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Abstract:  The operational behaviour of a reactive system is commonly
specified or modelled as concurrent state machines, where each machine mod-
els the possible states or modes of a software component and its interactions
with the environment. However, state machines can quickly become verbose
when execution constraints between concurrent states need to be modelled.
Alternatively, constraints could be modelled declaratively as special edges
between states. Such a heterogeneous modelling approach is employed by
Virtual Satellite (VirSat), a model-based systems engineering tool from the
German Aerospace Center (DLR). The challenge has been to develop a het-
erogeneous modelling framework that supports an operational and declarative
syntax, defines a unified semantics suitable for formal reasoning, and supports
the independent and incremental development of software components.

We address this challenge with our Component State Machine (CSM) for-
malism as a means to operationalise VirSat: the operational syntax of VirSat
is preserved in CSM, the declarative VirSat constraints are transformed into
CSM atomic propositions and parallel conditions, the CSM parallel operator
incrementally composes CSMs and resolves the parallel conditions, and design
errors are analysed as inconsistent transitions. CSM permits new constraints
to be defined without needing to modify the core VirSat semantics. We also
propose an intuitive, practical, and mathematically rigorous notion of refine-
ment that aims to encourage a more systematic development of spacecraft
software. Lastly, we offer a modular implementation of CSMs as hierarchically
scheduled Executable State Machines (ESMs) that remains open to further
composition and refinement.
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1 Introduction

1 Introduction

Virtual Satellite (VirSat) [1, 2| is a Model-based Systems Engineering tool for designing
all aspects of a spacecraft, including software for managing the operating modes of the
spacecraft’s equipment. Notably, VirSat offers a heterogeneous modelling language where
State Machines (SMs) capture operational behaviour which is overlaid with declarative syn-
tax to capture operational constraints between states. Thus, operational and declarative
specifications are tightly coupled together in VirSat. When a spacecraft conducts science
experiments, some of its equipment may need to be run concurrently and others exclusively,
depending on their resource requirements [3], such as processor time, memory, power, trans-
mission devices, observation time windows, and spatial orientation. In VirSat, such oper-
ational and resource requirements are modelled declaratively as special edges (constraints)
between pairs of concurrent SMs and these need to be respected when the ground station
schedules the science experiments. VirSat is not concerned with how the constraints are
implemented, but rather their effects on spacecraft operation.

The current formal semantics of VirSat [2] is defined at a global level, where all the SMs
of a VirSat design are assumed to be available. Every time the design is modified, even
for one SM, the semantics of the entire design has to be recomputed at once. Such a se-
mantics impedes support for the independent and incremental development of spacecraft
software. In this article, we propose a semantic framework that is inspired by interface
theories, such as Interface Automata [4, 5|, that address the development of concurrent
software components. In such a theory, an initial abstract specification of a system’s con-
current components is defined, which is made more concrete as design details are refined
(worked out) in an incremental manner. Different teams may be tasked with developing and
supplying various components, which are then composed together into a system implemen-
tation. Ideally, the behaviour of an implementation is a subset of its abstract specification.
That is, an implementation does not introduce behaviour or errors that were not present
in its specification, but can only remove them. Such a refinement of abstract specifications
into concrete implementations facilitates the independent and incremental development of
components by different teams, and the ability to freely substitute components with refined
implementations.

1.1 Contributions

Our proposed semantic framework for VirSat is captured in Figure 1. It begins with the ex-
isting VirSat State Machines (VSMs) as the frontend language that engineers will continue
to use to design their spacecraft (Section 2). The VSMs are transformed into functionally
equivalent Component State Machines (CSMs) that serve as an intermediate language on
which the formal semantics are defined (Section 4). CSM follows the philosophy of Inter-
face Automata in the sense that CSM promotes the independent development, incremental
design, and reuse of components, which are all absent from VirSat. These capabilities are en-
abled by CSM’s associative and commutative parallel operator for the arbitrary composition
of CSMs, parallel conditions for defining custom constraints, and a refinement relation for
safely improving or substituting components without introducing new design errors. More-
over, CSM also extends VSM by supporting nondeterministic transitions for the modelling
of incomplete specifications, and fine-grained deadlock analysis via our notion of inconsistent
transitions.

VSMs are transformed systematically into functionally equivalent CSMs (Section 5): the
constrained states of the VSMs are enriched with atomic propositions, and each constraint
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Virtual Satellite Heterogeneous specification: state machines for opera-
Design State Machines tional behaviour, and constraint edges for declarative
Language (VSMs) behaviour. State machines are non-hierarchical, deter-
Global system design ministic, and communicate asynchronously.
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Model
Modular system and reuse of CSMs.
implementation

Figure 1: Overview of the Component State Machine framework that extends the VirSat
semantics and offers a modular implementation.

is encoded as a parallel condition that is evaluated during parallel composition. Hence,
VSMs are transformed into open systems that are capable of further modifications and
compositions. This could help tackle the state space explosion problem [2] by facilitating
incremental verification of spacecraft subsystems. Currently, VirSat systems are checked in
their entirety via a combination of model checking for detecting (local) deadlocks and graph
exploration for detecting cyclic dependencies between constraints. Section 6 describes how
two new experimental constraints, Allow and Multi-forbid, can be easily introduced into
VirSat by encoding their semantics as CSM atomic propositions and parallel conditions.

In practice, engineers typically “refine” their VirSat systems in an ad hoc manner that is not
semantics preserving, i.e., new functionalities and errors may be introduced. Such a system
refinement is typically treated as a new system that must be completely reanalysed. We
observe that the ability for a spacecraft to reach its operational modes is more important
than the commands needed to trigger the mode transitions. Thus, we propose an intuitive
and practical refinement approach (Section 3): transitions that are nondeterministic or act
as “shortcuts” for sequences of other transitions can be removed. We hope that this will
encourage engineers to refine their spacecraft in a more systematic manner.

We demonstrate the executability of CSMs by implementing them as functionally equivalent
Executable State Machines (ESMs) that are scheduled in a hierarchical manner (Section 7).
Each scheduler is responsible for finding the valid next transitions of its ESMs and the root
scheduler is responsible for selecting one such transition to execute. Although the process of
implementing a system necessarily closes it off from further refinement and composition, we
take a modular approach that retains some flexibility. For example, ESM implementations
can be composed together by assigning them to a new root scheduler, and an ESM can be
replaced by a refined version.

4 of 29 Heterogeneous Specification of Spacecraft Software
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1.2 Related Work

The operational behaviour of concurrent software is commonly modelled as a parallel com-
position of State Machines (SMs). Many SM-based tools are in use today, such as UML
State Machines [6], MATLAB Stateflow [7], SCADE State Machines [8], Modelica State
Machines [9], and KIELER SCCharts [10]. Closely related is Modechart [11] for mod-
elling collections of related states as modes with timed transitions, with tool support from
MATLAB Simscape Mode Charts [7], Verif Modechart Designer [12], and MT toolset [13].
Although SMs (and Modecharts) are used extensively by the industry, they are not effec-
tive at capturing declarative behaviour, such as execution constraints between concurrent
states. Such behaviour would have to be modelled as annotations, or explicitly as states
and transitions which can obfuscate the intended behaviour of the software [14]. In this
case, it is desirable to use a heterogeneous modelling language that concisely captures both
operational and declarative specifications.

While many heterogeneous modelling languages for reactive systems do exist, none offer the
same tightly coupled operational and declarative behaviour of VirSat and a formal semantics
that supports parallel composition and refinement in the sense of Interface Automata [4].
Instead, components specified in different modelling paradigms can be composed together,
but each component must be of a specific paradigm [6, 7, 8, 9, 10, 15], e.g., state ma-
chine or imperative programming language for operational behaviour, and block diagram or
functional programming language for declarative behaviour.

Ptolemy II [16] is a modelling and simulation framework for studying heterogeneous systems
with a range of modelling paradigms. Each component is modelled in a specific paradigm and
the semantics of their composition is governed by the Ptolemy execution engine. The pos-
sible interaction that a paradigm offers is specified using Interface Automata, which allows
the compatibility of different paradigms to be checked. While the declarative constraints
of VirSat could be defined as a paradigm in Ptolemy, the formal semantics of Ptolemy [17]
does not offer a compositionality result to the degree of Interface Automata, and offers no
formal rules for component refinement. Closely related is GEMOC Studio [18] for creating
heterogeneous languages and models. Again, its formal semantics [19] does not offer the
compositionality and refinement results that we demand for VirSat.

2 Virtual Satellite State Machines (VSMs)

To understand the technical concepts behind VirSat [1], we briefly review the syntax and
semantics of VirSat State Machine (VSM) as presented by Chrszon et al. [2]. We will build
on these concepts in our formalisation of CSM in Section 4, and in our semantics-preserving
transformation of VSM to CSM in Section 5. Although we present VSM with slightly
different notation, the semantics remains unchanged. A VSM specifies the operating modes
and mode transitions of a spacecraft equipment as a state machine. Each mode transition
is triggered by a command sent from a ground station.

Definition 1 (VirSat State Machine). A VirSat State Machine is a tuple (P, 3, —,po),
where

e P is the set of states with py € P being the initial state;

e Y is the alphabet of actions (spacecraft commands) and excludes the distinguished
internal action T;

e - C P x X x P is the transition relation, and p > p’ is written for (p,a,p’) € —.

Heterogeneous Specification of Spacecraft Software 5 of 29
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VSM SC idle SC = {Idle, Prepare, Operate}
Ysc = {prep, op, idle}
H PL — {Off, On}
/L Ypr, = {on, off}
\ (b) States and actions of the Space-
craft and Payload VSMs.

on
s

off F = {(SC.Operate, PL.OfI)}
R = {(SC.Idle, {PL.Of})}

VSM PL

(a) Spacecraft and Payload VSMs specifying their operating
modes (states), transitions (—> between sequential states),
and Forbid and Required constraints (>< and —» between ‘SC.prep7 PL.on, SC.op‘
concurrent states, respectively).

(¢) Forbid and Required constraints.

(d) A possible command sequence.

VSM SC || PL

on

prep op
(Idle,Off) (Prepare,Off) (Prepare,On) (Operate,On)

off

(e) Parallel composition of the Spacecraft and Payload VSMs.

Figure 2: Example VirSat Spacecraft (SC) and Payload (PL) components from [2].

The VSM is required to be deterministic, i.e., p’ = p” whenever p = p’ and p — p”
for some p € P and a € X;

e (X) is the signature of the VSM.

We use p and a as representatives of the sets P and X, respectively, and simply write P for
a CSM (P, E, —),po).

A VirSat system consists of VSMs operating together in an interleaving manner with no need
to synchronise on common actions, i.e., VSMs have pairwise disjoint actions. The reason is
that, particularly for near-Earth spacecraft with negligible communication time, the ground
station is responsible for commanding the spacecraft’s equipment into the modes needed to
fulfil science experiment and mission goals [20]. The ground station generates an operating
schedule and sends command sequences to manually manage the spacecraft’s equipment.
Thus, there is no need for the equipment to actively synchronise their operations with each
other. Additionally, spacecraft software typically has a flat structure, so VirSat does not

support state hierarchy. A small example of a VirSat system, adopted from [2], is given in
Figures 2(a) and 2(b).

A correct operating schedule must at least consider the spacecraft’s resource and operating
constraints, e.g., the power demand for operating a set of equipment, the concurrent use of
an equipment by others, or the dependency of an equipment on another. Such constraints
are typically derived from tables [20] that specify the equipment modes required during dif-
ferent spacecraft operations and mission phases. VSM allows so-called Forbid and Required
constraints to be specified between the states of different VSMs.
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2 Virtual Satellite State Machines (VSMs)

Definition 2 (VirSat Forbid Constraint). A Forbid constraint between two different VSMs,
P and @, is defined as (p,q) € P x Q. It specifies that states p and ¢ cannot be active
together. The set of Forbid constraints in a VirSat system is denoted F.

Definition 3 (VirSat Required Constraint). A Required constraint between two different
VSMs, P and @, is defined as (p, {q1,...,q}) with p € P and {q1,...,q} C Q. It specifies
that state p can only be active when one of the states ¢,...,qy is also active. We call p
the requiring state and qy, ..., qr the required states. The set of Required constraints in a
VirSat system is denoted R.

A VSM can only take a transition to a target state if, after the transition, all constraints
of all active states of the system are satisfied. Moreover, while a state is active, all its
constraints have to remain satisfied. Thus, constraints restrict the possible interleaving
among the VSMs to walid state combinations that satisfy all the constraints in F and R.
For the VirSat system of Figure 2(a), Figure 2(c) defines its Forbid and Required constraints,
and Figure 2(d) defines a possible command sequence that respects these constraints. In
particular, SC.prep is necessarily the first command because command PL.on would violate
the Required constraint; while the Spacecraft is in Idle, the Payload is required to be in Off.
The second command has to be PL.on because command SC.op would violate the Forbid
constraint; the Spacecraft is forbidden from being in Operate while the Payload is in Off.

Definition 4 (VSM Valid State). Let P,..., P, be aset of VSMs and let G € Py x--- x P,
be a state configuration of the VSMs. G is a wvalid state if all the following conditions hold:

1. V(p,q) e F.pe GANqgEG,

2. v(p>{ql7an})ERpGGéElqE{QIa7qk}q€G

The first condition says that both states of a Forbid constraint cannot be active together.
The second condition says that the requiring state of a Required constraint can only be active
if one of its required states is also active. While a requiring state is active, it is possible for
the required states to transition between each other. Note that all the constraints at a state
are evaluated together conjunctively. Indeed, the addition of a new constraint can cause
states to become over-constrained, where all their target states become invalid, resulting in
local deadlocks that prevent the spacecraft from accepting further commands.

The operational semantics of VirSat is defined in [20] as a transition system over the entire
VirSat system of VSMs. The resulting transition system is essentially another VSM, called
the parallel composition, with all constraints resolved by limiting transitions to only valid
states.

Definition 5 (VirSat Parallel Composition). VSMs P =g { P}, ..., P,} are composable if
V{P;, P;} CP.EpNEp, = 0. Let F and R be the sets of Forbid and Required constraints of
P, respectively. The parallel composition P; || --- || P, of such composable VSMs is defined
as (P X - X Py, Xp U---UXp,,—, (P1gs- - -+ Pny)), Where the transition relation — is the
least relation satisfying the following rule:

G5 G ifG,G € P x-xP,, Gand G’ are valid states, 3P, € {P1,..., P,}. p 5p 7,
peG,and p € G

A transition in a VirSat parallel composition can only be between two valid state configu-
rations, G and G’. Because the VSMs do not share any actions, the action a in G = G’

can only be from one VSM P; taking a transition p —p, p’. Hence, VSMs execute in an
interleaved manner and G’ differs from G by exactly one substate when p ~p, p’ is not a

Heterogeneous Specification of Spacecraft Software 7 of 29



3 Envisioned Refinement of VirSat Systems

self-loop. Figure 2(e) is the parallel composition of the Spacecraft (SC) and Payload (PL)
VSMs from Figure 2(a). Note that, although SC and PL are cyclic in behaviour, their
parallel composition is not; when state (Operate, On) is reached, the parallel composition
cannot react to further commands and becomes inoperable. By analysing the parallel com-
position of a VirSat system, it is possible to identify local deadlocks where some VSMs are
unable to react to further commands because their constraints cannot be satisfied. Such
deadlocks point to design issues that have to be rectified.

Definition 6 (VSM Local and Global Deadlock). Let P = P; || --- || P, be the parallel
composition of VSMs Py,..., P,, and let p; € P, where P, € {P;,...,P,}. Then state
configuration G € P is a local deadlock if p; € G and Vp; p, p;, G Sp G'. If state
configuration G € P is a local deadlock for all p; € GG, we say that GG is a global deadlock.

Returning to the example of Figure 2(e), state (Operate, On) is clearly a global deadlock
because neither SC' no PL can take a transition without violating their constraints.

Definition 5 for parallel composition has not been designed to support the incremental com-
position of VSMs, but instead requires all the VSMs and their constraints to be known
upfront. Moreover, every time a VSM is modified, the entire parallel composition has to
be computed again. This precludes the ability to simplify a system of VSMs into an inter-
mediate parallel composition of VSMs, whose designs are closed from further modification,
alongside VSMs that are still open to modification.

The main hurdle to supporting incremental composition is that Definition 5 is unable to
properly evaluate the Required constraints on an intermediate parallel composition. When
a requiring state is in the intermediate composition, but the VSM of its required states has
yet to be composed, the requiring state would not be able to satisfy Cond. 1 of Definition 4.
Thus, the requiring state would be excluded completely and prematurely from the transition
relation.

3 Envisioned Refinement of VirSat Systems

In practice, spacecraft engineers refine their systems in an ad hoc manner as they progress
through the development phases. For each so-called “refinement”; further implementation
details are introduced and the resulting refinement often contains behaviour that is incompa-
rable to a prior specification. This can also include the use of different modelling languages
and tools. A notion of refinement, which defines a behavioural preorder on VSMs, is required
to properly support the independent and incremental development of VSMs. However, this
aspect has not been addressed by the VirSat formalism presented by Chrszon et al. [2].
In this section, we discuss an intuitive and practical approach to the refinement of VirSat
systems, that can also be formalised (see Definition 13). We have discussed our approach
with the lead VirSat developer and they see its potential in facilitating the spacecraft design
process.

The engineers responsible for spacecraft operations have to manually assemble commands
together for every operational procedure that the spacecraft has been specified to fulfil.
While the commands supported by the spacecraft are retrieved from lengthy specification
documents, they could instead by gathered from the spacecraft’s VSMs. We observe that
only a subset of commands may be needed to fulfil all operational procedures, and the
ability of a spacecraft to transition through its operational modes is more important than
the commands themselves.

8 of 29 Heterogeneous Specification of Spacecraft Software
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att
GuidedAttitude

fine sun

(i

]
stn sby

SunAcquisition GuidedAttitude

T att
SunAcquisition

A

fine

FinePointing

—| Standby
stn

StationKeeping

(a) VSM of an AOCS specification. Thick arrows de- (b) VSM of refined AOCS.
note transitions that have been refined in Figure 3(b).

sby

stn stn

OrbitTransfer rst OrbitTransfer

orb orb

Figure 3: Example Attitude and Orbit Control System (AOCS) component, adapted from [2],
and a possible refinement.

Intuitively, unnecessary commands can be refined away from the VSMs if the reachability
of all its operating modes is preserved. This means that a VSM and its refinement would
have exactly the same modes. Moreover, the refinement of two VSMs can be analysed as
a graph-theoretic problem, and interactive analysis tools can be developed to communicate
refinement problems back to engineers in an intuitive manner.

Figure 3(a) is an example specification of an Attitude and Orbit Control System (AOCS),
adapted from [2], with a possible refinement in Figure 3(b) where unnecessary transitions
have been removed. The mode FinePointing in Figure 3(a) has two nondeterministic tran-

. .. s . ., sby al
sitions: FinePointing N Standby and FinePointing e Standby. These are nonde-
terministic in the sense that both have the same destination mode Standby, and are alterna-

tives or variants of the same command. In Figure 3(a), the transition SunAcquisition 2
Standby could be considered as an abstract transition or “shortcut” of the more concrete

transition sequence SunAcquisition M Guided Attitude 2% Standby. Likewise, the ab-
stract transition FinePointing U Guided Attitude could represent the concrete transition

sequence FinePointing b, Standby == SunAcquisition Y GuidedAttitude. In Fig-
ure 3(a), the self-loop on mode StationKeeping could represent the ability to restart the
mode’s operation, but be deemed unnecessary at a later design phase. The rules for refining
nondeterministic, shortcut, and self-loop transitions are formalised by Definition 13.

Redundancy is an important aspect to consider when designing a spacecraft. For example, a
spacecraft normally uses its reaction wheels to orient itself. When these fail, an alternative
method is needed, such as using thrusters. The desired redundancy method would become
clearer as the spacecraft’s equipment are chosen, leading to the addition of new modes,
commands, and transitions to the design. However, in this article, we do not address this
perspective of refinement, where a refined system supports more behaviours.

To define a preorder on a set of (refined) VSMs, the VSMs need to carry information about
the constraints that their states are involved with. The key challenge is in encoding the
constraints, defined in the global sets F and R, locally at the VSM states and to reconstruct
the original constraints when the VSMs are composed together.

Heterogeneous Specification of Spacecraft Software 9 of 29



4  Component State Machines (CSMs)

{Cx} { X} { Y} Z {Cz}
— — )

(a) CSM X, where EX = {a,b}, (b) CSM Y, where EY = {c}, (c) CSM Z, where ¥z = {d,e},
APX = {Cx}, and AP)((O) = APY = {Cy}, APy(Q) = {Cy}, APZ = {Cz}, and A.Pz(4) = @,

Apx(l) = {Cx} and APy(?)) = @ and AP2(5) = {Cz}
{Cx,Cv} {Cx,Cv} {Cv} {Cx} {Cx}
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b
c c e d b d e
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{Cx} {Cx} {Cy,Cz} {Cz} {Cx,Cz} {Cx,Cz}
(d) CSM X ® Y, where ¥xgy = (¢) CSM Y ® Z, where Xygz = (f) CSM Z ® X, where Yzg5x =
{a7b7 C}, APX®Y = {Cx,Cy}. {07 d76}, APY®Z = {CY7CZ}. {a7b7 d, 6}7 APZ®X = {Cx,Cz}.
{Cx,Cy} {Cx,Cv} - /f\ : %
ATGISy Sl ek e
25 —at (Cy V C) (2,4) o 2.5 ——{3.5)
w3 =df 1t b {Cv} {Cy,Cz} {Cz}
(g) Parallel conditions. (h) CSM X ||, Y. (i) CSM Y ||o, Z

Figure 4: Example CSMs X, Y, and Z and their parallel products and compositions.

4 Component State Machines (CSMs)

To enable the independent and incremental development of VSMs, Component State Ma-
chine (CSM) extends VSMs with state labels that represent the constraints that states are
involved in. These labels are used to define the semantics of constraints as Boolean formu-
las, which we call parallel conditions. As we will see in Section 6, this approach enables
users to define their own constraints via the templating of parallel conditions that encode
the intended semantics. The semantics-preserving transformation of VSMs to CSMs is ex-
plained in Section 5. We now formally define CSM, which specifies a system component as
a labelled transition system with actions on transitions and atomic propositions on states.

Definition 7 (Component State Machine). A Component State Machine (CSM) is a tuple
(P,AP Y, — pg), where P, 3, —, py and the related notations are as for VSM (see Defi-
nition 1) except that the CSM is not required to be deterministic, AP is the set of atomic
propositions, and AP(p) C AP is the function that labels state p with a set of atomic
propositions. (P, AP,Y) is the signature of the CSM.

We use C, F', and R as representatives of the set AP. Two CSMs of a parallel composition
cannot share an action a; all CSMs execute asynchronously in an interleaved manner. Un-
like VSM, CSM transitions can be nondeterministic. Figures 4(a)-4(c) show three CSMs
and their definition of actions and atomic propositions. Note that state 2 of CSM Y has
nondeterministic transitions on action c.

Definition 8 (CSM Parallel Product). CSMs (P, APp,Xp,—p, Do), (Q, APy, ¥q, —q, Q)
are composable if APp N APy = () and ¥p N Xy = 0. The product P ® @ of such com-
posable CSMs is defined as (P x @, APp U APy, ¥p U Xq, —, (po, qo)), where the transition
relation — is the least relation satisfying the following rules:

10 of 29 Heterogeneous Specification of Spacecraft Software



4 Component State Machines (CSMs)

a

e (p,q) = (V,q)if pSpp;
e (p,q) > (p,q)ifqg5qq.

We often drop the index from the transition relation whenever it is clear form the context.
Figures 4(d)-4(f) show all pairwise parallel products of CSMs X, Y, and Z.

Execution constraints between CSMs P and () are specified as a propositional formula ¢
over the atomic propositions in APp and AF;. Such constraints enable engineers to specify
the conditional execution of concurrent state machines and have the effect of restricting the
possible transition interleavings. The formula ¢ is not defined in terms of the CSM states
themselves so as to maintain a black-box view of CSMs, requiring only the knowledge of their
signatures. For ¢ to correctly encode constraints that only involve CSMs P and @), with no
effect on any other CSM, it is necessary for ¢ to hold on any set of atomic propositions that
does not contain elements from APp and APy, i.e., let APp U AP be the universe of atomic
propositions that excludes elements of APp and AP, then VAP' C APp U AFPy. AP’ F .
Note that the parallel condition ¢ = ¢t specifies a vacuous constraint.

Definition 9 (CSM Parallel Condition). Let Prop(AP) be the universe of propositional
formulas over AP. A parallel condition of CSMs P and @ is ¢ Cg¢ Prop(APp U APy) U {tt}
such that AP" C APp U AFPy. AP E ¢.

If CSM P is in state p, CSM @ is in state ¢, AP(p,q) =at AP(p)UAP(q), and AP(p,q) ¥ ¢,
then the state (p, q) is invalid. Because we assume that a spacecraft’s ground station manu-
ally triggers the spacecraft to enter specific operating modes, the ground state is responsible
for avoiding specific command sequences that would drive the spacecraft into an invalid state.
Similar to Interface Automata [4|, we take the optimistic view that the ground station is
a helpful environment that avoids driving the CSMs into invalid states. Unlike Interface
Automata, CSMs do not have autonomous transitions, so it is sufficient to only prune the
invalid states from the parallel product when computing the parallel composition.

Definition 10 (CSM Parallel Composition). Given a parallel product P ® @ of CSMs P
and () with parallel condition ¢, a state (p,q) € P ® @ is an invalid state if AP(p,q) ¥ ¢.
The parallel composition P ||, @ is then computed by pruning the invalid states and their
incoming and outgoing transitions: P |, @ =4t P ® Q \ {(p,q) € P® Q | AP(p,q) ¥ ¢}
If (p,q) € P ||, @, then states p and g are compatible and p ||, ¢ is defined. P and @ are
compatible if their initial states are compatible, otherwise P ||, @ is undefined.

Returning to X ® Y in Figure 4(d), its parallel composition X ||,, Y with the parallel
condition ¢, defined in Figure 4(g), is Figure 4(h). Likewise, Y ||,, Z with ¢, defined in
Figure 4(g), is Figure 4(i), while Z ||,, X with o3 defined in Figure 4(g), is simply Z ® X.
In Section 5, we will show that CSM constraints are general enough to express the VirSat
constraints Forbid (Definition 2) and Required (Definition 3).

Unlike VirSat’s need to have all VSMs upfront to compute the parallel composition, CSMs
can be composed incrementally in an associative and commutative manner. Figure 5(a)
illustrates the parallel product of X ||,, ¥ and Z from Figures 4(c) and 4(h), respectively.
The parallel composition (X ||, Y) ||panps £, with parallel conditions ¢, and ¢z defined
in Figure 4(g), is also Figure 5(a). Figure 5(b) is the parallel product of Y ||, Z and X
from Figures 4(a) and 4(i), respectively. Its parallel composition (Y ||, Z) [[piaes X, With
¢1 and @3 defined in Figure 4(g), is also Figure 5(a).
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C e C C
d c
{Cx,Cv} {Cx,Cy} (0,2,5) (0,3,5)
a
9 bl 9 bl C

{Cx,Cy} {Cx,Cy,Cz} {Cx,Cz}

T O N R
{Cx,Cy} {Cx,Cy,Cz} {Cx,Cz}
Lo ) —2 (12,5 ——{(1,3,5)
€
{Cx,Cy,Cz} {Cx,Cy,Cz} c c c
(a) CSM (X [|lp, Y)®Z. CSM (X |4, Y) llpsngs Z, (b) CSM (Y [lp, Z2) @ X. (Y [[4, Z) |lpings X,
where po = (Cy V Cyz) and p3 = tt, is the same. where 1 = (Cx = Cy) and 3 = tt, is the same as

Figure 5(a).

Figure 5: Further examples of parallel products and compositions using the CSMs from
Figure 4.

Figure 6: CSM X ® Y ® Z. Crossed-out states do not satisfy the parallel conditions ¢,
9, or 3 defined in Figure 4(g).

Proposition 1 (CSM Associativity and Commutativity). Let P, @), and R be pairwise
composable CSMs. If P ||,, @, P ||, R, and Q ||,3 R are defined, then (P ||, @) ||lponps R
and P ||pap, (@ ||y R) are either both undefined or are both isomorphic. Analogously, ||,
15 commutative.

Proof. Observe that the CSM parallel product operator ® is associative and commutative,
because the transition relation (Definition 8) is symmetrical and each product state inherits
all the atomic propositions of its constituent states.

Let CSM PQR =4t P® Q@ R\ {{p,q,7) E PR Q@ R | AP(p,q,7) ¥ o1 N s A p3}. Let
CSM PQ =gt P ||,, Q. Since all states that do not satisfy ¢; have been pruned in PQ, the
same is true for PQ) ® R due to Definition 9. Then, pruning all states that do not satisfy
w2 A 3 from PQ ® R results in PQ ||,,np, R, which is equivalent to PQR. Similarly, let
CSM QR =4 R ||y, R, then pruning all states that do not satisfy ¢; A @2 from P ® QR
results in P ||, np, QR = PQR = PQ ||pynps R. O

An interesting result of Proposition 1 is that the binary definition of parallel composition
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can be generalised to an n-ary parallel composition, i.e., the parallel composition of a set of
CSM can be computed equivalently by first taking their parallel product and then pruning
all the invalid states. We will rely on this result later to prove that CSM subsumes VSM (see
Theorem 4). Figure 6 is the parallel product of the CSMs from Figures 4(a)-4(c) with the
invalid states that do not satisfy 1, ¢, or @3, defined in Figure 4(g), crossed out. When
the invalid states are pruned, we obtain the parallel composition shown in Figure 5(a).

Corollary 1 (CSM N-ary Parallel Composition). Let P =4 { P, ..., P,} be a set of CSMs,
and ® =45 {¢;; € Prop(APp, UAPp,) U {tt} | {P;, P;} C P} be the set of parallel conditions
between every pair of CSMs. Then, the n-ary parallel composition of CSMs in P under the
parallel conditions in @ is

Py |- | Pn)ézdfpl(g)...@Pn\{GeP1®...®Pn

AP(G) ¥ N o gp} .

Proof. 1t follows from Proposition 1 that the parallel conditions in ® can be evaluated
together on the parallel product P; ® --- ® P, to identify all the invalid states. The parallel
composition is then obtained by pruning the invalid states from the parallel product. O

A CSM state is over-constrained when one or more constraints prevent one of its transitions
from being taken under all possible execution scenarios, i.e., taking the transition always
leads to an invalid state. Such a transition is called inconsistent. In general, the consistency
of a transition can only be known after all CSMs have been composed together. Note that
the concept of an inconsistent constraint is more fine-grained than that of a VirSat local
deadlock (Definition 6), where all outgoing transitions p = p' of a CSM state p have to be
inconsistent.

Definition 11 (CSM Inconsistent Transition). Let P and @ be two CSMs with parallel
condition ¢, Ry =qr P ® @, and R, =4t P ||, Q. We write (p, ) for a product state
where we are only interested in substate p. Then p <p p' is an inconsistent transition

if <p7_> € RSD and E|<p7_> € R@ where <p7_> i>R® <p,7_>7 but ﬂ<p7_> i>R¢ <p,7_>' A
transition that is not inconsistent is called a consistent transition.

An example of an inconsistent transition can be seen in Figure 4(h) for the parallel com-
position X ||,, Y. State 2 of CSM Y exists in the parallel composition but the transition

2 %y 3 can never be taken, even though it exists in the parallel product X® Y (Figure 4(d)).

When improving the design a CSM, it is helpful to know what modifications are possible
such that invalid states and inconsistent transitions can be eliminated without introducing
new ones. This leads to the concept of refinement, which aims to establish whether a CSM
correctly implements the specification of a more abstract CSM, such that compatibility is
preserved when an abstract CSM is substituted by a refined one. Our proposed notion of
refinement has been motivated by our discussion in Section 3, and has similarities to the
refinement of Interface Automata [4]: while Interface Automata has so-called error states
and communication mismatches and components can be refined independently to reduce
nondeterminism and communication mismatches, CSM has corresponding invalid states
and inconsistent transitions and components can also be refined independently to reduce
nondeterminism and inconsistent transitions. To this end, CSM supports the compositional
refinement of systems through the notion of bisimulation: intuitively, implementation P
refines specification @) if P removes nondeterministic transitions between state pairs, or
removes “shortcuts” that can be covered by another finite (and possibly empty) sequence of
transitions. Thus, such transitions that are inconsistent can be refined away. It is important
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{om {cm {c}m
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N~ ‘

(a) CSM P with APp ={C}.  (b) CSM P’ with APp, = {C}.  (c) CSM P” with APp, = {C}.

Figure 7: CSM refinement example. Transition actions have been omitted.

that implementation P preserves the states (operating modes) of specification ¢. More
precisely, P refines @) if P and () have the same states and associated atomic propositions,
all transitions of () can be simulated by transition sequences of P, and all transitions of P
can be simulated by @.

Definition 12 (CSM Weak Transition). A weak transition p = p’ is a finite and possibly
empty sequence of transitions with arbitrary actions and intermediate states free of atomic
propositions, i.e., p = p’ implies that for some n > 0 there exists pg, p1,...,pn € P where
Po=1D Do =1, Pict —pifor1 <i<nandn>1,and AP(p;) =0 for 1 <i<n-—1
and n > 2.

Note that actions are not important to the definition of a weak transitions, because we are
only interested in a path from p to p'.

Definition 13 (CSM Bisimulation). For CSMs P and @ with the same signature, a relation
R C P x @ is a bisimulation if the following conditions hold for all pRg:

/

5 1mphes that there exists p = p’ where p = ¢, p' = ¢/, AP(p) = AP(q),

1. q
AP(p') = AP(q'), and p'Rq’.

2. p 5 mphes that there exists ¢ — ¢ where p = ¢, p' = ¢/, AP(p) = AP(q),
AP(p') = AP(¢), and p'Rq'.

We write P Cogps @ and say that P CSM-refines @) if there is a bisimulation R such that
PoRqo. Also, P is CSM-equivalent to @ if they CSM-refine each other.

Cond. 1 ensures that an abstract but consistent transition is always refined by a sequence of
consistent transitions, thus, preserving the reachability of abstract states in the refinement.
Cond. 2 prevents a CSM-refinement from adding new transitions, since they cannot be
guaranteed to be consistent. In Figure 7, CSM P is a specification that is refined by
CSM P’ by removing one of the nondeterministic transitions 3 —p 5 and the self-loop
0 —p 0. CSM P’ is refined by CSM P” by removing the shortcut transition 1 —p/ 5,
which has the weak transition 1 —pr 2 —pr 4 —p+ 5. The transition 0 —p, 6 cannot be
removed because there is no weak transition 0 = p/ 6. Note that P’ Cogn P Cosar P, but

PZcsy P, P Losu P, and P ZLeogy P

Theorem 1 (CSM Preorder). Cogys is a preorder.

Proof. Reflexivity follows immediately from the fact that P Cogps P is a bisimulation.

For transitivity, let P Cogy @ and Q CEogy R due to bisimulation relations Rq; and Ro,
respectively. We show that R =4 {(p,7) | 3¢ € Q. pR1q and qRor} is also a bisimulation,
implying P Ecgayr R. Since pgRqo and gyRrg, we have pyRrg.
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Let pRr due to ¢ with pR,q and ¢Ror. According to Definition 13, for each ¢ = ¢/,
(from Cond. 1 when ¢ is the specification of p) there exists p = p’ with p = ¢, p’ = ¢/,
AP(p) = AP(q), AP(p') = AP(¢), pRq’, and simultaneously (from Cond. 2 when ¢ is the
implementation of 7) there exists r = ' with ¢ = r, ¢ = ', AP(q) = AP(r), AP(¢) =
AP(r"), and ¢'Rr’. We conclude that p"Rr’ due to ¢’. Thus, pRr is a bisimulation. ]

Based on the above theorem, we can show that CSMs support independent and incremental
development:

Theorem 2 (CSM Compositionality). Let P, @, and R be CSMs, P Cesy @, @ and R
be composable, and ¢ be a parallel condition. We have: (1) P and R are composable;
(2) P |, R is defined if Q ||, R is, and then P ||, R Cesy @ ||, R.

Proof. Case (1) follows from the fact that P Cogy @ requires P and @) to have the same
signature. For Case (2), we show that P ® R Cogy @ ® R and that the removal of invalid
states with respect to ¢ results in P ||, R Cosm @ ||, R.

e Since P Cogp @, all transitions taken by states p € Pin P ® R and by ¢ € () in
() ® R are bisimilar. Furthermore, all transitions taken by state r € R in P ® R and
(@ ® R are trivially bisimilar. Since (qo,70) € @ ® R and py = qo due to P Cogy @,
we have (po,79) € P ® R and conclude that P ® R Cogy @ ® R.

e For all (p,r) € P® R and (¢,7) € Q ® R with p = ¢, we have AP(p,r) = AP(q,7).
Thus, during parallel composition, the same invalid states are pruned from P ® R and
@ ® R under parallel condition ¢, and conclude that P ||, R Cosm Q || R- O

Note that, if P |, R Zcsu @ ||, R, then a weak transition p =p p’ with intermediate
state p; € P. AP(p;) # 0 was pruned away. However, this violates Definition 12 of a weak
transition and P Zggy @ in the first place. We now argue that Definition 12 of weak
transition “=-" is the least restrictive one that supports CSM-refinement. We define a naive
weak transition “=7#" (Definition 14 below) that is less restrictive than “=" and prove
(Theorem 3 below) that CSM-refinement based on “=#" is only possible if “=#” is in fact
as strong as “="".

Definition 14 (CSM Naive Weak Transition). A naive weak transition p =% p’ is a weak
transition where intermediate states can be labelled with atomic propositions, i.e., p =% p/

implies that for some n > 0 there exists po, p1, . . ., pn € P where po = p, pn = 7', Pic1 —— p;
for1 <i<nandn>1.

Theorem 3 (CSM Full Abstraction Result). Definition 12 of weak transition is the least
restrictive one for Cogay.

Proof. Let P, @), and R be CSMs, P EﬁSM (@ be the naive P CSM-refinement of ()
where the naive weak transition “=%" is used in place of the usual weak transition “=" in

Definition 13, and let P CF,, Q =as {(n q9)|VpEPqgeQ,reR . pllor Cisy all, 7“}
be the greatest pre-congruence for parallel composition under parallel condition ¢. We now
prove that P Cogy Q = P EﬁgM :

e Case PCposyy QC P EﬁgM Q: Follows from the compositionality result of Theorem 2
because “=" is stronger than “=#".
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{c} {c}
—{o—(J—0)
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(a) CSM P with (b) CSM Q with (c) CSM R.
AP(1) = {C). AP(1) = {C).
PN
»[(0, 4) ]—{ (2,4) ]—{ 3, 4>] »[ o, 4>]—{(2,4>]—{<3,4>]
(d) CSM S =P |, R. () CSMT=Q ||, R

Figure 8: Example of naive refinement that succeeds. Transition actions have been omitted.

e Case PCosy QDO P IZ Requires us to show that there is at least one context,
R and ¢, where P ||, R E%[gM Q ||, R such that all transitions “=#” in P ||, R have
intermediate states p; that are necessarily AP(p;) = 0, i.e., all “=7#” transitions are
indeed “=".

Let P, @, and R be the CSMs depicted by Figures 8(a)-8(c), respectively. P IICSM

because transition 0 —¢ 3 is refined by the naive weak transition 0 :ﬁf 3, i.e., either
0 —>p1l—=>p3or0—p 2 —p 3. Now compose R in parallel with P and Q under
parallel condition ¢ = C, resulting in S = P ||, R and T = Q |, R, depicted
by Figures 8(d) and 8(e), respectively. Note that the product state <1 4) has been
pruned away from S and 7 because AP(1) = {C} and {C} ¥ ¢. S [cs% T because
transition (0,4) —r (3,4) is refined by the naive weak transition (0, 4) T (3,4), ie,
(0,4) =5 (2,4) =5 (3,4) whose intermediate state (2,4) has AP(2) = ( )= 0.

However, if state 2 in P and @ was also labelled with C, i.e., AP(2) = {C}, then
S = P ||, R would simply be the initial state (0,4) while 7' = @ ||, R would have
the transition 0 —¢ 3, and so P ||, R ZﬁSM @ |l, R. Thus, a valid refinement of
0 —¢ 3 cannot be a transition sequence that contains a labelled intermediate state.
We conclude that all valid transitions sequences of “=>#” are exactly those of “=". [

5 Transformation of VSMs to CSMs

VSM serves as the heterogeneous specification language that engineers use to design their
spacecraft, and its compositional semantics is defined operationally by our CSM formalism.
This enables us to equip VirSat with a notion of refinement, support independent and
incremental development, and extend VSM with user-defined constraints. Existing VirSat
systems, which had to be analysed monolithically as closed systems, can now remain open
to further refinement and composition, rather than each system revision being treated as
an independent design. This section describes the transformation of VSMs to equivalent
CSMs and how the results of semantic analysis at the CSM-level can be transformed back to
the VirSat-level for engineers to comprehend. The transformed CSMs act as functionally-
equivalent proxies of their original VSMs.

A VSM (P, 3%, —, po) is transformed into the CSM (P, AP, 3, —, po) by copying the states P,
actions Y, transition relation —, and initial state py, and introducing an empty set of atomic
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propositions AP. The set AP will hold the atomic propositions that represent the VirSat
constraints that the CSM is involved with. Thus, the core of the transformation is in the
encoding of VirSat declarative constraints as CSM operational constraints, expressed as
atomic propositions and parallel conditions.

Definition 15 (Encoding of VSM Constraints). Let P and @ be VSMs with the set F
of Forbid constraints and the set R of Required constraints. Let P’ = CSM(P) and Q' =
CSM(Q) be the transformed CSMs. For each constraint, the involved CSM states are
labelled with an atomic proposition that uniquely identifies the constraint and their CSM:

o [" = (pePqeQ) e F: if (pfp € P)=pand (¢ € Q) = q, then AP(p/) =
APG/)U{FE) and AP(d) = AP(¢) U {Eb}:

o R = (pEP,{ql,...,qk}gQ) € R: if (pf € P') =p and 1 <j<k (qeQ) =g,
then AP(p') = AP(p/) U{Rp} and AP(q}) = AP(q}) U {Rj};

e Symmetrically for F* = (g€ Q,pe P) € Fand R' = (¢ € Q,{p1,...,m} C P) € R.

The VirSat constraint conditions (Definition 4) for 7 and R are encoded as a set of CSM
parallel conditions ® (F,R) =4t P+ U P, where

o o5 o {FEAF
{Fon Ty

Fi:(peP,qu)e]-‘}U
Fi=(geQpeP)eFy;

The parallel composition of VSMs now proceeds on the transformed CSMs. Returning to
the VirSat example of Figure 2, the transformed CSMs of the VSMs SC' and PL are shown
in Figures 9(a) and 9(b), respectively, as well as their encoded constraints in Figure 9(c).
The parallel product of the transformed CSMs is Figure 9(d), while Figure 9(e) is the
subsequent parallel composition under the parallel conditions in Figure 9(c). This CSM
parallel composition is equivalent to the VSM parallel composition in Figure 2(e).

Let us now consider the parallel composition of the three VSMs P, @), and R in Figure 10(a).
We select any pair of VSMs, e.g., P and @, transform them into equivalent CSMs, and
compose them in parallel to obtain CSM S shown in Figure 10(b). Because there are
no constraints between P and (), no states are labelled with atomic propositions and the
parallel condition is ¢, = tt. CSM S can then be composed with the remaining VSM R
by transforming R into a CSM and encoding the constraints between S and R according
to Definition 15 with the following adjustment: since S embodies P and (), any constraint
between S and R is really between P and R, and between () and R. For example, the
Required constraint between state 1 of P and state 5 of R in Figure 10(a) means that
all states of S containing substate 1 are labelled with the atomic proposition RbL, and
state 5 of R is labelled with R},. The Required and Forbid constraints are then encoded
as g = (Rh = R}) and @3 = Fé A F}, respectively. In effect, as VSMs are composed
together, their transformed CSMs are progressively enriched with atomic propositions. Note
that, by indexing the atomic propositions of each CSM by the name of its original VSM, the
transformed CSMs are composable (Definition 8) by construction. Figures 10(c) and 10(d)
are the parallel product and composition, respectively, of § and R.

The global parallel composition approach of VirSat is still possible with the generalised par-
allel composition of CSMs (Corollary 1). Given the set P =4 {Py,..., P,} of VSMs with
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idl
(7L} — (i} {RbrFhr} o
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) Yo o—
SC" = {Idle, Prepare, Operate} PIL' = {Off, On}
ESC’ = {prep, op, 1dle} EPL’ - {On7 Oﬁ}
APscr = {F§Cv RISC} APppr = {F113L7 R}DL}

(a) SC" = CSM(SC). (b) PL’ = CSM(PL).

‘I’f:{Féc/\F}DL} ®r = {Rc = Rp,}

(c) Parallel conditions of the Forbid and Required constraints in Figure 2(c).

idle
{Rsc Bpr Fhy {Bpr Fhr} {Rpr Fso Fhr}

prep op
(Idle,Off) (Prepare,Off)

on off

prep
(Idle,Omn) (Prepare,On) (Operate,On)
(o) T (R

SC' ® PL' = {(Idle,Off), (Prepare,Off), (Operate,Off),
(Idle,On), (Prepare,On), (Operate,On)}

Ysorgprr = {prep, op, idle, on, off}

APscrgpry = {Fsc: Fip, Ryor Rpp}

(Operate,Off)

(d) SC’ ® PL.

{Rsc: Rpr Fpr ) {RpL Fpr}
prep

—| (Idle,Off) (Prepare,Off)

(Prepare,On) (Operate,On)

{Fsc}

(e) SC' ||, PL', where p = Fi AFh; A (Rye = Rpy), and is
equivalent to the VirSat parallel composition in Figure 2(e).

Figure 9: Transformed CSMs of the Spacecraft (SC) and Payload (PL) VSMs in Figure 2
and their parallel product and composition.
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(a) VSMs P, @, and R with constraints. (b) CSM S = CSM(P) ||, CSM(Q), with ¢ = tt.
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(d) S llpangs CSM(R), with 2 = (Rp = Rp) and @3 = F4 A Fp.

Figure 10: Example CSM transformation and parallel composition of three VirSat compo-
nents. Transition actions have been omitted.

the set F of Forbid constraints and the set R of Required constraints, we first transform
the VSMs into CSMs @1 = CSM(P,),...,Q, = CSM(P,). Second, the VirSat constraints
between every pair of VSMs are encoded according to Definition 15, resulting in the set
®(F,R) = Up, pycp Prp,(F,R) of all the encoded parallel conditions, and every trans-
formed CSM being labelled with the constraints they participate in. Finally, the global
parallel composition is computed as (Q; || -+ || @n)a(r 5

We can now prove that a parallel composition of VSMs and its proposed CSM-transformation
are functionally equivalent to each other. In other words, the semantics of the VirSat parallel
composition is simulated by the generalised parallel composition of the transformed CSMs,
and vice-versa.

Theorem 4 (VSMs and Their Transformed CSMs are Bisimilar). Let P =4 {P, ..., P,}
be VSMs with the set F of Forbid constraints and the set R of Required constraints. Let
Q1 =4 CSM(P), ..., Q, =ar CSM(P,) be the transformed CSMs with the set of parallel con-
ditions © (F,R) =ar U(p, prcp Prp, (FR). If P =g (P || -+ || Pa) is the VSM-defined
parallel composition and Q =4 (Qy || -+ || Q”)<I>(F,R) is the CSM-defined parallel composi-
tion, then P and Q) are bisimilar.

Proof. P and @ are bisimilar if, for R C P x @), the following conditions hold for all pRg:
1. p % p' implies that there exists ¢ — ¢ where p=g¢q, p' = ¢, PR¢;
2. ¢ = ¢ implies that there exists p = p’ where p=¢q, p' = ¢, P'Rq.

We show that R =4 {(p, Q) |3IpeP3IqcQ.pSp,.qSd p=qp = q'} is a bisimula-
tion, implying that P and () are bisimilar. Recall that the states and transition relation
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of @; are copied from P;, and the parallel composition P (resp. @) is constructed by avoid-
ing (resp. removing) invalid product states. Observe that P and @ are trivially bisimilar
when F = R = (). In the following, we say that the product states p € P and ¢ € Q) are
equal, written p = ¢, if and only if their constituent states are also equal.

Cond. 1 implies that VSM states p and p’ are valid states, i.e., they satisfy all the constraint
conditions of F and R. CSM states ¢ = p and ¢’ = p’ must also be valid states because
the transformation ensures that AP(q), AP(¢') E ® (F,R). Thus, states ¢ and ¢’ are not
pruned in @, so ¢ — ¢ exists and p'Rq’.

Cond. 2 implies that CSM states ¢ and ¢’ are valid states, i.e., AP(q), AP(¢) F ®(F,R).
This implies that VSM states p = ¢ and p’ = ¢ satisfy all the constraint conditions of F
and R, and are therefore valid states. Thus, p = p’ exists and p'Rq’. H

Corollary 2 (CSM Subsumes VSM Semantics). Let P and @ be the VSM- and CSM-
parallel compositions from Theorem 4, respectively. Fither both P and () are undefined, or
both are isomorphic.

Proof. 1t directly follows from Theorem 4 that py € P < ¢y € ). When P and Q are
defined, their bisimilarity makes them isomorphic. However, CSM’s parallel conditions can
model more than the constraints supported by VSM. Unlike VSMs, CSMs transitions can
be nondeterministic and CSMs can synchronise over shared actions. Thus, CSM is a proper
superset of VSM. O

Although a VirSat system can be analysed via CSMs, any analysis result should be conveyed
back to engineers in terms of the original VSMs or in VirSat syntax. For example, a CSM
parallel composition should be presented as a VSM, an invalid CSM state should be mapped
back to its constituent VSM states, a CSM parallel condition should be expressed as a VirSat
constraint, and an inconsistent CSM transition should be mapped back to its respective VSM
transition.

A VSM can be recovered from a CSM parallel composition by hiding the atomic propositions
of each CSM state. The mapping of CSM invalid states and inconsistent transitions back to
their original VSMs is simple, because the CSM states and transition relations were directly
copied from their VSMs without modification. The CSM constraints can be decoded back
to their original VirSat constraints through syntactic analysis:

Proposition 2 (Decoding of CSM Constraints). Let P and @ be VSMs with the set F
of Forbid constraints and the set R of Required constraints. If P = CSM(P) and Q' =
CSM(Q) are the transformed CSMs, then each parallel condition in ® (F,R) can be decoded
back to their original constraint in F or R.

Proof. A parallel condition is a conjunction of one of two syntaxes: F§ A F(j? or R, = Ré)'

o Fj A F}, is the Forbid constraint F* = (p € P,q € Q) between state p = (p' € P') with
Fp € AP(p') and state ¢ = (¢ € Q') with F}y € AP(¢);

e Ry = Ry is the Required constraint R = (p € P,{q1,...,q} € Q) between state
p = (p € P) with Rp € AP(Y') and states 1 < j < k. ¢; = (¢j € Q') with
Ry € AP(4));

e Symmetrically for Fy A Fj, and Rf, = Rjp. O
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6 User-defined Virtual Satellite Constraints

A key benefit of defining the VirSat semantics in CSM is the support for user-defined
constraints. Spacecraft designers can propose new constraints and define their semantics in
terms of CSM encoding rules, e.g., similar to how the Forbid and Required constraints were
encoded (Definition 15) as CSM atomic propositions and parallel conditions. However, only
state-based constraints are supported, because parallel conditions are essential invariants
on state labels. In this section, we define two new VirSat constraints, called Allow and
Multi-forbid, and demonstrate how they are supported in our CSM framework.

Definition 16 (VirSat Allow Constraint). An Allow constraint between two different VSMs,
P and @), is defined as (p,q) € P x Q. It specifies that state ¢ can only be active when
state p is active. The set of Allow constraints in a VirSat system is denoted A.

Definition 17 (VirSat Multi-forbid Constraint). A Multi-forbid constraint between k-
different VSMs, Pi,..., Py, is defined as {pi,...,pr} € P; X --- X P,. It specifies that
none of the states in {p1,...,pr} can be active together. The set of Multi-forbid constraints
in a VirSat system is denoted M.

The Allow constraint is designed to be the dual of the Required constraint and is useful when
the inversion of a Required constraint is easier to comprehend. The Multi-forbid constraint
is syntactic sugar for expressing a logical collection of Forbid constraints. Figures 11(a)
and 12(a) are example VirSat systems demonstrating the Allow and Multi-forbid constraint
syntaxes, respectively. Normally, we would need to extend the core semantics of VirSat (see
Definition 18) to realise the behaviour of our new constraints. This is a rather intrusive
and non-user-friendly approach that can lead to the creation of many variations of VirSat
semantics:

Definition 18 (VSM Valid State (Extension)). Let Pi,..., P, be a set of VSMs and let
G € P, x --- X P, be a state configuration of the VSMs. Definition 4 for VSM valid state
is extended with the following conditions:

1. V(p,q) e A.qe G=peQG,
2. V{p1,....,oe} e M. |{p1,.. ., o} NG| < 1.

An alternative to modifying the core VirSat semantics is to define the Allow and Multi-forbid
semantics via CSM encoding rules: what the constrained states are labelled, and how parallel
conditions are generated. This approach isolates the definition of constraint behaviour from
the core CSM semantics, which facilitates the creation of a library of constraints and the
experimentation of different constraint behaviours.

Definition 19 (Encoding of Allow and Multi-forbid Constraints). Let P and @ be VSMs
with the set A of Allow constraints and the set M of Multi-forbid constraints. Let P’ =
CSM(P) and )" = CSM(Q) be the transformed CSMs. For each constraint, the involved
CSM states are labelled with an atomic proposition that uniquely identifies the constraint
and their CSM:

e A = (pePqgeQ) € A if (p € P) =pand (¢ €Q) =g then AP(p) =
AP(p) U{A}} and AP(¢) = AP(¢)) U {AL};

o M; e M: if {pe P,qe Q} C M, (p € P')=p,and (¢ € Q') = q, then AP(p') =
AP(p') U{M}} and AP(¢) = AP(¢) U {M}};

e Symmetrically for A; = (¢ € Q,p € P) € A.
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Figure 11: Example use of the Allow constraint. Transition actions have been omitted.
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Figure 12: Example use of the Multi-forbid constraint. Transition actions have been omitted.
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The VirSat constraint conditions (Definition 18) for .4 and M are encoded as a set of CSM
parallel conditions ® (A, M) =4 ®4 U P4, where

.CI)A‘:df{AégéA;|Ai:(pepaq€Q)€A}U
{Ab = Ay | Ai=(¢e Q,pe P) € A};

o (I)./Vl —df {M;)/\Mé?

For a given parallel composition, the complete set of parallel conditions now becomes
O (F, R, A M) =4t PrUPRrUD4UP . Returning back to the example Allow constraint in
Figure 11(a), the VSMs are transformed into CSMs, the constraints are encoded according
to Definition 19, and the resulting CSM parallel composition is shown in Figure 11(b). We
see that () is only allowed to enter, stay, and exit state 4 while P is in state 1. The parallel
composition of the Multi-forbid constraint example in Figure 12(a) is shown in Figure 12(b).
We see that P, (), and R can only be executed sequentially to satisfy the mutual exclusion
of states 1, 4, and 7.

7 Modular Implementation of CSMs

When implementing a Component State Machine (CSM) design for execution on a platform,
the design becomes closed-off from further modifications and compositions. Thus, an imple-
mentation necessarily sacrifices compositionality for executability, while needing to preserve
the consistency of its transitions. Such a trade-off is similar in the modular compilation of
reactive systems [21, 22|, where causality needs to be preserved when composing separately
compiled programs. This section describes a proof-of-concept to the modular implementa-
tion of CSMs that allows CSMs to be compiled separately, reused in other implementations,
replaced by their refinements, and remain open to future compositions with other CSMs.

The idea is to compile each CSM into a so-called ESM and to synthesise ESM sched-
ulers that each manage the execution of a pair of ESMs. If X and Y are two ESMs, a
“Sch(X,Y)” scheduler would be created. To support an arbitrary number of ESMs, a hi-
erarchical scheduling approach [23, 24| is used, where schedulers are nested to form a tree
structure. If W, X, Y, and Z are four ESMs, a possible nesting of schedulers could be
Sch(Sch(X,Y), Sch(W, Z)) or Sch(W, Sch(Sch(X,Y), Z)). To properly enforce the parallel
conditions, each scheduler determines the possible transitions that its child ESMs can take,
retrieves their corresponding parallel conditions, evaluates the parallel conditions on the
transitions, and keeps only the transitions with valid next states. The scheduler passes
these transitions up to its parent scheduler, which checks these transitions against the other
ESMs it is responsible for. The root scheduler, at the top of the scheduler hierarchy, re-
ceives all the (valid) transitions and chooses one for execution. This is similar to the ground
station choosing one command from a set of possibilities to send to its spacecraft.

We now explain our approach in detail using Algorithms 1-4 and an example ESM imple-
mentation (Tables 1-3) based on the CSMs X, Y, and Z in Figures 4(a)-4(c), respectively.
Because the implementation of a design with a single CSM is trivial, we focus on designs with
multiple CSMs. The CSM X (Figure 4(a)) is compiled into an ESM by generating a collec-
tion of tables representing its transition relation (Table 1(a)), labelling of atomic propositions
to states (Table 2), and parallel conditions with other CSMs (Table 3). We write TRANS(X,
s) to return the set of outgoing transitions at source state s in ESM X. For example, us-
ing the transition relation of ESM Y in Table 1(b), TRANS(Y, 2) = {(2,¢,2),(2,¢,3)}.
We write AP(X, s) to return the set of atomic propositions at state s in ESM X. For
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Table 1: Transition relations (TRANS) of the CSMs X, Y, and Z in Figures 4(a)-4(c). Each

table entry represents the target states of a given source state and action

(a) TRANS(X, s)

(b) TrANS(Y, s)

(c) TRANS(Z, s)

Source | Actions Source | Action Source | Actions
state s a ‘ b state s c state s d ‘ e

(initial) O 1 (initial) 2 2,3 (initial) 4 | 5
1 0 3 3 5 4

Table 2: Atomic propositions (AP) of the CSMs in Figures 4(a)—4(c)

(a) AP(X, s) (b) AP(Y, s) (c) AP(Z, s)
State s | AP State s | AP State s | AP
0 Cx 2 Cy 4
1 Cx 3 5 Cy

example, using the state labelling of ESM Z in Table 2(c), AP(Z, 5) = {Cz}. We write
PARCONDS(X,Y) to return the parallel condition between ESMs X and Y. For example,
using Table 3(a), PARCONDS(X,Y) = PARCONDS(Y, X) = (Cx = Cy). We assume that
all CSMs are compiled into ESMs with unique names, that each ESM records its current
state in a variable currState, and that all ESMs are initially in their initial state as indicated
in their transition relation table.

Algorithm 1 is used solely by the root scheduler, at the top of the scheduler hierarchy, to
execute one transition from a collection of compiled ESMs. All other schedulers simply pass
scheduling information up and down the hierarchy. Since CSMs only support asynchronous
transitions, only one transition can be taken at a time. For example, let root = Sch(X, W)
and W = Sch(Y, Z). We say that root manages two child components, scheduler W and
ESM Z, and refer to them using the notation root.left and root.right, respectively. Line 1 of
Algorithm 1 uses Algorithm 2 to obtain all transitions with valid next states from its two
children and, recursively, all their children. Line 2 selects the set of transitions belonging to
one ESM, from which Line 3 selects one transition for Algorithm 4 to execute (Line 4).

Algorithm 2 retrieves all the outgoing transitions from the current states of the ESMs in
its inputs L and R, and returns only the transitions that have valid next states. Lines 1-3
retrieve all outgoing transitions from the current states of L. If L is an ESM, we simply
retrieve the output transitions at L.currState and store a mapping from L to the transitions
in NextEsmTransL. However, if L is a scheduler, we call NEXT on its children and descend
down the scheduler hierarchy. Lines 4-6 proceed analogously for R. We now need to evaluate

Table 3: Parallel conditions (PARCONDS) from Figure 4(g) of the schedulers
(a) PARCONDS of Sch(X, W) (b) PARCONDS of Sch(Y, Z)

CSMs | Parallel Condition CSMs | Parallel Condition
X, Y | 1 =at (Cx = Cy) Y,Z | p2=ar (Cy VvV Cy)
Z, X | p3=qtt
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Algorithm 1 STEP(root): Given the top-most (root) ESM scheduler, execute one step of
the ESM system
1: NextEsmTrans < NEXT(root.left, root.right) > Mapping of ESMs to their transitions.

2: P — Trans € NextEsmTrans > Choose an ESM.
3: (s,a,s") € Trans > Choose a transition.
4: EXEC(root.left, root.right, P, (s,a,s")) > Frxecute chosen transition.

Algorithm 2 NEXT(L, R): Given ESMs or schedulers L and R, recursively return their set

of transitions to valid next states
1: NextEsmTransL = () > Valid next transitions of L.

2: if TYPE(L) = ESM then NexztEsmTransL < {L — TRANS(L, L.currState)}

3: else if TYPE(L) = Scheduler then NextEsmTransL < NEXT(L.left, L.right)

4: NextEsmTransR = () > Valid next transitions of R.
5. if TYPE(R) = ESM then NexztEsmTransR < {R — TRANS(R, R.currState)}

6: else if TYPE(R) = Scheduler then NextEsmTransR < NEXT(R.left, R.right)

7: > Get the ESMs that are in L and R. <
8: EsmL < {esm | esm +— Trans € NextEsmTransL}

9: EsmR <+ {esm | esm — Trans € NextEsmTransR}

10: > Return only the transitions to valid next states. <

—_
—

: return FILTER(FEsmL, NextEsmTransR) U FILTER(EsmR, NextEsmTransL)

the parallel conditions on every transition in NeztEsmTransL and NextEsmTransR. Because
parallel conditions are defined between pairs of ESMs, we first retrieve the ESMs involved
in L and R (Lines 8 and 9, respectively), and use Algorithm 3 (explained later) to remove
the transitions that do not have valid next states (Line 11).

We illustrate Algorithm 2 on our example (Tables 1-3) by calling NEXT(X, W), where
W = Sch(Y,Z). Assume that all ESMs are currently in their initial state. Line 2 ap-
plies because X is an ESM, and NextEsmTransL is assigned {X — {(0,a,1)}}. Line 6
applies because W is a scheduler, and NEXT(Y,Z) is called. In this second instance
of NEXT, Lines 2 and 5 are executed and NextEsmTransL and NextEsmTransR are as-
signed {Y — {(2,¢,2),(2,¢,3)}} and {Z — {(4,d,5)}}, respectively. Next, Lines 8 and 9
assigns {Y'} and {Z} to EsmL and EsmR, respectively. Finally, Line 11 calls Algorithm 3
(explained below) and returns {Y — {(2,¢,2)},Z — {(4,d,5)}}. Returning to Line 6 in our
initial call to NEXT, NextEsmTransR is assigned {Y — {(2,¢,2)},7Z — {(4,d,5)}}. Next,
Lines 8 and 9 assigns { X } and {Y, Z} to EsmL and EsmR, respectively, and Line 11 returns
{X = {0,a,1)},Y = {(2,¢,2)},Z — {(4,d,5)}}.

Algorithm 3 FILTER(Esm, NextEsmTrans): Given a set of ESMs Fsm and a mapping
of transitions NextEsmTrans, return only the transitions that have valid next states when
every ESM in Esm remains in its current state

1: FilteredNextEsmTrans = ()

2: APgem = Upepsm AP(P, P.currState) > Atomic props. of all current states in FEsm.

3: for () — Trans € NextEsmTrans do

4: ©Bsm = tt A N\ pepgm PARCONDS(P, Q) > Parallel conds. between Q and Esm.
5: FilteredNextTrans = {(s,a,s’) € Trans | AP(s') U APgsn F ©psm}
6
7

FilteredNextEsmTrans = FilteredNextEsmTrans U {Q — FilteredNextTrans }
: return FilteredNextEsmTrans
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Algorithm 3 takes a set of ESMs and a mapping of ESMs to transitions, and returns only the
transitions that have valid next states, i.e., those that satisfy all the parallel conditions. The
assumption is that all the ESMs in the set Esm remain in their current state, and only the
ESMs in NextEsmTrans are able to take one of their mapped transitions. Since the ESMs in
Esm do not change state, we can compute their collective set of atomic propositions A Pgg,,
(Line 2). Next, for each ESM @ in NexztEsmTrans (Lines 3-6), we compute the combined
parallel condition g, that applies between () and every ESM in Esm (Line 4), we evaluate
YEsm ON every target state of ()’s mapped transitions and store only those that satisfy g,
into FilteredNextTrans (Line 5), and we store a mapping from @ to FilteredNextTrans in
FilteredNextEsmTrans (Line 6). After going through all the transitions in NextEsmTrans,
the resulting FilteredNextEsmTrans is returned (Line 7).

We now detail some example computations of the following calls to FILTER (Algorithm 3)
using our example above. We again assume that the ESMs are still in their initial states:

e FILTER({Y }, {Z — {(4,d,5)}}): The atomic propositions APggy, is {Cy }. Since Nez-
tEsmTrans only contains one mapping, from Z to {(4,d,5)}, the loop in Algorithm 3
on Line 3 is only executed once. The parallel condition g, is only the one be-
tween Y and Z, i.e., opsn = (Cy V Cy), which Z’s target state, 5, satisfies, i.e.,
{Cy,Cz} E (Cy V Cy). Thus, FilteredNextEsmTrans is assigned {Z — {(4,d,5)}},
which is returned.

e FILTER({Z}, {Y — {(2,¢,2),(2,¢,3)}}): We have APgg,, = 0 and ps, = (Cy VCy).
Only the transition (2,¢,2) of Y satisfies @psm, i.e., {Cy} F (Cy V Cz), so only
{Y = {(2,¢,2)}} is returned.

e FILTER({X }, {Y — {(2,¢,2)},Z — {(4,d,5)}}): We have APggs,, = {Cx}. In the
first iteration of the loop (Line 3) with Y — {(2,¢,2)}, ¢gsm = (Cx = Cy) and is
satisfied by {Cx,Cy}. In the second iteration with Z — {(4,d,5)}, prsm = tt and is
trivially satisfied. Thus, {Y — {(2,¢,2)},Z — {(4,d,5)}} is returned.

e FILTER({Y, Z}, {X — {(0,a,1)}}): We have APg,, = {Cy} and ¢gs, = (Cx =
Cy) A (Cy Vv Cz) Att, which {Cx, Cy} satisfies. Thus, {X — {(0,a,1)}} is returned.

Algorithm 4 EXEC(L, R, P, (s,a,s’)): Given ESMs or schedulers L and R, recursively find
ESM P in order to execute its transition (s, a, s)

if TYPE(L) = ESM and L = P then L.currState < s > Transition is executed.
else if TYPE(R) = ESM and R = P then R.currState <— s’ > Transition is executed.
else if TYPE(L) = Scheduler then EXEC(L.left, L.right, P, (s,a,s’))

else if TYPE(R) = Scheduler then EXEC(R.left, R.right, P, (s,a,s"))

Once the root scheduler has chosen a transition, Algorithm 4 can be used to find the correct
ESM to execute the transition. The algorithm descends through the scheduler hierarchy
(Lines 3 and 4), looking for the chosen ESM P. When it is found (Lines 1 or 2), the current
state of P is updated to the target state s’. If the root scheduler has direct access to all
ESMs in the implementation, then EXEC can be simplified to P.currState + s'.

When a CSM is refined, only its transition relation table, e.g., Table 1, needs to be updated.
When a parallel condition between two CSMs is added or removed, it is added or removed,
respectively, from its scheduler’s PARCONDS table. To compose a CSM with an existing
ESM implementation, the CSM is compiled into a new ESM (TRANS and AP tables), and
a new root scheduler and PARCONDS table are synthesised to manage the new ESM and
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the existing ESM implementation. Similarly, the implementation of a set of CSMs can be
reused by “plugging” it into another implementation as a child of the root scheduler and
updating the root scheduler’s PARCONDS table. If new constraints are introduced, the AP
and PARCONDS tables of the constrained CSMs and schedulers will need to be updated
with the associated atomic propositions and parallel conditions, respectively.

8 Conclusions

Virtual Satellite (VirSat) is an interesting heterogeneous modelling language that captures
both operational and declarative behaviour in the same model. While the authors [2] of
VirSat had originally defined its semantics for performing formal verification, it is inade-
quate for supporting the independent and incremental development of spacecraft software
systems. We have addressed these limitations by developing a semantic framework that
transforms VSMs into functionally equivalent CSMs for compositional reasoning, refinement,
and component reuse, and then into functionally equivalent ESMs for modular compilation
and execution. CSM extends VSM with (1) nondeterministic transitions to model incom-
plete specifications, (2) state-based constraints to model additional and more expressive
constraints without needing to redefine the core VirSat semantics, (3) an associative and
commutative parallel operator to compose components in a flexible manner, (4) a notion of
inconsistent transitions for the fine-grained analysis of deadlocks, and (5) an intuitive and
practical notion of refinement for the compositional development of VirSat components.

Our systematic transformation of VSMs into CSMs enables analysis results at the CSM-
level to be decoded back in terms of the original VSMs for comprehension by spacecraft
engineers. The modular implementation of CSMs as ESMs enables VSMs to be developed
independently by different suppliers and for system integrators to perform integration testing
on partial compositions.

Our semantic framework could also help simplify the verification challenge [2]| of complex
spacecraft systems in a modular and incremental fashion. For example, a system could
be incrementally verified as its components are composed together, which would be less
complex than verifying the entire system at once. Moreover, there is the possibility to
limited re-verification when only some components have been modified.

Future work. We plan to implement our semantic framework either in the official Vir-
Sat project [1] or in our prototypic toolset [25| developed for Interface Automata. This
would enable us to model and analyse larger VirSat systems and to evaluate our refinement
approach on realistic engineering use-cases.

So far, VirSat has only supported asynchronous communication, which is adequate for
manually controlled spacecraft. However, far-Earth spacecraft, which experience significant
communication delays, are typically designed to have greater autonomy to coordinate their
equipment modes. Thus, CSM should be extended to support synchronous communication.
However, the notion of refinement would need to be carefully redefined such that the removal
of synchronous transitions does not create inconsistent transitions, and does not change
synchronous transitions into asynchronous ones.

Constraints in CSM could be extended to support temporal behaviour, i.e., constraints on
the execution history of several states. For example, to model the granting of permission,
the Required constraint could be relaxed so that the requiring state can remain active when
all of its required states become inactive. Encoding temporal semantics could be achieved
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with labelled observer CSMs, that synchronise with the execution of the constrained states,
and appropriate parallel conditions to restrict the possible observations.

Although VirSat does not support hierarchical state machines because spacecraft designs
do not require them, CSM could still be extended with hierarchy to target the development
of more general cyber-physical or reactive systems.

There are several useful operators from Interface Automata theory [5] that CSM could be ex-
tended with: a conjunction operator to compute a CSM that only has functionality common
to several CSMs, a disjunction operator to compute a CSM that has all the functionality of
several CSMs, and a quotient operator to compute the CSM that remains when functionality
is extracted from an existing CSM.
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