
A declarative and probabilistic model with
rewards to formally verify satellite missions ⋆

Fernando Asteasuain1,2, Danilo Medina1, and Ana Legaspi1

1 Universidad Nacional de Avellaneda, Argentina
fasteasuain@undav.edu.ar

2 Universidad Abierta Interamericana - Centro de Altos Estudios
CAETI, Argentina

Abstract. Software Probabilistic models can be extended with the con-
cept of rewards to enrich and enhance the behavioral properties to be
specified and studied in a software system. In the last years, rewarded
probabilistic models have been employed to formally verify cutting-edge
domains such as satellite missions specifications. In this work we present
an extension of our flexible and graphical specification framework called
FVS incorporating rewards into our probabilistic model. We validated
our approach by modeling a real and complex case of study for a nano-
satellite and we also developed an important software tool to simulate
satellite missions and recollect data.
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1 Introduction

Probabilistic models have always been a resourceful asset to consider in Software
Engineering. In the last years they have been effectively applied in groundbreak-
ing software domains such as satellite mission or robotic systems specification
[23, 26]. In particular, when applied to formal verification phase probabilities
show three main flavours. The first one is to tackle a widely known problem in
formal verification which is the state-explosion problem [30]: the model to be ex-
plored is early too soon too big and the automatic tools such as model checkers
are not able to verify a given property in a reasonable amount of time. Adding
probabilities into the model reduces the space to be explored with the cost of los-
ing some precision. For example, instead of saying the system will always satisfy
a given property , the model checker can say that the property will be satis-
fied with a 0.98 probability. The second flavour is combined with the concept of
software uncertainty [31, 17, 24], that is, being able to cope with requirements
that are suitable to change or that remains unclear in early stages. For example,
a possible way to model uncertainty in Self-Adaptive Systems (SAS) [24, 17] is
introducing probabilities into the model [7, 27]. This enables the possibility to
express that a certain behavior is likely to occur with a given probability. Fi-
nally, the third flavour of probabilistic software engineering might be its usage
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on formally verifying large systems and large models [21, 28]. In this case, like
in the state-explosion problem, probabilities help to diminish the space to be
explored and analyzed.

Probabilistic models can be easily and straightforwardly extended with the
concept of rewards [1, 10, 19]. Rewards can be viewed as labels in a Labelled
Transition System (LTS) [29]: an easy way to enrich a model to provide more
computational power. Rewards can also be viewed as a way to ponder or weight
some decisions in the software to be analyzed [1, 10]. For example, rewards can
be interpreted as costs to indicate that certain operations or transitions of the
system are more “expensive” than others. These values can be accumulated and
the software engineer could express properties regarding that accumulated value
to introduce thresholds, a typical software requirement to be addressed. In LTS,
rewards can be incorporated when entering or exiting a given system state or
directly associated to a transition relating two states [1, 10, 19].

Several approaches incorporated rewards to their probabilistic model [1, 19,
9, 16]. However, few of them allow to denote behavior in a declarative way, closer
to the way requirements are expressed. Being able to express behavior declara-
tively is always a crucial aspect when specifying behavior [20]. In this sense, in
[13, 14] the probabilistic version of the FVS (Feather Weight Visual Scenarios)
specification framework was introduced. FVS [2, 4, 5] is a simple yet powerful
and flexible graphical specification language. In previous work probabilistic FVS
[13, 14] has been successfully applied in cutting edge domains such as satellite
missions and robotic specifications. We now build on the top of these works
introducing Rewarded FVS, a simply FVS extension including a probabilistic
model with rewards. We validated our approach modeling a real and complex
case of study: an specification from a Cube-Sat satellite mission and three par-
ticular properties extracted from the literature considered as patterns since the
behavior they denote is meaningful and expressive [23, 12, 8]. We also developed
an important software tool to simulate satellite missions and recollect enough
data and information to provide purposeful values to the rewarded probabilistic
model. Formal semantics of Rewarded FVS will be addressed in future work.

The rest of this paper is structured as follows. Section 2 introduces the main
concepts of the Rewarded FVS specification language whereas Section 3 shows
our language in action considering our Cube-Sat mission specification. Finally,
Sections 4 and 5 present related and future work and the final conclusions of
this work.

2 Rewarded FVS

We first introduce FVS basic concepts and Section 2.1 describes how rewards
are incorporated to our language. The reader is referred to [2] for a formal
characterization of the language. FVS is a graphical language based on scenarios.
Scenarios are partial order of events, consisting of points, which are labeled
with a logic formula expressing the possible events occurring at that point, and
arrows connecting them. An arrow between two points of interest represent a



total function between points establishing a precedence relationship between
them. An arrow connecting a point A to a point B indicates that the A event
occurs before the occurrence of point B. FVS also features a function to restrict
behavior between points, which is called the forbidden function. This function
allows to express that certain behavior must not occur between points, which
is a classical requirement for behavioral specification languages. The forbidden
relationship is graphically shown as a label in the arrows connecting points.

We now introduce the concept of FVS rules, a core concept in the language.
An FVS rule consists of two or more scenarios: a scenario playing the role of
an antecedent and at least one scenario playing the role of a consequent. The
intuition is that whenever a trace “matches” a given antecedent scenario, then
it must also match at least one of the consequents. In other words, rules take
the form of an implication: an antecedent scenario and one or more consequent
scenarios.

As fully detailed in [13, 14] probabilities are introduced in FVS as follows.
We consider that a system will satisfy a given FVS rule R with a probability pr
as the ratio between the number of possible behaviors satisfying the rule and the
total number of possible behaviors. In raw words, we say the rule R is satisfied
in at least pr % of the cases (pr% stands for 100 * pr %). This is indicated
by introducing a mathematical function f which assigns probabilities to FVS
behavioral scenarios.

A complete probabilistic FVS rule is shown in Figure 1. The rule addresses
a requirement from our case of study: a specification for a Cube-Sat satellite
mission: when satellite lights are turned on during an eclipse a high level con-
sumption alert must be dispatched with a probability higher than 0.99. The rule
consists of an antecedent scenario, where a EclipseDetected event is followed by
a LightsOn event. During the time elapsed between these two events is must
not occur the EclipseEnd event. These scenarios represent the situation where
lights are turned on during an eclipse. The consequent scenario (in grey in Fig-
ure 1) establishes that the HC-AlertDispacthed must occur, checking that the
required alert is correctly dispatched, fulfilling the mentioned requirement. Ad-
ditionally, this must occur with a probability greather than 0.99. As it is shown,
probabilities are simply stated as labeled arrows between points (events).

Fig. 1. An FVS rule example with probabilities



2.1 Introducing Rewards: The Rewarded FVS language

Rewards are introduced seamlessly in Probabilistic FVS. In the same way that
probabilities were added to the original FVS as a mathematical function be-
tween points, rewards are also contemplated as a function we named kappa κ to
establish a reward (or a cost) between two connected points. For example, in the
requirement mentioned earlier we could add a cost to penalize when lights are
turned on during an eclipse. This is exhibited in the upper Rewarded-FVS rule
in Figure 2 where the κ function is assigned a 0.5 value. Similarly, we introduce
a κ-acc function to denote the accumulated values of rewards. Continuing the
same example, in the bottom rule Rewarded-FVS rule in Figure 2 it is stated
than the accumulated must not exceed a given 0.95 threshold dictated by the
satellite specification.

Fig. 2. An FVS rule example with rewards and accumulated rewards

3 Case of Study: Cube-Sat Behavior Specification

Among nano-satellites, the Cube-Sat project has emerged lately as one of the
most popular ones [25]. We developed a meaningful case of study consisting in
a full document of more than thirty pages describing the expected behavior of a
Cube-Sat satellite mission. The requirements were obtained from real Cube-Sat
missions taken from the literature and represent real specification assignments
[11, 18]. In concrete, we fully studied three substantival behavioral properties
considered as patterns since the behavior they denote is meaningful and ex-
pressive [23, 12, 8]. We named these properties as: The Stand By Mode, Secular
Behavior and the Solar Energy Optimization, which are covered in the next sub
sections. For their modelling we employed several of the quantitative specifica-
tion pattern introduced by [23]. Finally, our software simulation tool is presented
in Section 3.4.



3.1 Stand By Mode Operational Behavior

An important requirement from the solar panel component is the following:
Critical units energy should be minimized when the bus voltage is between 70%
and 85% of the optimal values with a probability equal or greater than 0.93.
This can be modeled employing the Minimize Quantitative pattern [23] . This
pattern guarantees that, with a given probability, the system will (minimize) a
given quantitative measure t while performing a mission. This behavior could
also be viewed as an instantiation of the Stand by Mode introduced in [12]. In
this mode only those components which are necessary to monitor the system and
to survive the external environment shall be active. The Rewarded Probabilistic
FVS specification for this behavior is captured Figure 3, where we assumed a
0.91 value for the maximum threshold for the bus voltage. The CU acronym
used in the events in this text stands for Critical Units. The kappa function,
employed as an accumulative rewards interpreted as costs, controls the critical
units energy.

Fig. 3. Stand by Mode operation with rewards

The kappa function can also penalize or rewards certain satellite behavior
regarding critical units energy as it is shown in Figure 4. In this case, rewards
as costs are used to penalize turning on the satellite lighting system during an
Eclipse since during an eclipse satellite’s resources’ consumption are higher. This
is achieved by assigning a much lower cost when lights are turned in a normal
mode than when is done during an eclipse (0.1 against 0.5).

3.2 Satellite’s Secular Behavior

In space and physics, secular refers to long-term, non-periodic changes or trends
that happen gradually over years or centuries. In a satellite mission specifications
it is important to measure accumulative, long-term orbital changes caused by
Earth’s oblateness, atmospheric drag, or the gravitational pull of the Sun and
Moon [22]. This can be related to satellite’s battery voltage preservation under
some satellite maneuvers and the Preservation Quantitative Pattern introduced
in [23]. Some approaches pinpoint the importance of measuring values like power



Fig. 4. Rewards as costs involving resources’ consumption during an eclipse

voltage in satellite mission specification [15, 8] since it can be underestimated in
simulated environments [8]. As an example consider the following requirement
for our case of study: The Telemetry, Tracking and Command (TCC) system
shall continue to operate functionally down to a voltage 80 % worst- case bus
voltage with a probability equal or greater than 0.99. This requirement could be
specified using Rewarded FVS instantiating the Preservation Pattern. Rewards
can be used to penalize voltage operations, and accumulative values can delimit
satellites behavior establishing some maximal or minimal accepted thresholds as
illustrated in Figure 5 employing the kappa-acc function.

Fig. 5. Voltage Preservation modeled with accumulative rewards

In the following Rewarded FVS scenarios (Figure 6) two critical satellite
operations are assigned different costs (0.66 and 0.12) reflecting how they affect
the voltage usage or consumptions. In this case, the tracking operation is 0.66
whereas the curvature operation is assigned 0.12, following the satellite mission
specification of our case of study.



Fig. 6. Voltage Preservation specified with rewards viewed as costs

3.3 Solar Energy Optimization

We employed the Maximize Quantitative Pattern [23] regarding solar energy
optimization for satellite’s solar panels. One of the requirements of our case
of study can be expressed as follows: The power bus shall be regulated during
sunlight operation. During eclipse, the bus voltage shall be maximized with
probability equal or greater than 0.97. In this case, assuming a threshold of 0.87
we could employ accumulative rewards as illustrated in Figure 7.

Fig. 7. Solar Energy Optimization and accumulative rewards

Similarly to the specification for the secular orbit in Section 3.2 rewards
can be interpreted as costs to penalize operations that affect the solar energy
consumption modeled in Figure 7. For example, the Solar Panel Opening event
is assigned 0.11 whereas the Solar Panel Maintaining event is assigned 0.55 due
to its high bus voltage consumption. This is illustrated in Figure 8.



Fig. 8. Rewards in the Solar Panel Operation

3.4 Software Simulation Framework for Satellite Missions

We developed a software framework to customize software satellite missions
which are later on simulated on the NASA simulation tool General Mission
Analysis Tool (GMAT) 3. Our software framework is based on Python scripts
and it is available on a GitHub repository 4. This tool allowed us to connect
directly with the NASA tool accessing by console commands. We build a setup
for a 3kg nano-satellite (an standard Cube-Sat 3U) in an sun-synchronous orbit
with a semi-major axis of 7178.136 km and an inclination of 98 degrees. This
simulation software framework allowed us to recollect precise data to provide
accurate values to our probabilistic model with rewards for our case of study.

4 Related and Future Work

The most imminent research line continuing this work is to formally intro-
duce Rewarded FVS. In other aspects, several approaches includes probabilistic
models with rewards to formally verify software [1, 19, 9, 16]. The Storm model
checker [16] is an appealing software tool that supports the analysis of discrete-
and continuous-time variants of both Markov chains and Markov decision pro-
cesses. Storm handles several input specification languages such as generalized
stochastic Petri nets. In this sense, it would be interesting to explore to employ
FVS as input to the Storm model checker. Rewards are also first-class citizens
in probabilistic models such as the ones presented in [1, 19]. Finally, [9] intro-
duces a powerful model checker called ULTIMATE, which stands for UniversaL
stochasTIc Modelling, verificAtion and synThEsis framework. Besides providing

3 https://etd.gsfc.nasa.gov/capabilities/capabilities-listing/general-mission-analysis-
tool-gmat/

4 https://github.com/danilomedina12/Nanosatelite-ejecutor-simulaciones-gmat



probabilistic verification, ULTIMATE handles behavioral synthesis [6], which is
an efficient way of dealing with requirements based on theory-games algorithms.
FVS can also handle behavioral synthesis, [3–5] so a reasonable future line of
work to explore is the possibility of combining these two approaches.

5 Conclusions

In this paper we extended our probabilistic specification framework FVS with
rewards, a useful mechanism in probabilistic models. We applied rewards in a
complex and challenging case of study involving a cutting edge domain such as
satellite missions specifications. We also developed a software framework tool
to customize and simulate satellite missions. Rewarded FVS proved to be in
the right path to became an alluring framework to formally specify, verify and
synthesize behavior for software satellite-based systems.
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