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Executive Summary

The access of Unmanned Aircraft Systems (UAS) to the National Airspace System (NAS) is a
priority because public and civil users are increasingly interested in using UAS for a broad range of
purposes. Current requests for access to the NAS are subject to technical and operational
assessments of the specific UAS operation in question based on interim approval guidance. UAS
operations are subject to operational limitations when there is any perceived risk to the public. The
Federal Aviation Administration (FAA) and the broader UAS community are interested in reducing
these restrictions to improve and advance integration of UAS into the NAS. Therefore, validated
operational standards and policies need to be established. The goal of this research is to determine
the certification obstacles for UAS and equipment that will replace the pilot’s “see and avoid”
functions in order to provide a means of compliance to 14 CFR Part 91. The results of this
simulation will identify and document issues associated with UAS integration in Class C airspace and
the potential impact to Air Traffic Control Specialists (ATCS). The results will inform FAA policy
and decision-making, provide recommendations, and identify areas for further research to determine
how to best integrate UAS into the NAS.

The research described in this report addresses the inability of UAS to comply with FAA regulations
and air traffic control clearances that rely on direct pilot observation (i.e., visual compliance) and the
resulting impact to the NAS. Currently, UAS in controlled airspace must be accompanied by a chase
aircraft with an onboard observer or a ground observer to address components of the visual
compliance requirement—additional horizontal separation is required between UAS and other
aircraft as a result. The visual compliance requirement also prevents ATCS from clearing a UAS
pilot to maintain visual separation from another aircraft, asking a UAS pilot to report an aircraft or
airport in sight, clearing a UAS pilot for a visual approach, and providing control instructions that
would cause the UAS to fly into Instrument Meteorological Conditions. All of these limitations
posed by the visual compliance requirement may affect ATCS and the airspace they manage.

We conducted three experiments using a high-fidelity, human-in-the-loop simulation as a
research platform. Six groups of two ATCS participants each (N = 12) provided data in the
experiments. In Experiment One, we examined UAS integration in the Terminal Radar Approach
Control (TRACON) traffic pattern using low approaches. In Experiment Two, we examined how
missed approaches at a secondary airport interacted with UAS approaches at a primary airport. In
Experiment Three, we examined different levels of UAS integration in the arrival stream. During
each experiment, the participants controlled traffic in two Class C airspace arrival sectors that we
derived from Northern California TRACON airspace. We collected multiple objective and
subjective measures including airspace efficiency, participant workload, communications, and
performance.

We analyzed the data separately for each experiment and each sector. Overall, the participants
managed traffic safely in all three experiments as measured by the relatively low number of losses of
separation and absence of mid-air and near mid-air collisions. However, we found that airspace
efficiency was reduced and the participants’ perceptions of traffic management were often lower in
conditions that included UAS. In Experiment One, aircraft spent more time and traveled a greater
distance in the final approach sector and the participants handled more aircraft in the adjacent sector
when UAS were in the airspace. UAS also affected communication patterns. The participants made
more but shorter communications when UAS were in the airspace, possibly because they had to
perform more control actions to manage UAS. Shorter communications may suggest an increased
urgency or pace. The participants reported that UAS had a negative effect on their performance.

xi



They reported that their efficiency was lower, that their workload due to separation requirements
was higher, that the overall difficulty of scenarios was higher, and that some aspects of their
situation awareness were lower when UAS were in the airspace.

The results of Experiment Two indicated that the integration of UAS in the airspace may
affect aircraft handling and ATCS perceptions of traffic management. In one sector, the
participants issued more altitude and approach commands and the participants and pilots made
shorter transmissions when UAS were in the airspace. Workload rating response times, a
secondary measure of workload, were also higher when UAS were in the airspace. In one sector,
workload rating response times were affected by both the presence of UAS and the scenario time
interval—the longest rating response time occurred during the time interval when a missed approach
interfered with UAS operations. The participants reported that the presence of UAS increased
scenario difficulty and had a negative effect on their performance for sequencing aircraft and on
aspects of their situation awareness.

The results of Experiment Three, which included scenarios with lower and higher levels of UAS
operations, indicated that the integration of UAS in the airspace may negatively affect airspace
efficiency, aircraft handling, and ATCS perceptions of traffic management. The most negative effects
were obtained with higher levels of UAS integration. In one sector, the participants handled more
aircraft and the aircraft spent more time and traveled longer distances in scenarios with a higher level
of UAS integration compared to scenarios without UAS or with a lower level of UAS integration.
There were also fewer full stop arrivals in scenarios with a higher level of UAS integration. The
participants issued more heading commands and more commands overall when a higher number of
UAS operations were integrated in the airspace. The participants also issued more speed and
approach commands when UAS were present. In the final approach sector, the participants made
more and shorter transmissions with a higher number of UAS operations, suggesting more urgency.
The participants’ workload ratings were higher and they rated scenarios as more difficult with a
higher number of UAS operations, but the participants’ overall workload was negatively affected
whenever any UAS were integrated into the airspace.

Opverall, the results indicated that UAS integration may affect airspace efficiency and ATCS
communications and workload. UAS integration did not affect measures of risk or safety. Itis
important to note that none of the participants in this simulation had experience controlling UAS
prior to participating in these experiments. Their comments indicated that training will be required
for ATCS to become familiar with UAS performance characteristics and capabilities. ATCS’
negative perceptions of the impact that UAS had on various aspects of their performance should be
reduced or subside with training and experience with UAS operations. Our data suggest that a low
number of UAS operations in Class C airspace are tenable and should have relatively small effects
on the airspace and ATCS. However, until UAS are able to meet the requirements for visual
compliance, rising levels of UAS operations in busy Class C airspace may have significant effects on
ATCS communications, workload, and airspace efficiency.
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1. INTRODUCTION

This document presents the final report of the Unmanned Aircraft Systems (UAS) Operational
Assessment: Visual Compliance study conducted by the Federal Aviation Administration (FAA).
The high-fidelity, Human-in-the-Loop (HITL) simulation was conducted at the FAA William J.
Hughes Technical Center (WJHTC) Research Development and Human Factors Laboratory
(RDHFL) located in New Jersey. This research is one component in a portfolio of activities that
supports a goal of the FAA’s Technical Community Requirement Group (TCRG) to investigate
issues pertaining to the integration of UAS into the National Airspace System (NAS).

As part of a cross-cutting UAS research team located at the WJHTC, the FAA’s Navigation
Branch (ANG-C32) and the Human Factors Branch (ANG-E25) led the effort in support of tasking
from the FAA Research and Development (R&D) Integration Division (ANG-C2). The team
conducted a high-fidelity, HITL simulation comprised of three experiments to investigate the impact
of UAS pilots’ inability to comply with sections of Title 14 of the Code of Federal Regulations (14
CFR; FAA, 2013e) due to the lack of an onboard pilot and how those limitations may affect Air
Traffic Control Specialist (ATCS) communications, workload, self-reported performance, and airspace
safety and efficiency. Results will contribute to the identification of Air Traffic Control (ATC)
requirements for the use of clearances and instructions that rely on the use of direct visual observation
by a UAS pilot, as well as provide recommendations for future research.

1.1 Background

UAS access to the NAS is a priority because public and civil users are increasingly interested in
using UAS for a broad range of purposes. UAS operations have increased in both the public and
private sectors, and the eventual goal is to enable UAS to fly routinely in the NAS as manned aircraft
currently do. Current requests for access to the NAS are subject to technical and operational
assessments of the specific UAS operation in question based on interim approval guidance. UAS
operations are subject to operational limitations when there is any perceived risk to the public. The
UAS community is interested in reducing these restrictions to improve and advance integration of
UAS into the NAS. Therefore, validated operational standards and policies need to be established.

To standardize the certification processes and ultimately reduce restrictions associated with
UAS certification, the FAA needs to determine the parameters, operations, and procedures that
define acceptable UAS behavior while maintaining the highest level of safety and without reducing
existing capacity, decreasing safety, negatively impacting current operators, or increasing risk (FAA,
2013b). There are many challenges that must be addressed before the basis for certification and
operations of UAS are standardized and made routine.

The safe and efficient integration of UAS into the NAS is a primary goal for the FAA as well as
UAS manufacturers and operators. ATCS must continue to safely separate all aircraft, including
UAS, during all phases of flight. However, UAS are not currently compliant with sections of Title
14 of the Code of Federal Regulations (14 CFR) that pertain to aircraft (FAA, 2013e). For instance,
the “see and avoid” provisions of 14 CFR § 91.113b (2014) cannot be satisfied by UAS operators
due to the absence of an onboard pilot. ATCS are unable to issue standard clearances and
instructions to UAS, such as “cleared for the visual approach” or “maintain visual separation.” UAS
operations require an alternative method of compliance or procedural risk mitigation to address the
see and avoid limitations and fulfill the visual compliance requirement. A permanent and consistent
method of visual compliance is needed for UAS operations in the NAS without the need for waivers



or exemptions (FAA, 2013e). One method of visual compliance or risk mitigation under
consideration by the FAA is for UAS to have Detect, Sense, and Avoid (DSA) provisions that satisfy
the see and avoid mandate for manned aircraft. DSA would provide UAS with the capability to
remain wel/ clear from, and to avoid collisions with, other airborne traffic. DSA would provide the
functions of self-separation and collision avoidance to fulfill the regulatory requirements of see and
avoid (FAA, 2013c). Some of the methods being considered for DSA include radar observation,
forward- or side-looking cameras, non-cooperative and cooperative detection systems, visual
observation from one or more ground sites, monitoring by patrol or chase aircraft, or a combination
of the above. Research is still underway to develop autonomous DSA systems for UAS.

For the purposes of this document, the visual compliance requirement is defined as the use of
established manned aircraft procedures involving direct visual observation by a pilot. Procedures
that require visual compliance include collision avoidance, maintaining self-separation from other
aircraft (i.e., visual separation); conducting a visual approach; reporting an aircraft iz sight; reporting
an airport in sight; and terrain and obstruction clearance.

Currently, an ATCS who controls air traffic in a radar facility may clear a pilot to use visual
separation from another aircraft up to—but not including—18,000 feet (ft) Mean Sea Level (MSL).
When a pilot is instructed to “maintain visual separation,” the pilot must have established a positive
visual identification of the specified aircraft and then maneuver his aircraft well clear of that aircraft
(FAA, 2013a). By using visual separation, an ATCS can manage workload by reducing communications
and by transferring separation responsibilities to the pilot. Visual separation also allows for more
efficient air traffic management because separation standards are relaxed and more aircraft can
maneuver in the same volume of airspace. While an ATCS can instruct a manned aircraft to
maintain visual separation from another aircraft (including UAS) an ATCS may not instruct a UAS
pilot to maintain visual separation from any other aircraft because UAS do not meet the visual
compliance requirements. Therefore, some benefits associated with visual separation are
presumably reduced when UAS are in the airspace.

An ATCS must currently provide one extra mile of separation between a UAS and a manned
aircraft because each UAS in controlled airspace must be accompanied by a chase aircraft (FAA,
2013e). The chase aircraft, with an onboard observer, addresses components of the visual compliance
requirement to maintain terrain and obstruction clearance—UAS can only fly in Visual Meteorological
Conditions (VMC). However, adding an extra mile of separation to each UAS flight could impact
ATCS workload and airspace efficiency as the number of UAS in the airspace increases.

An ATCS may also clear a manned aircraft for a visual approach to land. A visual approach is
an ATC authorization for an aircraft on an Instrument Flight Rules (IFR) flight plan to proceed
visually and clear of clouds to the airport of intended landing (FAA, 2013a). Before executing a
visual approach, the pilot must have either the airport or the identified preceding aircraft in sight.
The pilot may then continue the approach to the airport without further instructions from ATC.
Like visual separation, the use of visual approaches affords an ATCS the opportunity to manage
workload and improve airspace efficiency. An ATCS does not have to issue any further control
instructions to the pilot after issuing a visual approach. The pilot also does not have to fly the
published approach procedure which can save time and reduce distance flown. However, UAS
pilots are prohibited from accepting a visual approach clearance from ATC (FAA, 2013d, 2013e).
Furthermore, a UAS cannot execute a missed approach procedure. An ATCS must handle a UAS as
a go around and provide appropriate separation. Therefore, the inability of a UAS to conduct a visual
approach procedure, as well as the need to execute a go around if the UAS is unable to continue to
the airport, requires additional interactions with ATC and can increase ATCS workload.



Finally, UAS, like other aircraft, must avoid the wake turbulence of larger aircraft to prevent
loss of control or airframe damage. Further research is needed to determine the risks and
repercussions of UAS encounters with wake turbulence (Government Accountability Office, 2008).
ATCS implement wake turbulence separation by maintaining regular time or distance intervals
between IFR aircraft (longitudinal separation). ATCS also issue wake-turbulence advisories to
Visual Flight Rules (VFR) aircraft. Without direct visual observation, a UAS pilot’s ability to assess
wake turbulence may be compromised.

The research presented here addresses the potential impact of UAS integration on ATCS and
the NAS due to the inability of UAS to comply with ATCS clearances that require the use of direct
visual observation by a pilot. Without the use of direct visual observation, UAS pilots cannot see
and avoid other aircraft, maintain visual separation from other aircraft, execute visual approaches,
avoid terrain and obstacles, or maintain adequate distance from clouds. All of these limitations have
the potential to affect ATCS workload, communications, perceived performance, and airspace safety
and efficiency. We conducted three experiments to examine the integration of UAS operations in
complex Class C airspace that contained commercial and general aviation (GA) IFR controlled
traffic and VFR uncontrolled traffic.

1.2 Objective

The objective of the research presented here was to conduct multiple high-fidelity, HITL
simulation experiments to determine if a UAS pilots’ inability to comply with ATC instructions and
clearances requiring visual means may affect ATCS and the NAS. In particular, we assessed ATCS
communications, workload, and self-reported performance, and airspace efficiency and safety. We
designed the experiments to obtain results that can inform FAA policy and decision-making
regarding UAS visual compliance and identify areas for further research to determine how to best
integrate UAS into the NAS.

1.3 Scope

The research described in this document is part of a series of Sense and Avoid (SAA) research
tasks currently underway. The research examined how visual compliance limitations of a UAS may
affect ATCS performance (e.g., workload, communications) and NAS operations (e.g., safety,
efficiency) in the Terminal Radar Approach Control (TRACON) environment. We conducted high-
fidelity, HITL simulation experiments to collect objective and subjective data from a sample of ATCS
participants. We used terminal Class C airspace based on two arrival sectors in Northern California
TRACON (NCT) to construct all air traffic scenarios. The results provide preliminary information
about how ATCS will manage interactions between manned aircraft and UAS under both IFR and
VER operations. The research also identified areas where further research may be required.

2. DESCRIPTION OF RESEARCH TASK

In this section, we outline the specific research requirements addressed by the task and the
expected outcomes and benefits from the execution of the work. We also describe how the task
ties in to the overall FAA Concept of Operations for UAS Integration in the NAS.

2.1 Statement of Research Requirements

The description of the research requirements for this task is included in the Provider Research
Execution Plan for task UAS-13-01 SAA System Certification Obstacles (A11L.UAS.1). Those
requirements state that this research will assess system certification obstacles in equipment and



systems designed to satisfy “see and avoid.” This research addressed the certification obstacles
related to aircraft systems and equipment that provide a means of compliance with 14 CFR Part 91
and that replace pilot functions that are certified through knowledge, testing, practical test standards,
and airman certification. This research also addressed UAS inabilities to visually comply with
regulations and with ATC clearances and instructions and the resulting impacts to the NAS. The
research included experiments using real-time HITL simulations of NAS operations and investigated
the effects on the NAS due to the inability of UAS to comply by visual means. The long-term goal
for this requirement is to determine the certification obstacles for systems and equipment replacing
pilots’ “see and avoid” functions to provide a means of compliance to 14 CFR Part 91.

2.2 Research Questions and Hypotheses

Our primary research question was, “Does the inability of UAS pilots to perform direct visual
observation (i.e., the lack of visual compliance) affect ATCS communications, workload, self-
reported performance, or sector safety or efficiency?” We designed the experiment to test five
primary hypotheses using null hypothesis significance testing.

The null (H,) and alternative hypotheses (H,) tested in each experiment can be stated as:
e H;: The lack of visual compliance by UAS pilots does not affect ATCS communications.

e H;: The lack of visual compliance by UAS pilots affects ATCS communications.

e H; The lack of visual compliance by UAS pilots does not affect ATCS self-reported
workload.

e H: The lack of visual compliance by UAS pilots affects ATCS self-reported workload.

e H; The lack of visual compliance by UAS pilots does not affect ATCS self-reported

performance.

e H;: The lack of visual compliance by UAS pilots affects ATCS self-reported

performance.

e H; The lack of visual compliance by UAS pilots does not affect sector safety.

e H;: The lack of visual compliance by UAS pilots affects sector safety.

e H; The lack of visual compliance by UAS pilots does not affect sector efficiency.

e H;: The lack of visual compliance by UAS pilots affects sector efficiency.

The tests that were not statistically significant did not allow us to reject a null hypothesis and,
therefore, did not support the alternative hypothesis. The tests that were statistically significant
allowed us to reject a null hypothesis and provided support for the alternative hypothesis.



2.3 Expectations

2.3.1 Outputs

As a part of this research requirement, three deliverables were generated. The first of these
deliverables was a whitepaper summarizing the results of a literature review of requirements,
regulations, orders, and research that has been conducted with relevance to UAS compliance based
on visual means (Dworsky & Dorsey, 2013).

The second and third deliverables pertain to the HITL simulation. The second deliverable, the
Task Plan, described the experiment, data collection, and analyses. The Task Plan served as the
guiding document for simulation planning and conduct. The third deliverable, the current Technical
Report, presents the experiment, data analyses, and relevant results. This Technical Report,
approved by the sponsor, documents results and recommendations to support the development of
standard operating procedures for ATC regarding UAS operations. The Technical Report also
recommends additional research required.

2.3.2 Outcomes and Benefits

Our long-term research goal is to determine the certification obstacles for systems and equipment
replacing pilot’s “see and avoid” functions to provide a means of compliance to 14 CFR Part 91.113.
The experiments provided initial information by evaluating the impact to the NAS of the inability of
UAS to comply with visual clearances and instructions.

The current Technical Report documents the results of the HITL experiments that compared
multiple experimental conditions (air traffic scenarios that included UAS) with matched control
conditions (baseline scenarios that did not include UAS). The experiments provided information
about how the inability of UAS to comply with visual-based ATC clearances and instructions may
affect ATCS workload, communications, self-reported performance, and NAS operations (i.e., safety
and efficiency). By documenting potential problems associated with UAS visual compliance, the
results of the experiments will aid the sponsor in the development of standard operating procedures
for ATC. The results will also serve as a foundation for the development and testing of strategies,
procedures, and tools that may reduce the impact of effects that result from limited UAS visual
compliance.

3. ROLES AND RESPONSIBILITIES

In this section, we provide an outline of the roles, responsibilities, and Points of Contact
(POCs) for the organizations involved in the research project.

Sponsor: UAS Integration Office, AFS-080

POC: Chris Swider, AFS-088

POC: Randy Willis, AJV-115

The UAS Integration Office (AFS-080) was the sponsoring organization responsible for
providing the research requirements and funding for this project as well as providing the overall
leadership and direction of the research. AJV-115 also provided ATC Subject Matter Expert (SME)
support for the planning and development of the research, approved the Task Plan, and approved
this Technical Report.



ANG UAS R&D Portfolio Manager: New Entrants Division, ANG-C2

POC: Sabrina Saunders-Hodge, ANG-C2

The NextGen New Entrants Division served as the liaison between the FAA sponsoring
organization and the performing research organization. ANG-C2 was responsible for designating
the performer and ensuring all milestones and performance standards for conducting the research
were met.

Performing Organization: Human Factors Branch, ANG-E25

POC: Todd Truitt

ANG-E25 served as the Principal Investigator; wrote the Task Plan based on the sponsor’s
research requirements; designed and conducted the real-time HITL experiment; provided leadership
to develop, configure, and implement the necessary laboratory hardware and software; performed
data analyses; and produced the Technical Report. The Principal Investigator was also responsible
for submitting monthly status reports and ensuring deadlines were met and risks mitigated. ANG-
E25 was supported by other organizations within ANG to plan the HITL, develop and implement
laboratory hardware and software, and develop associated materials as needed.

WJHTC Cross-cutting UAS Research Support Team, ANG-C

John Warburton (ANG-C32) served as the Task Manager. Karen Buondonno (ANG-C32)
served as the Technical Lead. ANG-C32 provided task oversight, provided direct support, and
managed the task budget.

4. METHOD

4.1 Participants

A total of 12 ATCS from Level 10-12 TRACON facilities served as participants. The
participants were Certified Professional Controllers (CPC) from Boston, Charlotte, Dallas-Fort
Worth, Houston, Minneapolis, Philadelphia, and Seattle TRACONSs. All of the participants were
male and ranged in age from 206 years to 55 years (M = 43.3, §D = 11.3, Mdn = 48.5). The
participants were experienced controllers and had worked as an ATCS from 6.3 years to 33.2 years
M = 20.7, §D = 10.2, Mdn = 24.0) and had worked as a CPC for the FAA from 5.9 years to 29.2
years (M = 19.5, §D = 9.0, Mdn = 23.5). The participants had actively controlled traffic in a
TRACON facility for 5.9 years to 24.1 years (M = 13.9, §D = 6.6, Mdn = 12.0) and had actively
controlled traffic for 12 months within the past year. Not all participants had experience using the
Standard Terminal Automation Replacement System (STARS); their experience using STARS ranged
from O years to 14 years (M = 6.9, §D = 4.9, Mdn = 7.7). Using 10-point scales (1 = extremely low, 10
= exctremely high), the participants rated their current skill as a CPC as high (M = 8.8, §D = 1.1), level
of stress as low (M = 3.0, §D = 2.2), and motivation to participate in the study as high (M = 9.2, §D
= 1.2). None of the participants had previous experience with UAS operations.

4.2 Research Personnel

Researchers from the FAA and contract support personnel designed and implemented the
research effort. The Task Lead, supported by research and laboratory support services staff,
conducted the experiment. The Task Lead was responsible for the overall administration of the
experiment.



e Task Lead

©)

Met with project sponsor or sponsor’s representatives to develop research
requirements and testable hypotheses;

Conducted the experiment as the Principal Investigator;

Ensured that all aspects of the experiment, including hardware, software, and
data collection instruments, were developed and functioning during shakedown
and data collection. Also ensured that any deficiencies were corrected in a timely
manner;

Oversaw participant and simulation pilot training;

Implemented the experimental design and schedule, including participant
assignments and counterbalancing of condition orders;

Used the Distributed Environment for Simulation, Rapid Engineering, and
Experimentation (DESIREE) and the Target Generation Facility (TGF)
software to configure and start, or supervised the configuration and start of,
each practice and experimental run;

Monitored the experiment during data collection and documented problems
with the simulation as they occurred;

Resolved all data collection issues as they occurred;
Performed data reduction and analysis;

Conducted appropriate descriptive and inferential data analysis and interpreted
and reported results; and

Authored the Technical Report, addressed reviewer comments and edits, and
made all final decisions regarding content.

e Research Assistants

o

Provided support to prepare the experiment and conduct shakedown and data
collection;

Ensured that all questionnaires for SMEs and participants were propetly labeled,
distributed, and collected;

Ensured that simulation pilots and simulation pilot workstations were prepared
prior to each run;

Monitored the experiment during data collection and documented problems
with the simulation as they occurred;

Performed data reduction and analysis;
Conducted appropriate descriptive data analysis;
Co-authored Technical Report; and

Assisted the Task Lead as needed.



Subject Matter Experts
o Constructed air traffic scenatios;
o0 Defined ATC hardware and software requirements;

o Assisted during shakedown to test and verify ATC hardware and software
capabilities;

o Conducted participant and simulation pilot training as needed; and
o Served as ATC Agent (i.e., “Ghost”) Controllers.
Simulation Pilots

o Simulated aircraft flight operations via simulation pilot workstations and voice
communication system.

Laboratory Support Services
o Ensured overall operation of the laboratory;

o Implemented all hardware, software, video recording, audio recording, data
collection, and data reduction and analysis requirements;

o Provided support during shakedown and data collection to ensure proper
operation of all hardware and software;

o Performed daily backups of all experiment data;
o Performed data reduction and analysis as needed; and

o Provided and managed federal and contract support simulation pilots.

4.3 Assumptions and Constraints

UAS operations are currently regulated by FAA Notices JO 7210.846 and JO 8900.207 (FAA,
2013d, 2013e) and by a Certificate of Waiver or Authorization (COA; FAA 2012b) written for each
specific operation. In the following list, we identify particular assumptions and constraints related to
UAS operations in the current NAS. We also identify additional assumptions and constraints posed
by the experiment itself.

VMC prevailed except for limited instances of clouds as described in the scenarios.

All UAS operations operated under the limitations of a fictional COA specifically
designed for this experiment.

Manned aircraft operated under VER or IFR as required by each scenario.
All UAS operated under VFR or IFR as required by each scenario.

Air traffic scenarios contained only one type of UAS aircraft model that approximated a
General Atomics MQ-9 Reaper. The experiment did not capture any effects that would
potentially result from different UAS performance characteristics.



e Participants controlled simulated air traffic only in the TRACON airspace sectors
described in this technical report. SME ghost controllers and the air traffic scenario
determined air traffic operations in the airspace immediately surrounding the
participant-controlled sectors. The Principal Investigator instructed the SME agent
controllers to be as consistent as possible in all operations.

e The simulated airspace was based on actual airspace from Northern California
TRACON. The airspace was modified by a SME to reduce the number of complex
altitude shelves, minimum vectoring altitudes (MVA), and surrounding sectors. The
results of this experiment may be generalized to other Class C TRACON airspaces
within the NAS.

e All UAS operations were line-of-sight operations, there was no delay in voice
communications between the UAS pilot and ATC, and there was no control latency for
inputs by the UAS pilot to the aircraft itself.

4.4 Equipment

The experiment took place at the RDHFL at the FAA William J. Hughes Technical Center. The
participants operated simulated STARS workstations in Experiment Room 1, and simulation pilots
and SME Agents operated TGF simulation software and STARS workstations in an adjacent room.

4.4.1 Hardware

Each ATCS workstation included a Barco 2K x 2K Liquid Crystal Display (LCD), a STARS
keyboard and trackball, and an emulated Terminal Voice Switching and Communication System (see
Figure 1). The Barco LCD designed for ATC use provides the same resolution (2048 x 2048 pixels)
and display size (19.83 in x 19.83 in; 503.8 mm x 503.8 mm; 28.05 in diagonal; 712.4 mm diagonal)
that ATCS use in the field. Many ATC facilities worldwide, including ATC facilities in the United
States, use the Barco LCD as a primary radar display. Above each radar display we provided an
emulation of the ASOS Controller Equipment-Information Display System (ACE-IDS). The ACE-
IDS presented on a 21.3" touchscreen with an active display area of 17" (432 mm) wide and 12.75"
(324 mm) high with a 1600 x 1200-pixel resolution. The touchscreens used resistive technology that
allowed the participants to activate the display surface with their fingertip. The participants could
use the ACE-IDS to access a variety of information including airspace maps, radio frequencies, airport
diagrams, and approach plates. A Workload Assessment Keypad (WAK; Stein, 1985) was also
located at each workstation just below the communications panel. Ceiling-mounted color video
cameras were located above and behind each ATCS workstation. Simulation pilots and SMEs used
workstations to affect simulated aircraft movements and communications. Each simulation pilot
workstation included a computer, keyboard, mouse, display of aircraft information, and
communications system. SMEs used the Barco 2K x 2K LCDs, STARS keyboard and trackball,
emulated ACE-IDS, and Terminal Voice Switching and Communication System.



Figure 1. ATCS workstations in the RDHFL.

4.4.2 Software

The simulation used DESIREE and the TGF to implement required capabilities. DESIREE
presented the STARS interface and simulated STARS functionality. The TGF provided aircraft
performance models, generated aircraft tracks based on predefined flight plans, and managed the
simulation pilot workstations. Both DESIREE and TGF provided data collection capabilities; for
example, number of aircraft maneuvers (such as heading, speed, and altitude changes) and time and
distance flown within each sectot.

4.5 Materials

The following materials were used in the experiment.

4.5.1 Informed Consent

Each participant read and signed an informed consent form before the experiment (see
Appendix A). The informed consent form describes the study and the rights and responsibilities of
the participants, including that their participation is voluntary, all information they provided is
anonymous and confidential, and indicates any foreseeable risks to which they were subjecting
themselves. Signing the form indicated their voluntary consent to participate in the experiment.
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4.5.2 Data Collection Instruments

We used a Biographical Questionnaire (see Appendix B) to collect general background information
about each participant and to assess their prior level of experience as an ATCS and with UAS. The
participants completed a Post-Scenario Questionnaire (PSQ); see Appendix C) to provide feedback
after each scenario. At the end of the study, the participants completed the Post-Experiment
Questionnaire (PEQ); see Appendix D) to provide feedback on the overall experiment.

4.5.3 Standard Operating Procedures and Letters of Agreement

Typical standard operating procedures and letters of agreement were adhered to for the airspace
selected for study. All UAS operations were simulated according to the COA designed for this study.

4.5.4 Airspace

The airspace comprised simplified sectors and surrounding airspace based on the Mulford and
Grove sectors of NCT. Simplification of the airspace was necessary because we recruited participants
from TRACON facilities across the NAS (with the exception of NCT) and the participants had to
learn the airspace in a relatively short period of time. SMEs simplified the airspace by consolidating
the multiple sectors that surround the Mulford and Grove sectors into North and South sectors. This
simplification reduced the number of sector handoff symbols and radio frequencies that participants
had to memorize. SMEs also removed the complex altitude shelf structure of the Mulford and
Grove sectors to simplify operations within the sectors. Figure 2 depicts the simplified airspace.

NORTH
AOB FL190

SOUTH SHELF
070-FL190

MULFORD
AOB 060

Figure 2. Mulford and Grove sectors with surrounding North and South sectors.
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The participants controlled traffic in the Grove and Mulford sectors and managed arrivals into
Oakland International Airport (OAK). As Figure 3 shows, OAK comprises four runways: 30/12,
28L/10R, 28R/10L, and 33/15. We simulated air traffic for a “West” configuration that required
arrivals to use OAK runways 30, 281, and 28R. We did not use runway 33/15. The Grove sector
included airspace at or below (AOB) 6,000 ft Mean Sea Level (MSL). The Grove sector was located
above the final approach course to OAK runways 281 and 28R and was responsible for directing
traffic to these runways. The Mulford sector included airspace AOB 6,000 ft. The Mulford sector was
located above the final approach course to OAK runway 30 and the final approach course to Hayward
Executive Airport (HWD) runway 28L and was responsible for directing traffic to these runways.
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Figure 3. Airport diagram of Oakland International Airport (OAK).

12



The North and South sectors were ghost sectors. Each ghost sector was manned by an ATC
SME. The North sector managed traffic AOB 19,000 ft MSL. (FL.190) and from between 7,000 ft
MSL to FL190 over the Grove sector. The South sector managed traffic AOB FL.190 and from
between 7,000 ft MSL to FL190 over the Mulford sector.

4.5.5 Traffic Scenarios

An ATC SME created one practice scenario, seven experimental scenarios, and one exploratory
scenario. The ATC SME then created multiple versions of each scenario by changing only the
aircraft callsigns. Changing only the callsigns allowed us to maintain consistency across test
conditions and made the scenarios less recognizable as identical to the participants. The ATC SME
created ten versions of the practice scenario, two versions of each experimental scenario, and two
versions of the exploratory scenario. The practice scenario was 45 minutes in duration and the
experimental scenarios were 30 minutes in duration. The exploratory scenario was 36 minutes in
duration. All UAS aircraft had a “BERRY” callsign along with two digits (e.g., BERRY81, BERRY88).
All scenarios started with only a few aircraft in the airspace and then traffic increased for about the
first 5 minutes of the scenario. Traffic remained steady until the end of the scenarios.

4.5.5.1 Practice

We used the practice scenario to train participants on the airspace and simulation hardware and
software. The practice scenario comprised all manned aircraft. There were 87 total aircraft in the
practice scenario (61 arrivals, 19 departures, and 7 overflights). Eighteen of the aircraft were
uncontrolled VIR flights, and 69 of the aircraft were controlled IFR flights. Of primary concern to
the participants were 17 arrivals at OAK 30, 12 arrivals and 2 departures at OAK 28R, 6 arrivals and
4 departures at HWD 28L. The practice scenario also contained other traffic that impacted the
participants’ airspace. There were 13 arrivals at San Francisco International Airport (SFO) 28R, 13
arrivals at SFO 281, and 2 departures at SFO 28R. Of the 19 departures, there were 6 at Norman Y.
Mineta San Jose International Airport (SJC), there were 4 at Buchanan Field (CCR), and there was 1 at
San Carlos Airport (SQL).

4.5.5.2 Multiple Low Approaches

We used the Multiple Low Approaches scenarios in Experiment 1. The Multiple Low Approaches
— No UAS scenario comprised 71 total aircraft (42 arrivals, 27 departures, and 2 overflights).
Eighteen of the aircraft were uncontrolled VEFR flights, and 53 of the aircraft were controlled IFR
flights. There were 12 arrivals at OAK 30, 7 arrivals and 4 departures at OAK 28R, and 6
departures at HWD 28L. Background traffic that impacted the participants’ sectors were 10 arrivals
at SFO 28R and 12 arrivals at SFO 28L and 2 departures at SFO 28R, 6 departures at SJC, 2
departures at CCR, 3 departures at SQL, and 4 departures at Palo Alto Airport (PAO). During this
scenario, five aircraft arriving at OAK 30 requested multiple approaches.

The Multiple Low Approaches — Integrated UAS scenario was the same as the Multiple Low
Approaches — No UAS scenario, except five of the manned aircraft arriving at OAK 30 were
replaced with UAS. The UAS had similar performance characteristics as the aircraft that they
replaced. The UAS were evenly spaced throughout the scenario and were intermingled with other
arrivals at OAK 30. Every UAS arriving at OAK 30 requested multiple approaches.

4.5.5.3 Missed Approaches at HWD

We used the Missed Approaches at HWD scenarios in Experiment 2. The Missed Approaches at
HWD — No UAS scenario comprised 64 total aircraft (46 arrivals, 11 departures, and 7 overflights).
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Eleven of the aircraft were uncontrolled VFER flights, and 53 of the aircraft were controlled IFR
flights. There were 12 arrivals at OAK 30, 9 arrivals and 2 departures at OAK 28R, and 3 departures
and 5 arrivals at HWD 281.. Background traffic that impacted the participants’ sectors were 9
arrivals at SFO 28R and 11 arrivals at SFO 28L as well as 2 departures at SJC, 2 departures at SQL,
1 departure at PAO, and 1 departure at CCR.

During this scenario, two aircraft arriving at HWD 28L executed a missed approach procedure
after the participant at Mulford had transferred control and communications to the OAK Airport
Traftic Control Tower (ATCT). The ATC SME ghost controller simulating OAK ATCT operations
then coordinated the missed approach with the participant at Mulford. The standard ATC
instruction that we used for a missed approach at HWD was “turn left heading 210, climb and
maintain 2,000.” However, during the coordination between OAK ATCT and Mulford, the
participant at Mulford could provide an alternate clearance for the missed approach at their
discretion. Once the ATC SME ghost controller simulating OAK ATCT provided the aircraft with
the appropriate heading and altitude clearance (as coordinated), he handed the aircraft off and
transferred control of the aircraft to the participant at Mulford. The same two aircraft in the
scenario always executed the missed approach procedure. To control the timing of when the missed
approach occurred (notwithstanding the variance of how each participant controlled traffic in the
sector), the same two aircraft executed the missed approach procedure each time we ran the
scenario. As stated in section 4.5.5, aircraft had different callsigns each time the participants within a
group experienced a particular scenario.

The Missed Approaches at HWD — Integrated UAS scenario was the same as the Missed Approaches
at HWD — No UAS scenario, except 10 of the manned aircraft arriving at OAK 30 were replaced with
UAS. The UAS had similar performance characteristics as the aircraft that they replaced. The UAS
were evenly spaced throughout the scenario and were intermingled with other arrivals at OAK 30.

4.5.5.4 Arrival Stream to OAK 30

We used the Arrival Stream to OAK 30 scenarios in Experiment 3. The Arrival Stream to OAK
30 — No UAS scenario comprised 91 total aircraft (56 arrivals, 25 departures, and 10 overflights).
Twenty-two of the aircraft were uncontrolled VIR flights, and 69 were controlled IFR flights.
There were 20 arrivals at OAK 30, and there were 13 arrivals and 5 departures at OAK 28R.
Background traffic that impacted the participants’ sectors were 10 arrivals at SFO 28R and 13
arrivals at SFO 28L; 1 departure at SFO 28R, 3 departures at CCR, 4 departures at SQL, 2
departures at Reid-Hillview Airport (RHV), 5 departures at PAO, 1 departure at Livermore
Municipal Airport (LVK), 1 departure at Tracy Municipal Airport (TCY), and 1 departure at SJC.

The Arrival Stream to OAK 30 — Low UAS Integration scenatio was the same as the Arrival Stream to
OAK 30 — No UAS scenario, except 8 of the manned aircraft arriving at OAK 30 were replaced with
UAS. The UAS had similar performance characteristics as the aircraft that they replaced. The UAS
were evenly spaced throughout the scenario and were intermingled with other arrivals at OAK 30.

The Arrival Stream to OAK 30 — High UAS Integration scenario was the same as the Arrival
Stream to OAK 30 — No UAS scenario, except 13 of the manned aircraft arriving at OAK 30 were
replaced with UAS. The UAS had the same performance characteristics as the aircraft that they
replaced. The UAS were evenly spaced throughout the scenario and were intermingled with other
arrivals at OAK 30.
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4.5.5.5 Exploratory

An ATC SME created the Exploratory scenario to examine several particular UAS operations
that were of interest to the project sponsor. There was no matching baseline condition for the
Exploratory scenario. The Exploratory scenario comprised 79 aircraft (44 arrivals, 28 departures,
and 7 overflights). Twenty-one of the 79 aircraft were uncontrolled VIR flights, and 58 aircraft
were controlled IFR flights. There were 13 arrivals and 1 departure at OAK 30, and there were 9
arrivals and 3 departures at OAK 28R. Background traffic that impacted the participants’ sectors
were 10 arrivals at SFO 28R, 12 arrivals at SFO 281, and 1 departure at SFO 28R, 4 departures at
SJC, 3 departures at CCR, 1 departure at SQL, 4 departures at PAO, 2 departures at Moffet Federal
Airfield (NUQ), and 3 departures at LVK.

The first UAS operation of interest concerned UAS departing VFR and then requesting an
IFR clearance below the MVA. Two instances of this UAS operation occurred in the Exploratory
scenario. The first UAS departed VEFR from OAK 30. The simulation pilot then made a radio call
to the participant at the Grove sector and stated, “Approach, BERRY81 is VFR and would like to
pick up our pre-filed clearance to Edwards Air Force Base (EDW).” Shortly thereafter, a second
UAS departed for Beale Air Force Base (BAB) and the simulation pilot made a radio call to the
participant at the Mulford sector and stated, “Approach, BERRY82 is VFR, approximately 10 miles
North of Moffett, request to pick up pre-filed IFR clearance to BAB.” As soon as each aircraft
departed, the simulation pilots entered commands that caused the UAS to climb very slowly
(approximately 100-200 ft/min) so the UAS would stay at or below the MVA. The simulation pilots
kept the UAS in a slow-climbing configuration until the appropriate participant gave a clearance to
climb to a higher altitude or issued a terrain advisory.

The second UAS operation of interest was a UAS arrival at OAK 30 that refused a base turn
due to clouds. When the participant issued the clearance for the base turn to a particular (scripted)
UAS, the simulation pilot responded, “Approach, BERRY83, unable. Turn will place us Instrument
Meteorological Conditions (IMC) in clouds. Can accept turn in 5 miles.”

The third UAS operation involved the UAS chase aircraft losing sight of the UAS. Once a
particular (scripted) aircraft was established on final approach to OAK 30, a simulation pilot made a
radio call to the participant at the Mulford sector and stated, “Approach, BERRY83, our chase
aircraft has lost sight of us. Chase is proceeding direct to the lost-link loiter point (LLP). We would
also like to proceed to the LLP at 5,000 ft and attempt to rejoin.” An ATC SME at the ghost
controller position then generated the chase aircraft by making the appropriate simulation command
entry. The chase aircraft (e.g., CHASE11) then appeared on the participants’ STARS displays with a
discrete beacon code at 3,000 ft MSL and a heading of 310 degrees. A simulation pilot then initiated
radio contact with the participant at the Mulford sector by stating, “Approach, CHASE11 is
approximately <state position>, squawking <beacon code>, request direct LLP, VFR at 5,000 ft so
that we can rejoin with BERRY83.”

4.6 Pre-Testing

We conducted an informal shakedown to test all simulation and data collection capabilities and
to test and refine the experimental procedure. The informal shakedown also provided the opportunity
to train simulation pilots on the idiosyncrasies involved with the study and UAS operations. The
informal shakedown did not use ATCS from the field and relied solely on the research team, including
experimenters, software and hardware engineers, and ATC SMEs. During the informal shakedown,
we systematically tested all components of the simulation including data collection and storage. The
research team documented, corrected, and tested all identified issues.

15



4.7 Design

4.7.1 Experimental Design

The study comprised three separate experiments. Data collection took place over the course of
six weeks. We collected data from a total of six groups of two participants each for a total sample
size of N = 12. We conducted the experiments consecutively for each group of participants. Each
group of participants spent five days at the RDHFL.

The first experiment examined multiple approaches and UAS integration in the TRACON
traffic pattern to OAK 30 and used a single factor (Condition: No UAS vs. Integrated UAS
Operations) within-subjects repeated measures design. During the No UAS Condition, the air
traffic scenario contained only manned aircraft. During the Integrated UAS Condition, UAS
operations were integrated with manned aircraft operations. We counterbalanced the order of
conditions across each group and participant/position combination, as discussed in section 4.8.4,
Data Collection Procedure, such that half of the participants controlled traffic in the No UAS
condition first, and half of the participants controlled traffic in the Integrated UAS condition first.

The second experiment examined how missed approaches at HWD interacted with UAS
approaches at OAK 30 and used a single factor (Condition: No UAS vs. Integrated UAS
Operations) within-subjects repeated measures design. During the No UAS condition, the air traffic
scenario contained only manned aircraft and manned aircraft executed missed approaches at HWD.
During the Integrated UAS condition, manned aircraft executed missed approaches at HWD with
both manned and UAS aircraft on approach to OAK 30. We counterbalanced the order of
conditions across each group and patticipant/position combination, as discussed in section 4.8.4,
Data Collection Procedure, such that half of the participants controlled traffic in the No UAS
condition first, and half of the participants controlled traffic in the Integrated UAS condition first.

The third experiment examined UAS integration in the arrival stream to OAK 30 and used a
single factor (Condition: No UAS vs. Low UAS Integration vs. High UAS Integration) within-
subjects repeated measures design. During the No UAS condition, the air traffic scenario contained
only manned aircraft. During the Low UAS Integration condition, eight UAS operations were
integrated with manned aircraft operations. During the High UAS Integration condition, thirteen
UAS operations were integrated with manned aircraft operations. We counterbalanced the order of
conditions across each group and participant/position combination, as discussed in section 4.8.4,
Data Collection Procedure.

4.7.2 Dependent Variables

We recorded numerous dependent variables during each scenario using automated data
collection by DESIREE, TGF, and the communications system. The participants provided
questionnaire responses after each scenario. In this section, we list dependent variables that were
collected via automated tools, such as DESIREE or TGF (see Table 1). Refer to the appropriate
appendices for dependent variables collected via questionnaires and rating forms—Biographical
Questionnaire (Appendix B), PSQ (Appendix C), and PEQ (Appendix D).
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Table 1. Dependent Variables and Data Sources

DEPENDENT VARIABLE

SAFETY
DATA SOURCE

COMMENT

Number of Loss of Separation

Closest Point of Approach

Composite Slant Range

Number of Near Mid-Air Collisions

TGF, SME review of audio/video recordings

TGF

TGF

TGF, SME review of audio/video recordings

Loss of standard separation as defined by FAA Order
7110.65

Shortest Euclidian distance (nmi) between two aircraft
during a loss of separation

V[(vertical maintained/vertical separation required)’
+(horizontal maintained/ horizontal separation required)?]

Separation between two aircraft is 500 ft horizontal and
+/- 100 ft vertical or less

Number of Mid-Air Collisions TGF Airborne collision of two or more aircraft
EFFICIENCY

DEPENDENT VARIABLE DATA SOURCE COMMENT

Aircraft Distance Flown in Sector (nmi) TGF Based on geographical sector boundaries

Aircraft Time in Sector (seconds) TGF Based on geographical sector boundaries

Number of Low Approach Arrivals

Number of Missed Approach Arrivals

Number of Full Stop Arrivals

DEPENDENT VARIABLE

SME review of audio/video recordings
SME review of audio/video recordings
SME review of audio/video recordings

COMMUNICATIONS
DATA SOURCE

Arrival aircraft requests and executes low approach
without landing

Arrival aircraft executes missed approach due to inability
to land

Arrival aircraft lands on and exits runway

COMMENT

Number of Controller-to-Pilot Transmissions
by Sector

Duration of Controller-to-Pilot Transmissions
(milliseconds) by Sector

Number of Pilot-to-Controller Transmissions
by Sector

Duration of Pilot-to-Controller Transmissions
(milliseconds) by Sector

Number of Controller-to-Controller
Transmissions by Sector

Duration of Controller-to-Controller
Transmissions (milliseconds) by Sector

Communication System

Communications System

Communication System

Communications System

Communication System

Communication System

A transmission is recorded each time a controller presses
the push-to-talk switch to communicate with a pilot

Duration of time in milliseconds from controller key
press to key release

A transmission is recorded each time a pilot presses the
push-to-talk switch to communicate with a controller

Duration of time in milliseconds from pilot key press to
key release

A transmission is recorded each time a controller
presses the push-to-talk switch to communicate with
another controller

Duration of time in milliseconds from controller key
press to key release

WORKLOAD
DEPENDENT VARIABLE DATA SOURCE COMMENT
Subjective Workload Rating WAK/DESIREE Online rating of workload made by the participant at

pre-defined intervals

WAK Response Time (milliseconds) WAK/DESIREE Secondary measure of workload

TASK LOAD
DEPENDENT VARIABLE DATA SOURCE COMMENT
Number of Heading Commands TGF Commands entered by simulation pilot only
Number of Altitude Commands TGF Commands entered by simulation pilot only
Number of Speed Commands TGF Commands entered by simulation pilot only
Number of Approach Commands TGF Commands entered by simulation pilot only
Number of Visual Approach Commands TGF Commands entered by simulation pilot only
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4.8 Procedure

4.8.1 Schedule of Events and Timetable

The participants traveled to the RDHFL on Wednesday of one week and returned to their
respective TRACON facilities on Thursday of the following week. Training occurred on Thursday
and Friday of the participants’ first week, and testing occurred Monday through Wednesday of the
following week. The participants arrived and worked in groups of two. Table 2 contains the daily
schedule of events for each group of participants. The first half of Day 1 was reserved for in-briefing
and training. The participants controlled traffic using practice scenarios for the remainder of Day 1
and all of Day 2. Each practice scenario was 45 minutes in duration with a minimum 15-minute
break between each scenario. Each experimental scenario was 30 minutes in duration with 15
minutes at the end of each scenario for questionnaires. A break of at least 15 minutes was scheduled
between the completion of questionnaires and the subsequent scenario.

Table 2. Daily Schedule

Day 1 Day 2 Day 3 Day 4 Day 5
Time Thursday Time Friday Time Monday Time Tuesday Time Wednesday
Informed Training as
0830 Consent & 0830 & 0830 Exp Prep 0830 Exp Prep 0830 Exp Prep
. Needed
In Brief
Airspace & .
0900 STARS 0900 Practice 0900 Exp 1A 0900 | EXP28 | o900 Exp 4A
. Scenario 5 Run 1 Run 8 Run 15
Training
1000 Break 0945 Break 0945 Break 0945 Break 0945 Break
Airspace & .
1015 STARS 1000 Practice 1000 Exp 18 1000 | EP3A 1 4000 Exp 4A
. Scenario 6 Run 2 Run 9 Run 16
Training
1145 Lunch 1045 Break 1045 Break 1045 Break 1045 Break
Practice Practice Exp 1A Exp 3B Make Up Run
1245 Scenario 1 1100 Scenario 7 1100 Run 3 1100 Run 10 1100 as Needed
1330 Break 1145 Lunch 1145 Lunch 1145 Lunch 1145 Lunch
1345 Practice Practice Exp 1B Exp 3C Make-Up Run
Scenario 2 R Scenario 8 L Run 4 e Run 11 e as Needed
1430 Break 1330 Break 1330 Break 1330 Break 1430 | PEQ & Debrief
Practice Practice Exp 2A Exp 3A
1445 Scenario 3 1345 Scenario 9 1345 RUN 5 1345 Run 12 1630 End of Day
1530 Break 1430 Break 1430 Break 1430 Break
Practice Practice Exp 2B Exp 3B
1545 Scenario 4 1445 Scenario 10 1445 Run 6 1445 Run 13
1630 End of Day 1530 Break 1530 Break 1530 Break
Training:
.. Exp 2A Exp 3C
1545 Remaining 1545 Run 7 1545 Run 14
Issues
1630 End of Day 1630 End of Day 1630 End of Day

Note. Exp = Experiment; PEQ = Post Experiment Questionnaire.
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4.8.2 In-Briefing

The participants received an in-briefing on the background and objectives of the study. ATC
SME:s also provided an overview of the airspace, procedures, and simulated laboratory environment
including STARS functionality and communication system.

4.8.3 Training and Practice Scenarios

The participants received one-half day of classroom training on the simulated airspace and
STARS interface and functionality. The participants then controlled traffic in five practice scenarios
at each sector (total of 10 practice scenarios). Each practice scenario was 30 minutes in duration and
contained only manned aircraft. An experimenter assigned each participant to one of the two
sectors (Mulford or Grove). The participants controlled air traffic at those sectors for two
consecutive scenarios and then they switched sectors. This process continued until each participant
had completed four practice scenarios at each sector. The participants then switched sectors one
final time to complete the final practice scenario.

4.8.4 Data Collection Procedure

Once the participants arrived at the RDHFL, they listened to the in-brief and asked any initial
questions they had about the simulation. Then, each participant, the Principal Investigator, and a
witness signed an Informed Consent Statement (see Appendix A). The participants then completed
the Biographical Questionnaire (see Appendix B) and received a briefing on the schedule of events
(Table 2) and an overview of the experiment. The participants then received classroom training
from an ATC SME on the airspace and STARS interface and functionality and the communication
system. After receiving training, the participants completed 10 practice scenarios.

Once the participants completed the practice scenarios, they controlled air traffic in a total of 16
scenarios. The participants controlled air traffic at each sector position for all scenarios in all three
experiments and the exploratory scenario. Each experimental scenario was 30 minutes in duration.
The researchers assigned each participant to one of the two sectors according to a counterbalancing
scheme. After completing all scenarios in an experiment, the participants switched sectors and
repeated the procedure. The participants always completed Experiment 1 (Multiple Approaches to
OAK 30 — No UAS vs. Integrated UAS) first, Experiment 2 (Missed Approaches at HWD — No
UAS vs. Integrated UAS) second, and Experiment 3 (Arrival Steam to OAK 30 — No UAS vs. Low
UAS Integration vs. High UAS Integration) third. We counterbalanced the order of conditions
within each experiment across participant groups (see Table 3, Table 4, and Table 5). After
completing all experimental scenarios, the participants controlled air traffic in two 36-minute
exploratory scenarios. An experimenter provided instructions to the participants prior to each
scenario. During each scenario, the participants were responsible for controlling the air traffic,
communicating, coordinating, and maintaining flight data as they would in the field.

During each scenario, we collected subjective and objective measures. We used the WAK to
collect the participants’ subjective ratings of their workload during each scenario. The WAK
measure, based on the research of Stein (1985), used a 10-button keypad to assess each participant’s
workload. Every 4 min the WAK prompted the participant for a workload rating by making an
alerting sound (a high-pitched chirp) and illuminating the WAK buttons. Participants had 20 s to
respond to the prompt by selecting one of the 10 numbered WAK buttons to indicate their current
level of workload. An experimenter read the WAK instructions to the participants before beginning
each scenario (see Appendix E). At the end of each scenario, the participants completed the PSQ
(see Appendix C).

19



Table 3. Counterbalancing Order by Sector and Condition for Experiment 1

Condition
Group Mulford Grove Order

P1 P2 1 2

1
P2 P1 1 2
P3 P4 2 1

2
P4 P3 2 1
P5 P6 1 2

3
P6 P5 1 2
P7 P8 2 1

4
P8 P7 2 1
P9 P10 1 2

5
P10 P9 1 2
P11 P12 2 1

6
P12 P11 2 1

Note. P = Participant.

Table 4. Counterbalancing Order by Sector and Condition for Experiment 2

Condition
Group Mulford Grove Order

P1 P2 1 2

1
P2 P1 1 2
P3 P4 2 1

2
P4 P3 2 1
P5 P6 1 2

3
P6 P5 1 2
P7 P8 2 1

4
P8 P7 2 1
P9 P10 1 2

5
P10 P9 1 2
P11 P12 2 1

6
P12 P11 2 1

Note. P = Participant.




Table 5. Counterbalancing Order by Sector and Condition for Experiment 3

Condition
Group Mulford Grove Order

P1 P2 1 2 3

1
P2 P1 2 3 1
P3 P4 3 1 2

2
P4 P3 1 2 3
P5 P6 2 3 1

3
P6 P5 3 1 2
P7 P8 3 2 1

4
P8 P7 2 1 3
P9 P10 1 3 2

5
P10 P9 3 2 1
P11 P12 2 1 3

6
P12 P11 1 3 2

Note. P = Participant.

We recorded digital audio and video data from each participant. We recorded the controller
and pilot transmissions via the voice communications system. Controller conversations were also
recorded via the participants’ headset microphones. Cameras mounted on the ceiling recorded an
over-the-shoulder view of each controller position. The ReVue box hardware and software
recorded each participant’s STARS display and all radio and landline communications.

All information provided by the participants was anonymous. A participant code was attached
to all data for research purposes. The participants’ names and identities are not listed in this
technical report and will not be released in any reports. All data collected in the study will be used
for scientific purposes only and will be kept confidential by law. Laboratory personnel will not
disclose or release any Personally Identifiable Information to any FAA personnel, or elsewhere, and
will not publish it in any report, except as may be required by statute.

5. DATA ANALYSIS

We provided summary information for the Biographical Questionnaire and PEQ. We conducted
inferential statistical analyses, 7 tests, or repeated measures Analysis of Variance (ANOVAs) on the
data from the experimental scenarios and the PSQs for all three experiments (see Appendix F). For
all experiments, we analyzed any significant main effects and interactions as needed with the
appropriate post-hoc tests. Additional analyses were conducted as necessary. We reported the
results as significant when p values were less than or equal to .05. We reported Cohen’s & (for # tests)

21



or partial eta-squared (7% for ANOVASs) to indicate the effect size." We reported only significant
results as needed.

Although the participants worked together to control traffic in the Mulford and Grove sectors,
there was no experimental basis or theoretical reasoning for comparing the two sectors to each
other. Therefore, we analyzed the data generated from each sector position separately.

For the exploratory scenario, we observed the participants’ ability to manage the various UAS
activities and the participants provided subjective data via the PSQ. We summarized the SME
observations and participant responses and provide extended summaries of the most critical issues.

6. RESULTS AND DISCUSSION

In the next section, we present the results and discussion of each experiment.

6.1 Experiment One — Multiple Low Approach Procedures to OAK 30

We designed the first experiment to determine if the presence of UAS during multiple low
approach arrivals to OAK 30 has any effect on sector efficiency, number of ATC commands,
communications, participants’ subjective rating of workload, and safety. There are two primary
differences between UAS and manned aircraft in this experiment. First, every UAS is required by a
COA to have a chase aircraft and, therefore, an ATCS must add an additional mile of separation to
accommodate a formation flight. Second, UAS do not comply with FAA regulations regarding
visual compliance (FAA, 2013e). Therefore, an ATCS cannot issue any ATC instruction that relies
on direct observation, or visual compliance, by the pilot to UAS. This means that the participants
could not instruct a UAS pilot to maintain visual separation from any other aircraft—IFR separation
standards were required at all times. The participants were also unable to ask a UAS pilot to report
an airport in sight and could not issue a visual approach clearance to a UAS. Multiple aircraft
conducting low approach procedures to the same runway (OAK 30) created a steady flow of aircraft
in the TRACON traffic pattern and allowed us to identify potential issues posed by UAS and the
associated limitations of visual compliance regulations.

6.1.1 Sector System Data

For each experimental run, we used geographical sector boundaries to count the total number
of aircraft, the total distance flown, and the total time in each sector. We also counted the number
of unique aircraft that flew through each sector. We measured the mean time (s) and distance flown
(nmi) by each unique aircraft in the Mulford and Grove sectors because an aircraft could have flown
into and out of a sector more than once. For example, an aircraft that flew into the Grove sector,
then flew into the Mulford sector, and then flew back into the Grove sector was counted as a single
unique operation for time and distance calculations. We only calculated mean time and distance
flown for unique aircraft. We did not calculate mean time and distance based on the total number
of operations because that would have skewed the data sets to include very short times and distances
and would have produced an artificial source of variability. We also counted three types of arrivals
for each experimental run: Low Approach, Missed Approach, and Full Stop.

! Cohen (1988, 1992) describes the use of Cohen’s 4 and partial eta squared to evaluate effect size. For both
measures, a value of 0.20 is considered a small effect, 0.50 is considered a medium effect, and 0.80 or greater is
considered a large effect.

22



6.1.1.1 Aircraft Time and Distance Flown in the Mulford Sector

The total number of aircraft that flew through the Mulford sector did not differ between the
No UAS condition (M = 40.0, §D = 1.4) and the Integrated UAS condition (M = 40.3, §D = 1.1).
The number of unique aircraft that flew through the Mulford sector did not differ between the No
UAS condition (M = 36.2, D = 0.4) and the Integrated UAS condition (M = 36.6, SD = 0.5).

The total distance (nmi) flown in the Mulford sector was significantly greater in the Integrated
UAS condition (M = 522, §D = 25) compared to the No UAS condition (M = 498, §D = 19), A11)
= 3.07, p = .011, Cohen’s 4 = 1.07. The total time (in seconds, s) that aircraft flew in the sector was
significantly longer in the Integrated UAS condition (M = 13389, §D = 607) compared to the No
UAS condition (M = 13008, SD = 349), /(11) = 2.54, p = .028, Cohen’s d = 0.77.

The mean distance flown (nmi) per aircraft in the Mulford sector was significantly greater in the
Integrated UAS condition (M = 14.3, §D = 0.6) compared to the No UAS condition (M = 13.8, §D
= 0.6), #(11) = 2.59, p = .025, Cohen’s 4 = 0.82. There were no significant differences between
conditions for the mean time flown (s) in the sector, No UAS (M = 360, §D = 11), Integrated UAS
(M =366, SD = 15).

These results suggest that efficiency in the Mulford sector was somewhat negatively affected
when UAS were in the airspace.

6.1.1.2 Aircraft Time and Distance Flown in the Grove Sector

The total number of aircraft that flew through the Grove sector was higher in the Integrated
UAS condition (M = 49.3, §D = 3.2) compared to the No UAS condition (M = 47.9, §D = 2.2),
#11) = 2.40, p = .035, Cohen’s d = 0.49. However, there was no difference between conditions in
the mean number of unique aircraft that flew through the Grove sector, No UAS (M = 40.9, §D =
1.2) and the Integrated UAS (M = 41.1, §D = 0.9).

There were no significant differences between conditions for the total distance (nmi) flown, No
UAS (M =733, §D = 22) and the Integrated UAS (M = 740, §D = 23). There were no significant
differences between conditions for the total time (s) that aircraft flew in the Grove sector, No UAS
(M = 18965, §D = 407) and the Integrated UAS (M = 19117, §D = 4406).

In the Grove sector, there was no significant difference between conditions for the mean
distance (nmi) flown per aircraft, No UAS (M = 17.9, §D = 0.7) and the Integrated UAS (M = 18.0,
SD = 0.6). There was no significant difference between conditions for the mean time (s) flown per
aircraft, No UAS (M = 464, §D = 15) and the Integrated UAS (M = 466, SD = 14) in the Grove

sector.

These results suggest that efficiency in the Grove sector was not affected by the presence of UAS.

6.1.1.3 Number of Arrivals

After we completed data collection, an ATC SME reviewed audio and video recordings of each
experimental run. The ATC SME recorded the number of arrivals for all runways beneath the
Mulford and Grove sectors. Arrivals were classified as one of three types: Low Approach, Full Stop,
or Missed Approach. Atrivals occurred only at runways OAK 30, OAK 28R /L, and HWD. For
purposes of analysis, all arrivals were attributed to the participant working at the Mulford sector
even though OAK 28R/L was beneath the Grove sector. We analyzed the arrival count data by
using paired 7 tests and, where appropriate, Wilcoxon Matched Pairs # tests (the non-parametric
equivalent of a 7 test).
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We analyzed the number of each arrival type by condition (see Table 6). No Low Approaches
or Missed Approaches occurred at runways OAK 28R/L or HWD. Every participant had one Full
Stop arrival at HWD. Neither the number of Low Approach arrivals at OAK 30 nor the total
number of Full Stop arrivals, No UAS (M = 12.4, §D = 1.1) and Integrated UAS (M = 12.6, §D =
0.8), differed significantly between conditions. Missed Approach arrivals were infrequent, and we
analyzed them using the Wilcoxon Matched Pairs 7 test. The number of Missed Approach arrivals
did not differ significantly between conditions. Overall, the presence of UAS did not affect the
number of arrivals to any runway regardless of type of arrival.

Table 6. Mean (M) Number and Standard Deviation (SD) of Arrivals by
Condition, Type, and Runway

Type of Approach
Low Full Missed
Approach Stop Approach

Condition Runway M SD M SD M SD

OAK 30 5.7 (0.5) 5.4 (1.2) 0.7 (0.5)
No UAS OAK 28R/L 0.0 (0.0) 6.0 (0.0) 0.0 (0.0)

HWD 0.0 (0.0) 1.0 (0.0) 0.0 (0.0)

OAK 30 5.6 (0.7) 5.8 (0.6) 0.3 (0.5)
Integrated UAS OAK 28R/L 0.0 (0.0) 5.8 (0.6) 0.0 (0.0)

HWD 0.0 (0.0) 1.0 (0.0) 0.0 (0.0)

6.1.2 Simulation Pilot Commands

We recorded the number of simulation pilot commands entered for the Mulford and Grove
sectors as a measure of controller clearances. We evaluated the most common commands used in
the simulation—altitude, heading, speed, approach, and visual approach—in our analyses. We
compared the total number of commands entered and the number of commands entered by type
(e.g., altitude) between experimental conditions. We conducted separate analyses for the Mulford
and Grove sectors.

6.1.2.1 Simulation Pilot Commands for the Mulford Sector

Table 7 shows the mean numbers of simulation pilot commands entered for the Mulford
sector. Neither the total number nor the number of any command types differed significantly
between conditions.
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Table 7. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Mulford Sector by Condition and Type of Command

No Integrated

UAS UAS
Command M SD M SD
Altitude 32.2 (4.8) 33.0 (6.6)
Heading 272 (6.6) 307 (8.9)
Speed 25.3 (6.7) 28.3 (7.8)
Approach 15.1 (4.0) 135 (3.3)
Visual Approach 3.0 (3.2) 33 (2.5)
Totals 102.8  (11.5) 108.8  (15.7)

6.1.2.2 Simulation Pilot Commands for the Grove Sector

Table 8 shows the mean numbers of simulation pilot commands entered for the Grove sector.
Neither the total number nor the number of any command types differed significantly between
conditions.

Table 8. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Grove Sector by Condition and Type of Command

No Integrated

UAS UAS
Command M SD M SD
Altitude 19.8 (3.8) 20.7 (3.4)
Heading 18.0 (4.5) 18.6 (5.4)
Speed 3.9 (3.2) 3.0 (2.9)
Approach 1.4 (2.9) 1.3 (2.3)
Visual Approach 5.8 (2.9) 6.3 (1.9)
Totals 48.9 (7.2) 49.9 (9.3)

6.1.3 Voice Communications

We recorded all voice communications to evaluate the number and duration of air-ground
(pilot-to-Mulford/Grove) and ground-air (Mulford/Grove-to-pilot) Push-to-Talk (PTT)
transmissions for the Mulford and Grove sectors. We also recorded the number and duration of
ground-ground landline transmissions between the participants and the ghost controllers who
simulated the North and South sectors and the OAK and HWD ATCTs. We evaluated the mean
number and duration of PTT and landline transmissions for the Mulford and Grove sectors separately.

6.1.3.1 PTT Transmission for the Mulford Sector

We measured the number and duration of the ground-air PTT transmissions from the Mulford
sector to the pilots and the air-ground PTT transmissions from the pilots to the Mulford sector.
Table 9 shows the mean number and duration of these transmissions.
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Table 9. Mean (M) Number and Duration of Ground-Air/Air-Ground PTT Transmissions
at the Mulford Sector

No Integrated
UAS UAS
Transmission Measure M SD M SD
Ground-Air Number 1451 (17.9) 1565  (17.9)
Duration (s) 4.4 (0.6) 4.1 (0.6)
Air-Ground Number 161.2 (15.4) 167.9 (16.0)
Duration (s) 3.4 (0.1) 3.2 (0.2)

Note. (s) = Seconds.

There were significantly more ground-air PTT transmissions for the Mulford sector in the
Integrated UAS condition than in the No UAS condition, A11) = -2.23, p = .048 Cohen’s 4 = 0.64.
However, the ground-air PTT transmission durations were shorter in the Integrated UAS condition
than in the No UAS condition, A11) = 3.00, p = .012, Cohen’s 4 = 0.58. Therefore, the controllers
made more, but shorter (by about 0.4 s) ground-air PTT transmissions when UAS were in the
Mulford sector.

The number of air-ground transmissions did not differ significantly between conditions.
However, air-ground PTT durations were shorter in the Integrated UAS condition than in the No
UAS condition, #11) = 4.38 , p = .001, Cohen’s 4 = 1.57. Therefore, both the pilots and the
controllers made shorter PTT transmissions when UAS were in the Mulford sector.

6.1.3.2 Landline Transmissions for the Mulford Sector

We measured the number of ground-ground landline transmissions between the Mulford
controllers and the ghost controllers. The number of ground-ground landline transmissions varied
across participants and across conditions so it was not possible to statistically evaluate these data.
We report only descriptive statistics for these measures. There were a total of 47 ground-ground
landline transmissions in the No UAS condition and a total of 52 ground-ground landline
transmissions in the Integrated UAS condition with mean durations of 7.2's, (§D = 3.8) and 5.5 s
(§D = 2.7), respectively.

We collapsed the ground-ground landline communications data by sector rather than by
Mulford controller-to-ghost controller or ghost controller-to-Mulford controller because these data
were not categorized separately for the first two participants due to a data recording error and
because the overall number of ground-ground communications was low. Categorizing the data by
sector allowed us to examine whether there appeared to be general trends in communication
patterns based on condition. Table 10 presents the total number of ground-ground landline
transmissions for each sector as well as the mean number and duration of the transmissions for each
sector. The greatest number of ground-ground landline transmissions occurred between the
Mulford and South sectotrs in both conditions, and there were more transmissions between these
sectors when UAS were in the airspace.
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Table 10. Ground-Ground Landline Transmissions at the Mulford Sector

No UAS Integrated UAS

Duration (s) Duration (s)

Sectors Number M (SD) Number M (SD)
Mulford + South 16 8.2 (4.9) 25 6.8 (2.8)
Mulford + North 9 47 (3.7) 7 3.8 (2.9)
Mulford + OAK 13 8.4 (2.6) 8 7.0 (2.2)
Mulford + HWD 9 5.1 (2.5) 12 44 (1.7)
Totals 47 7.2 (3.8) 52 55 (2.7)

Note. (s) = Seconds.

6.1.3.3 PTT Transmission for the Grove Sector

We measured the number and duration of the ground-air PTT transmissions from the Grove
controllers to the pilots and the air-ground PTT transmissions from the pilots to the Grove
controllers. Table 11 shows the mean number and duration of these PTT transmissions.

Table 11. Mean (M) Number and Duration of Ground-Air and Air-Ground PTT
Transmissions at the Grove Sector

No Integrated
UAS UAS
Transmission Measure M SD M SD
Ground-Air Number 119.4 (18.1) 117.1 (11.6)
Duration (s) 4.2 (0.6) 41 (0.6)
Air-Ground Number 141.4 (16.8) 142.7 (18.8)
Duration (s) 3.0 (0.4) 2.7 (0.3)

Note. (s) = Seconds.

Overall, we found no statistically significant differences between the No UAS condition and the
Integrated UAS condition for either the number or duration of PTT transmissions at the Grove
sector, indicating that there were no differences in communications when UAS were in the Grove
sectof.

6.1.3.4 Landline Transmissions for the Grove Sector

The ground-ground landline transmissions varied across participants in the Grove sector as they
did in the Mulford sector. We report only the descriptive statistics for these data and present
summaries by sector in Table 12. Overall, there were 39 ground-ground landline transmissions in
the No UAS condition and 42 ground-ground landline transmissions in the Integrated UAS
condition with a mean transmission duration of 8.2's, (§D = 5.4) and 7.7 s (§D = 5.8), respectively.
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The greatest number of communications occurred between the Grove and North sectors in both
conditions. There were no apparent differences between conditions.

Table 12. Ground-Ground Landline Transmissions at the Grove Sector

No UAS Integrated UAS

Duration (s) Duration (s)

Sectors Number M  (SD) Number M  (SD)
Grove + South 10 7.3 (4.3) 10 8.0 (2.9)
Grove + North 21 8.5 (6.9) 22 7.9 (2.9)
Grove + OAK 7 9.3 (2.0) 9 7.0 (2.8)
Grove + HWD 1 45 (0.0) 1 7.7 (0.0)
Totals 39 8.2 (5.4) 42 7.7 (5.8)

Note. (s) = Seconds.

6.1.4 Subjective Ratings of Workload

Participants rated their subjective level of workload using the 10-button WAK (Stein 1985). 1f
the participant did not respond within 20 seconds, the response was coded as wssing. We coded
failures to respond as missing data because it is unknown if the participant was too busy to respond
or simply did not notice the WAK prompt. To allow for statistical analysis, we replaced missing
responses with the mean WAK rating for the respective condition and time interval. In Experiment 1,
there were 336 WAK prompts (12 participants by 7 intervals by 2 conditions by 2 sectors); of these,
only 11 (3.3%) were missed. The missing responses were randomly distributed across interval,
condition, and sector. We analyzed the WAK ratings using a 7 (Interval — one rating every 4
minutes) x 2 (Condition — No UAS vs. Integrated UAS) repeated measures ANOVA. We
performed the same analysis for WAK response time (i.e., the time it took for the participants to
enter a response after the WAK prompt).

When participants worked the Mulford sector, there was a significant effect of Interval for WAK
ratings, F(6, 66) = 11.41, p < .001, 7,7 = 0.51. The WAK ratings increased from the first interval (4
min) to the second interval (8 min) and then stayed level until the last interval (28 min), HSD(66) =
1.19 (see Figure 4). There was no statistically significant difference between the mean WAK ratings
in the Integrated UAS condition (M = 3.6, §D = 1.5) compared to the No UAS condition (M = 3.4,
SD = 1.2). There were no significant effects associated with WAK response time.
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Figure 4. Mean WAK rating by interval at the Mulford sector.

When controllers worked the Grove sector, there was a significant effect of Interval for WAK
ratings, F(6, 66) = 17.74, p <.001, 7. ? = 0.62, indicating that the participants’ subjective level of
workload changed over the course of the scenario. As Figure 5 shows, WAK ratings increased
gradually from the first interval (4 min) to the sixth interval (24 min) and then decreased in the final
interval (28 min), HSD(66) = 1.31. Subjective workload did not differ significantly between the
Integrated UAS condition (M = 2.8, §D = 1.2) and the No UAS condition (M = 2.6, §D = 1.1).
There were no significant effects associated with WAK response time.

Mean WAK Rating
[S]

4 8 12 16 20 24 28

Interval Time (min)

Figure 5. Mean WAK rating by interval at the Grove sector.
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6.1.5 Losses of Separation

During training, an ATC SME instructed the participants on the aircraft separation standards.
We used standard separation minima of 3 nmi horizontal and 1,000 ft vertical. All UAS were
categorized as swall aircraft for purposes of wake turbulence separation. For aircraft operating
directly behind another aircraft, directly behind and less than 1,000 ft below an aircraft, or following
an aircraft conducting an instrument approach, separation was as follows:

e Heavy behind heavy (4 miles)

e Large/heavy behind B757 (4 miles)
e Small behind B757 (5 miles)

e Small/large behind heavy (5 miles)

For aircraft landing behind another aircraft on the same runway or behind an aircraft making a
full stop or low approach arrival, the ATC SME instructed the participants to separate aircraft to

ensure the following minima existed at the time the preceding aircraft was over the landing
threshold:

e Small behind large (4 miles)
e Small behind B757 (5 miles)

e Small behind heavy (6 miles)

For aircraft established on final approach to OAK 30 the ATC SME instructed the participants
that 2.5 nmi separation between aircraft was authorized except for UAS.

For standard formation flights, 1 mile was added to the appropriate radar separation minima.
UAS were always part of a formation flight due to the COA requirement for a chase aircraft.
However, the ATC SME did not brief the participants to add 2 miles to the appropriate separation
minima between two UAS, and we did not use that criterion in our analysis.

For Class C service separation, the SMEs instructed the participants to ensure separation of
VER aircraft from IFR aircraft by any one of the following:

e Visual separation
e 500 feet vertical separation
e Target resolution

e Radar separation minima for wake turbulence

For passing or diverging aircraft, the participants did not have to apply separation standards when:
e Aircraft were on opposite courses and had passed each other

e Aircraft were on the same or crossing courses and one aircraft had crossed the
projected course of the other and their course differed by an angle of at least 15 degrees

e Target resolution
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After we completed data collection, an ATC SME reviewed the audio and video recordings of
each experimental run to identify Losses of Separation (LOS) in the Mulford sector. The ATC SME
recorded the time at which the LOS occurred, the type of aircraft involved, whether the aircraft were
IFR or VFR, and which separation rules were in effect (e.g., 2.5 nmi between non-UAS aircraft on
final approach). We analyzed the data by using the TGF Data Reduction and Analysis Tool (DRAT)
software to determine the Closest Point of Approach (CPA), minimum horizontal distance, and
minimum vertical distance for each identified aircraft pair. We used the minimum horizontal and
vertical distance measures to calculate the composite slant range as defined in FAA Order JO
7210.633 (FAA, 2012a). The composite slant range provides a single value of separation that
represents both the vertical and horizontal dimensions, the formula for which is V [(vertical
maintained/vertical separation required)” +(hotizontal maintained/hotizontal separation required)’].
Values range from 0 to 1.41 in which 1.41 indicates “100% separation on both axes,” and lower
numbers indicate less separation between aircraft. Because the aircraft slowed unexpectedly on final,
we eliminated from our analyses any LOS event that occurred when aircraft were on final approach.

We observed a total of nine LOS in this experiment: one LOS in the No UAS condition, and
eight LOS in the UAS Integration condition. None of the LOS were Near Mid-Air Collisions
(NMACs). The nine LOS occurred among five participants, but four LOS occurred for one
participant. Given the small number of LOS and lack of variability across participants, we were
unable to conduct statistical analyses on these data, so we provide descriptive statistics only.

The CPA for the LOS in the No UAS condition was 0.9 nmi and the composite slant range was
1.02. This LOS occurred between two IFR aircraft. In the Integrated UAS condition, the mean
CPA for the eight LOS was 0.6 nmi (§D = 0.7 nmi) and the mean composite slant range was 0.57
(§D = 0.34). Five of the eight LOS involved UAS. Three LOS occurred between UAS and VFR
aircraft, and two LOS occurred between UAS and IFR aircraft. There were no NMACs in either
condition.

6.1.6 Post-Scenario Questionnaire

The participants completed the PSQ (Appendix C) after each experimental run. The participants
responded with Likert scale ratings, and they had the option of providing additional comments. The
participants’ comments are shown by item in Appendix G. When analyzing the PSQ responses, we
were interested in two main questions: Did the participants’ responses change between conditions?
(e.g., Did the presence of UAS lead to differences in self-reported performance?) And for UAS-
specific questions, did the participants believe that the presence of UAS affected their performance
ot ability to handle air traffic in the airspace sector? We analyzed each item using a two-tailed,
paired 7 test.

6.1.6.1 Participant Responses for the Mulford Sector

Table 13 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Mulford sector. The participants’ ratings did not differ significantly between
conditions for Items 1 through 6 of the PSQ—which were based on the National Aeronautics and
Space Administration-Task Load Index (NASA-TLX; Hart & Staveland, 1988). The participants’
ratings also did not differ significantly between conditions for PSQ items relating to performance
(Items 7-10) or safety (Item 11). However, the participants’ ratings for overall efficiency (Item 12)
was significantly lower in the Integrated UAS condition compared to the No UAS condition, #(11)
= 2.70, p = .021, Cohen’s 4 = 0.66. Generally, the participants did not report different levels of
workload between conditions, but the participants rated workload due to aircraft separation
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requirements (Item 18) as being significantly higher in the Integrated UAS condition, #11) = 2.93,
p = .014, Cohen’s 4 = 0.67. The participants’ ratings of situation awareness (Items 20-22) did not
differ significantly between conditions. The participants rated the overall difficulty of the scenario
(Item 24) as being significantly higher in the Integrated UAS conditions compared to the No UAS
condition, #A(11) = 2.45, p = .032, Cohen’s 4 = 0.77.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect. Although situation awareness was not affected,
the participants’ ratings indicated that the presence of UAS had a negative effect on their overall
performance, A(11) = -2.58, p = .03, Cohen’s 4 = 0.74, and overall workload, #11) = -5.70, p < .001,
Cohen’s d = 1.64, in the Mulford sector.
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Table 13. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Mulford Sector

No UAS Integrated UAS

Item M (SD) M (SD)
1 - Mental Demand 4.8 (1.5) 5.6 (2.2)
2 — Physical Demand 2.8 (1.6) 2.8 (1.9)
3 —Temporal Demand 4.8 (2.0) 4.5 (2.0)
4 — Performance 7.3 (2.6) 7.2 (2.5)
5 — Effort 5.8 (1.5) 6.5 (2.2)
6 — Frustration 3.8 (2.0) 4.2 (2.5)
7 — Rate your overall level of ATC performance during this scenario. 6.5 (2.7) 6.9 (2.7)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 6.3 (2.7) 7.0 (2.4)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 6.6 (2.6) 6.7 (2.8)
10 — Rate your performance for sequencing aircraft during this
scenario. 7.3 (1.6) 7.7 (2.1)
11 — Rate the overall safety of operations during this scenario. 7.0 (2.5) 7.1 (2.5)
12 — Rate the overall efficiency of operations during this scenario. 7.6 (1.6) 6.3 (2.2)
13 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 3.7 (1.7)
14 — Rate your overall workload during this scenario. 5.8 (1.5) 6.3 (1.7)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 2.7 (1.7) 3.2 (2.0)
16 — Rate your workload due to controller-pilot communication
during this scenario. 4.0 (1.8) 3.9 (2.2)
17 — Rate your workload due to scanning for aircraft conflicts during
this scenario. 6.3 (2.1) 6.0 (2.1)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 49 (1.5) 6.3 (2.6)
19 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 3.2 (1.1)
20 — Rate your overall level of situation awareness during this
scenario. 7.4 (1.7) 7.5 (1.9)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 6.8 (2.1) 7.3 (1.6)
22 — Rate your situation awareness for aircraft separation during
this scenario. 7.2 (2.3) 7.5 (1.8)
23 —If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation awareness? NA 4.8 (2.4)
24 — Rate the overall difficulty of this scenario. 5.4 (1.4) 6.6 (1.6)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 7.2 (1.9) 7.5 (1.4)

Note. NA = Not Applicable.
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6.1.6.2 Participant Responses for the Grove Sector

Table 14 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Grove sector. The participants’ ratings did not differ significantly between
conditions for Items 1 through 6 of the PSQ (which were based on the NASA-TLX; Hart &
Staveland, 1988). The participants’ ratings also did not differ significantly between conditions for
PSQ items relating to performance (Items 7-10), safety and efficiency (Items 11-12), and workload
(Items 14-18). The participants rated their overall level of situation awareness (Item 20) and their
situation awareness for detecting aircraft conflicts (Item 21) as being lower in the Integrated UAS
condition than in the No UAS condition, #11) = 2.42, p = .034, Cohen’s 4 = 0.60, and #11) = 2.20,
p =.050, Cohen’s 4 = 0.55, respectively. There was no significant difference between conditions for
the participants’ rating of their situation awareness for aircraft separation (Item 22). The participants
rated the overall difficulty of the scenario (Item 24) to be significantly higher in the UAS Integration
condition than in the No UAS condition, #11) = 2.59, p = .025, Cohen’s 4 = 0.38. The participants’
ratings of simulation pilot performance (Item 25) did not differ between conditions.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect. 'The participants rated the presence of UAS as
having no effect on their overall performance, workload, or situation awareness at the Grove sector
as none of the ratings for these items differed significantly from the midpoint rating of 5.
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Table 14. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Grove Sector

No UAS Integrated UAS

Item M (SD) M (SD)
1 — Mental Demand 4.4 (2.0 4.9 (2.2)
2 — Physical Demand 2.7 (2.0 2.7 (1.7)
3 —Temporal Demand 4.2 (1.9) 45 (2.2)
4 — Performance 86 (1.2) 8.2 (1.3)
5 — Effort 4.7 (2.2) 5.5 (2.3)
6 — Frustration 2.9 (2.0) 3.8 (2.3)
7 — Rate your overall level of ATC performance during this scenario. 8.2 (1.5) 7.4 (1.6)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 8.1 (1.6) 7.1 (2.5)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 9.0 (0.7) 7.8 (2.5)
10 — Rate your performance for sequencing aircraft during this
scenario. 9.1 (1.0) 7.3 (2.7)
11 — Rate the overall safety of operations during this scenario. 8.4 (1.2) 7.6 (2.3)
12 — Rate the overall efficiency of operations during this scenario. 8.5 (1.1) 7.3 (1.9)
13 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 4.7 (1.0)
14 — Rate your overall workload during this scenario. 45 (2.1) 51 (1.7)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 3.1 (1.8) 3.5 (2.5)
16 — Rate your workload due to controller-pilot communication
during this scenario. 4.1 (2.2) 4.2 (2.9)
17 — Rate your workload due to scanning for aircraft conflicts during
this scenario. 5.1 (2.8) 5.9 (2.9)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 3.8 (2.3) 41 (2.2)
19 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 4.7 (1.1)
20 — Rate your overall level of situation awareness during this
scenario. 8.3 (1.4) 7.3 (1.7)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 8.6 (1.2) 7.7 (2.0)
22 — Rate your situation awareness for aircraft separation during
this scenario. 8.6 (1.3) 7.8 (1.9)
23 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation awareness? NA 5.0 (1.4)
24 — Rate the overall difficulty of this scenario. 4.2 (2.2) 5.0 (2.2)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 7.8 (1.5) 7.7 (1.9)

Note. NA = Not Applicable.
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6.1.7 Summary of Results — Experiment One

Opverall, the results of Experiment One indicate that the integration of UAS, given their current
limitations (e.g., unable to accept visual clearances), may negatively affect airspace efficiency and
controller perceptions of traffic management. We found that aircraft spent more time and traveled a
greater distance in the Mulford sector and that more aircraft were handled in the Grove sector when
UAS were in the airspace. Controllers working the Grove sector may not have handed off aircraft
as quickly as when UAS were in the airspace in an attempt to help the Mulford controller manage
workload and traffic in the Mulford sector more effectively. Other results indicate that the Mulford
controller was busier when UAS were in the airspace. The presence of UAS influenced controller
perceptions of how they managed traffic. The Mulford controllers reported that UAS had a
negative effect on their performance, and that, 1) their efficiency was lower, 2) their workload due to
separation requirements was higher, and, 3) the overall difficulty of scenarios was higher when UAS
were in the airspace. The Grove controllers also reported some negative effects when UAS were in
the airspace—their overall situation awareness and their situation awareness for detecting conflicts
was lower, and the overall difficulty of scenarios was higher.

UAS also affected communication patterns. The number of ground-air transmissions increased
when UAS were in the airspace and the duration of both the ground-air and air-ground transmission
decreased in the Mulford sector. The controllers made more but shorter communications when
UAS were in the airspace. One possible reason for the increase in transmissions may be that more
control actions were required to manage the UAS because they could not accept visual clearances.
The shorter communication durations when UAS were present also suggests an increased urgency in
communications, although this increase was slight.

6.2 Experiment Two — UAS Integration to OAK 30 with Missed Approaches at HWD

We designed this experiment to test the effects of a manned aircraft on missed approach at a
secondary airport (HWD) interfering with UAS on approach to a primary airport (OAK 30). As
stated in section 4.5.5.3, Missed Approaches at HWD, the standard ATC instruction that we used
for a missed approach at HWD was “turn left heading 210, climb and maintain 2,000.” This
standard missed approach procedure directed the aircraft executing the missed approach to fly
directly across the final approach course to OAK 30. The HWD missed approach procedure forced
the participant working the Mulford sector (and the OAK 30 final) to either vector the aircraft on
final, issue a go-around instruction, or issue a visual separation clearance. Issuing a visual separation
clearance is the least disruptive of the options; however, the participants could not issue a visual
separation clearance to UAS. Therefore, we expected that a manned aircraft executing a missed
approach procedure at HWD would be more disruptive when UAS were on the final approach to
OAK 30 compared to when manned aircraft were on the final approach to OAK 30.

6.2.1 Sector System Data

For each experimental run, we used geographical sector boundaries to count the total number
of aircraft, the total distance flown, and the total time in each sector. We also counted the number
of unique aircraft that flew through each sector. We measured the mean time (s) and distance flown
(nmi) by each unique aircraft in the Mulford and Grove sectors because an aircraft could have flown
into and out of a sector more than once. For example, an aircraft that flew into the Grove sector,
then flew into the Mulford sector, and then flew back into the Grove sector was counted as a single
unique operation for time and distance calculations. We only calculated mean time and distance
flown for unique aircraft. We did not calculate mean time and distance based on the total number
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of operations because that would have skewed the data sets to include very short times and distances
and would have produced an artificial source of variability. We also counted three types of arrivals
for each experimental run: Low Approach, Missed Approach, and Full Stop.

6.2.1.1 Aircraft Time and Distance Flown in the Mulford Sector

The total number of aircraft that flew through the Mulford sector did not differ between the
No UAS condition (M = 32.5, §D = 1.4) and the Integrated UAS condition (M = 32.3, §D = 1.3).
The number of unique aircraft that flew through the Mulford sector was the same in both
conditions (M = 30.0, SD = 0.0).

Neither the total distance flown (nmi) in the Mulford sector, No UAS (M = 476, SD = 34);
Integrated UAS (M = 496, SD = 28), nor the total time (s) that aircraft flew in the sector, No UAS
(M= 11,880, D = 667); Integrated UAS (M = 12,230, D = 647), differed between conditions.

There were also no significant differences between conditions for the mean distance flown
(nmi) per aircraft (No UAS, M = 15.9, §D = 1.1; Integrated UAS, M = 16.5, §D = 0.9) or for the
mean time (s) flown per aircraft in the Mulford sector (No UAS, M = 396, D = 22; Integrated
UAS, M = 408, §D = 22).

These results suggest that efficiency in the Mulford sector was not affected by the presence of
UAS.

6.2.1.2 Aircraft Time and Distance Flown in the Grove Sector

There was no significant difference between conditions for the total number of aircraft that
flew through the Grove sector (No UAS, M = 35.3, §D = 1.0; Integrated UAS, M = 36.3, D = 2.1).
Likewise, there was no significant difference between conditions for the mean number of unique
aircraft that flew through the sector (No UAS, M = 32.7, §D = 0.7; Integrated UAS, M = 33.2, §D
=0.9).

There was no significant difference between conditions for the total distance (nmi) flown in the
Grove sector, No UAS, M = 491, §D = 29; Integrated UAS, M = 503, D = 29) or for the total
time (s) that aircraft flew in the sector (No UAS, M = 13076, §D = 700; Integrated UAS, M =
13,361, D = 643).

There was also no significant difference between conditions for the mean distance (nmi) flown
per aircraft No UAS, M = 15.0, SD = 0.9; Integrated UAS, M = 15.2, §D = 0.9) or mean time (s)
flown per aircraft (No UAS, M = 400, SD = 21; Integrated UAS, M = 403, D = 19) in the Grove
sector.

These results suggest that efficiency in the Grove sector was not affected by the presence of UAS.

6.2.1.3 Number of Arrivals

After we completed data collection, an ATC SME reviewed audio and video recordings of each
experimental run. The ATC SME recorded the number of arrivals for all runways beneath the
Mulford and Grove sectors. Arrivals were classified as one of three types: Low Approach, Full Stop,
or Missed Approach. Atrivals occurred only at runways OAK 30, OAK 28R /L, and HWD. For
purposes of analysis, all arrivals were attributed to the participant working at the Mulford sector
even though OAK 28R was beneath the Grove sector. We analyzed the arrival count data by using
paired # tests and Wilcoxon Matched Pairs 7 tests when necessary.
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We analyzed the number of each arrival type by condition (see Table 15). No Low Approaches
occurred during the experiment. The total number of Full Stop arrivals, No UAS (M = 18.3, §D =
1.4) and Integrated UAS (M = 17.8, D = 2.2), did not differ significantly between conditions.
Although two of the Missed Approach arrivals were scripted in each experimental run, Missed
Approach arrivals were infrequent, and we analyzed them using the Wilcoxon Matched Pairs 7 test.
The number of Missed Approach arrivals did not differ significantly between conditions. Overall,
the presence of UAS did not affect the number of arrivals to any runway regardless of type of arrival.

Table 15. Mean (M) Number and Standard Deviation (SD) of Arrivals by
Condition, Runway, and Type

Type of Approach
Low Full Missed
Approach Stop Approach

Condition Runway M SD M SD M SD

OAK 30 0.0 (0.0) 8.3 (0.8) 0.3 (0.7)
No UAS OAK 28R/L 0.0 (0.0) 6.1 (0.7) 0.1 (0.3)

HWD 0.0 (0.0) 3.8 (0.9) 2.1 (0.3)

OAK 30 0.0 (0.0) 7.6 (1.9) 0.7 (1.2)
Integrated UAS OAK 28R/L 0.0 (0.0) 6.4 (0.8) 0.0 (0.0)

HWD 0.0 (0.0) 3.8 (0.6) 2.1 (0.5)

6.2.2 Simulation Pilot Commands

We recorded the number of simulation pilot commands entered for the Mulford and Grove
sectors as a measure of controller clearances. We evaluated the most common commands used in
the simulation—altitude, heading, speed, approach, and visual approach—in our analyses. We
compared the total number of commands entered and the number of commands entered by type
(e.g., altitude) between experimental conditions. We conducted separate analyses for the Mulford
and Grove sectors.

6.2.2.1 Simulation Pilot Commands for the Mulford Sector

The mean numbers of simulation pilot commands entered for the Mulford sector are provided
in Table 16. The total number of simulation pilot commands for the Mulford sector did not differ
significantly between conditions. However, the simulation pilots entered significantly more altitude
commands, #A(11) = 2.36, p = .038, Cohen’s 4 = 0.61, and approach commands, A(11) = 5.21, p <.001
Cohen’s 4 = 1.8, in the Integrated UAS condition. The Mulford simulation pilots entered more
visual approach commands in the No UAS condition, A11) = 4.20, p = .002, Cohen’s 4 = 1.7, as
expected, because controllers could not issue visual approach clearances to the UAS in the
Integrated UAS condition.
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Table 16. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Mulford Sector by Condition and Type of Command

No Integrated

UAS UAS
Command M SD M SD
Altitude 39.3 (3.9) 42.4 (5.9)
Heading 323 (8.7) 373 (9.3)
Speed 19.0 (7.3) 15.5 (5.7)
Approach 12.3 (3.3) 16.7 (1.2)
Visual Approach 6.5 (4.2) 1.3 (0.8)
Totals 109.4  (12.6) 113.2  (13.1)

6.2.2.2 Simulation Pilot Commands for the Grove Sector

The mean numbers of simulation pilot commands entered for the Grove sector are provided in
Table 17. Neither the total number nor the number of any command types differed significantly
between conditions.

Table 17. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Grove Sector by Condition and Type

No Integrated

UAS UAS
Command M SD M SD
Altitude 19.2 (3.0) 19.6 (3.9)
Heading 19.0 (4.7) 20.5 (7.6)
Speed 4.9 (2.9) 5.1 (2.8)
Approach 1.3 (2.1) 1.0 (1.7)
Visual Approach 8.9 (2.8) 8.5 (1.9)
Totals 533  (6.1) 547 (11.3)

6.2.3 Voice Communications

We recorded all voice communications to evaluate the number and duration of air-ground
(pilot-to-Mulford/Grove) and ground-air (Mulford/Grove-to-pilot) Push-to-Talk (PTT)
transmissions for the Mulford and Grove sectors. We also recorded the number and duration of
ground-ground landline transmissions between the participants and the ghost controllers who
simulated the North and South sectors and the OAK and HWD ATCTs. We evaluated the mean
number and duration of PTT and landline transmissions for the Mulford and Grove sectors
separately.

6.2.3.1 PTT Transmissions for the Mulford Sector

We measured the number and duration of the ground-air PTT transmissions from the Mulford
sector to the pilots and the air-ground PTT transmissions from the pilots to the Mulford sector.
Table 18 shows the mean number and duration of these transmissions. The number of ground-air
PTT transmissions from the Mulford sector to the pilots did not differ significantly between
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conditions. However, the participants made shorter (by about 0.3 s) PTT transmissions in the
Integrated UAS Condition compared to in the No UAS condition, A11) = 2.55, p = .027, Cohen’s 4
= 0.41.

The number of air-ground PTT transmissions did not differ significantly between conditions.
However, as with the ground-air PTT transmission, the duration of air-ground PTT transmissions
were shorter in the Integrated UAS Condition compared to in the No UAS condition, A11) = 2.73 ,
p = .02, Cohen’s 4 = 0.84. Therefore, both the controllers and the pilots made shorter PTT
transmissions when UAS were in the Mulford sector.

Table 18. Mean (M) Number and Duration of Ground-Air and Air-Ground
PTT Transmissions at the Mulford Sector

No Integrated
UAS UAS
Transmission Measure M SD M SD
Ground-Air Number 161.5  (16.7) 161.9  (14.3)
Duration (s) 4.2 (0.8) 3.9 (0.6)
Air-Ground Number 179.3 (15.1) 180.6 (14.2)
Duration (s) 3.1 (0.2) 2.9 (0.2)

Note. (s) = Seconds.

6.2.3.2 Landline Transmissions for the Mulford Sector

We also measured the number of ground-ground landline transmissions between the Mulford
sector and the ghost sectors. The number of ground-ground landline transmissions varied across
participants and across conditions so it was not possible to evaluate these data statistically. We
report only descriptive statistics for these measures. There were a total of 103 ground-ground
landline transmissions in the No UAS condition and a total of 98 ground-ground landline
transmissions in the Integrated UAS condition with mean transmission durations of 5.7 s, (§D =
2.1) and 6.4 s (§D = 3.1), respectively.

We collapsed the ground-ground landline communications by sector rather than by Mulford
controller-to-ghost controller or ghost controller-to-Mulford controller because these data were not
categorized separately for the first two participants due to a data recording error and because the
overall number of ground-ground landline communications was low. Categorizing the data by
sector allowed us to examine whether there were general trends in communication patterns based on
condition. Table 19 presents the total number of ground-ground landline transmissions for each
sector as well as the mean number and duration of transmissions for each sector. The greatest
number of ground-ground landline transmissions appeared to occur between the Mulford sector
and HWD ATCT in both conditions. This observation is not surprising given that the air traffic
scenario included missed approaches at HWD that would have required coordination between HWD
ATCT and the Mulford sector. There were no apparent differences in the data between conditions.
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Table 19. Ground-Ground Landline Transmissions at the Mulford Sector

No UAS Integrated UAS

Duration (s) Duration (s)

Sectors Number M (SD) Number M (SD)
Mulford + South 27 6.0 (2.2) 22 7.9 (2.4)
Mulford + North 5 2.8 (1.8) 6 3.1 (2.3)
Mulford + OAK 1 9.7 (0.0) 6 10.0 (3.8)
Mulford + HWD 70 6.2 (1.6) 64 53 (1.2)
Totals 103 5.7 (2.1) 98 6.4 (3.1)

Note. (s) = Seconds.

6.2.3.3 PTT Transmissions for the Grove Sector

We measured the number and duration of the ground-air PTT transmissions from the Grove
sector to the pilots and the air-ground PTT transmissions from the pilots to the Grove sector.
Table 20 shows the mean number and duration of these transmissions.

Table 20. Mean (M) Number and Duration of Ground-Air and Air-Ground PTT
Transmissions at the Grove Sector

No Integrated
UAS UAS
Transmission Measure M SD M SD
Ground-Air Number 1041 (116) 111.3 (20.6)
Duration (s) 41 (0.7) 41 (0.7)
Air-Ground Number 124.7 (13.9) 1323 (23.0)
Duration (s) 3.0 (0.3) 3.0 (0.3)

Note. (s) = Seconds.

Overall, we found no statistically significant differences between conditions for either the
number or duration of ground-air or air-ground PTT transmissions, indicating that there were no
differences in communications when UAS were in the Grove sector.

6.2.3.4 Landline Transmissions for the Grove Sector

The ground-ground landline transmissions varied across participants in the Grove sector as
they did in the Mulford sector and we report only the descriptive statistics for these data along
with summary data by sector (see Table 21). Overall, the total number of ground-ground
landline transmissions for the No UAS condition and the Integrated UAS condition was 39 and 42,
with mean durations of 8.2's, (§D = 5.4) and 7.7 s (§D = 5.8), respectively. The greatest number
of landline transmissions occurred between the Grove and North sectors in both conditions.
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There were no apparent differences for the number or duration of ground-ground landline
transmissions between conditions.

Table 21. Ground-Ground Landline Transmissions at the Grove Sector

No UAS Integrated UAS

Duration (s) Duration (s)

Sectors Number M (SD) Number M (SD)
Grove + South 10 7.3 (4.3) 10 8.0 (2.9)
Grove + North 21 8.5 (6.9) 22 7.9 (2.9)
Grove + OAK 7 9.3 (2.0) 9 7.0 (2.8)
Grove + HWD 1 45 (0.0) 1 7.7 (0.0)
Totals 39 8.2 (5.4) 42 7.7 (5.8)

Note. (s) = Seconds.

6.2.4 Subjective Ratings of Workload

Participants rated their subjective level of workload using the 10-button WAK (Stein 1985). 1f
the participant did not respond within 20 seconds, the response was coded as wssing. We coded
failures to respond as missing data because it is unknown if the participant was too busy to respond
or simply did not notice the WAK prompt. To allow for statistical analysis, we replaced missing
responses with the mean WAK rating for the respective condition and time interval. There were
336 WAK prompts (12 participants by 7 intervals by 2 conditions by 2 sectors); of these, there were
only 5 (1.5%) missed responses. The missing responses appeared to be randomly distributed across
interval, condition, and sector. We analyzed the WAK ratings using a 7 (Interval — one rating every
4 minutes) x 2 (Condition — No UAS vs. Integrated UAS) repeated measures ANOVA. We
performed the same analysis for WAK response time (i.e., the time it took for the participants to
enter a response after the WAK prompt).

When the participants worked the Mulford sector, there was a significant effect of Interval on
WAK ratings, F(6, 66) = 20.95, p <. 001, 5, = 0.60, indicating that participants’ subjective level of
workload changed over the course of the scenario. As Figure 6 shows, ratings increased from the
first interval (4 min) to the second interval (8 min) and then continued to increase from the third
interval (12 min) to the fourth interval (16 min) where ratings leveled off before decreasing in the
final interval (28 min), HSD(66) = 1.47. WAK ratings did not differ significantly between the
Integrated UAS condition (M = 4.4, §D = 1.8) and the No UAS condition (M = 4.3, §D = 1.7).
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Figure 6. Mean WAK rating by interval at the Mulford sector.

There was a significant interaction between Condition and Interval for WAK response time at
the Mulford sector, F(6, 66) = 2.73, p = .020, 7,> = 0.20. The time it took for the participants to
respond to the WAK device can be considered as a secondary measure of workload and this result
suggests that the participants had higher workload at Mulford in the Integrated UAS condition even
though it was not reflected in their numerical WAK ratings. As Figure 7 shows, the interaction was
due to the duration of the WAK response time at interval four (16 min) in the Integrated UAS
condition, HSD(66) = 2.08. Interval four corresponds with the time in the air traffic scenario when
an aircraft executed a scripted missed approach at HWD. The missed approach at HWD could have
increased workload because the standard missed approach procedure was for the aircraft to turn left
heading 210 and climb to 2,000 ft MSL, directing the aircraft to cross the OAK 30 final approach
course at a conflicting altitude. If the participant at Mulford had already handed the OAK 30 traffic
to OAK ATCT, he would have had a limited number of options to maintain separation between the
aircraft on missed approach at HWD and the OAK 30 final traffic. If there was UAS traffic
conflicting with the aircraft on a missed approach at HWD, the participant could not use visual
separation between the two aircraft and would have had even fewer control options than if both
aircraft were manned. The significant interaction effect is likely due to additional workload imposed
by the aircraft executing a missed approach at HWD and a conflicting UAS on the OAK 30 final
approach. The increased time it took for the participants to respond to the WAK during interval
four suggests that the participants had higher workload during the scripted missed approach event in
the Integrated UAS condition even though it was not reflected in their numerical WAK ratings.
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Figure 7. Mean WAK response time by condition and interval at the Mulford sector.

When the participants controlled traffic at the Grove sector, there was a significant effect of
Interval on WAK ratings, F(6, 66) = 7.91, p <.001, 7,7 = 0.80, indicating that patticipants’ subjective
level of workload changed over the course of the scenario. As Figure 8 shows, WAK ratings
increased from the second interval (8 min) to the fourth interval (16 min), and then remained level
until the last interval (28 min), HSD(66) = 1.12. Mean WAK ratings did not differ significantly
between the Integrated UAS condition (M = 2.4, §D = 1.2) and the No UAS condition (M = 2.2,
SD = 1.2).

Mean WAK Rating
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Figure 8. Mean WAK rating by interval at the Grove sector.
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WAK response times were significantly longer at the Grove sector for the Integrated UAS
condition, (M = 2.7, §D = 0.7) compared to the No UAS condition (M = 2.3, §D = 0.6), F(1, 11) =
6.40, p = .028, 7, = 0.37 (see Figure 9). The time it took for the patticipants to respond to the
WAK device can be considered as a secondary measure of workload and this result suggests that the
participants had higher workload at Grove in the Integrated UAS condition even though it was not
reflected in their numerical WAK ratings.

Mean WAK Response Time (s)

No UAS Integrated UAS

Condition

Figure 9. Mean WAK response time by condition at the Grove sector.

6.2.5 Losses of Separation

During training, an ATC SME instructed the participants on the aircraft separation standards.
We used standard separation minima of 3 nmi horizontal and 1,000 ft vertical. All UAS were
categorized as small aircraft for purposes of wake turbulence separation. For aircraft operating
directly behind another aircraft, directly behind and less than 1,000 ft below an aircraft, or following
an aircraft conducting an instrument approach, separation was as follows:

e Heavy behind heavy (4 miles)

e TLarge/heavy behind B757 (4 miles)
e Small behind B757 (5 miles)

e Small/large behind heavy (5 miles)

For aircraft landing behind another aircraft on the same runway or behind an aircraft making a
full stop or low approach arrival, the ATC SME instructed the participants to separate aircraft to

ensure the following minima existed at the time the preceding aircraft was over the landing
threshold:

e Small behind large (4 miles)
e Small behind B757 (5 miles)
e Small behind heavy (6 miles)
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For aircraft established on final approach to OAK 30, the ATC SME instructed the participants
that 2.5 nmi separation between aircraft was authorized except for UAS.

For standard formation flights, 1 mile was added to the appropriate radar separation minima.
UAS were always part of a formation flight due to the COA requirement for a chase aircraft.
However, the ATC SME did not brief the participants to add 2 miles to the appropriate separation
minima between two UAS, and we did not use that criterion in our analysis.

For Class C service separation, the SMEs instructed the participants to ensure separation of
VER aircraft from IFR aircraft by any one of the following:

e Visual separation
e 500 feet vertical separation
e Target resolution

e Radar separation minima for wake turbulence

For passing or diverging aircraft, the participants did not have to apply separation standards when:
e  Alircraft were on opposite courses and had passed each other

e Aircraft were on the same or crossing courses and one aircraft had crossed the
projected course of the other and their course differed by an angle of at least 15 degrees

e Target resolution

After we completed data collection, an ATC SME reviewed the audio and video recordings of
each experimental run to identify LOS in the Mulford sector. The ATC SME recorded the time at
which the LOS occurred, the type of aircraft involved, whether the aircraft were IFR or VFR, and
which separation rules were in effect (e.g., 2.5 nmi between non-UAS aircraft on final approach).
We analyzed the data by using the TGF DRAT software to determine the CPA, minimum
horizontal distance, and minimum vertical distance for each identified aircraft pair. We used the
minimum horizontal and vertical distance measures to calculate the composite slant range as defined
in FAA Order JO 7210.633 (FAA, 2012a). The composite slant range provides a single value of
separation that represents both the vertical and horizontal dimensions, the formula for which is
\/[(Vertical maintained/vertical separation required)” +(horizontal maintained/horizontal separation
required)’]. Values range from 0 to 1.41 in which 1.41 indicates “100% separation on both axes,”
and lower numbers indicate less separation between aircraft. Because the aircraft slowed
unexpectedly on final, we eliminated from our analyses any LOS event that occurred when aircraft
were on final approach.

We observed a total of nine LOS in this experiment, six LOS in the No UAS condition and
three LOS in the Integrated UAS condition. None of the LOS were NMACs. All of the LOS
occurred for one participant. Given the small number of LOS and lack of variability across
participants, we were unable to conduct statistical analyses on these data, so we provide descriptive
statistics only.

In the No UAS condition, the mean CPA for the six LOS was 1.76 nmi (5§D = 0.9 nmi) and the
mean composite slant range was 0.96 nmi (§D = 0.28). One of the six LOS occurred between a
VFER and an IFR aircraft. In the Integrated UAS condition, the mean CPA for the three LOS was
2.0 nmi (§D = 0.7 nmi) and the mean composite slant range was 1.00 nmi (§D = 0.05). Two of the
three LLOS involved UAS—one 1.LOS occurred between two UAS, and the other LOS occurred
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between a UAS and an IFR aircraft. The third LOS occurred between a VEFR and an IFR (non-
UAS) aircraft. There were no NMAC:s in either condition.

6.2.6 Post-Scenario Questionnaire

The participants completed the PSQ (see Appendix C) after each experimental run. The
participants responded with Likert scale ratings, and they had the option of providing additional
comments. The participants’ comments are shown by item in Appendix G. When analyzing the
PSQ responses, we were interested in two main questions: Did the participants’ responses change
between conditions? (e.g., Did the presence of UAS lead to differences in self-reported performance?)
And for UAS-specific questions, did the participants believe that the presence of UAS affected their
performance or ability to handle air traffic in the airspace sector? We analyzed each item using a
two-tailed, paired 7 test.

6.2.6.1 Participant Responses for the Mulford Sector

Table 22 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Mulford sector. The participants’ ratings for the NASA-TLX (Hart & Staveland,
1988) items (Items 1-6) did not differ significantly between conditions. The participants’ responses
to various aspects of performance (Items 7-9) also did not differ between conditions, with the
exception of their self-rated performance for sequencing aircraft (Item 10). The participants rated
their performance for sequencing aircraft as being significantly lower in the Integrated UAS
condition, A11) = 3.15, p = .009, Cohen’s 4 = 0.96. The participants’ ratings for safety (Item 11),
efficiency (Item 12), and workload (Items 14-18) did not differ between conditions. The
participants rated their overall situation awareness (Item 20) as being lower in the Integrated UAS
condition, A(11) = 2.61, p = 0.24, Cohen’s 4 = 0.67, but their ratings for more specific aspects of
situation awareness (Items 21-22) did not differ between conditions. The participants’ ratings of
scenario difficulty (Item 24) and simulation pilot performance (Item 25) did not differ significantly
between conditions.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect. 'The participants’ ratings indicated that the
presence of UAS had a negative effect on their overall performance, #(11) = -3.53, p < .001, Cohen’s
d = 1.02, and workload, #11) = -3.73, p < .001, Cohen’s 4 = 1.08; however, there was no effect on

their situation awareness.
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Table 22. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Mulford Sector

No UAS Integrated UAS

Item M (SD) M (SD)
1 - Mental Demand 6.3 (2.2) 6.8 (2.3)
2 — Physical Demand 3.4 (2.5) 3.5 (2.5)
3 — Temporal Demand 5.8 (2.7) 6.1 (2.5)
4 — Performance 6.4 (1.6) 6.3 (2.1)
5 — Effort 6.8 (2.4) 6.9 (1.8)
6 — Frustration 5.0 (2.7) 5.4 (2.0)
7 — Rate your overall level of ATC performance during this scenario. 6.6 (1.9) 6.3 (2.0)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 7.1 (1.8) 6.9 (1.8)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 6.5 (2.2) 5.6 (2.3)
10 — Rate your performance for sequencing aircraft during this
scenario. 7.5 (2.0) 5.6 (2.0)
11 — Rate the overall safety of operations during this scenario. 6.9 (2.0) 6.3 (2.1)
12 — Rate the overall efficiency of operations during this scenario. 6.6 (1.9) 5.6 (2.1)
13 —If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 3.1 (1.9)
14 — Rate your overall workload during this scenario. 6.6 (2.1) 7.3 (1.5)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 4.4 (3.1) 4.7 (2.5)
16 — Rate your workload due to controller-pilot communication
during this scenario. 5.0 (2.8) 5.9 (3.0)
17 — Rate your workload due to scanning for aircraft conflicts during
this scenario. 6.4 (2.5) 6.7 (1.5)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 6.0 (2.3) 6.8 (1.7)
19 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 3.0 (1.9)
20 — Rate your overall level of situation awareness during this
scenario. 7.5 (1.6) 6.5 (1.5)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 7.4 (2.1) 6.5 (2.1)
22 — Rate your situation awareness for aircraft separation during
this scenario. 7.3 (2.3) 6.2 (2.0)
23 —If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation awareness? NA 3.8 (1.9)
24 — Rate the overall difficulty of this scenario. 6.7 (2.3) 6.6 (2.0)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 6.9 (2.5) 6.3 (2.2)

Note. NA = Not Applicable.
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6.2.6.2 Participant Responses for the Grove Sector

Table 23 shows the mean ratings and standard deviations for each of the PSQ items from
participants at the Grove sector. The participants’ ratings for the NASA-TLX (Hart & Staveland,
1988) items (Items 1-6) did not differ significantly between conditions. The participants’ ratings of
performance (Items 7-10), overall safety (Item 11), overall efficiency (Item 12), and workload (Items
14-18) also did not differ significantly between conditions. The participants’ ratings for overall
situation awareness (Item 20) did not differ significantly between conditions, but they rated their
situation awareness for detecting aircraft conflict (Item 21) and their situation awareness for aircraft
separation as being significantly lower in the Integrated UAS condition, A11) = 1.91, p = .082,
Cohen’s d = 0.28, and #11) = 2.60, p = .025, Cohen’s 4 = 0.306, respectively. The participants also
rated the difficulty of the scenario (Item 24) as being significantly higher in the Integrated UAS
condition, A11) = 2.20, p = .050, Cohen’s 4 = 0.45. The participants’ ratings of simulation pilot
performance (Item 25) did not differ significantly between conditions.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect. The participants’ ratings indicated that the
presence of UAS had a negative effect on their overall performance, #(11) = -2.57, p = .026, Cohen’s
d = 0.74, workload, #11) = -2.28, p < .044, Cohen’s 4 = 0.606, and situation awareness, #(11) = -2.28,
p = .043, Cohen’s 4 = 0.60.
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Table 23. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Grove Sector

No UAS Integrated UAS

Item M (SD) M (SD)
1 - Mental Demand 3.3 (1.7) 3.6 (1.9)
2 — Physical Demand 2.2 (1.3) 2.2 (1.3)
3 —Temporal Demand 2.7 (1.5) 3.3 (2.0)
4 — Performance 8.4 (1.8) 8.2 (1.9)
5 — Effort 3.5 (2.0) 45 (2.3)
6 — Frustration 2.2 (1.8) 3.1 (2.2)
7 — Rate your overall level of ATC performance during this scenario. 8.3 (2.4) 8.0 (2.3)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 8.7 (1.7) 8.4 (2.1)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 8.8 (1.5) 8.4 (2.2)
10 — Rate your performance for sequencing aircraft during this
scenario. 8.8 (1.4) 8.5 (2.2)
11 — Rate the overall safety of operations during this scenario. 9.1 (1.0) 8.4 (2.1)
12 — Rate the overall efficiency of operations during this scenario. 8.8 (1.4) 8.0 (2.0)
13 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 4.0 (1.4)
14 — Rate your overall workload during this scenario. 3.5 (1.6) 4.2 (1.7)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 2.5 (2.2) 2.4 (1.4)
16 — Rate your workload due to controller-pilot communication
during this scenario. 3.1 (2.2) 3.4 (2.9)
17 — Rate your workload due to scanning for aircraft conflicts during
this scenario. 3.8 (2.3) 46 (2.2)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 3.3 (1.8) 3.3 (2.0)
19 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 412 (1.3)
20 — Rate your overall level of situation awareness during this
scenario. 8.3 (1.7) 8.5 (1.5)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 8.5 (1.6) 8.0 (2.0)
22 — Rate your situation awareness for aircraft separation during
this scenario. 8.8 (1.5) 8.1 (2.2)
23 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation awareness? NA 43 (1.1)
24 — Rate the overall difficulty of this scenario. 3.1 (2.0) 4.0 (2.0)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 7.9 (2.8) 8.0 (1.8)

Note. NA = Not Applicable.
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6.2.7 Summary of Results — Experiment 2

Opverall, the results of Experiment 2 indicate that the integration of UAS in the airspace, given
their current limitations (e.g., unable to accept visual clearances), may affect aircraft handling and
controller perception of traffic management. In the Mulford sector, the number of simulation pilot
commands entered (a proxy for controller clearances issued) differed depending on whether UAS
were in the airspace. There were more altitude and approach commands entered in scenarios with
UAS. Communication patterns also differed; the duration of transmissions between controllers and
pilots was lower when UAS were in the airspace.

Workload response times, a secondary measure of workload, were also influenced by the
presence of UAS. Longer workload response times suggest that the respondent is busy with other
tasks. Although the workload ratings themselves did not differ between conditions, workload
response times did differ. The Mulford controllers’ workload response times were affected by both
the presence of UAS and the time in the scenario—with the longest response time occurring at the
time of a missed approach at HWD that turned across the OAK 30 final when UAS were in the
airspace. For the Grove controllers, workload response times were higher overall when UAS were
in the airspace.

The presence of UAS had a negative effect on the participants’ perceptions of their
performance. The Mulford controllers reported that the presence of UAS negatively affected their
situation awareness and their performance for sequencing aircraft. The Grove controllers reported
that their situation awareness for detecting conflicts and for aircraft separation was lower when UAS
were in the airspace and that the scenarios were more difficult when UAS were in the airspace.

6.3 Experiment Three — UAS Integration in the Arrival Stream to OAK 30

We designed this experiment to focus on UAS integration in the arrival stream to OAK 30 and
to examine various levels of UAS operations. As described in section 4.5.5.4, Air Traffic Scenarios,
Arrival Stream to OAK 30, we compared a No UAS condition to a Low UAS Integration condition
and a High UAS Integration condition.

6.3.1 Sector System Data

For each experimental run, we used geographical sector boundaries to count the total number
of aircraft, the total distance flown, and the total time in each sector. We also counted the number
of unique aircraft that flew through each sector. We measured the mean time (s) and distance flown
(nmi) by each unique aircraft in the Mulford and Grove sectors because an aircraft could have flown
into and out of a sector more than once. For example, an aircraft that flew into the Grove sector,
then flew into the Mulford sector, and then flew back into the Grove sector was counted as a single
unique operation for time and distance calculations. We only calculated mean time and distance
flown for unique aircraft. We did not calculate mean time and distance based on the total number
of operations because that would have skewed the data sets to include very short times and distances
and would have produced an artificial source of variability. We also counted three types of arrivals
for each experimental run: Low Approach, Missed Approach, and Full Stop.

6.3.1.1 Aircraft Time and Distance Flown in the Mulford Sector

There was a significant difference between conditions for the total number of aircraft that flew
through the Mulford sector, No UAS (M = 45.7, §D = 1.0), Low UAS Integration (M = 45.3, §D =
1.0), and High UAS Integration (M = 46.5, §D = 1.2), F(2, 22) = 3.87, p = .0306, 7,> = 0.26. The
post-hoc test showed that there was a higher total number of aircraft that flew through the Mulford
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sector in the High UAS Integration condition compared to the Low UAS Integration condition,
HSD(22) = 1.15. There was no significant difference between the No UAS condition and either of
the two UAS Integration conditions. The number of unique aircraft that flew through the Mulford
sector did not differ between conditions, No UAS (M = 44.9, §D = 1.0), Low UAS Integration (M
=44.7, §D = 0.9), and High UAS Integration (M = 45.1, §D = 0.5).

The total distance (nmi) flown in the Mulford sector was significantly greater in the High UAS
Integration condition (M = 624, §D = 30) compared to the No UAS condition (M = 591, §D = 27),
F(2,22) =428, p = .027, 5,2 = 0.28, HSD(22) = 29.90. There was no significant difference in total
distance (nmi) flown between the Low UAS Integration condition (M = 597, §D = 206) and the
other two conditions.

The total time (s) flown in the Mulford sector was significantly longer in the High UAS
Integration condition (M = 15529, §D = 659) compared to the No UAS condition (M = 14675,
SD = 638), F(2,22) = 7.45, p = .003, 5,7 = 0.40, HSD(22) = 3069.48. There was no significant
difference in total time (s) flown between the Low UAS Integration condition (M = 15003, §D =
791) and the other two conditions.

Figure 10 shows the mean distance flown (nmi) per aircraft in the Mulford sector by condition.
The mean distance flown was significantly greater in the High UAS Integration condition (M = 13.8,
SD = 0.7) compared to the No UAS condition (M = 13.2, §D = 0.7), F(2, 22) = 3.82, p = .038, 7,7 = 0.26,
HSD(22) = 0.63. There was no significant difference in mean distance (nmi) flown per unique aircraft
between the Low UAS Integration condition (M = 13.4, §D = 0.5) and the other two conditions.
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Figure 10. Mean distance flown (nmi) by condition in the Mulford sector.

Figure 11 shows the mean time (s) flown per aircraft in the Mulford sector by condition. The
mean time flown was significantly longer in the High UAS Integration condition (M = 345, §D =
15) compared to the No UAS condition (M = 327, §D = 16), F(2, 22) = 6.70, p = .005, 7,> = 0.38,
HSD(22) = 12.10. There were no significant differences for mean time (s) flown in the sector
between the Low UAS Integration condition (M = 336, §D = 17) and the other two conditions.
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Figure 11. Mean time (s) flown by condition in the Mulford sector.

These results suggest that efficiency in the Mulford sector was negatively affected in the High
UAS Integration condition. Aircraft spent more time and traveled over more distance in that
condition.

6.3.1.2 Aircraft Time and Distance Flown in the Grove Sector

There was no significant difference between conditions for the total number of aircraft that
flew through the Grove sector, No UAS (M = 55.9, §D = 1.6), Low UAS Integration (M = 56.3, SD
= 1.5), and High UAS Integration (M = 56.0, SD = 1.5). Likewise, there was no significant
difference between conditions for the mean number of unique aircraft that flew through the sector,
No UAS (M = 50.2, D = 0.7), Low UAS Integration (M = 50.5, §D = 0.7), and High UAS
Integration (M = 50.4, §D = 1.2).

There was no significant difference between conditions for the total distance (nmi) flown in the
Grove sector (No UAS, M = 796, §D = 59; Low UAS Integration, M = 811, §D = 36; and High
UAS Integration, M = 805, §D = 38) or for total time (s) that aircraft flew in the sector (No UAS,
M=19982, §D = 1196; Low UAS Integration, M = 20398, D = 783; and High UAS Integration,
M= 20191, §D = 8060).

There were no significant differences between conditions for the mean distance (nmi) flown per
aircraft No UAS, M = 15.9, §D = 1.1; Low UAS Integration, M = 16.1, §D = 0.7; and High UAS
Integration, M = 16.0, SD = 0.5) or mean time (s) flown per aircraft (No UAS, M = 398, §D = 23;
Low UAS Integration, M = 404, §D = 16; and High UAS Integration, M = 400, §D = 13) in the
Grove sector.

These results suggest that efficiency was not affected in the Grove sector when UAS were
present.
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6.3.1.3 Number of Artivals

After we completed data collection, an ATC SME reviewed audio and video recordings of each
experimental run. The ATC SME recorded the number of arrivals for all runways beneath the
Mulford and Grove sectors. Arrivals were classified as one of three types: Low Approach, Full Stop,
or Missed Approach. Atrivals occurred only at runways OAK 30, OAK 28R/L, and HWD. For
purposes of analysis, all arrivals were attributed to the participant working at the Mulford sector
even though OAK 28R/L was beneath the Grove sector.

We analyzed the number of each arrival type by condition (see Table 24). No Low Approach
arrivals occurred during the experiment, and there were no Full Stop arrivals at HWD. There was a
significant difference across conditions in the total number of Full Stop arrivals, F(2, 22) = 11.20, p
<.001, 0,2 = 0.51. There were fewer Full Stop arrivals in the High UAS Integration condition (M =
22.1, §D = 1.7) compared to in the No UAS condition (M = 25.0, D = 1.9) and in the Low UAS
Integration condition (M = 24.8, D = 2.8), HSD(22) = 1.71. There was no difference between the
total number of Full Stop arrivals between the No UAS condition and the Low UAS Integration
condition. Because Missed Approach arrivals occurred infrequently, we used a Friedman ANOVA
(the non-parametric equivalent of a repeated-measures ANOVA) to analyze the number of Missed
Approach arrivals by condition. There was a significant effect of Condition for the number of
Missed Approach arrivals, ¥(2) = 7.00, p = .030; but this effect occurred only because there were no
Missed Approach arrivals in the Low UAS Integration condition. We used a Wilcoxon £ test to
verify that there was no significant difference in the number of Missed Approach arrivals between
the No UAS condition and the High UAS Integration condition. Overall, the presence of UAS only
had a negative effect on the overall number of Full Stop arrivals in the High UAS Integration condition.

Table 24. Mean (M) Number and Standard Deviation (SD) of Arrivals by
Condition, Runway, and Type

Type of Approach
Low Full Missed
Approach Stop Approach

Condition Runway M SD M SD M SD

OAK 30 0.0 (0.0) 14.3 (1.7) 0.5 (0.9)
No UAS OAK 28R/L 0.0 (0.0) 10.8 (0.8) 0.0 (0.0)

HWD 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

OAK 30 0.0 (0.0) 14.1 (1.8) 0.0 (0.0)
Low UAS Integration OAK 28R/L 0.0 (0.0) 10.7 (1.4) 0.0 (0.0)

HWD 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

OAK 30 0.0 (0.0) 11.8 (1.0) 0.4 (0.5)
High UAS Integration OAK 28R/L 0.0 (0.0) 10.3 (1.1) 0.0 (0.0)

HWD 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
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6.3.2 Simulation Pilot Commands

We recorded the number of simulation pilot commands entered for the Mulford and Grove
sectors as a measure of controller clearances. We evaluated the most common commands used in
the simulation—altitude, heading, speed, approach, and visual approach—in our analyses. We
compared the total number of commands entered and the number of commands entered by type
(e.g., altitude) between experimental conditions. We conducted separate analyses for the Mulford
and Grove sectofs.

6.3.2.1 Simulation Pilot Commands for the Mulford Sector

The mean numbers of simulation pilot commands entered for the Mulford sector are provided
in Table 25 The total number of simulation pilot commands differed significantly between
conditions, F(2, 22) = 7.77, p <. 003, 7, = 0.41. The post-hoc analysis indicated that each of the
conditions differed significantly from one another, HSD(22) = 12.04, with the greatest number of
commands entered in the High UAS Integration condition.

Table 25. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Mulford Sector by Condition and Type of Command

No Low High

UAS UAS Integration UAS Integration
Command M SD M SD M SD
Altitude 34.0 (7.0) 34.8 (7.5) 36.1 (7.3)
Heading 249 (7.6) 29.8 (8.8) 35.2 (10.9)
Speed 30.4 (8.7) 37.9 (10.0) 37.0 (8.9)
Approach 7.0 (7.0) 12.6 (3.7) 15.4 (3.7)
Visual Approach 11.6 (6.3) 5.3 (3.3) 2.8 (1.9)
Totals 107.9 (13.3) 120.4 (18.0) 126.5 (19.0)

There were significantly more heading commands entered in the High UAS Integration
condition than in either the Low UAS Integration condition or the No UAS condition, F(2, 22) =
5.83, p =.009, 7,7 = 0.35, HSD(22) = 7.55.

The number of speed commands entered also differed significantly between conditions, F(2,
22) = 6.33, p = .007, 5,7 = 0.37. The simulation pilots entered more speed commands in both the
High UAS Integration and Low UAS Integration conditions compared to the No UAS condition,
HSD(22) = 5.78. However, there was no significant difference between the number of speed
commands entered in the High UAS Integration and Low UAS Integration conditions.

The number of approach commands entered differed significantly between conditions, F(2, 22)
= 21.89, p <.001, 7,7 = 0.67. The simulation pilots entered more approach commands in both the
High UAS Integration and Low UAS Integration conditions compared to the No UAS condition,
HSD(22) = 3.25. However, there was no significant difference between the number of approach
commands entered in the High UAS Integration and Low UAS Integration conditions.

Finally, the number of visual approach commands entered also differed significantly between
conditions, F(2, 22) = 27.19, p < .001, 5,? = 0.71. The simulation pilots entered more visual
approach commands in the No UAS condition than in either of the other two conditions, HSD(22)
= 3.10. This result is not surprising because controllers could not issue visual clearances to the UAS
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in either of those conditions. There was no significant difference in the number of visual approach
commands entered in the Low UAS Integration and the High UAS Integration conditions.

6.3.2.2 Simulation Pilot Commands for the Grove Sector

The mean numbers of simulation pilot commands entered for the Grove sector are provided in
Table 26. Neither the total number nor the number of any command types differed significantly
across conditions.

Table 26. Mean (M) Number and Standard Deviation (SD) of Simulation Pilot Commands
for the Grove Sector by Condition and Type of Command

No Low High

UAS UAS Integration UAS Integration
Command M SD M SD M SD
Altitude 26.2 (3.9) 26.7 (5.1) 26.0 (3.6)
Heading 27.8 (9.7) 24.3 (5.7) 23.5 (6.6)
Speed 6.8 (3.3) 9.2 (5.2) 9.3 (4.4)
Approach 1.5 (2.9) 2.1 (4.0) 1.3 (2.8)
Visual Approach 12.7 (3.9) 13.0 (4.2) 13.0 (3.6)
Totals 75.0 (13.5) 75.3 (10.7) 73.1 (10.2)

6.3.3 Voice Communications

We recorded all voice communications to evaluate the number and duration of air-ground
(pilot-to-Mulford/Grove) and ground-air (Mulford/Grove-to-pilot) PTT transmissions for the
Mulford and Grove sectors. We also recorded the number and duration of ground-ground landline
transmissions between the participants and the ghost controllers who simulated the North and
South sectors and the OAK and HWD ATCTs. We evaluated the mean number and duration of
PTT and landline transmissions for the Mulford and Grove sectors separately.

6.3.3.1 PTT Transmissions for the Mulford Sector

We measured the number and duration of the ground-air PTT transmissions from the Mulford
controllers to the pilots and the air-ground PTT transmissions from the pilots to the Mulford
controllers. Figure 12 shows the mean number of ground-air transmissions. The number of
ground-air PTT transmissions differed significantly by condition, F(2, 22) = 4.59, p = .022, 1> =
0.29. The post-hoc analysis indicated that there were more ground-air PTT transmissions at the
Mulford sector in the High UAS Integration condition than in the No UAS condition, HSD(22) =
13.13. There was no difference in the number of ground-air PTT transmissions between the No
UAS condition and the Low UAS Integration condition at the Mulford sector).
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Figure 12. Mean number of ground-air PTT transmissions by condition at the Mulford sector.

Figure 13 shows the mean duration of the ground-air transmissions. Ground-air PTT
transmission durations differed significantly across conditions in the Mulford sector, F(2, 22) =
12.05, p = .030, n,? = 0.52. The post-hoc analysis indicated that ground-air PTT transmission
durations in the Mulford sector were shorter in the High UAS Integration condition compared to
the Low UAS Integration condition and the No UAS condition, HSD(22) = 0.17 There was no
difference between the No UAS condition and the Low UAS Integration condition.
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Figure 13. Mean duration of ground-air PTT transmissions by condition at the Mulford sector.

The number of air-ground PTT transmissions in the Mulford sector did not differ significantly
across the No UAS (M = 180.3, §D = 15.0), Low UAS Integration (M =179.3, §D =11.6), and High
UAS Integration (M = 190.5, §D =19.5) conditions. However, the duration of air-ground PTT
transmissions did differ significantly across conditions, F(2, 22) = 3.95, p = .030, ., = 0.26 (see
Figure 14). The post-hoc analysis indicated that air-ground PTT transmission durations at the
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Mulford sector were shorter in the High UAS Integration condition compared to in the No UAS
condition, HSD(22) = 0.18. Therefore, both the controllers and the pilots made shorter
transmissions when UAS were in the Mulford sector.
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Figure 14. Mean duration of air-ground PTT transmissions by condition at the Mulford sector.

6.3.3.2 Landline Transmissions for the Mulford Sector

We also measured the number of ground-ground landline transmissions between the Mulford
controllers and the ghost controllers. The number of ground-ground landline transmissions varied
across participants and across conditions so it was not possible to evaluate these data statistically.
We report only descriptive statistics for these measures. There were a total of 18 ground-ground
landline transmissions in the No UAS condition, a total of 21 ground-ground landline transmissions
in the Low UAS Integration condition, and a total of 26 ground-ground landline transmissions in
the High UAS Integration condition, with mean durations of 7.7 s (§D = 3.5), 6.8 s (§D = 3.5), and
6.2's (§D = 3.8), respectively.

We collapsed the ground-ground landline transmissions by sector rather than by Mulford-to-
ghost controller or ghost controller-to-Mulford because these data were not categorized separately
for the first two participants due to a data recording error and because the overall number of
ground-ground landline communications was low. Categorizing the data by sector allowed us to
examine whether there were general trends in communication patterns based on condition. Table
27 presents the total number of ground-ground landline transmissions for each sector as well as the
mean number and duration of ground-ground landline transmissions for each sector. The greatest
number of ground-ground landline transmissions occurred between the Mulford and South sectors
in all conditions. There also appeared to be slightly more ground-ground landline transmissions
between Mulford and OAK ATCT when UAS were in the airspace.
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Table 27. Ground-Ground Landline Transmissions for the Mulford Sector

No UAS Low UAS Integration High UAS Integration

Duration (s) Duration (s) Duration (s)

Sectors Number M  (SD) Number M  (SD) Number M  (SD)
Mulford + South 15 8.6 (3.4) 14 7.7 (3.3) 13 6.5 (3.9)
Mulford + North 5 5.1 (2.8) 4 2.9 (0.9) 4 2.3 (0.6)
Mulford + OAK 1 9.9 (0.0) 4 9.7 (1.5) 9 7.8 (3.4)
Mulford + HWD 0 0.0 (0.0) 0 0.0 (0.0) 0 0.0 (0.0)
Totals 18 7.7 (3.5) 21 6.8 (3.5) 26 6.2 (3.8)

6.3.3.3 PTT Transmissions for the Grove Sector

We measured the number and duration of the ground-air PTT transmissions from the Grove
controllers to the pilots and the air-ground PTT transmissions from the pilots to the Grove
controllers. Overall, we found no statistically significant differences across conditions for either the
number or duration of these transmissions, indicating that there were no differences in PTT
communications when UAS were in the Grove sector.

6.3.3.4 Landline Transmissions for the Grove Sector

The ground-ground landline transmissions varied across participants at the Grove sector as they
did in the Mulford sector. We report only the descriptive statistics for these data and present
summaries by sector in Table 28. Overall, the total number of ground-ground landline transmissions
in the No UAS condition was 21, the total number of ground-ground landline transmissions in the
Low UAS condition was 28, and the total number of ground-ground landline transmissions in the
High UAS condition was 21, with mean durations of 5.3 s, (§D = 3.9), 5.4 s (§D = 3.3), and 5.6 s
(§D = 2.8), respectively. The greatest number of ground-ground landline transmission occurred
between the Grove sector and the North sector in both conditions. There were no apparent trends
in the data between conditions.
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Table 28. Ground-Ground Landline Transmissions for the Grove Sector

No UAS Low UAS Integration High UAS Integration
Duration (s) Duration (s) Duration (s)
Sectors Number M  (SD) Number M  (SD) Number M  (SD)
Grove + South 4 5.5 (3.0) 6 7.2 (4.4) 3 5.7 (1.9)
Grove + North 16 49 (4.2) 20 4.8 (3.0) 15 5.0 (3.2)
Grove + OAK 1 9.9 (0.0) 2 5.8 (0.0) 3 7.6 (1.1)
Grove + HWD 0 0.0 (0.0) 0 0.0 (0.0) 0 0.0 (0.0)
Totals 21 5.3 (3.9) 28 54 (3.3) 21 5.6 (2.8)

6.3.4 Subjective Ratings of Workload

Participants rated their subjective level of workload using the 10-button WAK (Stein 1985). 1f
the participant did not respond within 20 seconds, the response was coded as wssing. We coded
failures to respond as missing data because it is unknown if the participant was too busy to respond
or simply did not notice the WAK prompt. To allow for statistical analysis, we replaced missing
responses with the mean WAK rating for the respective condition and time interval. There were
504 WAK prompts (12 participants by 7 intervals by 3 conditions by 2 sectors); of these, there were
12 missed responses (2.4%). The missing responses were randomly distributed across interval,
condition, and sector. We analyzed the WAK ratings using a 7 (Interval — one rating every 4
minutes) x 3 (Condition — No UAS vs. Low UAS Integration vs. High UAS Integration) repeated
measures ANOVA. We performed the same analysis for WAK response time (i.e., the time it took
for the participants to enter a response after the WAK prompt).

When participants controlled traffic at the Mulford sector, there was a significant effect of
Interval, F(6, 66) = 13.99, p < .001, 7,7 = 0.56, indicating that participants’ subjective level of
workload changed over the course of the scenario. As Figure 15 shows, WAK ratings increased
from the first interval (4 min) to the third interval (12 min), and then remained level until the final
interval (28 min), HSD(66) = 1.56.
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Mean WAK Rating
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Figure 15. Mean WAK rating by interval at the Mulford sector.

Figure 16 shows the mean WAK ratings for each condition in the Mulford sector. There was a
significant main effect of Condition for WAK ratings in the Mulford sector, F(2, 22) = 5.31, p =
013, ,2= 0.33. The post-hoc test showed that WAK ratings were significantly higher in the High
UAS Integration condition (M = 4.4, SD = 1.9) compared to in the No UAS condition (M = 3.6, SD
= 1.9) and the Low UAS Integration condition (M = 4.0, §D = 1.8), HSD(22) = 1.68. There was no
statistical difference between WAK ratings in the No UAS condition and in the Low UAS Integration
condition. There were no significant effects for WAK response time.
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!
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Figure 16. Mean WAK rating by condition at the Mulford sector.
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There was a significant effect of Interval for WAK ratings at the Grove sector, F(6, 66) = 14.77,
2 <.001, = 0.57, indicating that participants’ subjective level of workload changed over the
course of the scenario. As Figure 17 shows, ratings increased from the first interval (4 min) to the
second interval (8 min) and then increased again in the fourth interval (16 min) before decreasing in
the final interval (28 min), HSD(66) = 1.70. There was neither a significant effect of Condition nor
an interaction between Condition and Interval. There were no significant effects of either Condition
or Interval on WAK response time.

Mean WAK Rating
w

4 8 12 16 20 24 28

Interval Time (min)

Figure 17. Mean WAK rating by interval at the Grove sector.

6.3.5 Losses of Separation

During training, an ATC SME instructed the participants on the aircraft separation standards—
We used standard separation minima of 3 nmi horizontal and 1,000 ft vertical. All UAS were
categorized as small aircraft for purposes of wake turbulence separation. For aircraft operating
directly behind another aircraft, directly behind and less than 1,000 ft below an aircraft, or following
an aircraft conducting an instrument approach, separation was as follows:

e Heavy behind heavy (4 miles)

e TLarge/heavy behind B757 (4 miles)
e Small behind B757 (5 miles)

e Small/large behind heavy (5 miles)

For aircraft landing behind another aircraft on the same runway or behind an aircraft making a
full stop or low approach arrival, the ATC SME instructed the participants to separate aircraft to
ensure the following minima existed at the time the preceding aircraft was over the landing
threshold:

e Small behind large (4 miles)
e Small behind B757 (5 miles)
e Small behind heavy (6 miles)
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For aircraft established on final approach to OAK 30, the ATC SME instructed the participants
that 2.5 nmi separation between aircraft was authorized except for UAS.

For standard formation flights, 1 mile was added to the appropriate radar separation minima.
UAS were always part of a formation flight due to the COA requirement for a chase aircraft.
However, the ATC SME did not brief the participants to add 2 miles to the appropriate separation
minima between two UAS, and we did not use that criterion in our analysis.

For Class C service separation, the SMEs instructed the participants to ensure separation of
VER aircraft from IFR aircraft by any one of the following:

e Visual separation
e 500 feet vertical separation
e Target resolution

e Radar separation minima for wake turbulence

For passing or diverging aircraft, the participants did not have to apply separation standards when:
e  Alircraft were on opposite courses and had passed each other

e Aircraft were on the same or crossing courses and one aircraft had crossed the
projected course of the other and their course differed by an angle of at least 15 degrees

e Target resolution

After we completed data collection, an ATC SME reviewed the audio and video recordings of
each experimental run to identify LOS in the Mulford sector. The ATC SME recorded the time at
which the LOS occurred, the type of aircraft involved, whether the aircraft were IFR or VFR, and
which separation rules were in effect (e.g., 2.5 nmi between non-UAS aircraft on final approach).
We analyzed the data by using the TGF DRAT software to determine the CPA, minimum
horizontal distance, and minimum vertical distance for each identified aircraft pair. We used the
minimum horizontal and vertical distance measures to calculate the composite slant range as defined
in FAA Order JO 7210.633 (FAA, 2012a). The composite slant range provides a single value of
separation that represents both the vertical and horizontal dimensions, the formula for which is
\/([Vertical maintained/vertical separation required)” +(horizontal maintained/horizontal separation
required)’]. Values range from 0 to 1.41 in which 1.41 indicates “100% separation on both axes,”
and lower numbers indicate less separation between aircraft. Because the aircraft slowed
unexpectedly on final, we eliminated from our analyses any LOS event that occurred when aircraft
were on final approach.

We observed a total of three LOS in this experiment. One LOS occurred in each condition and
occurred for three different participants. There were no NMACs in any of the conditions.

The LOS in the No UAS condition occurred between two IFR aircraft and had a CPA of 3.2 nmi
and the composite slant range was 1.07. In the Low UAS Integration condition, the LOS occurred
between two IFR (non-UAS) aircraft with a CPA of 1.8 nmi and a composite slant range of 0.68. In
the High UAS Integration condition, the LOS occurred between a UAS and an IFR aircraft with a
CPA of 1.1 nmi and a composite slant range of 0.28.
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6.3.6 Post-Scenario Questionnaire

The participants completed the PSQ (see Appendix C) after each experimental run. The
participants responded with Likert scale ratings, and they had the option of providing additional
comments. The participants’ comments are shown by item in Appendix G. When analyzing the
PSQ responses, we were interested in two main questions: Did the participants’ responses change
between conditions? (e.g., Did the presence of UAS lead to differences in self-reported performance?)
And for UAS-specific questions, did the participants believe that the presence of UAS affected their
performance or ability to handle air traffic in the air space sector? We analyzed each item using a
one-way, repeated measures ANOVA followed by post-hoc analyses with Tukey’s HSD as needed.

0.3.6.1 Participant Responses for the Mulford Sector

Table 29 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Mulford sector. The participants’ ratings for the NASA-TLX (Hart & Staveland,
1988) items (Items 1-6) did not differ significantly between conditions. The participants’ ratings of
performance (Items 7-10), overall safety (Item 11), and overall efficiency (Item 12) also did not
differ significantly between conditions. The participants’ ratings of workload did not differ
significantly between conditions (Items 14-17) except for their ratings of workload due to aircraft
separation. The participants rated their workload due to aircraft separation requirements (Item 18)
as being significantly higher in the High UAS Integration condition than in the Low UAS
Integration and No UAS conditions, F(2, 22) = 4.84, p = .018, > = 0.31, HSD(22) = 1.80. The
participants’ ratings for situation awareness (Items 20-22) did not differ between conditions. The
participants rated the difficulty of the scenario (Item 24) as being higher in the High UAS
Integration condition than in the Low UAS Integration and the No UAS conditions, F(2, 22) = 4.20,
p=.027,7,2 = 0.28, HSD(22) = 1.79.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect.

The participants rated their overall performance (Item 13) as being negatively affected by the
presence of UAS in both the Low UAS Integration condition, A11) = -5.00, p < .001, Cohen’s 4 = 1.44,
and the High UAS Integration condition, #(11) = 3.63, p = .004, Cohen’s 4 = 1.05. The participants
also said that the presence of UAS had a negative effect on their overall workload (Item 19) in both
the Low UAS Integration condition, #11) = 6.77, p < .001, Cohen’s 4 = 1.96, and the High UAS
Integration condition, #11) = 4.26, p = .001, Cohen’s 4 = 1.23. The participants’ ratings indicated
that the presence of UAS did not have an effect on their overall situation awareness (Item 23).

64



Table 29. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Mulford Sector

Low UAS High UAS
No UAS Integration Integration

Item M (SD) M (SD) M (SD)
1 - Mental Demand 5.3 (3.0) 5.8 (2.4) 6.8 (2.3)
2 — Physical Demand 3.0 (2.7) 2.7 (1.7) 2.9 (2.3)
3 — Temporal Demand 47 (3.1) 47 (2.7) 5.8 (2.3)
4 — Performance 7.7 (2.4) 8.0 (1.9) 7.0 (1.5)
5 — Effort 5.6 (3.1) 5.9 (2.4) 6.9 (2.7)
6 — Frustration 3.5 (3.1) 3.5 (2.2) 4.2 (1.9)
7 — Rate your overall level of ATC performance during this scenario. 7.2 (3.0) 7.6 (1.9) 6.5 (2.1)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 7.7 (2.5) 8.2 (1.9) 7.7 (1.5)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 7.4 (2.8) 8.1 (1.8) 6.9 (2.3)
10 — Rate your performance for sequencing aircraft during this
scenario. 8.0 (2.2) 8.2 (1.6) 7.5 (1.9)
11 — Rate the overall safety of operations during this scenario. 7.5 (2.5) 8.0 (1.5) 6.8 (2.3)
12 — Rate the overall efficiency of operations during this scenario. 7.9 (2.5) 7.4 (1.9) 6.7 (1.9)
13 - If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 3.3 (1.2) 3.0 (1.9)
14 — Rate your overall workload during this scenario. 6.2 (2.7) 6.7 (1.7) 7.1 (1.8)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 2.8 (1.6) 3.1 (1.6) 3.4 (2.7)
16 — Rate your workload due to controller-pilot communication
during this scenario. 3.6 (3.0) 4.0 (2.9) 4.5 (3.0)
17 — Rate your workload due to scanning for aircraft conflicts during
this scenario. 5.7 (2.4) 5.8 (2.2) 5.8 (1.7)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 5.2 (2.4) 6.6 (2.6) 7.4 (1.8)
19 - If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 3.2 (0.9) 2.6 (1.9)
20 — Rate your overall level of situation awareness during this
scenario. 7.8 (1.6) 7.8 (1.8) 7.3 (1.6)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 7.9 (1.6) 7.7 (1.8) 7.5 (1.2)
22 — Rate your situation awareness for aircraft separation during
this scenario. 8.0 (1.7) 7.8 (1.6) 7.4 (1.4)
23 —If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation awareness? NA 4.1 (1.8) 4.0 (2.2)
24 — Rate the overall difficulty of this scenario. 5.5 (2.8) 5.6 (1.7) 7.4 (1.6)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 8.3 (1.4) 8.1 (1.5) 7.5 (1.9)

Note. NA = Not Applicable.
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0.3.6.2 Participant Responses for the Grove Sector

Table 30 shows the mean ratings and standard deviations for each of the PSQ items from
participants at the Grove sector. The participants’ ratings for the NASA-TLX (Hart & Staveland,
1988) items (Items 1-6) did not differ significantly between conditions. The participants’ ratings of
performance (Items 7-10), overall safety (Item 11), overall efficiency (Item 12), workload (Items 14-
18), situation awareness (Items 20-22), scenario difficulty (Item 24), and simulation pilot
performance (Item 25) also did not differ significantly between conditions.

Three PSQ items assessed the participants’ opinion about the impact that UAS had on their
overall performance, workload, and situation awareness in Integrated UAS condition only (Items 13
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating #o effect. The participants indicated that the presence of
UAS had no effect on their overall performance (Item 13) or situation awareness (Item 23).
However, the participants rated the presence of UAS as having a negative effect on their overall
workload in the High UAS Integration condition only, #11) = 2.42, p = .034, Cohen’s 4 = 0.70.
Table 30 shows mean ratings and standard deviations for the PSQ at the Grove sector.

b
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Table 30. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PSQ
by Condition for the Grove Sector

Low UAS High UAS
No UAS Integration Integration

Item M (SD) M (SD) M (SD)
1 - Mental Demand 59 (2.9) 5.7 (2.4) 5.6 (2.9)
2 — Physical Demand 3.3 (2.4) 3.0 (2.3) 2.9 (2.4)
3 —Temporal Demand 5.6 (3.1) 5.2 (2.7) 5.2 (3.0)
4 — Performance 8.0 (2.1) 7.8 (1.5) 8.3 (1.2)
5 — Effort 6.3 (3.0) 6.2 (2.6) 6.1 (2.5)
6 — Frustration 3.7 (2.4) 3.9 (2.4) 3.8 (2.9)
7 — Rate your overall level of ATC performance during this scenario. 7.9 (2.2) 7.6 (1.3) 7.8 (1.5)
8 — Rate your performance for identifying aircraft conflicts during
this scenario. 8.1 (1.7) 7.8 (1.5) 7.9 (1.4)
9 — Rate your performance for separating aircraft efficiently during
this scenario. 7.3 (2.2) 8.0 (1.7) 8.1 (1.2)
10 — Rate your performance for sequencing aircraft during this
scenario. 8.3 (1.7) 8.1 (1.9) 8.3 (1.2)
11 — Rate the overall safety of operations during this scenario. 7.2 (2.3) 7.7 (1.6) 7.7 (1.2)
12 — Rate the overall efficiency of operations during this scenario. 7.8 (1.8) 7.5 (1.5) 7.7 (1.0)
13 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall performance? NA 4.7 (0.7) 4.2 (1.4)
14 — Rate your overall workload during this scenario. 6.3 (2.5) 6.2 (1.9) 6.3 (2.4)
15 — Rate your workload due to coordination and communication
with other sectors during this scenario. 2.6 (1.2) 3.5 (2.4) 2.6 (1.4)
16 — Rate your workload due to controller-pilot communication
during this scenario. 5.3 (3.4) 4.5 (3.0) 5.3 (3.3)
17 — Rate your workload due to scanning for aircraft conflicts
during this scenario. 6.2 (2.6) 6.5 (2.7) 6.3 (2.6)
18 — Rate your workload due to aircraft separation requirements
during this scenario. 5.4 (2.2) 5.3 (1.8) 5.5 (2.6)
19 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall workload? NA 4.6 (0.8) 4.2 (1.2)
20 — Rate your overall level of situation awareness during this
scenario. 7.6 (2.0) 7.5 (1.5) 7.8 (1.1)
21 — Rate your situation awareness for detecting aircraft conflicts
during this scenario. 7.7 (1.6) 7.3 (1.7) 7.8 (1.0)
22 — Rate your situation awareness for aircraft separation during
this scenario. 7.8 (1.5) 7.8 (1.1) 8.2 (1.0)
23 — If there were UAS in the scenario you just completed, what
effect did UAS operations have on your overall situation
awareness? NA 4.7 (1.1) 4.5 (1.2)
24 — Rate the overall difficulty of this scenario. 6.2 (2.7) 5.9 (2.1) 6.2 (2.5)
25 — Rate the overall performance of the simulation pilots in terms
of their responding to control instructions, phraseology, and
providing readbacks. 7.6 (2.5) 7.4 (1.8) 7.1 (3.0)

Note. NA = Not Applicable.

67




6.3.7 Summary of Results — Experiment Three

Opverall, the results of Experiment Three indicate that the integration of UAS in the airspace,
given their current limitations (e.g., unable to accept visual clearances), may negatively affect airspace
efficiency, aircraft handling, and controller perception of traffic management. The most negative
effects were associated with the High UAS Integration condition. The controllers in the Mulford
sector handled more aircraft, and the aircraft spent more time and traveled longer distances, in
scenarios with a high level of UAS compared to scenarios without UAS or with a low level of UAS.
There were also fewer full stop arrivals in scenarios with a high level of UAS compared to either of
the other conditions.

The number of simulation pilot commands (a proxy for controller clearances issued) also
differed depending on whether UAS were in the airspace. The total number of commands and the
number of heading commands entered was higher in scenarios with a high level of UAS compared
to scenarios with no UAS or a low level of UAS. The number of speed and approach commands
was higher in conditions with UAS than without UAS.

UAS also affected communication patterns. The Mulford controllers made more and
shorter transmissions, and the pilots also made shorter transmissions, with a high level of UAS. The
Mulford controller WAK workload ratings were highest with high levels of UAS. However, on the
PSQ, the Mulford controllers indicated that UAS had a negative effect on overall workload
whenever UAS were integrated in the airspace. The Mulford controllers also reported that workload
was high due to aircraft separation requirements and that scenarios were more difficult with high
levels of UAS. The Grove controllers indicated that there was a negative effect of UAS on overall
workload with a high level of UAS.

6.4 Exploratory Scenario

We implemented the Exploratory scenario to examine several events that were of interest to the
project sponsor but could not be included in an experimental design. Therefore, this scenario has
no associated control condition—and only a limited set of inferential statistical analyses on the
questionnaire data were performed. The participants completed the Exploratory scenario (as
described in section 4.5.5.5) at the conclusion of the three experiments. Each participant completed
the Exploratory scenario in the Mulford sector and in the Grove sector. After completing the
Exploratory scenario, we administered the PSQ to obtain feedback about the participants’ reactions
to managing traffic that included two UAS departing VFR, and then requesting an IFR clearance
below the MVA and a UAS arrival at OAK 30 that refused a base turn due to clouds. Also during
the Exploratory scenario, a chase plane lost sight of the UAS while on final approach to OAK 30.
We do not report any data regarding time and distance flown in sector, losses of separation,
communications, or WAK ratings because we were unable to draw any conclusions from these
measures without a corresponding control condition.

6.4.1 Post-Scenario Questionnaire

Table 31 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Mulford sector. Because there was no control condition for the Exploratory
scenario, we only analyzed the three items on the PSQ) that pertained to the effect of UAS (Items 13,
19, and 23). For these items, the participants’ responses could range from 1 (negative effect) to 9
(positive effect), with a rating of 5 indicating 7o ¢ffect. We used a two-tailed 7 test to determine if the
participants’ ratings differed significantly from a neutral rating of 5. The Mulford participants
indicated that the presence of UAS had a negative effect on their overall performance (Item 13),
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#11) = -4.18, p = .002, Cohen’s 4 = 1.25, and on their overall situation awareness (Item 23), #11) =
-2.61, p = .024, Cohen’s d = 1.0. The participants’ ratings for workload due to the presence of UAS
(Item 19) in the Mulford sector did not differ significantly from a neutral rating of 5.

Table 31. Means (M) and Standard Deviations (SD) of Responses for each item of the PSQ
for the Mulford Sector

Rating

Item M (SD)
1 - Mental Demand 5.3 (2.8)
2 — Physical Demand 2.5 (2.0)
3 —Temporal Demand 4.7 (2.6)
4 — Performance 7.8 (1.9)
5 — Effort 5.5 (2.6)
6 — Frustration 3.7 (2.4)
7 — Rate your overall level of ATC performance during this scenario. 7.6 (2.0)
8 — Rate your performance for identifying aircraft conflicts during this scenario. 7.1 (2.6)
9 — Rate your performance for separating aircraft efficiently during this scenario. 7.2 (2.6)
10 — Rate your performance for sequencing aircraft during this scenario. 8.1 (2.6)
11 — Rate the overall safety of operations during this scenario. 7.3 (2.5)
12 — Rate the overall efficiency of operations during this scenario. 7.3 (2.0)
13 —If there were UAS in the scenario you just completed, what effect did UAS operations
have on your overall performance? 3.5 (1.2)
14 — Rate your overall workload during this scenario. 5.2 (2.5)
15 — Rate your workload due to coordination and communication with other sectors
during this scenario. 3.1 (1.9)
16 — Rate your workload due to controller-pilot communication during this scenario. 4.8 (2.9)
17 — Rate your workload due to scanning for aircraft conflicts during this scenario. 5.3 (2.7)
18 — Rate your workload due to aircraft separation requirements during this scenario. 46 (2.3)
19 —If there were UAS in the scenario you just completed, what effect did UAS operations
have on your overall workload? 3.4 (1.2)
20 — Rate your overall level of situation awareness during this scenario. 7.7 (2.1)
21 — Rate your situation awareness for detecting aircraft conflicts during this scenario. 7.6 (1.9)
22 — Rate your situation awareness for aircraft separation during this scenario. 7.7 (1.8)
23 — If there were UAS in the scenario you just completed, what effect did UAS operations
have on your overall situation awareness? 3.8 (1.7)
24 — Rate the overall difficulty of this scenario. 5.3 (2.5)
25 — Rate the overall performance of the simulation pilots in terms of their responding to
control instructions, phraseology, and providing readbacks. 7.3 (2.1)
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Table 32 shows mean ratings and standard deviations for each of the PSQ items from
participants at the Grove sector. The Grove participants indicated that the presence of UAS had a
negative effect on their overall performance (Item 13), A11) = -2.77, p = .018, Cohen’s 4 = (.76,
and on their overall workload (Item 19), #11) = -2.61, p = .020, Cohen’s d = 0.74. The participants’
ratings for situation awareness due to the presence of UAS (Item 23) in the Grove sector did not
differ significantly from a neutral rating of 5. The participants’ comments on the PSQ for the
Exploratory scenario are available in Appendix G.

Table 32. Means (M) and Standard Deviations (SD) of Responses for each item of the PSQ
for the Grove Sector

Rating

Item M (SD)
1 - Mental Demand 5.2 (2.6)
2 — Physical Demand 2.6 (2.0)
3 —Temporal Demand 4.8 (2.9)
4 — Performance 7.2 (2.9)
5 — Effort 5.0 (2.6)
6 — Frustration 43 (2.7)
7 — Rate your overall level of ATC performance during this scenario. 7.5 (2.2)
8 — Rate your performance for identifying aircraft conflicts during this scenario. 8.1 (1.6)
9 — Rate your performance for separating aircraft efficiently during this scenario. 8.0 (1.8)
10 — Rate your performance for sequencing aircraft during this scenario. 8.3 (1.6)
11 — Rate the overall safety of operations during this scenario. 8.1 (1.6)
12 — Rate the overall efficiency of operations during this scenario. 7.6 (1.9)
13 - If there were UAS in the scenario you just completed, what effect did UAS operations have
on your overall performance? 3.7 (1.7)
14 — Rate your overall workload during this scenario. 45 (2.1)
15 — Rate your workload due to coordination and communication with other sectors during this
scenario. 4.1 (2.9)
16 — Rate your workload due to controller-pilot communication during this scenario. 5.9 (3.1)
17 — Rate your workload due to scanning for aircraft conflicts during this scenario. 5.3 (2.5)
18 — Rate your workload due to aircraft separation requirements during this scenario. 5.0 (2.3)
19 - If there were UAS in the scenario you just completed, what effect did UAS operations have
on your overall workload? 3.6 (1.9)
20 — Rate your overall level of situation awareness during this scenario. 7.3 (1.5)
21 — Rate your situation awareness for detecting aircraft conflicts during this scenario. 7.7 (1.2)
22 — Rate your situation awareness for aircraft separation during this scenario. 7.8 (1.5)
23 — If there were UAS in the scenario you just completed, what effect did UAS operations have
on your overall situation awareness? 45 (1.2)
24 — Rate the overall difficulty of this scenario. 48 (2.2)
25 — Rate the overall performance of the simulation pilots in terms of their responding to
control instructions, phraseology, and providing readbacks. 6.4 (2.6)
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6.4.2 Summary of Results — Exploratory Scenario

Opverall, the participants were able to manage the various UAS events that occurred in the
Exploratory scenario. It became clear though as the scenario developed, and based on the
participants’ comments to the PSQ and debriefing (see section 7.5), that the scripted events caused
some confusion regarding proper phraseology and procedures. Although the participants rated their
overall workload as moderate and their situation awareness as relatively high, they thought that UAS
operations did have some negative effect on these two aspects of their ability to control traffic in the
Mulford sector. Likewise, when the participants worked at the Grove sector, they rated their overall
workload as moderate and their overall performance as high. They reported that the presence of
UAS operations had a negative effect on these two aspects of their ability to control traffic. The
participants’ perceived negative effects of UAS operations may have been due to their unfamiliarity
with the particular UAS operations that occurred in the Exploratory scenario, and suggest that ATCS
must receive sufficient training on all aspects of UAS operations including off-nominal situations.

6.5 Post-Experiment Questionnaire

The participants completed the PEQ (see Appendix D) after completing the three experiments.
The participants responded with Likert scale ratings, and they had the option of providing additional
comments. Means and standard deviations for these items are presented in Table 33. For Items 1-
8, a rating of “1” indicated extremely low and a rating of “10” indicated extremely high. For Item 9, a
rating of “1”” indicated @ negative effect, a rating of “9” indicated « positive effect, and a rating of “5”
indicated o ¢ffect. 'The participants’ comments for each item are available in Appendix H.

Table 33. Means (M) and Standard Deviations (SD) of Responses for Each Item of the PEQ

Rating

Item M (SD)
1 —Rate the overall realism of the simulation experience compared to actual ATC operations. 6.3 (1.6)
2 — Rate the realism of the simulation hardware compared to actual equipment. 7.9 (2.0)
3 — Rate the realism of the simulation software compared to the actual functionality. 7.3 (1.9)
4 — Rate the realism of the airspace compared to actual NAS airspace. 8.6 (1.7)
5 — Rate the realism of the simulation traffic scenarios compared to actual NAS traffic. 6.3 (1.8)
6 — To what extent did the WAK online workload rating technique interfere with your ATC 22 (2.3)
performance?
7 — How effective was the airspace training? 7.5 (2.2)
8 — How effective was the STARS training? 9.3 (1.0)
9 —In your opinion, what effect would UAS operations have on Class C airspace? 3.0 (1.2)

The participants rated the overall realism of the simulation (Item 1) as moderate due primarily
to UAS performance characteristics inside the final marker. Some of the participants also noted
difficulties in communicating with the simulation pilots. They rated the realism of the simulation
hardware (Item 2), software (Item 3), and airspace (Item 4) as highly realistic. They rated the realism
of the simulation traffic scenarios (Item 5) as moderate, primarily due to issues related to VER
aircraft. The participants reported that the WAK had very little effect on their performance (Item
0), and they rated the effectiveness of the airspace (Item 7) and STARS training (Item 8) as high.
Regarding UAS operations in Class C airspace, the participants thought that the presence of UAS
operations would have a moderately negative effect (Item 9), primarily due to the issues associated
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with visual compliance, especially the inability to use visual separation and the increased separation
requirements needed for formation flights.

Item 10 of the PEQ asked the participants, “What are the major challenges with integrating
UAS operations in Class C airspace?” The participants most frequently mentioned issues associated
with visual compliance and the need for increased separation as major challenges.

Item 11 of the PEQ asked the participants, “What additional tools, requirements, or procedures
are needed to integrate UAS operations into the NAS?” In response, the participants provided a
wide variety of responses. One participant thought that STARS already provided the necessary tools
to integrate UAS, whereas other participants thought that restrictions should be placed on UAS
operations (e.g., segregate UAS, or only schedule UAS operations at off-peak times). The participants
also stated that UAS integration would require (a) ATCS training on UAS and UAS operations,
(b) airspace reconfiguration, (c) elimination of additional separation requirements due to the chase
aircraft, (d) UAS be able to land at most runways, (e) rules on UAS flying on IFR flight plans,
(f) rules on terrain and obstruction avoidance, (g) published approaches, (h) separation and weight
classifications, (i) published holding points, (j) safe communication systems, and (k) GPS navigation.

7. PARTICIPANT DEBRIEF

After each group of participants completed the experiments, we conducted a debriefing.
During the debriefing, the participants had the opportunity to summarize their experience in the
simulation and provide their thoughts on the effect that UAS integration would have on NAS
operations. The debriefing also gave the participants an opportunity to ask the experimenters any
questions they had about the experiment, visual compliance issues, or UAS integration. In the next
section, we summarize the participants’ comments from the debriefing.

7.1 General Debrief Comments

Opverall, the participants reacted negatively to UAS’ inability to use visual procedures. The
participants indicated that UAS inability to comply with visual procedures reduced airspace
efficiency, increased the complexity of managing arrival traffic, impacted the ability to use
simultaneous approaches on parallel runways, and added to controller workload. The need to add
spacing to accommodate the chase aircraft further reduced airspace efficiency, especially on the
arrival stream. The participants reported that the slower speed of the UAS on approach (i.e., 80 kts
3 nmi out) made it more difficult to manage arrivals efficiently because the participants had to
extend final approach. Although not evaluated in this simulation, other comments indicated that
UAS could further reduce efficiency because UAS would not use high speed taxi exits at the airport
and, therefore, would not be able to leave the runway as quickly as other aircraft. Some comments
also indicated that UAS increased risk and reduced safety because of their inability to see and avoid
other aircraft. However, the participants did not believe that UAS negatively affected their situation
awareness in the simulation.

The participants expressed a number of uncertainties about UAS capabilities and procedures.
They commented on the need to receive more training on UAS and that some of the difficulties they
encountered in the simulation were due to lack of familiarity with UAS operating characteristics.

Some of the comments indicated that the participants found that workload and the need to pre-plan
were reduced as the simulation progressed and they gained more experience with UAS.

The participants reported a need to have a designation on the radar display to indicate UAS
aircraft type and weight category. They also expressed uncertainty as to what would happen when a
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UAS is unable to comply with procedures. For example, UAS must fly IFR but cannot fly under
IMC conditions. When this happens with manned aircraft, the pilot is instructed to “Maintain VFR”
until the aircraft is at or above the MVA and clear of clouds. If the UAS is below the MVA and
cannot remain clear of clouds, ATC cannot legally issue an IFR clearance. The participants thought
that the FAA may need to develop some UAS procedures for this situation. The participants also
thought that UAS may need some sort of terrain clearance waiver or onboard radar to maintain
terrain clearance. Currently, all ATCS can do is issue an advisory (as per FAA Order 7110.65

Series). The participants noted that if the UAS pilot cannot maintain VFR (e.g., provide own
separation for terrain and obstacles) below MVA prior to IFR pickup, the controller has no options.
They suggested that UAS pilots should file and pick up IFR clearances on the ground.

There were some mixed responses to the issue of whether UAS affected safety. Some of the
participants reported that they were “more cautious” when working UAS and felt that safety was
impacted because the burden of “see and avoid” rests with manned aircraft. However, other
comments indicated that UAS would not reduce safety.

Although the participants were instructed to call traffic for UAS during the simulation, they
reported that they were uncertain about doing so. Some participants indicated that they did not
always call traffic, especially as workload increased. One participant indicated that he “forgot” about
the chase aircraft. Other participants commented that the chase aircraft should be able to report
“traffic in sight.”

Most of the participants indicated that they did not give UAS priority over other aircraft. The
participants’ comments suggested that because UAS are less flexible than manned aircraft, the overall
operation would be less efficient if UAS were given priority. Some participants reported that they
turned UAS away from other traffic. Other participants indicated that more planning was required
to sequence the UAS arrivals (e.g., they needed to put slower UAS behind faster arrivals), but
overall, they were not given priority. One participant indicated that procedures would need to be
developed to address how UAS fit into priority in the NAS (e.g., public safety vs. package delivery).

Some participants made suggestions about how UAS should begin to be integrated into the
NAS. For example, they indicated that initial UAS integration should be at low-level or secondary
airports, occur during non-peak hours, or take place in sterilized airspace. The participants also
commented that UAS would be more easily integrated in Class B airspace than Class C airspace
because of VIR traffic in Class C airspace. The participants also reported that they believed
considerable training on UAS operation and capabilities would be needed before UAS are integrated
into the NAS.

7.2 Experiment One — Multiple Low Approaches at OAK 30 - Debrief Comments

Opverall, the participants thought that UAS operations decreased efficiency and increased
workload in Experiment 1. In addition to not being able to use visual approaches, the UAS were
slower than other aircraft and required additional spacing because of the chase aircraft. The
participants found that the 7 mile final approach fix was “unusual” given the number of aircraft in
the sector and that it led to compression and increased workload in the Feeder position. Some of
the participants suggested that UAS should be grouped with similar performing aircraft and
segregated from other aircraft (e.g., land at a different runway) to improve efficiency. Other
participants indicated that the UAS should be cleatly designated on the radar display so that ATCS
could more readily determine that additional spacing is required.
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7.3 Experiment Two — Missed Approaches at HWD - Debrief Comments

Overall, the participants thought that UAS operations decreased efficiency and increased
workload in Experiment 2. In addition to not being able to use visual approaches, the UAS were
slower than other aircraft and required additional spacing because of the chase aircraft. The
participants commented that the missed approaches at HWD caused increased workload. Some
participants indicated that they left UAS arrivals to OAK at a higher altitude on the approach, kept
them on the frequency longer, and turned the aircraft on missed approach at HWD away from the
OAK arrivals to maintain separation. The participants also said that the two airports (OAK, HWD)
had to be treated as one final and that UAS prevented them from using the “blow by’ technique, where
they would allow a faster aircraft to pass a slower aircraft using visual separation. The participants also
stated that UAS operations may result in some safety being compromised (due to the lack of visual
compliance) even if GA traffic monitors the local frequencies (e.g., UNICOM, ATCT).

7.4 Experiment Three — Arrival Stream to OAK 30 - Debrief Comments

Overall, the participants thought that UAS operations decreased efficiency and increased
workload in Experiment 3. In addition to not being able to use visual approaches, the UAS were
slower than other aircraft and required additional spacing because of the chase aircraft. The presence
of UAS increased workload, and a higher number of UAS further added to complexity and workload.
Scenarios with a high level of UAS became “much more difficult.” The participants reported that
their traffic calls decreased as the number of UAS increased. In addition, low altitude VFR aircraft
added to workload more than high altitude VFR aircraft. The participants also commented that they
kept UAS at a higher altitude longer to protect the VFR aircraft flying at lower altitudes.

7.5 Exploratory Scenario — Debrief Comments

Opverall, the participants indicated that they needed more experience and training on UAS
behavior and operations. The participants were confused because UAS were on IFR flight plans
but could not fly using visual flight rules. When the UAS departed VFR and then requested their
pre-filed IFR flight plan while still below the MVA, the participants typically asked the UAS to climb
before issuing the IFR clearance, but participants usually did not issue a terrain alert. Some of the
participants were not familiar with operations in mountainous terrain. When the UAS refused a
base turn to final due to clouds, the participants simply extended the downwind leg and then issued
the base turn when the UAS was able. Although most of the participants said that the UAS pilot’s
refusal to initiate the base turn was not an issue, some of the participants thought that it may have
an impact in other circumstances (e.g., if other traffic is a factor). The participants said that in
general the chase aircraft losing sight of the UAS was manageable. They simply issued an altitude
clearance to separate the chase aircraft from the UAS and then directed both aircraft to the pre-
established Lost Link Point at Mt. Diablo. However, the participants noted that they were not
familiar with the correct phraseology to use in that situation, and some of the participants even
forgot about the chase aircraft until the UAS pilot reported that the chase aircraft had lost sight
of the UAS.

74



8. CONCLUSION

We designed the experiments presented here to identify and document issues associated with
UAS inability to comply with visual compliance requirements. FEach experiment showed that the
integration of UAS operations into the NAS will likely have some effect on ATCS and the airspace
they manage.

In Experiment One, we compared integrated UAS operations to all manned aircraft operations
in the TRACON traffic pattern by having all aircraft on approach to OAK 30 execute multiple low
approaches. When UAS were present, more aircraft flew through the Grove sector and aircraft
spent more time and flew farther in the Mulford sector. When the participants worked the Mulford
sector, they reported that UAS had a negative effect on their performance, lowered their efficiency,
and increased their workload. The number and pace of communications also changed when UAS
were present. The presence of UAS in the Mulford sector increased the number of ground-air
communications and decreased the duration of air-ground and ground-air communications. When
the participants worked the Grove sector, they reported lower overall situation awareness and lower
situation awareness for detecting conflicts. The participants reported that the scenarios in both
sectors were more difficult when UAS were present.

In Experiment Two, we examined the effect of missed approaches by a manned aircraft at
HWD on integrated UAS versus all manned aircraft on the final approach to OAK 30. The
presence of UAS resulted in the participants issuing more altitude and approach clearances and,
again, the pace of ground-air communications changed, suggesting greater urgency. During the
missed approach events, the participants’ time to respond to workload ratings at the Mulford sector
increased when UAS were present. Workload rating response times are considered a secondary
measure of workload, with longer times suggesting that workload was increasing even though that
increase was not reflected in the ratings themselves. Workload rating response times were also
longer throughout the entire scenario when the participants worked the Grove sector. The participants
reported that the presence of UAS had a negative effect on their situation awareness and their ability
to sequence aircraft in the Mulford sector. The participants also reported that the presence of UAS
in the Grove sector had a negative impact on their situation awareness for detecting conflicts and
aircraft separation and that the presence of UAS made the scenario more difficult.

In Experiment Three, we compared all manned aircraft operations to a low level of UAS
integration and to a high level of UAS integration in the arrival stream to OAK 30. In the High
UAS Integration condition at the Mulford sector, the participants handled more aircraft, the aircraft
were in the sector longer and flew farther in the sector, and there were fewer full stop arrivals
compared to the other two conditions. The presence of UAS increased the total number of ATCS
commands issued and the number of heading commands issued in the High UAS Integration
conditions compared to the other two conditions. The number of speed and approach commands
was also higher whenever UAS were present. The presence of UAS in the High UAS Integration
condition resulted in higher workload ratings and more communications. Ground-air and air-
ground communications became shorter, again indicating an increased pace. The participants
reported that the presence of UAS had a negative effect on their overall workload; in particular, the
workload related to aircraft separation requirements.

The Exploratory scenario also revealed issues associated with UAS integration into the NAS.
Although the Exploratory scenario was not experimentally controlled, it was clear from the
participants’ ratings and feedback that training is required for UAS operations, especially when
those operations are off-nominal. While the participants were able to adapt and manage the
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situations that occurred in the Exploratory scenario, their feedback indicated that they would need
more experience and training in UAS operations to become more confident and efficient in managing
those situations.

Taken together, the results of the three experiments and the Exploratory scenario support a
basic conclusion: The limitations posed by UAS—including increased separation standards, the
inability to use visual separation, the inability to conduct visual approaches, and the inability to fly in
IMC—all have the potential to affect NAS operations. Overall, a low volume of UAS operations in
Class C airspace may be tenable and have relatively small effects on ATCS and the airspace. While
UAS operations did not appear to affect safety, increasing levels of UAS operations may affect
sector efficiency and ATCS communications and workload in Class C airspace sectors that are
primarily responsible for managing arrivals. Until the FAA develops alternative technological or
procedural solutions to address the inability of UAS to comply with visual procedures, integrated
UAS operations are likely to affect ATCS workload and communications and airspace efficiency.
However, ATCS’ negative perceptions of the impact that UAS may have on various aspects of their
performance should be reduced, or subside, with adequate training as they become more familiar
with UAS operations and their associated limitations.

9. RECOMMENDATIONS FOR FUTURE RESEARCH

The focus of the current research was to identify and document issues with UAS integration in
the current NAS. As the FAA develops future technologies and procedures that reduce the current
limitations of UAS visual compliance, research should examine those solutions to determine if they
affect ATCS workload, communications, self-rated performance, and airspace safety and efficiency.
Future research should consider other elements of the NAS as well as how those elements may
affect UAS integration. For example, the current study did not consider the airport environment
and how the ability of UAS to exit the runway may affect TRACON operations. If UAS are not
able to exit the runway in a timely manner, then that performance characteristic must be considered
for both ATCT and TRACON operations. In the study presented, we focused on Class C airspace
and presented what may be considered as a worst-case scenario for UAS visual compliance issues.
Our results suggest that the greatest impact of UAS integration will be in areas of congested airspace.
Future research should consider other types of congested airspace so that the FAA can have a more
complete understanding of the potential impacts that may accompany full UAS integration.
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Acronyms

ACE-IDS ASOS Controller Equipment — Information Display System
ANOVA Analysis of Variance

AOB At or Below

ATC Air Traffic Control

ATCS Air Traffic Control Specialists

ATCT Airport Traffic Control Tower

BAB Beale Air Force Base

COA Certificate of Waiver or Authorization
CCR Buchanan Field

CFR Code of Federal Regulations

CPA Closest Point of Approach

CPC Certified Professional Controller
DESIREE Distributed Environment for Simulation, Rapid Engineering, and Experimentation
DRAT Data Reduction and Analysis Tool
DSA Detect, Sense, and Avoid

FAA Federal Aviation Administration

GA General Aviation

HITL Human-In-The-Loop

HWD Hayward Executive Airport

IFR Instrument Flight Rules

IMC Instrument Meteorological Conditions
LCD Liquid Crystal Display

LLP Lost-Link Loiter Point

LOS Losses of Separation

LVK Livermore Municipal Airport
MANOVA Multivariate Analysis of Variance
MSL Mean Sea Level

MVA Minimum Vectoring Altitude

NAS National Airspace System
NASA-TLX National Aeronautics and Space Administration-Task Load Index
NCT Northern California TRACON
NMAC Near Mid-Air Collision
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NUQ
OAK
PAO
PEQ
PSQ
PTT
RDHFL
RHV
SAA
SFO
sjC
SME
SQL
STARS
TCRG
TCY
TGF
TRACON
UAS
VFR
VMC
WAK
WJHTC

Moffet Federal Airfield

Oakland International Airport

Palo Alto Airport

Post-Experimental Questionnaire

Post-Scenario Questionnaire

Push-To-Talk

Research Development and Human Factors Laboratory
Reid-Hillview Airport

Sense and Avoid

San Francisco International Airport

Norman Y. Mineta San Jose International Airport
Subject Matter Expert

San Catrlos Airport

Standard Terminal Automation Replacement System
Technical Community Requirements Group
Tracy Municipal Airport

Target Generation Facility

Terminal Radar Approach Control

Unmanned Aircraft Systems

Visual Flight Rules

Visual Meteorological Conditions

Workload Assessment Keypad

William ]. Hughes Technical Center
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Appendix A: Informed Consent Statement



Informed Consent Statement

1, , understand that this study, entitled “Operational Assessment:
UAS Visual Compliance” is sponsored by the Federal Aviation Administration and is being directed by
Dr. Todd R. Truitt.

Nature and Purpose:

I have been recruited to volunteer as a participant in this project. The purpose of the study is to conduct
a high-fidelity simulation to determine how Unmanned Aircraft Systems (UAS) integration may affect air
traffic operations in Class C airspace. The results of the study will be used to identify future research and
to inform air traffic control standards and procedures for integrating UAS into the National Airspace
System.

Experimental Procedures:

Each participant will possess skills at a Terminal Radar Approach Control (TRACON) facility rated as
Level 11 or 12. Because our simulated TRACON environment is similar to a configuration of Northern
California TRACON (NCT), controllers from NCT may not participate to ensure valid results. All
participants must have normal, or corrected to normal, vision.

The participants will arrive at the William J. Hughes Technical Center in groups of two and will participate
over 5 days. Each participant will complete TRACON tasks at two different sectors. The first day of the
study will consist of a project briefing, equipment familiarization, UAS-related training, and practice
scenarios. Practice scenarios will continue throughout the second day to ensure that participants are
familiar with the airspace. Each scenario will last approximately 30-45 minutes. Data collection will begin
on the third day and continue through the fourth day. The participants will complete data collection on
the fifth day. We will run any make-up scenarios as needed on the fifth day and complete a final
debriefing. The participants will work from about 8:30 AM to about 4:30 PM every day with a lunch
break and at least two rest breaks.

The participants will control TRACON traffic under various experimental conditions that include air
traffic scenarios either with or without UAS operations. The participants will provide online ratings of
subjective workload during each scenario. After each scenario, the participants will complete
questionnaires to evaluate the impact of UAS operations on participant workload and performance.
Subject Matter Experts and experimenters will observe and take notes during each scenario to further
assess the UAS integration concepts. An automated data collection system will record system operations
and generate a set of standard measures including safety, efficiency, and communications. The simulation
will be audio-video recorded so researchers can derive objective measures and reexamine any important
events.

Discomfort and Risks:

As a participant in this study, I understand that I will not be exposed to any intrusive measurement
techniques. I understand that I will not be exposed to any foreseeable risks beyond what I usually
experience in my every day job.

Anonymity and Confidentiality:

My participation in this study is strictly confidential. All information that I provide will be anonymous to
the experimenters. I understand that a participant code will be attached to my data for research purposes.
My name and identity will not be released in any reports. All data collected in the study will be used for
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scientific purposes only and must be kept confidential by law. Laboratory personnel will not disclose or
release any Personally Identifiable Information (PII) to any FAA personnel or elsewhere, or publish it in
any report, except as may be required by statute. I understand that situations when PII may be disclosed
are discussed in detail in FAA Order 1280.18 Protecting Personally Identifiable Information (PII).

Benefits:

I'understand that I will be able to provide the researchers with valuable feedback and insight into the
effects of UAS integration in Class C airspace. My data will help the FAA to establish the feasibility of
these methods and procedures within such an environment. I understand that the only benefit to me is
that I will be able to provide the researchers with valuable feedback and insight regarding UAS integration
in the NAS. My data will help the FAA to identify the human factors issues with UAS integration and
help inform FAA standards and procedures for UAS integration.

Participant Responsibilities:

I am aware that to participate in this study I must be a current Certified Professional Controller in the
Terminal specialty. I will control traffic and answer any questions asked during the study to the best of
my ability. I will not discuss the content of the experiment with other potential participants until the study
is completed.

Participant Assurances:

I understand that my participation in this study is completely voluntary and I can withdraw at any time
without penalty. I also understand that the researchers in this study may terminate my participation if they
believe it is in my best interest. I understand that if new findings develop during the course of this
research that may relate to my decision to continue participation, I will be informed. I have not given up
any of my legal rights or released any individual or institution from liability for negligence.

Dr. Truitt has adequately answered all the questions I have asked about this study, my participation, and
the procedures involved. I understand that Dr. Truitt or another member of the research team will be
available to answer any questions concerning procedures throughout this study.

If I have questions about this study or need to report any adverse effects from the research procedures, I
will contact Dr. Truitt at (609) 485-4351.

Compensation and Injury:

I agree to immediately report any injury or suspected adverse effect to Dr. Truitt. Local clinics and
hospitals will provide any treatment, if necessary. I agree to provide, if requested, copies of all insurance
and medical records arising from any such care for injuties/medical problems.

Signature Lines:

I have read this informed consent statement. I understand its contents, and I freely consent to participate
in this study under the conditions described. I understand that, if I want to, I may have a copy of this
form.

Research Participant: Date:
Investigator: Date:
Witness: Date:
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Appendix B: Biographical Questionnaire



Biographical Questionnaire

Instructions:
This questionnaire is designed to obtain information about your background and experience as an Air Traffic

Control Specialist. Researchers will only use this information to describe the participants in this study as a
group. Your identity will remain anonymous.

Demographic Information and Experience

| 1. What is your gender? | O Male | O Female |
| 2. What is your age? | years |
3. How long have you worked as an ATCS (include FAA ears months
developmental, CPC, and military experience)? — —
4. How long have you worked as a CPC for the FAA (include ears months
Oceanic, En Route, TRACON, Tower)? — —
5. How long have you actively controlled traffic ina TRACON h
facility? years months
6. How many of the past 12 months have you actively controlled months
traffic in a TRACON facility? —
| 7. How long have you controlled traffic using STARS? | years months
8. Rate your current skill as a CPC. Not Extremely
Y skileg POOOOCOBOW 0
9. Rate your current level of stress. Not Extremely
Y Stressed VPOOOOOOOD Stressed
10. Rate your level of motivation to participate in this study. Not Extremely
Y P P Y Motivated VPOOOOOBOD Motivated
11. Do you have previous ATC experience with UAS at your
facility? O es O No
11a.m(3)rr1]tz:]\f)erage, how many UAS operations do you handle per per month
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11b. In your experience, how did UAS operations affect the ATC
services in your sector?

Negative
Effect

QRO®OBG®OO®®

None

Positive
Effect

Comments:

11c. Please list the types of UAS that you have worked in your sector.
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Appendix C: Post-Scenario Questionnaire



Post-Scenario Questionnaire

Please answer the following questions based upon your experience in the scenario just completed.

Task Load Index - The Task Load Index rating scales represent a standard technique to make inferences about
user workload in any task. For our research purposes, the term “task” refers to controlling traffic in the
simulation.

1. Mental Demand — How much mental and perceptual activity
was required (e.g., thinking, deciding, calculating,
remembering, looking, searching, etc.)? Was the task easy or EXtreTgly olelelolelelaleloln) E).‘”heme'y
demanding, simple or complex, exacting or forgiving? W 9

2. Physical Demand — How much physical activity was required
(e.g., pushing, pulling, turning, controlling, activating, etc.)? Extremely Extremely
Was the task easy or demanding, slow or brisk, slack or Lo POOOOOOEOD High
strenuous, restful or laborious?

3. Temporal Demand - How much time pressure did you feel
due to the rate or pace at which the tasks or task elements

occurred? Was the pace slow and leisurely or rapid and EXtreTgi}\'I olelelolelolalelol) E')i(;fmely
frantic?

4. Performance — How successful do you think you were in
accomplishing the goals of the task set by the experimenter (or

yourself)? Very Poor OQ@@EO®D®®® Very Good

5. Effort — How hard did you have to work (mentally and

physically) to accomplish your level of performance? EXtreTg{z olelelelelolblsloN: E')i(;fmely

6. Frustration — How insecure, discouraged, irritated, stressed

and annoyed versus secure, gratified, content, relaxed and Extremely Extremely
complacent did you feel during the task? Low POO®OC0eOD High
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Performance

7. Rate your overall level of ATC performance during this scenario. | Extremely o oo aeee@@® Extrhemely
Low Hig

Comments:

8. Rate your pt_arformance for identifying aircraft conflicts during Extremely o > 2 n0@@@@® EXremely
this scenario. Low High

Comments:

9. Rat_e your p(_erformance for separating aircraft efficiently during | Extremely DOOOGOO®Q® EXtremely
this scenario. Low High

Comments:
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10. Rate your performance for sequencing aircraft during this
scenario.

Extremely Extremely
Low VPR®EG®LO®OW® High

Comments:

11. Rate the overall safety of operations during the scenario.

Extremely Extremely
Low OBROHOG®O®OO High

Comments:

12. Rate the overall efficiency of operations during the scenario.

Extremely DRODOODBOOD Extremely

Low High
Comments:
13. If there were UAS in the scenario you just completed, what effect Negative COROOG®O®Y® Positive
. ) 5
did UAS operations have on your overall performance? Etfect N | Effect
one

Comments:
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Workload

14. Rate your overall workload during this scenario. Extrenljely DOBRAOOOROD IE|>_<trhemely
ow ig

Comments:

15. Rate your workload dye to poordlna_ltlon and communication Extremely o > 2 n0@@@@® EXremely
with other sectors during this scenario. Low High

Comments:

16. Rat_e your Worklo_ad due to controller-pilot communication Extremely > a v 0@@@@® EXremely
during this scenario. Low High

Comments:
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17. Rate your workload due to scanning for aircraft conflicts
during this scenario.

Extremely DOBAOODE® E)_(tremely
Low High

Comments:

18. Rate your workload due to aircraft separation requirements

Extremely DOBRAOOO®OD Extremely

during this scenario. Low High
Comments:
19. If there were UAS in the scenario you just completed, what effect Neaati OPBRB®EB®O®O® bositi
did UAS operations have on your overall workload? egative | ositive
Effect N Effect
one

Comments:
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Situation Awareness

20. Rate your overall level of situation awareness during this Extremely o > s n9@@@@® EXremely
scenario. Low High

Comments:

21. Rat_e your situation awareness for detecting aircraft conflicts Extremely o > a v 0@@@@® EXremely
during this scenario. Low High

Comments:

22. Rgte your situation awareness for aircraft separation during Extremely > 30 0e@@@@ BXemely
this scenario. Low High

Comments:
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23. If there were UAS in the scenario you just completed, what effect
did UAS operations have on your overall situation awareness?

Negative
Effect

OPR®ERGO®O

None

Positive
Effect

Comments:
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Scenario Difficulty and Simulation Pilots

24. Rate the overall difficulty of the scenario. Extremely DOR@®BOBOR®OM EthmeW
Low Hig

Comments:

25. Rate the overall performance of the simulation pilots in terms Extremel
of their responding to control instructions, phraseology, and Y 000060600000
providing readbacks.

Extremely
High

Comments:

26. Do you have any additional comments or clarifications about your experience during this scenario?
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Appendix D: Post-Experiment Questionnaire



Post-Experiment Questionnaire

Instructions:

Please answer the following questions based upon your overall experience in the experiment you just completed.

Simulation Realism and Research Equipment

1. Rate the overall realism of the simulation experience compared
to actual ATC operations.

Extremely Extremely
Unrealistic COROEOEV Realistic

Comments:

2. Rate the realism of the simulation hardware compared to actual
equipment.

Extremely Extremely
Unrealistic POO®OC0E® Realistic

Comments:

3. Rate the realism of the simulation software compared to actual
functionality.

Extremely Extremely
Unrealistic POO®OE0Ee® Realistic

Comments:




4. Rate the realism of the airspace compared to actual NAS airspace.

Extremely DOBRAOOO®OD Extremely

Unrealistic Realistic

Comments:

5. Rate the realism of the simulation traffic scenarios compared to
actual NAS traffic.

Extremely Extremely
Unrealistic C0eOEe0Ee® Realistic

Comments:

6. To what extent did the WAK online workload rating technique
interfere with your ATC performance?

Not At A Great
Al ORBROGEOE®O®® Deal

Comments:




Effectiveness of Training

7. How effective was the airspace training? Extremely Extremely
P J Ineffective CPOOCCOROD Effective

Comments:

8. How effective was the STARS training? If you did not receive Extremely Extremely
STARS training during this study, please respond “NA”. ineffective O @OOOOOOOD ey e

Comments:
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Overall Effect of UAS Operations

9. In your opinion what effect would UAS operations have on Class . 00B®OGO®Y® N
C Airspace? Negative Positive
' Effect | Effect
None
Comments:

10. What are the major challenges with integrating UAS operations in Class C Airspace?
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11. What additional tools, requirements, or procedures are needed to integrate UAS operations in the NAS?

12. Do you have any additional comments regarding the experiment?
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Appendix E: WAK Instructions



WAK Instructions

The full set of instructions will be read at the beginning of each test day. An abbreviated set of
instructions will be read prior to each experimental run. The abbreviated instructions will omit the
first paragraph below.

One purpose of this research is to obtain an accurate evaluation of controller workload. By
workload, we mean all the physical and mental effort that you must exert to do your job. This
includes maintaining the “picture,” planning, coordinating, decision making, communicating, and
whatever else is required to maintain a safe and expeditious traffic flow. Workload is your
perception of how hard you must work to perform all of the tasks necessary to meet these demands,
not necessarily a measure of how much traffic you are working. Workload levels fluctuate. All
controllers, no matter how proficient, will experience all levels of workload at one time or another.
It does not detract from a controller’s professionalism when he indicates that he is working very
hard at certain times or that he is hardly working at other times.

Every 4 minutes the WAK device, located at your position, will emit a brief tone and the 10 buttons
will illuminate. The buttons will remain lit for 20 seconds. Please tell us what your workload is at
that moment by pushing one of the buttons numbered from 1 to 10.

At the low end of the scale (1 or 2), your workload is low - you can accomplish everything easily. As
the numbers increase, your workload is getting higher. The numbers 3, 4, and 5 represent increasing
levels of moderate workload where the chance of error is still low but steadily increasing. The
numbers 6, 7, and 8 reflect relatively high workload where there is some chance of making errors.

At the high end of the scale are the numbers 9 and 10, which represent a very high workload, where
it is likely that you will have to leave some tasks unfinished. Feel free to use the entire rating scale
and tell us honestly how hard you are working at the instant that you are prompted. Do not sacrifice
the safe and expeditious flow of traffic in order to respond to the WAK device.
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Appendix F: Justification for Repeated Measures ANOVA Procedure



Justification for Repeated Measures ANOVA Procedure

Experimenters often use a repeated measures design to control, and thereby reduce, the error
variability in the data due to differences between participants. Too much error variability may
prevent the researcher from detecting significant effects of experimental conditions (treatments).
However, we must consider some special statistical assumptions when analyzing data from a
repeated measures design. In a repeated measures design, the experimenter has set up the
conditions such that participants in certain parts of the experiment are more alike than participants
in other parts of the experiment. For example, participants who have expertise in one technical
specialty are more similar to one another than to participants in a different technical specialty.
Therefore, given repeated measurements, there is a correlation between the scores of participants in
the same group (e.g., similar technical specialty and area-specific knowledge). The correlation of
scores among participants also results in dependencies among experimental conditions.

Researchers initially justified the use of the F test in a repeated measures design by assuming
that the condition of compound symmetry exists across conditions or participants. However, for
the condition of compound symmetry to be met, each treatment must have the same true variance
over all conditions (pooled within-group), and the covariance (across participants) for each pair of
treatments must be a constant. Although the assumption of compound symmetry is sufficient to
justify the use of the F test” in a repeated measures design, it is not a necessary condition. In fact,
the compound symmetry assumption is very strict and not likely to hold true, especially in
experiments using a repeated measures design. The compound symmetry assumption does not have
to be met to justify use of the F test. Huynh and Feldt (1970) and Rouanet and Lepine (1970),
among others, have shown that the circularity assumption (or sphericity assumption), which is both
mathematically necessary and sufficient, can be made to support the use of the F test in repeated
measures designs. The circularity assumption simply states that the components of the within-
subjects model are orthogonal (independent) components. For more information on the
assumptions associated with repeated measures designs, refer to Hays (1988) and Kirk (1982).

One way to ensure that the statistical assumptions associated with a repeated measures design
are satisfied is to analyze the data by using the multivariate analysis of variance (MANOVA) method.
In the MANOVA method, the different scores from each participant are handled as if they are
actually scores from different variables. This method alleviates the necessity of the assumptions
associated with the analysis of variance (ANOVA) F test. Significant MANOVA effects are then
tested further by ANOVA F tests and particular post hoc comparisons. However, the MANOVA
approach may not be feasible for small sample designs where degrees of freedom are insufficient.

Another way to analyze data from a repeated measures design while accounting for the
circularity assumption is to implement a three-step testing method, as suggested by Hays (1988) and
Kirk (1982). In this method, the data is first analyzed by an ANOVA. If the result is not significant,
then the analysis stops—and the researcher must conclude that there is no effect of the independent
variables in question. If the ANOVA is significant, then the Geisser-Greenhouse (G-G) F test (or
conservative I test) is conducted (Geisser & Greenhouse, 1958).

2'The F test is justified (i.c., valid) when the reported F values adhere to the F distribution.
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Essentially, the G-G F test adjusts the degrees of freedom used to calculate the I statistic to
make the test more conservative (i.e., less likely to find a significant difference by chance, where
none exists). The G-G F test ensures that the researcher is not capitalizing on chance or on
violations of the circularity assumption. If the G-G F test is significant, then the result is highly
significant. If the G-G F test is not significant, then the circularity assumption may have been
violated and the Box adjustment —Huynh-Feldt [H-F| F test or adjusted F test—is calculated
(Huynh & Feldt, 1970). If the H-F F test is computed, then that result is the final determinant
regarding whether a significant effect is present or not. We will use this latter method for the present
experiment. We will conduct multiple comparisons of means using Tukey’s Honestly Significant
Difference (HSD) post hoc test. If a significant main effect or interaction of main effects is found,
then the Tukey’s HSD post hoc test will be computed to explain the interaction for all relevant
analyses.

We selected this three-step approach to minimize the probability of a Type II error (i.e., False
acceptance of the null hypothesis, or finding no effect where one actually exists) while sacrificing an
increase in the probability of a Type I error (i.e., False rejection of the null hypothesis, or finding an
effect where none actually exists). We also will conduct a number of planned comparisons to
examine conditions of interest more closely. Such an approach will increase the likelihood that the
statistical analyses will detect effects caused by the experimental conditions. To balance this
arguably liberal approach to data analysis, we will use the Tukey HSD to conduct post hoc tests,
rather than calculating simple main effects.
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Appendix G: Open-Ended Responses to the Post-Scenario Questionnaire



Note: Some questions were responded to even though no response was expected (e.g., Item 13 asked
about UAS if UAS were present, but no UAS were present in some conditions). These responses are
marked by italics. Also, any notation in brackets [] is provided by the authors, not the participants.

Experiment 1 — Multiple Approaches to KOAK 30

PSQ Item 7 — Rate your overall level of ATC performance in this scenario.

Mulford Sector

No UAS Integration Integrated UAS
| did better than the previous UAS problem ASA 976 was on green tag — distraction
Felt a step behind trying to familiarize Didn’t expect the UAS to slow so much
myself w/the airspace and ‘hot spots’ on a inside the marker

Monday morning
| was quite mediocre

Basic scenario, no problems
Ran minimal spacing to RWY30, speed

control was right on

Grove Sector
No UAS Integration Integrated UAS
| believe | was on top of it. No tasks went Could have been more efficient

unfinished, and were completed in a timely
AMF | thought was going to RWY30 but was

really going to RWY28R

manner
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PSQ Item 8 - Rate your performance for identifying aircraft conflicts during this scenario.

Mulford Sector
No UAS Integration Integrated UAS
Recognized them-however, couple too late Am used to class Bravo where usually
for comfort aircraft that close to final are being worked
by ATC
Still not scanning that great, some of it is
due to lack of airspace knowledge of Got to get the SIC dept Northbound out of
Oakland area the way
Many targets under final close to airport More workload issuing traffic to UAS
Grove Sector
No UAS Integration Integrated UAS
It was basic traffic scan nothing overbearing Besides the one loss [?] it was good

PSQ Item 9 - Rate your performance for separating aircraft efficiently during this scenario.

Mulford Sector
No UAS Integration Integrated UAS
Could have done a lot better
All had appropriate separation
Couple of separation loss, go-around a/c to
high
Grove Sector
No UAS Integration Integrated UAS

Very simple once the habit was found
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PSQ Item 10 - Rate your performance for sequencing aircraft during this scenario.

Mulford Sector

No UAS Integration Integrated UAS
A bit too tight on 2 sets of UAS’ [?] About average
Waited until the appropriate time to All weight classes were done properly and
sequence the heavy UPS. | didn’t want them maintained excellent efficiency

to be in front of a small

Sequencing seemed obvious, conflicting
overflights not so much

Grove Sector
No UAS Integration Integrated UAS
Very simple Communications issue, lost separation with

overflight and arrival
Changed a sequence late

Did well once | realized AMF was going to
the proper airport
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PSQ Item 11 - Rate the overall safety of operations during this scenario.

Mulford Sector

No UAS Integration Integrated UAS
Nobody would follow a heavy that close
Wake turbulence small behind a large was
quite an issue
UAs didn’t affect safety in this scenario

Grove Sector

No UAS Integration Integrated UAS

At one time | had two tags overlap and Never thought safety was compromised

couldn’t see the altitudes. Also, | assigned
an aircraft 3,000 and they descended to
2,800 caught it and corrected it.

Multiple approaches complicated this
sector
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PSQ Item 12 - Rate the overall efficiency of operations during the scenario.

Mulford Sector

No UAS Integration

Put the heavy in the appropriate spot

Grove Sector
No UAS Integration

Very efficient, felt like | gave the sector next
to me a good feed to final w/appropriate
speeds

Getting used to the flow
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Integrated UAS

Could have done better

The only reason this is not higher
[participant rating 6] is because the UAS
need one extra mile for chase plane

More experience with UAS= more efficiency

Integrated UAS

Grove sector- need to identify and
implement a good ‘flow’ to feed Mulford
sector when they have increased load of
acft

The efficiency was good, but could have
been regarding AMF



PSQ Item 13 - If there were UAS in the scenario you just completed, what effect did UAS operations

have on your overall performance?
Mulford Sector
No UAS Integration

A new operation (to me) with new rules.

The missed approach procedures and lack

of visual separation would complicate it.

Grove Sector

No UAS Integration

I wasn’t capped out on my ability to separate or
maintain an efficient flow of traffic [rating=5]
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Integrated UAS
UAS practice approaches?

They are not capable to see other aircraft
on approach which may require more than
one attempt

Inability to use all ATC tools — see and avoid
No #10?

Most of the VFR traffic was for the UAS
aircraft & since they cannot see that traffic
do you issue it or vector them away from
unknown or unverified? Also the way they
slowed down plus you need 4 miles in trail
at RY threshold with a UAS behind a large

Increased my attention to spacing &
sequencing

On the negative side but a reasonable
challenge in this scenario

Extra separation along with poor aircraft
performance makes you work harder for
sequence

Integrated UAS
A lot of VFR aircraft we went in contact with
Minimal in Grove

They all came separated, and never had to turn
or adjust altitude for conflicts



PSQ Item 14 - Rate your overall workload during this scenario.

Mulford Sector
No UAS Integration
Sequencing and speed control to RWY30

Seemed heavy the first 10 minutes, then
manageable

Grove Sector

No UAS Integration

Integrated UAS
If | knew the airspace it would be a lot less

Workload was high due to wake turbulence
and keeping the final reeled in, not wasting
space

Integrated UAS

PSQ Item 15 - Rate your workload due to coordination and communication with other sectors during

this scenario.
Mulford Sector
No UAS Integration

Ask OAK tower once to see if they could
provide visual

Grove Sector
No UAS Integration

Not much coordination, didn’t feel
overworked

Integrated UAS

Communication issues caused more
workload

Integrated UAS
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PSQ Item 16 - Rate your workload due to controller-pilot communication during this scenario.

Mulford Sector
No UAS Integration Integrated UAS
One key call missed. |l instructed a turn to Probably shouldn’t call VFR traffic to the
final and got no res