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Abstract

We present a theorem-proving-based technique for verifying deadlock freedom of CSP-style concurrent
models in Isabelle/HOL. The approach addresses challenges that are difficult to handle using model
checking alone, including inĄnite state spaces, compositional reasoning in the presence of shared
variables, and the need for mechanised proofs. Our main contribution is a coinductive characterisation
of deadlock freedom that is equivalent to the standard CSP reĄnement-based deĄnition, but is
more amenable to automated reasoning in an interactive theorem prover. To support reasoning
about shared variables, we introduce an assumeŰguarantee strategy that enforces invariants within
transition semantics. The technique is generally applicable to CSP speciĄcations that model shared
variables using standard CSP constructs. In particular, we consider the semantics of RoboChart,
a domain-speciĄc modelling language for robotic control software, which we mechanise in Isabelle
via a shallow embedding in HOL-CSP, and implement automated proof methods. The approach is
evaluated on three case studies, including two RoboChart models of industrial robotic systems.
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10:2 VeriĄcation of Robot Software Models Using A-G Reasoning

1 Introduction

Theorem proving offers greater scalability and Ćexibility than model checking, enabling

the veriĄcation of systems with complex structures and inĄnite state spaces. For robotic

systems, where controllers often feature rich state machines and unbounded data types, and

may involve concurrent behaviours, these capabilities are key. In this paper, we present an

automated approach to prove deadlock freedom of Communicating Sequential Processes (CSP)

models [31] using the Isabelle/HOL theorem prover [27]. Automation is enhanced by

considering patterns of modelling for parallel state machines with shared variables. The

pattern is highly relevant for modelling controllers, and, in particular, it is used in the

semantics of RoboChart [24], a domain-speciĄc modelling language for robot controllers. Its

formal semantics is deĄned using the state-rich process algebra Circus [29], which combines

CSP and Z [37]. We focus on proof of deadlock freedom, but our results are relevant as a

foundation for a more general invariant-based veriĄcation technique.

Our work addresses three main challenges, including reasoning about inĄnite state

spaces, supporting compositional reasoning in the presence of shared variables, and enabling

automation. InĄnite state spaces arise from unbounded data domains or recursive behaviours.

Systems exhibiting them are often beyond the reach of traditional model checking due to the

state-space explosion problem. We can overcome this with the symbolic Ąxed-point deĄnition

of deadlock freedom [31], but this is not amenable to automated proof. In this paper, we

therefore mechanise a coinductive speciĄcation of deadlock freedom that avoids constructing

an explicit transition system for models, and provides a structure for automated proofs.

This coinductive veriĄcation approach enables veriĄcation to scale naturally to inĄnite-state

systems such as RoboChart controllers. We show that a process reĄnes our coinductive

speciĄcation, if, and only if, it is deadlock-free according to the Ąxed-point deĄnition.

Previous theorem-proving works for RoboChart [13, 38] do not address compositional

reasoning in the presence of shared variables. We address this challenge with a specialised

assumeŰguarantee reasoning framework. We assume that the environment (robot and other

controllers) preserves a given invariant on shared variables, ensuring that some event remains

enabled in all reachable conĄgurations. Symmetrically, each component under veriĄcation

must guarantee that its updates preserve the invariant. With this, deadlock freedom can be

established even in the presence of shared variables. The assumeŰguarantee structure also

provides a foundation for extending the approach to compositional reasoning about concurrent

systems. In this work,we focus on the veriĄcation of individual state-machine-based models.

The third challenge is the automation of RoboChart veriĄcation. Whilst there have been

efforts to mechanise Circus in theorem provers [12,14,36], support for automated reasoning

is limited. For that, we exploit the HOL-CSP framework [4, 5], a library mechanising

denotational deĄnitions of CSP operators together with formally derived algebraic and

reĄnement laws. The Circus semantics of RoboChart can be encoded in CSP, as has been

done to enable model checking with FDR4, the Failures-Divergences ReĄnement checker [16].

So, with HOL-CSP we leverage IsabelleŠs proof facilities to enable the automated veriĄcation

of the properties of the resulting CSP processes, given suitable user-provided invariants.

This approach allows us to perform rigorous formal analysis while retaining the intuitive

engineering abstractions provided by RoboChartŠs modelling language.

Furthermore, we demonstrate the practical utility of our approach through four diverse

examples. Unlike previous RoboChart veriĄcation efforts [13, 14, 38] that were limited to

small-scale examples, we evaluate our coinductive characterisation across a broader range of

robotic patterns. Besides a running example, we consider an autonomous chemical detector,
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an underwater vehicle, and a TurtleBot navigation system. By addressing these non-trivial

cases, we show that our technique scales to handle essential veriĄcation challenges, such as

complex state-space interactions, which were not fully explored in prior work.

This paper makes the following contributions. (1) We deĄne a coinductive, transition-

level characterisation of deadlock freedom for CSP-style state machines and formally prove

its equivalence to the standard CSP reĄnement-based deĄnition of deadlock-freedom in

Isabelle/HOL. (2) Based on this characterisation, we develop an automated proof method

that discharges deadlock-freedom proof goals by normalisation and reĄnement-based reduction.

(3) We implement a systematic shallow embedding of RoboChart transition semantics into

HOL-CSP, enabling push-button veriĄcation of deadlock freedom for state-machine models

with shared variables. (4) We apply our approach to three case studies and one running

example, demonstrating the applicability and effectiveness of our approach.

Next, ğ 2 provides a description of RoboChart and Isabelle HOL-CSP. ğ 3 gives our

coinductive deĄnition of deadlock freedom. ğ 4 presents our approach to assume-guarantee

reasoning. ğ 5 provides a novel set of deductive proof rules for the CSP operators, mechanised

in HOL-CSP. ğ 6 introduces the automated proof procedure. ğ 7 presents case studies. ğ 8

discusses related work, and ğ 9 summarises and describes future work.

2 Background

In this section, we present RoboChart and Isabelle HOL-CSP.

RoboChart can be seen as a proĄle of UML state machines with extensions for real-time

modelling and concurrency. It supports a component structure in which a robotic platform

declares services of the robot needed by the software, and a set of (parallel) controllers

represents the (concurrent) software. In this paper, we focus on the behaviour of controllers,

which are speciĄed by state machines that may interact via shared variables. The semantics

structure of a RoboChart state machine is illustrated in Fig. 1.

A RoboChart state machine describes system behaviour in terms of states and transitions

between them. Intuitively, it captures how the system moves between states in response to

events. Formally, it is deĄned as a directed graph comprising nodes and transitions. The

nodes can be initial junctions, simple or composite states, junctions, and Ąnal states, which

deĄne the termination of the state machine. Transitions deĄne the control Ćow from the

source nodes to the target nodes. A transition is initiated by a trigger (an event), but an

optional Boolean guard (a logical condition) can control whether it is enabled. Crucially, a

transition can only be taken if the trigger occurs at a moment when the guard evaluates

to true. If the guard is false, the transition remains disabled. When taken, its associated

actions are executed, if they exist, before entering the target node.

The semantics for a state machine is given as the parallel composition of processes for its

nodes and for its transitions. While the semantics of nodes is given by a parallel composition,

the execution follows a sequential control Ćow, with exactly one simple active (leaf) node.

Composite states, which may have multiple active nodes are not addressed here.

RoboChart state machines must declare the variables that it uses; for local variables, an

initial value may be given upon declaration; if not, the Circus semantics deĄnes a default value,

recorded in the corresponding memory process. These memory processes for a state machine

hold both the local and required (shared) variables. Transition actions may update shared

variables, and guards may depend on their values. These features make transitions the critical

points where concurrency, communication, and data-dependent behaviour converge, and

thus central to the veriĄcation of properties such as deadlock freedom. For a comprehensive

account of the syntax and semantics of RoboChart, we refer to [25].

ITP 2026



10:4 VeriĄcation of Robot Software Models Using A-G Reasoning

Figure 1 An illustration of semantics of a RoboChart state machine adapted from [24, Fig. 11]
and [9, Fig. 49]. Parallel composition is represented by stacked components or by parallel lines.

Figure 2 RoboChart of the ObsDetect state machine.

HOL-CSP is a mechanisation of CSP in Isabelle/HOL, covering denotational, algebraic,

and (more recently) operational facets of the CSP semantics. The full range of CSP operators

commonly found in the literature is supported, including preĄxing, external and internal

choice, parallel composition, hiding, interruption, and recursion. We describe them as needed.

At the denotational semantic level, the failures/divergences model is implemented directly.

Then, the traces, failures, and divergences can be recovered through natural projections.

Algebraic and operational laws are formally proved, together with reĄnement properties.

Running example. To illustrate our approach, we use an obstacle-avoiding robot that moves

towards a destination. Its behaviour is modelled in RoboChart. The context declares a

shared variable obs, with values 1 and -1 indicating the presence and absence of an obstacle,

respectively, and a constant dest for the destination. The state machine ObsDetect, as shown

in Fig. 2, models the robotŠs behaviour, using a local variable pos to record its position,

incremented by one after each move. The machine has Ąve nodes. The initial junction (black

circle with a i), indicates that the control Ćow starts at the Detect state. If obs is 1, the

machine transitions to the state Stop; otherwise, it goes to the state Move. In Move, if we

have that pos == dest, the event arrival is raised; otherwise, pos is increased by 1.

3 Coinductive deadlock freedom

We focus on the veriĄcation of RoboChart state machines to establish deadlock freedom,

ensuring that the system is always capable of progress unless it has reached a designated

Ąnal state. In RoboChart, a deadlock occurs at a non-Ąnal state of a machine if it has no

outgoing transitions, or if all the transitions are disabled because their guards evaluate to

false. Also, a transition action deadlocks if it applies a function outside of its precondition.

Since guards may depend on both local and shared variables, we refer to them collectively

as the machineŠs state variables. Assumptions about these variables can be captured as

invariants. For our running example, for instance, obs can take only values in ¶−1, 1♢.
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We introduce below the notion of a state context, which represents a valuation of all state

variables and provides the basis for deĄning invariants and guards.

▶ DeĄnition 1. Let x1, . . . , xn be the state variables of a state machine. A state context is

a valuation Γ = ¶x1 = v1, . . . , xn = vn♢.

Based on this, we can now deĄne coinductive deadlock freedom for transitions.

▶ DeĄnition 2. A state machineŠs transition behaviour is deadlock-free under an invariant I

if, and only if, for every non-terminal node (that is, a node that is not a Ąnal state) n and

for every state context Γ satisfying I, written Γ ⊨ I, there exists at least one enabled outgoing

transition from n such that the action of that transition executes successfully and the resulting

state context Γ′ also satisĄes I (Γ′ ⊨ I).

Here, the invariant I is a predicate over Γ, determined by the intended ranges of variables

as illustrated above. If the guards of the outgoing transitions of a node jointly cover all

valuations, then I ≡ True; otherwise, I records admissible ranges assumed by the model.

Thus, veriĄcation of deadlock freedom is carried out under the assumption I.

We consider a non-terminal node n with outgoing transitions indexed by i ∈ ¶1, . . . , k♢,

where ei are the trigger events, gi are the guards, and Ai are the associated actions. In our

deĄnition, the trigger events ei are regarded as available: their enabledness does not affect

the outcome of the deadlock-freedom check. Event availability needs to be taken into account

only when reasoning at the state-machine or higher level, where event communication is

involved. So, the deadlock freedom of transitions under I requires that at least one gi holds

in the current context Γ and that Ai maps Γ to a context that still satisĄes I.

By requiring this condition to hold for every non-terminal node, the entire transition

system of the state machine is deadlock free. This is a coinductive characterisation of deadlock

freedom: it assumes I in the current context and requires each taken transition to preserve I,

thereby establishing deadlock freedom across all reachable conĄgurations.

The value of Γ, recorded in memory processes, determines the truth of gi. As we explain

in ğ 4, the transition processes include assumptions on Γ that determine the values of the

guards. So the coinductive deĄnition requires only that I is preserved by the transitions and

assumes the environment satisĄes the assumption. Whether I holds initially and is preserved

by the environment are obligations to be discharged for the environment.

For our running example, I is obs ∈ ¶−1, 1♢ ∧ pos ≤ dest, and deadlock freedom can be

argued as follows. (1) Initial i: there is a single unconditional transition to Detect. (i) The

guard is always true, so it is enabled whenever Γ ⊨ I. (ii) This transition has no action, hence

Γ′ = Γ and I is preserved. (2) Stop: similar. (3) Detect: there are two outgoing transitions

with guards obs = 1 and obs = −1. (i) Under I (which requires obs ∈ ¶−1, 1♢), exactly one

guard holds, so at least one transition is enabled. (ii) Both transitions have no action, hence

Γ′ = Γ. (4) Move: two cases arise. (i) If pos == dest, the action of the transition is an event

communication that does not change the state, so I is trivially preserved. (ii) If pos < dest,

the transition enabled increments pos by 1. Since I requires pos ≤ dest and pos < dest here,

we have pos + 1 ≤ dest, so I is preserved; obs remains in ¶−1, 1♢ by assumption. Therefore,

every non-Ąnal state has at least one enabled transition whose (possibly empty) action

preserves I; hence, by the deĄnition above, the transition behaviour is deadlock-free under I.

Our veriĄcation approach attempts to prove that RoboChart models satisfy coinductive

deadlock freedom and invariants, using Isabelle. We have implemented a model transformation

from RoboChart to HOL-CSP processes, preserving the Circus semantics like it is done for

the semantics for model checking with FDR. Next, we describe how the generated HOL-CSP

semantics is automatically enriched into a format convenient for proof.

ITP 2026
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Figure 3 Overview of the veriĄcation pipeline from RoboChart models to Isabelle/HOL proofs.

4 Semantics enrichment

HOL-CSP generation. To obtain a HOL-CSP speciĄcation that can be used to verify a Robo-

Chart model in Isabelle, we have developed a general model-transformation algorithm that

comprises two-stages. The Ąrst stage is a systematic mapping from RoboChart metamodel

elements to Circus metamodel elements. The mapping is faithful to the semantics functions

deĄned for RoboChart in [25]. The second stage is a translation from Circus constructs to

HOL-CSP notations. For example, RoboChart states are mapped to Circus processes, and

transitions are encoded as a process containing preĄxed external choices. The data structures,

including types and channels, are automatically obtained from the RoboChart models. Then,

these are further translated into HOL-CSP notations. We have implemented this general

model-transformation algorithm in Eclipse using the Epsilon Object Language (EOL) [21]

for the Ąrst model-to-model stage and the Epsilon Generation Language (EGL) [32] for the

second model-to-text stage, so that the RoboChart models can be automatically translated

into an Isabelle/HOL theory, as illustrated in Fig. 3.

The RoboChart semantics is compositional, so that our model-transformation algorithm

is applicable to RoboChart components as well as complete models. As already mentioned,

in this work, we focus on the HOL-CSP process that captures the transition behaviour of

RoboChart state machines (see Fig. 1). By applying the transformation method discussed

above, the transitions of the state machine ObsDetect (depicted in Fig. 2) are automatically

mapped to the HOL-CSP process Trans, as shown in Listing 1.

The Trans process in Listing 1 is inside an Isabelle locale, a construct used as a container

for the deĄnitions. Trans begins with an input of the shared variables obs and pos (line 6)

via get channels, and then proceeds as an external choice (□) between several guarded

branches. Each branch corresponds to one transition, with a guard such as obs = -1 or

pos < dest determining when the branch is enabled. For instance, in line 11, the branch

guarded by pos < dest models the behaviour in state Move when the robot has not yet

reached its destination: it increments pos by one and recurses to Trans. The remaining

branches follow the same pattern, each capturing one transition of ObsDetect.

Each branch includes communications on events that encode the RoboChart operational

semantics: internal_.NID_* mark control Ćow points, for example, internal_.NID_move

(line 11) indicates that the model is at the state Move, which is the source node of the

transition captured by the branch of the external choice in line 11; and enter_*, exit, and

exited capture state entry and exit, for example, enter_ Detect (line 11) indicates the

transition leads to the state Detect. The process SSTOP (line 5), deĄned as a synchronisation

on an event share, is combined with other processes through the interrupt operator (△) to

implement the CSP protocol for shared-variable access. Finally, the recursive call to Trans

(line 12) ensures that the state machine continues to react to further inputs, controlled by

transitions. This is a direct encoding of the CSP semantics of RoboChart [25].

Semantics enrichment. To support (deadlock-freedom) proof, we enrich the Circus semantics

of RoboChart in three ways: parametrisation, Ąnal state handling, and assumeŰguarantee

reasoning. These enrichments do not change the original Circus semantics, but make the
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Listing 1 HOL-CSP model of Transitions behaviour of ObsDetect state machine in Fig. 2.
1 locale <Trans > begin

2 fixrec

3 SSTOP :: " chan_event process " and

4 Trans :: " chan_event process " where

5 " SSTOP = share → SSTOP " |
6 " Trans = ( SSTOP △ ( get_obs ?obs → ( get_pos ?pos → (
7 ( (( internal_ . NID_i0 → Skip); ( enter_detect → Skip))
8 □ ...
9 □ (( internal_ . NID_stop → Skip); ( SSTOP △ (exit → Skip)); SSTOP △ (( exited → Skip);

( enter_f0 → Skip)))
10 □ (pos = dest) & (( internal_ . NID_move → Skip); ( SSTOP △ (exit → Skip)); ( SSTOP △

(( exited → ( SSTOP △ ( arrival_out → Skip))); ( enter_stop → Skip))))
11 □ (pos < dest) & (( internal_ . NID_move → Skip); ( SSTOP △ (exit → Skip)); ( SSTOP △

(( exited → ( SSTOP △ ( get_pos ?pos → ( SSTOP △ ( set_pos !( pos + 1) →
Skip)))));( enter_detect → Skip))))))

12 ; Trans ))))"
13 end

Listing 2 Enriched Trans. (purple: assumeŰguarantee; blue: node parametrisation / Ąnal.)
1 locale <Trans > begin

2 abbreviation "assume b Q P ≡ (if b then P else aviol → Q)"
3 abbreviation "guar b P ≡ (if b then P else gviol → STOP)"
4 fixrec

5 SSTOP :: " NIDS_ObsDetect ⇒ chan_event process " and

6 Trans :: " NIDS_ObsDetect ⇒ chan_event process " where

7 " SSTOP = share → SSTOP " |
8 " Trans · n =
9 ( SSTOP △ ( get_obs ?obs → ( get_pos ?pos →

10 (assume ((obs = 1 ∨ obs = -1) ∧ pos ≤ dest) Trans·n (
11 (n = NID_i0) & (( internal_ . NID_i0 → Skip); ( enter_detect → Trans·NID_detect))
12 □ ...
13 □ (n = NID_stop) & (( internal_ . NID_stop → Skip); ( SSTOP △ (exit → Skip)); SSTOP △

(( exited → Skip); ( enter_f0 → Trans·NID_f0)))
14 □ (n = NID_move) & (pos = dest) & (( internal_ . NID_move → Skip); ( SSTOP △ (exit →

Skip)); ( SSTOP △ (( exited → ( SSTOP △ ( arrival_out → Skip))); ( enter_stop →
Trans·NID_stop))))

15 □ (n = NID_move) & (pos < dest) & (( internal_ . NID_move → Skip); ( SSTOP △ (exit →
Skip)); ( SSTOP △ ( exited → ( SSTOP △ ( get_pos ?pos → (assume (( obs = 1 ∨ obs =
-1) ∧ pos ≤ dest) Trans·n ( SSTOP △(guar ((obs = 1 ∨ obs = -1) ∧ pos ≤ dest)

16 (set_pos!(pos+1) → enter_detect → Trans·NID_detect)))))))))
17 □ (n = NID_f0) & (terminate → Skip))))))"
18 end

resulting HOL-CSP models more amenable to mechanised veriĄcation. The enriched Trans

of the running example is given in Listing 2. Next, we describe how Trans is changed by

each enrichment.

Enrichment 1: Parametrisation of the active node. In the original semantics, the

active node is not represented as a variable but tracked implicitly through synchronisa-

tion on internal_ and enter_, exit, and exited events. For example, in Listing 1,

internal_.NID_move indicates that the transition with the guard pos < dest originates

from Move. So, transitions are guarded by their source node, but there is no state variable

to record the active node.

We therefore enrich the semantics by introducing the active node as an explicit parameter

n of the recursive action Trans, and by adding guards of the form n = src to each branch of

the external choice. For example, in Listing 2 line 15, the transition modelled corresponds to

that in Listing 1 line 11, but now with an explicit guard n = NID_move. This transformation

does not alter the behaviour of Trans, which already enforces the same restriction. Its beneĄt

is that structured reasoning becomes possible: proofs can proceed by case analysis on the

parameter n, directly reĆecting the structure of the state machine.

ITP 2026



10:8 VeriĄcation of Robot Software Models Using A-G Reasoning

Enrichment 2: Final-state handling. In the original Circus semantics, the behaviour

after entering a Ąnal state is speciĄed by the semantics of the Ąnal state itself; it is not

captured in Trans. For example, in Listing 1 line 9, the event enter_f0 denotes an entry

into the Ąnal state f0, but the subsequent termination is deĄned elsewhere. So, when we

parametrise Trans by the active node and reason by case analysis on n, there is no branch

for n = f0, which makes the case split incomplete. We therefore enrich the semantics with

an explicit transition branch for Ąnal states in Trans (see Listing 2, line 17). This preserves

the semantics of termination while integrating it into the same parametric structure as other

transitions, enabling uniform case analysis and smooth coinductive proofs.

Enrichment 3: AssumeŰguarantee reasoning. We enrich the Circus semantics of shared

variable access with explicit assume and guarantee checks. For that, two new events are

introduced: aviol signals an assumption violation, and gviol signals a guarantee violation.

Two processes use these events (see Listing 2, lines 2Ű3). The behaviour of the process

assume b Q P is as follows. If the condition b holds, assume b Q P behaves as P; otherwise,

assume b Q P raises aviol and continues with the fallback process Q. As for guar b P, if b

holds, guar b P proceeds as P; otherwise, gviol is raised and guar b P deadlocks (STOP).

We use assume to annotate variable accesses, and guar to annotate updates.

Besides the variable inputs that may occur within the body of a transition, Trans also

speciĄes that the external choice over transition branches is preceded by an input of all

variables (see Listing 2, line 9). Accordingly, the Ąrst assume is inserted immediately after

this initial input to record the assumption that the input values satisfy the invariant. Its

continuation P corresponds to the remaining behaviour from line 11 to line 17 in Listing 2.

For the fallback, we always use simply Trans(n) itself, so that Trans recurses and accepts

the next input if the assumption is violated. Such violations of assumptions are identiĄed as

caused by the environment, not by the component under consideration.

The continuation after an input is always the process P that deĄnes the behaviour of

the model following the variable input up to the point where the associated transition is

completed. Identifying this process requires some behaviour preserving simpliĄcation of the

structure of Trans. For example, a variable input occurs in the original model (Listing 1,

line 11). This input is embedded within the following CSP process (in the external choice).

(exited→(SSTOP△(get_pos?pos→(SSTOP△. . .Skip))));(enter_detect→Skip)

To introduce an appropriate point to insert an assume process for the input of pos via the

channel get_pos, we rely on laws of CSP to distribute the sequential composition into the

preceding process. After that, the branch becomes as follows.

exited→(SSTOP△(get_pos?pos→SSTOP△. . .→enter_detect →Skip))

Once the assume process is inserted after the input get_pos?pos, the continuation is

SSTOP△. . . →enter_detect→Trans·NID_detect

For recording the guarantees, whenever there is a variable update (via a set_ event), we

insert a guar process. For continuation, we use the process that starts from the set_

communication to the end of the updating scope, that is, the process preĄxed by the set_

communication. As said, in this case, there is no fallback; if there is a violation, it leads to

STOP. For example, line 15 of Listing 2 illustrates the guar annotation for the pos update,

which enforces the speciĄed invariant throughout the operation.



F. Yan, B. Ballenghien, S. Foster, A. Cavalcanti, J. Baxter, and B. Wolff 10:9

The enrichments that introduce the assume and guar processes are conservative: when

all assumptions and guarantees are satisĄed, the behaviour coincides exactly with that of

the original process. The role of the annotations is to expose contract violations as explicit

events, making them observable during veriĄcation. In particular, component-level proofs of

deadlock freedom are carried out only over traces that satisfy all assumptions. Guarantee

violations, by contrast, represent internal errors and are treated as genuine deadlocks.

This assume-guarantee mechanism corresponds to the classical Rely-Guarantee (RG)

reasoning framework [19]. In our setting, the assume condition I(
→
v ) is a Rely-condition,

encoding the expectations placed on the environment (the shared variables), while the guar

checks act as Guarantee-conditions that the component must satisfy. By establishing this

contract-style boundary, we achieve a compositional veriĄcation strategy: we can reason

about deadlock freedom of an individual controller by assuming the environment respects I,

bypassing the need to construct the combined state space of the entire system.

Following the enrichments above, the Trans process has the following prototypical form.

▶ DeĄnition 3 (Trans Prototypical Form).

Trans(n) = SSTOP△get→

x
?

→
v → assume (I(

→
v )) (Trans(n))

( □
t∈T

n = t.src & t.guard & t.trigger → t.action; enter_t.tgt → Trans(t.tgt))

Here, n is the explicit parameter recording the active node. SSTOP△ get→

x
?

→
v captures part

of a shared-variable protocol whose details are not relevant here, except to note that get→

x
?

→
v

inputs the current values
→
v of all state variables

→
x . This is followed by an assume process,

whose condition I(
→
v ) is the invariant over these variables. This invariant is already embedded

in the enriched semantics; proof rules (such as Asm-Red) later make this assumption explicit

in the proof context. The replicated external choice □ t∈T ranges over the set T of transitions.

For each transition t, the guard n = t.src ensures that just the transitions from the active

node are considered, t.guard is the transition condition (omitted if it is True), and t.trigger

is the trigger event (if it exists), or internal_.NID(n), if it does not. The term t.action

represents the sequence of observable events implementing the transition action, including

any nested assume and guar checks. Finally, enter.(t.tgt) records entry into the target

node, and the recursive call Trans(t.tgt) restarts the transition with the new active node.

In summary, Trans Ąrst retrieves all state variables and asserts that the invariant I

holds, and then behaves as a replicated external choice over all enabled transitions from the

current node. Deadlock-freedom proofs are therefore carried out under the assumption that I

holds. System-level deadlock freedom requires checking that all component assumptions are

mutually consistent. The implementation of the enrichment of the semantics is integrated

into the transformation process to generate enriched Circus models; subsequently, a standard

model-to-text transformation produces the Ąnal HOL-CSP model.

5 Deadlock-freedom veriĄcation

In this section, we give deĄnitions and theorems needed for our veriĄcation strategy. For

clarity, we use here the mathematical notation of CSP, explained as needed. Our deĄnitions

and theorems are, however, encoded and proved in Isabelle, available in our repository.

We recall the standard deĄnition of deadlock freedom in CSP, where P ⊑ Q is failures-

divergences reĄnement (ŞP is reĄned by QŤ, sometimes denoted P ⊑F D Q), ⊓ is internal

choice, and □ is external choice.

ITP 2026
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▶ DeĄnition 4. For a process P and a set Σ of events in scope, we deĄne

deadlock_free P ≡ DF Σ ⊑ P where DF A ≡ µX.



⊓
a∈A

a → X



⊓ Skip

Here, deadlock freedom is speciĄed as a reĄnement (⊑) property, where the speciĄcation

DF Σ is a process that can recursively (µ) choose nondeterministically (⊓) to perform an

event from Σ, the set of all events in scope, or terminate successfully (Skip). Above, DF is

deĄned generically for any set of acceptable events A. Note that deadlock_free is a property

of the process itself and does not depend on the alphabet. Also note that the concept of

deadlock freedom in CSP (and HOL-CSP) usually does not allow for successful termination;

in fact, we are introducing the deadlock_freeSKIP S variant here. However, since only the

latter concept is discussed in this paper, we will continue to use this convention.

Proof of deadlock-freedom for recursive CSP processes, such as Trans, requires that we

formalise a coinduction principle that generalises the principle for RoboChart in DeĄni-

tion 2. We prove that our coinduction principle is sufficient to establish the standard CSP

characterisation above. The coinductive speciĄcation for deadlock freedom is given below.

▶ DeĄnition 5 (Coinductive Deadlock-Freedom Specification).

DFI✓A (P ) ≡ ⊓
i>0



⊓
→

α∈Ai

→
α → (P ⊓ Skip)



Here, i > 0 ensures that all non-empty traces are considered, rather than just single-step

executions. Ai is the set of all traces of length i with events in A. So,
→
α is such a trace, and

→
α → P is the process that performs the events in

→
α in order and then behaves as P .

DFI✓A is a coinductive speciĄcation for deadlock freedom, which closely mirrors the

deĄnition of DF A in DeĄnition 4. Here, we consider a given process P , and deĄne a

process that can nondeterministically choose a size i for a non-empty trace, and then

nondeterministically choose to either perform a trace
→
α of i events from a given set A before

behaving as P , or terminate (Skip). We also deĄne DFI∗✓
A (P ), which is similar to DFI✓A (P )

except that it allows an empty sequence of events (i ≥ 0 instead of i > 0), and is typically

introduced when at least one event has already been registered in a deadlock proof.

DFI✓A allows us to deĄne a coinduction principle, based on the idea that DFI✓
Σ

(P ) ⊑ P

implies that P is deadlock-free. DFI✓
Σ

(P ) ⊑ P requires that there is a non-empty sequence

of events that P can perform, before it then behaves as P itself, or terminates. This ensures

that P never reaches a state in which no event is enabled, unless it terminates.

We consider, as an example, an event a and the process deĄned as As = a → As.

Intuitively, As can always perform a and then return to the same behaviour, so it is deadlock-

free. To use our coinduction principle, we must show DFI✓
Σ

(As) ⊑ As. By deĄnition,

DFI✓
Σ

(As) speciĄes all behaviours that consist of a non-empty trace of a events followed

by As. Since As can perform any Ąnite sequence of aŠs and then behave again as As, every

behaviour allowed by DFI✓
Σ

(As) is also a behaviour of As. So, the reĄnement holds.

The next theorem establishes our coinduction principle for parametric systems of recursive

processes, such as Trans.n in Listing 2. We consider a parametrised process P (x), deĄned by

an equation P (x) = Q(x), where Q(x) may itself be deĄned in terms of P as in our example.

In this case, to establish deadlock freedom, we need to require reĄnement for all values of

the parameter x. So, we apply DFI✓A to the process that captures all possible behaviours

of P , by allowing for an arbitrary (nondeterministic) choice of any argument y. We then

require reĄnement of that process by the body Q(x) of P Šs deĄnition, for all values of x. In

this case, we establish deadlock freedom for any x.

https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L74
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▶ Theorem 6 (Deadlock-freedom Coinduction). Let P be a parametric process with P (x) =

Q(x) for all x, and V the set of all values, then:

Γ ⊢ ∀x. DFI✓
Σ



⊓
y∈V

P (y)



⊑ Q(x)

Γ ⊢ deadlock_free



⊓
x∈V

P (x)



The next theorem relates the result in Theorem 6 to DeĄnition 2, providing a justiĄcation

for the use of our Isabelle encoding in the context of RoboChart.

▶ Theorem 7. DFI✓
Σ

(P ) ⊑ P formalises the transition-level formulation of deadlock freedom

in DeĄnition 2, generalising it to CSP processes P , provided P is annotated with invariants

as described in the previous section.

Proof. Here we provide a proof sketch instead of a fully formal proof. DeĄnition 2 states

that, in a state machine, every non-terminal node must have at least one enabled outgoing

transition whose execution preserves an invariant I. As already illustrated, in the CSP

semantics of RoboChart, the execution of a transition is given semantics as a (non-empty)

sequence of observable events, capturing the exit from a source state, the transition trigger

and the associated transition actions, if any, and the entry in the target state. DFI✓
Σ

(P )

captures exactly this idea: it speciĄes all processes that can perform at least one event from

an alphabet Σ and then continue as P , optionally allowing immediate termination. Thus, as

explained, showing DFI✓
Σ

(P ) ⊑ P amounts to proving that whenever a (non-empty) sequence

of enabled events exists, P is capable of performing it and reaching a state where it behaves

as P . This captures the requirement that transitions always exist whose actions do not

deadlock. That all this is established under the invariant I follows from the fact that it has

been incorporated into the assumptions of the process P . In particular, if the invariant is

broken, the process deadlocks, and so does not satisfy the speciĄcation. ◀

Theorem 6 proves that the coinductive characterisation implies the standard CSP reĄnement-

based notion of deadlock freedom. We have also proven the inverse direction of the implication

in Isabelle/HOL, establishing the following equivalence.

▶ Theorem 8 (Equivalence of Deadlock-Freedom Characterisations). For any process P ,

deadlock_free P ⇐⇒ DFI✓
Σ

(P ) ⊑ P

This shows that our coinductive characterisation does not lose generality, while still providing

a proof principle that is more amenable to automated reasoning.

6 Mechanised Deadlock Analysis in Isabelle/HOL

This section introduces the automated veriĄcation workĆow for establishing deadlock freedom

of the transition behaviour of RoboChart state machines in Isabelle/HOL using the running

example. ğ 6.1 presents the workĆow, and ğ 6.2 and ğ 6.3 present the two proof methods.
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Table 1 Core normalisation laws for core CSP constructs.

ID Rule

Seq-Pre a → P ; Q = a → (P ; Q)

Seq-Inp c?a ∈ A → P (a); Q = c?a ∈ A → (P (a); Q)

Bin-GEC b & P □ c & Q = □
i∈¶0,1♢

(

(if i = 0 then b else c) & (if i = 0 then P else Q)
)

GEC-Norm



□
i∈¶0...n♢

b(i) & P (i)



□ c & Q =

□
i∈¶0...n+1♢



(if i ≤ n then b(i) else c) & (if i ≤ n then P (i) else Q)


Int-Seq (P △Q); R = P △(Q; R) if P does not terminate, Q does not initially.

6.1 Overview of the workĆow

To analyse a RoboChart model for deadlock freedom, we propose the steps below.

1. Model construction in RoboTool. This involves deĄning a RoboChart state machine in

RoboTool, optionally supplying invariants over shared variables.

2. Translation to HOL-CSP. RoboTool generates a Circus enriched semantics, and then

produces an Isabelle theory in HOL-CSP syntax (as that in Listing 2). A suitable invariant

is identiĄed manually for the assume-guarantee reasoning, but enriched automatically.

3. Loading rules in Isabelle. The generated theory is loaded together with HOL-CSP and

our libraries of normalisation and reduction rules shown later, providing the algebraic

backbone of the automation that is achieved in the next step.

4. Automated deadlock checking. We developed the proof method deadlock_free to dis-

charge the proof obligation with provided invariant, and find_counterexample to gener-

ate a counterexample leading to a potential deadlock when the automated proof fails.

6.2 Automated proof method: deadlock_free

The deadlock_free method provides a push-button procedure for processes in the prototyp-

ical Trans form (DeĄnition 3). The method is built upon the normalisation and the reduction

rules shown in Tables 1 and 2, as well as the HOL-CSP library, and proceeds as follows.

Step 1. Application of the coinduction theorem. We use Theorem 6 to rewrite the goal

deadlock_free(⊓ n∈V Trans(n)) into a reĄnement obligation universally quantiĄed over a

single parameter n. The proof obligation is reduced to showing that for any arbitrary index

n ∈ V , the reĄnement holds. In the theorem, the term Q(x) is instantiated with the deĄning

body of Trans(n) following the structure of DeĄnition 3. For the running example, the term

Q(x) is instantiated with the deĄnition of Trans in Listing 2, whose recursive body starts at

line 9, and the reĄnement is universally quantiĄed over the active node parameter n.

Step 2. Case analysis on the active node. The parameter n is subject to a case analysis,

yielding one subgoal per node. Each subgoal is concerned with the outgoing transitions of a

single node, matching the per-node requirement of DeĄnition 2 (Şfor every non-terminal node

n, there exists an enabled outgoing transition . . . Ť). In the running example, case analysis

over n produces Ąve subgoals, one for each node of the state machine, as shown in Fig. 2.

https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/External_Choice_And_Guard.thy#L23
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/External_Choice_And_Guard.thy#L33
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/HOL-CSP_Add_Ons.thy#L67
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Proof_Methods.thy#L60
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For instance, the subgoal for the state NID_move covers two branches of the external choice,

corresponding to the two outgoing transitions (lines 14 and 15). The subgoal for the state

NID_stop is for only the branch on line 13 of Listing 2, and its body has the shape below.

DFI✓Σ



⊓
n∈V

T rans(n)


⊑ SSTOP△(get_obs?obs → (get_pos?pos →

assume ((obs = 1 ∨ obs = -1) ∧ pos <= dest)(Trans.NID_stop)

((internal_.NID_stop → Skip);(SSTOP△(exit -> Skip));

SSTOP△((exited → Skip);(enter_f0 → Trans.NID_f0))))).

Step 3. Introduction of state variables. The outer SSTOP interrupt of DeĄnition 3 has no

impact on the deadlock freedom of the model, and our method uses the SSTOP-Red rule in

Table 2 to eliminate it. The remaining variable-input preĄx get→

x
?

→
v → · · · is then eliminated

using Inp-Red rule in Table 2, introducing a universal quantiĄcation over
→
v . Each subgoal

thus takes the desired logical form Şfor every state context (valuation)Ť
→
v from DeĄnition 2.

For the running example, the subgoal for the state NID_stop becomes as follows.

∀ obs pos. DFI∗✓
Σ



⊓
n∈V

T rans(n)


⊑ assume((obs = 1 ∨ obs = -1) ∧ pos <= dest)

(Trans.NID_stop)((internal_.NID_stop → Skip);(SSTOP△(exit →

Skip));SSTOP△((exited → Skip);(enter_f0 → Trans.NID_f0))))).

Step 4. Introduction of the invariant. Each branch contains the assume I wrapper from

DeĄnition 3. We unfold its deĄnition and apply the Asm-Red rule in Table 2, which adds I

to the list of hypotheses used in the reĄnement proof. Under the invariant I, the fallback

branch of assume is unreachable, so the process behaves as its main continuation. The result

is precisely the invariant-assumption indicated by DeĄnition 2 (Şa context satisfying IŤ).

A guar I wrapper, when present, is handled by a case split on I. When I holds, guar I

behaves as its continuation, and otherwise as STOP, by the deĄnition of guar. This captures

the invariant-preservation obligation from DeĄnition 2 (Şthe resulting state context also

satisĄes IŤ). In the example, after this step, the goal for the state NID_stop is as follows.

I =⇒ DFI∗✓
Σ



⊓
n∈V

T rans(n)


⊑ (internal_.NID_stop → Skip);(SSTOP△(exit →

Skip));SSTOP△((exited → Skip);(enter_f0 → Trans.NID_f0)))).

Step 5. Normalisation to canonical form. Each branch now deĄnes purely the transition

behaviour as prescribed by DeĄnition 3. We transform those branches to the normal form

deĄned below, using the laws in Table 1, to make explicit the structure relevant to the

enabledness and stepwise execution of transitions.

▶ DeĄnition 9 (Normal Form). For a node n, the behaviour of its outgoing transitions T (n)

is normalised if, and only if, it is deĄned in the form

□
t∈T (n)

t.guard & t.trigger → P (t),

with P (t) = SSTOP△(α1 → (SSTOP△(α2 → · · · → Trans(t.tgt)))).

The normal form is obtained by exhaustively applying a set of standard normalisation rules.

Sequential composition is pushed inside preĄxes; guarded choices are Ćattened into a single

indexed external choice; and interrupts are propagated inside preĄxes.
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Table 2 Core reduction rules used in the proof development.

ID Rule

Pre-Red
Γ ⊢ DFI∗✓

Σ (P ) ⊑ Q

Γ ⊢ DFI✓Σ (P ) ⊑ a → Q

Γ ⊢ DFI∗✓
Σ (P ) ⊑ Q

Γ ⊢ DFI∗✓
Σ (P ) ⊑ a → Q

Inp-Red
Γ ⊢ ∀v. DFI∗✓

Σ (P ) ⊑ Q(v)

Γ ⊢ DFI✓Σ (P ) ⊑ a?x → Q(x)

ICho-Red
Γ ⊢ a ∈ A

Γ ⊢ DFI∗✓
Σ (⊓ v ∈ A.P v) ⊑ P a

Asm-Red
Γ, I ⊢ DFI∗✓

Σ (Q) ⊑ P

Γ ⊢ DFI∗✓
Σ (Q) ⊑ assume I Q P

Guar-Red
Γ ⊢ I Γ ⊢ DFI∗✓

Σ (Q) ⊑ P

Γ ⊢ DFI∗✓
Σ (Q) ⊑ guar I P

GEC-Red
Γ ⊢ ∃i ∈ I. b(i) Γ ⊢ ∀i ∈ I. b(i) ⇒ S ⊑ P (i)

Γ ⊢ S ⊑ □
i∈I

b(i) & P (i)

Skip-Red
Γ ⊢ DFI∗✓

Σ (P ) ⊑ Skip

SSTOP-Red
Γ ⊢ DFI✓Σ (X) ⊑ P

Γ ⊢ DFI✓Σ (X) ⊑ SSTOP△P

Γ ⊢ DFI∗✓
Σ (X) ⊑ P

Γ ⊢ DFI∗✓
Σ (X) ⊑ SSTOP△P

For the running example, the subgoal for NID_stop becomes

DFI∗✓
Σ



⊓
n∈V

T rans(n)


⊑ internal_.NID_stop → SSTOP△

(exit → SSTOP△(exited → enter_f0 → Trans.NID_f0)).

Step 6. ReĄnement-based reduction. The reduction rules in Table 2 eliminate the preĄxes,

interrupts, and external-choice structure of the normalised process, leaving a goal of the

form DFI∗✓
Σ

(⊓ n∈V Trans(n)) ⊑ Trans(s), which is discharged using the rule ICho-Red to

eliminate internal choice. Any simple guard or arithmetic side-conditions that may arise are

discharged automatically by simp, auto, or Sledgehammer. We repeat these six steps for

each state-speciĄc subgoal, which collectively establishes the deadlock freedom of the entire

transition system. For the running example, all Ąve state subgoals are discharged, thereby

proving the deadlock freedom of ⊓ n∈V Trans(n), that is, of the transition behaviour.

6.3 Counterexample search method: Ąnd_counterexample

When deadlock_free fails, find_counterexample helps to identify the cause by transform-

ing the reĄnement obligation into a form suitable for IsabelleŠs model Ąnders.

Unlike deadlock_free, which veriĄes nodes individually via case analysis (Step 2 in 6.2),

this method keeps the state space uniĄed for global counterexample search. Step 1 is identical

to that in 6.2; subsequent steps differ as follows.

https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L395
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L424
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L399
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L466
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/External_Choice_And_Guard.thy#L81
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/Inductive_Deadlock_Freedom.thy#L473
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/RoboChart_Library.thy#L33
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/RoboChart_Library.thy#L24
https://github.com/laila-fangyan/RoboChart-Deadlock-HOLCSP-AG/blob/e7530ca9392b9bdc3e4c06772794b6e697b09346/RC_HOL-CSP/RoboChart_Library.thy#L40
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Step 2. Introduction of state variables and the invariant. Following the approach of

Steps 3 and 4 in Section 6.2, we apply Inp-Red to introduce the state variables
→
v via universal

quantiĄers and unfold the assume I wrapper to set I(
→
v ) as a hypothesis. For our running

example, this yields a global subgoal quantiĄed over (n, obs, pos) under I, alongside a fallback

goal for ¬I. This uniĄed context allows model Ąnders to explore all nodes simultaneously.

Step 3. Normalisation to indexed trees. For the Ąrst subgoal from Step 2, we ap-

ply Bin-GEC and GEC-Norm to Ćatten the transition structure into a single indexed

choice: □i∈I(gi & ai). This recursively packs all guards into a nested if-then-else tree.

The resulting subgoal presents a large guarded choice where the left-hand side of the guarded

command operator (&) is a conditional branch selecting the enabling predicate for index i,

and the right-hand side is a matching conditional branch selecting the corresponding process.

This new subgoal is a structured Şlookup tableŤ that maps the current state to its enabling

conditions.

Step 4. Reduction and search. Finally, GEC-Red reduces the Ąrst subgoal into logical

predicates, among which the Ąrst goal is to prove that at least one transition is enabled, that

is,∀
→
v .I(

→
v ) =⇒

∨

i∈I Guardi, or in Isabelle, ∀
→
v .I(

→
v ) =⇒ ∃i ∈ I.

∧

j∈I(i = j −→ Guardj).

With this, we enable IsabelleŠs nitpick or quickcheck to efficiently Ąnd a valuation of (n,
→
v )

where I holds, but all guards are false, pinpointing the cause of a potential deadlock.

7 Case studies and evaluation

We have applied our veriĄcation strategy to four case studies, including our running example,

as summarised below. All experiments were conducted on a laptop with an Intel Core

i9-14900HX processor, 128GB RAM, running Ubuntu Linux.

Running example. This example (Fig. 2) models an obstacle-avoiding controller, where the

system behaviour is driven by shared variables. Although the state space is relatively small,

it captures the challenge of shared variables: the sensor reading(obs) and the position(pos)

are potentially accessible by other concurrent processes, meaning their values could change

externally. By enrichment with our invariant of ((obs=1 ∨ obs=-1) ∧ pos ≤ dest), the

deadlock_free method automatically proves the property:

lemma Trans_ObsDet_ddlf: " deadlock_free (⊓ n ∈ UNIV. Trans n)"

apply ( deadlock_free P_def: Trans.simps)

by blast+

We also evaluated the proof with a trivial invariant (True), which failed as expec-

ted. Finally, in the unenriched conĄguration, the proof also failed. In both failed cases,

find_counterexample identiĄed a concrete deadlock (e.g., at node NID_detect with obs=3),

helping the user reĄne the systemŠs assumptions.

Adaptive navigation for a TurtleBot 4 [8]. This case study implements a form of the MAPE-

K loop [20], which extends the TurtleBot 4Šs1 navigation capabilities to handle unanticipated

sensor failures. We focus on a RoboChart MakePlan state machine (deĄning the Plan (P)

1 https://clearpathrobotics.com/turtlebot-4/
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phase of MAPE-K). The machine computes rotation strategies based on sensor inputs and

system constraints. It contains 9 states and 13 transitions and requires an invariant that

the minimum rotation rate must not exceed the maximum one, minRotation ≤ maxRotation.

Deadlocks may arise when the transition guards do not cover all possible combinations

of these parameters. We Ąrst applied deadlock_free, but the goal was not discharged.

This indicated a potential deadlock, so we used find_counterexample, which produced

the valuation minRotation = −1 and maxRotation = 0. This identiĄes a state context from

which no transition is enabled. The transition conditions were then revised to ensure that all

valuations are properly covered by the guards. Reapplying deadlock_free then succeeded,

establishing that the enriched MakePlan is deadlock-free.

We attempted to prove deadlock freedom for the corrected MakePlan without invariant

enrichment. However, the corrected MakePlan can deadlock. So, the proof fails, and we

get a counterexample. This case study highlights the complementary roles of the two

automated methods: deadlock_free provides push-button veriĄcation for correct models,

while find_counterexample offers counterexamples for incorrect ones. Together, they

provide a practical, mechanised workĆow for verifying deadlock freedom of RoboChart

transition behaviour with shared-variable concurrency.

Autonomous underwater vehicle (AUV) [15]. The AUV is an industrial robot for subsea

maintenance, operating in both autonomous and human-controlled modes. Its primary safety

challenge is avoiding collisions with subsea infrastructure under either mode of operation. A

ŞLast Response EngineŤ (LRE) safety monitoring component was developed by an industry

partner to ensure the vehicle operates safely. The LRE manages four operating modes

determined by safety conditions: (i) Operator Control Mode; (ii) Main Operating Mode,

for automatic operation under safe conditions; (iii) High Caution Mode, for reduced-speed

operation under elevated risk; and (iv) Collision Avoidance Mode, for emergency manoeuvring

under high risk. The state machine of LRE has 5 states and 18 transitions. We proved

deadlock freedom of the transition behaviour of the LRE safety monitoring component.

This case study involves state variables of type real, leading to an inĄnite state space. Our

proof method handles this symbolically and does not rely on state enumeration or Ąniteness

assumptions. We also attempted veriĄcation using FDR on the machine described above, but

it ran out of memory. To approximate real-valued variables in FDR, we used Ąve integers;

even then, the state space remained too large. In contrast, our approach handles real-valued

variables natively in Isabelle, and the proof completes in 4s elapsed time on average.

Chemical Detector Robot [23]. This case study considers an autonomous robot tasked

with identifying hazardous chemical sources while avoiding obstacles. The system coordinates

multiple concurrent processes: while one component executes a random-walk trajectory, a

separate gas-analysis component continuously monitors sensor streams. Upon detecting an

intensity above a safety threshold, the analysis logic must interrupt the movement cycle to

drop a marker and initiate a stop. This model involves mixed synchronous-asynchronous

communication. Our deadlock_free method establishes deadlock freedom for the transition

behaviour of the gas-analysis state machine, which has 6 states and 7 transitions. We have

an invariant stating that the sensor reading is never empty and assumes a default value

when no gas is present. This invariant ensures that the sensor pipeline remains productive.

The method decomposes the veriĄcation into subgoals for each state and proves them

automatically, with Sledgehammer discharging the remaining arithmetic side-conditions.
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Summary. Across the running example and the three case studies, deadlock freedom of the

transition behaviour is established automatically using the deadlock_free method when

suitable invariants are provided. For the running example and the TurtleBot case study, we

evaluated the proofs both with and without invariants. When suitable invariants are provided,

the proofs succeed automatically; without them, the veriĄcation fails and counterexamples are

generated. The AUV and Chemical Detector models are veriĄed using the default invariant

True, since their transition guards and control structure are sufficient to ensure progress,

without requiring additional state assumptions. The chemical detector case shows that, after

the structural decomposition is handled by our method, certain arithmetic side conditions

may require support from Sledgehammer to complete the proof.

For each case study, we measured the elapsed time of applying the deadlock_free

method, restarting Isabelle between runs to avoid caching effects. Over ten runs per case

study, the average time per proof was within the range of 0.4s to 4s with an average of

1.4s. In contrast, with FDR, the veriĄcation time for the more complex models, such as the

TurtleBot, can be slower by a factor of 100 compared to veriĄcation in Isabelle, due to the

need to explore each state explicitly. This substantiates our claim that theorem proving gives

a tangible beneĄt to veriĄcation scalability. All the RoboChart models, HOL-CSP models,

proofs, and time measurements are available online. All veriĄcation results are obtained

within Isabelle/HOL and are therefore backed by fully checked proofs in the trusted kernel.

While our approach emphasises automation, the generated proof obligations, invariants,

and intermediate reasoning steps remain accessible to the user and can be inspected within

Isabelle. In this sense, the framework does not rely on a black-box decision procedure but

produces machine-checked evidence for all veriĄcation results.

8 Related work

Deadlock freedom is a key property widely studied in the literature. We consider it in

the context of CSP-style concurrency. FDR checks deadlock freedom via explicit state

exploration, requiring a Ąnite transition relation. For example, Antonino et al. [3] worked on

the compositional veriĄcation of deadlock-freedom of CSP processes using FDR. However,

real-valued variables introduce an inĄnite state space, making such enumeration infeasible.

By contrast, HOL-CSP [10, 35] directly implements the set-based failures-divergences

semantics in Isabelle, and allows symbolic reasoning about the transition relation. We

have extended the HOL-CSP library by introducing a coinductive speciĄcation for deadlock

freedom, supported by a set of formal normalisation and reduction laws. By leveraging the

symbolic reasoning capabilities of HOL-CSP, this extension enables automated veriĄcation

for systems with inĄnite state spaces, effectively overcoming the limitations of explicit-state

enumeration as illustrated by our use cases. CSP-Prover [18] provides a deep embedding of

CSP in Isabelle/HOL and supports reĄnement proofs using algebraic laws and induction.

While it enables reasoning about scalable concurrent systems, proofs are semi-automatic and

require signiĄcant user interaction. Our work complements this line of research by providing

a more automated veriĄcation approach for deadlock freedom in CSP-style models.

Foster et al. [13] have presented a mechanised reactive design semantics in Isabelle/ UTP

and developed proof tactics for verifying safety and liveness properties of RoboChart state

machines. In that work, the authors use a sequentialised interpretation of state-machine

behaviour, simplifying the reasoning process. Yan et al. [38] have applied the Z-Machine

notation to compositional veriĄcation of RoboChart state machines. Those works have

demonstrated that invariant-based reasoning can be successfully automated in Isabelle, but
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their scope does not address compositional reasoning in the presence of shared variables. Our

work provides a foundation for compositional reasoning in the presence of shared variables

via a coinductive speciĄcation of deadlock freedom and an assumeŰguarantee strategy, and

also provides a basis for extending the approach to concurrent systems.

Oliveira et al. [28] provided composition patterns that preserve deadlock freedom by

construction. That work has been extended to UML-based communicating components [11],

and is complementary to ours, since we focus on a posteriori component-level deadlock

freedom. That work can perhaps be applied to demonstrate that the composition of two

deadlock-free RoboChart controllers with only asynchronous (that is, buffered) connections

is deadlock-free. It cannot, however, deal with arbitrary connections, as we seek to handle.

Beyond work on the veriĄcation of RoboChart models, we consider a broader body of

research on the automated veriĄcation of statecharts using theorem-proving approaches.

Helke et al. [17] presented an approach for verifying statecharts with inĄnite data spaces.

Their method uses Isabelle/HOL to construct an abstract model via data abstraction, and

applies model checking (e.g. SMV) to verify temporal properties. Our approach focuses on

deductive reasoning about deadlock freedom within the theorem prover.

A survey [2] provides a comprehensive overview of work from 1997 to 2021 on formalising

UML state machine semantics, but largely aimed at enabling model checking at the design

stage. It also discusses translations to formal frameworks such as the Prototype VeriĄcation

System (PVS) [30], KIV [7], B [1], and Z [34], enabling, in principle, veriĄcation using

deductive techniques. However, among the works surveyed, only the KIV-based work of

Balser et al. [6] substantially addresses veriĄcation using theorem proving. The others focus

on semantic encoding, translation, or model-checking. We therefore discuss Balser et al.Šs

work, together with other related approaches, to better position our contribution.

Balser et al. [6] present an interactive approach to verifying UML state machines, using

symbolic execution and induction in KIV to prove temporal properties. While capable of

handling inĄnite-state systems, it relies on user-guided proofs and offers limited automation.

A further line of work translates UML models into formal methods such as B or Event-B.

Lano et al. [22] deĄne a translation from UML class diagrams into B, which allows checking

consistency, verifying invariants, and analysing model behaviour via animation. However,

their work focuses on the translation and the range of properties that can be veriĄed, rather

than on developing automated veriĄcation techniques.

Snook et al. [33] focus on translating UML class diagrams into Event-B to enable invariant-

based veriĄcation through reĄnement. The work does not address the development of proof

methods for behavioural properties such as deadlock freedom.

Morris et al. [26] translate State Chart XML (SCXML) with run-to-completion semantics

into Event-B, enabling invariant-based veriĄcation via reĄnement. Safety properties are

veriĄed automatically in the Event-B/Rodin framework by discharging proof obligations

using theorem provers, AtelierB, and SMT solvers. This automation relies on structured

modelling and reĄnement, which yields proof obligations of a predictable form, but depends

on careful invariant design and is closely tied to invariant preservation rather than specialised

behavioural proof methods like we do. Deadlock freedom is not handled with the same

level of automation, but is informally argued by showing that execution steps always make

progress and eventually terminate under standard fairness assumptions.

Taken together, these works suggest that, outside of the RoboChart setting studied here,

automated veriĄcation of deadlock freedom for state machine or statechart models using

theorem-proving approaches remains largely unexplored.
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9 Conclusions and future work

We have introduced a theorem-proving method for verifying deadlock freedom and invariant

properties of CSP models with shared variables in Isabelle/HOL. The method combines a

coinductive characterisation of deadlock freedom with assumeŰguarantee reasoning, and is

supported by a mechanised shallow embedding of CSP. The technique is generally applicable

to CSP processes that follow similar shared-variable interaction patterns, with RoboChart

providing a rich and realistic case study that demonstrates its effectiveness. Once users

provide invariants during the modelling phase, veriĄcation itself is automated. Crucially,

invariants are considered part of the design assumptions, not the veriĄcation procedure. For

adaptive systems where invariants remain valid during runtime reconĄguration, our technique

enables automated runtime veriĄcation without manual intervention.

Our method complements model checking by avoiding state-space explosion via symbolic

reasoning, and advances Isabelle-based veriĄcation by supporting compositional reasoning for

systems with shared variables. Our results pave the way for scalable veriĄcation of concurrent

systems with large state spaces and even unbounded data.

Future work will extend the veriĄcation from transition behaviour to RoboChart state

machines, controllers, and modules, considering deadlock freedom and other reĄnement

properties. For these components, we currently adopt a strategy of structural abstraction

and instantiation. For example, we can formulate abstract deĄnitions of nodes and memory

processes directly in HOL-CSP within Isabelle.

While reasoning about parallel composition in CSP is not the focus of this work, the

underlying HOL-CSP framework already provides algebraic laws that enable such reasoning.

In particular, external choice distributes over parallel composition:



□
a∈A

a → P (a)



♣[S]♣



□
b∈B

b → Q(b)



=



□
a∈A\S

a → (P (a) ♣[S]♣ ( □
b∈B

b → Q(b)))



□



□
b∈B\S

b → (( □
a∈A

a → P (a)) ♣[S]♣ Q(b))



□



□
c∈A∩B∩S

x → (P (c) ♣[S]♣ Q(c))



This law, together with the coinduction principles in this paper, provides a formal basis

for extending our approach to parallel composition, the standard mechanism for modelling

concurrency in CSP, enabling compositional reasoning about concurrent processes.

We plan to lift assumeŰguarantee reasoning to system-level veriĄcation of interacting

components, and to evaluate the approach on larger CSP-based models. In addition, the

UTP-based semantics of Circus opens opportunities for integrating physical environment

models, following recent Isabelle-based work on cyber-physical systems.
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