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Abstract—Detect and avoid (DAA) all other aircraft is a critical
component to enable small unmanned aircraft system (sUAS)
beyond visual line of sight (BVLOS) operations. Derived from the
version of Airborne Collision Avoidance System X (ACAS X) for
large UAS (ACAS Xu), a new member of the ACAS X family for
sUAS (ACAS sXu) is being developed by the Federal Aviation
Administration’s (FAA’s) Traffic-Alert and Collision Avoidance
System (TCAS) Program Office. ACAS sXu is intended to provide
both collision avoidance (CA) and remain well clear (RWC)
capabilities with both vertical and horizontal advisories for the
remote pilot in command (RPIC) and/or automated response
system onboard the aircraft. ACAS sXu is envisioned to utilize a
standard logic to serve sUASs with different equipages and
operating in different airspace domains. The standard ACAS sXu
logic may be hosted either in the embedded environment on board
the sUAS vehicle or in a Cloud environment such as a UAS traffic
management (UTM) Service Suppler (USS) platform. It may be
integrated with surveillance sources such as Automatic Dependent
Surveillance-Broadcast (ADS-B), the anticipated remote
identification (remote ID) tracking, networked/shared telemetry,
airborne surveillance radar, and ground based surveillance radar,
for both cooperative and non-cooperative intruders. To
demonstrate proof of concept, gather surveillance data, verify
simulation environment, and characterize early logic
performance, the FAA and industry partners integrated DAA
systems featuring the ACAS sXu logic Version 0, in both
embedded environments and a Cloud environment, and
successfully conducted a week-long flight test in October 2018 at
the New York UAS Test Site in Rome, NY. This paper presents the
integration of the sUAS DAA on a miniaturized avionics platform
and flight test with a fixed-wing sUAS platform.
Keywords—Airborne Collision Avoidance System X (ACAS X),
Automatic Dependent Surveillance-Broadcast (ADS-B), avionics,
detect and avoid (DAA), flight test, Small unmanned aircraft system
(sUAS), surveillance.
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I. INTRODUCTION
Detect and avoid (DAA) all other aircraft and yield the
right-of-way to all aircraft, airborne vehicles, and launch and
reentry vehicles is a critical component to enable small
unmanned aircraft system (sUAS) beyond visual line of sight
(BVLOS) operations [1]. Although several different DAA
concepts have been developed in the past, such as the Air
Force’s Multiple Sensor Integrated Conflict Avoidance
(MuSICA)/Jointly Optimal Conflict Avoidance (JOCA) [2] and
the National Aeronautics and Space Administration’s
(NASA’s) Detect and Avoid Alerting Logic for Unmanned
Systems (DAIDALUS) [3], there is a gap in providing a
standardized DAA capability for sUAS. Derived from the
version of Airborne Collision Avoidance System X (ACAS X)
for large UAS (ACAS Xu), the Federal Aviation
Administration’s (FAA’s) Traffic-Alert and Collision
Avoidance System (TCAS) Program Office is developing a
new member of the ACAS X family for sUAS (ACAS sXu) to
fill this gap.
To demonstrate proof of concept, gather surveillance data,
verify simulation environment, and characterize early logic
performance, the FAA and industry partners formed a team to
integrate DAA systems featuring the ACAS sXu logic, in
embedded environments onboard sUAS vehicle platforms and
a ground-based Cloud environment in a UAS traffic
management (UTM) Service Suppler (USS) platform, and
successfully conducted a week-long flight test in October 2018
[4]. In addition to the FAA TCAS Program Office, the partner
team included the Johns Hopkins University Applied Physics
Laboratory (APL) (ACAS sXu), Massachusetts Institute of
Technology (MIT) Lincoln Laboratory (ACAS sXu), the
General Electric (GE) team (airborne/ground system
integration, USS platform, avionics, and fixed-wing sUAS and
flight operations), which included GE Global Research, GE
Aviation Systems, and AiRXOS, Fortem Technologies
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(airborne system integration, airborne radar, and multirotor
sUAS and flight operations), the Northeast UAS Airspace
Integration Research Alliance (NUAIR) (test site and manned
intruder aircraft), Griffiss International Airport (RME) in
Rome, NY (test range), AX Enterprize (surveillance data), and
Gryphon Sensors (ground radar).
The remainder of the paper reports the integration of ACAS
sXu on a GE miniaturized avionics platform, system integration
test, and the flight test with GE’s fixed-wing sUAS, as outlined
below. A companion paper [5] presents the assessment and the
safety case of the ACAS sXu.
II. ACAS SXU LOGIC DEVELOPMENT
ACAS sXu [5] like other ACAS X variants contains a set of
logic and a series of numeric lookup tables that encode much of
the decision making information. These tables are optimized
offline, prior to being loaded onto the platform, in a compute
intensive surrogate modeling process. This process uses a set of
trajectory profiles across a number of airspaces along with an
appropriately weighted objective function to compute the tables
as part of a Markov Decision Process. For ACAS sXu version
0, the tables from the large Xu system were used without any
re-tuning. However, range and speed indexing were
independently scaled to account for the sUAS dynamics. In
addition, the tables were downsampled such that the overall
memory footprint was appropriate for the test platforms. This
downsamping was performed in conjunction with simulation to
ensure safety and operational suitability metrics were not
compromised.
The tables are flown with accompanying DAA software,
which is written in Julia. The complete Julia is documented as
the sXu Algorithm Design Description (ADD) [7], and includes
a parameter file that details the dozens of parameters which tune
the real-time software portion of the system. In going from Xu
to sXu, the active surveillance, transponder data and
coordination entry points were removed as that functionality
was not required (however future sXu versions will likely
restore some of those functions as the concept and sUAS
landscapes evolve). A ground surveillance report was added to
facilitate the use of ground sensing networks as well as other
pre-tracked 3D position data sources.
ACAS sXu includes features unique to its concept of use.
Rather than including separate remain well-clear (RWC) and
collision avoidance (CA) functions, sXu includes a single level
of alerting and guidance, with the separation volume scaled
based on intruder type. ACAS sXu includes real-time dynamic
scaling, meaning that the separation volumes provided by the
system can be adjusted in real-time based on system inputs and
states. The ACAS sXu development team is working within the
ASTM International’s Committee F38 on Unmanned Aircraft
Systems, RTCA Special Committees 147 and 228, and the UAS
Science and Research Panel (SARP) to inform the scale factors,
protection volumes and safety metrics of the final system.
III. DEMONSTRATION SYSTEM
Figure 1 depicts the integrated system deployed and
demonstrated during the October, 2018 flight tests. The test
aircraft, an 84” fixed-wing Bushmaster from Legacy Aviation,
was equipped with GE Aviation’s low SWaP avionics
computer. The ACAS sXu logic was integrated onto the

avionics computer’s software stack and existing air-ground
datalink and ground control station (Section III-B).

Fig. 1. Demonstration System

In total 33 sorties involving unmanned ownship and intruder and
4 sorties with unmanned ownship and manned intruder (Piper
Cherokee) were flown with no safety violations. During the
cooperative encounters, the ADS-B reports were fed into the
ownship ADS-B receiver, and the reports were then processed by
an ADS-B service that GE created and hosted on the M100
(Figure 2). The integrated ADS-B service formatted the ADS-BIn reports in a format that could be consumed by the onboard
ACAS sXu logic. The ACAS sXu logic then generated advisories
(Clear of Conflict. Weak Left, Hard Left, Weak Right or Hard
Right). The ACAS sXu advisories were then transmitted to a
ground control station (GCS) where the pilot in command (PIC)
could choose to execute the advised collision avoidance
maneuver. We also flew sorties where the intruder did not have
an ADS-B transmitter. For the purposes of this test we referred to
these types of intruders as non-cooperatives. The tracks of the
“non-cooperatives” were generated by both ground based radar
and telemetry data transmitted from the intruder to its ground
control station. The “non-cooperative” intruder tracks were then
fed to the AiRXOS USS, which were then sent to the ownship
GCS for transmission to the ownship Bushmaster as inputs to the
ownship’s airborne ACAS sXu logic.
A. The M100 Miniaturized Avionics Platform
GE has developed a new family of open and scalable systems
targeted at the next generation UAS platforms. One instantiation
of this family is the M100 which provides an integrated
complement of powerful computing resources to satisfy both
vehicle and mission processing functions while minimizing
SWaP and cost. This highly integrated system weighs just 24
ounces, is 6.5"×3"×1.5" and incorporates all functions necessary
to not only fly and navigate a vehicle but also conduct a
considerable amount of mission processing at the edge (i.e.
onboard).
The M100 is built upon state-of-the-art System on Chip
(SoC) technology, with the ‘horsepower’ to perform onboard
sensor processing, software defined radio functions such as
signals intelligence (SIGINT), datalink and communications, host
autonomy applications, while performing real-time flight control
and navigation functions. It includes an internal, 10 DOF
navigation sensor package and a dual GPS receiver. The 10 DOF
includes 3x Gyro, 3x Acceleration, 3x Magnetometer and
Barometric Altimeter.
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B. System & Software Architecture
Figure 2 depicts ACAS sXu and other necessary functions as
secure containerized services hosted on the M100 along with the
required integration with platform services.
The majority of mission and flight management services are
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Fig. 2. System and Software Architecture

hosted on a secure embedded container operating system (OS).
The OS is built with the Yocto project and contains all
required services and device drivers to support onboard
applications. The OS has been hardened from a security
perspective and provides a small footprint option with limited
attack surface.
The decision-making logic for the ACAS-sXu service
execute on the OS. They are deployed as Linux containers
which aids in portability to other embedded or enterprise (e.g.
UTM) systems. Surveillance and collision avoidance services
are implemented as a Robotic Operating System (ROS) nodes
to allow easier integration with commercial and open-source
based platforms. Support services for receiving track
information from ADS-B and ground-based radar FORTEM,
feed track reports to the ACAS-sXu service. ACAS sXu
would then generate alerts based on the decision logic
described in the previous section. The services for managing
and sharing data with the rest of the platform services hosted
on the airborne embedded system as well as ground-based
systems (GCS) are implemented as Linux containers and use
ZMQ as the messaging layer.
Lastly, an autopilot developed by GE Aviation Systems is
hosted on FreeRTOS running on an R5 lockstep cluster which
is also part of the SoM embedded system. The SoM also
includes 2 FPGAs, one of which hosts a safety control logic
for managing contingencies.
C. Sensor Integration
For the purposes of the October 2018 ACAS sXu flight
tests we used uAvionix Ping 2020i ADS-B transceiver. The
ownship and intruder aircraft were both equipped with a Ping
2020i. During the cooperative encounters, the ADS-B reports
were fed into the ownship ADS-B receiver, and the reports
were then processed by an ADS-B service that GE created and
hosted on the M100 avionics architecture depicted in Figure
2. The integrated ADS-B service formatted the ADS-B-In
reports in a format that could be consumed by the onboard
ACAS sXu logic. The ACAS sXu logic then generated
advisories (Clear of Conflict. Weak Left, Hard Left, Weak
Right or Hard Right). The ACAS sXu advisories were then
transmitted to a ground control station (GCS) where the pilot

in command (PIC) could choose to execute the advised
collision avoidance maneuver.
IV. FLIGHT TEST AT THE NEW YORK UAS TEST SITE
The October 2018 ACAS sXu flight tests were
conducted at the New York UAS Test Site (NYUASTS) at
Griffiss Airport in Rome, NY (RME).
The NYUASTS maintains COAs that allow large UAS to
fly within the airspace volumes from more than 7,000 square
miles of diverse airspace above varied terrain extending to
Flight Level (FL) 250, and FL750 upon request.
Additionally, sUAS can be flown anywhere within the RME
Class D, SYR Class C, and Class G Airspace nationally up to
1200’ AGL within visual line of sight. The Test Site offers 1
SRC LSTAR radar, 1 Saab Sensis ASDX SMR, 1 Gryphon
Sensors R1400 radar, all located at RME. Additionally, 1
R1400 located at NYS HLS Training Center 6 miles south of
RME, 6 Saab Sensis Wide Area Multilateration (WAM)
sensors scattered around the RME Class D. Command Center
w/visualization tools that fuse all above sensor data into
flight picture. 12,000 ft 200 ft runway, numerous hangars of
varying size, expansive aprons (former B-52 base), Contract
Control Tower at RME.
During the flight tests the ownship and intruder aircraft
were tracked via one or more of the ground-based radars
V. OBSERVATIONS AND LESSONS LEARNED FLIGHT TEST The
list below summarizes the flights that were conducted some
of the observations made during the testing
•

33 unmanned vs. unmanned sorties, no safety
violations

•

4 unmanned vs. manned sorties, no safety
violations

•

Automatic and manual advisory response
demonstrated

•

Low air-to-air ADS-B reception probabilities
(ADS-B was used as only a proxy to a future V2V
link technology). Future versions of sXu will
include a generic V2V entry point to enable the
use of any number of solutions for cooperative
communications appropriate for DAA.

•

Air-to-ground ADS-B reception was near 100%.
Recycling these receptions into airborne data
recordings allows playback and analysis of the
logic performance despite the poor air-to-air
cooperative surveillance

•

Encouraging non-cooperative surveillance
effectiveness against manned and unmanned
intruders.
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VI. FUTURE DIRECTIONS
In future work, we plan to train a DNN (Deep Neural
Network) on the look up table (LUT) associated with ACAS
sXu. Stanford University has demonstrated that one technique
for dramatically compressing the large numeric lookup table
that constitutes the logic expression for ACAS Xu is to train a
Deep Neural Network (DNN) to find a robust non-linear
function approximation that represents the lookup table (LUT)
[8]. It has also been shown that the DNN approximation of
ACAS Xu performs better on certain safety metrics than does
the LUT [8], and can significantly decrease the amount of
storage. We believe that the DNN version of ACAS sXu will
achieve similar improvements while reducing the amount of
required storage. To further increase the trust-worthiness of
DNNs, we will leverage the state-of-the-art satisfiability
modulo theory [9] [10] [11] – Marabou [12] solver to perform
robustness verification on the DNNs and form a formal proof
that the network always behaves as intended, and will perform
a flight-test again with the verified DNNs. However, much
effort remains to demonstrate that ACAS sXu is safe and
certifiable. This year GE Research in collaboration with
Stanford University will train a DNN on the LUT associated
with ACAS sXu. In addition, we will attempt to build a safety
assurance case that could be used to prove several safety
properties of the DNN manifestation of ACAS sXu. We will
formally verify some properties of the ACAS sXu DNN using
the Marabou tool being developed at Stanford. In order to
generate more evidence of safety, especially for properties that
cannot be formally proven, we will apply a robustness testing
technique. Also, we will integrate and flight test the ACAS sXu
DNN both in simulation and in actual flight tests with ACAS
sXu integrated into GE’s M100 avionics platform designed for
small UAS with encounters to be flown on GE Research’s small
fixed wing test aircraft. We will apply an Adaptive Stress
Testing (AST) technique to identify near mid-air collision
(NMAC) encounters that stress the ACAS sXu logic. By flying
these stressful NMAC encounters in simulation and in actual
flight tests we will generate additional evidence of safe
operation. All of the safety artifacts generated via the various
means described will be assembled as evidence in a safety
assurance case [13], [14] which will be constructed according
to the rules of Goal Structuring Notation (GSN) [15]. A safety
assurance case can be used to prove safe operation of safety
critical software and is being considered as an alternative to the
prescriptive DO-178 C process for generating and assembling
safety evidence used to certify flight safety critical software.

VII.

SUMMARY

The ability for sUAS to detect and avoid all other aircraft is
critical to enabling BVLOS operations and the large-scale
integration of sUAS into the National Airspace (NAS). GE
along with the FAA TCAS program office and other partners
were the first to integrate and flight test the ACAS sXu version
0 logic, an important first step. GE plans to continue to work to
integrate and flight test the ACAS sXu version 1, while
working with Stanford University to implement the ACAS sXu
v1 logic as a Deep Neural Network and to integrate and flight
test the DNN logic as well as the original lookup table. The
implementation of ACAS sXu version 1 results in a size
reduction of 1000x and also offers the ability to apply new
methods of formal verification and robustness testing using the
Marabou tool under development at Stanford. We expect that
the eventual certification of the ACAS sXu logic will benefit
from the generation of evidence from a number of sources
including simulation, flight testing, and formal verification of
safety properties of the logic. We also expect that the
generation of safety assurance cases using such techniques as
Goal Structuring Notation (GSN) will be an important new tool
for achieving affordable and scalable certification of UAS for
BVLOS operation and operation in the NAS.
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