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Executive Summary

This technical report presents the results of the second of two research studies on design and performance
requirements supporting airworthiness certification of midrange unmanned aircraft systems (UAS)
intended for commercial use. The two studies focused attention on UAS in the middle of the multi-
dimensional spectrum of UAS; that is, UAS with attributes and capabilities exceeding the criteria to
operate under Part 107 of the Federal Aviation Regulations (FARs), but without the design or operational
capabilities to comply with the airworthiness standards for commercially-operated manned aircraft. The
goal of the two studies was to help address the gap in airworthiness standards for some UAS that fall
between the extremes.

Both studies investigated the effect of a concept of operations (ConOps) on design requirements for
midrange UAS that will need some degree of airworthiness certification. The first study focused attention
on a ConOps for precision agriculture (precise spot treatment) using a midrange unmanned rotorcraft with
maximum takeoff weight of 1000 1b. This report provides a brief summary of the first research study and
its extensions (see pp. 3-8); a complete description of the first study, including the ConOps and design
requirements, is provided in [9]. The second study investigated the extent to which the design
requirements from the first study might change when the same unmanned rotorcraft is used for cargo
delivery instead of precision agriculture.

The second study started with the production of the ConOps for cargo delivery through uninhabited
corridors (see Appendix A). Next, a functional and operational hazard assessment was conducted using
that ConOps to produce a list of hazards relevant to airworthiness (see Section 4.2). Minimum design and
performance requirements necessary to mitigate the cargo delivery hazards were then derived from a
detailed analysis of FAR Part 27 (Airworthiness Standards: Normal Category Aircraft) and the set of
UAS design requirements produced under the first study. The difference between the set of UAS design
requirements for the precision agriculture ConOps and the cargo delivery ConOps is quite small: only 17
total changes (see pp. 12). Changes in the design requirements were needed to account for (1) conveying
cargo, (2) operating beyond visual line-of-sight, and (3) operating at a higher altitude and speed than
needed for agricultural operations. These changes most notably affect requirements related to vehicle
loads and to systems and equipment supporting the safety roles for the pilot and crew.

Findings and Results

The second study produced two main products in addition to the ConOps: (1) a set of design and
performance requirements for midrange unmanned rotorcraft performing cargo delivery in an uninhabited
corridor, and (2) lessons learned about the impact of operational context on design criteria for midrange
UAS.

The design and performance criteria for unmanned cargo delivery comprise 86 requirements. Of FAR
Part 27°s original 260 requirements, 77 were adopted as written or with some modification and 103 were
excluded. Of the remaining 130 requirements, 80 had their intent abstracted or “rolled up” into four, less
prescriptive requirements addressing (1) controllability, maneuverability and stability; (2) structural
integrity; and (3) powerplant and supporting systems. For each of these topics, related requirements from
Part 27 were aggregated and replaced with more abstract requirements appropriate for a UAS. The rolled-
up requirements change the principal aim of the requirements from preventing hull loss to preserving the
rotor system and preventing explosion to avoid the possibility of releasing high energy parts that could
injure people. For any particular design, an applicant and the regulator would need to refine the abstracted
requirements into specific, concrete requirements for the UAS presented for certification.

Five suggested requirements for new and novel technology not covered in Part 27 are also included in the
design requirements. The requirements for novel technology address hazards related to (1) containing the
vehicle to a defined operational volume, (2) detecting and avoiding other aircraft, (3) detecting and
avoiding ground-based obstacles, (4) command and control links, and (5) systems and equipment needed
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to support the safety role of the pilot and crew. Requirements for the first four topics were originally
developed in the first study and refined in the second study. Requirements for the fifth topic were
produced as part of the second study in response to increased likelihood and severity of hazards related to
situational awareness. Because there is little UAS-specific data available yet on these five topics, all of
the suggested requirements are deliberately general in nature and written without prescribing a particular
implementation.

Documentation of the design and performance requirements is in the appendices. Appendix B provides
the proposed list of design and performance requirements for a midrange unmanned rotorcraft operating
in compliance with the cargo delivery ConOps. UAS developers and integrators interested in detailed
design criteria may benefit most from that list. Appendix C contains the assessment of each one of the
Part 27 requirements, including an indication of whether that paragraph is included in the set of design
requirements (as is, modified, or rolled up), or whether the paragraph is deemed unnecessary and
excluded. A brief rationale is included for each paragraph to explain the assessment. The assessment in
Appendix C may be of interest to regulators, researchers, or others interested in application of existing
standards to UAS.

The results of the two research studies taken together provided a number of lessons learned (see Section
5) that may be useful in establishing airworthiness standards for UAS.

(1) Operating environments can have a substantial effect on the likelihood and severity of hazards and,
hence, on the design and performance requirements for UAS, more so than for conventional aircraft.
Therefore, critical characteristics of the operation and operational environment must be considered in
determining appropriate design criteria for UAS.

(2) For some civil operations, hull loss may not be a safety concern, provided that sufficient systems and
equipment assure that the UA remains within an operational area that precludes harm to people and
unacceptable harm to property.

(3) For many concepts of operations, especially where hull loss is not a concern, vehicle weight has a
minimal influence on design and performance requirements.

(4) A clearly defined safety role for the pilot and crew is essential to determining the systems and
equipment needed for ensuring safety of flight. The roles and corresponding equipment may differ
substantially across different types of UAS and operations.

(5) Airworthiness requirements for communications links are impacted by (a) the means by which the
communications link is implemented and (b) the location and nature of the parties communicating.

(6) For UAS operations confined to an uninhabited operational volume, the ability to control access to
that volume by parties not connected to the operation significantly impacts the airworthiness
requirements.

(7) Increasing operational altitude increases the likelihood and severity of hazards associated with the
ejection of high-energy parts and hazards associated with loss of separation from other aircraft.

These lessons learned indicate the effects that different types of UAS operations and environments can
have on design and performance requirements for airworthiness. Moreover, the two studies demonstrate
the importance of exploring a wide range of ConOps to better understand what is essential to regulating
UAS to ensure safe operations, and what barriers remain for integration of UAS into the airspace system.
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1. Introduction

Regulations governing the design, production, operation, and crew for commercial unmanned aircraft
systems (UAS) are essential to growth of that nascent industry. In August 2016, the first UAS regulations
in the United States (US) officially went into effect. These regulations are formally known as Part 107 of
the Federal Aviation Regulations (FARs) [1]. Part 107 enables a suite of commercial uses for small UAS
weighing less than 55 1b, operating in visual line-of-sight (VLOS), operating under 400 ft above ground
level or within 400 ft of a structure, and restricted from operating over any persons not directly involved
in the operation. According to the Federal Aviation Administration (FAA), more than 600,000 drones
will be flying in the first year after the rule is in place [2]. To continue expansion of the UAS industry,
additional regulatory actions are needed for UAS flights with larger, more capable UAS operating in non-
segregated airspace and beyond visual line-of-sight (BVLOS) of a remote pilot. Exemptions or waivers
from the current regulations may be used as an interim means to facilitate expansion until new UAS-
specific standards and regulations can be developed [3]. This report focuses attention on research to
support development of new standards for airworthiness certification of UAS that do not meet the criteria
of Part 107.

Airworthiness can be generally thought of as the suitability for safe flight of an aircraft. In civil aviation
regulations, a conventional aircraft (i.e., one with an onboard pilot) is considered airworthy if the aircraft
is compliant with relevant technical requirements governing its design and manufacture and is in a
condition for safe flight. Airworthiness standards cover all aspects of the design, manufacture, and
maintenance of the aircraft, including its structure, engines, and systems and equipment. Compliance with
those standards has been an accepted means of mitigating the risk to people and property (both in the
aircraft and on the ground) from inadequate vehicle design or maintenance. While an airworthiness
certificate is required for operation of most conventional aircraft, airworthiness certificates are not
required for all commercial UAS.

Part 107, for example, allows many types of commercial UAS operations without requiring airworthiness
certification [1]. In lieu of airworthiness certification, Part 107 imposes substantial operational limitations
to mitigate risk to people and property. In cases where the operational limitations of Part 107 are not
sufficient to mitigate risk, some degree of airworthiness certification may be required. For many UAS,
the degree of airworthiness certification needed will be tied to their operation and operational
environment. The need for operation-centric requirements based on “the level of risks inherent to the
category of operation” has only recently been recognized [4]. No such requirements currently exist. Lack
of regulations for unmanned systems is often cited as the biggest barrier to commercial deployment [5-7].

This report summarizes final results of two research studies investigating airworthiness requirements for
UAS operating in low-risk environments, wherein risk to people or high-value assets is limited by
inherent characteristics of the environment, such as remoteness, lack of inhabitants, etc. The goal of the
research was to help fill the void in operation-centric airworthiness requirements. This work directly
supports the FAA’s incremental approach to gaining airworthiness approvals by “developing design
standards tailored to a specific UAS application and proposed operating environment” [8] and the
European Aviation Safety Agency’s (EASA’s) efforts to regulate UAS via a classification scheme heavily
influenced by operational characteristics [4].

This report is organized as follows. Section 2 describes the constraints used to narrow the scope of the
two studies. Section 3 provides a brief summary of the first research study, described in more detail in
[9]. The first study comprised the development of a concept of operations (ConOps) and draft set of
design and performance requirements for an unmanned tandem rotorcraft used for precision aerial
application (i.e., spot treatment of crops). The second research study was designed to examine the extent
to which the design requirements from the first study might change when the same unmanned rotorcraft is
used in a different ConOps. Section 4 describes a ConOps for transporting cargo through uninhabited
corridors and the impact that change in operation has on suggested UAS design and performance
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requirements. Lessons learned from the two research studies are presented in Section 5 and a brief
summary is given in Section 6. Lastly, the appendices contain documentation of the ConOps and design
and performance requirements for the unmanned cargo delivery study. The ConOps for unmanned cargo
delivery is described in detail in Appendix A. The corresponding set of suggested design and performance
requirements for an unmanned rotorcraft operating in compliance with that ConOps is given in Appendix
B. Appendix C contains the results and rationale used to determine the set of design requirements given
in Appendix B.

2. Scope

There are many dimensions that contribute to the extraordinary diversity of unmanned aircraft (UA) types
and operations; for example, size (micro to large), speed (hovering to hypersonic), and endurance
(minutes to weeks). Across this multi-dimensional spectrum, there are tradeoffs between the use of
airworthiness certification requirements and operational limitations to reach a desired level of safety. The
safety of some UAS operations, especially those that pose little risk to people and property, may be
managed with only operational limitations; that is, compliance with airworthiness standards is not
necessary. Other UAS operations that pose more substantial risk to people and property will likely be
managed by some combination of design and performance requirements for airworthiness, in addition to
operational limitations. The degree to which operational limitations and airworthiness-related
requirements are stipulated depends on the hazards associated with the operation to be performed and the
operational environment. That is, to assign appropriate airworthiness requirements, the UAS type cannot
be separated from its operational context. Specifying airworthiness requirements for the breadth of UAS
types and their potential operations is very challenging. Consequently, a number of constraints were
imposed to focus the research studies reported here.

The first constraint limited the studies to UAS used for civil operation versus public use. Under the
FARs, aircraft operated for civil use are treated different from those operated for public use. Civil use
refers to aircraft operation by a private individual or company, such as for recreational or commercial
purposes. The FAA is responsible for ensuring that aircraft for civil use are airworthy or officially
exempted from airworthiness requirements. Public use refers to aircraft that are operated for
governmental purposes, such as military operations, border patrol, law enforcement, or scientific research.
The government agency that is conducting a public use operation must provide its own assurance (or self-
certification) that its aircraft is airworthy.

A second constraint limited the studies to UAS that are obligated to meet some design and performance
requirements, but could not meet all of the airworthiness standards established for conventional aircraft.
For instance, UAS operating in compliance with Part 107 were not considered in the studies because they
are exempt from airworthiness certification. Large UAS intended for civil use within the same airspace as
conventional aircraft (i.e., full participants in the airspace) also were not considered because they will not
likely receive any significant relief from existing airworthiness regulations. In between these two
extremes are midrange UAS that have physical attributes or operational needs beyond those allowed
under Part 107, but lack the design and operational capabilities to be full participants in the airspace.
Today’s midrange UAS face challenges to complying with existing airworthiness standards since they are
often built using commercial off-the-shelf or hobbyist-grade components for size, weight, power, and cost
reasons. Hence, the research studies focused on midrange UAS that must operate under some operational
limitations.

A third constraint limited the studies to UAS that are remotely piloted, as opposed to autonomous aircraft.
The International Civil Aviation Organization (ICAO) only considers remotely-piloted aircraft as suitable
for standardized international civil operations at this time [10]. ICAO’s current policy is binary in nature,
and solely discriminates based on whether a human can interact with the UA during the operation. The



research studies reported here only include UAS that allow pilot intervention in the management of the
flight. In particular, the pilot-in-command must have a defined safety role.

With a fourth constraint, the studies focused on missions or operations that take place in low-risk
environments. In such environments, harm to people or high-value assets from direct impact or collateral
damage is considered improbable, though not impossible. Examples include operations over large tracts
of farmland or backcountry, where people are not typically expected. Low-risk operations were chosen to
enlarge the set of achievable commercial operations beyond those possible under in Part 107, by
extending only a few dimensions in the UAS trade space at a time. For example, the studies assume
operations with a UA in the 1000-Ib weight range, operating at times BVLOS (exceeding Part 107
criteria), but with no intentional overflight of third parties and constraints to minimize risk to other
aircraft. The core concept was to take a reasonable, incremental step beyond Part 107 toward standards
for operations with increased safety risk.

The final constraint limited the studies to the determination of high level design and performance
requirements at the level of typical airworthiness standards (e.g., FAR Part 27, Airworthiness Standards:
Normal Category Rotorcraft) [11]. This level of requirements is used when establishing a type
certification basis for an aircraft in a traditional certification program. This is an initial step among many
needed to obtain an actual airworthiness certificate. Investigation of suitable integrity requirements along
with reliability and design assurance requirements was beyond the scope of the study.

Both research studies examined the same representative UAS platform (an unmanned rotorcraft with
maximum takeoff weight of 1000 Ib), but in different ConOps. Each study started with a functional and
operational hazard assessment to derive the primary hazards to be mitigated via design criteria. Next, a
set of high level design requirements sufficient to mitigate those hazards was developed based on existing
airworthiness standards for normal rotorcraft in FAR Part 27 and the UAS-tailored version of Part 27
from the Joint Authorities for Rulemaking on Unmanned Systems (JARUS) [12]. Finally, additional
high-level requirements were suggested for hazards not managed by existing standards, such as those
related to systems and equipment unique to UAS. Figure 1 shows the primary research tasks used in
investigating design and performance requirements.

Evaluate existing
airworthiness standards for
unmanned rotorcraft to

ldentify functional and determine which ones cover
entify functional an / the primary hazards Combine into a set of

Describe ConOps operational hazards for that design and performance

b a M
and UAS platform - platfor{n Operzf..tmg mn . requirements for the UAS
compliance with the Prppose preliminary platform with its ConOps
ConOps requirements for hazards

not covered by existing
regulation

Figure 1. Overview of Research Tasks

An overview of each research study and its results is provided in the following two sections.

3. First Research Study on Unmanned Precision Agriculture

The first research study investigated some of the airworthiness requirements needed to support UAS
operations that take place in environments with a low safety risk, such as precision agriculture. The
specific objective of the study was to propose design criteria for a midrange unmanned rotorcraft (about
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1000-1b maximum takeoff weight) used for commercial precision aerial application (i.e., spot treatment)
of agricultural inputs (e.g., fertilizers and pesticides). Precision aerial application was selected for the
operational concept because of the low-risk nature of the operation and a well-documented interest in
using UAS for agricultural work [13]. A midrange platform was selected because it would enable the
application of a sufficient amount of agricultural input necessary for the economic viability of the
operation, but would exceed the provisions of Part 107 and exemptions under Section 333. Type
certification was assumed to be necessary.

Midrange UAS represent a class of UAS that rely to some degree on commercial-off-the-shelf
components instead of aviation-grade components to meet size, weight, power, and cost constraints. The
project used the Dragonfly Pictures, Inc. DP-14 model unmanned rotorcraft as its representative
platform (shown in Figure 2). The DP-14 weighs approximately 1000 Ib, has a payload capacity of 430
Ib, and has an endurance of approximately 2.4 hours. The DP-14 is operated remotely from a ground
control station (GCS).

Figure 2. Dragonfly Pictures’ DP-14 Model UAS Configured for Precision Aerial Application
3.1. Overview of the ConOpsfor Precision Aerial Application

The ConOps for precision aerial application focuses on spot treatment of crops in fields up to 160 acres,
or quarter sections, in rural, sparsely populated areas. The general concept is to have an unmanned
rotorcraft apply agricultural inputs to relatively small areas in a field of crops (see Figure 3).

Treatment needs may be determined by any number of means including satellite (e.g., Landsat) imagery,
aerial imaging (from manned or unmanned aircraft), or ground data collection. This concept is compatible
with established precision agriculture principles: applying the right chemical in the right amount to the
right place at the right time [14]. Such an operation might be undertaken to eradicate a fungal, weed, or
pest infestation before it encompasses an entire field, or correct a nutrient imbalance before permanent
damage occurs to the crop. In this ConOps, flights are generally confined to a designated operational
boundary around the field (Figure 3, yellow lines) and are prohibited from exceeding an absolute
containment boundary just beyond the operational boundary (Figure 3, red lines). The containment
volume includes an altitude limit of 400 ft. Operational procedures and supporting systems and
equipment are used to ensure that no one is in the field during operations. Therefore, crashing an
unmanned vehicle within the containment boundary is generally an economic concern, instead of a safety
or regulatory concern.



Figure 3. Concept of Operations for Precision Aerial Application with an Unmanned Aircraft

The containment boundary was established to mitigate the risk of fly-away events that could result in the
vehicle entering an area in which it is not permitted to operate, or behaving in a manner that is hazardous
to other aircraft or persons on the ground. An assured means of containing the operation to a well-defined
volume, restricted in altitude and inhabitants, is key to limiting risk to other aircraft and to people and
property in proximity to the operation. The reliability and dependability of most current geofencing
systems, especially those embedded in an autopilot, are likely insufficient to meet the safety requirements
for this ConOps [15, 16]. A detailed description of the ConOps is provided in [9].

3.2. Results of the First Research Study

In the precision agriculture ConOps, sufficient systems, equipment, and procedures must be in place to
keep nonparticipants outside of the operational volume, keep the vehicle within the volume, and ensure
ground impact hazards are mitigated. If that can be done, then many of the airworthiness regulations for
conventional aircraft, necessary to protect the physical aircraft (as a proxy for protecting the people
onboard), may not be necessary for an unmanned rotorcraft used in compliance with the precision
agriculture ConOps. Therein lies the potential for reducing the effort needed to certify UAS built for
operations similar to the precision agriculture ConOps.

Table 1 lists the primary hazards identified for unmanned precision aerial application that may result in an
undesirable situation (e.g., death, injury, etc.) to first, second, or third parties. Only those hazards whose
consequence was considered major or worse (hazardous or catastrophic) were included in the list. These
hazards drive the safety-oriented airworthiness requirements. Once the hazards were identified, design
requirements were developed to mitigate them. To identify those requirements, two sets of design criteria
for rotorcraft were evaluated for applicability to the hazards in Table 1: (1) Part 27 of the FARs (i.e.,
airworthiness standards for normal category rotorcraft) and (2) the UAS-tailored version of Part 27 from
JARUS [11, 12]. Part 27 contains 260 numbered design and performance requirements for rotorcraft. Of
those, only 11 were considered applicable as written in Part 27; 119 were considered not applicable; and,
56 were considered applicable with slight modification. The remaining 74 requirements were abstracted
or “rolled up” into four less prescriptive requirements suitable for UAS—two for controllability, stability,
maneuverability, one for structural integrity, and one for powerplant and supporting systems.



Novel design requirements were also formulated to mitigate hazards not covered in Part 27. The new
requirements address (1) vehicle containment within authorized boundaries, (2) detecting and avoiding
other aircraft, (3) detecting and avoiding ground-based obstacles, and (4) safety-critical command and
control (C2) links. The full set of requirements is presented in [9] as a mock type certification basis for
the DP-14. The mock type certification basis was documented using the FAA’s issue paper format, to
provide an example of the form of artifacts typical to aircraft certification [17].

Table 1. Primary Hazards for Unmanned Precision Agriculture Spraying

Hazardsthat affect aircraft
safety margins and functional
capabilities

Hazar ds affecting the crew’s ability to
perform their safety role

Hazardsthat pose harm to any
person

Loss of command and control (C2) link
used for contingency management (e.g.,
flight termination)

Loss of or degraded electrical power in
the ground control station for
contingency and emergency functions

Loss of or degraded electrical power
subsystems on the UA for contingency
and emergency functions

Loss or degradation of ground control
station capability (e.g., loss of displays)
required for contingency and
emergency functions

e Loss of pilot situational awareness

e Loss of or inadequate
structural integrity, especially
of the rotor system (that could
lead to release of high energy
parts)

e Failure to detect, alert or
warn, and avoid intruder
aircraft

e Failure to detect, alert or
warn, and avoid dynamic or
other obstacles on the ground
(including people or high-
valued assets)

e Explosion in the powerplant

¢ Failure to recognize and avoid

adverse environmental
conditions

Failure to stay within authorized
operational area

Failure to maintain adequate
controllability, maneuverability,
and stability

Loss of UAS position and anti-
collision lights (loss of means to
be seen by other aircraft and
observers)

Interference of spray system with
required UAS function

o or fuel system
e Loss of or degraded communication

between pilot and crew

3.3. Low-Risk Extensions

The mock type certification basis described above was created to be specific to the attributes of the DP-
14. As such, the mock type certification basis did not include some of the requirements in Part 27 that
address common rotorcraft attributes. To extend the applicability of the first study, the Part 27
requirements were re-evaluated for unmanned rotorcraft with the following attributes not found on the
DP-14.

single rotor

reciprocating engine

systems and equipment for flight in icing conditions
multiple engines

landing gear with skids, skis, or floats

Based on the re-evaluation, the original set of requirements in the mock type certification basis was
extended to cover unmanned rotorcraft having these attributes as well as those of the DP-14. That is, the
set of design requirements was extended to be applicable to a broader range of rotorcraft types. Table 2
describes the changes made to the original mock type certification basis for these extensions. For
example, the text of §27.411 and §27.427 from Part 27 was modified in the original mock type
certification basis because the DP-14 does not have a single rotor. Those requirements were included as
originally written in Part 27 in the extended design set that includes rotorcraft with a single rotor.




Overall, only eight changes were needed to extend the original mock type certification basis to serve a
broader range of unmanned rotorcraft that might be used for ConOps similar to precision agriculture. The
extensions did not change the fact that many of the Part 27 requirements are not suitable without
significant modification for an unmanned rotorcraft used in low-risk environments. The changes made
for the low-risk extensions are reflected in the design requirements produced in the second study.

Table 2. Design Requirements Affected by Rotorcraft Attribute

) . Assessment of the Assessment of the
RequwementsA.ffected by Changein the Requirement for the | Requirement for Low-risk
Rotorcraft Attribute Original ConOps Extension

Requirements related to Single Rotors o .
As is (i.e., reverted to original

§27.411 Ground clearance: tail rotor guard Modified Part 27 text)

§27.427 Unsymmetrical loads

Requirements related to Reciprocating Engines ) )
. . Modified Further Modified
§27.1557 Miscellaneous markings and placards

Requirements Related to Multiengines
§27.1309 Equipment, systems, and installations | Modified Further Modified
§27.1321 Arrangement and visibility

Requirements Related to Icing
§27.1325 Static pressure systems Modified Further Modified

§27.1419 Ice protection Excluded Rolled Up

Requirements related to Skis/Skids/Floats

Excluded Modified
§27.1399 Riding light xclude odifie

3.4. Similar ConOps

Although the operational context for the first study was specific to precision agriculture, a number of
potential commercial applications share similar operational characteristics and, most importantly, similar
hazards. Those applications may be able to use the same design and performance requirements as a
starting point for setting type certification criteria. The following operational characteristics were most
influential in the evaluation of hazards and design requirements. These characteristics can help group
together ConOps with similar operational risks.

e Contained: Flight is contained with a high degree of certainty within a pre-defined, bounded
volume of airspace.

e Unpopulated: The operational volume is uninhabited. No people are expected within the
operational volume.

e Access controlled: Operational procedures and controls are implemented for keeping people out
of the operational volume of airspace while the UA is in flight.
Low altitude: Maximum flight altitude is less than 500 ft, with limited expected air traffic.

e Permission granted for overflight: Flight operations have explicit authorization from the property
owner.

e Population density in proximity: The population density just beyond the operational volume is
sparse.



e Pilot visual locality: VLOS!
e Pilot radio locality: Radio line-of-sight (RLOS)

Commercial applications that possibly share these operational characteristics include:

e Agriculture: non-precision treatment of crops (e.g., rice fields, cranberry bogs) including
treatments such as spraying orange groves (or other produce) with water to produce ice coverings
to protect the produce from freezing temperatures

e Acrial surveying or mapping for

o future construction sites using specialized (heavy) survey equipment

o inspection of large-scale infrastructure such as dams or bridges (temporarily closed for
inspection) that may require heavy equipment or sensors

o limited wilderness areas

o limited herd management

e (Cargo and heavy lift transport: on ranches or farms or confined industrial settings such as mining
camps

Even though one application may seem similar to another, a clearly defined concept of operations is
crucial to identifying hazards and developing suitable design and performance criteria for airworthiness
certification of UAS. The operation and UAS must be considered in tandem in order to derive the relevant
hazards to be mitigated.

4. Second Research Study on Unmanned Cargo Delivery

The second research study was designed to investigate the impact that changes to the ConOps could have
on design and performance requirements for a midrange unmanned rotorcraft. That is, how much might
the design requirements established in the first study change if the DP-14 is used for a different purpose?
To answer that question, low-volume cargo delivery by unmanned rotorcraft through uninhabited
corridors was selected as the ConOps for the second study. The motivating business case was to allow
delivery of cargo (e.g., goods or supplies generally weighing less than 400 Ib) in remote locations, when
other means of transportation are not possible or practical. Urgent or sporadic use cases might include
delivery of emergency supplies to remote ranches or lodges when local roads become impassable due to
unexpected severe weather. More frequent use cases might include delivery of goods and emergency
supplies to small villages or outposts, such as those in Alaska or Canada, that are not easily reached
during winter months by conventional ground, water, or air transportation or during summer months due
to the melting of ice roads.

The operational concept relies heavily on the general seclusion of the area within the corridor to ensure
the absence of humans and critical infrastructure. Within that operational environment, the UAS would
be allowed to crash (as it was in the precision agriculture ConOps), without safety impact (barring the
release of high energy parts). The cargo delivery ConOps effectively extends both the range and altitude
of the operational volume beyond that assumed in the precision agriculture ConOps, while limiting risk to
people and property within the corridor.

4.1. Overview of the ConOpsfor Cargo Delivery

In this ConOps, a limited corridor consists of a pre-defined volume of airspace purposely situated over
unpopulated areas (to avoid overflight of people) and designed to avoid critical ground assets (e.g., power

! The precision agriculture study examined four different scenarios: two in VLOS conditions and two where the pilot was in the same location,
but visibility was obscured due to weather conditions (e.g. fog). The degree to which the pilot has VLOS throughout the operation affects the
automation that must be onboard the UA.



lines). A corridor may be positioned over land or water, as long as access can be managed in some
manner. Flights takeoff from pre-approved launch sites within the designated corridor, transit through the
corridor over relatively short distances (< 60 statute miles) confined to Class G airspace, and arrive at an
approved landing zone within the corridor to deliver or retrieve cargo. Figure 4 illustrates the general
concept.
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Figure 4. Tllustration of a Limited Corridor for Unmanned Cargo Delivery

The essential attributes of a limited corridor include the following:

The geographical area within the corridor is uninhabited; i.e., there is no recognized human
presence within the corridor during the period of UA operations.

Access to the corridor by humans is limited; e.g., by fences, warning signs, or gates at the
boundaries, or by general inaccessibility to the area.

The geographical area within the corridor does not include high-value assets such as dams,
nuclear power plants, and environmentally sensitive areas. However, communal infrastructure,
such as power lines and roads, may be included provided flight path planning minimizes the
exposure of such assets.

Hull loss (or crashing) within the corridor is not considered an aviation safety event, though it
may have economic implications.

Permission to operate within the corridor has been explicitly authorized. The geographical area
within the corridor may be owned by the UAS operator, or the UAS operator may have overflight
permission from the property owners.

The boundaries of the corridor are geospatially fixed. The maximum altitude is determined by
the upper boundary of Class G airspace or by the range limitations of supporting ground-based
systems (e.g., datalinks, radars, and navigation systems), whichever is lower. The lower boundary
is determined by terrain, obstructions, and line-of-sight limitations of supporting ground-based
systems.

These corridor attributes are generally consistent with those from the precision agriculture ConOps. The
primary differences between the precision agriculture and limited corridor ConOps are:

The nominal flight altitude, ceiling, and vehicle speed for corridor operations are higher than for
precision agriculture (where flights were typically slow and low, close to crop height, and limited
to 400 ft).



e The ability to control access to the corridor is weaker for corridor operations than for precision
agriculture because the range is substantially larger.

e The crew may not be in the same general vicinity for corridor operations, as they are in precision
agriculture operations. For example, some crewmembers may be located at the takeoff site, while
other crewmembers may be at the destination.

e There is more variability in payload considerations for corridor operations (e.g., both internal and
external cargo) than for precision agriculture.

A detailed description of the cargo delivery ConOps is given in Appendix A. That description includes a
case in point of cargo delivery through a limited corridor between Nuiqsut and Deadhorse, Alaska. A
description of the DP-14 and required systems and equipment is also included.

4.2. Results of the Second Resear ch Study

The steps taken in the second study to identify reasonable design requirements proceeded in similar
fashion as those in the original study. A functional and operational hazard assessment was conducted
using the information in the cargo delivery ConOps and system description of the DP-14, along with
hazard severity definitions tailored for UAS [9] and the hazard assessment from the first study. Hazards
that could cause harm to people or property were identified, including UAS-specific hazards associated
with the failure of aircraft functions and operational hazards associated with the cargo delivery operation
and crew. Traditional aircraft hazards such as loss of control and loss of navigation were considered.
Operational hazards related to the ConOps, such as loss of situational awareness (i.e., knowing what is
happening with the UA especially when it is BVLOS), were also considered.

The goal of the hazard assessment was not a definitive assessment of severity for each hazard, but a
broader evaluation of whether the potential consequences of a hazard necessitate a design or performance
standard comparable to those in Part 27. Only those hazards whose consequence was considered major,
hazardous, or catastrophic were included on the list of hazards that should be mitigated by design and
performance requirements for airworthiness certification. The primary hazards for the cargo delivery
ConOps, listed in Table 3, are essentially the same as those shown in Table 2 for the precision agriculture
ConOps, with a few modifications. For example, interference from the spray system is a hazard in the
precision agriculture ConOps. The comparable hazard for cargo delivery is interference or failure of
cargo-carrying equipment, such as a hook used to carry sling loads. Also, loss of or inadequate data
needed for the crew to perform their safety-critical functions was identified as a primary hazard for the
cargo delivery ConOps, given that the vehicle is BVLOS for most of the flight.

As in the first study, design requirements were identified to mitigate the hazards in Table 3. Part 27 and
the extended set of design requirements and rationale from the first study were used to produce the set of
design and performance requirements for the cargo delivery ConOps. Because the hazards are similar for
the precision agriculture and cargo delivery ConOps, most of the design requirements are also similar.
There are some differences, however. Changes in the design requirements were obviously needed to
safely convey cargo. Other changes can largely be attributed to differences between the two ConOps
regarding operational range, altitude ceiling, and speed. In particular, operations clearly BVLOS and with
an altitude ceiling extending several hundred feet above ground level likely need design and performance
requirements for controllability, maneuverability and stability, airspeed, and situational awareness beyond
those needed for ConOps where range is within VLOS, with a limited altitude ceiling.
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Table 3. Primary Hazards for Unmanned Cargo Delivery through Uninhabited Corridors

Hazards affecting thecrew’s

ability to perform their safety role

Hazardsthat pose harm to
any person

Hazardsthat affect aircraft safety
margins and functional capabilities

e Loss of C2 link used for
contingency management (e.g.,
flight termination)

e Loss of or degraded electrical
power in the ground control
station for contingency and
emergency functions

e Loss of or degraded electrical

power subsystems on the UA for

contingency and emergency
functions

e Loss or degradation of ground
control station capability (e.g.,
loss of displays) required for
contingency and emergency

e Loss of or inadequate
structural integrity in flight,
especially of the rotor system
(that could lead to release of
high energy parts)

e Failure to detect, alert or
warn, and avoid intruder
aircraft

e Failure to detect, alert or
warn, and avoid dynamic or
other obstacles on the ground

e Explosion in the powerplant
or fuel system in flight (that
could lead to release of high
energy parts)

e Failure to recognize and avoid adverse

environmental conditions

e Failure to stay within authorized

operational area (failure of flight
containment function)

e Failure to maintain adequate

controllability, maneuverability, and
stability (e.g., loss of vehicle attitude
control)

e Loss of UAS position and anti-collision

lights (loss of means to be seen by
other aircraft and crew)

o Failure of cargo-carrying equipment or

its interference with required UAS

. function.
functions

e Loss of or inadequate data for
safety critical functions

e Loss of pilot situational
awareness

e Loss of or degraded
communication between pilot and
crew

In total, only 15 of the Part 27 requirements were changed between the design set identified for unmanned
precision agriculture and unmanned cargo delivery. Two noteworthy modifications were also made to the
novel requirements—those not originating from Part 27. For example, additions were made to the novel
requirement for the safety-critical C2 links to address relay mechanisms and additional performance
concerns due to the extended range. An additional requirement was also created to address systems and
equipment to support pilot and crew safety roles. This novel requirement was motivated by hazards
affecting situational awareness. In the cargo delivery ConOps, the pilot and crew are dependent on data
provided by the UA and other supporting equipment for knowledge of the UA’s status, much more so
than for precision agriculture. Table 4 lists the significant differences between the set of design
requirements developed for the precision agriculture study and the cargo delivery study.

In summary, of the 260 numbered regulations in Part 27, only 17 were included as written in the set of
design and performance requirements for unmanned cargo delivery; 104 regulations were excluded
outright; 59 were slightly modified; and 80 were rolled-up by intent into the 4 less prescriptive
requirements for controllability/stability/maneuverability, structural integrity, and powerplant and
supporting systems. The original 4 novel requirements from precision agriculture were also included,
along with an additional novel requirement covering systems and equipment to support pilot and crew
safety roles. Appendix B contains the complete list of design and performance requirements for the
unmanned cargo delivery operation. Appendix C contains the assessment of each individual paragraph in
Part 27, including rationale for the assessment.
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Table 4. Changes in the Design Set between Precision Agriculture and Cargo Delivery

Requirements Affected by Changein the Assessment of the Assessment of the
ConOps Requirement for Unmanned | Requirement for Unmanned
Precision Agriculture Cargo Delivery
§27.691 Autorotation control mechanism . As is (i.e., reverted to original
. . Modified ’
§27.917 Design (Rotor Drive System) Part 27 text)

§27.1027 Transmission and gearboxes
§27.1303 Flight and navigation instruments
§27.1305 Powerplant limitations

§27.1583 Operating limitations

Modified Further Modified

§27.873 Ballast provisions As is (i.e., reverted to original
. S Excluded
§27.1503 Airspeed limitations: general Part 27 text)

§27.31  Removable ballast

§27.787 Cargo and baggage compartments

§27.855 Cargo and baggage compartments
(fire protection) Excluded Modified

§27.865 External Loads

§27.1327 Magnetic direction indicator

§27.1505 Never-exceed speed

§27.1545 Airspeed indicator Excluded Rolled-up

Safety-critical command and control links Newly created Modified

Systems and equipment to support pilot and

crew safety roles Not applicable Newly created

5. LessonsLearned

The overarching lesson learned from the cargo delivery study is the same as from the precision agriculture
study; namely that imposing current airworthiness standards on UAS is not straightforward. Differences
in operating environments, even where risk is minimal, can affect design and performance requirements.
In particular, this study showed that the increased distance traveled under BVLOS conditions and the
higher altitude ceiling affected the degree of controllability, maneuverability, and stability needed to
remain within its authorized operational volume, especially in contingency situations. Those factors also
affected the system’s dependence on automated systems and equipment needed to provide sufficient data
to the pilot and crew for situational awareness to perform their safety roles. The following subsections
describe additional lessons learned in the course of investigating design requirements to support the
airworthiness of unmanned rotorcraft used in low-risk operational environments.

5.1. Lesson Learned about Hull L oss

For some civil operations, hull loss may not be a safety concern, provided that sufficient systems and
equipment assure that the UA remains within an operational area that precludes harm to people and
property.

Most airworthiness standards for conventional aircraft are intended to ensure that hull loss or other
aircraft-specific failures that could entail harm to onboard passengers and crew are extremely improbable.
Since no humans will be aboard an unmanned aircraft in the foreseeable future, the loss of the UA does
not necessarily equate to human injuries or loss of life. Whether or not a safety hazard exists is
determined instead by whether the loss of the unmanned aircraft poses harm to persons or unacceptable
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harm to property on the ground or in other aircraft. The application of this observation to defining
airworthiness requirements for civilian UA that do not comply with the criteria of Part 107 is somewhat
new. In cases where persons and property both in the air and on the ground can be protected from impact
risks, hull loss may be considered acceptable from a safety perspective. In those cases, it is not necessary
to expect unmanned aircraft to have the same levels of safety and reliability as conventional aircraft. This
approach allows the focus of airworthiness certification to shift from the vehicle and associated systems
to equipment and operational procedures that ensure that persons and property in the air and on the
ground remain reliably separated from the UA under normal and contingency conditions.

In both studies, the safety of the UAS operations, even with a hull loss, was contingent on three
conditions. First, the operation of the UA must stay within a well-defined volume of airspace that is over
an unpopulated area (see section 5.5 for discussion of population). Second, the UA, like all aircraft must
maintain separation from other airspace users (e.g., conventional airplanes or rotorcraft, other UA, and
manned free balloons), because the operation cannot ensure that other aircraft will not enter the
operational volume. Finally, people and property outside, but nearby, the operational area must not be
harmed by the UA operation, even in contingency or failure scenarios. This includes situations where the
aircraft’s condition degrades such that high-energy parts could be ejected with sufficient force to exit the
operational area. Certain control system, powerplant or structural failures in flight could result in release
of high energy parts, as could impact with ground-based obstacles (e.g., trees, power lines, or silos.).
Release of high energy parts upon ground impact can be mitigated by designing an appropriate buffer
within the containment boundary.

Under these conditions, both research studies showed the potential for a significant reduction in
airworthiness requirements for a midrange UA engaged in a civil application. Ensuring that the UA
remained separated from persons and property in the air and on the ground required attention to:

e equipment and procedures that assure containment of the vehicle to a predefined operational area
that is unpopulated,

e equipment and procedures that assure separation from other aircraft, and

e equipment and procedures that assure separation from high-value ground-based assets that could
be harmed.

There are no airworthiness requirements in Part 27 that address these items since they represent functions
that are typically the responsibility of the pilot in a conventional aircraft. Hence, these issues were
suggested as topics for novel airworthiness requirements, as proposed in Appendix B.

It is important to note that hull loss may be an unacceptable economic prospect in some cases. If this is
true, trade-offs may be made between higher levels of reliability required of the UA to prevent hull loss
and the equipment requirements and operational limitations that result from an expendable vehicle
approach.

5.2. Lesson L earned about the Safety Role for the Pilot and Crew

A clearly defined safety role for the pilot and crew is essential to determining the systems and equipment
needed for ensuring safety of flight.

The overall safety of any UAS operation depends on the ability of the pilot and other crewmembers to
perform their safety roles in an effective and efficient manner. This straightforward observation is
specifically captured in the hazard severity definition for a catastrophic consequence that includes “failure
conditions that are expected to result in ... complete loss of the UAS crew’s ability to perform their safety
role.” [9] In conventional aviation, there is an expectation that the pilot’s role will be largely the same
regardless of aircraft type or operation. Changes to the pilot’s role due to differences in aircraft type or
operation are viewed as additions to the core set of knowledge and skills that all pilots are expected to
possess (e.g., license endorsements). In airworthiness regulations, this can be seen in that the most

13



sophisticated modern aircraft still retain the ability of the pilot to take manual control and the resulting
regulations for these sophisticated systems ensures the controls behave in the conventional manner. The
challenge for UAS is that, due to the nascent nature of the UAS technology, the “conventional” way to
operate one has yet to be defined. In addition, the wide variety of system architectures and operational
requirements may mean that no single pilot interface for all UAS and all operations is possible.

For the foreseeable future, UAS stakeholders, including UAS designers, integrators, infrastructure
providers, operators and customers, will make decisions that act to define the safety roles for the pilot,
other crewmembers, and automated systems. These decisions will be based on the risk profile of the
intended operation and the design features of the aircraft, as well as economic concerns. For example,
tradeoffs can be made between the quality (or even presence) of communication links and software
sophistication (i.e., autonomous capabilities).

At this point in the development of UAS, it is unclear what core set of knowledge and skills pilots (and
other crewmembers) will need to operate any UAS. Part 107 provides one set of pilot qualifications that
could be a starting point for developing this core set of UAS piloting knowledge and skills [1]. However,
these regulations are predicated on VLOS operations. It is unclear if this core set of knowledge and skills
will transfer to BVLOS operations, or, in a larger sense, if a single set of knowledge and skills will ever
exist for all UAS. Thus, at this point, and perhaps in the future, as part of the definition of the operation,
the pilot and other crewmembers must have a clearly specified safety role. This safety role encompasses
the decisions to be made, the actions to be taken, and, critically, the information upon which these
decisions are based. With these safety roles clearly delineated, training material for pilot and crew can be
developed, along with more detailed requirements on the systems and equipment to support these roles.

5.3. Lesson Learned about Communication Systems and Equipment

Airworthiness requirements for communications links are impacted by (1) the means by which the
communications link is implemented and (2) the location and nature of the parties communicating.

General aviation (GA) aircraft flying under Visual Flight Rules (VFR) in certain classes of airspace can
operate without a very high frequency (VHF) radio for voice communications with air traffic control
(ATC). Since these radios are not required, a GA aircraft can obtain an airworthiness certificate without
one. Pilots are permitted to obtain a non-certified radio to communicate with ATC, although these radios
must still comply with regulations related to general radio transmissions [18]. In addition, pilots
communicating with ATC over any radio (airworthiness certified or not) are still required to use a
particular form for information being transmitted (e.g., specific air traffic phraseology) that is rigorously
proscribed by FAA regulation (e.g., by FAA Joint Order 7110.65W [19]). Data link communication
between aircraft and ground facilities is far more regulated (e.g., FAA Advisory Circulars 20-140B and
20-149B) [20, 21]. In this case, both the form of the information being transmitted, as well as the means
by which it is transmitted are regulated. One of the primary features that distinguish
datalink communication from voice ATC communication is that datalink communication
generally occurs between two automated agents.

In both research studies, the distinction between human and automated communication was found to be
more relevant than the distinction between air and ground communication. Communications in UAS
operations may occur in several different ways; e.g., between human-automation, automation-automation
and human-human pairs. The FAA’s current communication philosophy described above was mirrored in
determining requirements for the various UAS communications. That is, design requirements were
proposed for systems and equipment supporting communications between humans (the crew, which is
ground based) and automation (the UA) or automation-to-automation. But, no design requirements were
proposed for communication between human agents (crew)—although they are still subject to operational
requirements.
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For instance, the ability of the pilot-in-command to have adequate state and intent knowledge of the UA
for BVLOS cargo delivery relies heavily on the quality and bandwidth of the communications link
between the UA and the GCS. Since the UA and GCS represent two automated agents, one of which is
airborne, design requirements were specified on the type of information, as well as the means by which
the information is transmitted (see the requirement for Safety-critical C2 links in Table B2 in Appendix
B). However, for extended VLOS operations in precision agriculture spraying, visual observers can
directly observe the UA and then communicate the state of the UA and surrounding airspace to a pilot-in-
command. This communication may utilize means such as walkie-talkies to transmit vehicle state and
environmental information between two human agents. In both studies, an assumption was made that
these communications devices may be subject to Federal Communications Commission (FCC) standards,
but they may not be subject to airworthiness regulation. That assumption should be validated as more
data becomes available. Note that there may still be operational requirements on the type of information
to be transmitted (e.g., phraseology), but that was beyond the scope of the studies.

5.4. Lesson Learned about Vehicle Weight

For many concepts of operations, vehicle weight has a minimal influence on design and performance
reguirements.

Generally speaking, the severity of an incident or accident of a conventional aircraft increases with the
weight of the aircraft, since aircraft weight correlates with the number of potential passengers onboard.
For that reason, weight is a primary factor in designating safety-related standards (like airworthiness) for
different categories of conventional aircraft. Weight, or weight combined with airspeed in a kinetic
energy assessment, has also been proposed as a primary factor used in assigning risk classes to UAS [22].
For UAS, however, the connection between vehicle weight or kinetic energy and harm to persons is not
quite the same as for conventional aircraft, since UAS have no persons onboard.

An unmanned aircraft can pose physical harm to persons in three main ways: (1) by colliding or causing
an incident or accident with a conventional aircraft, (2) by colliding directly with persons or objects (e.g.,
buildings) affecting persons on the ground, or (3) by releasing high-energy parts that strike persons or
property on the ground. All three instances require the vehicle to be in flight and in proximity to people
or high-value assets. For some types of UAS missions, however, flights may be limited (e.g., through
operational limitations or automated systems) to a geospatial area that is unpopulated; that is, flight is not
in direct proximity to people. Using UAS for precision agriculture or cargo transport through uninhabited
corridors, as described in the research studies, are examples of UAS applications that can be successfully
conducted in unpopulated areas. For those ConOps, neither weight nor kinetic energy had a noteworthy
influence on the assessment of design and performance criteria. Instead, the primary influences were
operational characteristics—specifically, the fact that the operational environment was constrained to a
defined volume of airspace over an unpopulated area with limited public access and limited expected air
traffic. These results support an operation-centric approach to assigning risk classes to UAS and highlight
the impact of geospatial containment on airworthiness considerations for UAS.

It is important to note that weight does have a significant impact on the business cases. If more cargo or
agricultural inputs can be carried, the operation often becomes more economically efficient. Fewer flights
with heavier aircraft may subject the general public to less noise, emissions, and other inconveniences.

5.5. Lesson Learned about Accessto the Operational Volume

For UAS operations confined to an uninhabited operational volume, the ability to control access to that
volume by parties not connected to the operation significantly impacts the airworthiness requirements.

Airworthiness requirements for UAS operations should be based on the risk that they present to the
general public. For highly controlled operations, such as precision agricultural spraying, where the UA
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can be confined to a fixed volume of compact size, it may be possible to clear the area of human presence.
While the UA is in operation, operational procedures can be used to ensure the overflown area remains
clear of persons, and thus crashing the vehicle is no longer a hazard (as described in section 5.1). Thus,
the ability to control access to the operational volume dominates the risk posed to the general public, and
not any particular characteristic of the vehicle itself (nor its airworthiness). This is conditional upon the
assumption that the UA remains contained in its predefined volume.

However, once access to the operational volume is relaxed, such as through porous boundaries or large
(non-compact) areas where access is difficult to restrict, the risk posed to the general public by a crash of
the vehicle increases. In ConOps where crashing is considered acceptable, individuals who enter into the
operational volume during vehicle operations are at a higher risk of harm, thereby increasing public risk.
Thus, additional means of area clearance and boundary control must be enacted through operational
procedures or restrictions, or design requirements must be employed to decrease the risk that a vehicle
crash may cause harm to persons on the ground. Determining the level of acceptable risk to the public
requires research and validation beyond the scope of this study.

5.6. Lesson Learned about Operational Altitude

Increasing operational altitude increases the likelihood and severity of hazards associated with the
gjection of high-energy parts and the hazard associated with loss of separation with other aircraft.

The UA’s operational altitude directly impacts vehicle structural requirements, stability, controllability
and maneuverability requirements, as well as powerplant and supporting systems requirements. For UA
flying low to the ground prior to a crash or explosion event, any parts ejected will have a low potential
energy, which will result in a smaller crash footprint than if the vehicle were flying at a significantly
higher altitude. In the precision agriculture study, where the UA nominally operates in close proximity to
the ground, only a small fixed set of design requirements pertaining to structural and controls issues was
proposed to mitigate the risk posed by limited flight at higher altitudes to circumnavigate obstacles.

For cargo delivery in class G airspace, the vehicle is more likely to maintain a higher altitude during
flight, thereby requiring further design requirements (and possibly autorotative capability) to mitigate
hazards that lead to releasing high energy parts. In general, for flights at higher altitude, the risk posed by
the ejection of high energy parts may not appreciably increase beyond a certain threshold. However, the
risk posed by the interaction of the vehicle with other air traffic increases greatly as altitude increases.
Thus, some demarcation of altitude within class G airspace (low to the ground vs. substantial elevation
above ground height) may be useful in determining the need for design requirements related to risks
associated with the ejection of high energy parts. Such a demarcation may not be useful for hazards
associated with loss of separation with other aircraft. For those hazards, understanding of traditional
operational heights for conventional aircraft (above 500 ft for rotorcraft and above 1000 ft for fixed wing)
may be more useful.

6. Summary

In the pursuit of enabling UAS to routinely access the national airspace system, much attention has been
devoted to two ends of the multi-dimensional spectrum of UAS. At one end are small UAS weighing less
than 55 Ib that pose limited risk to people and property. For those UAS, regulatory requirements such as
those in Part 107 concentrate on operational limitations. At the other end of the spectrum are large UAS
intended for more traditional aircraft operations with risk equivalent to conventional aircraft. Regulatory
requirements for those UAS are expected to be similar to certification criteria for conventional aircraft
with additions for communication links and detect and avoid systems. That leaves a gap in attention to
those UAS that fall in between these two extremes; i.e., UAS with substantial capability, but with size,
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weight, and power limitations and reliance on non-pedigreed components. A primary goal of the
airworthiness studies described in this report was to help address that gap.

There is a growing recognition that the risk associated with UAS that fall within this gap is very
dependent on the operational context. That is, risk to people and property from a UAS performing one
type of operation may be very different from the same UAS performing that same or similar operation in
a different environment. Understanding the operational hazards is essential. Hence, regulatory
requirements need to be operation specific or specific to categories of operations that share the same or
similar hazards and mitigation obligations. Toward that end, the principal contribution from the two
airworthiness studies is a unified set of design and performance requirements for midrange unmanned
rotorcraft operating in a low-risk environment. These requirements could be used as a starting point for
industry and regulators to establish specific requirements for UAS operations similar to and including
precision agriculture and cargo delivery—where all operations are within an unpopulated operational
volume.

This work also includes two detailed concepts of operations, one for precision agriculture and one for
cargo delivery. These ConOps are sufficiently detailed to enable hazard analysis to be performed, design
requirements to be developed, and the safety roles for pilot and crew to be defined. These ConOps may
also provide a framework for the development of other low-risk ConOps, such as railroad or pipeline
inspection with midrange UAS that may share similar hazards.

Other notable contributions from this work include:

e Identification of vehicle and operational factors that may be useful in the eventual classification
of UAS [23].

e Identification of hazards for unmanned rotorcraft (namely, loss of rotor system integrity and
powerplant explosion) that can lead to release of high energy parts that could pose harm to
people, and specification of preliminary design and performance requirements to mitigate those
hazards. While these hazards are covered in the design requirements for conventional rotorcraft,
they may not be readily acknowledged as important in low-risk operations.

e Specification of preliminary design and performance requirements for novel UAS technologies,
including requirements for

o Remaining within a designated operational volume

Systems and equipment that support the safety role of the pilot and crew

Detecting and avoiding other aircraft

Detecting and avoiding ground-based obstacles

Safety-critical command and control links

O 0O 0O

Altogether, the research results from the two airworthiness studies support a small step in advancing the
development of standards and regulation for UAS that fall in the ill-defined middle of the multi-
dimensional spectrum of UAS.
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Appendix A: Concept of Operationsfor Unmanned Cargo Delivery through
Uninhabited Corridors

This concept of operations (ConOps) describes aircraft and operational aspects of cargo delivery through
uninhabited corridors in remote or sparsely-populated areas using a midrange unmanned rotorcraft. The
economic objective is to allow for the delivery or retrieval of goods or supplies in remote locations, when
other means of transportation are not possible or practical. This ConOps was based on the ConOps for
unmanned precision agriculture used in the first airworthiness research study [9]. A cornerstone of the
precision agriculture ConOps was reliably containing a UA’s operation within a well-defined volume of
airspace that was restricted in altitude and inhabitants. The cargo delivery ConOps effectively extends
both the vehicle’s operational range and altitude beyond that assumed in the precision agriculture ConOps
(i.e., extending the operational volume). Characteristics that are critical to limiting risk to aircraft, people,
and property in proximity to the operation are also retained (e.g., the operational volume is unpopulated,
has limited access, etc.).

The limited cargo delivery operation described here assumes a UAS that employs systems and equipment
appropriate for midrange UAS and ground-based equipment for sense-and-avoid, containment, and
command and control. The limited corridor consists of a volume of airspace purposely designed to avoid
overflight of people and high-value ground assets. Corridors extend from designated (pre-approved)
launch sites to designated landing zones, through Class G airspace only. Figure Al illustrates a generic
limited corridor with associated ground equipment to support detection of intruder aircraft and assured
containment of the UA.
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Figure Al. Illustration of the ConOps for Unmanned Cargo Delivery

The concept relies heavily on the general remoteness of the area to reduce the likelihood of humans and
critical infrastructure in the corridor. The concept allows traditional methods, such as fences, to restrict
physical access in areas where people may be close to the corridor. Gates or checkpoints can be used at
common access points (e.g., roads) to limit entry. While the case illustrated in Figure Al has a single
origin-destination pair, additional pickup and drop-off locations are allowed within the corridor provided
each location meets the equipment and/or personnel requirements assumed in the hazard analysis.

The objective of this ConOps is to provide a sufficient description of the proposed UAS, its operation,
and the operational environment to allow identification of relevant aviation safety hazards and their
mitigation.

20



Al. Characteristics and Assumptions

This ConOps assumes that the UAS will require an airworthiness certificate. That is, the UAS and its
operation are assumed to exceed criteria necessary to conduct commercial operations under FAR Part 107
or Section 333 exemptions (e.g., weight, speed, BVLOS operations, etc.). A commercial service provider
will operate the UAS, similar in concept to conventional package delivery services. The service provider
will be responsible for (1) using an appropriately certificated UAS, (2) obtaining appropriate operational
approvals from relevant federal, state, and local authorities, and (3) selecting, training, and maintaining
qualifications for all crewmembers required by the operating certificate. Characteristics and assumptions
about the UAS, the pilot and crew, the cargo delivery operation, and the operational environment are
listed in Table Al.

Table Al. Characteristics and Assumptions Important to the Cargo Delivery ConOps

Characteristics and Assumptions about the UAS based on the DP