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Abstract—The Plan Execution Interchange Language
(PLEXIL) is an open-source event-driven synchronous language
developed by NASA to support autonomous spacecraft
operations. This paper presents a workflow that integrates
formal methods, including theorem proving and model checking,
into the development process of the PLEXIL language. This
workflow includes (1) iteratively updating the formalization of
the language semantics to match the proposed changes and
checking that significant language properties are preserved,
(2) the automatic generation of a graphical representation
of the semantics to check against the intended behavior, and
(3) performing differential testing to check conformance of
PLEXIL executions to the formalized PLEXIL operational
semantics. The utilization of formal methods in the development
process of the language aims to preserve semantic properties as
new features are added to the language, improve traceability
of language changes, and enable continuous development of
both the language and tools used to perform validation and
verification of PLEXIL programs.

Index Terms—synchronous programming languages, formal-
ization, formal methods, autonomous planning

I. INTRODUCTION

Synchronous languages are suitable for programming re-
active systems, i.e., systems whose behavior is determined
as a reaction to environmental inputs. The Plan Execution
Interchange Language (PLEXIL) [1] is an open-source event-
driven synchronous language developed by NASA to provide
flexible, efficient, and reliable plan execution in space mission
operations. Programs in PLEXIL, called plans, specify actions
to be executed by the system in response to external events
happening in the environment of operation. PLEXIL has
been used in space applications1, aeronautics applications for
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1See https://plexil-group.github.io/plexil docs/

unmanned aircraft operations [2], [3] and robotics applica-
tions [4].

Because of the safety- and mission-critical nature of these
applications, PLEXIL was designed with formal methods in
mind. Its operational semantics, i.e. the description of the pro-
cesses that define the execution of programs in the language,
has been formally defined in the Prototype Verification System
(PVS) [5], an interactive theorem prover. This formalization is
used to verify meta-theoretical properties of the language [6].
An executable semantics was also defined in the rewriting
logic engine Maude [7]. This executable semantics serves
as a reference implementation of the PLEXIL executive,
an implementation of the PLEXIL language that provides a
runtime environment for executing PLEXIL plans [8]. This
executable semantics of PLEXIL is a core component of
PLEXIL-V, a verification tool for PLEXIL plans [9]. As part
of the workflow presented in this paper, PLEXIL-V is used
to check conformance between the PLEXIL executive and the
formal executable semantics via differential testing.

PLEXIL has constantly evolved since its original release.
The current version of the language is PLEXIL 6. Because
of this constant evolution, the PLEXIL language has grown
organically, which has led to a state in which the language has
increased in complexity and expressivity, but it has departed
from the original intended semantics. This is true especially
for very nuanced behaviors of the interactions between the
different components at each of the different relational steps.
This complexity leads to difficulty in both writing plans and
model-checking those plans for desired properties. The effort
described in the current work started as an attempt to remedy
this difficulty.

This paper shows how the formalizations of the PLEXIL
semantics in PVS and Maude drive the design of the language
and help to uncover unexpected behaviors of the intended
semantics. The use of formal methods allows for an agile
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language development workflow where the language and its
formalization evolve together, and new features can be added
without breaking fundamental properties of the language.

II. RELATED WORK

Integrating formal methods into the development cycle is a
common practice when the resulting work necessitates a high
level of assurance. Previous works describing the integration
of formal methods into the development process focuses on
the development of individual products and the formal verifi-
cation process within that development cycle, see [10]. Many
theoretical and pedagogical languages, such as WHILE [11],
Guarded Command Language [12], and UNITY [13], were
designed with a formal semantics in mind. Some industrial
languages for developing high-reliability general purpose soft-
ware, notably Eiffel [14] and SPARK/Ada [15], have a clear
semantics and support a built-in design by contract principle,
which enables formal verification and rigorous validation of
programs written in those languages. From the family of
reactive languages, Esterel [16], Lustre [17], and Signal [18]
are synchronous languages with a well-defined semantics.
Similar to these languages, the only non-determinism that is
allowed in PLEXIL originates from external events occurring
in the environment. PLEXIL differs from these languages in
that its processes (called execution nodes in PLEXIL) do
not communicate through data flows or signals but through
shared memory. PLEXIL, similar to Eiffel and SPARK/Ada,
allows plan developers to write contracts in the form of
pre-/post-conditions and invariants. These conditions, called
check-conditions in PLEXIL, are verified at run-time by the
executive, but they can also be statically checked on user-
specified environments through PLEXIL-V.

The types of workflows commonly used for integrating
formal methods in development cycles are studied in [19].
In that work, the authors discuss different workflow styles
of formal methods integration in development, which they
call “after-the-fact”, “parallel”, and “integrated” approaches.
The “after-the-fact” approach uses a standard development
approach, and verification occurs after the system or product
is complete. In this approach, formal verification is used to
prove properties about the design of the system and potentially
highlight inconsistencies in the design for further review. This
approach, while common, is the costliest option, with an
estimated 30 to 50 percent added cost to the development.
Also, any errors caught by the formal verification require re-
development of the system, which often means the formal
specification done on the older version is no longer valid and
needs to be redone. The “parallel” approach has both formal
verification and development happening at the same time. This
approach does require regular communication between the
development team and the formalization team. The “parallel”
approach speeds up the process of development but with two
highly specialized teams, the cost could be high. In the “inte-
grated” approach, as the name suggests, the formal verification
effort is completely integrated into the system development
process so that both development and specification efforts

are one and the same. This workflow has its own unique
challenges, mainly related to ensuring the development and
formalization tools are highly integrated in such a way as to
make this workflow even possible.

The current work concerns the development of the PLEXIL
language and its formal semantics using two different no-
tations. As explained in Section IV, this development has
many interweaving components and, regarding the formal
methods integration, follows a modified parallel approach.
The use of formal methods here aims to make improvements
to the language development process that ease the evolution
of the language and its understandability by PLEXIL plan
developers. During the development of a new version of the
PLEXIL language, the formalization of the semantics is a
key part of the workflow. The formalized semantics allows
the PLEXIL developers to better understand changes to the
original semantics and also ensure desired properties of the
semantics persist through the changes in the language.

III. PLEXIL LANGUAGE BACKGROUND

PLEXIL is used to write plans for the execution of au-
tonomous tasks in reactive systems. Intuitively, a PLEXIL plan
reads the state of the external environment and send commands
to actuators based on its internal state. These plans are written
using different nodes, which contain data on the possible
execution states and rules for execution and transition between
the given states. The state of a node at any given point in the
execution of a plan is one of the following: Inactive, Waiting,
Executing, Finishing, Iteration Ended, Failing, or Finished.

An operational small-step semantics is given for PLEXIL
based on five relational steps:

• atomic, which describes the state transition of a single
node,

• micro, the synchronous execution of the atomic steps of
all nodes in the plan,

• quiescence, the iteration of micro steps until no more
evolutions are possible,

• macro, which handles the external events and triggers
another round of micro steps, and

• execution, which is the repeated iteration of macro steps.
In the nominal execution of a plan, nodes transition between
the different states based on the semantics given by state
transition diagrams. When no new transitions can occur in
a micro step, the plan reaches quiescence. As the external
environment changes, macro steps are induced and external
environment information is read, and value updates are made
visible to the internal state of the plan.

Since the semantics of PLEXIL is defined using internal
state transitions, most of the behavior is understood at the
atomic level where nodes transition from one state to the next.
The intended semantics of these transitions are captured in
node state diagrams. An example of this is given in Fig. 1,
which illustrates the transition of an assignment node from
the Executing state to either the Iteration Ended state or the
Failing state.
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Fig. 1. Node state diagram for the intended semantics of an assignment node
in the executing state.

The original semantics of the language was documented
using flow chart diagrams. Historically, these graphical rep-
resentations helped the PLEXIL development team agree on
the intended behavior of the language and then guided the
implementation of the PLEXIL executive. The same diagrams
were used as the basis for the formalization of the language
semantics in PVS and Maude discussed in the current work.

IV. WORKFLOW

The setup of the project was initiated with two sub-teams.
One sub-team consisted of the PLEXIL developers. This team,
referred to as the development team, has members who are
experts on the PLEXIL language, its development history,
and experts in the practical use of PLEXIL and PLEXIL-V.
The other sub-team, referred to as the formalization team, has
experts on the formal semantics of the language in both PVS
and Maude. They are also the developers of the PLEXIL-V
toolset.

The high-level objectives were as follows:

1) Improve the verification technology for PLEXIL, in
particular enhancing PLEXIL-V.

2) Make PLEXIL simpler, easier to use, and more intuitive.

3) Document the current semantics of the PLEXIL lan-
guage and ensure that the intended semantics is reflected
in the formal semantics in PVS and Maude.

The two sub-teams agreed that simplifying the semantics of
the PLEXIL language would both improve its ergonomics and
reduce its execution state space, thus making it more efficient
to model-check. They also agreed that this simplification could
be achieved by reducing the number of constructs in the
language while preserving power and expressiveness. As will
be seen in later sections, the process of thoroughly formally
specifying the semantics helped the development team to
uncover specific behaviors in the language that are not obvious
even to expert users. This process was also used to find
examples that highlight both the behavior of the language and
its expressivity. These examples were used to discuss different
semantic options and are intended to be used in regression tests
as the language evolves. One of these examples is discussed
in detail in Section V-C.

In addition to updating the formal semantics of PLEXIL,
the verification team enhanced PLEXIL-V with a unified
command line interface (CLI) that provides a simple point
of entry to the following features:

• plexilv-run, a test runner that uses the executable
semantics to run PLEXIL plans in batch mode.

• plexilv-diff, a differential testing tool that com-
pares the execution of a batch script using plexilv-run
and the standard PLEXIL executive-based test utility.

• plexilv-check, a utility to model-check PLEXIL
plans over user-specified external environments.

To ease their adoption, the PLEXIL-V CLI utilities do not
expose to their users the internal representation of PLEXIL
plans in PLEXIL-V. Future improvements include lessening
the requirement for familiarity with the Maude system. The
development of these formalization tools is not the subject
of this paper, but this work was done concurrently with the
development of the PLEXIL language semantics.

The workflow presented in Fig. 2 summarizes the joint
efforts for the development of PLEXIL and the formal se-
mantics in PVS and Maude. The formalization in PVS is
the early design verification step for the development of the
PLEXIL language semantics. The development of the tools for
verification are independent of the specific semantics develop-
ment. The specification of the new semantics in Maude allows
for a final round of differential testing to show adherence
of new language features to the semantics specified in the
formal verification tools within PLEXIL-V. This workflow is
a combination of the “parallel” and “after-the-fact” workflows
presented in [19]. That work goes into detail explaining that
an integrated workflow is ideal for the development process
in that an integrated workflow can both save time and re-
duce costs related to the development process. That type of
workflow relies on a few conditions that are not present in
the current effort. The system being specified would need to
have a design that lends itself well to being fully specified
with a formalization. This may be possible for PLEXIL and



Fig. 2. Proposed workflow for the combined development efforts of PLEXIL
and its two formalizations.

is the subject of future work. To do this, there would need to
be a way to extract the formalization and make it executable.
While possible for certain types of formalizations, that process
is not suitable here given the size and complexity of the
PLEXIL language. Another factor in this blended workflow is
that the formalization tools are used to verify the functionality
of the language in two different ways. The formalization of
the semantics in PVS is the official formal specification of
the language of PLEXIL, and the necessity of the formalized
semantics in Maude is for the operation of the verification
tools in PLEXIL-V. These tools allow plan developers to verify
and test properties of specific plans. While conformance of all
of these representations of the semantics is essential for the
success of the effort described in this work, the two formal
specifications serve different but complementary functions. A
more detailed discussion of the unique features of each formal
semantics can be found in Section VI.

V. PLEXIL LANGUAGE DEVELOPMENT CYCLE

The integration of formal methods into the development of a
language is first and foremost used to guarantee the language
satisfies its design specifications. The work began with the
following design goals for the next version of the PLEXIL
language semantics:

• Reduce the plan execution state space.
• Remove semantic thorns, e.g. ambiguities and complexi-

ties that cause difficulties in interpretation and implemen-
tation.

• Provide simpler repetition and iteration control features.
Part of the design specification for the upcoming version of
PLEXIL is to make the semantics and behavior of the language
easier to understand for practitioners. The language should

be formalizable with a simplified semantics that keeps the
current level of expressivity. Furthermore, divergence between
the formal semantics and the intended semantics implemented
by the PLEXIL executive should be eliminated. This leads
to a design requirement for both the PLEXIL language and
the formalization tools of PLEXIL that any future additions
should be traceable in such a way that the language and its
formalization evolve together.

In addition to the design specifications listed above, key
properties of the PLEXIL semantics are essential to maintain
for the new version of the language. The properties identified
for the PLEXIL language semantics are as follows:

• Operational determinism, i.e., the language input/output
relation is single valued but there is no assumption on
the states of the external environment,

• Run to completion, i.e., the external environment triggers
a chain of synchronous internal state changes that even-
tually stops,

• Operational synchrony, i.e., external events are synchro-
nized at the level of macro steps.

Under well-specified assumptions, these semantic properties
are verified in the PVS specification of the semantics for
each iteration of the new language design. Any violation of
these properties requires either semantic changes or a strong
justification of the cases that elicit such behavior.

The original PLEXIL semantics aimed to satisfy all of these
high-level design requirements. This initial semantics followed
a set of state transition diagrams. The formalization effort first
took place in PVS, which was intended to be the “sandbox”
where new designs for the semantics can be specified, and the
formally abstracted properties can be proved. Iteration on the
semantics is informed by the high-level objectives, input from
the PLEXIL development team, e.g., what does the semantics
allow plan developers to express, and the formalization team,
e.g., how the different choices for updates to the semantics
affect high level properties of the language.

The rest of this section describes the process to maintain the
intended and formal semantics in synchrony during the evolu-
tion of the language. It also provides two concrete examples
that highlight how the workflow in Fig. 2 facilitates discussion
between the development and verification teams that led to
adding new features to the language while preserving its core
properties.

A. Maintaining the intended and formal semantics in syn-
chrony

The specification of the state transition diagrams in PVS,
as seen in Fig. 3, looks very different from the state transition
diagrams presented in the documentation of the PLEXIL
semantics, Fig. 1.

As the development team addresses upgrades to the lan-
guage, the state transition diagrams are updated as well.
Maintaining consistency between these diagrams and the for-
mal semantics is a time-consuming and error-prone activity.
In order for the development and the verification teams to
communicate effectively, an automatic translation between



Fig. 3. Formal semantics state transition logic for an assignment node in the
executing state.

these two representations was developed. A pretty printer
was developed that automatically produces Flow Chart and
UML State Machine diagrams from the PVS formal semantic
rules. The pretty printer is seamlessly integrated into VSCode-
PVS [20], a modern Integrated Development Environment
for PVS implemented as an extension for Microsoft’s Visual
Studio Code. Diagram specifications are generated in the
Mermaid language, which supports several image formats
and diagram editing tools. During the design of new lan-
guage features, these diagrams are manually modified by
the developer team. These modifications are then integrated
into the formal semantics, which in turn is used to produce
new diagrams. Divergence between the manually modified
diagrams and those automatically produced from the formal
specifications highlight potential ambiguities in the intended
semantics, which are resolved iteratively.

B. Validation of PVS semantics

The formalization of the PLEXIL semantics in a theorem
prover requires clearly defined behaviors. The process of for-
malizing leads to an investigation into details for the intended
semantics which can highlight ambiguities in documentation.
The following example gives insights into how the differing
level of detail required in the PVS semantics and intended
PLEXIL semantics led to iterative changes to the intended
semantics of PLEXIL.

The state diagram in Fig. 1 informally specifies how assign-
ment nodes behave in the Executing state. At the beginning
of the Executing state diagram, an “assignment complete?”
condition is checked. However, there is an ambiguity here in
exactly when the assignment is intended to occur, e.g., before

entering Executing or at the beginning of Executing. This am-
biguity might lead to assumptions on the underlying semantics
that do not match the implementation. The diagram given in
Fig. 4, which was generated from the PVS specification, led
to discussion with the PLEXIL development sub-team on the
intended behavior of the assignment node semantics. It was
clarified that assignments happen before transitioning to the
Executing state.

Furthermore, during this continuing iterative discussion
where the formal semantics was in development, it was noted
that in the current implementation of PLEXIL, this assignment
action forces termination of quiescence and the execution of a
new macro step. This behavior is inconsistent with the event-
based nature of the macro step since, in this particular case,
an assignment of a variable, which is an internal behavior,
is triggering a macro step. Further investigation of this issue
revealed that the introduction of this forced macro step oc-
curred to address the possibility of non-terminating quiescence
for certain types of repetitions. The PLEXIL development
team, which is designing a new version of the language, made
several adjustments to the intended semantics, including the
introduction of a new type of node to handle repetitions.
These changes eliminate the need for the forced macro step
in assignments and address the issue with non-terminating
quiescence.

C. Validation of Maude Semantics

The Maude semantics is validated operationally by us-
ing it to interpret PLEXIL plans. More specifically, the
plexilv-run tool implements a Maude semantics inter-
preter frontend similar to the official plexiltest tool
to test and debug PLEXIL plans. The plexilv-run tool
receives both a PLEXIL plan and an input environment script
in the PLEXILScript format, and it executes the plan
while producing as output the atomic, micro, and macro steps
performed. The plexilv-diff tool automates the task of
performing differential testing between plexiltest and
plexilv-run by parsing their outputs and showing their
differences.

Since the Maude semantics is so operationally close to
the official PLEXIL test executive, it is used to explore and
validate under-specified semantic features of PLEXIL. In the
following, an example exploration of the PLEXIL semantics
for reading external variables is presented.

Interactions between a PLEXIL plan and the external en-
vironment are captured by LookupNow expressions, which
simply read external values into the internal state. The formal
specification of this behavior relies on understanding how the
PLEXIL executive interacts with the environment and when
the read values are internally visible. The documentation of
this behavior led to several discussions between the develop-
ment and the verification team.

Consider the scenario in Fig. 5, where LookupNown(T ) de-
notes the nth reading of the environment variable T , possibly
from different nodes, during a plan execution.
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Fig. 4. Automatically generated node state diagram for an assignment node in the executing state from the formal semantics in PVS.

Henceforth, Γ represents a snapshot of the external en-
vironment that is visible to the internal state. Consider the
following options for how the LookupNows in the scenario
could be assigned given the relative positions of the real-time
environment data assignment and the LookupNows in the plan
execution.

In Option 1, shown in Fig. 6, values of external variables
are cached in Γ at the beginning of the macro step. In other
words, Γ(T ) is the value of T at the beginning of the macro
step. Furthermore, during a macro step, all LookupNows of the

same external variable return the same value. This semantics
assumes that external variables used by the plan are declared,
so that their values are cached at the beginning of the macro.
If T is not declared, its LookupNow within the macro step is
Unknown, which is a possible value, the first time the variable
is read during an execution.

In Option 2, shown in Fig. 7, values of external variables
are cached in Γ at first reading of the variable within a macro
step. In other words, Γ(T ) is the value of T at first reading
during the macro step. As in Option 1, during a macro step,



Fig. 5. A scenario with multiple LookupNows during one macro step
execution.

Fig. 6. In this option, the state of the environment is captured at the start of
a macro step.

Fig. 7. The second option for how the LookupNow execution could behave.
In this option, the state of the environment is updated to the first reading of
the variable in the macro step.

all LookupNows of the same external variable return the same
value. This approach does not require caching the value of T
at the beginning of the macro step, so T could return a valid
value at first reading even if it is undeclared.

In Option 3, given in Fig. 8, values of external variables are
updated in Γ at each reading during a macro step. Therefore,
different LookupNows of the same external variable during a
macro step may see different values.

Due to the ambiguity of the existing documentation, all three
interpretations of the LookupNow semantics presented above

Fig. 8. The third option for how the LookupNow execution behaves. In this
option, the state of the environment is continuously updated in the middle of
a macro step.

are plausible. Option 1 aligns with the formal specifications
in PVS and Maude. Options 2 and 3 would require a major
overhaul of how the environment and its interaction with the
internal state is formalized. Option 3, in particular, could
be implemented by forcing a macro step whenever an envi-
ronment variable is updated, but this change implies several
changes to the micro and quiescence steps. Additionally,
this option would violate the definition of a synchronous
language, which is a key property of PLEXIL. Following
discussions with the PLEXIL development team, test plans
were developed to exercise these scenarios and subsequently
added to the regression test suite. Collaborative exploration
between the two teams confirmed that Option 1 represents
the intended semantics. Consequently, the Maude semantics
could be immediately and automatically validated against the
test plans. Records of these conversations, the accompanying
examples, and a definitive explanation of how LookupNows
interact with both plan execution and the environment will be
included in the documentation for the upcoming release.

VI. WHY TWO SEMANTICS?

The semantics of PLEXIL as specified in PVS and Maude
are very different in their nature. The formalized semantics
of PLEXIL in PVS is specified using higher-order logic
and defined in a layered structure through the five relational
steps presented in Section III and illustrated in Fig. 9. This
layered structure makes this semantics suitable for proving
meta-theoretical properties of the PLEXIL language such as
operational determinism, run to completion, and operational
synchrony. Indeed, the key properties verified using PVS are
proven at the atomic level and then lifted to the upper layers
using abstract properties on relations [21].

On the other hand, the relational semantics in PVS is
not executable. Furthermore, to verify correctness properties
of PLEXIL plans using the PVS semantics, more low-level
computational details would be needed, which would signif-
icantly complicate the PVS semantics and would break its
compositional structure. For those reasons, an alternate formal
semantics, operationally closer to the PLEXIL executive, was
developed in Maude. This alternate semantics is executable
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and enables the use of model-checking for verifying concrete
PLEXIL plans.

The PLEXIL semantics specified in Maude follows the
structure of the Rewriting Logic framework [7], in which
systems are specified as non-deterministic transition sys-
tems whose states are equivalence classes. These equiva-
lence classes can be viewed as nested transition systems that
represent the deterministic behaviors of a system. Transi-
tions between equivalence classes model the non-deterministic
behaviors of the system. Since the PLEXIL language has
been proven to be operationally deterministic, the only non-
determinism occurring during the verification of a plan orig-
inates from the environment in which the plan is executed.
Hence, the Maude semantics provides a suitable framework
to model the deterministic behaviors of PLEXIL plans un-
der non-deterministic environments. This framework mod-
els non-deterministic environments by composing a set of
environment-generator primitives that produce finite sets of
non-deterministic options during execution. As depicted in
Figure 10, while exploring the execution space of a PLEXIL
plan during verification, the execution of each macro step
will be deterministic (Macroi equivalence classes); the gen-
eration of potential environment inputs will be determin-
istic as well (generateInputs); but the inputs coming
from the environment will be chosen non-deterministically
(chooseInput transitions). This model of execution is
closer to the PLEXIL executive and facilitates the interpre-
tation of verification results by developers of PLEXIL plans.

VII. CONCLUSION AND FUTURE WORK

By integrating formal methods into the development process
of PLEXIL, new language features were implemented and
divergence between the intended and formal semantics were
identified through the formal specification process. These
divergence created discussion between the development and
formalization teams, aided by a common language of inde-
pendently produced state diagrams. This discussion allowed
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Fig. 10. The transition system view of the PLEXIL semantics in Maude.

for the development of strong reasoning to justify the changes
as they were made. Through this integrated development work-
flow, the PLEXIL language and the PLEXIL executive evolve
together while preserving core properties of the language.

The formalization of the semantics in PVS and Maude
are both checked for conformance in different ways. The
operational semantics in Maude is being checked by dif-
ferential testing, and the PVS formalization checked using
the adherence to the intended semantics by state diagram
comparison. This leaves open the possibility of divergence
between the intended semantics and the operational semantics.
Future work includes the development of automated tools that
bridge the gap of traceability and conformance between the
different formalizations. This is a planned effort for the newest
version of the PLEXIL language and PLEXIL-V.
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