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Abstract: 
Autonomous aircraft systems have testing requirements that are distinct from traditional manned 
and unmanned aircraft.  In traditional aircraft testing, the airworthiness is predicated on the 
ability of an aircrew (test pilot or operator) to safely control the vehicle through the test 
envelope.  Autonomous aircraft, conversely, are designed to obviate the need for 
human-in-the-loop controls, so traditional airworthiness paradigms are not sufficient.  
  
Rockwell Collins and the University of Iowa’s Operator Performance Laboratory (OPL) have 
developed a Live, Virtual, Constructive (LVC) enabled testing environment that bridges the gap 
between traditional test methods and the highly innovative development environments used to 
produce autonomous vehicle technology.  The environment we describe is a single integrated 
set of reconfigurable LVC-enabled resources that host the entire spectrum of testing, from 
development and integration tests through human-factors evaluations and final operational flight 
tests. Our LVC environment allows seamless transition between 1) lab or benchtop testing of 
individual components, 2) sub-system or system-wide simulation of multiple components, and 3) 
sub-system or system-wide testing on live aircraft without impact to software.   
  
This paper describes how the LVC environment reduces program risk by decoupling software 
and hardware dependencies, including allowing application testing before hardware availability. 
 We also describe the applicability of these features to autonomous aircraft, including the need 
to exploit late-stage innovation that frequently occurs in research and development. 

Autonomy Development Challenges 
The test and evaluation (T&E) of autonomous aircraft systems are bringing new challenges to 
our traditional methodologies. Old paradigms for manned or automated systems cannot address 
all the T&E issues these systems present. This change in the landscape requires a new test and 
evaluation paradigm, which can be addressed by existing Live, Virtual, Constructive (LVC) 
technologies.  
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Developers of autonomous aerial vehicles are confronted with new challenges for bringing their 
systems to market, including:  
  

● Regulatory Restrictions:  
  
A unique challenge that autonomous aircraft face is regulatory approval, especially in 
this stage of continuously developing guidance from regulatory bodies.  While the US 
Department of Transportation has recently released policy for “automation in vehicles,” it 
was developed by the National Highway Traffic Safety Administration and applies only to 
automobiles. The FAA has been much more circumspect and restrictive in its rulings. 
 Depending on the nature of the autonomous operation and the particular aircraft, it may 
be simply impossible to obtain permission to perform the flight from the regulatory body, 
or the process to obtain the approval may approach or exceed the duration of the 
project.  These challenges may lead to significant schedule delays or project 
cancellation.   
  

● Flight Test Complexity:  
 
Autonomous aircraft flight tests are more complex than manned flight tests and standard 
remote-controlled flight tests of UASs.  While unmanned (remote controlled) UAS testing 
moves the aircrew from the air to the ground, autonomous systems replace the aircrew 
altogether.  Although remote vehicle operators, through backup control systems, may be 
able to mitigate certain risks during test flights, the lack of continuous human-in-the-loop 
control adds new wrinkles to an already complex test environment.   
  
On the physical side, integration on the aircraft at the airfield is costly due to technical, 
environmental, and logistical challenges.  Radios or GPS may not perform well at the 
site, weather may not cooperate or may create unanticipated thermal issues, and it may 
be difficult or impossible to coordinate the schedules of all those involved with the flight 
testing.  Exceedingly long hours put in by engineering to deal with last minute issues 
may result in significant budget overruns.  In short, the more preparation and integration 
testing that can be performed prior to integrating at the airfield, the fewer issues will 
occur and the better the chances of a successful flight test. 
  

● Computational Resources: 
  

Autonomous aircraft will always need to take advantage of the latest advances in 
hardware due to the underlying complexity of the software. This implies that the 
hardware target will change through the development and integration phases.  Early 
stage development of the autonomous algorithms is typically performed on desktop or 
server class hardware and later optimized for hardware to fit within the vehicle size, 
weight and power constraints.  In our recent efforts, for example, we are developing 
machine learning techniques on high-performance GPUs to enable quick exploration of 
possible solutions.  After identifying the appropriate algorithms and parameters, we 
determined the hardware required to achieve performance requirements in flight.  It may 
be months before this hardware is completed, pushing risk into the integration and flight 

2 
 



test phases of a project -- the most expensive time to find an issue due to the rework 
required for all previous phases of a project.  Any T&E approach for autonomous 
systems must be tolerant of late arrival of hardware without completely disrupting the 
development and integration cycle. 

  
● Lack of Human-in-the-Loop:  

  
In human-in-the-loop systems, the human can respond to anomalies in the test process, 
making control inputs necessary to recover the vehicle. In autonomous systems, the 
human may not have the needed situational awareness to assume control quickly 
enough, making it much harder to safely recover the vehicle should the autonomous 
behavior not function correctly.  Even with line of sight, a remote pilot must cope with the 
danger of disorientation or incorrectly identifying the aircraft’s orientation, especially with 
respect to hazards. 
  
In human-in-the-loop systems, the aircrew can also identify and avoid obstacles. 
Autonomous systems do not typically provide the needed sensory input for humans to 
participate in the timely identification and avoidance of such hazards.  If demonstration 
or operational context includes proximity to obstacles that create hazards (such as 
towers or other aircraft), it may be very risky to test in the presence of these hazards 
before the system has been fully characterized.  

  
● Iterative Design & Integration and Late Stage Innovation 

  
The fast-paced changes in machine learning and artificial intelligence and the 
exploratory nature inherent in many of the methods clash with a traditional development 
and testing models where a top-down design is known a priori and a test program is 
designed well in advance.  Traditional processes bring a set of integrated capabilities 
through test and evaluation together. The natural outcome of this approach is that 
modifications to the system, except to correct deficiencies, is discouraged.  For 
autonomous systems, innovation is occurring at a rate that precludes a waterfall T&E 
approach.  A more appropriate T&E approach for autonomous systems would allow 
iterative integration as innovations occur, and would avoid the overhead typically 
imposed by the need for a exhaustive set of regression tests.  
  
The pace of innovation also precludes a final implementation until much of the 
development and testing is complete. Machine learning, for example, often requires the 
collection of large sets of data that are processed off-line to generate the autonomous 
algorithm or parameters. The maturity of the solution evolves over time, and it is 
important to be able to include the most “highly-trained” solution available.  In some 
cases, it may not be possible to produce trained, fieldable components until late in the 
development process.   

  
The ability to perform testing of multiple components iteratively in a realistic environment can 
help to (1) improve safety, (2) decrease risk, schedule, and cost, and (3) address some of the 
unique regulatory hurdles to unmanned autonomous research and development.  The best 
approach for testing the rapidly advancing technologies in autonomous systems will blur the 
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lines between development, integration, test and demo environments, allowing late-stage 
innovation. It is this realization that prompted our team to explore new T&E paradigms for 
autonomy. 
  
Relatively recent reliance on sophisticated simulation elements in operational test and 
evaluation (OT&E) opens up new possibilities that provide significant advantages over a purely 
live-system test environment.  Development, integration and OT&E environments can 
incorporate simulated representations of elements of the anticipated operational context to 
enable system testing in a high fidelity, multi-dimensional environment.  Our team leveraged this 
concept to create an LVC-enabled test & evaluation environment that incorporates a full range 
of simulation capabilities across the LVC spectrum.  What follows is a brief discussion of LVC 
and how we solve the challenges above for autonomous systems using an LVC development 
and test environment. 

LVC Introduction 
A Live-Virtual-Constructive environment is one that combines live participants (e.g. aircraft, 
ground forces) with virtual participants (e.g. flight simulators) and constructive elements (e.g., 
simulated enemies) into a heterogeneous, distributed computational environment where it is 
difficult or impossible to determine which elements are live, virtual or constructive.  However 
LVC is more than just simulation.  While simulation is a component of LVC, it is the integration 
of the simulated and live components together into the coherent representation of a real-world 
environment that create the value of LVC for test and evaluation. 
  
The historical usage of LVC is not in T&E, but in training environments.  For a training use case, 
a pilot, air-traffic controller, or other  human participant (possibly geographically separated) is 
immersed in an LVC environment constructed to provide an appropriate training context.  A pilot 
and air-traffic controller might be presented with constructive fleets of enemy and friendly aircraft 
with the goal of training the pilot and air-traffic controller in dealing with various tactical 
scenarios that are difficult or costly to create in real-life. 
  

4 
 



 
  
LVC technology has been around since the mid-1990’s when the term was first used.  With a 
basis in distributed simulation, and rapidly maturing protocols like SIMNET and IEEE-1278 
(DIS), it became clear that very rich operational environments were possible by integrating 
simulators and computationally generated entities.  Computer generated forces (CGFs) or 
semi-automated forces (SAFs) were programmed with complex behaviors and sophisticated 
multi-spectral data representations to allow detection by radar, IR sensors, or passive means. 
Somewhat later, the military test and evaluation community, already very comfortable with 
simulated environments for test, began to explore the possibilities of this larger connected 
world. It is common today to precede any live T&E event with a high-fidelity simulated event, or 
even include synthetic elements into a live event itself.  
  
For our exploration of LVC, Rockwell Collins partnered with the University of Iowa’s Operator 
Performance Lab (OPL) to develop experimental LVC capabilities.  OPL has two L-29 trainer 
aircraft and an MI-2 helicopter instrumented for LVC that allow seamless integration into the 
Rockwell Collin’s LVC network using industry standard protocols .  The Rockwell Collins/OPL 
team performed hundreds of LVC flights integrating various participants into complex, real-time 
demonstrations.  

LVC as an Autonomy Testbed 
Autonomous aircraft development demands a testbed capable of providing a smooth transition 
through two critical phases: (1) moving from the development environment to the integration 
environment, and (2) moving from the integration environment to the operational test or 
demonstration platform.  The testbed environment we developed is a single integrated set of 
reconfigurable LVC-enabled resources that host the entire spectrum of testing, from 
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development and integration tests through human-factors evaluations and final operational flight 
tests.  Since the testbed incorporates simulation elements such as computer generated forces, 
tactical cockpit simulators, and battlefield environments, the transition from a development 
environment can be straightforward.  

Phased Development Environment 
  
LVC supports a phased development approach from test bench unit testing to subsystem 
integration testing to full flight testing.   When the LVC framework is used as the unit test 
environment for requirements-based testing, it also becomes possible to perform automated 
regression testing of all of the components in the LVC environment.  It also becomes easy to 
perform integration testing by configuring the two units to communicate with each other.  This 
allows integration of components with each other, then subsystems, then finally the system as a 
whole all with the same basic framework.  Our LVC-enabled testbed reduces the overhead of 
moving between testing phases by maintaining identical software installations in the test aircraft 
and simulators. This allows a smooth progression of increasingly more complex tests to more 
efficiently accommodate late-stage innovation.   
  
An interesting aspect of LVC is that as components mature from early prototypes (e.g., matlab 
or python scripts) to functional code (C/C++, ADA, Java, etc) to integrated code running on real 
hardware, the interface to the LVC framework remains the same.  This implies that fully 
integrated code can run alongside prototype scripts.  This also implies that experimental code 
running on a workstation can be integrated with any other Live, Virtual, or Constructive element 
as required.  This also supports early stage development where computationally intensive 
hardware is used during the solution space search, or before custom parallelized ASIC or FPGA 
hardware is available. 
  
This is where we start to see the real power of LVC as a test framework and development 
workflow, as subsystems no longer need to be at the same maturity level or even on 
representative hardware.  Schedule slips of the hardware in one component do not need to 
impact the schedules of other components, and if a late-stage discovery is made on the project 
the impact can be isolated to affected subsystems without impacting any other subsystems 
(assuming the interfaces remain intact).  This ability to enable compositional testing provides 
flexibility to project execution. 
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One common issue in software integration is individual teams tend to “stub out” components by 
replacing them with simplified versions of the other components, without understanding if the 
sample output of the “stubbed out” component is representative of the real component.  It 
provides stimulus to the component of interest to support unit testing, but may lead to trouble 
during integration. Issues that can take days or weeks to identify may only be apparent when 
the units are integrated together.   An LVC test environment can provide each developer with 
representative models of each component for use during unit testing, allowing each developer to 
spot these issues far more efficiently.  Additionally, the system’s performance can be tested in 
adverse conditions before the flight test.  Radio links can be severed, servo and sensor failures 
can be modeled, subsystem failures can be injected into the fully running system to observe and 
characterize what might go wrong in flight before committing the time, people, and equipment to 
find out empirically.  This improved ability to integrate earlier and iteratively reduces the risk of 
flight testing, and the associated costs, by identifying integration issues earlier in the 
development cycle.  LVC’s high-fidelity allows many corner cases to be reached that may be 
otherwise impossible to test before first flight.   
  
  

Transition to Live Flight 
The greatest hurdle in moving from concept development to final test is often the transition to 
live flight. Typically, this involves transitioning from a completely simulated environment to a 
completely live environment.   
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The complete LVC-enabled testbed progression would be in three logical phases: 
1. Unit testing and integration testing of subsystems in pure simulated environment 
2. Testing of individual subsystems on live aircraft with remaining subsystems in simulation 
3. Incremental integration of all subsystems onto live aircraft. 

  
This can be extended to larger “systems of systems” by using a mixture of live and simulation 
pieces.  For example, in an autonomous swarm project, one or more swarm members could be 
“live” participants flying in a test range with an additional large number of members running in 
simulation, all participating in one virtual test environment. 
  
This logical progression produces an iteratively more complex environment, with many 
inexpensive simulated and live flight tests, to eliminate technical “step-functions” in the process. 
 It also capitalizes on the benefit of being able to carry the development and integration 
environment into the test arena, including airborne testing.  
  
We have embraced this paradigm by embedding a distributed simulation environment into our 
test platforms, which allows us to selectively replace emulated systems with real hardware as 
needed.  Rockwell Collins and OPL have integrated LVC enabled displays and products on two 
L-29 test assets, a helicopter, a general aviation platform, an unclassified version of the F-35 
helmet, and test range products.   This body of work has proven that LVC is an approach that is 
capable of integrating with existing flight systems on a range of advanced products.  
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Safety and Regulatory Considerations 
An LVC testbed provides some excellent characteristics that improve safety during testing while 
also working within restrictions placed on autonomous test flights by regulatory agencies. 
  
Foremost, LVC provides a way to perform Live flight testing with multiple aircraft in a Virtual 
environment.  What this means is that individual aircraft can be flying in disparate geographies 
(e.g. different test ranges), but are co-located in the Virtual environment. This technology today 
is already good enough for pilots to perform cooperative flights together in virtual environments. 
It allows meaningful testing to be performed with multiple platforms without endangering either 
human lives or the aircraft, and satisfies regulatory bodies’ concerns about maintaining safe 
flight test envelopes in approved test ranges or COAs.  Simultaneously, an LVC environment 
can also allow a remote pilot to build intuition of how system will react under different situations, 
leading to better ability for pilot to detect and recover from aberrant behavior during flight test. 
 While certain types of testing may not benefit from this approach (camera based 
detect-and-avoid, for example), a significant portion of testing can benefit.   
  
While fully autonomous platforms lack a human-in-the-loop Safety Pilot, they will be teamed with 
a human element in the larger system-of-systems operational context.  In this context, the trust 
established through training may be absent, and the human must constantly be aware of the 
autonomous platform’s position, activity, and behavior.  This may induce extremely high levels 
of workload that should be monitored and evaluated during test events.  An LVC environment 
enables the cost effective emulation of the target operational environment, which otherwise 
could be challenging to replicate. The blending of the real-world and virtual domains an LVC 
system makes human-autonomy teaming an inherent element, and it becomes possible to 
instrument the human participant to monitor workload levels and teaming effectiveness.   
  
Our LVC enabled platforms are instrumented with a tool used to collect physiological signals 
and platform state data using an unobtrusive sensor suite that can be worn under a standard 
flight suit. This tool provides the capability to continually classifying pilot state in terms of 
workload, attentional, and performance metrics.  In the current version, we achieve accurate 
and reliable cognitive state classification, and can detect the onset of undesirable states, such 
as cognitive overload or focus-lock.  This cognitive assessment can provide an initial measure 
of teaming effectiveness and a safety measure during test events involving a human. 

  
LVC also provides an excellent framework for Requirements Based Testing required by 
regulatory agencies such as the FAA.  Requirements based tests written using the LVC 
framework coupled with software instrumented with a code coverage tool is an ideal test 
environment for determine code coverage and performing automated regression testing.  Since 
LVC treats each component as a “black box” with an interface, the complete set of requirements 
based tests on the component should be able to achieve complete code coverage while also 
serving as a check-and-balance that all components are adhering to their interfaces properly. 

Conclusion and Future Work 
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Autonomous aircraft systems have testing requirements that are distinct from traditional aircraft 
test and evaluation.  Rockwell Collins and the University of Iowa’s Operator Performance 
Laboratory (OPL) have developed a Live, Virtual, Constructive (LVC) enabled testing 
environment that bridges the gap between traditional test methods and the highly innovative 
development environments used to produce autonomous vehicle technology.    The essential 
properties of the testbed provide 1) a single integration context, 2) a smooth transition from 
development to final test, 3) support for compositional test strategies to mitigate the impact of 
delays in development, and 4) opportunity for integration of late-stage innovation to ensure the 
most advanced technologies make it to the final tests.  This approach addresses the 
development challenges presented in this paper, and is well suited to managing the risks of 
autonomous unmanned aerial vehicle research and development. 
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