 

it is likely that the same trend would follow whereby the banding displays result in less 

violations of the well clear threshold. 

Figure 55 shows the relationship between the total response time for each of the 

display configurations in Experiment 3 and the entire DAA timeline, with an updated 

well clear time to CPA of 35 s. The total response time means for Experiment 3 are 

slightly longer than those observed in Experiment 2 (Figure 54). The two better 

performing banding displays from Experiment 3 had average total response times ranging 

from 19 – 21 sec, compared to 12 – 14 sec average total response times with the two 

better performing displays from Experiment 2. This is an expected result, however, since 

the better performance seen with the those displays from Experiment 2 was likely the 

result of the directive guidance coupled with the command and control interface. 

Assuming neither of these features would constitute a minimum requirement for DAA 

systems, it is unlikely that the same low response times could be achieved with 

suggestive maneuver guidance displays. Further, although the total response times 

observed in Experiment 3 were slightly higher than those in Experiment 2, the proportion 

of losses of well clear observed in Experiment 3 (discussed in more detail in the next 

section) for the two banding displays were lower to those observed for the Info + Vector 

+ AR display, which had the lowest observed rates for all four displays in Experiment.  

Overall, despite the removal of both the directive guidance and the command and 

control interface coupling, the measured response averages observed in Experiment 3 

were not substantially different than those observed in Experiment 2, providing some 
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evidence as to the reliability and repeatability of the results across the two experiments. 

Grand mean response time differences ranged between 2 s (initial response time) and 8 s 

(total response time), with Experiment 2 consistently showing the faster times. In 

addition, the results suggest that similar performance can be achieved with suggestive 

guidance displays as with directive guidance displays. The total response time means for 

all three experiments is shown in Figure 56. 

 

 

 

Figure 55. Relationship between total response time for all four displays evaluated in 
Experiment 3, and the entire DAA timeline. 
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Figure 56. Total response time means by display configuration for Experiments 1, 2 and 
3. 

 

Measured Response Summary 

Overall, the measured response metrics are useful for characterizing and 

evaluating the performance of pilots operating with various DAA HMI configurations. 

All of the metrics help to understand the general stages and order of tasks that pilots 

perform in executing the well clear functions. The measured response data also provides 

some insight into the pilot-DAA timeline with respect to ATC interaction. Despite 

operational rules requiring pilots to obtain a clearance from ATC prior to maneuvering, 

overall it appears that pilots only do that half of the time. However, based on the results 

of Experiment 3, this percentage can improve with an HMI design that provides clear 
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indication to the pilots when there is or is not sufficient time to contact ATC prior to 

maneuvering. In addition, Experiment 3 provided a rough estimate of how long ATC 

interaction takes by comparing the difference in total response times for corrective DAA 

alerts and DAA warning alerts, which differ in whether pilots are expected to contact 

ATC prior to, or after, maneuvering. When pilots are not required to coordinate with 

ATC prior to maneuvering, total response time is roughly 10 sec faster than when they 

are required to. Thus, ATC interaction adds roughly 10 sec to the overall DAA timeline. 

In terms of utility in evaluating effects of various HMI configurations, the initial 

and total edit times as well as the total response times appear to be the most sensitive to 

detecting changes in pilot performance. Initial and total edit times, however, are limited 

in that they only capture one portion of the pilot-DAA time (i.e., the time spent inputting 

maneuvers into the the GCS control and navigation interface). When the DAA HMI is 

decoupled from this interface, these times mostly become a reflection of how long it 

takes pilot to interact with a specific instantiation of a GCS. Although in some cases, total 

edit time can capture when certain display configurations cause pilots to make multiple 

uploads before they have fully resolved the conflict. 

Total response time appears to be the most useful metric for evaluating the effect 

of different DAA display configuration performance. This is likely because it captures 

the pilot’s execution of all three well clear functions, and therefore provides more of a 

global performance. Relying solely on metrics that capture only one portion of pilot 

performance, such as initial response time or edit times, introduces the risk that tradeoffs 

that pilots make in performing the well clear functions could be missed. For example, one 



 

 
 

176 

HMI configuration may support the pilot in achieving slightly shorter initial response 

times but much longer total edit times compared to another HMI configuration. If these 

metrics are not evaluated together in total response time, a false conclusion about the 

relative performance of the displays could be made. An important point to note here, 

however, is that faster response times overall do not automatically equate to better system 

performance. Within the context of evaluating the performance of a DAA system, the 

proportion and severity of losses of well clear are equally important. Faster response 

times are not indicative of better performance if they are correlated with higher rates or 

severity of losses of well clear. The loss of well clear results will be discussed in the next 

section.  

One notable feature of the measured response is the substantial reduction in 

response times from Experiment 1 to Experiment 2 across all measures except clearance 

approval time (which showed little variability across all experiments). One hypothesis for 

the large differences in measured response results between these two experiments is that 

the display configurations in Experiment 1 posed a training challenge. Both experiments 

conducted training and data collection on the same day for each pilots. In Experiment 1, 

the four evaluated displays had large differences that required substantial training effort. 

Between two different display platforms [the standalone Cockpit Situation Display (CSD) 

and the integrated display in VSCS] and two information levels (of which the advanced 

information conditions were instantiated differently), it is possible that pilots did not 

achieve proficiency with the displays prior to data collection. In contrast, Experiment 2 

had four display configurations were largely the same, starting with the baseline 
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information and adding the vector planner and/or maneuver guidance; from the Info + 

Vector + AR display configuration all of the three other displays could be derived. Thus, 

the substantially faster measured response times may simply indicate better display 

proficiency. 

A second hypothesis is that the DAA task was simply more clearly trained in 

Experiment 2 compared to Experiment 1. Experiment 1 was the first attempt by the 

researchers to define an experimental test around the DAA task of remaining well clear. 

At the time of this first experiment, even the operational application of well clear to the 

DAA task was not clear, and many questions remained an open question even in in the 

SC-228 community, such as: how would pilots be trained on well clear, what would the 

operational rules around maintain well clear be, when is it ok for pilots to maneuver 

without a clearance from ATC. Given that the pilots that were recruited for the 

experiments lacked any experience with maintaining well clear with a UAS, or even 

avoiding traffic with during UAS operations (UAS are currently segregated in airspace 

from other aircraft in both military and civil operations), they relied solely on the 

researcher training on how to execute the DAA task. The long initial response times in 

Experiment 1 (19 sec, Table 23) could point to pilots being unsure about how to respond 

to a DAA alert, rather than a delay in alert detection. In Experiment 2 initial response 

times averaged 8 sec, showing that pilots were more ready to respond immediately to a 

DAA alert, potentially due to having received clearer training and instructions about how 

to respond. Overall, it is likely that a combination of both hypotheses explain the 

significant difference in measured response results between the two experiments.  
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 As noted, there was a small increase in response times between Experiment 2 and 

Experiment 3. A close inspection of the results in Table 23 shows that the differences can 

be attributed to the two displays in Experiment 2 that contained the auto-resolution tool 

and their associated edit times. The auto-resolution tool substantially reduced the time 

required for pilots to determine and execute a resolution maneuver, which reduced all of 

the response times that capture the well clear functions (initial response time, initial edit 

time, total edit time and total response time). When these two displays are removed from 

the analysis, the measured response results from Experiments 2 and 3 are fairly 

comparable. 

Loss of Well Clear 

 Since the primary purpose of the DAA system is to provide a UAS pilot located at 

a ground based control station the means of maintaining well a direct measure of how 

well a system does that is needed. The metrics chosen for the three reported experiments 

was the proportion of losses of well clear and the severity of losses of well clear. The first 

is a measure of the actual losses of well clear that occurred out of all of the encounters 

that were predicted to result in a loss of well clear. The inverse of this measure as the 

proportion of time that pilots were able to successfully avoid a predicted loss of well 

clear. The second is a measure of “how bad” the losses of well clear that did occur were, 

using a separation index which indicates the proportion of the spatial well clear threshold 

that was penetrated. The results for each of these metrics across all three experiments is 

discussed below. The proportion and severity of losses of well clear for each experiment, 

by display configuration, is shown in Table 24. 
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Table 24. Loss of well clear metrics for Experiment 1 and Experiment 2. 

  Proportion Loss of Well Clear Separation Index 

Exp. 1 

Basic Standalone 0.55 1.11 
Basic Integrated 0.49 1.08 

Advanced Standalone 0.37 1.42 

Advanced Integrated 0.28 1.19 
Grand Mean 0.44 1.23 

Exp. 2 

Info Only 0.28 1.13 

Info + Vector 0.16 1.24 

Info + AR 0.08 1.43 

Info + Vector + AR 0.05 2.06 

Grand Mean 0.13 1.30 

Exp. 3 

Info Only 0.09 1.09 

No-Fly Bands 0.03 0.98 

Omni Bands 0.00 N/A 

Vector Planner 0.04 1.21 

Grand Mean 0.04 1.08 

 

 

Proportion 

The proportion of encounters that are predicted to lose well clear and do result in 

a loss of well clear provide the most direct measure of how well a given DAA system is 

at performing its primary function of maintaining well clear of other aircraft. It is 

important to note that the proportions observed in a single human-in-the-loop experiment 

do not provide a very good indication of the expected rate of losses of well clear that will 

be observed in an operational setting. However, the proportion of actual to predicted 

losses of well clear across different display configurations provide a good measure of the 

relative efficacy of a particular human machine interface implementation. The proportion 
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of losses of well clear across all display configurations in Experiment 1 through 3 are 

shown in Figure 57. 

 

 

Figure 57. Proportion of actual to predicted losses of well clear by display configuration 
for Experiments 1, 2 and 3. 

 

In Experiment 1, the proportion of losses of well clear results show a trend toward 

better performance for the advanced information displays compared to the basic 

information displays; roughly 36% of encounters in the advanced information display 

resulted in a loss of well clear compared to half of all encounters in the basic displays. 

This trend did not occur within the display location manipulation. The percentage of 

losses of well clear for standalone and integrated appeared to be nearly the same, 46% 
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and 42%, respectively. The Advanced Integrated had the lowest percentage of losses of 

well clear overall (28%) and the Basic Standalone had the highest (55%).  

There was also an observed trend in proportions of losses of well clear in 

Experiment 2. Here, proportions trended in favor of the display configurations that 

contained the auto-resolution tool. Info + Vector + AR had the lowest observed 

proportion of losses of well clear – 75% lower than the Info Only configuration (0.053 

versus 0.227, respectively). The proportion of losses of well clear was also much shorter 

for Info + AR (0.082) – 64% lower than the Info Only configuration. Info + Vector 

performed in between the Info Only display and the two auto-resolution displays. 

Experiment 3 was the only experiment that revealed significant differences in the 

proportions of losses of well clear by display configuration. On average, 9% of 

encounters predicted to lose well clear actually did in the Info Only display which was 

significantly higher than the percentage found for the Omni Bands display, which had no 

losses of well clear across all trials (i.e., 0%). While there were no statistically significant 

differences between the three suggestive guidance displays, the No-Fly and Vector 

Planner displays performed worse than Omni Bands with 3-4% of all encounters resulting 

in a loss of well clear. Both displays had losses of well clears due to ineffective 

maneuvers, too slow response, and too early return to course.  

The poorer performance of the Vector Planner configuration compared to Omni 

Bands can most likely be attributed to the HMI presentation of the suggestive guidance, 

since the underlying algorithm is the same. The number of each type of loss of well clear 

provides some insights as to the cause of this performance difference. Out of the six 
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losses of well clear that occurred in the Vector Planner condition, half were due to an 

ineffective maneuver. Omni Bands, on the other hand, had no losses of well clear. These 

results show that when pilots are forced to interact with the display in an attempt to 

uncover the best maneuver they did not always choose a suitable one, probably because 

all potential maneuvers were not available at once. Interestingly, the Vector Planner also 

had two losses of well clear because pilots returned to course too soon, compared to none 

in the Omni Bands condition doing this. The Vector Planner can be used to test whether 

the vector back to route is clear of conflict, however it appears that pilots either forgot or 

chose not to engage the tool. Conversely, the information was readily available for pilots 

to use when returning to route with the Omni Bands.  

The higher rate of losses of well clear in the No-Fly Bands display compared to 

the Omni Bands display is more perplexing since the approach to the display of 

suggestive guidance is nearly identical, with the major difference being the use of a 

single, or multiple colored, bands. A surprising finding from the loss of well clear results 

was the types of losses of well clears that occurred in the No-Fly bands: two ineffective 

maneuvers, one too slow response, and two too early returns. The wide array of reasons 

for losses of well clear do not point to any one explanation. The loss of well clear results 

indicate that pilots did not make as effective maneuvers based on the available guidance – 

although the rates of losses of well clear was not significantly different than Omni Bands. 

It is not clear why losses of well clear occurred to pilots maneuvering where there would 

theoretically be amber bands (i.e., ineffective maneuvers and too early returns) or why 

these types of losses of well clear occurred for the No-Fly Bands display but not the 
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Omni Bands display. One hypothesis is that the multi-color banding concept provided 

more salient information both for indicating a maneuver that would lead to an imminent 

loss of well clear (red) versus a less imminent loss of well clear (yellow) and for 

maneuvers that would result in no conflict (green), compared to amber bands for both a 

predicted and imminent loss of well clear and no bands for no predicted conflict. 

Severity 

Loss of well clear severity is a measure of the spatial separation with another 

aircraft when a loss of well clear does occur. In other words, it is a measure of “how bad” 

the loss of well clear was. Because of the time component of the well clear definition, in 

encounters with fast closure rates, losses of well clear can happen even when the aircraft 

have a large spatial separation. This differs from the way that separation is maintained by 

ATC in controlled airspace, which is a spatial threshold only. A loss of well clear event 

that is outside of the spatial well clear thresholds is relatively safer than a loss of well 

clear event that deeply penetrates the spatial threshold. For comparison, an NMAC is 

typically measured at 500 ft horizontal and 100 ft vertical, which in Experiments 1 and 2 

would be a separation index of 0.25 (a 100 ft vertical separation is 75% penetration of the 

400 ft well clear vertical threshold). In experiment 3, an NMAC would be a separation 

index of 0.22, or 78% penetration of the 450 ft well clear vertical threshold. Because of 

the low numbers of actual losses of well clear, statistical analyses cannot be done on the 

separation index results. Due to the wide variability in separation indices across all of the 

display configurations, distributions are useful for interpreting the separation index 
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means. The distribution of separation indices for all display configurations is provided in 

(Figure 58).
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In Experiment 1 the severity of losses of well clear provide mixed results. 

Overall, the advanced displays showed roughly 30% greater separation compared to the 

basic displays on average (1.4 versus 1.1, respectively). However, both levels of the 

information display had a mean separation index greater than 1, which indicates that on 

average, when a loss of well clear did happen, only the time threshold was violated. In 

addition, when looking at the distribution of the severity indices, the advanced display 

configurations actually resulted in the lowest separation index overall, despite the mean 

and median being higher compared to basic display. The standalone and integrated 

displays showed roughly the same severity of losses of well clear (1.2 and 1.1 

respectively). Overall, the Advanced Standalone saw the largest separation index (1.4) 

and the Basic Integrated contained the smallest (1.1). When looking at their distributions, 

the integrated displays had a much wider variability of separation indices, including both 

the lowest and the highest indices over all. Thus the severity index results do not provide 

any conclusive trend information favoring any of the display configurations.  

The separation index results from Experiment 2 indicate that the Info + Vector + 

AR had the greatest separation when losses of well clear did occur. The average 

separation for this display configuration was twice the spatial separation of the well clear 

spatial threshold, compared to just over one for Info and Info + Vector. Info + AR 

performed in the middle, with nearly 1.5 times the well clear spatial separation when 

losses did occur. 

There was very little variation in the separation index for the three displays that 

saw losses of well clear in Experiment 3. The actual to threshold spatial separation at 
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CPA ranged from a low of 1.0 for No-Fly Bands to 1.2 for Vector Planner. The lack of 

variation here is likely the result of a very low number of losses of well clear overall. 

However, it is important to note that the Info Only condition had a loss of well clear with 

a separation index of 0.24, just outside of an NMAC. 

Loss of Well Clear Summary 

 The loss of well clear metrics provide a means for evaluating the overall 

performance of a DAA system maintaining well clear of other aircraft. The proportion of 

predicted to actual losses of well clear is the most direct measure of how well the pilot 

and DAA system are executing the well clear function. Again, it is important to keep in 

mind that the observed proportion in a single experiment is not a direct correlation to the 

rate of losses of well clear that is likely to be observed in real operations. This is because 

the proportion observed in a human-in-the-loop experiment is dependent on the types and 

frequency of encounters that are generated. It would be nearly impossible to replicate the 

expected types of encounters that would be observed in the NAS over a long period of 

time. Despite that, this metric showed great utility in comparing the performance of pilots 

executing the well clear functions with difference DAA HMI configurations. In most 

cases, the proportion of losses of well clear provided converging support to the measured 

response data. In the first experiment, the advanced display configuration had 

significantly faster edit and total response times and the proportion of losses of well clear 

trended in the same direction with lower losses of well clear for the advanced displays. 

The second experiment showed significantly faster edit times for the two displays that 

contained the auto-resolutions tools, and again, the proportion of losses of well clear 
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trended in the same direction. Finally, the third experiment showed significantly faster 

initial and total response times for the banding displays, and there was a significant 

difference in the proportion of losses of well clear favoring Omni Bands. 

This trend whereby faster response times are correlated with lower losses of well clear 

makes logical sense. Because of the temporal nature of loss of well clear events, delays in 

responding to alerts that indicate a predicted loss of well clear are more likely to result in 

an actual loss of well clear since the delays in time correspond to moving closer to the 

predicted threat. The later a resolution maneuver is uploaded, the closer you are to the 

threat aircraft when you begin the maneuver and the less time you have to avoid the well 

clear threshold. However, the loss of well clear results from Experiment 3 show that late 

maneuvers are not the only causes of losses of well clear (Table 21). Pilots also make 

ineffective maneuvers away from other aircraft in addition to turning back to course too 

soon. In fact, only 13% of all f the losses of well clear in Experiment 3 were due to pilots 

being too slow whereas 57% were due to ineffective maneuvers and 30% were due to too 

early return. Thus, the main cause of losses of well clear appears to be more attributable 

to failures in determining resolution (as well as return to course) maneuvers rather than 

delays in execution. This means that the proportion of losses of well clear results are not 

simply a reflection or repetition of the measured response results, but instead appear to 

measure how well pilots are determining resolution maneuvers. Together, better 

performance on measured response along with better performance on the proportion of 

losses of well clear are needed to provide converging support for the efficacy of a DAA 

system. 
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One similarity in the proportion of losses of well clear results compared to the 

measured response results, is the general improvement between Experiment 1 and 

Experiment 2. The percentage of encounters that resulted in a loss of well clear in 

Experiment 1 ranged from 28% to 55% with an overall mean of 44%. In Experiment 2, 

the range of percentages of losses of well clear was 5% - 28% with an overall mean of 

13%. That’s a roughly 70% reduction in the proportion of losses of well clear overall. 

There was also a slight decrease in the proportion of losses of well clear between 

Experiments 2 and 3, with the latter having a range of 0% - 9% losses of well clear. Even 

the Info Only displays saw a reduction in Experiment 3 compared to Experiment 2 (9% 

versus 28%, respectively) despite there being less information in the former configuration 

compared to the latter. This difference may be largely attributable to the new alert 

structure used in Experiment 3, which provided unambiguous information to the pilot 

about when they no longer had time to coordinate with ATC in order to avoid a loss of 

well clear. Although overall response times were longer in Experiment 3 compared to 

Experiment 2, when response times are broken down by alert type the average response 

time for DAA warning alerts drops by approximately 10 seconds (Figure 50). These 10 

seconds may be the critical difference between maintaining or violating the well clear 

threshold. Given the consistently fast total response times across all displays for the DAA 

warning alert, it is reasonable to assume that the inclusion of this alert contributed to an 

overall reduction in the number of losses of well clear. One way to verify this hypothesis 

would be to try to go back to the Experiment 2 data and categorize the losses of well clear 
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the same way it was done in Experiment 3 to see if there is a reduction in the percentage 

of losses of well clear that were the result of a too late maneuver. 

 The severity metrics did not provide any conclusive results favoring one HMI 

configuration over another, with perhaps two exceptions. First, Table 24 and Figure 58 

show that the Info + Vector + AR display in Experiment 2 had a much higher mean and 

median separation index compared to all of the other displays that were evaluated. It also 

had the least amount of variance in responses, which is likely attributable to this display 

also having the shortest and least variable response times of all displays (Figure 56). The 

second clear performance indicator can be seen in the minimum separation index values 

in Figure 58. The Info Only display in Experiment 3 had an encounter with a separation 

index of 0.24, which is nearly an NMAC. In general, however, there does not appear to 

be much correlation between the measured response and proportion of losses of well 

clear results with the severity results, and there was no real variation across the three 

experiments. The utility of the severity metric may be limited, except in extreme cases, 

given the low number of losses of well clear that are expected overall. 

Research Summary 

 The three experiments documented in the previous three chapters sought to 

determine the minimum HMI requirements for a DAA system. All three experiments 

utilized an experimental design that compared the well clear performance effects of a 

“minimum” information-only display (i.e., informative, does not contain maneuver 

guidance or decision-aiding) to suggestive and directive maneuver guidance displays. 
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Table 25 provides a quick look “cheat sheet” on the significant differences and trends 

from the three experiments. 

  

Table 25. Quick look overview of the significant differences and trends from the three 
reported experiments. The green checkmarks indicate displays that were found to have 
significantly better performance compared to another display(s), which are marked with 
red exes. The black checkmarks and exes denote the better and worse performing 
displays given strong trends in the results. 

  
Initial 

Response 
Time 

Initial Edit 
Time 

Total Edit 
Time 

Total 
Response 

Time 

Proportion 
of Losses of 
Well Clear 

Exp. 1 

Basic 
Standalone   	  	   

Basic 
Integrated  	  	  	   
Advanced 

Standalone   ✔ ︎ ✔ ︎ ✔ ︎ 
Advanced 
Integrated  ✔ ︎ ✔ ︎ ✔ ︎ ✔ ︎ 

Exp. 2 

Info Only      

Info + Vector  	  	   	  

Info + 
AR  ✔ ︎   ✔ ︎ 

Info + Vector + 
AR  ✔ ︎ ✔ ︎  ✔ ︎ 

Exp. 3 

Info Only   	  	  	  

No-Fly Bands ✔ ︎   ✔ ︎  

Omni Bands ✔ ︎    ✔ ︎ 
Vector Planner 	   ✔ ︎  

 

 

Experiment 1 examined the performance effects of a “minimum” information 

display compared to and advanced information display with both suggestive and direction 

maneuver guidance tools. The results showed a clear performance benefit for the 



 

 
 

192 

advanced information displays which contained the suggestive and directive maneuver 

guidance tools in addition to additional (i.e., “advanced”) information element. However, 

due to the experimental design, it was impossible to determine whether it was the 

additional information elements or one of the two maneuver guidance tools (or both) that 

was the source of the performance improvement. Experiment 2 sought to answer this 

question by separating the “advanced” information only set from the two guidance tools: 

the vector planner tool (suggestive guidance) and the auto-resolutions tool (directive 

guidance). Experiment 2 also re-tested the display configuration with both the suggestive 

and directive guidance. The results indicated that the two displays with the auto-

resolutions tool performed significantly better than the two without.  

The disproportionate impact of the auto-resolutions was likely the result of two 

main factors. First, the direct maneuver guidance likely reduced the amount of time it 

took pilots to determine their avoidance maneuver. In the Info Only and Info + Vector 

configurations, pilots were responsible for determining their own maneuver. In Info Only 

this determination was made without any automation-assistance, while in Info + Vector, 

pilots had the option to use the vector planner tools to inform their decision. Second, the 

coupling of the auto-resolutions with the GCS’s control and navigation interface meant 

pilots did not need to make edits to the interface if they were satisfied with what was 

proposed and pre-loaded by the auto-resolutions algorithm; pilots simply had to upload 

the recommendation to the aircraft. Analysis of pilots’ compliance rate with the auto-

resolutions revealed that pilots followed the algorithm’s suggestion about 70% of the 
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time it was available, meaning that, more often than not, pilots had no need to interact 

with the vehicle control interfaces in the Info + AR and Info + Vector + AR conditions.  

When the vector planner tools were presented on their own, by contrast, they 

tended to increase pilot response times, even as compared to the Info Only configuration. 

This suggests that any benefit provided by maneuver guidance tools in determining an 

appropriate maneuver is offset by the time it takes to use them. This effect, while not 

surprising, is counterproductive: by slowing down pilot responses you increase the 

likelihood that they are not able to upload a maneuver to the aircraft before losing well 

clear.  

Unfortunately, based on discussions within the SC-228 advisory committee, a 

directive algorithm was unlikely to be accepted as a minimum requirement for the DAA 

MOPS. In addition, requiring manufacturers to integrate the DAA HMI with the GCS’s 

control and navigation interface was likely to not be accepted as a minimum requirement 

either. Therefore, Experiment 3 was designed to overcome what was seen as three 

limitations of Experiment 2: 1) the use of directive maneuver guidance, 2) the integration 

of the DAA HMI with the GCS’s control and navigation interface, and 3) requiring pilots 

to interact with the suggestive guidance tools. The first issue was addressed by only 

comparing difference suggestive guidance displays to an information only baseline. The 

second was addressed by decoupling all of the DAA HMIs from the control and 

navigation interface. And finally, the third was addressed by introducing a new 

suggestive guidance display concept, banding. The experimental design for this last 

experiment compared an information only display to two different banding displays as 
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well as an updated vector planner display which had been decoupled from the GCS 

control and navigation interface. 

The results of experiment three revealed that the two banding displays resulted in 

significantly better performance compared to the Info Only display. Both banding 

displays resulted in faster response times than the Info Only and Vector Planner displays. 

More importantly, the Omni Bands display had no losses of well clear, a significantly 

lower proportion of losses of well clear compared to the Info Only display. While the 

Vector Planner display did not differ statistically from the banding displays, it trended 

toward slower response times and higher losses of well clear, a trend that could become 

significant in real operations. Further, a design approach that requires pilots to have to 

engage the suggestive guidance tool and that essentially hides the guidance information is 

more likely to be brittle and result in poorer performance, especially under stricter time 

constraints. 

The likeliest culprit of the poor performance seen in the Info Only displays 

condition is the well clear definition that includes both a spatial and a temporal threshold. 

While maintenance of a spatial-only well clear threshold, with fixed dimensions like a 

hockey puck, could likely be supported with an informative or information-only display, 

the addition of the temporal threshold adds a dynamism to the well clear threshold that is 

difficult for pilots to judge or visualized, and is also difficult to depict on a two-

dimensional display, since the well clear volume changes even during a single encounter 

as a function of speed. Although Experiment 3 implemented a bare bones minimum 

information display, given the challenge presented by the temporally based well clear 
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definition, it is unlikely that performance would be improved by adding additional 

informative display elements. However, the temporal aspect of the well clear definition is 

deemed important in order to account for speed differences in perceptions of well clear of 

manned pilots; a well clear definition for UAS that causes manned pilots to perceive a 

loss of well clear will not be interoperable with the NAS. 

Another major finding of Experiment 3 was the performance difference associated 

with different alert levels. The observed difference in the total response times of pilots 

responding to the DAA Warning alert compared to the Corrective DAA alert, especially 

in terms of shorter and less variable total response times, provides a strong basis for 

establishing HMI requirements that are closely tied to operational roles. The reduction in 

the proportion of losses of well clear from Experiment 2 to Experiment 3, despite a slight 

increase in total response times, also show strong support for the efficacy of the new alert 

structure tested in the latter experiment. In conclusion, the three reported experiments 

generated sufficient empirical results to support and inform substantial portions of the 

DAA MOPS. 

Implications for the MOPS 

The results of three experiments provide significant objective input into the 

development of the alerting, guidance and display MOPS for future DAA systems. Most 

of these inputs were finalized with Experiment 3, however it is important to recognize 

that the HMI configurations in Experiment 3 were the result of the iterative testing and 

improvements made after Experiments 1 and 2.  
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At a high level, the results helped to confirm the minimum time that should be 

allocated to the pilot within the DAA timeline: 15 sec for pilot response time (i.e., to 

detect, determine and execute a maneuver), and 10 sec for pilots’ interaction with ATC to 

obtain a clearance approval (Figure 59). These numbers, along with aircraft maneuver 

time of approximately 30 sec5, inform both the alerting thresholds and the minimum 

surveillance ranges necessary to detect aircraft at those thresholds. In order to detect 

intruders at roughly 90 sec to CPA, which includes ATC interaction time, the minimum 

required surveillance range is approximately 8 nm (RTCA, 2015d). Surveillance range 

capabilities greater than 8 nm will provide additional time for pilot and aircraft response 

times (including interaction with ATC), as well as a buffer for surveillance uncertainty 

and communication latencies between the GCS and air vehicle. However, this will be 

optional for manufacturers to implement. The specific inputs to the alerting, maneuver 

guidance and display elements sections of the DAA MOPS are discussed below. 

 

                                                
 

5"At"the"time"the"Experiment"3"was"executed,"minimum"aircraft"performance,"and"more"specifically,"the"
amount"of"time"to"be"allotted"to"aircraft"maneuvering"in"the"DAA"timeline,"had"not"yet"been"defined"for"
the"DAA"MOPS."After"Experiment"3,"the"allocation"for"aircraft"maneuvering"was"defined"as"30"s."Details"
for"this"decision"can"be"found"in"“Minimum"Operational"Performance"Standards"(MOPS)"for"Unmanned"
Aircraft"Systems"(UAS)"Detect"and"Avoid"(DAA)"Systems"Appendix"D:"UAS"Maneuver"Performance"
Requirements"DRAFT”"(RTCA,"2015d)."
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Figure 59. DAA timeline with expected pilot response time, ATC interaction time, and 
aircraft maneuver time. 

 

Alerting   

The results of the Experiment 3 helped to define both the alert levels of the DAA 

MOPS alert structure as well as the associated thresholds for each alert for the current (at 

time of writing) draft of the DAA MOPS [see section 2.2.4.2.4 “Alerting” of the 

“DRAFT Detect and Avoid (DAA) Minimum Operational Performance Standards 

(MOPS) for Verification and Validation” (RTCA, 2015a) for the full list of alerting 

requirements]. The three required alert levels are Preventive, Corrective and Warning. 

(Based on subjective feedback, the Proximal alert level was no included as a required 

alert level, however a different alert level is currently being proposed to indicate traffic 

that are not an active Preventive, Corrective or Warning alert, but that are causing yellow 

or red suggestive maneuver guidance bands.) Each of these alert levels is associated with 

both a must and must not alert threshold that defines the trade space for manufacturers of 
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when alerts should and should not be generated, rather than specifying a particular 

implementation. For each alert, the !"#$∗  (modified tau), &'(∗ (horizontal miss 

distance), ℎ∗ (vertical distance), and DMOD (distance modifier) parameters define the 

alert threshold for future predicted ownship and intruder states for the Within Time. The 

&'(* and +,_* parameters define the must not threshold for the More Than Time. Thus, 

for the Preventive and Corrective alerts, their must alert time is within 55 seconds (to loss 

of well clear) with a modified tau of 35 sec, and a horizontal miss distance and distance 

modifier of 0.66 nm. They differ only in the vertical distance threshold; the Corrective 

alert vertical threshold is equivalent to the well clear threshold of 450 ft while the 

Preventive alert vertical threshold is 700 ft, providing the vertical buffer as specified by 

the FAA whitepaper on well clear (Walker, 2014; Figure 36).  
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Table 26. DAA Draft MOPS alerting thresholds. Reprinted with permission from: RTCA 
(2015a), DRAFT Minimum Operational Performance Standards (MOPS) for Unmanned 
Aircraft Systems (UAS) Detect and Avoid (DAA) Systems. 

! Preventive!Alert! Corrective!Alert! Warning!Alert!

Alert!Level! Caution" Caution" Warning"

M
us
t!A

le
rt
!

Th
re
sh
ol
d!

Within!Time!(Seconds)! 55" 55" 25"

./01∗  

(Seconds)!

35" 35" 35"

DMOD!and!234∗!
(NM)!

0.66" 0.66" 0.66"

5∗ (Feet) 700" 450" 450"

M
us
t!N

ot
!A
le
rt
!

Th
re
sh
ol
d!

More?Than!Time!
(Seconds)!

75" 75" 35"

23467
(NM)!

>"2.0" >"1.5" >"1.0"

15_6!(Feet)! >"800" >"450" >"450"

 

 

There are two important differences to note about the draft DAA MOPS 

thresholds compared to those utilized in Experiment 3. First, the horizontal miss distance 

and distance modifier used in Experiment 3 was 0.75 nm or roughly 4500 ft, whereas for 

the well clear definition and the draft MOPS alert structure in Table 26 they are 0.66nm 

or roughly 4000 ft. The reason for this 500 ft discrepancy is that Experiment 3 used a 

slightly larger horizontal threshold to account for the uncertainty associated with 

surveillance and aircraft performance expected in real world operations. In order to 

achieve the safety target or a of 0.045 loss of well clear probability, some amount of 
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buffering will be required in the alerting structure to allow for this uncertainty. However, 

this number has not yet been specified in the draft DAA MOPS. The second difference 

between the must alert thresholds in Table 26 and the thresholds used in Experiment 3 is 

the time threshold. Experiment 3 used a time threshold of 75 sec to loss of well clear 

compared to a must alert requirement of 55 sec. This is because the must alert threshold 

specifies the latest time at which an alert can be triggered. The must alert threshold of 55 

sec was the minimum time calculated from the DAA timeline whereby aircraft 

performance is allocated 30 sec and pilot response time is allocated 25 sec (10 sec for 

ATC coordination and 15 sec for GCS interaction; Figure 59). The pilot response time 

number with ATC coordination was derived from the average total response time for 

pilots responding to Corrective alerts in Experiment 3 (Table 20). The Corrective and 

Preventive alert thresholds for Experiment 3 (75 sec) were the furthest time out it was 

judged to be operationally acceptable for pilots to request a maneuver to remain well 

clear based on previous studies (Mueller, Isaacson, & Stevens, unpublished), which 

established the current must not alert thresholds for the draft DAA MOPS alert structure. 

However, the Warning alert threshold from Experiment 3 is identical to the must alert 

threshold specified in the draft DAA MOPS, which allocates roughly 10 sec to pilot 

response time (based on pilots’ total response times to Warning alerts, Table 20) and 10 

sec to aircraft maneuvering6. The must not alert indicates that a Warning alert could 

                                                
 

6"Although"10"s"for"aircraft"maneuvering"(given"a"25"s"to"loss"of"well"clear"threshold"for"a"Warning"alert)"is"
likely"not"sufficient"to"prevent"all"imminent"losses"of"well"clear,"concerns"about"ATC"interoperability"and"
having"pilots"maneuver"up"to"a"minute"prior"to"CPA"without"prior"ATC"coordination"forced"the"committee"
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happen as early as 35 sec to loss of well clear, but not earlier. The must not alert 

threshold is critical in terms of ATC interoperability given the concerns of having pilots 

maneuvering without notifying ATC beforehand. The horizontal and vertical must not 

alert thresholds establish the maximum buffer around the well clear boundary that can be 

used in alerting and are set to minimize unnecessary alerts and resulting maneuvers. 

Thus, the must alert thresholds are established according to the minimum performance 

expectations of the pilot and aircraft in order to achieve the loss of well clear safety 

target, while the must not alert thresholds are established according to operational 

considerations. Alert symbology was selected based on the Aircraft Surveillance 

Applications MOPS (RTCA, 2011) and are specified in section 2.2.5.6.2.3.2.4 of the draft 

DAA MOPS (RTCA, 2015a). The auditory alerts utilized in Experiment 3 (Table 16), 

based on subject matter expert input, were accepted as minimum requirements in the draft 

DAA MOPS (section 2.2.5.9.1.1) with the exception of the aural alert of the Corrective 

alert. “Traffic, Separate” was changed to “Traffic, Coordinate” based on terminology 

concerns from the ATC community with using “separate” and “separation”. 

Maneuver Guidance 

Experiment 3 provided strong objective data to support requiring suggestive 

guidance in the form of banding as a minimum requirement for DAA systems. Section 

2.2.4.3.1 (RTCA, 2015a) specifies the functional requirements for the DAA maneuver 

                                                                                                                                            
 

to"accept"a"shorter"time"threshold"than"would"be"necessary"to"prevent"all"losses"of"well"clear."By"
comparison,"a"TCAS"RA,"for"which"pilots"are"allowed"to"maneuver"with"prior"ATC"coordination,"occurs"
roughly"25"Y"35"s"to"CPA."
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guidance, e.g., “DAA guidance shall include ranges of horizontal maneuvers.” Section 

2.2.5.6.2.3.2.6 (RTCA, 2015a) specifies the HMI requirements for the maneuver 

guidance, e.g., “An amber/yellow caution band shall be displayed with its associated 

predicted DAA preventive/corrective alert in any direction, and a red band shall be 

displayed with its associated predicted DAA warning alert in any direction.” As this 

requirement shows, it is necessary for the maneuver guidance to differentiate between 

trajectories that are predicted to result in a DAA warning alert with red bands and those 

predicted to cause a corrective DAA alert with yellow bands. This was one of the major 

differences in the HMI for the No-Fly Bands and Omni Bands configurations, and was 

chosen given the better performance of Omni Bands over No-Fly Bands in maintaining 

well clear. While the use of green bands was not established as a minimum requirement, 

and instead recommended to be saved for future system guidance (i.e., collision 

avoidance guidance), there was a requirement included for the display to differentiate 

between trajectories that are and are not being probed. The reason for this requirement is 

so that the lack of banding information (if not all trajectories are probed or are not 

returning conflict information) is not confused with trajectories predicted to not cause a 

conflict, (i.e., if no colored bands are used for showing trajectories predicted to be safe). 

Display Elements 

The results of Experiment 3 prompted a return to the minimum display 

requirements outlined in the “Minimum Operational Performance Standards (MOPS) for 

Aircraft Surveillance Applications (ASA) System” (RTCA, 2011) as a baseline for the 

DAA MOPS. It was determined that the suggestive maneuver guidance was the primary 
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source of decision support, and contributed to acceptable performance, for pilots 

remaining well clear of other aircraft, and that only basic traffic elements were necessary. 

For traceability purposes, each requirement within the display elements section that came 

from the ASA MOPS references the line in the original document where the requirement 

can be found, e.g., “A data tag for airborne traffic shall (3032) include: traffic altitude.” 

In this requirement, which is located on line 3677 of the DAA MOPS (RTCA, 2015a), 

the line from the original MOPS is also referenced in brackets (i.e., 3032). Where 

relevant, additions and subtractions were made to accommodate specific DAA 

characteristics.  

Other MOPS Considerations 

Experiment 3 also helped to formalize pilot operational responsibilities with 

respect to interacting with ATC when maneuvering to maintain well clear, which had 

previously been largely ambiguous. Before Experiment 3, the operational assumption was 

that pilots were required to obtain a clearance to prior to maneuvering to maintain well 

clear unless there was a safety of flight concern. The challenge for pilots was in 

subjectively determining when a safety of flight concern occurred. Not surprisingly, there 

was a lot of variability in how pilots judged a safety of flight concern – some pilots were 

observed to maneuver as soon as an alert occurred (at 110 sec to CPA) without contacting 

ATC whereas other pilots were observed to penetrate the well clear threshold while 

attempting to contact ATC. With the introduction of the DAA Warning alert, the safety of 

flight concern was defined objectively for pilots as 25 sec to loss of well clear. The 

establishment of clear operation responsibilities (whether or not to contact ATC) coupled 
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with HMI requirements that leverage established human factors regulations to elicit 

appropriate pilot responses, resulted in more predictable pilot behaviors and overall 

improved performance. 
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Chapter 8: Discussion 
 

 As old technologies evolve into new ones, there emerges new opportunities to 

introduce increasingly sophisticated forms of automation. With these new opportunities, 

however, also comes the question of how work will be coordinated and accomplished 

between humans and machines. As new generations of machine capabilities replace old 

ones, roles and responsibilities within the system change, which means new requirements 

for supporting human-machine cooperation. In safety critical systems, this question is as 

important to regulators as it is to the designers of the system, as regulators make 

predictions about the future performance of the new technology as part of their safety 

assurance processes. 

 Traditional function allocation methods, such as the use of MABA-MABA lists 

and levels of automation, have fallen short of their promises to provide easy answers to 

who or what will accomplish certain tasks or functions when new technology is 

introduced. This is often because these paradigms typically ignore how human-machine 

cooperation will be supported. Indeed, traditional function allocation approaches ignore 

questions about issues that go beyond specific functions, such as: what are the roles and 

responsibilities of various human and machine agents, how do agents coordinate across 

their respective roles and across different levels to accomplish their goals, and how are 

activities synchronized (Murphy & Shields, 2012). These questions concern the 
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underlying human-automation architecture of the system. Unfortunately, function 

allocation activities in the design of new systems typically make implicit assumptions 

about the underlying human-automation architecture, rather than making explicit the 

coordination and synchronization needed by agents in order to fulfill their relative roles 

and responsibilities and accomplish the goals of the system. When these needs are 

ignored by system designers, failures in human-machine cooperation are likely to occur, 

leading to undesirable system outcomes. Thus, the human-automation architecture and 

support for human-machine interaction and cooperation, often in the form of HMIs, need 

to be sufficiently evaluated in the safety assurance process for safety critical systems, 

where undesirable outcomes could potentially be catastrophic.  

 A methodology is needed that enables regulators to ensure that the human-

machine cooperation needs of new technology are accounted for and supported by 

designers. Examining the changes in the underlying human-automation architecture of a 

new technology will elucidate how existing roles in the domain will be impacted by its 

introduction into the larger system. This is because no new technology can be introduced 

into a system without changing the roles and interactions between roles that are needed to 

get work accomplished. Thus, a methodology that makes explicit the coordination and 

synchronization needs of the roles required to effectively operate a new technology will 

enable regulators to better anticipate the reverberations and side effects that will occur 

when that technology becomes operational. 

 The experiments discussed in the last four chapters detail a process that was 

implemented to help determine the minimum HMI requirements for future DAA systems 
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for UAS. Not only did these studies meet the short term UAS community needs of 

informing the DAA MOPS, but they also provided key insights into how the functions of 

remaining well clear will likely be accomplished by UAS pilots in the future operational 

environment. How UAS pilots would meet the regulatory requirement to remain well 

clear was not well understood by the UAS community or the federal advisory committee 

tasked with developing MOPS when this process started. While well clear is currently 

accomplished by pilots of manned aircraft, there is little data or insight (other than 

anecdotal) on how it is accomplished, let alone how it might be accomplished by ground-

based pilots with the assistance of a DAA system. A key revelation of the reported 

studies, is that how, and “how well”, the critical functions of a system get accomplished 

is highly dependent on the DAA HMI and underlying human-automation architecture.  

For UAS pilots, maintaining well clear has to be accomplished through the DAA 

and control and navigation systems located both in the GCS and onboard the aircraft. The 

pilot on the ground can neither directly detect potential threats nor directly input 

maneuvers to the aircraft. Instead they have to rely on receiving information and sending 

aircraft commands through the machine components on the ground via a communication 

link. Because of the reliance on electronic detection of potential threats, the regulatory 

responsibility of maintaining well clear was changed from a subjective out-the-window 

assessment to a new separation standard based on a mathematical equation. With this 

change came a new ability to objectively assess whether well clear has been “lost” (i.e., 

the well clear separation threshold has been penetrated) and a new safety standard that the 

pilot and DAA system, together, have to meet.  
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The reported studies revealed that because of the complex nature of the well clear 

threshold, which utilizes a time-based, or tau, component in addition to a spatial 

component, UAS pilots were not very successful at maintaining well clear without some 

automation assistance. More specifically, pilots struggled with one of the three well clear 

functions in particular: determining an appropriate resolution maneuver. The results of 

the studies showed that pilots were slower and more likely to make ineffective maneuvers 

that lead to losses of well clear when they only had a display of traffic information 

elements. On the other hand, when pilots had use of an algorithm that presented either a 

single or a range of maneuvers that were predicted to resolve the potential conflict, they 

were quicker and significantly less likely to penetrate the well clear threshold. These 

findings lead directly to the inclusion of the requirement for maneuver guidance in the 

DAA MOPS (RTCA, 2015a). In addition, the studies pointed strongly to the need of HMI 

requirements that support pilot coordination with ATC. Although coordination is not 

necessary to accomplish the well clear functions, it is a critical requirement to ensure 

interoperability with current ATC roles and responsibilities, and to reduce the disruption 

to the aviation system when UAS are deployed. 

The alerting and maneuver guidance requirements that were instantiated in the 

draft DAA MOPS point to the underlying human-automation architecture of the DAA 

system, whereby the DAA system and the pilot share and coordinate the well clear 

function of determining a resolution maneuver (Figure 60). In this architecture, the 

automation provides a range of maneuvers that are predicted to be clear of conflict to the 

pilot, who then decides on a single maneuver and uploads that to the aircraft using the 
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GCS control and navigation automation. In addition, the DAA system does not simply 

pass surveillance information of nearby aircraft through to the DAA display located in 

the ground-based control station, but it also utilizes automation to provide information to 

the pilot about the predicted threat level of, calculated as the predicted time to loss of 

well clear with, potential conflicts through alerting. The requirements derived from the 

three reported studies therefore not only assist the pilot in determining “how” to 

maneuver to avoid a loss of well clear, but it also assists the pilot in determining “when” 

to maneuver to avoid a loss of well clear. In this human-automation architecture, the 

DAA automation also supports and mediates the human coordination between pilots and 

ATC, which is an operational pilot function, not a well clear function. However, serves to 

also support the well clear functions by giving pilots information on when they need to 

prioritize maintaining well clear over ATC coordination. This point highlights how 

different goals change over the temporal timeline of a DAA event; further out in the 

timeline, ATC coordination takes priority, but as the event develops and the threat 

becomes more imminent, maintaining well clear takes over priority. This pacing and 

synchronization of the pilot’s roles and responsibilities relative to other users of the 

system (i.e., other pilots/aircraft and ATC) over time is supported by the DAA system. 
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Figure 60. How the well clear functions are accomplished according to the draft DAA 
MOPS (RTCA, 2015a). 

 

In the first chapter of this dissertation, two key conditions were identified that had 

to be met in order for a methodology to successfully aid in the transition of new 

technologies to highly regulated domains. These conditions were derived from CSE 

principles based on previous research and observations of people at work in complex 

systems. The first condition was that the methodology needed to be able to uncover the 

shifts in human and machine roles and responsibilities so that the reverberations resulting 

from a change in technology within the existing system could be predicted. The second 

condition was that those predictions would be based on empirical results abstracted from 

observations within a relevant context. The next section will evaluate the methodology 

implemented in the reported research program with respect to these two conditions and 

from an overall CSE perspective. 
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Reflecting on the Methodology for Determining HMI Requirements for DAA Systems 

from a CSE Perspective 

To begin the evaluation of the DAA HMI research program, a high level overview 

of the methodology that was implemented is provided in Figure 61. The research program 

began with the generation of candidate HMIs for DAA systems. This step was followed 

by the empirical evaluation of the prototype HMIs and then the analysis of the results of 

those evaluations. At the end of the third step, results both served as inputs to the 

refinement of existing HMI prototypes or the development of new ones and became 

inputs to the DAA requirements (step 4). The process was repeated as lessons learned and 

new HMI concepts drove subsequent evaluations. Throughout the process, the underlying 

human-automation architecture was assumed both in the candidate HMIs that are 

developed in the first step, and in the derived requirements in the last step. 
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Figure 61. Methodology implemented for the DAA HMI requiements development. 

 

Capturing Shifts in Roles and Responsibilities 

A key limitation of the methodology presented in Figure 61 is the absence of a 

step that captures the shift in the roles and responsibilities from the previous generation 

of technology to the new one. This can only be done by analyzing the underlying human-

automation architecture of the current system and comparing to it candidate prototypes. 

Figure 62 compares the human-automation architectures for how the well clear functions 

are accomplished for both manned and unmanned aircraft, assuming the architecture 

determined by the DAA HMI research program for the MOPS. This comparison is 

derived from Figure 1 and Figure 60 with the ATC coordination links removed, so it 

therefore captures only the accomplishment of the three well clear functions.  
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Figure 62. How the well clear functions are accomplished when coordinated between 
pilot and DAA system for UAS (left) compared to how they are accomplished by manned 
aircraft (right). 

 

Figure 62 underscores how the introduction of technology substantially changes 

the roles within a system. While the UAS pilot on the left maintains responsibility for all 

of the same three well clear functions as the manned pilot on the right (shown with the 

blue lines), there are new coordination links (red lines) between the pilot and automation 

capabilities via the GCS. This is because the DAA system takes on a new role with 

responsibilities for two of the three well clear functions (grey lines). The machine’s role 

is mediated through the HMI which the pilot relies on to coordinate and synchronize 

his/her activities with the machine’s, as well as other agents or roles in the larger aviation 

system (e.g., ATC and other pilots). In addition, the UAS pilot also remotely controls the 

unmanned aircraft through the aircraft’s autopilot system located within the GCS via a 

command and control link.  
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By comparing the old and new human-automation architectures side-by-side, it 

becomes much easier to identify the new roles and coordination between roles that need 

to be supported by the new technology’s HMI. For UAS DAA systems, the introduction 

of the machine role into the well clear functions, and especially the new coordination 

links between the machine and human roles, are a critical area of needed support.  

Making Predictions Based on Empirical Observations in a Relevant Context 

The DAA HMI research program was successful in generating empirical data 

within a relevant operational context that allows the responsible regulators to make 

predictions about the future performance of UAS DAA systems. In particular, the 

research program provided predictions about the expected performance of UAS pilots 

remaining well clear of other traffic in the airspace in terms of response times and 

proportions of encounters that result in a violation of the well clear threshold. These 

predictions not only gave justification to the several of the minimum requirements 

instantiated in the DAA MOPS as documented in the previous chapters, but they also 

provided objective data as input into other analyses (e.g., fast time and Monte Carlo 

simulations, as well as engineering analyses) that will result in minimum requirements 

for other components of the DAA system not directly related to the HMI (e.g., 

surveillance equipment performance).  

One reason for the ability of the research program to successfully do this, was the 

substantial analysis of the future envisioned world that was provided within the 

Operational Services and Environment Description Document (RTCA, 2015b). More 

important, however, was the ability to bring significant resources to the research program 
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in order to build up a simulation environment that supported the development of 

prototype DAA HMIs and supporting DAA systems (i.e., JADEM and Stratway+) that 

were capable of realistically emulating surveillance equipment and alerting and guidance 

algorithms, as well as being able to network the airspace and ATC simulation with the 

UAS GCS.   

Unfortunately, the DAA HMI research program employed only a single 

instantiation of all of the possible combinations of DAA HMIs, systems (i.e., alerting, 

guidance, and surveillance fusion and tracking), UAS GCSs, and operational 

environments. Thus, the predictions made about the performance of the future DAA 

system based on this research are only good to the extent that the actual operational 

context matches the simulated environment. Given that the boundaries of the simulated 

operational context are relatively narrow relative to actual operational environments, the 

risk is high that a DAA system resulting solely from this research program would have 

narrow operational boundaries and be brittle when deployed in conditions it was not 

tested in. For example, a recent study UAS DAA study also conducted in support of the 

SC-228 DAA MOPS uncovered potential brittleness when the DAA system did not make 

accurate predictions about the autopilot functionality in the UAS GCS (Comstock, 

Consiglio, Ghatas, & Vincent, 2016). This unanticipated mismatch in the predicted and 

actual autopilot performance caused the maneuver guidance algorithms and DAA HMI to 

provide incorrect guidance to the pilot, e.g., it indicated that particular trajectories were 

conflict-free when in fact they weren’t based on the way the autopilot would attempt to 

capture the heading when commanded by the pilot. When this incorrect guidance was 
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followed by the UAS pilot, it resulted in violations of the well clear threshold. Thus it is 

critical that the DAA system instantiated in the final MOPS be tested in various contexts 

and environments, by various methods (i.e., human-in-the-loop and fast time simulations, 

flight test, engineering analyses, etc.) and under multiple possible configurations of 

GCSs, HMIs, and DAA systems so that the regulators can get a more robust assessment 

of the performance, potential risks, operational boundaries, and impacts on other roles in 

the NAS. A critical part of this testing process is the development of scenarios, under all 

methods, that are designed to test the boundaries of the system. As will be discussed 

further in a later section, the scenarios utilized in the DAA HMI research program were 

limited in the extent to which they tested both the bounds of the DAA system 

performance (i.e., alerting and maneuver guidance algorithms) as well as the human-

machine coordination supported by the HMI. 

Summary 

 Overall, the DAA HMI research program partially met the conditions outlined in 

the first chapter for what would be required of a methodology that could aid in the 

transition of new technologies to highly regulated and complex domains. While it was 

able to provide objective results and observations to support predictions about how future 

DAA systems will perform and impact the future NAS into which it will be deployed, 

those predictions are based on a narrow characterization of the envisioned world. In 

addition, the methodology failed to explicitly identify the transition in roles and 

responsibilities for accomplishing the well clear functions that is expected to occur with 

the introduction of UAS equipped with DAA systems. The result of these two limitations 
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is an increased risk that the new human and machine roles, and the coordination between 

them, will not be properly supported by the DAA HMI and that the testing of the DAA 

prototypes (including the HMIs and underlying processing systems) did not sufficiently 

identify where the system boundaries are and when breakdowns might be predicted to 

occur. One proposed way to overcome these limitations is to modify the methodology  

presented in Figure 61 by adding a step of generating potential human-automation 

architectures before candidate HMIs are developed. The contribution of this step to the 

overall methodology is discussed in the next section. 

Improving the Methodology for Developing HMI Requirements for New Technologies 

Figure 63 presents a slight modification to the methodology that was utilized in 

the DAA HMI research program. The generation of potential human-automation 

architectures is a critical first step as it is serves as a precursor to other activities that feed 

the overall process. Outlining the art of the possibility in human-automation architectures 

prior to evaluation allows for a clearer definition and design of the prototypes to be 

tested. In addition, by analyzing the different coordination and synchronization needs for 

potential human-automation architectures and the change in architecture from the 

previous generation technology, HMIs can be designed that are specifically designed to 

tailored to support them. In this way, the human-automation architecture drives the 

design of the HMI. When the HMI is designed independent of the human-automation 

architecture, there is a risk that the underlying assumptions about the architecture, and the 

related human-machine cooperation requirements, will not or cannot be met in the overall 

technology design. If this happens, a mismatch between the human-automation 
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architecture needs, in terms of coordination and synchronization, will not be 

appropriately supported by the HMI, resulting in human-automation cooperation 

breakdowns.  

 

 

Figure 63. Modified methodology for developing HMI requirements for new 
technologies. 

 

In the DAA HMI research program design decisions were being made at the HMI 

level, which were making implicit assumptions about the underlying allocation of 

functions between the automation and pilot, rather than allowing the design decisions to 

be driven by the specific human-automation architecture. The main research question 
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underlying the HMIs that were evaluated across the three experiments essentially boiled 

down to whether, and what type, of maneuver guidance should constitute the minimum 

requirement for UAS DAA systems. Instead of this being a question about the 

appropriate minimum HMI requirement, the fundamental question is really about what 

the appropriate human-automation architecture for DAA systems is. This is because 

while technical requirements will typically be framed at the level of the HMI, the HMI is 

really just a proxy for the human-machine coordination support that is needed by the 

human-automation architecture. Thus, to properly derive HMI requirements, one should 

start at the architecture, or possible architectures, of the new technology. 

The informative, suggestive, and directive maneuver guidance display 

configurations evaluated in the reported experiments varied in how the “determine 

resolution maneuver” well clear function was accomplished by the automation and pilot. 

Because of the original assumptions by the SC-228 advisory committee that there would 

be a pilot-in-the-loop with the DAA system that would be responsible for executing any 

resolution maneuvers, the execute maneuver function was always allocated to the pilot 

(who essentially directs the autopilot system to execute the maneuver) while the detect 

potential conflicts function was necessarily shared between the pilot and automation. 

How the determine resolution maneuver function would be accomplished by the pilots 

and/or machines, however, was not pre-determined but rather implied based on the HMI 

requirements. This baseline architecture is shown in Figure 64. The key question the 

current research program was explicitly trying to answer, was whether an informative 

display, which does not provide any maneuver guidance, would be a sufficient minimum 
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HMI requirement for the DAA system. What this question was really asking, however, is 

how the determine resolution function should be accomplished by humans and machines 

in order to achieve the desired level of performance of the DAA system. 

 

 

Figure 64. Baseline human-automation architecture assumed by SC-228 DAA MOPS. 

 

An informative display solution would provide essential hazard information to the 

pilot along with other information to develop and execute an avoidance maneuver; no 

maneuver guidance is provided. This solution implies a human-automation architecture 

where the determine resolution maneuver function is accomplished solely by the pilot 

based on the presentation of potential conflicts on the DAA display. Alternatively, a 

directive HMI solution would provide a specific recommended solution to the pilot who 

would then execute the maneuver manually. In this human-automation architecture, the 
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function of determining a maneuver is accomplished solely by the machine unless the 

pilot rejects the machine’s solution and is forced to determine an alternate maneuver 

manually. Finally, a suggestive HMI would provide a range of potential resolution 

maneuvers to the pilot who would then decide which maneuver was most appropriate 

given the operational context, and execute it. This last HMI solution implies an 

architecture where the human and machine jointly accomplish the function of 

determining a safe resolution maneuver. Table 27 shows how the determine resolution 

maneuver function is accomplished for each HMI configuration.  

 

Table 27. How the determine resolution maneuver function is accomplished for each of 
the three evaluated HMI configurations. 

HMI Configuration Machine Human 

Informative Show potential conflicts Determine maneuver  

Suggestive Provide set of potential 
resolution maneuvers Choose from set of maneuvers 

Directive Determine a single 
resolution maneuver 

Accept single maneuver or 
determine alternate maneuver  

 

 

 By not generating the potential human-automation architectures prior to 

developing the candidate DAA HMIs as depicted in Figure 63, three key opportunities 

were missed: 1) generation of human-automation architectures based on alternative 

human-machine cooperation approaches; 2) development of candidate HMIs based on the 

human-machine cooperation needs of the underlying architecture; and 3) development of 

scenarios designed to stress the boundaries of the prototype system, especially those that 
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depend on human-machine coordination. How these three missed opportunities can 

contribute to a more comprehensive methodology for developing HMI requirements is 

discussed in turn. 

Alternative Approaches to Human-Automation Architectures 

 The human-automation architectures exhibited by the three HMI configurations 

described in Table 27 follow the same general approach to human-machine cooperation: 

the machine does something, then the human does something. This serial approach to 

human-machine cooperation is typical across many systems and in many domains. The 

typical manifestation of this approach is that the machines does some of the work 

required by the system and then the human has to evaluate or critique the work done by 

the machine, and then act based on that evaluation of the machine’s work and an 

assessment of the current situation. When this serial approach to human-automation 

interaction is taken, the same surprising (or not-so-surprising) effects continue to occur: 

human practitioners find themselves ineffectively trying to redirect brittle machines 

and/or unable to effectively assess or evaluate the work of the machine (e.g., Roth et al., 

1987, Smith, McCoy, & Layton, 1997). These effects can lead to complete reliance on 

either the machine’s or their own decision making, resulting in poorer decisions and less 

desirable outcomes than may have occurred with effective human-machine cooperation. 

 An alterative approach to designing human-automation architectures is to have the 

humans and machine work in parallel, rather than in serial. In this approach, both the 

human and the automation are working simultaneously to solve the problem. This type of 

human-automation architecture may have the automation monitoring, evaluating and/or 
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critiquing the human’s progress in accomplishing the work, rather than vice versa. 

Studies have shown that employing automation to critique the human’s work can improve 

the joint decision making of the human-machine system (e.g., Guerlain, Smith, 

Obradovich, Smith & Svirbley, 1995; Guerlain, Smith, Obradovich, Rudmann, Strohm, 

Smith, Svirbely, & Sachs, 1999). 

 For UAS DAA systems, where time, or the running out of time, is a critical driver 

of the timeline to maintain well clear, an interactive critiquing architecture may not be 

appropriate. Instead, the automation could monitor how the pilot is responding to a 

potential conflict and act in extremis, i.e., when a resolution maneuver has not been 

executed in time (either due to a delay in the pilot’s response or as a result of a late 

system detection of the conflict). In this architecture, the automation is monitoring both 

how fast the world is changing, i.e., how fast the potential threat is increasing, relative to 

the pilot’s response. Essentially, the automation is monitoring for when the pilot has run 

out of time to avoid a loss of well clear or collision by executing a maneuver on their 

own. This is the same type of human-automation architecture that underlies envelope 

protection and automatic safety assist (e.g., automation braking) systems.  

The decision to design for parallel work versus serial work is fundamentally a 

decision about where to apply design effort. In the latter case, the design work is typically 

concentrated in designing the machine capabilities relative to the system goals, and 

leaving the rest to the human. In the former case, design effort must also be put into 

building the supporting automation. By laying out all of the potential human-automation 

architectures at the beginning of the design or requirements development process, 
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different approaches, such as whether to implement a serial or parallel architecture, can 

be evaluated to determine which will be assessed as candidates for the future system. 

Deriving Candidate HMI’s Based on the Human-Automation Architecture 

Once a set of potential human-automation architectures has been decided upon, 

they can be used to drive the HMI designs for the resulting prototype by analyzing the 

coordination and synchronization needs of each architecture. For each of the HMI 

configurations evaluated in the research program, the research questions essentially 

asked, “what information does the pilot need to execute the well clear functions?” and 

different HMI candidates were developed based on the informative vs suggestive vs 

directive display conceptualization. A better question would have been, “given potential 

human-automation architectures, how will the well clear function be coordinated between 

the pilot and machines?”. The last question looks to the human-automation architecture to 

identify the coordination and synchronization that is needed to effectively execute the 

main functions or goals of the technology. For the DAA system, the main function to be 

accomplished is maintaining well clear and the required HMI depends directly on how 

well clear is accomplished between the humans and machines. For coordination needs are 

different across the informative, suggestive and directive human-automation 

architectures. Specifically, what information does the human need from the machine in 

order to effectively finish their joint task of remaining well clear of another aircraft, given 

the capabilities that have been given to the machine. To doo this, the pilot and machine 

need to coordinate their activities, i.e., the accomplishment of the three well clear 

functions, in a timely manner. That means that the machine must detect and send conflict 
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information to the pilot early and quickly enough that the pilot has time to respond and 

execute a maneuver. If the machine is going to determine a single or set of maneuvers, 

that also must be provided to the pilot in a timely and clear manner so that the pilot can 

evaluate the machine’s solution(s). Finally, how will the HMI support the pilot’s ability 

to coordinate with ATC.  

While the research program reported in the previous chapters decided on a final 

HMI design (and underlying human-automation architecture) that was shown empirically 

to effectively support the pilot’s ability to maintain well clear, the process relied on a lot 

of trial and error through iterations of testing. Display features (information element, 

maneuver guidance, and alerting) were added, subtracted, and modified based on the 

evaluation of pilot performance and an effort to improve human-automation and human-

human cooperation. For example, the successive iterations of the alerting finally resulted 

in an alert structure that supported pilots’ coordination both with other roles in the system 

(i.e., ATC) as well as the DAA system. By laying out these coordination needs within the 

human-automation architecture prior to developing candidate HMIs, the process of 

identifying the minimum DAA requirements may have been much more efficient. Given 

that the type of simulation testing the was utilized for the DAA HMI MOPS can be very 

resource intensive and therefore not available to all new technology endeavors, making 

the methodology more efficient can help to ensure that is more likely to be employed. 

Developing Scenarios from Human-Automation Architectures 

 Another benefit of laying out the human-automation architectures for potential 

prototypes to be evaluated is that they can be used to drive the scenarios used in the 
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evaluation phase. The coordination and synchronization links between humans and other 

humans and machines can be stressed by particular scenario designs. In this approach, 

scenarios are designed top down, based on a desire to explore the boundaries of the 

system and especially where coordination between humans and machines are likely to 

break down. For DAA systems, coordination is more likely to break down based on the 

increasing urgency inherent in the temporal nature of the well clear events when either 

the human or machine cannot work fast enough. Scenarios should then be designed to 

determined when a given prototype system and pilot “run out of time”. However, 

coordination can also break down when the pilot and DAA system simply cannot 

cooperate across any of the three well clear functions. In addition, the alerting and 

guidance algorithms that drive the HMI will also have boundaries that can be explored 

through scenario design. Scenarios need to explore various ways and reason for why 

breakdowns in the system occur. Sophisticated scenario design during simulation, flight 

testing and other analysis methods can help to uncover where the system is brittle and 

likely to fail quickly beyond its operating capacity, giving designers and regulators and 

opportunity to address potential issues and make the system more robust prior to 

deployment in the real operational setting. 

 The scenarios utilized in the DAA HMI research effort were largely derived 

bottom up, that is, based on the constraints on running a scenario given the simulation 

capabilities to produce scenarios with face validity to the UAS and operational 

community. While the goal of the research was to generate encounters that varied in their 

predicted distance at CPA, this is only one test of the timeliness of a pilot and DAA 
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system accomplishing the well clear function. Further, due to the dynamic nature of the 

full mission scenarios that were utilized, the alert levels and distance at CPA could not be 

guaranteed, nor could they be replicated consistently across trials. However, this 

limitation points more to the tradeoffs in research approaches more than to the specific 

scenario design. At the heart of the issue is that the scenarios were not designed based on 

fundamental questions about a specific DAA human-automation architecture and the 

coordination and synchronization demands that arise from it, or about testing the bounds 

of the prototyped system performance. While scenarios will always be subject to the 

constraints of the testing environment, starting scenario design from a more principled 

perspective intended to test the human-automation architecture, will result in a more 

robust evaluation of the prototype systems. 

Conclusions 

The research program presented in this dissertation for determining the DAA 

HMI minimum requirements represent substantial progress in how HMI standards are 

developed in safety critical systems. This is especially true in the aviation domain where 

standards have typically been derived from subject matter expertise or a single empirical 

investigation. Features of the methodology implemented by the DAA HMI research 

program have supported the needs of designers and regulators alike. The systematic 

evaluation of candidate DAA systems provided empirical human performance data on the 

effect of their associated HMIs on pilots’ ability to accomplish the DAA task of 

remaining well clear. Analysis of this empirical data supported the comparison and 

selection of the minimum information elements, alerting and guidance requirements that 
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are predicted to support acceptable performance in the future operational world. In order 

to do this, the research effort was embedded in an environment that captured key relevant 

features of the future envisioned world, namely the temporal nature of DAA events and 

the interactions between the pilot and ATC. In summary, the research program helped to 

fulfill a pressing near term need by the UAS community, and especially, the FAA 

regulators to develop minimum HMI performance standards for a UAS DAA system. 

While the research program could not provide all of the necessary HMI requirements for 

the SC-228 MOPS, it contributed to the determination of arguably the most critical ones 

– alerting and maneuver guidance. 

However, the research program is also just a starting point from which to build a 

comprehensive methodology, derived from CSE principles, that might be used to guide 

the design and regulation of new technologies. By basing the methodology upon the 

generation and analyses of potential human-automation architectures, prototype HMIs for 

future systems can be designed specifically for supporting the coordination and 

synchronization needs of the underlying architecture. Systematic evaluation of these 

prototypes, utilizing scenarios created specifically to test the bounds of the new system, 

then help to inform the final technical requirements which ensure effective human-

automation cooperation. Thus, the DAA HMI research effort has provided the 

opportunity to not only learn from the direct results of the studies about how to support 

the ability of UAS pilots to maintain well clear through a DAA system, but also to reflect 

and learn from the process for developing HMI requirements for any new technology. 

The lessons learned here can not only be applied within the broader aviation domain, 
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including new technologies for manned aircraft, but also across a broader spectrum of 

domains where human-machine cooperation is necessary to accomplish work in complex 

systems. 
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