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Preface

This volume contains the papers presented at the 11th NASA Formal Methods
(NFM) Symposium held during May 7-9, 2019, at Rice University in Houston, Texas,
USA.

The widespread use and increasing complexity of mission-critical and safety-critical
systems at NASA and in the aerospace industry require advanced techniques that
address these systems’ specification, design, verification, validation, and certification
requirements. The NASA Formal Methods Symposium (NFM) is a forum to foster
collaboration between theoreticians and practitioners from NASA, academia, and
industry. NFM’s goals are to identify challenges and to provide solutions for achieving
assurance for such critical systems.

New developments and emerging applications like autonomous software for
uncrewed deep space human habitats, caretaker robotics, unmanned aerial systems
(UAS), UAS traffic management (UTM), and the need for system-wide fault detection,
diagnosis, and prognostics provide new challenges for system specification, develop-
ment, and verification approaches. The focus of these symposiums are on formal
techniques and other approaches for software assurance, including their theory, current
capabilities and limitations, as well as their potential application to aerospace, robotics,
and other NASA-relevant safety-critical systems during all stages of the software
life-cycle.

The NASA Formal Methods Symposium is an annual event organized by the NASA
Formal Methods (NFM) Steering Committee, comprising researchers spanning several
NASA centers. NFM 2019 was co-hosted by Rice University and NASA-Johnson
Space Center in Houston, TX. It was organized by a collaboration between Rice,
NASA JSC, and Iowa State University.

NFM was created to highlight the state of the art in formal methods, both in theory
and in practice. The series is a spinoff of the original Langley Formal Methods
Workshop (LFM). LFM was held six times, in 1990, 1992, 1995, 1997, 2000, and
2008, near NASA Langley in Virginia, USA. The 2008 reprisal of LFM led to the
expansion to a NASA-wide conference. In 2009 the first NASA Formal Methods
Symposium was organized at NASA Ames Research Center in Moffett Field, CA. In
2010, the symposium was organized by NASA Langley Research Center and NASA
Goddard Space Flight Center, and held at NASA Headquarters in Washington, D.C.
The third NFM symposium was organized by the Laboratory for Reliable Software at
the NASA Jet Propulsion Laboratory/California Institute of Technology, and held in
Pasadena, CA, in 2011. NFM returned to NASA Langley Research Center in 2012 in
nearby Norfolk, Virginia. NASA Ames Research Center organized and hosted NFM
2013, the fifth symposium in the series. NFM 2014 was organized via a collaboration
between NASA Goddard Space Flight Center, NASA Johnson Space Center, and
NASA Ames Research Center, and held at JSC. NASA JPL hosted the seventh NFM in
2015 in Pasadena, CA. In 2016, the eighth NFM Symposium visited the University of
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Minnesota, hosted by a collaboration between academia and NASA. Then, 2017
brought the ninth NFM back to NASA Ames Research Center. NASA Langley hosted
NFM’s 10th anniversary edition in 2018.

NFM 2019 encouraged submissions on cross-cutting approaches that bring together
formal methods and techniques from other domains such as probabilistic reasoning,
machine learning, control theory, robotics, and quantum computing among others. The
topics covered by the symposium include but are not limited to: formal verification,
including theorem proving, model checking, and static analysis; advances in automated
theorem proving including SAT and SMT solving; use of formal methods in software
and system testing; run-time verification; techniques and algorithms for scaling formal
methods, such as abstraction and symbolic methods, compositional techniques, as well
as parallel and/or distributed techniques; code generation from formally verified
models; safety cases and system safety; formal approaches to fault tolerance; theoretical
advances and empirical evaluations of formal methods techniques for safety-critical
systems, including hybrid and embedded systems; formal methods in systems
engineering and model-based development; correct-by-design controller synthesis; and
formal assurance methods to handle adaptive systems.

Two lengths of papers were considered: regular papers describing fully-developed
work and complete results, and two categories of short papers: (a) tool papers
describing novel, publicly-available tools; (b) case studies detailing complete appli-
cations of formal methods to real systems with publicly-available artifacts, or sub-
stantial work-in-progress describing results from designing a new technique for a new
application, with appropriate available artifacts. Artifacts enabling reproducibility
of the paper’s major contributions were strongly encouraged and considered in PC
evaluations. Artifacts may appear in online appendices; websites with additional arti-
facts, e.g., for reproducibility or additional correctness proofs, were encouraged.

The symposium received 102 abstract submissions, 72 of which resulted in full
papers: 54 regular papers, and 18 short papers (ten tool papers and eight case studies) in
total. Out of these, a total of 28 papers, 20 regular papers and eight short papers, were
accepted, giving an overall acceptance rate of 39% (a 37% rate for regular papers and a
44% rate for short papers). All submissions went through a rigorous reviewing process,
where each paper was read by at least three (and on average 3.8) reviewers.

In addition to the refereed papers, the symposium featured two invited talks and a
NASA panel. Representing ONERA in France, Dr. Virginie Wiels delivered a keynote
talk on “Integrating Formal Methods Into Industrial Processes.” Professor Richard
Murray from Caltech gave a keynote talk on “Safety-Critical Systems: Rapprochement
Between Formal Methods and Control Theory.” NFM 2019 included a NASA panel on
“Challenges for Future Exploration” featuring four NASA civil servants: Dr. Kimberly
Hambuchen, Space Technology Principle Technologist for Robotics; Emily Nelson,
Deputy Chief, Flight Director Branch; Joe Caram, Gateway Systems Engineering and
Integration Lead; Bill Othon, Gateway Verification and Validation Lead. The panel
issued challenges to the formal methods research community as NASA pushes the state
of the art in certifying the integrated systems required for human spaceflight, including
unprecedented requirements for autonomy and safe operation in uniquely challenging
environments.
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The organizers are grateful to the authors for submitting their work to NFM 2019
and to the invited speakers and panelists for sharing their insights. NFM 2019 would
not have been possible without the collaboration of the Steering Committee, the
Program Committee, our many external reviewers who pitched in during a U.S.
Government shutdown, and the support of the NASA Formal Methods community. We
are also grateful to our collaborators at Rice University’s Computer Science
Department, including for financial support and local organization. The NFM 2019
website can be found at https://robonaut.jsc.nasa.gov/R2/pages/nfm2019.html.

March 2019 Kristin Yvonne Rozier
Julia Badger
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Challenges for Future Exploration
(Panel Description)

A NASA Panel

NASA Johnson Space Center

Abstract. As NASA and the world look to exploration opportunities beyond
low Earth orbit, several challenges have been identified. Spacecraft and other
assets that will extend human presence beyond the vicinity of Earth will have
unprecedented requirements for autonomy. These systems will be subject to new
environments, latent and decreased communications bandwidth, sparse logistics
support, and complex system requirements. New systems, such as vehicle
system management, closed-loop environmental control and life support
systems, and internal robotic caretakers, are proposed to close the technology
gap between the current state of the art and future exploration needs. Current
approaches to integration, testing, verification, and validation are likely to be
insufficient to assure the operation of these vehicles and assets given their
safety-critical functions. This panel will explore the challenges NASA is
currently facing in the development of these systems, particularly from the
standpoint of certifying the integrated system for human spaceflight.

Panelists

— Joe Caram leads the Systems Engineering and Integration Team for concept

maturation of the cislunar spacecraft - Gateway. His agency wide team is respon-
sible for refining the overall concepts for the Gateway. His work includes defining
the integrated system requirements, concept of operations, and element functional
allocations that make up the Gateway spacecraft.
Prior to his current assignment, Joe has held key leadership roles in various projects,
programs, and organizations including the lead Flight Dynamics Officer for the
X-38 Project, Aerothermodynamics Team lead for the Columbia Accident
Investigation, the Systems Engineering and Integration Chief Engineer for the
Space Shuttle Return to Flight, Manager of the Integrated Systems Performance
Office in Constellation SE&I Office, held Deputy Manager positions in both the
Systems Architecture and Integration Office and the Technical Integration Office in
the JSC Engineering Directorate, and was the manager of the Exploration Mission
Planning Office of the JSC Exploration Integration and Science Directorate. He is
the author or co-author of 24 technical papers.

— Dr. Kimberly Hambuchen is currently the NASA Space Technology Mission
Directorate’s (STMD) Principal Technologist for Robotics. As Principal Technol-
ogist, she serves as the STMD technical expert and advocate for robotics across all
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NASA centers for STMD programs. Prior to this, she was the project manager for
the Human Robotic Systems project, which focused on developing and advancing
technologies to integrate robotics into human exploration missions.

As a robotics engineer in the Robotics Systems Technology branch of the Software,
Robotics and Simulation division of engineering at NASA Johnson Space Center,
Dr. Hambuchen developed expertise in novel methods for remote supervision of
space robots over intermediate time delays and has proven the validity of these
methods on various NASA robots, including JSC’s Robonaut and Centaur robots.
She participated in the development of NASA’s Space Exploration Vehicle
(SEV) and bipedal humanoid, Valkyrie (RS), to which she extended her work
developing human interfaces for robot operations.

Emily Nelson came to JSC as an employee of United Space Alliance (USA) in
September of 1998 as an International Space Station (ISS) Thermal Operations and
Resources Flight Controller (ThOR). She supported on-orbit operations in ISS
Expeditions 0-15, and supported ISS assembly missions ISS 2A.2A (STS-101), ISS
4A (STS-97), ISS 5A (STS-98), ISS 6A (STS-100), ISS 7A.1 (STS-105) and ISS
11A (STS-113). Emily served as lead ThOR for ISS Expeditions 3, 5, 7 and 8 and
the ISS 9A (STS-112) and ISS 12A.1 (STS-116) assembly flights. In 2004 she was
hired by NASA and continued to support the ISS program as a ThOR and the
Constellation program as a leader in information architecture development until
May, 2007.

In May of 2007, Emily was selected as a Flight Director and began ISS support with
Expedition 16 in December 2007. Emily served as an ISS Flight Director in
Houston’s Mission Control during the ISS 1J (STS-124), ISS ULF2 (STS-126) and
ISS ULF3 (STS-129) missions of the Space Shuttle to ISS. She also supported the
ISS 1JA (STS-123) and ISS 2JA (STS-127) missions as an International Partner
Liaison Flight Director from the Japanese Space Agency’s SSIPC Control Center in
Tsukuba, Japan. Emily served as lead Flight Director for ISS Expeditions 18, 27,
33, 46 and 49 and the lead ISS Flight Director for STS-132/ISS ULF4 and the third
mission of the Orbital-ATK Cygnus vehicle (the OA-2 mission).

Emily is currently serving as Deputy Chief of the Flight Director Office, is also the
lead Flight Director for a series of spacewalks to repair the Alpha Magnetic
Spectrometer research platform 2019, and continues to support continuous ISS
operations in Mission Control Houston.

Team Name Each NASA Flight Director chooses a symbol/color to represent his or
her team. Ms. Nelson has chosen Peridot as the symbol for her flight control team
because in addition to being a lovely stone, it’s a gemstone known to be found in
meteorites. This “space stone” represents all of the extraordinary things, familiar
and unfamiliar, we’re bound to find as we pursue exploration further and further
from our beautiful blue planet.

Bill Othon is the acting lead of Verification and Validation for the Gateway
Program. Bill’s team is responsible for verifying the performance of the integrated
Gateway vehicle, assembled in cis-lunar space over a number of missions and with
contributions from US and international partners.
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Bill is also the lead for Ground Testing for the NextSTEP cis-lunar habitat activity
in the AES program. The team will conduct evaluations on a number of ground
habitat prototypes developed by US Industry partners, in preparation for exploration
missions in the Proving Ground of cis-lunar space.

Bill has been at JSC for over 30 years, and involved in both spacecraft operations
and technology development projects. Bill has a Bachelors in Aerospace
Engineering from the University of Texas at Austin and a Masters in Computer
Science from the University of Houston Clear Lake.
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Safety-Critical Systems: Rapprochement
Between Formal Methods and Control Theory

Richard Murray

California Institute of Technology, USA
murray@cds.caltech.edu

Abstract. In computer science, formal methods provide a set of
mathematically-based techniques for the specification, development, and
verification of software and hardware systems. The field of control provides the
principles and methods used to design engineering systems that maintain
desirable performance by automatically adapting to changes in the environment.
It turns out that both of these fields have been solving similar problems using
different mathematical languages for the past 50 years or so. In this talk I will
discuss how a convergent set of ideas from control theory and formal methods
are coming together to provide useful frameworks for reasoning about the safety
of these systems, motivated by applications in aerospace systems and
self-driving cars.

Biography

Richard M. Murray received the B.S. degree in Electrical Engineering from California
Institute of Technology in 1985 and the M.S. and Ph.D. degrees in Electrical
Engineering and Computer Sciences from the University of California, Berkeley, in
1988 and 1991, respectively. He joined the faculty at Caltech in 1991 in Mechanical
Engineering and helped found the Control and Dynamical Systems program in 1993.

In 1998-1999, Professor Murray took a sabbatical leave and served as the Director
of Mechatronic Systems at the United Technologies Research Center in Hartford, CT.
Upon returning to Caltech, Murray served as the Division Chair (dean) of Engineering
and Applied Science at Caltech from 2000-2005, the Director for Information Science
and Technology (IST) from 2006-2009, and interim Division Chair from 2008-2009.
He is currently the Thomas E. and Doris Everhart Professor of Control & Dynamical
Systems and Bioengineering at Caltech and an elected member of the National
Academy of Engineering (2013).

Murray’s research is in the application of feedback and control to networked
systems, with applications in biology and autonomy. Current projects include analysis
and design biomolecular feedback circuits, synthesis of discrete decision-making
protocols for reactive systems, and design of highly resilient architectures for
autonomous systems. Murray is a co-founder of Tierra Biosciences, a cell-free syn-
thetic biology company, and a member of the Defense Innovation Board.



Integrating Formal Methods into Industrial
Processes

Virginie Wiels

ONERA, France
Virginie.Wiels@onera. fr

Abstract. Formal techniques and tools have made significant progress for the
last twenty years. However, industrial adoption of these techniques is still slow,
despite some prominent successes. In this talk, I will identify missing bridges
between formal verification research and potential industrial deployment, such
as certification constraints or progressive shift between test and formal
verification, and present work done at ONERA on these subjects.

Biography

Virginie Wiels is Director of the Information Processing and Systems Department
(DTIS) at ONERA, the French aerospace laboratory. DTIS conducts study and research
related to methods and tools for certification, autonomy, multidisciplinary design,
systems of systems, intelligence and surveillance, applied mathematics. It gathers 300
persons including 80 PhD students. Virginie Wiels received her PhD in Computer
Science from ISAE in 1997. Her expertise and research interest is on formal
verification of critical systems and software, and the use of formal methods for the
certification of avionics software.

She has served as principal investigator on government-sponsored research
programs but also on industry-sponsored research programs (particularly in collaboration
with Airbus). She served on EUROCAE committee WG-71 developing new certification
guidance for airborne software (DO-178C/ED-12C) with significant contributions on the
Formal Methods Supplement (DO-333/ED-216).
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