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Abstract

Cyber-Physical Systems (CPSs) already exhibit impressive
performance in all areas of human life, and swarms of
CPSs promise to increase their capabilities even further.
However, to effectively utilize CPS swarms their complexity
of operation has to scale sub-linearly with the number of
swarm members. Presenting the swarm to an operator as a
single entity almost eliminates the additional per-member
overhead entirely. To operate a swarm as one entity, and/or
to increase the swarm’s autonomy, the operator and the
swarm members need to reason and communicate at the
same level of abstraction, i.e. the swarm needs a sense of
“self.” Therefore, we require the ability to specify whole
swarm properties yet monitor them at the member level.

We examine one architecture for achieving this awareness by:
1) Defining a taxonomy for comparing techniques that syn-
thesize this belief-state 2) Propose use of the Runtime Ver-
ification formal method to fill this role 3) Present prelimi-
nary designs for extending and embedding such a system in
the Distributed Spacecraft Autonomy architecture to generate
per-member monitors from swarm level specification

1 Introduction
Cyber-Physical Systems (CPSs) permeate our lives in ways
both obvious and invisible. Systems we use daily like air-
craft, satellites, and biomedical devices are clear examples
of complex CPSs but continual decline in the cost of em-
bedded systems, coupled with the ease of internet connectiv-
ity, has driven the transformation of basic consumer goods
into CPSs even as the next wave of CPS capabilities in
autonomous cars, drone swarms, and robotics enter mar-
ket. While there is no single agreed upon definition, some
common features of CPSs are: 1. consist of communicat-
ing controllers passing observations over a network (201
2014) 2. nearly inseparable physical (continuous) and logi-
cal (discrete) dynamics i. e., hybrid dynamics (Platzer 2018),
and 3. tight coupling preventing effective use of soiled sub-
system assumptions used in traditional engineering practice
(He, Dong, and Fu 2018).

Hierarchical layers are a common abstraction to compart-
mentalize the complexity in these tightly coupled modules
(Badger, Strawser, and Claunch 2019). For example: a
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robotic actuator might contain a suite of sensors and con-
trollers, exposing only it’s best position estimate to a higher
level motion planner which commands desired attitudes in
turn. This abstraction pattern generates a hierarchy which
generally seeks to minimizes the assume-guarantee con-
tracts between components. Sitting atop these stratified ab-
stractions, decision making for a CPS can often remain a
“simple” sense-plan-act (SPA) loop. This recalls the sub-
sumption architecture of robotics and hierarchical control of
industrial controls systems (Choi et al. 2013).

However, the contracts between the planning layer and
rest of the system may not be sufficient to keep belief-
sate between the sense and plan stages within the planner’s
tractable regime. This is particularly common when scal-
ing CPSs to swarm deployments where all the uncertainty
issues endemic to distributed systems pollute the belief-
state. To keep planning tractable, systems may resort to
application-specific, ad-hoc components sitting between the
sense and plan steps to compensate for the additional uncer-
tainty. While the communications and planning systems are
well defined fields of study, techniques used to bridge them
come from many disciplines impeding direct comparison.

To design, operate, and trust CPSs that operate with sig-
nificant high-level uncertainty, we must analyze the methods
of reducing the size of the belief-state that is fed to the plan-
ner (a process we call orientation) and structure their devel-
opment. When the resulting belief-state represents a whole
swarm, it forms a situational awareness, common opera-
tional picture, or sense-of-self for the swarm to plan against.
Our goal is to automatically and formally generate this state,
in a manner lightweight enough to run in critical embedded
domains like spacecraft swarms.

Contributions and Organization First, we define a tax-
onomy for comparing orientation techniques in Section 2.
In Section 3, use of runtime verification as an orientation
technique is proposed. Then, preliminary work on extend-
ing a runtime verification tool for orientaion of a swarm is
overviewed in Section 4 and applied to the Distributed Space
Autonomy mission in Section 5. Finally, Section 6 con-
cludes with a discussion of open questions and future work.
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Trade-space of Orientation Techniques

Figure 1: A taxonomy for comparing Orientation tech-
niques. The horizontal axis indicates trust received obser-
vations from full trust on the left to Byzantine fault assump-
tions on the right. The vertical axis indicates the tense of the
recovered state, from complete historical trace recovery at
the top, though best-effort/last-known methods in the center
to predictive methods at the bottom. Techniques are not lim-
ited to the sample shown and may cross boundaries.

2 Orienting to Orientation
OODA Decision Model
The Observe-Orient-Decide-Act (OODA) decision model
explicitly names the section between the collection of state
information and planning in recognition of need to syn-
thesize a belief-state upon which to base decision making
(Grant 2005). The “orientation” step (called “contextualize”
or “analyze” in similar models) resolves uncertainty and re-
duces the dimensionality of the system state fed though to
the planner by leveraging domain or mission specific as-
sumptions. Two reviews of requirements for space system
autonomy, noted an improvement in “awareness” of the sys-
tem (i. e., orientation) as a key requirement and that moni-
toring is ”a prerequisite for awareness, it constitutes a sub-
set of awareness” (Jonsson, Morris, and Pedersen 2007;
Vassev and Hinchey 2013).

Compared to the communications and planning compo-
nents, the orientation module lacks a clean boundary and
tends to bleed into the other domains. This flexibility in def-
inition makes many techniques from varied fields of study
viable approaches. The required capabilities can be derived
by quantifying the gap between the guarantees of the com-
munications system and and assumptions of the planner.

The Trust and Tense taxonomy
Direct comparison of the orientation techniques is compli-
cated by the very flexibility that gives them power. Figure 1

organizes orientation techniques by their assumptions of ob-
servation validity (trust) and the time span of the recovered
states (tense).

Trust The horizontal trust axis parameterizes the assumed
validity of received information, encoding the strength of
the communication system’s guarantees. The most trusting
approaches assume information is merely remote and can
be eventually received with some latency. As communica-
tion guarantees weaken, the orientation and planning sys-
tems must contend with incomplete, inaccurate, or even ma-
liciously crafted messages (i. e., Byzantine faults).

Tense The vertical tense axis describes the length of the re-
constructed data trace, encoding the amount of historical in-
formation required by the planner. At one extreme, the sys-
tem will eventually resolve the full historical trace, while at
the other it predicts a future state without memory of the pre-
vious states. In the middle are last-known/best-known/state-
estimation beliefs about the remote parameters.

Discussion
In general, most past tense techniques come from databases,
consensus protocols dominate the present tense, and the fu-
ture tense is the domain of state estimation techniques.

Lower trust approaches raise the separate but related ques-
tion of how much uncertainty to expose to the planner. If the
goal of orientation is to present the simplest belief-state to
the planner, then approaches that wait for certainty (like a
blockchain) or keep uncertainty internally and report their
best known value (like a Kalman filter) can be used. When
using uncertainty aware planning, reporting a confidence
level with the suspected value (like with Bayesian inference)
or the whole set of potential states can be used.

Tense has a relationship to the CAP theorem from dis-
tributed systems theory. Brewer’s Consistency, Availabil-
ity, Partition-tolerance theorem describes that a distributed
system can only guarantee two out of the three eponymous
properties (Fox and Brewer 1999). Since partition tolerance
is a requirement for swarms assuming imperfect communi-
cation, these methods can be viewed as a trade-off between
availability and completeness. Overall, the future methods
are more available since they can provide a projected value
for anytime (accuracy not withstanding), while past tense
methods favor consistency at the cost of speed.

The amount of development effort and prior knowledge
generally increases from the remote-past toward malicious-
future. From an information theory perspective, it is reason-
able that methods actively compensating for unknown infor-
mation require more structure like system models, parameter
tuning or learning periods.

3 Runtime Verification Orientation
Formal methods have shown promising results in CPS
even when traditional engineering trust methods break
down (Hartnett 2016; University 2011) and are gaining ac-
ceptance by standards for establishing trust (Jacklin 2012).

In response to the inflexibility (and often intractability)
of traditional formal methods like model checking and au-
tomated theorem proving, lightweight formal methods were
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developed to trade away guarantees of existing formal tech-
niques to gain advantages in specific use cases (Leucker and
Schallhart 2009). runtime verification (RV) is a lightweight
formal method that trades off complete reasoning over all
potential system executions for reasoning over a singular
system trace(Havelund and Rosu 2001). Most work in this
field is applied to systems postmortem (offline RV) (Falcone
et al. 2018), however some RV monitors run in real-time
(online RV) with the required time and space known a pri-
ori, making them well suited as an orientation technique for
CPSs (Desai, Dreossi, and Seshia 2017).

RV systems can digest large streams of data into Boolean
verdicts in real-time and this transform is described by a for-
mal language. We can use this efficiently reduce the dif-
ficulty of planning with formal trade-offs and validation of
the “lost” information. This can be especially advantageous
for temporal properties which can be converted into Boolean
compliance verdicts by an RV monitor, removing the tempo-
ral dependency from the planner altogether.

We propose leveraging RV as an orientation technique to
simplify the state space prior to planning by deriving the
specification from the project requirements used to develop
the planner. Since off-the-shelf RV monitors can be used,
this reduces mission-specific code, simplifying validation
and verification of the decision loop.

Prior Work
Adoption of RV has remained slow, despite promising re-
sults in both academia and industry (Rozier 2019; Desai,
Dreossi, and Seshia 2017; Srivastava and Schumann 2013;
Torens, Dauer, and Adolf 2018). Existing work has demon-
strated runtime monitoring protocol conformance in a CPS
(Fadil and Koning 2005) and use of RV in a distributed sys-
tem with a hierarchy (El-Hokayem and Falcone 2021). Sev-
eral teams (Dixon et al. 2012; Konur, Dixon, and Fisher
2012; Winfield et al. 2005b; Rouff et al. 2004; Winfield et
al. 2005a) have focused on specification of emergent behav-
ior, verifying conformance at design time.

Proposed Workflow and Project Process
Creating an RV monitor that tracks status requires encoding
the definition of “good” (or bad) in a formal specification.

Even without a formal verification campaign, traditionally
engineered CPSs have a source of (semi-)formal specifica-
tion – the project requirements. This reduces the specifica-
tion design from system modeling to translation, lowering
the previous experience required and easing the “specifica-
tion bottleneck” (Rozier 2016).

Since the project requirements encode the same condi-
tions used to develop the control logic, they naturally de-
scribe properties of interest to the planner. By having re-
quirements guide specification, RV monitors can produce
minimal system states of values needed by the planner.

Writing specification can be difficult, and as a corollary to
Conway’s law (MacCormack, Baldwin, and Rusnak 2012)
it is only made more difficult when the process is at odds
with the organizational flow of the project. However, deriv-
ing specification directly from requirements both matches

the existing project structure of traditional engineering ef-
forts, and allows the specifications to be developed ahead
of the implementation. The requirements-first flow then en-
ables low fidelity testing to be completed and specifications
iterated early in the design cycle.

The resulting verdicts are relatively easy to debug (and
can assist with debugging the rest of the system), since the
intermediate value have a semantic mapping to the require-
ments - e. g., system decided to go into safe-mode, looking
at the health and safety verdicts the maximum discharge rate
property was not upheld.

Discussion
RV orientation would be categorized as a remote-present
technique in the trust and tense taxonomy of Figure 1.

Strengths 1. Utilizes existing formalism in project, re-
ducing specification effort 2. Naturally expresses assume-
guarantee contracts and temporal properties 3. Enables plan-
ning with temporal properties without maintaining historical
state 4. Produces concise sates that trace to requirements,
aiding explainability 5. Model-free method allowing early
development and testing 6. Lighter-weight than pure state
estimation, with formalized trade-offs

Weaknesses 1. Writing and validating formal specifica-
tions is a specialized skill 2. Not robust to missing informa-
tion 3. Being model-free can beget opaque system assump-
tions if requirement changes are not closely tracked

Overall, this approach is a strong candidate when most
uncertainty can be resolved with a locally greedy approach -
i. e., assuming known information is true.

4 RV Orientation from Swarm Specification
One of the identified goals of NASA’s Distributed Space-
craft Autonomy (DSA) project is ”Advance command and
control methodologies for controlling a swarm of spacecraft
as a single entity” (Cellucci, Cramer, and Frank 2020). Pre-
senting the swarm to an operator as a single entity almost
eliminates the additional per-member overhead entirely. To
support this, the operator must be able to reason about the
state of the full swarm at once and each member must make
autonomous decisions based on the state of the whole group.

Just as with the specifications in the simple RV orientation
module, swarm member decisions are made out of mission
rules sets collected in project requirements. Again, by us-
ing these as templates for specifications we leverage existing
formalism, ensure traceability, and bolster explainability.

To reason about the swarm as a whole, each agent nec-
essarily requires information about other agents. While this
shift in perspective matters to the monitor, we do not want
implementation details impacting the specifications. We
propose a process of automatically decomposing specifica-
tions describing the whole swarm into distributed monitors.
To aid in this conversion, we also extend the specification
language to natively express two common patterns in swarm
specification: N-out-of-M properties and indirect evidence.
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Table 1: Mission-time Linear Temporal Logic2

Symbol Operator Timeline

2[2,6]p ALWAYS[2,6] 0 1 2 3 4 5 6 7 8
p p p p p

3[0,7]p EVENTUALLY[0,7] 0 1 2 3 4 5 6 7 8
p

pU[1,5]q UNTIL[1,5] 0 1 2 3 4 5 6 7 8
p p q

Use of RV as an orientation technique alone would be a
remote-present technique in Figure 1, but by adding indi-
rect evidence we can move this toward the region dominated
by state estimation methods, without the heavy overhead or
system modeling required by those techniques.

Prior Work Some great languages exist for specification
of distributed systems Vienna Development Method (VDM)
(Bjorner and others 1978) and Distributed Ontology, Model,
and Specification Language1 (DOL) however they both are
tightly coupled to a system model. In (Briola, Mascardi,
and Ancona 2015), distributed runtime verification is imple-
mented over the JADE multiagent system platform. Speci-
fications were derived from protocols and represented as at-
tribute global types (AGTs). AGTs are great for protocol
spec but difficult to read and write. Interesting thoughts on
the duality of distributed monitoring and distributed comput-
ing are raised in (Audrito et al. 2019). The three-value logic
was used to attack the inherently asynchronous nature of dis-
tributed RV in (Scheffel and Schmitz 2014). Lessons learned
from an agent designed for multi-satellite mission with a
similar message passing architecture are found in (Schet-
ter, Campbell, and Surka 2003) Case studies on the required
level of feedback and control for a human in the loop with a
swarm are prevalent in defense literature such as (Beal 2012;
Sauter and Bixler 2019) Similar issues are studied in other
fields, and in examining the cross between Health Manage-
ment and Internet-of-Things, (Karamitsios, Orphanoudakis,
and Dagiuklas 2016) ended up with some similar designs
and lessons learned even though the application was focused
on network stack performance.

Goals 1. Derive temporal logic swarm-level specifica-
tions from requirements, not implementations 2. Automat-
ically generate per-member monitors from swam specifica-
tion 3. Create RV orientation module that does not require
mission specific code i. e., uses native cFS features and is
fully configurable from specification 4. Raise the level of
abstraction in the constructed belief-state to match the oper-
ator’s view of the swarm as an entity We are developing the
Swarm Sense of Self (S3) application to address these goals.

Specification Language
Temporal Logic is a common specification language for RV
monitors (Falcone et al. 2018) Temporal Logic specifica-
tions describe desired (or undesired) timelines of executions,
much like mission specifications, reducing the semantic gap

1https://www.omg.org/dol/
2(Reinbacher, Rozier, and Schumann 2014) with permission

between the source requirements and the monitored speci-
fication. This simplifies specification writing and reduces
the required RV knowledge to validate the specifications
against project requirements. Previous distributed space
systems verification repeatedly identified temporal proper-
ties as an important expressive shibboleth (Das, Wu, and
Truszkowski 2001; Winfield et al. 2005a; Araguz, Bou-
Balust, and Alarcón 2018; Badger, Strawser, and Claunch
2019).

For our implementation we have selected Mission-time
Linear Temporal Logic (MLTL), a Metric Temporal Logic
fragment for finite discrete traces introduced in (Reinbacher,
Rozier, and Schumann 2014). MLTL contains the standard
Boolean propositional operations (And, Or, Not, and Im-
plies) along with start and end bounds on the future-time
temporal operators as shown in Table 1.

Some projects prefer past-time temporal logic (Havelund
and Roşu 2002; Roşu, Chen, and Ball 2008), presumably
because all needed information already exists at the time
of reasoning. Our monitor supports both; however, we’ve
elected to use future-time because: 1. future time matches
the tense our operations requirements are expressed in mak-
ing them easier to write, and 2. future time make missing
information very explicit. In an imperfect communications
environment just because the event has passed doesn’t mean
you have knowledge of it.

We extend MLTL to be written at the swarm level and
automatically decompose graph to per-agent monitors. To
assist in writing meaningful swarm-level specifications we
have identified two initial language features: 1. N-out-of-M
Properties, and 2. Indirect Evidence

N-out-of-M properties are Boolean signals like in stan-
dard R2U2, but instead of looking for one value to meet a
condition it waits for a threshold of swarm members’ local
values to meet that condition - e. g., ”battery charge above
80% for at least 75% of the swarm.”

Indirect evidence allows swarm members to “out-vote” a
local value from their outside perspective. For example, if
one swarm member reports they are actively illuminating a
target, but a quorum of other members do not agree the self-
reported result can be considered faulty.

Monitor Core
Our implementation is built atop the Realizable Responsive
Unobtrusive Unit3 (R2U2) runtime monitor (Reinbacher,
Rozier, and Schumann 2014) which has specifically engi-
neered to conform to flight software requirements and has
flight heritage on the SwiftUAS drone platform (Schumann
et al. 2015), previous integration with NASA’s Robonaut2
platform (Kempa et al. 2020) and is currently being con-
sidered for use by the Lunar Gateway space station’s Ve-
hicle Management System (Dabney, Badger, and Rajagopal
2021). R2U2’s architecture is flight software friendly as it
does not allocate memory, has a separate atomic checker
module for evaluating Boolean proposition from system sig-
nals, and can be reconfigured to monitor different specifica-
tions without recompiling the binary.

3http://r2u2.temporallogic.org

https://www.omg.org/dol/
http://r2u2.temporallogic.org
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Figure 2: Simplified DSA mission architecture. Agents
coordinate via radio link with their neighbors and monitor
(solid line) a subset of visible (dotted line) GPS signals.

We hope to use R2U2’s Bayesian reasoning capabili-
ties (Reinbacher, Rozier, and Schumann 2014) to imple-
ment indirect evidence, and have investigated using formula
rewriting for N-out-of-M properties, but both are currently
implemented as input filters in R2U2’s atomic checker mod-
ule - an efficient if less interesting method.

Swarm Specifications & Member Monitors
To be viable, our toolchain must be capable of automatically
generating per-member monitors from the swarm level spec-
ification. R2U2’s use of an observer tree to represent the
formula evaluation drastically simplifies development - we
only need to make two modifications to the R2U2 toolchain.
First, an extended ANTLR4 parser generator grammar file is
provided with the additional syntax to construct an Abstract
Syntax Tree (AST) of the specification observer at the swarm
level, just like in a standard R2U2 formula compiler (Kempa
et al. 2020). Then, before the R2U2 configuration is recur-
sively generated from the tree, the member monitor visitor
walks the tree and tweaks the necessary parameters for it’s
host monitor. If there are n swarm members, the same tree is
walked and potentially modified n times, emitting a configu-
ration at the end of each walk. This process is demonstrated
in Section 5. Since our implementation’s only language ex-
tensions are both implemented in the atomic checker, the
visitor only needs to visit the leaves of the AST and mark
values as local or remote.

5 RV Swarm Orientation in Practice
In flight, the four DSA mission spacecraft form a “string
of pearls” topology with radio cross-links between adjacent
members. Agents share state information over this link to
select which GPS signals to monitor. Figure 2 is a simpli-
fied depiction of this configuration; in flight there will be 4
DSA spacecraft, each with up to seven visible GPS signals,

4https://www.antlr.org

and the visibility graph will not be fully connected. The goal
is to maximize the number of monitored signals that pass
through a ionospheric feature of interest, while maintaining
coverage - monitored channels with each visible GPS trans-
mitter to detect other potential features. We next demon-
strate development of an S3 monitor for coverage, evaluate
the behavior on simulated mission data, and examine results
from the perspective of the swarm agents and operators.

Example Agent Monitor from Swarm Property
Swarm Property and Specification The project require-
ment we are encoding represents a behavior of the whole
swarm beyond the local knowledge of a singular agent and
can be written as: All visible GPS signals should be moni-
tored by at least one agent Full visibility is assumed at the
swarm level, therefore we can test set membership without
regard to data locality and express “GPS number x is visi-
ble” as Gx ∈ GPSvis and similarly with assignment. While
this is a literal encoding of the property, we can partially mit-
igate implicit assumptions gaps between the spirit and letter
of the law in this specification. For example, we leverage
the temporal logic operator F[0,5] as a “debounce” to give
some leeway for network transmission time. The specifica-
tion below (with the expansion to all GPSs elided for space)
encodes coverage and is read as “within the next 5 ticks,
GPS visibility implies GPS assignment.”

F [0, 5] (G0 ∈ GPSvis → G0 ∈ GPSassign) ∧ . . .)

Agent Specification To construct an agent monitor, the
swarm specification is converted to an AST and traversed
in post-order, applying rewriting rules and marking re-
mote data. In this example, set membership checks are
rewritten as disjunctions of atomic propositions in the form
GPSx vis/asn n (read as: “GPS x visible/assigned by agent
n”) and atomics where n is not the agent number are remote.

F[0,5][(GPS1 vis 0 ∨GPS1 vis 1 ∨GPS1 vis 2 ∨GPS1 vis 3)

→(GPS1 asn 0 ∨GPS1 asn 1 ∨GPS1 asn 2 ∨GPS1 asn 3)]∧
... (subexpressions for GPS 2− 31 ellided)

[(GPS32 vis 0 ∨GPS32 vis 1 ∨GPS32 vis 2 ∨GPS32 vis 3)

→(GPS32 asn 0 ∨GPS32 asn 1 ∨GPS32 asn 2 ∨GPS32 asn 3)]

Agent Monitor The remote atomics are retrieved from the
cross-link communication system and use the last known
value by default. Integration of indirect evidence is not nec-
essary for this specification. Use of time-to-live in the mes-
saging layer can ensure stale data is not reused in the even
of a partition, though the relative motion of the swarm will
quickly lead to violations when using old data without this
extra feature.

The derived agent expression consists of four atomic
loads and three disjunctions for each set existence checks,
there are two such checks and an additional three temporal
operations are used by the equivalence relation R2U2 uses

https://www.antlr.org
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Figure 3: Coverage percentage over time (left) and frequency of missed signals (right) without strict coverage enforcement.

for implies for each of the 32 channels. Finally, these 32 per-
GPS checks are conjuncted by 31 more operations and the
temporal debounce is applied for a total of 576 R2U2 tempo-
ral logic operations - sufficiently small for evaluation under a
real-time deadline (Kempa et al. 2020) and R2U2 optimiza-
tions like native set operations (Cauwels et al. 2020) further
improve the speed in practice.

Scenario Results
Figure 3 summarizes the result of the coverage check on a
simulated DSA activity using real GPS data from the ESA
Swarm mission (Cellucci, Cramer, and Frank 2020). The
agent was set to balance coverage with maximal observation
of potential features rather than strictly enforce the coverage
condition. The swarm averaged 93.31% coverage and met
coverage specification 81.99% of the simulation.

Agent Perspective Rigorous detection of a specification
violation is the first step toward fault disambiguation and au-
tomatic mitigation. The specific failing subexpression cou-
pled with other system variables constitute a signature that
can be matched with a specific fault or mitigation trigger.
These rules can be expressed as specifications themselves
and encoded in the S3 monitor.

Operator Perspective For operations staff evaluating
swarm performance, specification violations automatically
highlight regions of interest in the telemetry and decompose
into the natural follow-on questions. The temporal debounce
filters out acceptable transients, like the short coverage loss
due to a new satellite entering view after assignments com-
pleted at time 3901, reducing alarm fatigue and better di-
recting operator attention. A violation may be acceptable
and caused by an interesting feature, in this example which

has now been timestamped by the S3 monitor. Otherwise
it may be the results of missing or inaccurate data such as
during the initial start-up or after a network partition.

6 Conclusion
As CPSs increase in complexity, their hierarchical abstrac-
tions can no longer shield higher level of decision mak-
ing from intractable uncertainty. While the value of formal
methods in generating controllers or evaluating behavior of
these systems is acknowledged, we believe there is value in
applying these approaches at runtime as well.

Using a model that maintains clean separability between
sensors, beliefs, and logic, we consider many disparate tech-
niques for constructing belief-states. We proposed using
runtime verification to construct a lightweight, real-time ori-
entation module for synthesizing belief-states. Our work
explores methods to lower the barrier to entry with formal
methods, such as utilizing existing formalism in the project.
As a bonus, this semantic connection improves the explain-
ability of the belief-sate. We previewed extensions to shift
RV techniques toward handling more uncertainty without
sacrificing model-free specification, shifting RV toward a
trust level of missing or mistaken data. Finally, preliminary
work on matching abstraction levels between swarm oper-
ators and members to simplify operations and development
for the humans while providing the swarm with the neces-
sary “sense-of-self” to act as one.

Future Work
With the initial version of the S3 component in place, we
want to begin deciding and acting on this new belief-state
with investigations on effective ways to offload complex-
ity from the planning module. This is the original goal of
the project - to see how RV could best assist planning and
scheduling tools.
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A future optimization would be to identify branches of
the AST that can be shared over the network instead of only
treating the leaves as potential remotes. This has interest-
ing implications for speed, loss, and robustness. In some
use-cases it might be better to repeatedly resend a single
composite value over a poor connection than trying to get
a full set of the component values though, and vice verse.
The visitor pattern is generic enough at accommodate these
optimization targets.

To continue the development of the S3 prototype, we will
attempt to encode specifications from real missions and pub-
lished case studies to check that the language is expressive
enough and the converter handles real-world use cases. Ad-
ditional features like confidence thresholds and indirection
will be evaluated for usefulness and complexity before be-
ing considered for inclusion.

Work on a specification language extension to allow ad-
dressing values in different traces is awaiting peer review.
This should make writing from the swarm and member per-
spectives seamless. Building off that capability, we hope to
allow alternative methods of incorporating indirect evidence
as well as support reasoning over traces with missing data
like in (Taleb, Khoury, and Hallé 2021).
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