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Abstract

While Gilles Dowek’s contributions to logic, computer science, and philosophy are widely recognized,
his work on the development and application of formal methods to NASA’s safety-critical systems remains
lesser known. This presentation explores Gilles’ applied research on aerospace safety and discusses his
significant and lasting influence on NASA’s formal methods research.

Gilles first visited NASA’s Langley Research Center (LaRC) in 2000 through the visitor program of the
(now defunct) Institute for Computer Applications in Science and Engineering. At the time of his visit,
the Formal Methods team! was working on the verification of the Airborne Information for Lateral Spacing
(AILS), an alerting algorithm for parallel landing in closely separated runways. The goal of the AILS project
was to safely reduce runway separation for independent parallel approaches from 4300 ft to 2500 ft. The
algorithm was designed to issue an alert at least 19 seconds prior to a collision, where collision is defined as
a minimum lateral distance of 200 ft (which is approximately the wingspan of a Boeing 747). Before Gilles’
visit, the team had found that 19 s was too optimistic. Indeed, they had formally verified that there was a
scenario where an alert was first issued 11 s before a collision. They had also formally proved that an alert
was always issued at least 4 s before a collision. They had conjectured that the actual minimal alerting time
was closer to 11 s than to to 4 s. These formal proofs assumed axioms, which were independently discharged
using computer algebra systems and trigonometric computations.

The AILS algorithm considers two aircraft, which are referred to as the ownship (or evader) and the
intruder. Both aircraft are assumed to be in their final approach flying constant nominal speeds. While the
ownship is assumed to fly straight towards the runway, the intruder may fly an arbitrary trajectory within
some given kinematic bounds. It is in this open assumption on the intruder’s trajectory where the verification
difficulty lies. While the team was exploring a model-checking approach, Gilles proposed a novel approach
based on two key ideas. The first idea was to model aircraft trajectories as continuous differentiable functions
instead of the more common 4-dimensional way-point representation. This idea opened the verification to
a plethora of well-known results in analysis and vector calculus. Two key theorems verified for arbitrary
aircraft trajectories concern upper and lower bounds to the distance traveled by an aircraft flying at constant
speed, where the bank angle is bounded by a given value. These theorems are called YCNGFTYS and YCNGSTYS,
which stand for You cannot go faster than your speed and You cannot go slower than your speed, respectively.
The names were suggested by Gilles as a jest, but persisted in the formalization and publications. The second
theorem, which serves as title of this presentation, was proven for a restricted domain of values that was
sufficient for the verification effort. The more general statement remains as a conjecture.

The second idea was the development of a formal framework consisting of a general definition of alerting
algorithms, their correctness property, and sufficient correctness conditions. Instead of proving one particular
algorithm, this framework enabled the verification of a family of algorithms. Following Gilles’ approach,
it was formally verified that the AILS algorithm issues an alert at least 9.5 s prior to a collision, for any
ownship and intruder trajectories within given kinematic bounds [1]. The proof still relies on a few non-linear
real number inequalities, which were discharged using computer algebra tools. However, all trigonometric
computations were formally verified using rigorous approximations via Taylor series.

Thttps://shemesh.larc.nasa.gov/fm.



Gilles’ original framework was extended to include conflict detection and resolution [2], conflict recov-
ery [3], conflict prevention [4], implicit coordination [5], and multiple conflicts [6]. This framework, currently
called Airborne Coordinated Conflict Resolution and Detection (ACCoRD), is publicly available as part of
the NASA PVS Libraries?. This body of work is the bedrock supporting NASA’s Detect and Avoid Alerting
Logic for Unmanned Aircraft Systems (DAIDALUS)?, a library of formally verified algorithms that serve as
a reference implementation of the RTCA Minimum Operational Performance Standards DO-365 for detect
and avoid of unmanned aircraft systems.

Gilles also contributed to the Small Aircraft Transportation Systems (SATS) project. SATS aimed to
increase access to regional airports in the US through advanced technology. To this end, SATS proposed a
concept of operations for the utilization of non-towered, non-radar airports during Instrument Meteorological
Conditions. The concept of operation consisted of a designated airspace surrounding the airport called the
Self-Controlled Area (SCA), a centralized automated system called the Airport Management Module (AMM)
providing sequencing information to pilots, and a set of rules governing the utilization of the SCA. The
concept significantly departed from typical Instrument Flight Rules operations, where Air Traffic Control
provide separation assurance services. In the SATS concept of operations, pilots accept responsibility for
separation within the SCA. Gilles proposed to model the operational concept using a non-deterministic
asynchronous state transition, where physical considerations were abstracted away [7]. This model yielded
a conservative but robust notion of safety that relies only on the logic of the concept and not on physical
properties such as the geometry of the SCA, physical constraints such as aircraft performances, or human
factors such as pilot preferences. The verification effort identified 9 issues, including one major flaw, in
the original concept. Ten recommendations were made to the concept development working group. All the
recommendations were accepted and incorporated into final concept, which was successfully demonstrated
to the public in Danville, Virginia, in 2005.4

The Plan Execution Interchange Language (PLEXIL)® is a synchronous, reactive language developed by
NASA to support autonomous spacecraft operations. PLEXIL programs, called plans, specify actions to
be performed by an executive system as response to external events. A plan consists of a tree of nodes.
There are different types of nodes, but each node is equipped with local memory, which is visible to the
node and its children, and a set of conditions that trigger and monitor its execution. PLEXIL execution
is (a) synchronous, i.e., when conditions enable the execution of several nodes all of them are executed
simultaneously; (b) reactive, i.e., nodes respond to unexpected changes in the environment; and (c) internally
deterministic, i.e., the only source of non-determinism is the external environment. Given the safety- and
mission-critical nature of PLEXIL applications, the PLEXIL development team invited the Formal Methods
team at LaRC to work with them on the formalization of the language’s operational semantics. At the
beginning of the formalization effort, Gilles made the key observation that despite the hierarchical structure
of PLEXIL plans, its computational model was close to the Chemical Reaction Model, where a set of node
processes and node memories concurrently interact. He proposed to specify the semantics of PLEXIL using a
layered structure through five relational steps called atomic, micro, quiescence, macro, and execution [8]. This
layered structure made the formal semantics suitable for proving meta-theoretical properties of the PLEXIL
language in a compositional way. Indeed, all key properties of the language are proven at the atomic level
and then lifted to the upper layers using abstract properties on set relations [9]. The relational semantics
provided the foundation for a formal executable semantics [10] that serves as reference implementation of the
PLEXIL executive and allows for model-checking of PLEXIL plans®. PLEXIL is a key enabling technology
of future space missions.

Gilles Dowek’s applied research at NASA illustrates his unique ability to solve difficult problems using
innovative and elegant mathematical abstractions. His visionary verification frameworks underpin critical
aviation and space systems that are in use today, cementing his legacy as a vital contributor to the safety
and reliability of modern aerospace technology.

?https://github.com/nasa/pvslib/tree/master/ACCoRD.

Shttps://shemesh.larc.nasa.gov/fm/DAIDALUS.
4nttp://airportjournals.com/small-aircraft-transportation-system-2005-a-transformation-of-air-travel.
Shttps://plexil-group.github.io/plexil_docs.

Shttp://shemesh.larc.nasa.gov/fm/PLEXIL-V.
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