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Reactive model-based testing of cyclic systems

ANA CAVALCANTI, University of York, UK

ROBERT M. HIERONS, University of Sheffield, UK

There is extensive literature on automated test generation using reactive design models, where control is determined by events.

In contrast, the (idealised) simulation paradigm defines control through cycles dictated by the passage of time. Within each cycle,

inputs are read and processed, and outputs are provided, all instantaneously, and afterwards time progresses. To exercise a simulation

using tests generated from a reactive design model requires changes to the tests to take into account this paradigm shift. This paper

focuses on automation of the necessary changes and of the use of the resulting tests in a simulation campaign. Based on a notion of

conformance that establishes whether a simulation is correct with respect to a reactive design, we (1) identify the reactive tests that

are meaningful; (2) define a process to convert those tests; (3) provide an algorithm to execute those tests; and (4) prove soundness

and completeness of our approach. Our work is described in the context of the RoboStar framework for model-based development of

control software for robotics applications, and its process algebraic semantics. The testing approach we propose here represents a

significant advancement in the current testing practices within the field of robotics, where simulations are widely used.

CCS Concepts: · Software and its engineering→ Formal methods; Software testing and debugging; · Computing method-

ologies→ Concurrent computing methodologies.

Additional Key Words and Phrases: Model-based testing, process algebra, refinement, simulation, robotics
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1 INTRODUCTION

In model-based testing (MBT), tests are defined in terms of a model, enabling substantial automation and cost reductions.

MBT also supports strong assertions about test effectiveness, allowing testers to employ a test suite that establishes

correctness under specific conditions. Many modelling languages have been studied as a basis for automatic test

generation; examples are [3, 14, 43]. Our work has focussed on the process algebra CSP [35] and its variants [8, 11, 12].

In this paper, we present support for automatic generation of simulation tests based on reactive models described in

tock-CSP [2], a discrete-time variant of CSP. Design-level models, even those described informally via diagrams, are

often reactive. There are numerous examples in the robotics literature [29, 34], for instance, where informal diagrams

for state machines refer, for example, to inputs leading to changes of state with no implicit or explicit reference to

cycles of execution. On the other hand, simulations and implementations (based, for instance, on a cyclic executive

pattern) normally adopt a cyclic paradigm of execution. There are modelling languages that adopt a cyclic control

flow [28, 39], and it is possible to define a testing approach based directly on models written in such languages. For
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2 ANA CAVALCANTI and ROBERT M. HIERONS

testing of properties of the design, and for traceability, however, it is important to consider test generation based on

more abstract reactive design models, and how the tests can be used against simulations or cyclic implementations.

Our results are relevant for any models with a tock-CSP semantics. For practical purposes, however, we consider

models described using RoboChart [27], a domain-specific notation for modelling and verifying reactive designs of

control software for robotic systems. RoboChart utilises state machines enriched with time constructs, and a simple

component model to specify timed, platform-independent behavioural models for control software. The RoboChart

tock-CSP semantics defines processes that characterise reactive behaviour in terms of interactions representing sen-

sor outputs (inputs to the software) and actuator inputs (outputs of the software), influencing the robotic system’s

environment. Support for modelling, model checking, and test generation based on RoboChart is available via RoboTool1.

The testing theory for tock-CSP [1] defines the construction of tests from forbidden traces of a process, including

input and output events and a special tock-CSP event, namely, tock, representing the passage of time. To illustrate, we

consider a model for a ranger robot, with events obstacle, move, and stop representing inputs from sensors and calls

to motor operations, that is, outputs. The forbidden trace ⟨move.out .lv.0, tock, obstacle.in,move.out .lv.0 ⟩ records an

immediate output, namely, a call move(lv,0) to an operation move with arguments lv and 0 defining a linear velocity lv

and an angular velocity 0, the passage of one time unit, represented by tock, and an input flagging an obstacle. This is

followed by a forbidden additional call move(lv,0), since the robot must stop after an obstacle is detected.

Tests derived from such forbidden traces drive the system under test (SUT), here the robotic control software, and

attempt the forbidden event. The test is inconclusive if the SUT cannot be driven to just before the forbidden event by

providing the indicated inputs and observing the prescribed outputs and passage of time. If the SUT can reach that

point, but the forbidden event does not occur, the test passes. Finally, if the forbidden event is observed, the test fails.

The SUT is an implementation proposal for the robotic control software, often exhibiting cyclic behaviour, especially

in simulations. While RoboChart models are reactive, simulations follow a cyclic paradigm. In each cycle, the SUT

evolves by accepting inputs, processing them, and providing outputs, infinitely fast, before advancing time to the next

cycle. Our work with RoboChart involves comparing reactive and cyclic models using a conformance relation defined

and formalised in tock-CSP. Test generation and execution must adapt to this notion of conformance.

For example, the test described above is not suitable for a simulation. First of all, it starts with an output,move.out .lv.0,

but a simulation does not provide outputs until all inputs are provided. The lack of inputs before the output indicates

that no inputs are available, but the test driver must indicate that explicitly to the SUT, and not simply wait for an

output. Another issue with this example test arises if the cycle of the SUT is longer than one time unit, in which case

the trace described is not feasible. After the tock event, the SUT will always insist on another tock. So, the execution of

that test is always going to be inconclusive and so useless to find the fault that it describes.

In [10], we have identified some of the conditions that must be satisfied by a RoboChart forbidden trace that can

be used to generate a useful test for a cyclic simulation, and given some examples. Here, we go much further: we

fully characterise useful forbidden traces, and define a conversion function to transform them into traces of a cyclic

model, providing traceability between abstract design and the concrete simulation (or implementation). Additionally, we

provide an algorithm to apply the converted tests, and prove the soundness and completeness of our testing approach.

The next section presents related work on testing from reactive models. Section 3 describes background notations and

results: RoboChart and its sister notation, RoboSim [13], which can be used to describe simulations, and the tock-CSP

testing theory. Section 4 describes properties of our conformance notion between reactive and cyclic models. Our

1robostar.cs.york.ac.uk/robotool/
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Reactive model-based testing of cyclic systems 3

testing approach is the subject of Section 5. Soundness and completeness are established in Sections 6 and 7. Finally, we

conclude in Section 8, where we summarise indicate ongoing and future work.

2 RELATEDWORK

Model-Based Testing (MBT) is a very active and mature area of research. There is a rich literature and collection of

tools based on formal models that adopt different modelling paradigms and notions of conformance [22, 24, 43]. To the

best of our knowledge, however, the majority of the results are based on a reactive view of systems. They can, therefore,

benefit from the complementary ideas and results presented here when applying tests to a cyclic SUT.

A significant body of work focuses on conformance testing for finite state machines (FSM) or labelled transition

systems (LTS) representing the operational semantics of a model [14, 23, 42]. Much of the focus is on generating minimal

test sequences to verify whether an SUT conforms to its specification in terms of responsiveness and state correctness.

For FSMs, input sequences are typically used as test cases, with the response of the SUT being checked against the

specification FSM. As a result, test cases do not contain verdicts. Many test generation algorithms aim to produce a set

of test cases T that is m-complete for a given m. This requires that if the SUT behaves like an unknown FSM N with at

most m states then the SUT passes all test cases in T if, and only if, the SUT conforms to the specification FSM. Thus,

the application of an m-test suite to the SUT determines correctness subject to the assumption (test hypothesis [17])

that the behaviour of the SUT can be represented by an FSM with at most m states. Different test-generation techniques

have been devised for deterministic FSMs [14, 20, 41] and non-deterministic FSMs [21, 26, 33, 36].

For LTSs, test cases are normally trees in which each node has an associated verdict [40]. In addition, test generation

is typically random and is complete in the limit [40]: if the SUT is faulty then the random test-generation process will

eventually produce a test cases that the SUT fails. This approach is much closer to ours.

It is normal to distinguish between input and output events, since they play very different roles in testing, with the

tester controlling inputs and the SUT controlling outputs. In addition, it is often assumed that the tester cannot block

outputs, and the implementation cannot block inputs [4, 40]. In contrast, here, the tester does not control either inputs

or outputs, since the cycles of the SUT determine the point where the inputs are taken and they are not blocked.

For testing systems with time constraints, timed LTSs allow transitions that denote durations, capturing the passing

of (typically discrete) time [5, 25, 38]. These events, which represent durations, are not inputs to the system (since they

are not controlled by the tester) and also are not outputs (since they are not controlled by the SUT). Similarly, we do

not regard the tock event as an input or an output, but it works as a marker that separates cycles.

More recent related work addresses the application of MBT in modern industrial contexts, based on UML and SysML

Statecharts, for example [30]. Here, we also benefit from a diagrammatic notations, but also from their formal semantics.

In particular, we benefit from the body of work on testing from process algebras [7, 8, 31]. All these approaches are

based on the idea of forbidden traces, already presented by Hennessy, back in 1988 [19].

In the next section, we present the notations and results we use in this paper.

3 PRELIMINARIES

In this section, we introduce RoboChart and RoboSim (Section 3.1), along with the tock-CSP testing theory (Section 3.2).

3.1 Our modelling notations

To give an overview of RoboChart, we present in Figure 1 a model for the simple ranger robot described above. The

top boxes labelled MovementI and ObstacleI are interfaces that declare the operations and events representing the

Manuscript submitted to ACM



4 ANA CAVALCANTI and ROBERT M. HIERONS

Fig. 1. A RoboChart model for a small ranger robot, defined in a package called SimFW.

Fig. 2. A RoboSim state machine for the small ranger robot.

services of the robotic platform. Control software is modelled in RoboChart using a component called a module. For

our example, the module is depicted by the box CMovement in the lower right-hand corner.

A module includes a robotic-platform block, here named FootBot, declaring MovementI and ObstableI to define

the services used to characterise the visible behaviour of the software. A robotic platform can connect to one or more

controllers, running in parallel, with behaviour defined by one or more state machines. In this example, we have the

controllerMovement using the machine SMovement, shown in Figure 2, to specify its behaviour.

RoboChart machines include a context of declarations defining (local) variables, constants, clocks, events, and

operations that it can use. RoboChart also has a well-defined action language, to specify data and communication

Manuscript submitted to ACM
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operations in states and transitions. Additionally, RoboChart machines can specify time budgets and deadlines. Simple

restrictions, such as absence of inter-level transitions, enable the definition of a tractable compositional semantics.

In our example, SMovement starts in the Moving state, as indicated by the initial junction: a black circle with an i. In

Moving, the entry action triggers an immediate call move(lv,0) and pauses for one time unit using wait(1) to allow the

robot to start moving. This is the time budget for the call. This design embeds the assumption that there is nothing

right in front of the robot, so that it can move straight ahead for at least one time unit.

SMovement remains inMoving until an event obstacle occurs, leading to an immediate transition to the Turning

state. In this transition, the clock MBC is reset (indicated by #MBC), and then a sequence of actions follow: stop is

called immediately, and the robot pauses for another time unit. In Turning, an urgent call move(0,av), where av is a

constant (declared at the top of the SMovement block) that defines an angular velocity, is followed by a pause for one

time unit. Subsequently, SMovement takes the transition back toMoving when its guard, requiring the value of the

clock (since(MBC)) to be high enough for the robot to have turned, becomes true.

Although SMovement exhibits a form of cyclic control flow, with transitions from Moving to Turning and back, this

is not a simulation cycle. It lacks a fixed period and is triggered by obstacle detection via an occurrence of an event,

unlike a simulation cycle that is determined by passage of time. The RoboChart model abstracts from this cyclic polling

behaviour used, for instance, to detect the occurrence of events, and from the allocation of actions to these short cycles.

To model cyclic mechanisms, there is a diagrammatic notation that is similar to RoboChart but embeds the cyclic

paradigm; it is called RoboSim. Events in RoboSim are captured by Boolean variables, with associated extra variables

recording any values communicated by the events. The cycle period and the scheduling for each cycle are explicit in

RoboSim models. Like RoboChart, RoboSim also has a tock-CSP semantics.

Figure 2 shows the RoboSim machine SimSMovement for our example. The RoboSim module and controller are

just like those from the RoboChart model, but have a definition of a period for the cycle via a cycleDef clause like that

in SimSMovement (at the top of the box). In a RoboSim state machine, a period is defined, along with a context of

variables, constants, and clocks. Inputs and outputs are specified separately. For example, in SimSMovement, the period

is 1, and declarations indicate obstacle as an input and the operations (declared inMovementI) as outputs.

A RoboSim machine uses a single event, exec, to mark the end of the processing phase in a cycle. It also uses $ to

distinguish Boolean variables representing events (from ordinary RoboChart events), and calls to platform operations

from calls to software operations (defined in a controller, and, therefore, not an output of the module). In SimMovement,

the control flow starts in the SMoving state, where the entry action is the call move(lv,0). The flow then moves to a

DMoving state, where a transition with an exec trigger goes to a junction. With exec, the processing phase of the cycle

ends, and time advances to the start of the next cycle. Depending on whether $obstacle is true or not, one of a pair of

transitions from the junction is taken. This decision is based on whether the input obstacle has been flagged at the

start of the cycle. If not ($not obstacle), the transition leads back to DMoving, where another exec advances the cycle.

Otherwise, the clockMBC is reset, and $stop is called in the transition with guard $obstacle.

The tock-CSP semantics of RoboChart and RoboSim capture the differences between reactive and cyclic control

flows. In the tock-CSP process defining the semantics of a RoboChart module, CSP events represent robotic platform

services. For instance, ⟨move.out .lv.0, tock, obstacle.in ⟩ is a trace of the tock-CSP process that defines the semantics

of the RoboChart module in Figure 1. In such traces, CSP events corresponding to events and operations of the

RoboChart robotic platform distinguish whether they are RoboChart inputs or output via the tags out and in. In

RoboSim’s semantics, the tock-CSP processes use read and write events to represent interaction points via registers of

sensors and actuators, that is, inputs and outputs of the software. For SimMovement, for instance, a possible trace is

Manuscript submitted to ACM



6 ANA CAVALCANTI and ROBERT M. HIERONS

⟨read .obstacle.false,write.move.lv.0, tock, read .obstacle.true⟩, reflecting the fact that an obstacle event has not occurred

in the first cycle (indicated by the read event with the value false), then an output (write event) corresponding to a call

to the move operation takes place, after which the cycle finishes and the time advances (event tock), and finally, the

input in the next cycle indicates the presence of an obstacle (value true in the read event).

Section 4 delves into the challenges of comparing RoboChart and RoboSim models: straightforward comparison via

refinement is not suitable. We first, however, describe the testing support available for RoboChart.

3.2 Testing using RoboChart and tock-CSP

RoboTool implements a mutation-based technique to automatically generate tests from a RoboChart model [6]. In this

approach, using Wodel, a third-party tool to support the development of mutation-testing tools [18], various mutation

operators, such as removing or altering transitions, are applied to the RoboChart model resulting in a series of mutated

models. RoboTool provides a set of mutation operators and supports the definition of additional ones via Wodel. Each

operator can be applied at one or multiple points in the model, such as all its transitions. Model checking is then used

to compare each mutated model to the original RoboChart model. If the mutation leads to a fault, a counterexample is

produced: it is a forbidden trace of the original RoboChart model.

The tock-CSP testing theory defines how a test can be constructed from such a trace, ensuring the soundness of the

tests, that is, ensuring they provide the correct verdict. As already said, the tock-CSP tests are concerned with the faults

represented by the last events e of forbidden traces t ⌢ ⟨e⟩, which are necessarily forbidden continuations after the SUT

goes through the trace t, if at all. Here, ⌢ is the sequence concatenation operator. The test for t ⌢ ⟨e⟩ tries to drive the

SUT to the end of t, by providing the inputs and checking passage of time and the outputs in t, in the order defined in t.

If the SUT deadlocks before the end of t, the test is inconclusive. If the SUT gets to the end of t, but deadlocks before e

is observed, the test passes. Finally, if the SUT engages in e, then the test fails.

The set of all tests defined by all (minimal) forbidden traces can determine the correctness of any SUT under trace

refinement in the tock-CSP semantics. It is an exhaustive test suite: all faulty implementations, that is, all implementations

that do not trace refine the specification (the RoboChart model), fail a test in that set. The tock-CSP testing theory

accommodates the distinction between inputs and outputs, with RoboTool traces indicating the input and output events

through the in and out tags in events as already exemplified. In addition, it must be noted that the tock-CSP theory also

caters for timewise refinement, but that is not studied in this paper.

Typically, the complete (sound and exhaustive) test suite defined by the tock-CSP testing theory is infinite, so

impractical for a test campaign. Instead, a selection of tests is necessary. As said, RoboTool facilitates test selection

based on faults represented by mutations. Selection based on trace size and data equivalence classes is also available.

In this paper, we examine soundness and exhaustiveness results when the SUT is a cyclic mechanism. As we elaborate

in Section 5, some tests may be disregarded, while others must undergo modifications to account for cycles.

4 CONFORMANCE

With a reactive (RoboChart) model used as a specification, and a cyclic implementation as the SUT, the notion of

conformance that is needed to define the test verdicts has to consider the discrepancy in the approaches to control

flow. For example, if an event obstacle happens after one time unit, the RoboChart model in Figure 1 specifies that

immediate reaction is required (via the transition to the state Turning and consequent call to move). In a simulation,

however, there are periods in which no input is accepted. As mentioned before, the control flow of a simulation is

defined by a sequence of cycles determined by the passage of a given period of time. At the start of each cycle, inputs,

Manuscript submitted to ACM



Reactive model-based testing of cyclic systems 7

RC confp RS =̂ Cyclic(RC, p) ⊑ [[RS]]RSM where p is the cycle of RS

Cyclic(RC, p) = ( [[RC]]RCM ; end → Skip |[ IRC ∪ ORC ∪ {end} ]| SimAssump(IRC ,ORC , p)) \ IRC ∪ ORC ∪ {end}

SimAssump(IRC ,ORC , p) = (TA1(IRC) |[ IRC ∪ {|read, end |} | ORC ∪ {|write, end |} ]| TA2(ORC , p))

|[ IRC ∪ ORC ∪ {|read,write, end |} | IRC ∪ ORC ∪ {|read, end |}]|

TA3(IRC ,ORC , p)

TA1(IRC) = A1(IRC) △ (end → Skip)

A1(IRC) = ||| e : IRC • A1Event (e)
A1Event (e) = read .e?b?x → if b then ((e.in.x → A1Event (e)) ✷ A1Event (e)) else A1Event (e)

TA2(ORC , p) = A2(ORC , p) △ (end → Skip)

A2(ORC , p) = (✷ e : ORC • e.out?x → (write.e!x ▶ 0); A2(ORC \ {e}), p) △1 (Wait(p − 1); A2(ORC , p))

TA3(IRC ,ORC , p) = (( ||| e : IRC • read .e?b?x → Skip) ▶ 0);

(RUN (IRC ∪ ORC) △ (end → Skip) △1 (Wait(p − 1); TA3(IRC ,ORC , p))

Fig. 3. Definition of conformance of a RoboSim model RS of a simulation with period p with respect to a RoboChart model RC. IRC
and ORC refer to the inputs and outputs of RC, which can be calculated from its definition. RS admits the same inputs and outputs.

processing, and outputs all happen infinitely fast. This is followed by a period of quiescence, in which an amount of

time determined by the cycle period advances, but no inputs or outputs happen. So, in a simulation, if obstacle happens

during the quiescent period, that input is ignored. So, a naive check can indicate that the simulation is wrong. Instead,

however, the assumption is that events do not happen during the quiescent period of the simulation. In this section we

review the definition of conformance required (Section 4.1) and then explore some of its properties (Section 4.2).

4.1 Defining conformance

We have previously defined a notion of conformance that compares a RoboChart and a RoboSim model, taking the

paradigm changes and the assumptions associated with simulations into account [13]. Here, we can take advantage of

this work because we make the usual assumption in formal testing that the behaviour of the SUT can be described

using the same formalism as the specification. We assume that the SUT can be described by a RoboSim model, so that

both the specification and the SUT have a tock-CSP semantics. This does not mean that a RoboSim model needs to be

written as a prerequisite to use our testing approach. We merely use its existence to reason about our technique, and

study soundness and completeness of our tests. This is standard in the formalisation of testing techniques.

In our notion of conformance, the specification is taken to be not the RoboChart model itself, but that model in the

context of the assumptions that capture the cyclic paradigm of implementation. We present the formal definition of the

conformance relation in Figure 3. Relevant properties of this relation used in our work are presented in the sequel.

The conformance relation RC confp RS between a RoboChart model RC and a RoboSim model RS with a cycle p

is defined in terms of the refinement relation ⊑ between tock-CSP processes. In a sense, conformance RC confp RS

is parametrised by the notion of refinement used to compare the processes for RC and RS. In words, full refinement

P ⊑ Q between tock-CSP processes P and Q ensures that the traces of events of Q are all possible for P , although P may

be more nondeterministic and admit additional traces. Refinement also ensures that any deadlocks (refusals) in Q are

admitted by P . Finally, with refinement, we ensure that the P requirements regarding time budgets and deadlines are

Manuscript submitted to ACM



8 ANA CAVALCANTI and ROBERT M. HIERONS

preserved by Q. In this paper, however, we restrict ourselves to trace refinement in tock-CSP; in this case, refinement

caters for traces of events and time properties as just described, but not deadlocks.

An obvious alternative is to use the input-output traces semantics of tock-CSP and its refinement relation instead.

The difference here is that we eliminate traces that record behaviour where an enabled output is delayed for one or

more time units. This can be too restrictive as the specification of a simulation, since outputs via the same events, or

calls to the same operation, need to be scheduled in different cycles.

In the definition of RC confp RS, we require that the process [[RS]]RSM , which captures the semantics of RS, refines

not the process [[RC]]RCM , which captures the semantics of RC, but another process Cyclic(RC, p). In this specification,

[[RC]]RCM is considered in a context in which the assumptions of the cyclic paradigm, such as events do not occur during

the quiescence period, are captured by the process SimAssump(I ,O, p) in Figure 3, hold. The traces in [[RC]]RCM are

from a set, called here TTTraceRC , of tock-CSP traces [2] whose events are tock or from a set ΣRC of events representing

the platform services (as illustrated in Section 3.1). The traces of [[RS]]RSM and Cyclic(RC, p) are from the set TTTraceRS

of tock-CSP traces with read and write events from a set ΣRS , in addition to tock.

Conjunction of requirements captured by CSP processes is specified using parallelism (|[ . . . ]|). In Figure 3, [[RC]]RCM

is composed in parallel with SimAssump(IRC ,ORC , p) to define Cyclic(RC, p). The set between the parallelism brackets

|[ . . . ]| defines the events on which the parallel processes need to synchronise (agree on). Here these are all inputs IRC ,

all outputs ORC , and a new fresh event end. Synchronisation on inputs and outputs means that RC can only progress

when the assumptions of the cyclic paradigm defined by SimAssump(IRC ,ORC , p) are satisfied. Once RC terminates, it

uses end → Skip to signal to SimAssump(IRC ,ORC , p) that it has terminated. This terminates SimAssump(IRC ,ORC , p)

as well, and so all of Cyclic(RC, p). Finally, all inputs, outputs, and end are hidden (as specified by \ IRC ∪ ORC ∪ {end}).

So, Cyclic(RC, p) defines visible behaviour in terms of the events read and write of the simulation.

SimAssump(IRC ,ORC , p) is itself defined by a parallelism, that is, conjunction, of three processes TA1(IRC), TA2(ORC , p),

and TA3(IRC ,ORC , p) defining three assumptions of the cyclic paradigm. TA1(IRC) is concerned with the inputs in IRC .

Its behaviour is given by A1(IRC), but can be interrupted (as defined by the CSP operator △) by an end event, when

it then terminates (as defined by the CSP process Skip). A1(IRC) is the interleaving, that is, a parallel composition

with no synchronisation, of processes A1Event (e), one for each event e in IRC . So, A1(IRC) captures the conjunction of

the restrictions imposed by A1Event (e) processes. The restriction is that the input read .e?b?x must be taken, defining

the value of the Boolean b and of the actual input value x for e. If the Boolean is true, then the input e.in.x may or

may not be used by the RoboChart model, as defined by the choice operator ✷, otherwise it cannot. Forbidding e.in.x

corresponds to A1Event (e) recursing without allowing engagement in e.in.x by the RoboChart model.

For illustration, we consider a version of the ranger with another input, called, for instance, cliff, which indicates the

edge of the floor (rather than an obstacle in the middle of the floor). All input traces below for a ranger simulation,

where the event obstacle is indicated to occur, allow the RoboChart model to engage in the event obstacle.

⟨read .obstacle.true, read .cliff .true⟩ ⟨read .obstacle.true, read .cliff .false⟩

⟨read .cliff .true, read .obstacle.true⟩ ⟨read .cliff .false, read .obstacle.true⟩

On the other hand, the four input traces that are similar to these, but in which the obstacle event is read .obstacle.false,

cannot be followed by write events corresponding to outputs of the RoboChart model that can only occur if obstacle

occurs. We emphasise, however, that, the order of the inputs does not matter. Moreover, the four input traces above do

not ensure that the RoboChart model does engage in an obstacle event, although such an event would not be blocked. If

the RoboChart model is ready to accept an obstacle event, that option is certain to be available. Although the definition
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of A1Event (obstacle) allows another read .obstacle event to happen instead (because the process in the then branch

of the conditional of the definition of A1Event (obstacle) offers A1Event (obstacle) itself as a choice), the process TA3,

explained in the sequel, ensures that another read event is not possible until the next cycle. So, TA1(IRC) imposes the

necessary restrictions on inputs in the context of the cyclic control flow defined by TA3(IRC ,ORC , p).

TA2(ORC , p) is concerned with the outputs ORC . Like TA1(IRC), TA2(ORC , p) is defined in terms of another process,

here A2(ORC , p), which can be interrupted by an end event. Unlike the inputs, which are offered in interleaving in

A1(IRC), the outputs e.out?x are offered in choice (✷), since the simulation does not need to produce all outputs. If

an output e.out?x occurs, then A2(ORC , p) ensures that the corresponding simulation event write.e.x, which actually

outputs the value x, occurs urgently, that is, with deadline (defined by the tock-CSP operator ▶) 0. Once write.e.x

happens, A2 recurses, but now allowing all outputs except e (that is, ORC \ {e}). This encodes the assumption that no

output occurs twice in a cycle. At each choice, if no output occurs within one time unit, so that the timeout, defined by

△1, happens, the wait for an output is interrupted, and A2 waits for the rest of the simulation period (as defined by the

process Wait(p − 1)) before recursing, but now allowing all outputs ORC again as a new cycle starts.

We note that internal events (that is, hidden using the CSP \ operator) are always urgent. This follows the principle

of maximal progress, which ensures that events that can happen without requiring further synchronisation are not

subject to undue, potentially arbitrary, delay. Events that are not hidden, however, require synchronisation to go ahead,

and so can be delayed for any amount of time units. A deadline limits that delay.

Finally, TA3(IRC ,ORC , p) enforces the pattern of the simulation cycles previously explained, considering the simulation

inputs and the reactive input and outputs. It requires all simulation inputs read .e?b?x to happen urgently, then all reactive

inputs and outputs to happen in any order (as defined by RUN (IRC ∪ ORC)), until end happens, when TA3(IRC ,ORC , p)

terminates, or until a timeout happens (△1), when TA3(IRC ,ORC , p) proceeds to the next cycle via a recursion.

For static verification, we can check if Cyclic(RC, p) is deadlock free. If so, that means that the RoboChart model RC

can be scheduled in a simulation with period p. Otherwise, there can be no feasible cyclic implementation of period p.

Next, we present properties related to confp that we use to prove soundness and completeness of our testing approach.

4.2 Properties of conformance

First, we define some relations between traces. Since a cyclic mechanism Cyclic(RC, p) does not restrict the order of

inputs in a cycle, except that all inputs occur before the outputs, we define equivalence relations between traces that

differ just in the order of inputs. For the traces of a reactive mechanism RC, ≡R
I
captures the fact that the relative order

of an input and an output within a time unit is not relevant. The set I of inputs is a parameter.

Definition 4.1. ≡R
I
is the reflexive, symmetric, and transitive closure of the set of pairs of the form

(𝜌1
⌢ ⟨e1, e2⟩

⌢
𝜌2, 𝜌1

⌢ ⟨e2, e1⟩
⌢

𝜌2)

where e1 is an event in the given set I of inputs and e2 is different from tock.

Example 4.2. We consider the trace 𝜎 = ⟨e1.in, e3.out, e2.in⟩. It is equivalent to the following traces under ≡R
I
, where

I = {e1.in, e2.in}. (We recall that tock-CSP events representing inputs of a RoboChart model have the in tag.)

⟨e1.in, e2.in, e3.out⟩, ⟨e2.in, e1.in, e3.out⟩,

⟨e1.in, e3.out, e2.in⟩, ⟨e2.in, e3.out, e1.in⟩,

⟨e3.out, e1.in, e2.in⟩, ⟨e3.out, e2.in, e1.in⟩.
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10 ANA CAVALCANTI and ROBERT M. HIERONS

In this case, 𝜎 is equivalent under ≡R
I
to all its permutations. This is not the case, however, once we have more than one

output or more than one cycle. For example, ⟨e1.in, e3.out, e4.out, e2.in⟩ is not equivalent to ⟨e1.in, e4.out, e3.out, e2.in⟩

under ≡R
I
because it inverts the order of the outputs. No trace that makes such an inversion is related to 𝜎 .

The equivalence ≡S
I
for simulation traces is similar, but considers the special nature of the read events.

Definition 4.3. ≡S
I
is the reflexive, symmetric, and transitive closure of the set of pairs of the form

(𝜌1
⌢ ⟨read .e1 .b1, read .e2 .b2⟩

⌢
𝜌2, 𝜌1

⌢ ⟨read .e2 .b2, read .e1 .b1⟩
⌢

𝜌2)

Here, the order of inputs read .e.b, where b is either true or false, can be different, but outputs and tock events, which

happen after all input events, keep their original positions.

As said above, all traces of Cyclic(RC, p) have the property that, within a cycle (that is, between tock events), all

inputs precede all outputs. We call such traces io-traces and we use this term to refer to traces of a design or simulation.

The lemma below establishes that, if we restrict out attention to io-traces, the set of traces of Cyclic(RC, p) is closed

under ≡S
I
, where I is the set of input events of the simulation. These are all read events.

Lemma 4.4. If 𝜌1 and 𝜌2 are io-traces, 𝜌1 is a trace of Cyclic(RC, p) and 𝜌2 ≡
S
I
𝜌1 then 𝜌2 is also a trace of Cyclic(RC, p).

A cyclic model also allows for the occurrence of inputs that are ignored in the processing phase. The partial orders ≤R
I

and ≤S
I
below capture this relationship for traces of a reactive model and of a simulation. For traces 𝜌1 and 𝜌2 of the

reactive model, 𝜌1 ≤
R
I
𝜌2 when 𝜌1 differs from 𝜌2 just in that it may have more inputs than 𝜌2 in corresponding time

units. For simulation traces, 𝜌1 ≤
S
I
𝜌2 when an input read .e.false in 𝜌2 might correspond to read .e.true in 𝜌1.

Definition 4.5. ≤R
I
is the reflexive and transitive closure of the set of pairs

(𝜌1
⌢ ⟨e1⟩

⌢
𝜌2, 𝜌1

⌢
𝜌2)

where e1 is in the set of inputs I . For, ≤S
I
, we have the reflexive and transitive closure of the pairs

(𝜌1
⌢ ⟨read .e.true⟩ ⌢ 𝜌2, 𝜌1

⌢ ⟨read .e.false⟩ ⌢ 𝜌2)

Example 4.6. We consider the trace ⟨e1.in, e3.out⟩. We have that ⟨e1.in, e3.out⟩ ≤R
I
⟨e1.in, e3.out⟩ since ≤R

I
is reflexive.

In addition, it is possible to add an input: we can add e2.in as captured by ⟨e2.in, e1.in, e3.out⟩ ≤R
I
⟨e1.in, e3.out⟩,

⟨e1.in, e2.in, e3.out⟩ ≤R
I
⟨e1.in, e3.out⟩, ⟨e1.in, e3.out, e2.in⟩ ≤R

I
⟨e1.in, e3.out⟩. We can add repeated inputs, but, as we

formalise in the next section, in our testing approach, we consider traces where such repetitions are restricted.

Since a simulation can ignore inputs, the set of traces of Cyclic(RC, p) is downwardly closed under ≤S
I
if we restrict our

attention to traces with no repeated inputs. Precisely, these are traces in which, in between tock events, there are no

two events read .e, for the same e. This is a property of every trace of Cyclic(RC, p).

Lemma 4.7. For 𝜌1, 𝜌2 ∈ TTTraceRS , such that 𝜌2 is a trace of Cyclic(RC, p) and 𝜌1 is an io-trace that has no repeated

inputs, then 𝜌1 ≤
S
I
𝜌2 implies that 𝜌1 is a trace of Cyclic(RC, p).

Finally, we define partial orders ≤rI for reactive traces and ≤sI for simulation traces that combine the orders above; they

are defined as the transitive closure of the union of those relations. These partial orders are key to our testing approach.

Definition 4.8. ≤rI = (≡
R
I
∪ ≤R

I
)∗ and ≤sI = (≡

S
I
∪ ≤S

I
)∗
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Given traces 𝜌1 and 𝜌2 such that 𝜌1 ≤rI 𝜌2, we have that 𝜌1 can have inputs not contained in 𝜌2 and their order between

tock events is arbitrary, but the presence and relative order of the outputs and of the tock events are maintained. Similar

comments apply to ≤sI . The following is immediate from Lemmas 4.4 and 4.7.

Lemma 4.9. For 𝜌1, 𝜌2 ∈ TTTraceRS , such that 𝜌1 ≤sI 𝜌2, 𝜌2 is a trace of Cyclic(RC, p), and 𝜌1 is an io-trace that has no

repeated inputs, then 𝜌1 is a trace of Cyclic(RC, p).

The above relations are used in Sections 6 and 7, when we reason about test completeness and soundness. However,

first we explain how we convert RoboChart tests and how testing proceeds.

5 TESTING APPROACH

To use a test derived from a RoboChart model for experimenting with an SUT that is posed as a cyclic implementation

of that model, we need to convert the test, as already mentioned. In this section we describe how we can convert the

tests (Section 5.1), and an algorithm to apply the converted tests and ensure that we get sound verdicts (Section 5.2).

5.1 Test conversion

To convert a test derived from a RoboChart model for use with an SUT that is posed as a cyclic implementation of that

model, we convert the forbidden traces of the RoboChart model that defines the test. With the new converted trace, we

use the tock-CSP testing theory to define the converted test. We consider only the forbidden traces of a reactive model

that satisfy properties defined in Section 5.1.1; other traces are discarded as they do not give rise to useful tests. For the

valid traces, the function defined in Section 5.1.2 formalises conversion.

5.1.1 Valid (forbidden) traces. Some forbidden traces of a RoboChart model lead to tests whose verdict is always

inconclusive or pass. Such tests are not useful: they cannot reveal faults because they cannot lead to a fail verdict

(although they can be used to exercise a simulation). Traces defining useful tests satisfy four properties defined below.

Namely, they must be output-constraining, p-compliant, where p is the simulation period of the SUT, input-cyclic, and

output-cyclic. We call traces satisfying these conditions fs-valid: they are traces that are valid for a simulation, but

forbidden. We also name [[RC]]FSV the set of fs-valid traces of the RoboChart model RC.

Output-constraining. In a simulation, the refusal of an input characterised by a reactive event is not observable; in

fact, in a Cyclic(RC, p) process, the corresponding input events IRC are hidden (see Figure 3). In a reactive model, an

input represents an interaction where the environment, in this case, the robotic platform, supplies an input, which is

read by the software. The interaction is the software access (which affects its control flow). Simulation inputs are of a

different nature. The platform still provides the input data, but the simulation accesses this information in every cycle.

It is not directly visible whether the simulation actually uses the input.

For instance, in our example, the only input is obstacle. In the simulation, a sensor register is read in every cycle.

This is represented by an event read .obstacle that determines via a Boolean value whether the robotic platform has

signalled the presence of an obstacle. This register input occurs in every cycle, regardless of whether obstacle has

actually happened. Furthermore, even if the robotic platform indicates the presence of an obstacle, it does not mean

that there is an immediate response from the software. For instance, when in states such asWaiting, STurning, and

DTurning, the simulation depicted in Figure 2 does not consider the value of $obstacle, even though it is read.

Consequently, direct confirmation of an input being forbidden in a simulation is not feasible. What is possible to

verify is whether the outputs following such an input align with expectations. So, we only convert traces forbidding
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12 ANA CAVALCANTI and ROBERT M. HIERONS

an output or tock, that is, those that finish with an output event or tock. We name these traces "output-constraining,"

acknowledging that they specify required input and output values and passage of time leading to a forbidden output

or passage of time. For instance, ⟨move.out .lv.0, tock, obstacle.in,move.out .lv.0 ⟩ is output-constraining: it states that

after the detection of an obstacle, the output corresponding to a call to move with arguments lv and 0 is forbidden. A

forbidden tock event captures a deadline. A passing SUT engages in an immediate interaction, before time passes.

p-compliance. In instances where the simulation period is greater than 1, certain quiescence periods are not possible.

For instance, during the ranger’s wait for the detection of an obstacle (in the state Moving in the machine in Figure 1),

an arbitrary amount of time may pass. So, there exist tests that require immediate obstacle detection or detection after

any number of time units. If, however, the simulation period is 2, a test requiring detection after one time unit can

never reach a conclusion. This is because, after one time unit, the simulation always advances time by one more unit

before reading inputs. Such tests always yield inconclusive results and can be discarded.

A trace 𝜌 is p-compliant, if for every maximal subsequence of tock events in 𝜌 , its length is a multiple of p or it

occurs only as a suffix of 𝜌 . More formally, for every n such that 𝜌1
⌢ tockn ⌢ 𝜌2 is a prefix of 𝜌 , 𝜌1 does not finish in

tock, and 𝜌2 does not start with tock, either n is a multiple of p or 𝜌2 is empty. Here, tockn is a sequence of n tock events.

The allowance for an arbitrary suffix of tock events is crucial. For example, for a suffix of size 1, the forbidden trace

signifies that the conclusion of the processing phase at that point is forbidden. This may stem from a design mandating

an urgent output, so that the test verifies the simulation’s compliance with the deadline. For a suffix of tock events of

size 2, the penultimate tock is potentially required, while the second is necessarily forbidden. This situation may arise

from a design featuring a deadline for an input or output that expires after one time unit, so that the test assesses the

simulation’s responsiveness. Analogous observations apply to any number of trailing tock events.

The specific value of a time unit (marked by a tock event) in terms of simulation or real time remains undefined

in both RoboChart and RoboSim models. In principle, a tock event in the RoboChart model could correspond to

several tock events in the RoboSim model, and vice versa. However, this flexibility is spurious, as the true utility of the

time abstraction emerges during code generation. Assuming a one-to-one correspondence between time units in the

RoboChart and RoboSim models significantly simplifies the notion of conformance (see Section 4).

Output-cyclic. In a simulation, it is not possible for an output to be provided twice within the same cycle. Consequently,

traces defining such behaviour result in tests that are either consistently inconclusive or consistently successful. When

both outputs are mandated in the front of the trace, the test is persistently inconclusive since the SUT cannot provide

the second output. Conversely, if the second output is forbidden, the SUT consistently passes the test for the same

reason. Consequently, traces with these characteristics are deemed irrelevant and excluded.

Input-cyclic. Similarly, a simulation cannot read the same input twice in a cycle. If the design requires two occurrences

of the same input (two occurrence of obstacle, for instance) before time passes, that cannot be implemented in a

simulation. (Such a design is not schedulable in a simulation. As already said, a static check is available to ensure that a

RoboChart model is schedulable [13].) Assuming that we have an output-constraining trace, if there are two inputs

without tock events between them, both inputs are required, because output-constraining traces do not forbid inputs.

The corresponding test is always inconclusive, so we discard such traces.

In the next section, we show how one can convert an fs-valid trace to specify a test for a cyclic SUT. Moreover, in

our proofs in later sections, we consider s-valid traces of RC, that is, traces of RC that are valid for a simulation. In

contrast, fs-valid traces in [[RC]]FSV are by definition forbidden traces. An s-valid trace has all properties of an fs-valid
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Table 1. Examples of traces converted using TRCS (p, I , ft ) , where ft is the forbidden trace, and p is 1.

Forbidden trace Converted trace

1 tock tock

2 obstacle.in N/A: trace is not output-constraining

3 stop.out read .obstacle.false,write.stop

4 move.out .lv.0, obstacle.in N/A: trace is not output-constraining

5 move.out .lv.0, stop.out read .obstacle.false,write.move.lv.0,write.stop

6 move.out .lv.0,move.out .lv.0 N/A: trace is not output-cyclic

7 move.out .lv.0, tock, stop.out read .obstacle.false,write.move.lv.0, tock, read .obstacle.false,write.stop

8 move.out .lv.0, tock, obstacle.in, tock read .obstacle.false,write.move.lv.0, tock, read .obstacle.true, tock

9 move.out .lv.0, tock, obstacle.in, stop.out, read .obstacle.false,write.move.lv.0, tock,

tock,move.out .0.1, tock, tock, tock read .obstacle.true,write.stop, tock,write.move.0.1, tock, tock, tock

trace, except only that it is not output-constraining, since it is not necessarily a forbidden trace. We use [[RC]]SV to

denote the set of all s-valid traces of RC. The front of an fs-valid trace, for example, is an s-validtrace.

5.1.2 Conversion function. Formally, conversion is defined by a function TRCS (p, I , ft), whose arguments are the period

p, the set I of inputs, and a forbidden s-valid trace ft. Examples of conversions defined by TRCS (p, I , ft) are given in

Table 1. The second column includes forbidden traces of the RoboChart module CMovement in Figure 1. Examples (2),

(4), and (6) are not converted because they are not fs-valid. Examples (1), (8), and (9) show that a tock is just maintained

by the conversion. Examples (3) and (5) illustrate that, before an output can be observed, all inputs, here just one,

must be provided, even if with the value false. Examples (7)-(9) show that the insertion of inputs is needed for every

cycle: after every maximal subsequence of tock events. Example (8) shows that, if an input is required in the cycle, then,

for that cycle, it must be provided in the converted trace with value true. The definition of TRCS (p, I , ft) is below.

Definition 5.1. TRCS (p, I , ft) =
⌢/(smap SconvI slotsp (ft))

Here slotsp (ft) is the sequence of traces that define the behaviour recorded by ft in each cycle of period p. For instance,

for the example (8) in Table 1, we get a sequence with two traces, namely, ⟨ ⟨move.out .lv.0, tock⟩, ⟨obstacle.in, tock⟩ ⟩.

With SconvI , we can convert these traces, considering that the inputs are the events in the set I . In our example, this is

the set {obstacle}. In Definition 5.1, SconvI is mapped over the elements of the sequence slotsp (ft) using a mapping

function smap. Finally, distributed concatenation ⌢/ of the resulting sequence of traces defines the converted trace.

(The distributed concatenation of a sequence of sequences S defines a single sequence obtained by concatenating the

sequences of S in order. Distributed concatenation is the counterpart of distributed union for sets of sets.)

We define slotsp (𝜌) for p-compliant traces 𝜌 as follows.

Definition 5.2. For every p-compliant trace 𝜌1, the sequence of sequences slotsp (𝜌1) is defined by ⌢/ slotsp (𝜌1) = 𝜌1

and, for every i from 1 to the size of slotsp (𝜌1) minus 1, ∃ 𝜌2 : seq(I ∪ O) • slotsp (𝜌1) i = 𝜌2
⌢ tockp .

Here, O is the set of outputs. We note that slotsp (𝜌) is not well defined if 𝜌 is not p-compliant.

The function SconvI (𝜌), which converts traces defining behaviour inside a slot, that is, traces with no tock events

before the end, is defined next in terms of three other functions.

Definition 5.3. SconvI (𝜌) = Iconv(𝜌 ↾ I ) ⌢ NIconv(events(| I |) \ events(ran 𝜌)) ⌢ Tconv(𝜌 ↾ (O ∪ {tock}))

The converted trace has three parts: first events for all inputs required in the slot, then events for all other inputs, and

finally all expected outputs and tock. With 𝜌 ↾ S, we get the sequence obtained by removing from 𝜌 every element not
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in the set S. Above, we first get from 𝜌 just the elements in I , that is, the inputs (𝜌 ↾ I ). The conversion of this trace is

defined by a function Iconv defined below. Afterwards, we consider the set of events that are inputs (in I ), but are not in

𝜌 (not in ran 𝜌). From these events, we get a part of the converted trace as defined by a function NIconv. Finally, we get

the conversion of the other elements of 𝜌 , the outputs and tock (𝜌 ↾ (O ∪ {tock}), using Tconv.

For the example (8) in Table 1, we get for the first slot, that is, for ⟨move.out .lv.0, tock⟩, first the trace obtained by apply-

ing Iconv to the empty trace ⟨⟩, since there are no required inputs in this slot, followed by the trace NIconv({obstacle.in}),

followed by Tconv(⟨move.out .lv.0, tock⟩). For the second slot, that is, ⟨obstacle.in, tock⟩, we get Iconv(⟨obstacle.in⟩),

followed by NIconv(∅), followed by Tconv(⟨tock⟩). We note that the inputs may occur at any point in the slot, but, in

the converted traces, they are all recorded at the start. Conversion of inputs is defined as follows.

Definition 5.4. Iconv(⟨⟩) = ⟨⟩ and Iconv(⟨e.in.v⟩ ⌢ 𝜌) = ⟨ read .e.true.v⟩ ⌢ Iconv(𝜌)

The empty trace requires no conversion. An input e.in.v, representing a communication via a RoboChart event e

of a value v, is translated to an event read .e.true.v. We recall that the RoboSim event read represents an interaction

between the (simulation of the) control software and the platform sensor or API service that implements e. The values

communicated via read represent e itself, the Boolean true to indicate that the input has happened in the current cycle,

and the value v input. (According to the RoboSim semantics, in line with the simulation paradigm, the value read is

available for use throughout the cycle, but the actual input occurs just once as represented by the read .e.b.v event.) The

conversion of e.in.v to read .e.true.v reflects the translation from the view of e as a reactive event in the design model to

the view of e as data defining whether the input has occurred or not in the current cycle.

If the RoboChart event e does not communicate any values, like obstacle in our running example, v is not present.

For our example (8) from Table 1, for the first slot, we get the empty trace, for the second we get ⟨read .obstacle.true⟩.

For the inputs NI not required in the slot, NIconv(NI ) defines their contribution to the converted trace as defined

below. In Definition 5.3, the function events projects out values communicated as recorded in 𝜌 . For instance for a trace

𝜌 = ⟨a.in.0, b.out .1⟩, with events(ran 𝜌) we get {a, b}. With f (| S |), we get the set obtained by applying f to the elements

of S. So, in Definition 5.3, we use events also to project out communicated values from I . With events(| I |) \ events(ran 𝜌)

we then have just the names of the events (channels in tock-CSP terminology) used to communicate inputs. It is this set

that is used by NIconv to define the read events of a converted trace.

Definition 5.5. NIconv(NI ) = ⟨e : NI • read .e.false.input (e)⟩

The inputs NI not required in the original trace still need to be read by the simulation. So, the converted trace contains a

sequence of events read .e.false.input (e), where e is an input event from the set NI given as argument. The Boolean false

indicates that the input has not been provided (by the platform). Regardless, for well typedness, a value argument ?v

needs to be defined if e communicates values. So, we use input (e) as the value; the syntactic function input (e) uses type

information about e to decide whether we need to include a ?v in the event. The order of the read events is arbitrary. In

our example (8) from Table 1, for the first slot, we get ⟨read .obstacle.false⟩, and for the second, the empty trace.

Finally, the definition of Tconv(𝜌) is as follows.

Definition 5.6.

Tconv(⟨ ⟩) = ⟨ ⟩

Tconv(⟨tock⟩ ⌢ 𝜌) = ⟨tock⟩ ⌢ Tconv(𝜌)

Tconv(⟨e.out .v⟩ ⌢ 𝜌) = ⟨write.e.v⟩ ⌢ Tconv(𝜌)
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Algorithm 1 Check and conversion of a minimal forbidden trace of a reactive model

1: procedure TestGeneration(RC: Module,p : N+, IRC , ft : ETrace)

2: possibleTraces← Implied by(I , ft)

3: if (possibleTraces ∩ ett [[RC]] = ∅)

4: return TRCS (p, I , ft)

5: endif

6: end procedure

For the empty trace or tock, there is no conversion. An output e.out .v is converted to write.e.v reflecting the translation

from the reactive to the data view of e, where e is a parameter of the event write representing an interaction between

the simulation and the platform. For our example, we get traces ⟨write.stop, tock⟩ for the first slot, and just ⟨tock⟩ for

the second. Overall, we get the converted traces in Table 1 by concatenating the converted slots back to a full trace.

Next, we explain how to use the converted tests.

5.2 Testing campaign

A test defined from a forbidden trace of a RoboChart model is sound: when it is used to drive a reactive SUT (that is, an

SUT that can be described by a RoboChart model), it gives the right verdict. With conversion of these tests to deal with

a cyclic SUT, however, a first question is whether the converted tests are sound. The answer is no, as illustrated below.

Example 5.7. We consider a reactive model RC1with two inputs and one output represented by CSP events e1.in, e2.in,

and e3.out, and whose behaviour is described by the process e1.in→ e2.in→ e3.out → Stop ✷ e2.in→ e1.in→ Stop

defined by a(n external) choice (✷) between two other processes. The trace ⟨e2.in, e1.in, e3.out⟩ is an fs-valid forbid-

den trace of RC1 whose conversion results in ⟨read .e2.true, read .e1.true,write.e3.out⟩. This is, however, a trace of

Cyclic(RC1, p), for any p, because Cyclic(RC1, p) allows for RC1 to use inputs in any order. Since this behaviour is al-

lowed by Cyclic(RC1, p), it is unsound to flag a simulation that executes the trace ⟨read .e2.true, read .e1.true,write.e3.out⟩

as incorrect. This example shows that, if we generate forbidden traces of a reactive model and convert them, the tests

that arise from the converted traces may not be sound. So, we need an algorithm to select the converted tests.

The problem illustrated by the above example is that, as explained, the order of inputs is not fixed in a cyclic mechanism.

Additional issues come up because inputs can also be disregarded.

Example 5.8. We consider a reactive model RC2 with the same events used in Example 5.7, and whose behaviour is

described by the process e1.in→ e2.in→ Stop ✷ e2.in→ e3.out → Stop. The trace ⟨e1.in, e2.in, e3.out⟩ is an fs-valid

forbidden trace whose conversion results in ⟨read .e1.true, read .e2.true,write.e3.out⟩. This is a trace of Cyclic(RC2, p),

for any p, because Cyclic(RC2, p) allows for RC2 to ignore inputs. So, a cyclic implementation of RC2 can use e2, but

not e1, even though it is provided (read .e1.true), and execute the second process e2.in→ e3.out → Stop in the choice.

These observations motivate the definition of Algorithm 1, which takes as input a RoboChart model RC (defined, as

discussed in Section 3.1 by a module), the period p of the simulation, the set I of inputs of RC (although this can be

calculated from RC), and an fs-valid forbidden trace ft of RC. The type ETrace is the set of all traces of the semantic

model of a tock-CSP process. They are sequences of events that include the inputs and outputs of RC and tock.

Algorithm 1 determines whether conversion of ft leads to a sound test. If it does, then it returns the converted test,

otherwise, ft is basically rejected. A testing campaign based on a test suite TS automatically generated from RC should

use Algorithm 1 to filter and convert the forbidden traces of TS before using them to generate a test.
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Algorithm 2 Calculation of the traces implied by a trace of a reactive model

1: procedure Implied by(I , 𝜌 : ETrace)

2: implied ← ⟨⟩

3: for i← 1 . . #slots(𝜌) do

4: slot ← slots(𝜌) i ; Islot ← ran slot ∩ I

5: impliedset ←shuffle(Islot, slot)

6: for inp← Islot do

7: impliedset ← impliedset ∪ remove(inp, ) (| impliedset |)

8: end for

9: implied ← implied ⌢ ⟨impliedset⟩

10: end for

11: return crossproduct(implied)

12: end procedure

Algorithm 1 uses Algorithm 2 (line 2) to calculate the set possibleTraces of all traces greater than or equal to ft

according to ≤rI (see Definition 4.8). These are the traces allowed by the cyclic paradigm. The conditional (lines 3ś5)

then checks whether any trace in that set is a trace of RC. The set ett [[RC]] contains the traces obtained from the set of

timed traces of the process that defines the tock-CSP semantics of RC by keeping just the events of those traces. (Timed

traces in that semantics also record refusals before each tock even, byt they are not considered here as they are used to

define timewise refinement.) If any of the traces in possibleTraces is in ett [[RC]], then ft is not actually forbidden for a

simulation of RC. So, ft is discarded. Otherwise, we use TRCS (see Definition 5.1) to convert ft (line 4).

Example 5.9. For ⟨e2.in, e1.in, e3.out⟩ from Example 5.7, the set of possible traces includes, for example, ⟨e3.out⟩,

⟨e2.in, e3.out⟩, ⟨e3.out, e2.in⟩, and ⟨e1.in, e2.in, e3.out⟩, among others. Here, ⟨e1.in, e2.in, e3.out⟩ is a trace of RC1, and

so we can conclude that ⟨e2.in, e1.in, e3.out⟩ is a possible behaviour of a cyclic implementation. For RC2 in Example 5.8,

the set of possible traces defined by ⟨e1.in, e2.in, e3.out⟩ is the same, and ⟨e2.in, e3.out⟩ is a trace of RC2.

Algorithm 2, used to define possibleTraces, takes as parameters the set I of inputs and a (forbidden) trace 𝜌 . The result

of Algorithm 2 is obtained by concatenating the sequences in a local variable implied in all possible ways (line 11). The

value of implied is a sequence of sets of traces, recording, in each position i, the traces above the ith slot of 𝜌 according

to ≤rI . Combination of the traces for each slot uses the crossproduct(S) operator, which defines the set of all sequences

obtained by concatenating one sequence from each position of the sequence of sets S.

Example 5.10. We consider the application of Algorithm 2 to the trace 𝜌 given by ⟨e1.in, e2.in, e3.out, tock, e2.in⟩.

There are two slots in 𝜌 , so the final value of the sequence implied has two elements. The first set is

{ ⟨e3.out, tock⟩, ⟨e1.in, e3.out, tock⟩, ⟨e3.out, e1.in, tock⟩, ⟨e2.in, e3.out, tock⟩, ⟨e3.out, e2.in, tock⟩,

⟨e1.in, e2.in, e3.out, tock⟩, ⟨e1.in, e3.out, e2.in, tock⟩, ⟨e3.out, e1.in, e2.in, tock⟩, ⟨e3.out, e2.in, e1.in, tock⟩

⟨e2.in, e1.in, e3.out, tock⟩, ⟨e2.in, e3.out, e1.in, tock⟩ }

These are all the traces related to ⟨e1.in, e2.in, e3.out, tock⟩. In the second position of implied, we have just {⟨⟩, ⟨e2.in⟩}

corresponding to the slot ⟨e2.in⟩. In the end (line 11), Algorithm 2 returns the set containing a trace from the first set

above, possibly extended with e2.in, depending on whether we take ⟨⟩ or ⟨e2.in⟩ from the second element of implied.
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Algorithm 3 Calculation of traces obtained by shuffling inputs of a slot

1: procedure Shuffle(I , 𝜌1 : ETrace)

2: if (𝜌1 = ⟨⟩)

3: return { ⟨⟩ }

4: else if (head 𝜌1 ∈ I )

5: return
⋃
{ 𝜌2 :Shuffle(I , tail(𝜌1)) • insertI(head 𝜌1, 𝜌2)}

6: else

7: return
⋃
{ 𝜌2 :Shuffle(I , tail(𝜌1)) • insertOI (head 𝜌1, 𝜌2)}

8: end procedure

To construct implied, Algorithm 2 initialises it with the empty sequence (line 2) and then loops over the slots of

𝜌 (lines 3ś10). For each such slot slots(𝜌) i, the set of traces above it according to ≤rI is calculated and recorded in

another local variable impliedset. At the end of each iteration, impliedset is added to the end of implied (line 9).

The current slot is recorded in a variable slot, and the set of inputs that it contains (that is, the elements in the range

of slot (ran slot) that belong to the set I ) is recorded in another variable Islot. Afterwards, impliedset is initialised with

the set of traces obtained from slot by shuffling its inputs. This is calculated by another Algorithm 3 explained below.

We recall, however, that not only the order of the inputs can change, but inputs can be ignored. So, Algorithm 2 iterates

over the inputs inp (lines 6ś8), adding to impliedset the set of traces obtained by removing inp from each trace already

in impliedset. The operator remove(e, 𝜌) defines the sequence obtained by removing occurrences of e from 𝜌 .

Example 5.11. For the first slot ⟨e1.in, e2.in, e3.out, tock⟩ in Example 5.10, Algorithm 3 initialises impliedset as

{ ⟨e1.in, e2.in, e3.out, tock⟩, ⟨e1.in, e3.out, e2.in, tock⟩,

⟨e3.out, e1.in, e2.in, tock⟩, ⟨e3.out, e2.in, e1.in, tock⟩,

⟨e2.in, e1.in, e3.out, tock⟩, ⟨e2.in, e3.out, e1.in, tock⟩ }

With remove(e1.in, ), we add ⟨e2.in, e3.out, tock⟩ and ⟨e3.out, e2.in, tock⟩. With remove(e2.in, ) applied to the enriched

set, we get additionally ⟨e1.in, e3.out, tock⟩, ⟨e3.out, e1.in, tock⟩, and ⟨e3.out, tock⟩. This is the set in Example 5.10.

The recursive Algorithm 3 takes the set I of inputs and a trace 𝜌1 as arguments. There are three cases that it considers.

If 𝜌1 is empty, then there is no shuffling to be done; the result is the set that contains just the empty trace itself (line 3).

If 𝜌1 starts with an input, the set calculated (line 5) is of traces from insertI(⟨head 𝜌1⟩, 𝜌2), where 𝜌2 is a trace obtained

by shuffling the rest of 𝜌1 (tail 𝜌1). The insertI(e, 𝜌) operator defined below specifies the set of sequences obtained by

adding to 𝜌 the (input) event e in every possible position before the first tock event in 𝜌 , if any.

Definition 5.12.

insertI(e, ⟨⟩) = { ⟨e⟩ }

insertI(e, ⟨tock⟩ ⌢ 𝜌) = { ⟨e, tock⟩ ⌢ 𝜌 }

insertI(e1, ⟨e2⟩
⌢

𝜌1) = { ⟨e1, e2⟩
⌢

𝜌1, ⟨e2, e1⟩
⌢

𝜌1 } ∪ {𝜌2 : insertI(e1, 𝜌1) • ⟨e2⟩
⌢

𝜌2 } provided e2 ≠ tock

There is only one position to insert an event e in an empty sequence: the result is the singleton set including ⟨e⟩. Equally,

for a sequence starting with tock, the event can only go just before the tock. If, however, the sequence ⟨e2⟩
⌢

𝜌1 starts

with an event e2 that is not tock, we can insert an event e1, just before or after e2, or in a later position in 𝜌1. So, we

consider the sequences 𝜌2 resulting from inserting e1 in 𝜌1, and the set contains the result of adding e2 to their start.
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The last case in Algorithm 3 is for a trace 𝜌1 that starts with an output event or tock. The set calculated is similar, but

uses the insertion function insertO (line 7), which takes the set of inputs as argument and is defined as follows. The

other arguments are an output, instead of an input like insertI, and the trace where the output is to be inserted.

Definition 5.13.

insertOI (e, ⟨⟩) = { ⟨e⟩ }

insertOI (e1, ⟨e2⟩
⌢

𝜌) = { ⟨e1, e2⟩
⌢

𝜌 } provided e2 ∉ I

insertOI (e1, ⟨e2⟩
⌢

𝜌1) = { ⟨e1, e2⟩
⌢

𝜌1, ⟨e2, e1⟩
⌢

𝜌1 } ∪ {𝜌2 : insertOI (e1, 𝜌1) • ⟨e2⟩
⌢

𝜌2 } provided e2 ∈ I

There is only one position to insert an output event e in an empty sequence: the result is the singleton set including ⟨e⟩.

Since the order of outputs cannot change, for a trace starting with an output or tock, the insertion can happen only at

the start. For a sequence ⟨e2⟩
⌢

𝜌1 starting with an input e2, the definition of insertO is similar to that of insertI.

Optimisation. Algorithm 1 is very expensive. The verdict of our tests can be traced back to the design model, but it may

be a heavy price to pay. A possible optimisation is to run all the tests generated from the reactive model. In the case

of simulation experiments, they are useful to exercise the model and gather data anyway. If a tests passes, we can be

confident of that verdict. If, however, a test fails, then we must consider whether the test is sound. Only then, we need

to run Algorithm 1 to check whether we indeed have identified a problem with that particular test.

6 SOUNDNESS

We recall that Algorithm 1 takes as input a forbidden trace ft ∈ TTTraceRC of a (RoboChart) reactive model RC and

finds the set possibleTraces of traces in TTTraceRC that are above ft under ≤rIRC (these are generated by Algorithm 2).

Afterwards, ft is converted (for later use to generate a test case) if, and only if, none of the traces in possibleTraces is

also a trace of RC (in the set ett [[RC]]). In this section we prove that this proposed approach is sound: if a forbidden

trace ft is converted, then the resulting trace TRCS (p, I , ft) is not a trace of Cyclic(RC, p).

We start, in Section 6.1, by proving results regarding the equivalence relation ≡R
IRC

and therefore ≤rIRC (see Defini-

tion 4.5). Specifically, we show that if an s-valid trace 𝜌 ∈ TTTraceRC is equivalent to a trace of RC under ≡R
IRC

then

TRCS (p, I , 𝜌) is a trace of Cyclic(RC, p). This is established in Theorem 6.4.

In Section 6.2, we use the notion of input-complete io-traces. An io-trace is defined to be input-complete if, and

only if, it does not have a maximal non-empty sequence of read events that does not have a read event for every input

in events(| IRC |). We are particularly interested in input-complete traces because, as we explained before, failures of

the SUT are all input-complete io-traces. (This follows from the assumption that the SUT is a cyclic mechanism, and,

therefore, accesses the inputs at the start of every cycle as required.) We prove that for every input-complete io-trace 𝜌1

of Cyclic(RC, p) there is an input-complete io-trace 𝜌2 of Cyclic(RC, p) such that 𝜌1 ≤sIRS 𝜌2 and 𝜌2 can be formed by

converting an s-valid trace of RC. This is established in Theorem 6.10. As a result, the set of input-complete traces of

Cyclic(RC, p) can be formed by first converting the s-valid traces of RC and then producing all traces that are either

equivalent under ≡S
IRS

(and so related by ≤sIRS according to Definition 4.5) or below one of these under ≤sIRS .

Finally, in Section 6.3, we bring Theorems 6.4 and 6.10 together to prove soundness (Theorem 6.12).

In this section and the next we use the metavariables inp and out to represent events in the sets IRC and ORC , adding

subscripts when extra metavariables are needed. We also use these metavariables to represent inputs (in IRS) and

outputs (in ORS) of the SUT, that is, inp, inp1, inp2, and so on, for read events, and out, out1, out2, and so on, for write

events. The context determines whether the events in question are from the reactive design or the cyclic SUT.
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6.1 The order of inputs within a cycle

In this section we explore properties of ≡R
IRC

. We start by proving that conversion preserves equivalence (Lemmas 6.1

and 6.2). We then prove that if 𝜌 is an s-valid trace of RC then TRCS (p, I , 𝜌) is a trace of Cyclic(RC, p) (Lemma 6.3).

Finally, using these lemmas, we prove the main result of this section in Theorem 6.4. As said, we establish that if an

s-valid trace 𝜌 ∈ TTTraceRC is equivalent to a trace of RC under ≡R
IRC

then TRCS (p, I , 𝜌) is a trace of Cyclic(RC, p).

To start with, we prove that conversion preserves equivalence (in both directions), a result that we first establish in

Lemma 6.1 below for traces that contain only one slot. For that, we observe that the conversion function TRCS (p, I , 𝜌) is

well-defined for any p-compliant trace 𝜌 , not only those that are fs-valid (or s-valid).

Lemma 6.1. Given s-valid traces 𝜌1, 𝜌2 ∈ TTTraceRC that have one slot, we have that: 𝜌1 ≡
R
IRC

𝜌2 if, and only if,

TRCS (p, IRC , 𝜌1) ≡
S
IRS

TRCS (p, IRC , 𝜌2).

Proof. Since 𝜌1 and 𝜌2 contain only one slot, we have that

TRCS (p, IRC , 𝜌1) = Iconv(𝜌1 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))

⌢ Tconv(𝜌1 ↾ (O ∪ {tock}))

TRCS (p, IRC , 𝜌2) = Iconv(𝜌2 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2))

⌢ Tconv(𝜌2 ↾ (O ∪ {tock}))

We therefore have the following.

TRCS (p, IRC , 𝜌1) ≡
S
IRS

TRCS (p, IRC , 𝜌2)

⇔ Iconv(𝜌1 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))

⌢ Tconv(𝜌1 ↾ (O ∪ {tock}))

≡S
IRS

Iconv(𝜌2 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2))

⌢ Tconv(𝜌2 ↾ (O ∪ {tock}))

[property above]

⇔ Iconv(𝜌1 ↾ IRC) ≡
S
IRS

Iconv(𝜌2 ↾ IRC)∧

NIconv(events(| IRC |) \ events(ran 𝜌1)) = NIconv(events(| IRC |) \ events(ran 𝜌2))∧

Tconv(𝜌1 ↾ (O ∪ {tock})) = Tconv(𝜌2 ↾ (O ∪ {tock}))

[definition of ≡S
IRS
]

⇔ 𝜌1 ↾ IRC ≡
R
IRC

𝜌2 ↾ IRC ∧ NIconv(events(| IRC |) \ events(ran 𝜌1)) = NIconv(events(| IRC |) \ events(ran 𝜌2))∧

Tconv(𝜌1 ↾ (O ∪ {tock})) = Tconv(𝜌2 ↾ (O ∪ {tock}))

[definition of Iconv and ≡R
IRC

]

⇔ 𝜌1 ↾ IRC ≡
R
IRC

𝜌2 ↾ IRC ∧ Tconv(𝜌1 ↾ (O ∪ {tock}) = Tconv(𝜌2 ↾ (O ∪ {tock})

[𝜌1 ↾ IRC ≡
R
IRC

𝜌2 ↾ IRC ⇒ IRC \ events(ran 𝜌1) = IRC \ events(ran 𝜌2)]

⇔ 𝜌1 ↾ IRC ≡
R
IRC

𝜌2 ↾ IRC ∧ 𝜌1 ↾ (O ∪ {tock}) = 𝜌2 ↾ (O ∪ {tock}) [definition of Tconv]

⇔ 𝜌1 ≡
R
IRC

𝜌2 [definition of ≡R
IRC

and 𝜌1, 𝜌2 have one slot]

□

We now extend this to traces with any number of slots.
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Lemma 6.2. Given s-valid traces 𝜌1, 𝜌2 ∈ TTTraceRC , we have that 𝜌1 ≡
R
IRC

𝜌2 if, and only if,

TRCS (p, IRC , 𝜌1) ≡
S
IRS

TRCS (p, IRC , 𝜌2)

Proof. By induction on the number of slots of 𝜌2.

Base case. The result is immediate for the base case in which 𝜌2 has zero slots and so is empty.

Inductive step. We assume that the result holds for every 𝜌2 that has k ≥ 0 or fewer slots. Let us suppose that 𝜌2 has

k + 1 slots. Thus, 𝜌2 = 𝜌
′
2
⌢

𝜌
′′
2
for the longest proper prefix 𝜌

′
2
of 𝜌2 that has k slots. We start with 𝜌1 ≡

R
IRC

𝜌2 and

prove that this holds if, and only if, TRCS (p, IRC , 𝜌1) ≡
S
IRS

TRCS (p, IRC , 𝜌2). Since 𝜌1 ≡
R
IRC

𝜌2, we have that 𝜌2 and 𝜌1 have

the same number of slots. Thus, we can write 𝜌1 = 𝜌
′
1
⌢

𝜌
′′
1
for some longest proper prefix 𝜌′

1
of 𝜌1 that has k slots.

𝜌1 ≡
R
IRC

𝜌2

⇔ 𝜌
′
1
≡R
IRC

𝜌
′
2
∧ 𝜌
′′
1
≡R
IRC

𝜌
′′
2

[definitions of s-valid, 𝜌′
2
, and 𝜌

′
1
and ≡R

IRC
]

⇔ TRCS (p, IRC , 𝜌
′
1
) ≡S

IRS
TRCS (p, IRC , 𝜌

′
2
) ∧ 𝜌

′′
1
≡R
IRC

𝜌
′′
2

[inductive hypothesis]

⇔ TRCS (p, IRC , 𝜌
′
1
) ≡S

IRS
TRCS (p, IRC , 𝜌

′
2
) ∧ TRCS (p, IRC , 𝜌

′′
1
) ≡S

IRS
TRCS (p, IRC , 𝜌

′′
2
) [Lemma 6.1]

⇔ TRCS (p, IRC , 𝜌
′
1
) ⌢ TRCS (p, IRC , 𝜌

′′
1
) ≡S

IRS
TRCS (p, IRC , 𝜌

′
2
) ⌢ TRCS (p, IRC , 𝜌

′′
2
) [definition of ≡S

IRS
]

⇔ TRCS (p, IRC , 𝜌
′
1
⌢

𝜌
′′
1
) ≡S

IRS
TRCS (p, IRC , 𝜌

′
2
⌢

𝜌
′′
2
) [definition of TRCS]

⇔ TRCS (p, IRC , 𝜌1) ≡
S
IRS

TRCS (p, IRC , 𝜌2) [definitions of 𝜌′
2
, 𝜌′′

2
, 𝜌′

1
, and 𝜌

′′
1
]

□

We now prove that the s-valid traces of RC get mapped to traces of Cyclic(RC, p). In this proof, we use the standard

‘after’ operator: for a process P and trace 𝜌 of P , we use ‘P after 𝜌’ to denote the process whose traces are exactly those

that can follow 𝜌 in the set of traces of P . Thus, 𝜌2 is a trace of P after 𝜌1 if, and only if, 𝜌1
⌢

𝜌2 is a trace of P .

Lemma 6.3. If 𝜌 is a trace of [[RC]]SV , then TRCS (p, IRC , 𝜌) is a trace of Cyclic(RC, p).

Proof. By induction on the length of slotsp (𝜌).

Base case. Every process has the empty trace.

Inductive step. We assume that the result holds if the length of slotsp (𝜌) is at most k ≥ 0, and we let 𝜌 be an s-valid

trace of RC such that slotsp (𝜌) has length k + 1. Thus, 𝜌 = 𝜌p
⌢
𝜌f for some maximal prefix 𝜌p of 𝜌 such that slotsp (𝜌p)

has length k. Both 𝜌p and 𝜌f are s-valid, and, by definition, TRCS (p, IRC , 𝜌) = TRCS (p, IRC , 𝜌p)
⌢ TRCS (p, IRC , 𝜌f ).

By the inductive hypothesis, 𝜌sp = TRCS (p, IRC , 𝜌p) is a trace of Cyclic(RC, p). By the definition of Cyclic(RC, p), once

𝜌
s
p has occurred, the process Cyclic(RC, p) ś that is, Cyclic(RC, p) after 𝜌sp ś is in the state in which [[RC]]RCM is in

state ( [[RC]]RCM after 𝜌p) and the parallel process SimAssump(IRC ,ORC , p) is back in its initial state.

Further, by definition 𝜌f is an s-valid trace of ( [[RC]]RCM after 𝜌p). We observe that 𝜌f ≡
R
IRC

𝜌1
⌢

𝜌2 for some trace

𝜌1 that contains only inputs and trace 𝜌2 that contains only outputs and tock events. By the definition of TRCS (p, IRC , 𝜌),

we have that TRCS (p, IRC , 𝜌f ) = 𝜌3
⌢

𝜌4
⌢

𝜌5 for 𝜌3 = Iconv(𝜌1), 𝜌4 = NIconv(events(| IRC |) \ events(ran 𝜌1)) and

𝜌5 = Tconv(𝜌2). In addition, by the definition ofCyclic(RC, p), we have that 𝜌3
⌢
𝜌4
⌢
𝜌5 is a trace ofCyclic(RC, p) after 𝜌

s
p ,

since it satisfies the restrictions in SimAssump(IRC ,ORC , p). (Precisely, it is a trace of SimAssump(IRC ,ORC , p), after
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hiding the events of [[RC]]RCM and end, that is kept by the parallelism with [[RC]]RCM ). With Iconv and NIconv, the

restrictions of TA1(IRC) are satisfied. With Tconv, the restrictions of TA2(ORC , p) are satisfied. The restrictions of

TA3(IRC ,O, p) are enforced by the fact that 𝜌f is s-valid; here we observe that the set of traces of a process is prefix

closed. So, even if the last slot of 𝜌f does not cover all events of a cycle, we still get a trace of Cyclic(RC, p) after 𝜌sp . We

thus have that 𝜌sp
⌢ TRCS (p, IRC , 𝜌f ) = TRCS (p, IRC , 𝜌) is a trace of Cyclic(RC, p) as required. □

We now use the above lemmas and some in Section 4.2 to prove the main result from this section: if we convert a trace

𝜌 that is equivalent to an s-valid trace of RC then we obtain a trace of Cyclic(RC, p).

Theorem 6.4. Given an s-valid trace 𝜌 ∈ TTTraceRC , if 𝜌 is equivalent to a trace of RC under ≡R
IRC

, then TRCS (p, IRC , 𝜌)

is a trace of Cyclic(RC, p).

Proof. Let 𝜌1 be an s-valid trace of RC that is equivalent to 𝜌 under ≡R
IRC

. By Lemma 6.3 we have that TRCS (p, IRC , 𝜌1)

is a trace of Cyclic(RC, p). Since 𝜌 ≡R
IRC

𝜌1, by Lemma 6.2 we have that TRCS (p, IRC , 𝜌) ≡
S
IRS

TRCS (p, IRC , 𝜌1). Thus,

since the set of io-traces of Cyclic(RC, p) is closed under ≡S
IRS

(Lemma 4.4), we have that TRCS (p, IRC , 𝜌) is a trace of

Cyclic(RC, p), because TRCS (p, IRC , 𝜌1) is an io-trace by definition. □

Because a simulation can ignore inputs, the above result does not hold in the opposite direction: TRCS (p, IRC , 𝜌) being a

trace of Cyclic(RC, p) does not imply that 𝜌 is equivalent to a trace of RC under ≡R
IRC

.

Example 6.5. For instance, ⟨read .e.true⟩ is a trace of the simulation Cyclic(RC, p), if e.in is an input event. If, however,

RC does not have a transition from the initial state to accept e, then Cyclic(RC, p) ignores that input. In this case ⟨e.in⟩

is not a trace of RC, and that is the only trace 𝜌 such that TRCS (p, {e.in}, 𝜌) = ⟨read .e.true⟩.

We address this issue in the next section.

6.2 Software ignoring inputs within a cycle

In the previous section, we have explored the consequences of the relative order of inputs not mattering within a

simulation. As already said, we have shown that if 𝜌 is an s-valid trace of RC, then all traces equivalent to 𝜌 under ≡IRC

get mapped to traces of Cyclic(RC, p) by TRCS (Theorem 6.4). In this section, we consider the consequences of the fact

that a simulation can ignore inputs. The main result, captured by Theorem 6.10, concerns input-complete traces of

Cyclic(RC, p). Theorem 6.10 tells us that an input-complete trace of Cyclic(RC, p) is always (equivalent to or) below,

under ≤sIRS , another one that can be obtained by conversion. So, an input-complete trace of Cyclic(RC, p) is either in

the image of TRCS (when applied to s-valid traces of RC) or is in the downward closure of this image.

We start by proving a result similar to Lemma 6.2: if 𝜌1, 𝜌2 ∈ TTTraceRC are s-valid traces then 𝜌1 ≤rIRC 𝜌2 if, and

only if, TRCS (p, IRC , 𝜌1) ≤sIRS TRCS (p, IRC , 𝜌2). We first prove this result for traces that have only one slot (Lemma 6.7).

The proof uses the lemma below for traces of input events without repetitions. Here, we are concerned with repetitions

regarding events(| IRC |). So, we require that there are no events a.x and a.y using the same input (channel) a.

Lemma 6.6. Given traces 𝜌1, 𝜌2 ∈ TTTraceRC that have just inputs events, but no repetitions,

(𝜌1 ≤rIRC 𝜌2)

⇔

Iconv(𝜌1)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1)) ≤sIRS Iconv(𝜌2)

⌢ NIconv(events(| IRC |) \ events(ran 𝜌2))
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Proof. In the following, given an input event inp standing for read .e.true, for some e, we let ¯inp denote read .e.false

and we extend this notation to traces of inputs in the natural way.

𝜌1 ≤rIRC 𝜌2

⇔ events(ran 𝜌2) ⊆ events(ran 𝜌1)

[definition of ≤rIRC (⇒), 𝜌1 and 𝜌2 are traces of input events without repetition (⇐)]

⇔ events(ran 𝜌2) ⊆ events(ran 𝜌1) ∧ (events(| IRC |) \ events(ran 𝜌1)) ⊆ (events(| IRC |) \ events(ran 𝜌2))

[property of sets]

⇔ events(ran 𝜌2) ⊆ events(ran 𝜌1)∧

∃ 𝜌3 : TTTraceRS •

events(ran 𝜌3) = Iconv(events(ran 𝜌1) \ events(ran 𝜌2)) ∧ Iconv(𝜌1) ≡IRS Iconv(𝜌2)
⌢

𝜌3∧

NIconv(events(| IRC |) \ events(ran 𝜌2)) ≡IRS 𝜌3
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))

[𝜌3 is a trace of input events in 𝜌1 that are not in 𝜌2, and definitions of Iconv, NIconv, and ≡IRS ]

⇔ events(ran 𝜌2) ⊆ events(ran 𝜌1)∧

∃ 𝜌3 : TTTraceRS • events(ran 𝜌3) = Iconv(events(ran 𝜌1) \ events(ran 𝜌2))∧

Iconv(𝜌1)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1)) ≡IRS

Iconv(𝜌2)
⌢

𝜌3
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))∧

Iconv(𝜌2)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2)) ≡IRS

Iconv(𝜌2)
⌢

𝜌3
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))∧

[the images of Iconv and NIconv are disjoint]

⇔ Iconv(𝜌1)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1)) ≤sIRS

Iconv(𝜌2)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2))

[definition of ≤sIRS (which includes ≡IRS )]

□

Lemma 6.7. Given s-valid traces 𝜌1, 𝜌2 ∈ TTTraceRC that have one slot, 𝜌1 ≤rIRC 𝜌2 if, and only if,

TRCS (p, IRC , 𝜌1) ≤sIRS TRCS (p, IRC , 𝜌2)

Proof.

TRCS (p, IRC , 𝜌1) ≤sIRS TRCS (p, IRC , 𝜌2)

⇔ Iconv(𝜌1 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1))

⌢ Tconv(𝜌1 ↾ (O ∪ {tock})

≤sIRS

Iconv(𝜌2 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2))

⌢ Tconv(𝜌2 ↾ (O ∪ {tock})

[definition of TRCS (p, IRC , 𝜌), and 𝜌1 and 𝜌2 have one slot]

⇔ Iconv(𝜌1 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌1)) ≤sIRS

Iconv(𝜌2 ↾ IRC)
⌢ NIconv(events(| IRC |) \ events(ran 𝜌2)) ∧

Tconv(𝜌1 ↾ (O ∪ {tock}) = Tconv(𝜌2 ↾ (O ∪ {tock})

[definition of ≤sIRS and 𝜌1 and 𝜌2 have one slot]

⇔ (𝜌1 ↾ IRC) ≤rIRC (𝜌2 ↾ IRC) ∧ Tconv(𝜌1 ↾ (O ∪ {tock}) = Tconv(𝜌2 ↾ (O ∪ {tock})
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[Lemma 6.6 with 𝜌1 ↾ IRC and 𝜌2 ↾ IRC]

⇔ 𝜌1 ↾ I ≤rIRC 𝜌2 ↾ I ∧ 𝜌1 ↾ (O ∪ {tock}) = 𝜌2 ↾ (O ∪ {tock}) [definition of Tconv]

⇔ 𝜌1 ≤rIRC 𝜌2 [definition of ≤rIRC and 𝜌1, 𝜌2 having one slot]

□

We now extend this to all s-valid traces.

Lemma 6.8. Given s-valid traces 𝜌2, 𝜌1 ∈ TTTraceRC , we have that 𝜌1 ≤rIRC 𝜌2 if, and only if,

TRCS (p, IRC , 𝜌1) ≤sIRS TRCS (p, I , 𝜌2)

Proof. By induction on the number of slots that 𝜌2 contains.

Base case. The result immediately holds for the base case in which 𝜌2 has zero slots and so is empty.

Inductive step. We assume the result holds for every 𝜌2 that has k ≥ 0 or fewer slots. Let us suppose that 𝜌2 has k + 1

slots. Thus, 𝜌2 = 𝜌
′
2
⌢
𝜌
′′
2
for some longest proper prefix 𝜌′

2
of 𝜌2 that has k slots. We assume that 𝜌1 ≤rIRC 𝜌2 and prove

that TRCS (p, I , 𝜌1) ≤sIRS TRCS (p, I , 𝜌2). Since 𝜌1 ≤rIRC 𝜌2, we have that 𝜌2 and 𝜌1 have the same number of slots. Thus,

we can write 𝜌1 = 𝜌
′
1
⌢

𝜌
′′
1
for some longest proper prefix 𝜌′

1
of 𝜌1 that has k slots.

𝜌1 ≤rIRC 𝜌2

⇔ 𝜌
′
1
≤rIRC 𝜌

′
2
∧ 𝜌
′′
1
≤rIRC 𝜌

′′
2

[definitions of 𝜌′
1
, 𝜌′

2
, 𝜌′′

1
, 𝜌′′

2
, and ≤rIRC ]

⇔ TRCS (p, IRC , 𝜌
′
1
) ≤sIRS TRCS (p, IRC , 𝜌

′
2
) ∧ 𝜌

′′
1
≤rIRC 𝜌

′′
2

[inductive hypothesis]

⇔ TRCS (p, IRC , 𝜌
′
1
) ≤sIRS TRCS (p, IRC , 𝜌

′
2
) ∧ TRCS (p, IRC , 𝜌

′′
1
) ≤sIRS TRCS (p, IRC , 𝜌

′′
2
) [Lemma 6.7]

⇔ TRCS (p, IRC , 𝜌
′
1
) ⌢ TRCS (p, IRC , 𝜌

′′
1
) ≤sIRS TRCS (p, IRC , 𝜌

′
2
) ⌢ TRCS (p, IRC , 𝜌

′′
2
) [definition of ≤sIRS ]

⇔ TRCS (p, IRC , 𝜌
′
1
⌢

𝜌
′′
1
) ≤sIRS TRCS (p, IRC , 𝜌

′
2
⌢

𝜌
′′
2
) [definition of TRCS]

⇔ TRCS (p, IRC , 𝜌1) ≤sIRS TRCS (p, IRC , 𝜌2)

□

As said, traces that characterise failures of a cyclic SUT are input-complete. In the next lemma, used to prove our main

result, we consider how such traces that are maximal under ≤sIRS are related to the result of converting an s-valid trace.

Lemma 6.9. If 𝜌2 is an input-complete trace of Cyclic(RC, p) such that there is no trace 𝜌1 of Cyclic(RC, p) with

𝜌1 ̸≡
S
IRS

𝜌2 and 𝜌2 ≤sIRS 𝜌1, then there is a trace 𝜌 ∈ [[RC]]SV such that TRCS (p, IRC , 𝜌) ≡
S
IRS

𝜌2.

Proof. We consider how Cyclic(RC, p) can produce an input-complete trace 𝜌2. If Cyclic(RC, p) were able to do

so while ignoring some of the inputs received then we could remove these inputs that are ignored to produce a trace

𝜌1 of Cyclic(RC, p) with 𝜌1 ̸≡IRS 𝜌2 and 𝜌2 ≤sIRS 𝜌1. Thus, to produce the trace 𝜌2, Cyclic(RC, p) cannot ignore any

inputs. Now, let us suppose that Cyclic(RC, p) produces the trace 𝜌2 and, in doing so, RC follows a trace 𝜌 . By way of

contradiction, we assume that TRCS (p, I , 𝜌) ≡
S
IRS

𝜌2 does not hold. In this case, there are four possibilities: (1) there is an

input read .e of 𝜌2 that is not in TRCS (p, I , 𝜌); (2) there is an input read .e of TRCS (p, I , 𝜌) that is not in 𝜌2; (3) TRCS (p, I , 𝜌)

and 𝜌2 have exactly the same read .e events in each of their corresponding subsequence of read events, but there is at

least one such event read .e for which read .e.false is in TRCS (p, I , 𝜌), and read .e.true is in 𝜌2; or (4) vice-versa, read .e.true
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is in TRCS (p, I , 𝜌), and read .e.false is in 𝜌2. Scenario (1) is not possible, because the traces in the range of TRCS (p, I , 𝜌)

are input-complete. Scenario (2) is not possible, because 𝜌2 is input-complete by assumption. Scenario (3) is not possible

because, since 𝜌 needs all inputs in 𝜌2, then TA1(IRC) ensures that 𝜌 has the event e.in enabled by read .e.true. So, by

definition of TRCS , and of Iconv in particular, read .e.true is in TRCS (p, I , 𝜌). Finally, scenario (4) is not possible because,

if read .e.false is in 𝜌2, then TA1(IRC) ensures that e.in is not in 𝜌 . So, by definition of TRCS , and of NIconv in particular,

read .e.false is in TRCS (p, I , 𝜌). The result therefore follows. □

We finally give the main result in this section, which, as already said, shows how traces in Cyclic(RC, p) relate to the

set of traces produced by converting s-valid traces of RC, that is, traces in [[RC]]SV .

Theorem 6.10. If 𝜌1 is an input-complete trace of Cyclic(RC, p), then there is an input-complete trace 𝜌2 of Cyclic(RC, p)

and an s-valid trace 𝜌 ∈ TTTraceRC of RC (that is, 𝜌 is in [[RC]]SV ) such that 𝜌1 ≤sIRS 𝜌2 and TRCS (p, I , 𝜌) ≡IRS 𝜌2.

Proof. An input-complete trace 𝜌2 of Cyclic(RC, p) is maximal under ≤sIRS if there is no input-complete trace 𝜌1

of Cyclic(RC, p) with 𝜌1 ̸≡
S
IRS

𝜌2 and 𝜌2 ≤sIRS 𝜌1. Since there are only finitely many channels, by the definition of

≤sIRS , there is an input-complete trace 𝜌2 of Cyclic(RC, p), with 𝜌1 ≤sIRS 𝜌2, such that 𝜌2 is maximal under ≤sIRS . From

Lemma 6.9, we know that there is an s-valid trace 𝜌 ∈ TTTraceRC of RC such that TRCS (p, IRC , 𝜌) ≡
S
IRS

𝜌2. The result

thus follows. □

Next, we use this result to reason about which forbidden traces of RC get mapped to forbidden traces of Cyclic(RC, p).

6.3 Sound test cases

Given a RoboChart model RC, we now define what it means for a trace to be implied by another trace. (These are the

traces identified by Algorithm 2.) We also define, more generally, what it means for a trace to be implied by RC.

Definition 6.11. For an s-valid trace 𝜌2 ∈ TTTraceRC , we say that 𝜌2 is implied by a trace 𝜌1 if 𝜌2 ≤rIRC 𝜌1. Furthermore,

for a RoboChart model RC, 𝜌2 is implied by RC if there exists a trace 𝜌1 ∈ ett [[RC]] of RC such that 𝜌2 is implied by 𝜌1.

The idea here is that this notion of implied mirrors the fact that the set of traces of Cyclic(RC, p) is downwardly

closed under ≤sIRS . We recall that, given a trace 𝜌 , Algorithm 2 returns the set of traces 𝜌1 such that 𝜌 is implied by 𝜌1

(according to Definition 6.11). Algorithm 1 then assigns this set to the set possibleTraces and checks whether any of the

traces in possibleTraces are traces of RC (are in ett [[RC]]). Algorithm 1 is therefore checking whether 𝜌 is implied by RC

and only converts 𝜌 to form a test case if this is not the case (that is, 𝜌 is not implied by RC).

We now show that the required property holds: 𝜌 is implied byRC if, and only if, TRCS (p, I , 𝜌) is a trace ofCyclic(RC, p).

Theorem 6.12. Given an s-valid trace 𝜌 ∈ TTTraceRC , we have that 𝜌 is implied by RC if, and only if,

TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]]

Proof. We separately prove the two directions of the implication.

Case 1: (⇒)

𝜌 is implied by RC

⇒ ∃ 𝜌1 : [[RC]]SV • 𝜌 ≤rIRC 𝜌1 [definition of implied]

⇒ ∃ 𝜌1 : [[RC]]SV • 𝜌 ≤rIRC 𝜌1 ∧ TRCS (p, I , 𝜌1) ∈ ett [[Cyclic(RC, p)]] [Lemma 6.3]
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⇒ ∃ 𝜌1 : [[RC]]SV • 𝜌 ≤rIRC 𝜌1 ∧ TRCS (p, I , 𝜌1) ∈ ett [[Cyclic(RC, p)]] ∧ TRCS (p, I , 𝜌) ≤sIRS TRCS (p, I , 𝜌1)

[Lemma 6.8]

⇒ TRCS (p, I , 𝜌1) ∈ ett [[Cyclic(RC, p)]] [Lemma 4.9 and 𝜌 is s-valid]

Case 2: (⇐) We name 𝜌1 = TRCS (p, I , 𝜌).

TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]]

⇒ TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]] ∧ 𝜌1 is input-complete [𝜌1 is in the image of TRCS]

⇒ TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]]∧

∃ 𝜌2 : ett [[Cyclic(RC, p)]]; 𝜌3 ∈ [[RC]]SV • 𝜌2 is input-complete ∧ 𝜌1 ≤sIRS 𝜌2 ∧ 𝜌2 ≡IRS TRCS (p, I , 𝜌3)

[Theorem 6.10]

⇒ TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]]∧

∃ 𝜌2 : ett [[Cyclic(RC, p)]]; 𝜌3 ∈ [[RC]]SV •

𝜌2 is input-complete ∧ 𝜌1 ≤sIRS 𝜌2 ∧ 𝜌2 ≡IRS TRCS (p, I , 𝜌3) ∧ 𝜌1 ≤sIRS TRCS (p, I , 𝜌3)

[definition of ≤sIRS , 𝜌2 ≡IRS TRCS (p, I , 𝜌3) and 𝜌1 ≤sIRS 𝜌2]

⇒ TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]] ∧ ∃ 𝜌3 : [[RC]]SV • 𝜌1 ≤sIRS TRCS (p, I , 𝜌3) [predicate calculus]

⇔ TRCS (p, I , 𝜌) ∈ ett [[Cyclic(RC, p)]] ∧ ∃ 𝜌3 : [[RC]]SV • TRCS (p, I , 𝜌) ≤sIRS TRCS (p, I , 𝜌3) [substitution]

⇒ ∃ 𝜌3 : [[RC]]SV • 𝜌 ≤rIRC 𝜌3 [Lemma 6.8]

⇒ 𝜌 is implied by RC [definition of implied]

□

This tells that if we take an s-valid trace that is not implied by RC and convert it, then the test case for the converted

trace is sound because it is a trace that the simulation should not have.

We next consider completeness.

7 COMPLETENESS

In this section we show how a complete test suite can be produced from a specification given by a RoboChart model

RC, or more precisely, its tock-CSP semantics. We recall that a test suite is complete if it is sound and exhaustive, and a

test set is exhaustive if all possibly faulty implementations fail the test suite, that is, fail at least one test in the suite. We

recall also that the test cases used are negative: they are for traces that the SUT should not have.

Many testing theories based on CSP define exhaustive test suites including just minimal forbidden traces: formed by

a trace of the specification followed by a single forbidden event. The next example shows that this is not enough here.

Example 7.1. We consider the process RC2 from Example 5.8, and specification S = RC2 ▶ 0, which imposes

a deadline 0 for termination of RC2. This removes tock from the traces of RC2 and simplifies the example, but is

not key to the point here. Finally, we extend the output set to also contain e4.out. We recall that RC2 is defined by

e1.in→ e2.in→ Stop ✷ e2.in→ e3.out → Stop. The following is the set of minimal (fs-valid) forbidden traces of RC2.

{ ⟨e3.out⟩, ⟨e4.out⟩, ⟨tock⟩, ⟨e1.in, e3.out⟩, ⟨e1.in, e4.out⟩, ⟨e1.in, tock⟩,

⟨e1.in, e2.in, e3.out⟩, ⟨e1.in, e2.in, e4.out⟩, ⟨e1.in, e2.in, tock⟩, ⟨e2.in, e4.out⟩, ⟨e2.in, tock⟩,

⟨e2.in, e3.out, e4.out⟩, ⟨e2.in, e3.out, tock⟩}
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We consider an SUT defined by Imp ▶ 0, where Imp is the process defined as follows.

read .e1.true→ read .e2.true→ write.e3→ write.e4→ Stop

✷

read .e2.true→ read .e1.true→ write.e3→ write.e4→ Stop

✷

read .e1.true→ read .e2.false→ Stop

✷

read .e2.false→ read .e1.true→ Stop

✷

read .e1.false→ read .e2.true→ write.e3→ Stop

✷

read .e2.true→ read .e1.false→ write.e3→ Stop

✷

read .e1.false→ read .e2.false→ Stop

✷

read .e2.false→ read .e1.false→ Stop

Imp has just one cycle and accepts the inputs in any order with any values as expected in a cyclic implementation. When

both e1 and e2 happen, Imp outputs e3 and e4. When e2 happens, but not e1, Imp outputs e3. In all other cases, Imp

produces no outputs. Imp is incorrect since it has, for example, the trace ⟨read .e1.true, read .e2.true,write.e3,write.e4⟩,

and RC2 does not have any trace that includes e4.out. The only minimal forbidden trace of S that is converted to a

trace of Imp ▶ 0 is ⟨e1.in, e2.in, e3.out⟩. All the other minimal forbidden traces are converted to traces that Imp ▶ 0

cannot perform, and so it would not fail the test. We note, however, that ⟨e1.in, e2.in, e3.out⟩ ≤rIRC ⟨e2.in, e3.out⟩ and

⟨e2.in, e3.out⟩ is a trace of RC2, and so the presence of ⟨e1.in, e2.in, e3.out⟩ as a forbidden trace is not enough to generate

a test to identify a failure. In conclusion, tests based on the minimal forbidden traces can let an incorrect SUT pass.

On the other hand, we can restrict ourselves to the set of s-valid forbidden traces defined below.

Definition 7.2. TSS (RC) = {𝜌 : ETrace | 𝜌 ∉ [[RC]]SV ∧ 𝜌 is s-valid}

We can take the set of traces in TSS (RC), remove those implied by RC (using Algorithm 1) and use the resultant traces to

construct test cases as already defined in the tock-CSP testing theory.We know that this approach is sound (Theorem 6.12)

and we now show that the resultant test suite is exhaustive, and therefore complete.

Theorem 7.3. The suite of tests obtained from traces of TSS (RC), after removing the traces implied by RC, is exhaustive.

Proof. We assume that the SUT is a simulation RS with period p that is not a correct implementation of RC under

confp . So, there must exist traces of RS that are not traces of Cyclic(RC, p). Let 𝜌1 be such a trace that is minimal,

that is, there are no prefixes of 𝜌1 that is not a trace of Cyclic(RC, p). Since simulations are cyclic, we must have

that 𝜌1 is input-complete. By the definition of TRCS , since 𝜌1 is input-complete we have that there is an s-valid trace

𝜌 ∈ TTTraceRC such that TRCS (p, I , 𝜌) ≡IRS 𝜌1. Since the set of traces of Cyclic(RC, p) is closed under ≡S
I
(Lemma 4.4),

then TRCS (p, I , 𝜌) is not a trace of Cyclic(RC, p). So, by Theorem 6.12 we know that 𝜌 is not implied by RC. This means

that 𝜌 is in the test suite produced by removing the traces implied by RC from TSS (RC). The result therefore follows. □
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Of course, the test suite TSS (RC) need not be finite and completeness is then in the limit: if the SUT is faulty and we

apply the test cases then eventually the SUT will fail. In practice we might, for example, bound trace length.

8 CONCLUSIONS

There has been a sustained and substantial interest in model-based testing.When the model possesses a formal semantics,

the potential arises for automatically generating sets of test cases that offer guarantees concerning effectiveness and

soundness. This paper covers a scenario wherein testing is conducted from a reactive design (perhaps articulated in

RoboChart) with the aim of testing a cyclic implementation (perhaps a simulation). The focus lies in generating tests

from the abstract reactive model to interpret test results within that higher-level design context.

The proposed approach initiates with the identification of forbidden traces of a RoboChart model. For a reactive SUT,

these traces can serve as the foundation for testing using the existing testing theory for tock-CSP. On the other hand,

using the traces to define tests for a cyclic SUT needs to consider assumptions and restrictions inherent in the cyclic

paradigm. We have identified the set of fs-valid forbidden traces that can be made useful when inputs and outputs

correspond to data read and written during each period in a cyclic implementation.

We have introduced a technique that transforms an fs-valid trace from a reactive (RoboChart) model to consider the

cyclic paradigm. In this process, input and output events are converted into read and write interactions of a simulation

with platform services. Three algorithms specify testing campaigns based on the converted traces and their associated

tests as defined by the tock-CSP testing theory. Finally, we have shown soundness and completeness of our approach.

Although our theory is concerned with RoboChart and RoboSim, the results are relevant for timed reactive and

cyclic models in general. Although RoboSim is a simulation notation, a RoboSim model describes a cyclic mechanism

that may be used also in deployment. In fact, the modular approach to simulation adopted in RoboStar encourages such

reuse of code, since the simulation of the platform and of the elements of the environment is kept separate.

For a simulation, we can instrument the code to address the issues related to the visibility of whether the software has

accepted an input or not. We can implement a wrapper that captures the reactive view of a simulation, abstracting away

the reading of input sensors and writing to actuators. There is currently ongoing work on automated instrumentation of

simulations written using ROS, a widely used middleware for robotics, to allow direct use of tests derived of RoboChart

models. That work also covers generation of ROS code for the tests themselves. For code used in deployment, however,

instrumentation is not likely to be appropriate; for example, it interferes with time performance.

In the approach here, we discard traces of the reactive model that are not fs-valid (because they lead to useless tests

for a cyclic SUT since they cannot fail). A practical approach needs to take the properties of fs-valid traces into account

to generate and select enough tests using the RoboChart model to lead to converted tests providing good coverage of

the SUT. Testing coverage of a cyclic SUT (or of its RoboSim model) is a topic for future work.

Another line of future work is the use of timewise refinement for conformance; in this case, we need to consider how

refusal sets can be effectively converted. Moreover, there is a recognised need for substantial case studies. Leveraging

RoboStar technology, which supports the automatic generation of simulations and integrates with testing from RT-

Tester [30, 32], we plan to implement the technique outlined in this paper within that framework.

We also note that a RoboSim model is single rate. Although we can leave the definition of the cycle of a component

underspecified (via use of loose constants or predicates), ultimately all state machines, controllers, and the module need

to have the same cycle. A potential line of future work is to cater for multi-rate systems. For that, we need, first of all,

to extend the semantics of RoboSim. On the other hand, even if a RoboSim module has controllers and machines at

different rates, the overall simulation will have a single simulation rate: that of the module. The internal communications

Manuscript submitted to ACM



28 ANA CAVALCANTI and ROBERT M. HIERONS

affected by the different cycles are not visible. So, the definition of conformance and testing approach presented here are

still relevant, and the issue is of compositionality. Different periods would need to be used to test different components.

If, on the other hand, we want the internal connections to be visible, we need a different notion of conformance.

Given the compositional nature of RoboSim, it is also possible to think of an SUT where components are distributed.

This raises issues of controllability and observability. As discussed in existing work [9, 15, 16, 37], for controllability, we

would need to restrict attention to traces (or rather, test cases for traces) that are controllable, in the sense that each

distributed test can determine when to apply its inputs. Conformance would need to take into account the inability of

local tests to observe global behaviour ś instead they observe their local projections.
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