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A B S T R A C T

Modal Transition Systems (MTS) are a well-known formalism that extend Labelled Transition Systems (LTS) with the possibility of specifying 
necessary and permitted behaviour. Coherent MTS (CMTS) have been introduced to model Software Product Lines (SPL) based on a correspondence 
between the necessary and permitted modalities of MTS transitions and their associated actions, and the core and optional features of SPL. In this 
paper, we address open problems of the coherent fragment of MTS and introduce the notions of refinement and thorough refinement of CMTS. 
Most notably, we prove that refinement and thorough refinement coincide for CMTS, while it is known that this is not the case for MTS. We 
also define (thorough) equivalence and strong bisimilarity of both MTS and CMTS. We show their relations and, in particular, we prove that also 
strong bisimilarity and equivalence coincide for CMTS, whereas they do not for MTS. Finally, we extend our investigation to CMTS equipped with 
Constraints (MTSC), originally introduced to express alternative behaviour, and we prove that novel notions of refinement and strong thorough 
refinement coincide for MTSC, and so do their extensions to strong (thorough) equivalence and strong bisimilarity.

1. Introduction

Modal Transition Systems (MTS) [1] extend Labelled Transition Systems (LTS) [2] by distinguishing two types of transitions, 
meant to describe necessary and optional behaviour in a system specification by means of transitions that must necessarily be 
implemented and transitions that may optionally be implemented. MTS come with a concept of refinement, which represents a step of 
the design process, namely the one in which some optional behaviour is discarded while other optional behaviour becomes necessary. 
Stepwise refinement of an MTS eventually results in an implementation, which is an LTS in which no further refinement is possible. 
Refinement and a notion of equivalence of MTS are critical for enabling formal reasoning on the correctness of a system’s design 
and implementation. Refinement enables gradually refining an abstract specification into a concrete one, ensuring that each step 
is correct, while equivalence allows comparing different specifications to determine if they are functionally equivalent, ensuring 
they behave in the same way (also regarding optional and necessary behaviour). MTS are a well-known specification theory and 
significant advances have been made so far [3,4].

It is known that the (modal) refinement of MTS is not complete, as amply discussed in the literature (cf., e.g., [5]). In other words, 
there are cases in which two MTS are not in a refinement relation although the set of implementations of one MTS is included in 
the set of implementations of the other MTS (the latter relation is called thorough refinement). Furthermore, while determining MTS 
refinement can be computed in polynomial time, determining thorough refinement of MTS requires EXPTIME [6].

MTS were recognised in [7–9] as a promising formalism to describe in a compact way all possible behaviour of the products of 
a Software Product Line (SPL). An SPL concerns a product line (or family) of closely related, yet customisable products (or variants) 
identified by relevant features (i.e., user distinguishable units of functionality) of the product domain [10–13].
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Several variants of MTS have been proposed in the literature to express behavioural variability typical of SPL [14–20]. In this 
paper, we consider one of them and refer to it as Coherent MTS (CMTS) [19]. In CMTS, the actions that label transitions are identified 
as features of an SPL. The association of features with actions can be traced back to [7–9,14]. Since a feature cannot be both 
mandatory and optional, it follows that transitions of CMTS labelled with the same action must also have the same modality. This 
restriction is coined coherence [19]. As a consequence, when an optional action is discarded in an implementation, all transitions 
labelled with that action must be discarded in that implementation.

In this paper, we introduce notions of (thorough) refinement, (thorough) equivalence and strong bisimilarity for such CMTS [19], 
and address their mutual relations. Furthermore, we extend these relations to CMTS equipped with Constraints (MTSC), originally 
introduced as MTS𝜐 in [19] to express alternative behaviour. Fig. 1 illustrates our main contributions. Most notably, refinement of 
CMTS is proved to be sound and complete, while refinement is known to be sound but not complete for MTS (cf., e.g., [5,6]). We 
summarise our contributions (cf. Fig. 1) and relate them to the literature.

1. Originally, in [19], CMTS are defined as a suitable restriction of MTS, with modalities assigned to the transitions. We provide a 
polished formal definition of CMTS by assigning modalities to the actions and show that our notion of CMTS corresponds to the 
one from [19] (Lemma 2).

2. We introduce the notion of refinement (⪯𝑐 ) between CMTS. We define equivalence (≡𝑚, resp. ≡𝑐) and strong bisimilarity (∼𝑚, 
resp. ∼𝑐) of both MTS and CMTS, and show their relations (Theorem 3). For MTS, strong bisimilarity implies equivalence 
(Lemma 1), but we demonstrate that these relations do not coincide for MTS (Fig. 3), while we do prove their coincidence for 
the coherent case (Theorem 2).

3. We show that there are cases of CMTS that are in a refinement relation, but do not follow the informal intuition. We explain this 
in detail (§4.2):

(a) We define the notion of persistent transition removal and show that CMTS refinement does not satisfy this property 
(Figs. 5–7);

(b) We introduce a notion of syntactic CMTS refinement that we prove equivalent (modulo strong bisimilarity) to CMTS refine-

ment (Theorem 6). Syntactic CMTS refinement follows our intuition of CMTS refinement and extends the notion of product 
derivation from [19], which is only defined as a relation between a CMTS and a product LTS; we prove that syntactic CMTS 
refinement enjoys the persistent transition removal property (Theorem 5);

(c) We provide conditions by which CMTS refinement satisfies the persistent transition removal property (Theorem 7).

4. We introduce the notion of thorough refinement (⪯𝑐𝑡) of CMTS. Contrary to refinement of MTS, which is not complete (Fig. 2), 
we prove that CMTS refinement is complete, i.e., CMTS thorough refinement coincides with CMTS refinement (Theorem 8). 
The proof exploits the equivalence between CMTS refinement and syntactic CMTS refinement (§4.2). Notably, it follows that 
thorough refinement is decidable in polynomial time for the coherent fragment of MTS, while it is known to be decidable in 
EXPTIME for MTS [6].

5. We extend the correspondence of CMTS refinement and CMTS thorough refinement to the notions of equivalence (≡𝑐 ) and 
thorough equivalence (≡𝑐𝑡) of CMTS (Theorem 10).

6. We extend these notions of refinement and equivalence to MTSC (§5):

(a) We introduce notions of refinement (⪯𝑐𝑐), thorough refinement (⪯𝑐𝑐𝑡), and strong thorough refinement (⪯𝑐𝑐𝑠𝑡) between 
MTSC and show their relations (Theorems 11–13), proving MTSC refinement to be complete with respect to MTSC strong 
thorough refinement.

(b) We introduce notions of strong bisimilarity (∼𝑐𝑐) and (strong) thorough equivalence (≡𝑐𝑐(𝑠)𝑡) of CMTS and show that, 
differently from CMTS, for MTSC only strong thorough equivalence coincides with strong bisimilarity (Theorem 14), while 
strong bisimilarity solely implies MTSC thorough equivalence (Lemma 15).

Outline Section 2 discusses related work. Section 3 contains background on MTS. The core of the paper is formed by Sections 4

(CMTS) and 5 (MTSC), which contain the main contributions. Section 6 presents our conclusion and some future work. An appendix 
contains all proofs of the results of the paper.

2. Related work

MTS and their variants are widely studied in the literature. In [5], four different refinement relations are studied extensively, 
including thorough refinement, and an MTS is said to be consistent if it admits at least one non-empty implementation. MTS that 
allow inconsistent specifications, where transitions can be necessary but not permitted, are called Mixed Transition Systems [3,21].

In [6, Corollary 4.6], it is proved that, similarly to modal refinement, thorough refinement is decidable in polynomial time for 
deterministic MTS, whilst thorough refinement is generally decidable in EXPTIME for non-deterministic MTS. We note that the 
classes of deterministic MTS and CMTS do not coincide. While thorough refinement does not always imply modal refinement of 
MTS, in [22, Lemma 3.6] it is proved that thorough refinement implies modal refinement of a deterministic overapproximation of 
(non-deterministic) MTS.

In [5, Theorem 3], it is proved that any alternative notion ⪯𝑎𝑙𝑡 of modal refinement that is both sound and complete cannot be 
decided in polynomial time unless P=NP. This is obtained by reducing the problem of deciding thorough refinement to the problem 
2

of deciding whether a 3-DNF formula is a tautology. However, in this case, thorough refinement considers all implementations 
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Fig. 1. Overview of the main contributions of this paper: the yellow relations in the top row concern MTS, the red relations in the middle row concern CMTS, the 
blue relations in the bottom row concern MTSC; a single arrow represents implication, while a double arrow represents coincidence. It is also indicated which results 
are original and which are taken from the literature (viz., the results on MTS in the upper left box). Note that no specific theorem is central to all the others.

obtained through modal refinement ⪯𝑚, and not only those obtained using the alternative notion ⪯𝑎𝑙𝑡. The problem of proposing an 
alternative notion of modal refinement that is both sound and complete with respect to its set of implementations is left open [5]. 
The main challenge is to argue that the considered set of implementations is also interesting from a practical point of view. In this 
paper, we prove that CMTS refinement is sound and complete (Theorem 8). Moreover, CMTS refinement has practical applications 
in the field of SPL, as mentioned in the Introduction and further discussed below.

Parametric MTS (PMTS) [23–25] were introduced to enhance the expressiveness of MTS. PMTS are LTS equipped with an obliga-

tion function Φ, which is a parametric Boolean proposition over the outgoing transitions from each state. The satisfying assignments 
of Φ yield the allowed combinations of outgoing transitions. When Φ is not parametric, PMTS are called Boolean MTS (BMTS). PMTS 
are capable of expressing, among others, persistent choices (i.e., once some outgoing transition is enabled, it must be enabled also 
everywhere else). It is shown that MTS are a special case of BMTS, and that BMTS are a special case of PMTS. In this paper, we show 
that also CMTS are a special case of MTS (Lemma 2). Thorough refinement is computable in NEXPTIME for both BMTS and PMTS, 
while we show in this paper that thorough refinement is polynomial for CMTS (Theorem 8). Modal refinement of MTS, BMTS, and 
PMTS is not complete, whereas we show in this paper that CMTS refinement is complete (Lemma 10). The deterministic variants 
of PMTS and BMTS are called, respectively, DPMTS and DBMTS. When restricting to only deterministic systems, similarly to CMTS, 
also DBMTS modal refinement is complete, whereas DPMTS modal refinement is still not complete.

The application of variants of the MTS formalism to product lines has been published in many top venues over the years (with 
various case studies, more below). In [7–9], it was noted that, under the assumption that the features of an SPL are identified with 
the actions of an MTS, modal refinement is not capable of capturing a notion of conformance suitable for SPL. Two issues were 
signalled. First, an action may not be the action of both a necessary and an optional transition, since a feature is either mandatory or 
optional. Second, if a transition labelled with an optional action occurs as a necessary transition in an LTS implementation, then all 
transitions labelled with the same action must occur as necessary transitions in that LTS. In [19], the first and second issue are solved 
by requiring MTS to be ‘coherent’ (i.e., CMTS) and the products to be consistently derived, respectively. This notion of ‘consistent’ 
product derivation requires that whenever an optional transition is discarded in an implementation, all transitions sharing the same 
label must also be discarded. This consistency requirement mimicks the aforementioned persistency of PMTS [23–25] and it is not 
to be confused with the above mentioned notion of consistency as studied in [5]. Hence, just like PMTS, also CMTS can express 
persistency.

Another issue, amply signalled in the literature for both MTS and CMTS (cf, e.g., [19]), is that so-called cross-tree constraints 
in feature models that regard alternative behaviour cannot be captured (e.g., it is not possible to enforce that the occurrence of one 
action in an LTS implementation excludes that of another action in the same implementation). In [19], this is solved by equipping 
CMTS with (variability) constraints, denoted by MTS𝜐, and called MTSC in this paper. Refinement and equivalence of MTSC are 
discussed in Section 5.

Table 1 illustrates a comparison of MTS and their dialects based on their ability to express alternative, non-deterministic, and 
persistent behaviour, as well as whether the refinement is complete or not. This illustrates that among various variants of MTS, only 
CMTS possess the ability to express non-determinism while maintaining a sound and complete refinement relation. We contend that, 
while modelling SPL may involve expressing alternative and persistent behaviour, non-determinism and complete refinement are 
3

two fundamental properties inherent to any specification language.
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Table 1

A comparison of different variants of MTS based on (i) their ability to express 
alternative and persistent behaviour, which are typical characteristics of SPL, 
as well as (ii) their ability to express non-deterministic behaviour and to enjoy 
a notion of refinement that guarantees soundness and completeness with re-

spect to the set of implementations; these last two characteristics are desirable 
for any specification language yet, as of now, the only variant that satisfies 
both these features is CMTS.

persistent alternative non-deterministic complete

behaviour behaviour behaviour refinement

MTS ✗ ✗ ✓ ✗

PMTS ✓ ✓ ✓ ✗

DPMTS ✓ ✓ ✗ ✗

BMTS ✓ ✓ ✓ ✗

DBMTS ✓ ✓ ✗ ✓

CMTS ✓ ✗ ✓ ✓

MTSC ✓ ✓ ✓ ✗

During the last decade, several other formalisms with a transition system semantics were developed for SPL modelling and 
analysis. These include first and foremost the seminal work on Featured Transition Systems (FTS) [26–28], but it is worth mentioning 
also process-algebraic approaches [29–36] and Feature (Petri) nets [37]. Undoubtedly, MTS and FTS are the most studied formalisms 
for SPL modelling and analysis. In [38], it was proved that CMTS with variability constraints (i.e., MTS𝜐, called MTSC in this paper) 
are equally expressive as FTSs. This complements the expressiveness results in [39–41], namely that MTS are less expressive than 
FTS and that FTS can be encoded into equivalent sets of multiple MTS.

Remark This paper presents advancements in the theory of CMTS and MTSC by focusing on the challenge of establishing a sound 
and complete notion of refinement. Additionally, the paper includes insightful examples to clarify the technical aspects involved. For 
practical illustrations of SPL case studies modelled using CMTS and MTSC, we refer to [8,9,16–20,30,38].

3. Background

We start by discussing some background on MTS. The standard definition of MTS accounts for two sets of transitions, permitted

(or may) transitions, denoted by Δ◊, and necessary (or must) transitions, denoted by Δ□, such that Δ□ ⊆ Δ◊, i.e., all (necessary) 

transitions are permitted. A transition (𝑞, 𝑎, 𝑞′) ∈Δ◊ is also denoted as 𝑞
𝑎
←←←←←←→◊ 𝑞

′ and likewise 𝑞
𝑎
←←←←←←→□ 𝑞

′ if (𝑞, 𝑎, 𝑞′) ∈Δ□. The reader 

may be misled to think that 𝑞
𝑎
←←←←←←→◊ 𝑞

′ excludes 𝑞
𝑎
←←←←←←→□ 𝑞

′, and vice versa that 𝑞
𝑎
←←←←←←→□ 𝑞

′ excludes 𝑞
𝑎
←←←←←←→◊ 𝑞

′. However, the first statement 
is not always true and the second is always false, since Δ□⊆Δ◊. For our purpose, it is irrelevant to indicate that a transition is 
permitted. For the sake of simplifying the presentation, we thus opt for a slightly revised definition of MTS, where we partition the 
set of transitions into optional and necessary transitions, and no longer indicate the fact that all transitions are permitted.

Definition 1 (MTS). A Modal Transition System (MTS) is a 5-tuple (𝑄, 𝐴, 𝑞, Δ○, Δ□), with set 𝑄 of states, set 𝐴 of actions, initial state 
𝑞 ∈ 𝑄, and transition relation Δ ⊆ 𝑄 × 𝐴 ×𝑄 partitioned into optional transitions, denoted by Δ○, and necessary transitions, denoted 
by Δ□, i.e., Δ○ ∩Δ□ =∅. If (𝑞, 𝑎, 𝑞′) ∈ Δ○, then we also write 𝑞

𝑎
←←←←←←→○ 𝑞

′, and likewise we also write 𝑞
𝑎
←←←←←←→□ 𝑞

′ for (𝑞, 𝑎, 𝑞′) ∈ Δ□. We write 
𝑞
𝑎
←←←←←←→ 𝑞′ when (𝑞, 𝑎, 𝑞′) ∈Δ.

Note that the standard definition of MTS is (𝑄, 𝐴, 𝑞, Δ◊, Δ□), where Δ◊ = Δ○ ∪ Δ□. An LTS is an MTS where Δ○ = ∅. In the 
sequel, the conversion from an MTS (𝑄, 𝐴, 𝑞, Δ○, Δ□) with Δ○ =∅ to an LTS (𝑄, 𝐴, 𝑞, Δ) with Δ =Δ□ is implicit. Moreover, we will 
use subscripts or superscripts to indicate the origin of an element of a tuple, i.e., 𝑆 = (𝑄𝑆, 𝐴𝑆, 𝑠, Δ𝑆○, Δ

𝑆
□
).

We now define modal refinement of MTS.

Definition 2 (modal refinement). An MTS 𝑆 is a (modal) refinement of an MTS 𝑇 , denoted by 𝑆 ⪯𝑚 𝑇 , if and only if there exists a
refinement relation  ⊆𝑄𝑆 ×𝑄𝑇 such that (𝑠, 𝑡) ∈ and for all (𝑠, 𝑡) ∈, the following holds:

1. whenever 𝑡 
𝑎
←←←←←←→□ 𝑡

′, for some 𝑡′∈𝑄𝑇 and 𝑎 ∈𝐴𝑇 , then 𝑎 ∈𝐴𝑆 , ∃ 𝑠′∈𝑄𝑆 ∶ 𝑠 
𝑎
←←←←←←→□ 𝑠

′, and (𝑠′, 𝑡′) ∈, and

2. whenever 𝑠 
𝑎
←←←←←←→ 𝑠′, for some 𝑠′∈𝑄𝑆 and 𝑎 ∈𝐴𝑆 , then 𝑎 ∈𝐴𝑇 , ∃ 𝑡′∈𝑄𝑇 ∶ 𝑡 

𝑎
←←←←←←→ 𝑡′, and (𝑠′, 𝑡′) ∈.

We also say that 𝑆 (modally) refines 𝑇 when 𝑆 ⪯𝑚 𝑇 .

Intuitively, 𝑆 modally refines 𝑇 if any necessary transition of 𝑇 can be mimicked by a necessary transition of 𝑆 , and every 
4

transition of 𝑆 can be mimicked by a transition of 𝑇 .
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𝑠 𝑠1

𝑎

𝑎

𝑡 𝑡1𝑡2

𝑎

𝑎

𝑎
𝑢 𝑢1

𝑎

𝑎

Fig. 2. Three MTS 𝑆 , 𝑇 , and 𝑈 , where 𝑆 ⪯𝑡𝑟 𝑇 , but 𝑆 𝑚 𝑇 , and 𝑆 𝑡𝑟 𝑈 and 𝑆 𝑚 𝑈 ; solid arcs depict necessary transitions, dashed arcs depict optional transitions 
(reproduced from [6]).

𝑠 𝑠1𝑠2 𝑠3
𝑎 𝑏𝑎

𝑡 𝑡1 𝑡2
𝑎 𝑏

Fig. 3. Two MTS 𝑆 and 𝑇 such that 𝑆 ≡𝑚 𝑇 , but 𝑆 ≁𝑚 𝑇 .

The set of implementations of an MTS 𝑀 is defined as the set of LTS that are a modal refinement of 𝑀 . Indeed, LTS cannot be 
further refined and are considered implementations.

Definition 3 (implementations). Given an MTS 𝑀 , its set of implementations, denoted by Impl(𝑀), is the set { 𝐿 is an LTS ∣𝐿 ⪯𝑚 𝑀 } of 
LTS.

In other words, every LTS refinement of an MTS 𝑀 is an implementation of 𝑀 .1

Two MTS can also be compared through their sets of implementations. This relation, defined next, is called thorough refinement

(cf., e.g., [4–6]).

Definition 4 (thorough refinement). An MTS 𝑆 thoroughly refines an MTS 𝑇 , denoted by 𝑆 ⪯𝑡𝑟 𝑇 , if Impl(𝑆) ⊆ Impl(𝑇 ).

In [5], it is shown that modal refinement implies thorough refinement. In other words, modal refinement is sound, i.e., each 
time an MTS 𝑆 modally refines an MTS 𝑇 , it follows that the set of implementations of 𝑇 contains also the implementations of 𝑆 . 
However, the contrary is not true, i.e., modal refinement is not complete. Fig. 2, reproduced from [6], shows an example where the 
set of implementations of 𝑇 contains also the implementations of 𝑆 , but 𝑆 does not modally refine 𝑇 . In all figures of this paper, 
dashed arcs are used to depict optional transitions (Δ○), while solid arcs depict necessary transitions (Δ□).

The relation of modal equivalence formally defined below is taken from [42, Definition 14]. Two MTS are equivalent if both 
modally refine each other.

Definition 5 (modal equivalence). An MTS 𝑆 is (modal) equivalent to an MTS 𝑇 , denoted by 𝑆 ≡𝑚 𝑇 , if and only if 𝑆 ⪯𝑚 𝑇 and 𝑇 ⪯𝑚 𝑆 .

As usual, strong bisimilarity of MTS is defined by additionally requiring the two modal refinement relations to be such that one 
is the transpose of the other, formally defined next.

Definition 6 (strong bisimilarity). An MTS 𝑆 is strongly bisimilar to an MTS 𝑇 , denoted by 𝑆 ∼𝑚 𝑇 , if and only if there exists a refinement 
relation  for 𝑆 ⪯𝑚 𝑇 and 𝑇 for 𝑇 ⪯𝑚 𝑆 .

It is easy to see that strong bisimilarity of MTS implies modal equivalence of MTS.

Lemma 1 (∼𝑚 implies ≡𝑚). Let 𝑆 and 𝑇 be two MTS. If 𝑆 ∼𝑚 𝑇 , then 𝑆 ≡𝑚 𝑇 .

As mentioned in the Introduction, the proof of this lemma as well as the proofs of all the results that we present in the rest of the 
paper can be found in the Appendix.

Similarly to LTS, equivalence of MTS is sometimes too coarse, since it may identify as equal two MTS that are not bisimilar, as 
illustrated in Fig. 3, where 𝑆 ⪯𝑚 𝑇 and 𝑇 ⪯𝑚 𝑆 follow from the two refinement relations 𝑆⪯𝑚𝑇 = {(𝑠, 𝑡), (𝑠1, 𝑡1), (𝑠2, 𝑡1), (𝑠3, 𝑡2)} and 
𝑇⪯𝑚𝑆 = {(𝑡, 𝑠), (𝑡1, 𝑠1), (𝑡2, 𝑠3)}, respectively, but 𝑆⪯𝑚𝑇 ≠ (𝑅𝑇⪯𝑚𝑆 )

𝑇 .

4. Coherent MTS

We now define Coherent MTS (CMTS), originally introduced in [19], their modal refinement, and equivalence relations. CMTS 
have been introduced to model the behaviour of SPL by identifying the features of an SPL as the actions of an MTS. In [19], CMTS 
were (informally) defined by imposing a further constraint on the definition of MTS (cf. Lemma 2 below), whilst here we polish and 
formalise their definition by assigning the modalities to the actions. It follows that, differently from MTS, in CMTS the transitions 

1 In the sequel, we will implicitly consider an implementation to be the minimal LTS in its class of strong bisimulations, where strong bisimulation is the equivalence 
5

relation between two LTS used in this paper.
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labelled with the same action are tied together. This means that all transitions labelled with one and the same action are either 
all necessary actions or all optional actions. Accordingly, if, as the result of a refinement, one optional transition is turned into 
a necessary transition, then this happens to all other transitions labelled with that same action. This notion was called persistency

in [23–25]. Similarly, if an optional transition is removed, then this occurs for all other transitions labelled with that same action.2

Next we formally define CMTS. Compared to MTS, where the modalities are assigned to the transitions, we underline that in CMTS 
the modalities are assigned to the actions of the transitions. A transition thus inherits the modality of its action.

Definition 7 (coherent MTS). A Coherent Modal Transition System (CMTS) is a 5-tuple (𝑄, 𝐴○, 𝐴□, 𝑠, Δ), with set 𝑄 of states, set 
𝐴 = 𝐴○ ∪ 𝐴□ of actions partitioned into optional actions, denoted by 𝐴○, and necessary actions, denoted by 𝐴□, i.e., 𝐴○ ∩ 𝐴□ = ∅, 
initial state 𝑠 ∈𝑄, and transition relation Δ ⊆𝑄 ×𝐴 ×𝑄. Moreover, let Δ○ = { 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ ∣ 𝑎 ∈ 𝐴○, 𝑠, 𝑠′ ∈𝑄 } and let Δ□ = { 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈

Δ ∣ 𝑎 ∈𝐴□, 𝑠, 𝑠′ ∈𝑄 }.

From now on, without loss of generality, we only consider MTS whose elements are non-redundant, i.e., all transitions are 
reachable and each state and action appear in at least one transition. An LTS is a CMTS where 𝐴○ =∅. The next lemma states the 
conditions (informally stated in [19]) under which an MTS is coherent, i.e., if two transitions share the same action, then they must 
also share the same modality. This condition can be used to check whether it is possible to translate an MTS into a syntactically 
equivalent CMTS.

Lemma 2 (coherence). Let 𝑆 be an MTS such that the following holds:

∀𝑎 ∈𝐴𝑆 . (∃𝑠1, 𝑠2 ∈𝑄𝑆 ∶ 𝑠1
𝑎
←←←←←←→□ 𝑠2) ⟹ (∄𝑠3, 𝑠4 ∈𝑄𝑆 ∶ 𝑠3

𝑎
←←←←←←→○ 𝑠4)

Then 𝑆′ = (𝑄𝑆, 𝐴○, 𝐴□, 𝑠, Δ𝑆○ ∪Δ𝑆
□
), where 𝐴○ = { 𝑎 ∣ 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆○ } and 𝐴□ = { 𝑎 ∣ 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆

□
} is a CMTS.

Note that any MTS defined as a 5-tuple (𝑄, 𝐴, 𝑠, Δ○, Δ□) can be redefined as a 5-tuple (𝑄, 𝐴○, 𝐴□, 𝑠, Δ) using the translation 
provided in Lemma 2. However, whenever the conditions in Lemma 2 are not met (cf., e.g., MTS 𝑈 in Fig. 4), then 𝐴○ and 𝐴□ do 
not partition 𝐴, a necessary condition for CMTS.

4.1. CMTS refinement

We now introduce the modal refinement of CMTS.

In Section 4.2, we will demonstrate the equivalence (modulo strong bisimilarity) between the forthcoming (coinductive) notion of 
CMTS refinement (Definition 8) and a simpler operational notion of refinement (cf. Theorem 6). The operational notion of refinement 
is based on two operations. The first operation involves removing optional transitions with the same label, while the second operation 
transforms optional transitions with the same label into must transitions (cf. Definition 10).

However, while the operational definition of refinement may be simpler, Definition 8 plays a crucial role in understanding the 
relationship between CMTS refinement and modal refinement (i.e., Definition 2). Specifically, Cases 1a and 2 of Definition 8 are 
inherited from modal refinement, while Cases 1b and 1c are unique to this new notion of refinement.

Furthermore, Definition 8 is essential for all the proofs in this paper (cf. the Appendix), as it enables the use of coinductive 
reasoning.

Intuitively, whenever  is a relation proving 𝑆⪯𝑐 𝑇 , for all pairs (𝑠, 𝑡) ∈, in addition to the constraints of modal refinement, it 
is also required that for every optional transition 𝛿 = 𝑡 

𝑎
←←←←←←→○ 𝑡

′ of 𝑇 , either 𝛿 is mimicked by a transition 𝑠 
𝑎
←←←←←←→○ 𝑠

′ in 𝑆 (and in this case 
𝑆 may contain other transitions labelled with 𝑎) and (𝑠′, 𝑡′) ∈, or the action 𝑎 does not occur as label of any transition of 𝑆 .

It is important to emphasise that this additional constraint plays a critical role in comprehending the distinctions between Defini-

tion 2 and Definition 8. Specifically, it sheds light on why CMTS refinement achieves completeness while MTS refinement falls short 
in this regard (cf. Section 6).

Definition 8 (CMTS refinement). A CMTS 𝑆 is a CMTS refinement of a CMTS 𝑇 , denoted by 𝑆 ⪯𝑐 𝑇 , if and only if there exists a
refinement relation  ⊆𝑄𝑆 ×𝑄𝑇 such that (𝑠, 𝑡) ∈ and for all (𝑠, 𝑡) ∈, the following holds:

1. whenever 𝑡 
𝑎
←←←←←←→ 𝑡′, for some 𝑡′ ∈𝑄𝑇 , then either

(a) 𝑎 ∈𝐴𝑇
□

, 𝑎 ∈𝐴𝑆
□

, ∃ 𝑠′ ∈𝑄𝑆 ∶ 𝑠 
𝑎
←←←←←←→□ 𝑠

′, and (𝑠′, 𝑡′) ∈, or

(b) 𝑎 ∈𝐴𝑇○, 𝑎 ∈𝐴𝑆 , ∃ 𝑠′ ∈𝑄𝑆 ∶ 𝑠 
𝑎
←←←←←←→ 𝑠′, and (𝑠′, 𝑡′) ∈, or

(c) 𝑎 ∈𝐴𝑇○ and 𝑎 ∉𝐴𝑆 ;

2 We use the intuition that in a refinement 𝑆 ⪯𝑚 𝑇 , 𝑆 is obtained by modifying 𝑇 . In general, however, 𝑆 and 𝑇 are two systems created independently from each 
other. Rather than “removing” optional transitions, we should say that for a pair of states (𝑠, 𝑡) in the refinement relation, for some transition 𝑡 𝑎←←←←←→○ 𝑡′ in 𝑇 , there is no 
6

corresponding transition 𝑠 𝑎←←←←←→○ 𝑠′ in 𝑆 ; likewise for “turning” optional transitions into necessary transitions.
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Fig. 4. Two CMTS 𝑆 and 𝑇 and an MTS 𝑈 such that 𝑇 ⪯𝑐 𝑆 and 𝑈 𝑐 𝑆 (𝑈 is not a CMTS).

2. whenever 𝑠 
𝑎
←←←←←←→ 𝑠′, for some 𝑠′ ∈𝑄𝑆 and 𝑎 ∈𝐴𝑆 , then 𝑎 ∈𝐴𝑇 , ∃ 𝑡′ ∈𝑄𝑇 ∶ 𝑡 

𝑎
←←←←←←→ 𝑡′, and (𝑠′, 𝑡′) ∈.

Note that in Case 1a we know that 𝑡 
𝑎
←←←←←←→□ 𝑡

′ since 𝑎 ∈ 𝐴𝑇
□

. Fig. 4 depicts examples of CMTS refinement. In the above definition, 
the fact that both 𝑆 and 𝑇 are CMTS ensures that all transitions with the same action in 𝑆 are either all optional or all necessary 
transitions; the same for 𝑇 . Hence, if an optional transition 𝛿 of 𝑇 is turned into a necessary transition in 𝑆 , then all transitions in 
𝑆 labelled with the same action as 𝛿 are necessary transitions. Cases 1b and 1c of Definition 8 are used to ensure that whenever an 
optional transition of 𝑇 is removed in 𝑆 , all other transitions of 𝑆 labelled with the same action must also be removed (with some 
exceptions, cf. Section 4.2). We show that CMTS refinement is a conservative extension of modal refinement.

Theorem 1 (⪯𝑐 implies ⪯𝑚). Let 𝑆 and 𝑇 be two CMTS. If 𝑆 ⪯𝑐 𝑇 , then 𝑆 ⪯𝑚 𝑇 .

The algorithm for computing a CMTS refinement is similar to that for computing a modal refinement. One starts with a set 𝑅
containing all pairs of states of 𝑆 and 𝑇 . The algorithm repeats a loop until no more pairs are removed from 𝑅. At each iteration of 
the loop, the pairs not satisfying the conditions of Definition 8 are removed from 𝑅. With respect to modal refinement, one needs to 
check two additional conditions (Cases 1b and 1c). These conditions are local to the pairs of states under scrutiny. The computed set 
𝑅 is the largest CMTS refinement relation between 𝑆 and 𝑇 . Let 𝑛 = |𝑄𝑆 ×𝑄𝑇 |. Moreover, let FS(𝑠) be defined as the set of outgoing 
transitions from a state 𝑠, i.e., FS(𝑠) = { (𝑠, 𝑎, 𝑠′) ∈Δ𝑆 ∣ 𝑎 ∈𝐴𝑆 and 𝑠′ ∈𝑄𝑆 }. Let 𝑠𝑚 and 𝑡𝑚 be the states with the maximum number 
of outgoing transitions, i.e., for all 𝑠 ∈ 𝑄𝑆 and 𝑡 ∈ 𝑄𝑇 , |FS(𝑠𝑚)| ≥ |FS(𝑠)| and |FS(𝑡𝑚)| ≥ |FS(𝑡)|. Let 𝑘 = |FS(𝑠𝑚)| × |FS(𝑡𝑚)|. In the 
worst case, at each iteration, all elements of 𝑅 are visited and only one pair is removed. In this worst case, there are 𝑛(𝑛+1)2 iterations. 
At each iteration, in the worst case, one needs to perform 𝑘 ×2 comparisons among transitions of 𝑆 and 𝑇 , and a search through the 
set 𝑅, which in the worst case requires visiting all 𝑛 pairs. The resulting upper bound for the complexity is 𝑂((𝑛3 + 𝑛2) × 𝑘) =𝑂(𝑛3). 
In Section 4.2, we will show that the complexity of computing CMTS refinement can be reduced to the complexity of computing 
strong bisimulation.

The following lemma relates the actions of two CMTS in a CMTS refinement relation. Whenever 𝑆 ⪯𝑐 𝑇 , the set of optional actions 
of 𝑇 contains the optional actions of 𝑆 , and the set of necessary actions of 𝑆 contains the necessary actions of 𝑇 . Furthermore, the 
set of optional actions of 𝑇 that are not optional actions of 𝑆 contains the set of necessary actions of 𝑆 that are not necessary actions 
of 𝑇 .

Lemma 3. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 . It holds that 𝐴𝑆○ ⊆𝐴
𝑇
○, 𝐴𝑇

□
⊆𝐴𝑆

□
, and 𝐴𝑆

□
⧵𝐴𝑇

□
⊆𝐴𝑇○ ⧵𝐴𝑆○.

Similarly to modal refinement, also CMTS refinement is a preorder.

Lemma 4. CMTS refinement is a preorder.

Equivalence and strong bisimilarity of CMTS are defined similarly to the case of MTS. In particular, two CMTS are equivalent if 
they are mutually in a CMTS refinement relation with each other. Moreover, if these relations are such that one is the transpose of 
the other, then the two CMTS are also strongly bisimilar.

Definition 9 (CMTS equivalence and CMTS strong bisimilarity). Let 𝑆 and 𝑇 be two CMTS. Then 𝑆 is CMTS equivalent to 𝑇 , denoted by 
𝑆 ≡𝑐 𝑇 , if and only if 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑆 . Moreover, 𝑆 is CMTS strongly bisimilar to 𝑇 , denoted by 𝑆 ∼𝑐 𝑇 , if and only if there exists a 
CMTS refinement relation  that proves 𝑆 ⪯𝑐 𝑇 and 𝑇 proves 𝑇 ⪯𝑐 𝑆 .

In a modal refinement 𝑆 ⪯𝑚 𝑇 , whenever all transitions of 𝑆 and 𝑇 are necessary, then the relation becomes a strong bisimilarity 
between 𝑆 and 𝑇 . This is also true for CMTS refinement. Instead, in modal refinement, whenever all transitions of 𝑆 and 𝑇 are 
optional, then the relation becomes a simulation (𝑇 simulates 𝑆). This is different from CMTS refinement. Indeed, in this case, if also 
𝑆 and 𝑇 have the same sets of (all optional) actions, then the relation becomes again a bisimulation between 𝑆 and 𝑇 .

Fig. 5 shows two CMTS 𝑆 and 𝑇 such that 𝑆 ∼𝑐 𝑇 , where 𝑆⪯𝑐𝑇 = {(𝑠, 𝑡), (𝑠1, 𝑡1), (𝑠1, 𝑡2)} and 𝑇⪯𝑐𝑆 = {(𝑡, 𝑠), (𝑡1, 𝑠1), (𝑡2, 𝑠1)}. 
Fig. 6 shows two CMTS 𝑆 and 𝑈 such that 𝑆 ∼𝑐 𝑈 where 𝑆⪯𝑐𝑈 = {(𝑠, 𝑢), (𝑠2, 𝑢3), (𝑠2, 𝑢2), (𝑠3, 𝑢1), (𝑠1, 𝑢1)} and 𝑈⪯𝑐𝑆 = (𝑆⪯𝑐𝑈 )

𝑇 . 
Contrary to MTS, equivalence and strong bisimilarity coincide for CMTS.
7

Theorem 2 (≡𝑐 and ∼𝑐 coincide). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ≡𝑐 𝑇 , where  proves 𝑆 ⪯𝑐 𝑇 . Then 𝑇 proves 𝑇 ⪯𝑐 𝑆 .
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Fig. 5. Two CMTS 𝑆 and 𝑇 such that 𝑆 ∼𝑐 𝑇 , where some optional transition 𝛿 of 𝑇 has no ‘syntactic’ correspondent in 𝑆 , but 𝑆 does have some transition with the 
same action as 𝛿.
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Fig. 6. Three CMTS 𝑆 , 𝑇 , and 𝑈 such that 𝑆 ⪯𝑐 𝑇 , 𝑆 ≁𝑐 𝑇 , 𝑈 ⪯𝑐 𝑇 , and 𝑆 ∼𝑐 𝑈 ; 𝑆 is obtained from 𝑇 by removing all transitions labelled with 𝑏 and 𝑐 but only 
one of the five transitions labelled with 𝑎, whose source state is reachable in 𝑆 , and 𝑆 is not strongly bisimilar to 𝑇 ; on the converse, 𝑈 ⪯𝑐 𝑇 is a syntactic CMTS 
refinement.

The next result shows that CMTS and MTS strong bisimilarity coincide.

Theorem 3 (∼𝑐 and ∼𝑚 coincide). Let 𝑆 and 𝑇 be two CMTS, then 𝑆 ∼𝑚 𝑇 if and only if 𝑆 ∼𝑐 𝑇 .

In the following, we denote 𝑠 ∼𝑚 𝑡 whenever two states 𝑠 ∈𝑄𝑆 and 𝑡 ∈𝑄𝑇 are strongly bisimilar, i.e., 𝑆 ∼𝑚 𝑇 iff 𝑠 ∼𝑚 𝑡 (recall that 
𝑠 and 𝑡 are the initial states of 𝑆 and 𝑇 , respectively). We now discuss the minimisation of CMTS, which will be used in Section 4.2. 
We consider a CMTS to be minimal if it has no strongly bisimilar states. The next result shows how, given a CMTS 𝑆 with two 
bisimilar states 𝑠1 and 𝑠2, it is possible to construct a strongly bisimilar CMTS 𝑆′′ such that one of the two bisimilar states, say 𝑠2, 
has been removed. The CMTS 𝑆′′ is obtained from 𝑆 by removing the state 𝑠2, removing all the outgoing transitions of 𝑠2, and 
changing the target of all transitions incoming to 𝑠2 into 𝑠1. Finally, 𝑆′′ is computed from the obtained intermediate CMTS 𝑆′ by 
removing the unreachable actions, transitions, and states from 𝑆′ (an action 𝑎 is considered unreachable (i.e., redundant) if there is 
no reachable transition labelled with 𝑎). Note that while we assume CMTS to have no redundant elements, we explicitly clarify the 
process of removing any redundant elements.

Theorem 4 (remove bisimilar states). Let 𝑆 be a CMTS, let 𝑏 be a relation showing that 𝑠1 ∼𝑐 𝑠2 for two states 𝑠1, 𝑠2 ∈ 𝑄𝑆 such that 
𝑠2 ≠ 𝑠, and let BS(𝑠2) = { (𝑠, 𝑎, 𝑠2) ∣ 𝑠 ∈𝑄𝑠, 𝑎 ∈𝐴𝑆 }. Now let 𝑆′ = (𝑄𝑆 ⧵ {𝑠2}, 𝐴𝑆○, 𝐴

𝑆
□
, 𝑠, Δ𝑆 ⧵ BS(𝑠2) ∪ { (𝑠, 𝑎, 𝑠1) ∣ (𝑠, 𝑎, 𝑠2) ∈Δ𝑆 }) and 

let 𝑆′′ be obtained from 𝑆′ by removing the unreachable actions, states, and transitions of 𝑆′, if any. Then it follows that 𝑆 ∼𝑐 𝑆′′.

By applying the above result iteratively, it is possible to transform a CMTS with bisimilar states into a strongly bisimilar one 
without bisimilar states, i.e., a minimised one. In Fig. 5, we have that 𝑡1 ∼𝑐 𝑡2. Indeed, 𝑇 is not minimal, and 𝑆 can be obtained from 
𝑇 by applying Theorem 4.

The next corollary shows that CMTS strong bisimilarity preserves the CMTS refinement relation with other CMTS.

Corollary 1. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 , and let 𝑆′′ be a CMTS such that 𝑆 ∼𝑚 𝑆′′. Then 𝑆′′ ⪯𝑐 𝑇 .

Combining the previous results, it follows that it is possible to minimise a CMTS 𝑆 whilst preserving its CMTS refinement relations 
with other CMTS.

4.2. Syntactic CMTS refinement

We note that the intuitive explanation of CMTS refinement given so far is useful to provide a rough idea, but it is not precise. The 
intuitive explanation we used is the property stating that whenever an optional transition is removed, then this occurs for all other 
transitions labelled with that same action. We call this property persistent transition removal. Indeed, this property does not hold in all 
CMTS refinements, i.e., it is sometimes possible to remove an optional transition 𝛿 without forcing the removal of all other transitions 
labelled with the same action. This is the case, e.g., when the removal of 𝛿 produces a new CMTS that is strongly bisimilar to the 
original one. In this case, removing 𝛿 does not force to remove all optional transitions labelled with the same action (cf. Fig. 5). It 
is also possible to remove an optional transition without forcing the removal of all other transitions labelled with the same action in 
case 𝑆 and 𝑇 are not strongly bisimilar, such as, e.g., in Fig. 6. Finally, Fig. 7 shows yet another example where both 𝑆 and 𝑇 are 
minimised.

These refinements do not retract from our intuition of CMTS refinement. Indeed, they are all strongly bisimilar to refinements 
satisfying the persistent transition removal property. To prove this, we need some additional results, which are described in this 
section. First, if we remove an optional action from a CMTS, then we obtain a CMTS refinement.

Lemma 5 (remove action). Let 𝑆 be a CMTS and, given some 𝑏 ∈ 𝐴𝑆○, let 𝑆′ = (𝑄′
𝑆
, 𝐴𝑆○ ⧵ {𝑏}, 𝐴𝑆

□
, 𝑠, Δ′

𝑆
), where 𝑄′

𝑆
= { 𝑠 ∈ 𝑄𝑆 ∣
8

𝑠 is reachable} and Δ′
𝑆
= { (𝑠, 𝑎, 𝑠′) ∈Δ𝑆 ∣ 𝑎 ∈𝐴𝑆 ⧵ {𝑏}, 𝑠 is reachable}. Then it holds that 𝑆′ ⪯𝑐 𝑆 .
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We also obtain a CMTS refinement if we turn an optional action into a necessary action.

Lemma 6 (shift action right). Let 𝑆 be a CMTS and, given some 𝑏 ∈𝐴𝑆○, let 𝑆′ = (𝑄𝑆, 𝐴𝑆○ ⧵ {𝑏}, 𝐴𝑆
□
∪ {𝑏}, 𝑠, Δ𝑆 ). Then it holds that 

𝑆′ ⪯𝑐 𝑆 .

Finally, by Lemma 3, we know that, given 𝑆′ ⪯𝑐 𝑆 , it holds that 𝐴𝑆
□
⊆𝐴𝑆

′
□

. Hence, if we remove a necessary action or turn it into 
an optional action, then the obtained system is not a CMTS refinement of the original one. When a CMTS 𝑆 is obtained from a CMTS 
𝑇 by repeatedly using the above operations (either removing an optional action or turning it into a necessary action), then we say 
that 𝑆 is a syntactic CMTS refinement of 𝑇 .

Definition 10 (syntactic CMTS refinement). Let 𝑆 and 𝑇 be CMTS such that 𝑆 is obtained from 𝑇 by iteratively applying one of the 
operations ‘remove action’ and ‘shift action right’ from Lemmata 5 and 6, respectively. Then 𝑆 is a syntactic CMTS refinement of 𝑇 .

Note that we use the term ‘syntactic’ because, e.g., in a syntactic refinement, loops are never unfolded. Definition 10 extends the 
notion of product derivation from [19, Definition 10], which is only defined for implementations (cf. Definition 12 below). Fig. 6 shows 
an example of syntactic CMTS refinement 𝑈 ⪯𝑐 𝑇 , where 𝑈 is obtained from 𝑇 by applying twice the operations from Lemma 5 on 
the actions 𝑏 and 𝑐. Fig. 7 shows another example of syntactic CMTS refinement 𝑈 ⪯𝑐 𝑇 .

Syntactic CMTS refinement satisfies the property of persistent transition removal. Indeed, the removal of an optional transition 
causes the removal of all transitions labelled with the same action. We now formalise the property of persistency, which entails the 
persistent transition removal. Whenever 𝑆 is a persistent (CMTS) refinement of 𝑇 , for all actions 𝑎 ∈ 𝐴𝑆 the cardinality of the set 
of transitions labelled with 𝑎 in 𝑆 and in 𝑇 is equal. In other words, if in a CMTS refinement 𝑆 ⪯𝑐 𝑇 one optional transition of 𝑇
has been removed from 𝑆 without causing the removal of all other transitions labelled with the same action, then the refinement is 
non-persistent. This is also the case if 𝑆 contains a greater number of transitions than 𝑇 with the same label.

Definition 11 (persistent refinement). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 . We say that 𝑆 is a persistent refinement of 𝑇 , whenever 
for all actions 𝑎 ∈𝐴𝑆 , it holds that |{ (𝑠, 𝑎, 𝑠′) ∈Δ𝑆}| = |{ (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 }|. Otherwise, we say that 𝑆 ⪯𝑐 𝑇 is non-persistent.

Note that we assume that there are no redundant actions in 𝑆 . Hence, whenever 𝑎 ∈ 𝐴𝑆 , the cardinality of the set of transitions 
labelled with 𝑎 in 𝑆 is greater than zero. Definition 11 entails the persistent transition removal (related to Lemma 5) and generalises 
the notion of persistency given in [23–25] (cf. Section 2), which is only related to Lemma 6 (i.e., if an optional transition is turned 
into a necessary transition, then this happens to all other transitions sharing the same label).

Definition 11 may seem unconventional for Definition 8 (i.e., CMTS refinement) but it is not surprising in the context of Defini-

tion 10 (i.e., syntactic CMTS refinement). In this section, we will show the equivalence (modulo strong bisimilarity) of Definition 10

and Definition 8.

First, we show that syntactic CMTS refinement is persistent.

Theorem 5 (syntactic CMTS refinement is persistent). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 is a syntactic CMTS refinement of 𝑇 . Then 
𝑆 ⪯𝑐 𝑇 is a persistent refinement.

In Figs. 6 and 7, 𝑈 ⪯𝑐 𝑇 is a persistent refinement. For example, consider the set of optional actions of the CMTS 𝑈 from Fig. 7, 
namely, {𝑎} (cf. Definition 11). Both 𝑈 and 𝑇 have two transitions labelled with 𝑎 (note that 𝑏 is not an action in 𝑈 ).

The following theorem states that for any CMTS refinement 𝑆 ⪯𝑐 𝑇 , there exists a syntactic CMTS refinement 𝑇 ′ of 𝑇 such that 
𝑆 ∼𝑐 𝑇 ′ and, by Corollary 1, 𝑇 ′ ⪯𝑐 𝑇 . In other words, any 𝑆 that is a CMTS refinement of 𝑇 can be computed starting from 𝑇

(modulo bisimilarity) by applying the operations from Lemmata 5 and 6. Intuitively, the CMTS 𝑇 ′ is computed as follows. Firstly, 
select the necessary actions in 𝑆 that are not necessary actions in 𝑇 . By Lemma 3, we know that the selected actions are optional 
in 𝑇 . Therefore, we turn them into necessary actions in 𝑇 ′ (using the operation from Lemma 6), i.e., 𝐴𝑇 ′

□
= 𝐴𝑆

□
. In the second step, 

we remove from 𝑇 ′ the remaining optional actions of 𝑇 that are neither optional nor necessary actions in 𝑆 (using the operation 
from Lemma 5), i.e., 𝐴𝑇 ′

○ =𝐴𝑆○.

Theorem 6 (CMTS refinement and syntactic CMTS refinement). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 and let 𝑇 ′ =
(𝑄𝑇 ′ , 𝐴𝑆○, 𝐴

𝑆
□
, 𝑡, Δ𝑇 ′ ), where 𝑄𝑇 ′ = { 𝑠 ∈𝑄𝑇 ∣ 𝑠 is reachable} and Δ𝑇 ′ = { (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 ∣ 𝑎 ∈𝐴𝑆○ ∪𝐴𝑆

□
}. Then it holds that 𝑆 ∼𝑐 𝑇 ′.

Note that Theorem 6 does not hold for MTS refinement. Indeed, given a modal refinement 𝑆 ⪯𝑚 𝑇 , it is not always possible to 
compute an MTS that is strongly bisimilar to 𝑆 by removing transitions or turning optional transitions into necessary transitions. 
For instance, Fig. 3 shows a refinement 𝑆 ⪯𝑚 𝑇 , where 𝑆 is obtained from 𝑇 by adding a transition. Figs. 6 and 7 show two CMTS 
refinements 𝑆 ⪯𝑐 𝑇 and two syntactic CMTS refinements 𝑈 ⪯𝑐 𝑇 , where 𝑆 ∼𝑐 𝑈 , i.e., 𝑈 is obtained from 𝑆 and 𝑇 by applying 
Theorem 6 (𝑈 in Figs. 6 and 7 takes the role of 𝑇 ′ in Theorem 6).

Theorem 6 suggests an alternative procedure for computing CMTS refinement. Indeed, checking 𝑆 ⪯𝑐 𝑇 can be done as follows. 
9

Firstly compute 𝑇 ′ (from Theorem 6). If this is not possible (e.g., 𝐴𝑇
□
⊈ 𝐴𝑆

□
), then (by Lemma 3) 𝑆 𝑚 𝑇 . Otherwise, check whether 
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Fig. 7. Three CMTS 𝑆 , 𝑇 , and 𝑈 with a non-persistent refinement 𝑆 ⪯𝑐 𝑇 (note that both CMTS are minimised) and a syntactic CMTS refinement 𝑈 ⪯𝑐 𝑇 , where 
𝑆 ∼𝑐 𝑈 .

𝑆 ∼𝑐 𝑇 ′ to determine whether 𝑆 ⪯𝑐 𝑇 . This demonstrates that the complexity of computing CMTS refinement is equivalent to the 
complexity of computing strong bisimulation.

As a corollary, whenever two CMTS share the same sets of actions, then the CMTS refinement relation implies strong bisimilarity.

Corollary 2. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 , 𝐴𝑆
□
=𝐴𝑇

□
, and 𝐴𝑆○ =𝐴𝑇○. Then 𝑆 ∼𝑐 𝑇 .

The above results also provide us with an upper bound on the maximum number of ‘canonical’ CMTS refinements, i.e., canonical 
elements of the equivalence class induced by strong bisimilarity. Intuitively, when computing a refinement, for each optional action 
of 𝑆 , there are three options: either keep it optional, remove it, or turn it into a necessary action.

Corollary 3. Let 𝑅𝑆 = { 𝑆′ ∣ 𝑆′ ⪯𝑐 𝑆 and ∀𝑆′′ ∈𝑅𝑆 . 𝑆′′ ≁𝑐 𝑆′ } be a set of CMTS refinements of 𝑆 that are not strongly bisimilar between 
each other. Then, for any CMTS 𝑆 , it holds that |𝑅𝑆 | ≤ 3|𝐴

𝑆
○|

.

We have shown that syntactic CMTS refinement is persistent. We now study the conditions under which CMTS refinement is 
persistent. Inspecting Fig. 7, we note that there exists a CMTS 𝑇 ′ such that 𝑆 ⪯𝑐 𝑇 ′, 𝑇 ′ ⪯𝑐 𝑇 , and 𝑇 ′ is not minimal. 𝑇 ′ is obtained 
from 𝑇 by only removing those optional actions of 𝑇 that have also been removed in 𝑆 . Indeed, the example in Fig. 7 is a non-

persistent refinement because 𝑇 ′ is not minimal. Another case could be when 𝑆 is not minimal. We formalise this intuition in the 
next lemma.

Lemma 7. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 is a non-persistent CMTS refinement. Let 𝑇 ′ = (𝑄𝑇 ′ , 𝐴𝑇○ ∩𝐴𝑆, 𝐴𝑇□, 𝑡, Δ𝑇 ′ ), where 
𝑄𝑇 ′ ={ 𝑠 ∈𝑄𝑇 ∣ 𝑠 is reachable} and Δ𝑇 ′ = { (𝑡, 𝑎, 𝑡′) ∈ Δ𝑇 ∣ 𝑎 ∈ 𝐴𝑇 ′ and 𝑡 is reachable}. Then either (i) there exist 𝑡1, 𝑡2 ∈𝑄𝑇 ′ such that 
𝑡1 ≠ 𝑡2 and 𝑡1 ∼𝑐 𝑡2, or (ii) there exist 𝑠1, 𝑠2 ∈𝑄𝑆 such that 𝑠1 ≠ 𝑠2 and 𝑠1 ∼𝑐 𝑠2.

The next theorem states the conditions under which a CMTS refinement is persistent. Intuitively, if both 𝑆 and 𝑇 ′ (from Lemma 7) 
are minimised, then 𝑆 ⪯𝑐 𝑇 cannot be non-persistent or otherwise this would be a contradiction to Lemma 7.

Theorem 7 (persistent CMTS refinement). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 and 𝑇 ′ is the CMTS from Lemma 7. If both 𝑆 and 
𝑇 ′ are minimised, then 𝑆 ⪯𝑐 𝑇 is a persistent CMTS refinement.

Hence, we have shown that non-persistent refinements are ruled out when only using syntactic CMTS refinement or when the 
refined CMTS is minimal and the CMTS to be refined, polished from the optional actions that we want to remove, is minimal.

Finally, the following lemma states the conditions under which it is possible to turn a necessary action into an optional action 
whilst maintaining CMTS refinement with another CMTS. This will be useful in the next section when comparing CMTS refinement 
with CMTS thorough refinement. The main insight is that the necessary action of 𝑆 that is turned into an optional action, is an 
optional action also in 𝑇 , where 𝑆 ⪯𝑐 𝑇 .

Lemma 8 (shift action left). Let 𝑆 and 𝑇 be two CMTS with 𝑎 ∈ 𝐴𝑆
□
∩ 𝐴𝑇○ and such that 𝑆⪯𝑐 𝑇 . Then 𝑆′ ⪯𝑐 𝑇 , where 𝑆′ =(𝑄𝑆, 𝐴𝑆○ ∪

{𝑎}, 𝐴𝑆
□
⧵ {𝑎}, 𝑠, Δ𝑆 ).

4.3. CMTS thorough refinement

The notion of implementation can be defined for CMTS refinement analogously to the way this was done for MTS. The set of 
implementations of a CMTS 𝑆 is the set of LTS that are CMTS refinements of 𝑆 .

Definition 12 (CMTS implementation). Given a CMTS 𝑆 , the set Impl𝐶 (𝑆) of CMTS implementations of 𝑆 is the set { 𝐿 is an LTS ∣𝐿 ⪯𝑐
𝑆 } of LTS.

Definition 12 is a readaptation of [19, Definition 10]. In [19], CMTS implementations are called ‘consistent’ products according 
10

to the SPL point of view. In the sequel, we define thorough refinement of CMTS analogously to the notion of thorough refinement 
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Fig. 8. Two CMTS 𝑆 and 𝑇 , where 𝑆 ⪯𝑡𝑟 𝑇 , 𝑆 𝑚 𝑇 , 𝑆 𝑐𝑡 𝑇 , and 𝑆 𝑐 𝑇 .

of MTS. We say that a CMTS 𝑆 is a thorough refinement of a CMTS 𝑇 , if the set of CMTS implementations of 𝑇 contains the set of 
CMTS implementations of 𝑆 .

Definition 13 (CMTS thorough refinement). Let 𝑆 and 𝑇 be CMTS. Then 𝑆 is a CMTS thorough refinement of 𝑇 , denoted by 𝑆 ⪯𝑐𝑡 𝑇 , if 
Impl𝐶 (𝑆) ⊆ Impl𝐶 (𝑇 ).

Similarly to modal refinement, also CMTS refinement implies CMTS thorough refinement. This result is obtained by exploiting 
Lemma 4, i.e., the transitivity of CMTS refinement.

Lemma 9 (⪯𝑐 implies ⪯𝑐𝑡). Given two CMTS 𝑆 and 𝑇 , it holds that 𝑆 ⪯𝑐 𝑇 implies 𝑆 ⪯𝑐𝑡 𝑇 .

Contrary to the non-coherent case, when we restrict ourselves to consider only CMTS, we obtain that the converse of Lemma 9

also holds. This result exploits Theorem 6, i.e., the correspondence between CMTS refinement and syntactic CMTS refinement. 
Intuitively, while in a non-deterministic choice of an MTS it is possible to have an implementation excluding a ‘bad’ branch (i.e., 
violating refinement) in favour of a ‘good’ branch (cf. Fig. 2), this is not possible for CMTS. The reason is that a (syntactic) CMTS 
refinement either removes or keeps all transitions that are labelled with the same action.

The following lemma states that CMTS thorough refinement implies CMTS refinement. Given a thorough refinement 𝑆 ⪯𝑐𝑡 𝑇 , 
the proof uses an implementation 𝐼 of 𝑆 and, by the hypothesis, of 𝑇 , which is obtained by turning all optional actions of 𝑆 into 
necessary actions. Subsequently, starting from that implementation 𝐼 , the operation of Lemma 8 is applied iteratively to show that 
𝑆 ⪯𝑐 𝑇 .

Lemma 10 (⪯𝑐𝑡 implies ⪯𝑐). Given two CMTS 𝑆 and 𝑇 , it holds that 𝑆 ⪯𝑐𝑡 𝑇 implies 𝑆 ⪯𝑐 𝑇 .

The main result of this section, the coincidence between CMTS refinement and CMTS thorough refinement, is stated next. It 
follows trivially from Lemmata 9 and 10.

Theorem 8 (⪯𝑐𝑡 and ⪯𝑐 coincide). CMTS refinement and CMTS thorough refinement coincide.

Fig. 2 shows an example of two MTS such that 𝑆 ⪯𝑡𝑟 𝑇 , but 𝑆 𝑚 𝑇 . It also trivially holds that 𝑆 𝑐 𝑇 and 𝑆 𝑐𝑡 𝑇 , because 𝑇
is not a CMTS. Fig. 8 displays two CMTS 𝑆 and 𝑇 that are similar to the MTS displayed in Fig. 2 (but with some actions 𝑏). Indeed, 
for the two CMTS it still holds that 𝑆 ⪯𝑡𝑟 𝑇 and 𝑆 𝑚 𝑇 . However, contrary to the MTS thorough refinement that holds for the MTS 
in Fig. 2, CMTS thorough refinement does not hold for the CMTS in Fig. 8, i.e., 𝑆 𝑐𝑡 𝑇 . Indeed, 𝑇 has only two implementations 
obtainable through syntactic CMTS refinement. The first is obtained by removing action 𝑎 (Lemma 5), and it contains only the state 𝑡

and no transition. The second implementation of 𝑇 is obtained by turning action 𝑎 into a necessary action (Lemma 6), and it contains 
all states and transitions of 𝑇 . On the converse, 𝑆 also has an implementation that is obtained by removing action 𝑏 and turning 
action 𝑎 into a necessary action. This implementation is not strongly bisimilar to any of the implementations of 𝑇 , i.e., 𝑆 𝑐𝑡 𝑇 .

This coincidence of ⪯𝑐 and ⪯𝑐𝑡 is significant. In [6], it has been shown that verifying thorough refinement of MTS can be 
accomplished in EXPTIME. Conversely, by restricting to CMTS, thorough refinement can be computed using the same algorithm for 
computing CMTS refinement, thus resulting in polynomial complexity, as discussed earlier.

Via Lemma 10, we also prove that ⪯𝑐𝑡 is a conservative extension of ⪯𝑡𝑟.

Theorem 9 (⪯𝑐𝑡 implies ⪯𝑡𝑟). Let 𝑆 and 𝑇 be two CMTS. If 𝑆 ⪯𝑐𝑡 𝑇 , then 𝑆 ⪯𝑡𝑟 𝑇 .

We conclude this section by examining the concept of equivalence that is generated by thorough refinement. It is important to 
note that thorough strong bisimilarity (∼𝑐𝑡) is not considered, because thorough refinement is founded on set inclusion. Two CMTS 
are deemed thoroughly equivalent if they share identical sets of CMTS implementations.

Definition 14 (CMTS thorough equivalence). Two CMTS 𝑆 and 𝑇 are thorough equivalent, denoted by 𝑆 ≡𝑐𝑡 𝑇 , if and only if Impl𝐶 (𝑆) =
Impl𝐶 (𝑇 )

Analogous to CMTS refinement, the notions of CMTS equivalence and CMTS thorough equivalence also coincide, as demonstrated 
next.
11

Theorem 10 (≡𝑐 and ≡𝑐𝑡 coincide). Let 𝑆 and 𝑇 be two CMTS. Then 𝑆 ≡𝑐 𝑇 if and only if 𝑆 ≡𝑐𝑡 𝑇 .
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Fig. 5 shows two CMTS 𝑆 and 𝑇 such that 𝑆 ≡𝑐 𝑇 and 𝑆 ≡𝑐𝑡 𝑇 , and Figs. 6 and 7 show two CMTS 𝑆 and 𝑈 such that 𝑆 ≡𝑐 𝑈 and 
𝑆 ≡𝑐𝑡 𝑈 .

5. CMTS with constraints

In this section, we extend our investigation of CMTS refinement to CMTS equipped with constraints. We consider variability 
constraints as defined in [19], on the basis of the earlier proposals of [16,17], to cope with the inability of CMTS to express 
alternative behaviour in the context of SPL (cf. Section 2).

We associate with an MTS a set of variability constraints that must be taken into account when deriving the set of implementations. 
These are essentially conditions on the presence of actions in the LTS.

Definition 15 (variability constraints). Let 𝐿 = (𝑄, Σ, 𝑞, Δ) be an LTS. Then a variability constraint is a propositional formula 𝜑 over a 
given set of atoms. Moreover, a set of variability constraints Φ is rendered as the propositional formula 𝜑′ =

⋀
𝜑∈Φ 𝜑. The LTS 𝐿 satisfies 𝜑

(denoted by 𝐿 ⊧ 𝜑) if and only if 𝐼 ⊧ 𝜑, where 𝐼 is the interpretation of 𝜑 defined as: for all atoms 𝑎 in 𝜑, 𝑎 = true if 𝑎 ∈ Σ and 𝑎 = false

otherwise.

Recall that we only consider LTS whose alphabet Σ only contains actions that are reachable in the corresponding LTS. In [19], 
constraints were actually defined using a syntax borrowed from variability modelling, where in particular three specific types of 
constraints are used (requires and excludes, which are so-called “cross-tree constraints” in feature models [11–13], and alternative, 
which is the 𝑛-ary logical exclusive or (xor) operation). The requires constraint, denoted by 𝑎 REQ𝑏, says that if an optional action 𝑎 is 
asserted in a refinement, then also the optional action 𝑏 is asserted. It is expressed by the propositional formula 𝑎 ⟹ 𝑏. The excludes 
constraint, denoted by 𝑎 EXC𝑏, says that if an optional action 𝑎 is asserted in a refinement, then the optional action 𝑏 is removed, 
and vice versa. It is expressed by the propositional formula 𝑎 ⟹ ¬𝑏. The alternative constraint, denoted by 𝑎1 ALT𝑎2 ⋯ ALT𝑎𝑛, 
says that precisely one of the optional actions 𝑎1, 𝑎2, . . . , 𝑎𝑛, for some 𝑛 > 1, is asserted in a refinement. It is expressed by the 
propositional formula 𝑎1 ⊕𝑎2 ⊕⋯ ⊕𝑎𝑛, where ⊕ denotes exclusive disjunction.

In the following, we will use the notation 𝑎 REQ 𝑏 for some example constraints.

Definition 16 (CMTS with constraints). A CMTS with constraints (MTSC)3 is a pair (𝑆, Φ), where 𝑆 is a CMTS and Φ is a set of 
(variability) constraints according to Definition 15.

The constraints of an MTSC are only evaluated on implementations. The implementations of an MTSC are the LTS obtained 
through MTSC refinement that satisfy the given constraints. Fig. 9 shows some examples of MTSC.

Definition 17 (MTSC implementation). Given an MTSC (𝑆, Φ), the set Impl𝐶 (𝑆, Φ) of implementations of (𝑆, Φ) is the set { 𝐿 ∣
(𝐿, Φ′) ⪯𝑐𝑐 (𝑆, Φ) ∧𝐿 ⊧Φ′ } of LTS.

Fig. 10 shows examples of implementations of MTSC. Defining constraints on CMTS is useful to compare two MTSC also when 
their constraints are differing. Two MTSC are in (MTSC) refinement relation whenever their corresponding CMTS are in (CMTS) 
refinement relation and the constraints of the refined MTSC are entailing the constraints of the MTSC to be refined.

Definition 18 (MTSC refinement). An MTSC (𝑆, Φ) is a refinement of an MTSC (𝑇 , Φ′), denoted by (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′), if 𝑆 ⪯𝑐 𝑇 and 
Φ ⟹ Φ′.

Recall that we also consider as LTS those MTS with an empty set of optional actions. MTSC implementations are called valid 
products in [19, Definition 12]. Fig. 9 shows examples of MTSC refinement. The fact that MTSC refinement implies CMTS refinement 
is straightforward.

Lemma 11 (⪯𝑐𝑐 implies ⪯𝑐). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) implies 𝑆 ⪯𝑐 𝑇 .

The next lemma shows the relation between an LTS entailing a set of constraints 𝜙 and another set of constraints 𝜙′ that are 
entailed by 𝜙. This result is auxiliary to the subsequent lemma below.

Lemma 12. Let 𝐿 be an LTS and 𝜙 and 𝜙′ be two sets of constraints. It holds that (𝐿 ⊧ 𝜙 ∧ 𝜙 ⟹ 𝜙′) implies (𝐿 ⊧ 𝜙′).

As anticipated, Lemma 12 allows us to provide an equivalent definition of the set of implementations of an MTSC. Whilst in 
Definition 17, the implementations of an MTSC are satisfying constraints that entail those of the original MTSC (i.e., Definition 17

uses ⪯𝑐𝑐), in the next definition the set of constraints is fixed in both the MTSC and its implementations (i.e., Lemma 13 uses ⪯𝑐).
12

3 In [19], the notation MTS𝜐 is used rather than MTSC.
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Fig. 9. Some examples of MTSC refinement: (i) (𝑇 , ∅) 𝑐𝑐 (𝑆, {𝑎 REQ𝑏}), i.e., we have that 𝑇 ⪯𝑐 𝑆 , but 𝑡𝑟𝑢𝑒 ⟹̸ (𝑎 ⟹ 𝑏); (ii) (𝑈, {𝑎 REQ𝑏}) ⪯𝑐𝑐 (𝑆, {𝑎 REQ𝑏}) and 
(iii) (𝑉 , ∅) 𝑐𝑐 (𝑆, {𝑎 REQ𝑏}); moreover, 𝑇 ⪯𝑐𝑡 𝑆 , but (𝑇 , ∅) 𝑐𝑐𝑡 (𝑆, {𝑎 REQ𝑏}) (i.e., the implementation of 𝑇 obtained by removing the transition labelled with 𝑐 is 
not an implementation of (𝑆, {𝑎 REQ 𝑏}) due to the constraint 𝑎 REQ𝑏).
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Fig. 10. Two CMTS 𝑆 and 𝑇 .
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Fig. 11. Three (minimal) LTS of the Impl(𝑆) of the CMTS 𝑆 of Fig. 10; all other LTS in Impl(𝑆) are strongly bisimilar to one of these three (cf. Footnote 1, Page 5).

𝑠 𝑡 𝑡1

𝑡2

𝑡3

𝑎
𝑏

𝑐

Fig. 12. Two (minimal) LTS of the Impl(𝑇 ) of the CMTS 𝑇 of Fig. 10; all other LTS in Impl(𝑇 ) are strongly bisimilar to one of these two (cf. Footnote 1, Page 5); 
moreover, Impl(𝑇 , ∅) = Impl(𝑇 ) = Impl(𝑆, {𝑎 REQ𝑏}), where 𝑆 is the CMTS of Fig. 10.

Lemma 13. Let Impl𝐶
′(𝑆, Φ) ={ 𝐿 ∣𝐿 ⪯𝑐 𝑆 ∧𝐿 ⊧Φ }. Then Impl𝐶

′(𝑆, Φ) = Impl𝐶 (𝑆, Φ).

We now extend the notion of thorough refinement to MTSC. We consider two MTSC (with different set of constraints) to be in a 
thorough refinement relation whenever the implementations of one MTSC are included into the implementations of the other.

Definition 19 (MTSC thorough refinement). An MTSC (𝑆, Φ𝑆 ) is a thorough refinement of an MTSC (𝑇 , Φ𝑇 ), denoted by (𝑆, Φ𝑆 ) ⪯𝑐𝑐𝑡
(𝑇 , Φ𝑇 ), if Impl𝐶 (𝑆, Φ𝑆 ) ⊆ Impl𝐶 (𝑇 , Φ𝑇 ).

Fig. 9 shows an example where CMTS thorough refinement does not imply MTSC thorough refinement. Moreover, Fig. 10 shows 
that MTSC thorough refinement does not imply CMTS thorough refinement.

The relation between thorough refinement and refinement of MTSC is similar to the case of MTS, i.e., MTSC refinement is not 
complete. Indeed, MTSC thorough refinement does not imply MTSC refinement. For example, consider Figs. 10–12. It holds that 
(𝑆, {𝑎 REQ𝑏}) ⪯𝑐𝑐𝑡 (𝑇 , ∅), but (𝑆, {𝑎 REQ𝑏}) 𝑐𝑐 (𝑇 , ∅). Similarly, (𝑇 , ∅) ⪯𝑐𝑐𝑡 (𝑆, {𝑎 REQ𝑏}), but (𝑇 , ∅) 𝑐𝑐 (𝑆, {𝑎 REQ𝑏}).

Furthermore, MTSC thorough refinement does not imply CMTS thorough refinement. Continuing the previous example, depicted 
in Figs. 10–12, it holds that (𝑆, {𝑎 REQ 𝑏}) ⪯𝑐𝑐𝑡 (𝑇 , ∅), but 𝑆 𝑐𝑡 𝑇 (note that 𝑇 ⪯𝑐𝑡 𝑆).

The next theorem shows that MTSC refinement implies MTSC thorough refinement.

Theorem 11 (⪯𝑐𝑐 implies ⪯𝑐𝑐𝑡). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) implies (𝑆, Φ) ⪯𝑐𝑐𝑡 (𝑇 , Φ′).

The equivalence between the two notions of refinement is desirable as it provides both a precise and an efficient way of charac-

terising refinement.

We now introduce a stronger notion of thorough refinement, for which we can prove the equivalence with the notion of refinement 
of MTSC. This stronger notion is built upon CMTS thorough refinement.

Definition 20 (MTSC strong thorough refinement). An MTSC (𝑆, Φ) is a strong thorough refinement of an MTSC (𝑇 , Φ′), denoted by 
(𝑆, Φ) ⪯𝑐𝑐𝑠𝑡 (𝑇 , Φ′), if 𝑆 ⪯𝑐𝑡 𝑇 and Φ ⟹ Φ′.
13

We show that strong thorough refinement is indeed a stronger notion than thorough refinement of MTSC.
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Theorem 12 (⪯𝑐𝑐𝑠𝑡 implies ⪯𝑐𝑐𝑡). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐𝑠𝑡 (𝑇 , Φ′) implies (𝑆, Φ) ⪯𝑐𝑐𝑡 (𝑇 , Φ′).

Consider again the example depicted in Figs. 10–12. It holds that (𝑇 , {𝑎 REQ𝑏}) ⪯𝑐𝑐𝑠𝑡 (𝑆, {𝑎 REQ𝑏}) and (𝑇 , {𝑎 REQ𝑏}) ⪯𝑐𝑐𝑡
(𝑆, {𝑎 REQ𝑏}). Indeed, it holds that Impl𝐶 (𝑇 , {𝑎 REQ𝑏}) = Impl𝐶 (𝑇 , ∅) and 𝑇 ⪯𝑐𝑡 𝑆 .

We now prove the correspondence between strong thorough refinement and refinement of MTSC. This means that MTSC refine-

ment is complete with respect to the notion of strong thorough refinement.

Theorem 13 (⪯𝑐𝑐 and ⪯𝑐𝑐𝑠𝑡 coincide). Let (𝑆, Φ′) and (𝑇 , Φ) be MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) if and only if (𝑆, Φ) ⪯𝑐𝑐𝑠𝑡 (𝑇 , Φ′).

We now conclude this section by discussing the notions of MTSC strong bisimilarity and MTSC thorough equivalence.

Definition 21 (MTSC strong bisimilarity). Two MTSC (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) are MTSC strongly bisimilar, denoted by (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ), 
if and only if 𝑆 ∼𝑐 𝑇 and Φ𝑆 ⟺ Φ𝑇 .

Note that, by Theorem 2, the notion of MTSC equivalence coincides with MTSC strong bisimilarity. It is easy to see that MTSC 
strong bisimilarity implies CMTS strong bisimilarity.

Lemma 14 (∼𝑐𝑐 implies ∼𝑐). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be two MTSC. Then (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ) implies 𝑆 ∼𝑐 𝑇 .

We introduce MTSC thorough equivalence, defined as the equivalence of the set of implementations. Similar to the case of CMTS, 
we do not consider MTSC thorough bisimilarity, as MTSC thorough refinement relies on the equivalence of the set of implementations.

Definition 22 (MTSC thorough equivalence). Two MTSC (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) are MTSC thorough equivalent, denoted by (𝑆, Φ𝑆 ) ≡𝑐𝑐𝑡
(𝑇 , Φ𝑇 ), if and only if Impl𝐶 (𝑆, Φ𝑆 ) = Impl𝐶 (𝑇 , Φ𝑇 ).

Similarly to the case of CMTS, we have that MTSC strong bisimilarity implies MTSC thorough equivalence.

Lemma 15 (∼𝑐𝑐 implies ≡𝑐𝑐𝑡). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be two MTSC. Then (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ) implies (𝑆, Φ𝑆 ) ≡𝑐𝑐𝑡 (𝑇 , Φ𝑇 )

The converse does not hold. Consider once again the examples depicted in Figs. 10–12, and the MTSC (𝑆, {𝑎 REQ𝑏}) and 
(𝑇 , {𝑎 REQ𝑏}). It holds that (𝑆, {𝑎 REQ𝑏}) ≡𝑐𝑐𝑡 (𝑇 , {𝑎 REQ𝑏}), as can be seen in Fig. 10 (note that Impl𝐶 (𝑇 , {𝑎 REQ𝑏}) = Impl𝐶 (𝑇 , ∅)). 
For the converse, since 𝑆 ≁𝑐 𝑇 , we have that (𝑆, {𝑎 REQ𝑏}) ≁𝑐𝑐 (𝑇 , {𝑎 REQ𝑏}). Moreover, whilst it holds that (𝑇 , {𝑎 REQ 𝑏}) ≡𝑐𝑐𝑡
(𝑇 , ∅), we have that (𝑇 , {𝑎 REQ 𝑏}) ≁𝑐𝑐 (𝑇 , ∅).

Finally, we introduce the notion of MTSC strong thorough equivalence.

Definition 23 (MTSC strong thorough equivalence). MTSC (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) are MTSC strong thorough equivalent, denoted by 
(𝑆, Φ𝑆 ) ≡𝑐𝑐𝑠𝑡 (𝑇 , Φ𝑇 ), if and only if (𝑆, Φ𝑆 ) ≡𝑐𝑡 (𝑇 , Φ𝑇 ) and Φ𝑆 ⟺ Φ𝑇 .

Differently from MTSC thorough equivalence, MTSC strong thorough equivalence does coincide with MTSC strong bisimilarity.

Theorem 14 (≡𝑐𝑐𝑠𝑡 and ∼𝑐𝑐 coincide). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be MTSC. Then (𝑆, Φ𝑆 ) ≡𝑐𝑐𝑠𝑡 (𝑇 , Φ𝑇 ) if and only if (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ).

Consider again the previous example, depicted in Figs. 10–12, and recall that (𝑇 , {𝑎 REQ𝑏}) ≁𝑐𝑐 (𝑇 , ∅) and (𝑆, {𝑎 REQ𝑏}) ≁𝑐𝑐
(𝑇 , {𝑎 REQ𝑏}). We see that (𝑇 , {𝑎 REQ 𝑏}) ≢𝑐𝑐𝑠𝑡 (𝑇 , ∅). Moreover, also (𝑆, {𝑎 REQ 𝑏}) ≢𝑐𝑐𝑠𝑡 (𝑇 , {𝑎 REQ𝑏}).

6. Conclusion and future work

In this paper, we have addressed open problems in the coherent fragment of MTS (CMTS). We have provided a polished formal 
definition of CMTS, introduced the notions of refinement, thorough refinement, and equivalence of CMTS, and addressed their 
relations. We have shown that CMTS refinement is both sound and—contrary to MTS—complete, i.e., thorough refinement of CMTS 
coincides with CMTS refinement.

Furthermore, we have introduced a notion of syntactic CMTS refinement that extends the SPL notion of product derivation 
from [19] and enjoys the persistent transition removal property. We have demonstrated that CMTS refinement is equivalent to 
syntactic CMTS refinement modulo strong bisimilarity. We have extended the correspondence between CMTS refinement and CMTS 
thorough refinement to the notions of equivalence and thorough equivalence of CMTS.

Finally, we have introduced and studied such refinement and equivalence relations also for CMTS with constraints (MTSC). We 
have demonstrated that MTSC allow expressing alternative behaviour at the cost of losing the correspondence between refinement 
and thorough refinement. However, MTSC refinement is complete with respect to MTSC strong thorough refinement and MTSC 
14

thorough equivalence does not coincide with strong bisimilarity, while MTSC strong thorough equivalence does.
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Our results provide a solid theoretical foundation for the use of CMTS as a suitable specification theory, capable of expressing 
non-deterministic behaviour while preserving completeness of refinement, which none of the other existing MTS dialects currently 
supports (cf. Table 1).

Future work We are currently investigating an alternative notion of modal refinement of MTS. To the best of our knowledge, the 
research challenge posed in [5] regarding establishing a complete (and reasonable) notion of MTS refinement remains unresolved to 
date. In this regard, the coinductive notion of CMTS refinement given in Definition 8 suggests a possible solution.

We conjecture that completeness of MTS refinement can be achieved by suitably incorporating into Definition 2 (MTS refinement) 
the additional constraints imposed by Definition 8 that target the optional transitions of the system to be refined. These constraints 
could be further generalised as follows: instead of constraining each action to be either necessary or optional throughout the entire 
model, it could be sufficient to impose this constraint only on the actions labeling transitions reachable by the same sequence of 
actions. Further research is necessary to confirm or reject this conjecture.

In [42], the issue of so-called “unintuitive” refinements (i.e., implementations not reflecting the expected behaviour) arising from 
MTS weak refinement was addressed. Similarly, it is also necessary to demonstrate that all MTS refinements disregarded due to the 
inclusion of the supplementary constraints, violate some currently unknown requirement.
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Appendix A. Proofs

In this appendix, we provide the proofs of all the results presented in this paper.

A.1. MTS

Lemma 1 (∼𝑚 implies ≡𝑚). Let 𝑆 and 𝑇 be two MTS. If 𝑆 ∼𝑚 𝑇 , then 𝑆 ≡𝑚 𝑇 .

Proof. Straightforward from the definition of strong bisimilarity. □

A.2. Coherent MTS

Lemma 2 (coherence). Let 𝑆 be an MTS such that the following holds:

∀𝑎 ∈𝐴𝑆 . (∃𝑠1, 𝑠2 ∈𝑄𝑆 ∶ 𝑠1
𝑎
←←←←←←→□ 𝑠2) ⟹ (∄𝑠3, 𝑠4 ∈𝑄𝑆 ∶ 𝑠3

𝑎
←←←←←←→○ 𝑠4)

Then 𝑆′ = (𝑄𝑆, 𝐴○, 𝐴□, 𝑠, Δ𝑆○ ∪Δ𝑆
□
), where 𝐴○ = { 𝑎 ∣ 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆○ } and 𝐴□ = { 𝑎 ∣ 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆

□
} is a CMTS.

Proof. By contradiction, assume that 𝑆′ is not a CMTS, i.e., there exists an 𝑎 ∈ 𝐴○ ∩ 𝐴□. From the non-redundancy of actions, it 
𝑎 𝑎
15

follows that in 𝑆 there are two transitions 𝑠1 ←←←←←←→□ 𝑠2 and 𝑠3 ←←←←←←→○ 𝑠4, for some 𝑠1, 𝑠2, 𝑠3, 𝑠4 ∈𝑄𝑆 . A contradiction is reached. □
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A.3. CMTS refinement

Theorem 1 (⪯𝑐 implies ⪯𝑚). Let 𝑆 and 𝑇 be two CMTS. If 𝑆 ⪯𝑐 𝑇 , then 𝑆 ⪯𝑚 𝑇 .

Proof. Trivially, since modal refinement (cf. Definition 2) only requires Cases 1a and 2 of Definition 8. □

Lemma 3. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 . It holds that 𝐴𝑆○ ⊆𝐴
𝑇
○, 𝐴𝑇

□
⊆𝐴𝑆

□
, and 𝐴𝑆

□
⧵𝐴𝑇

□
⊆𝐴𝑇○ ⧵𝐴𝑆○.

Proof. Let  be the relation that proves that 𝑆 ⪯𝑐 𝑇 . We first prove 𝐴𝑇
□
⊆ 𝐴𝑆

□
. By contradiction, assume that there exists an 𝑎 ∈

𝐴𝑇
□
⧵𝐴𝑆

□
. Hence, there exists a reachable transition 𝛿 ∈Δ𝑇

□
labelled with 𝑎 (recall that we assume that there are no redundant actions 

and transitions). Let 𝑡 be the source state of 𝛿. By the definition of CMTS refinement, there exists a pair (𝑠, 𝑡) ∈ for some 𝑠 ∈𝑄𝑆

such that 𝑠 
𝑎
←←←←←←→□ 𝑠

′ ∈ Δ𝑆 and 𝑎 ∈𝐴𝑆
□

. We reached a contradiction.

We now show 𝐴𝑆○ ⊆ 𝐴𝑇○. By contradiction, assume that there exists an 𝑎 ∈ 𝐴𝑆○ ⧵ 𝐴𝑇○. Hence, there exists a reachable transition 
𝛿 ∈Δ𝑆○ labelled with 𝑎 (again, we assume that there are no redundant actions and transitions). Let 𝑠 be the source state of 𝛿. By the 

definition of CMTS refinement, there exists a pair (𝑠, 𝑡) ∈ for some 𝑡 ∈𝑄𝑇 such that 𝑡 
𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 and 𝑎 ∈𝐴𝑇 . Since 𝑎 ∉𝐴𝑇○, it must 

be the case that 𝑎 ∈𝐴𝑇
□

, hence 𝑎 ∈𝐴𝑆
□

. We reached a contradiction.

Finally, we prove 𝐴𝑆
□
⧵𝐴𝑇

□
⊆𝐴𝑇○ ⧵𝐴𝑆○. Let 𝑎 ∈𝐴𝑆

□
⧵𝐴𝑇

□
. Since 𝑆 is coherent, we have 𝑎 ∉𝐴𝑆○. Moreover, there exists a reachable 

transition 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆 (once again, we assume that there are no redundant actions and transitions). By the definition of CMTS 

refinement, there exists a pair (𝑠, 𝑡) ∈ for some 𝑡 ∈𝑄𝑇 such that 𝑡 
𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 , 𝑎 ∈ 𝐴𝑇 and (𝑠′, 𝑡′) ∈. Since 𝐴𝑇

□
⊆ 𝐴𝑆

□
, it must be 

the case that 𝑎 ∈𝐴𝑇○. □

Lemma 4. CMTS refinement is a preorder.

Proof. For reflexivity, we observe that Case 1c of Definition 8 is never satisfied, so reflexivity trivially holds.

For transitivity, we need to show that 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑈 implies 𝑆 ⪯𝑐 𝑈 . Assume that 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑈 hold. Let  and 
′ be the relations that prove 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑈 , respectively. Consider the relation ′′ = { (𝑠, 𝑢) ∣ (𝑠, 𝑡) ∈, (𝑡, 𝑢) ∈′, 𝑡 ∈𝑄𝑇 }. 
We now show that ′′ proves 𝑆 ⪯𝑐 𝑈 . Firstly, (𝑠, 𝑢) ∈′′. Then, for all (𝑠, 𝑢) ∈′′, by construction, there exists a 𝑡 ∈𝑄𝑇 such that 
(𝑠, 𝑡) ∈ and (𝑡, 𝑢) ∈′, and the following holds:

1. Whenever 𝑢 
𝑎
←←←←←←→ 𝑢′, with 𝑎 such that

(a) 𝑎 ∈𝐴𝑈
□

. Since (𝑡, 𝑢) ∈′, we have 𝑎 ∈𝐴𝑇
□

, 𝑡 
𝑎
←←←←←←→□ 𝑡

′ and (𝑡′, 𝑢′) ∈′. Since (𝑠, 𝑡) ∈, we have 𝑎 ∈𝐴𝑆
□

, 𝑠 
𝑎
←←←←←←→□ 𝑠

′, and (𝑠′, 𝑡′) ∈. 
By construction, (𝑠′, 𝑢′) ∈′′;

(b) 𝑎 ∈𝐴𝑈○. Since (𝑡, 𝑢) ∈′, we have either

i. 𝑎 ∈𝐴𝑇 , 𝑡 
𝑎
←←←←←←→ 𝑡′, and (𝑡′, 𝑢′) ∈′. By Lemma 3, 𝑎 ∉𝐴𝑈

□
implies 𝑎 ∉𝐴𝑇

□
. Since 𝑎 ∈𝐴𝑈○ and 𝑎 ∈𝐴𝑇 , it must be the case that 

𝑎 ∈𝐴𝑇○. Since (𝑠, 𝑡) ∈, we have either that

A. 𝑎 ∈𝐴𝑆 , 𝑠 
𝑎
←←←←←←→ 𝑠′, and (𝑠′, 𝑡′) ∈. By construction, we have (𝑠′, 𝑢′) ∈′′;

B. 𝑎 ∉𝐴𝑆 ;

ii. 𝑎 ∉𝐴𝑇 . Since 𝑆 ⪯𝑐 𝑇 , by Lemma 3, 𝑎 ∉𝐴𝑆 .

2. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′, since (𝑠, 𝑡) ∈, we have 𝑡 

𝑎
←←←←←←→ 𝑡′ and (𝑠′, 𝑡′) ∈. Since (𝑡, 𝑢) ∈′, we have 𝑢 

𝑎
←←←←←←→ 𝑢′ such that (𝑡′, 𝑢′) ∈′. By 

construction, (𝑠′, 𝑢′) ∈′′. □

Theorem 2 (≡𝑐 and ∼𝑐 coincide). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ≡𝑐 𝑇 , where  proves 𝑆 ⪯𝑐 𝑇 . Then 𝑇 proves 𝑇 ⪯𝑐 𝑆 .

Proof. Firstly, by Lemma 3 and the hypothesis, we have 𝐴𝑆○ =𝐴𝑇○ and 𝐴𝑆
□
=𝐴𝑇

□
. We know that (𝑡, 𝑠) ∈𝑇 . Then, for all (𝑡, 𝑠) ∈𝑇 , 

the following holds:

1. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′, then:

(a) if 𝑎 ∈ 𝐴𝑆
□

, by (𝑠, 𝑡) ∈ and 𝑆 ⪯𝑐 𝑇 , we have 𝑎 ∈ 𝐴𝑇 and 𝑡 
𝑎
←←←←←←→ 𝑡′ such that (𝑠′, 𝑡′) ∈. Since 𝐴𝑆

□
= 𝐴𝑇

□
, we have 𝑡 

𝑎
←←←←←←→□ 𝑡

′ and 
(𝑡′, 𝑠′) ∈𝑇 ;

(b) if 𝑎 ∈𝐴𝑆○, by (𝑠, 𝑡) ∈ and 𝑆 ⪯𝑐 𝑇 , we have 𝑎 ∈𝐴𝑇 and 𝑡 
𝑎
←←←←←←→ 𝑡′ such that (𝑠′, 𝑡′) ∈. Hence, (𝑡′, 𝑠′) ∈𝑇 ;

2. Whenever 𝑡 
𝑎
←←←←←←→ 𝑡′, then since (𝑠, 𝑡) ∈ and 𝑎 ∈𝐴𝑇 , by hypothesis, 𝑎 ∈𝐴𝑆 , and thus 𝑠 

𝑎
←←←←←←→ 𝑠′ such that (𝑠′, 𝑡′) ∈. Hence, (𝑡′, 𝑠′) ∈

𝑇 . □
16

Theorem 3 (∼𝑐 and ∼𝑚 coincide). Let 𝑆 and 𝑇 be two CMTS, then 𝑆 ∼𝑚 𝑇 if and only if 𝑆 ∼𝑐 𝑇 .
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Proof. For the direction 𝑆 ∼𝑐 𝑇 implies 𝑆 ∼𝑚 𝑇 , by hypothesis, we have 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑆 , where  proves 𝑆 ⪯𝑐 𝑇 . By Theorem 2, 
we have that 𝑇 proves 𝑇 ⪯𝑐 𝑆 . Finally, by Theorem 1, we have that  shows 𝑆 ⪯𝑚 𝑇 and 𝑇 shows 𝑇 ⪯𝑚 𝑆 .

For the direction 𝑆 ∼𝑚 𝑇 implies 𝑆 ∼𝑐 𝑇 , we assume that 𝑆 ∼𝑚 𝑇 and let 𝑏 be the relation that shows it. By the definition of ∼𝑚, 
Cases 1a and 2 of Definition 8 are satisfied (for both directions of the refinement) by the definition of modal refinement. We never 
have Case 1c for both directions of the refinement, because 𝐴𝑇 =𝐴𝑆 by Lemma 3. For Case 1b of Definition 8, we have that, for the 
direction 𝑆 ⪯𝑐 𝑇 , for all (𝑠, 𝑡) ∈𝑏: whenever 𝑡 

𝑎
←←←←←←→○ 𝑡′, by the hypothesis (𝑡, 𝑠) ∈𝑇

𝑏
, it holds that 𝑎 ∈ 𝐴𝑆 , 𝑠 

𝑎
←←←←←←→ 𝑠′, and (𝑡′, 𝑠′) ∈ 𝑅𝑇

𝑏
; 

hence (𝑠′, 𝑡′) ∈𝑏. We also have that, for the direction 𝑇 ⪯𝑐 𝑆 , for all (𝑡, 𝑠) ∈𝑇
𝑏

: whenever 𝑠 
𝑎
←←←←←←→○ 𝑠′, by (𝑠, 𝑡) ∈𝑏, it holds that 

𝑎 ∈𝐴𝑇 , 𝑡 
𝑎
←←←←←←→ 𝑡′, and (𝑠′, 𝑡′) ∈𝑅𝑏; hence (𝑡′, 𝑠′) ∈𝑇

𝑏
. □

Theorem 4 (remove bisimilar states). Let 𝑆 be a CMTS, let 𝑏 be a relation showing that 𝑠1 ∼𝑐 𝑠2 for two states 𝑠1, 𝑠2 ∈ 𝑄𝑆 such that 
𝑠2 ≠ 𝑠, and let BS(𝑠2) = { (𝑠, 𝑎, 𝑠2) ∣ 𝑠 ∈𝑄𝑠, 𝑎 ∈𝐴𝑆 }. Now let 𝑆′ = (𝑄𝑆 ⧵ {𝑠2}, 𝐴𝑆○, 𝐴

𝑆
□
, 𝑠, Δ𝑆 ⧵ BS(𝑠2) ∪ { (𝑠, 𝑎, 𝑠1) ∣ (𝑠, 𝑎, 𝑠2) ∈Δ𝑆 }) and 

let 𝑆′′ be obtained from 𝑆′ by removing the unreachable actions, states, and transitions of 𝑆′, if any. Then it follows that 𝑆 ∼𝑐 𝑆′′.

Proof. Let  = { (𝑠, 𝑠) ∣ 𝑠 ∈ 𝑄𝑆 ∩𝑄𝑆′′ } ∪ { (𝑠, 𝑠′) ∣ 𝑠 ∈ 𝑄𝑆 ⧵𝑄𝑆′′ , 𝑠′ ∈ 𝑄𝑆′′ , 𝑠 ∼𝑚 𝑠′ } be the relation that proves that 𝑆 ∼𝑚 𝑆′′. By 
hypothesis, (𝑠, 𝑠) ∈. For all (𝑠, 𝑠′′) ∈, either 𝑠 ∼𝑚 𝑠′′ and the statement follows trivially, or 𝑠 = 𝑠′′. In the latter case, either the 
transition 𝛿 is in Δ𝑆 ∩Δ𝑆′′ (trivial), or we have one of the following two situations:

1. If 𝛿 ∈ Δ𝑆′′ ⧵ Δ𝑆 , then by construction 𝛿 = 𝑠′′
𝑎
←←←←←←→ 𝑠1, for some 𝑎 ∈ 𝐴𝑆 . As 𝑠′′ = 𝑠, it holds that 𝑠 

𝑎
←←←←←←→ 𝑠2 ∈ Δ𝑆 and 𝑠1 ∼𝑚 𝑠2, by 

hypothesis;

2. If 𝛿 ∈ Δ𝑆 ⧵ Δ𝑆′′ , then by construction 𝛿 = 𝑠 
𝑎
←←←←←←→ 𝑠2, for some 𝑎 ∈ 𝐴𝑆 . As 𝑠 = 𝑠′′, it holds that 𝑠′′

𝑎
←←←←←←→ 𝑠1 ∈ Δ𝑆′′ and 𝑠1 ∼𝑚 𝑠2, by 

hypothesis. □

Corollary 4. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 , and let 𝑆′′ be a CMTS such that 𝑆 ∼𝑚 𝑆′′. Then 𝑆′′ ⪯𝑐 𝑇 .

Proof. By the definition of ∼𝑚 and transitivity of ⪯𝑐 . □

A.4. Syntactic CMTS refinement

Lemma 5 (remove action). Let 𝑆 be a CMTS and, given some 𝑏 ∈ 𝐴𝑆○, let 𝑆′ = (𝑄′
𝑆
, 𝐴𝑆○ ⧵ {𝑏}, 𝐴𝑆

□
, 𝑠, Δ′

𝑆
), where 𝑄′

𝑆
= { 𝑠 ∈ 𝑄𝑆 ∣

𝑠 is reachable} and Δ′
𝑆
= { (𝑠, 𝑎, 𝑠′) ∈Δ𝑆 ∣ 𝑎 ∈𝐴𝑆 ⧵ {𝑏}, 𝑠 is reachable}. Then it holds that 𝑆′ ⪯𝑐 𝑆 .

Proof. The relation  = { (𝑠, 𝑠) ∣ 𝑠 ∈𝑄′
𝑆
} proves that 𝑆′ ⪯𝑐 𝑆 . Firstly, (𝑠, 𝑠) ∈. Then for all (𝑠, 𝑠) ∈, the following holds:

1. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆 , then

(a) if 𝑎 ∈𝐴𝑆
□

, then by construction 𝑠 
𝑎
←←←←←←→□ 𝑠

′ ∈ Δ𝑆′ and (𝑠′, 𝑠′) ∈;

(b) if 𝑎 ∈𝐴𝑆○ ∩𝐴𝑆′
, then by construction 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆′ and (𝑠′, 𝑠′) ∈;

2. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆′ , then by construction (𝑠′, 𝑠′) ∈. □

Lemma 6 (shift action right). Let 𝑆 be a CMTS and, given some 𝑏 ∈𝐴𝑆○, let 𝑆′ = (𝑄𝑆, 𝐴𝑆○ ⧵ {𝑏}, 𝐴𝑆
□
∪ {𝑏}, 𝑠, Δ𝑆 ). Then it holds that 

𝑆′ ⪯𝑐 𝑆 .

Proof. The relation  = { (𝑠, 𝑠) ∣ 𝑠 ∈𝑄𝑆 } proves that 𝑆′ ⪯𝑐 𝑆 . Firstly, (𝑠, 𝑠) ∈. Then for all (𝑠, 𝑠) ∈ the following holds:

1. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆 , then

(a) if 𝑎 ∈𝐴𝑆
□

, then by construction 𝑠 
𝑎
←←←←←←→□ 𝑠

′ ∈ Δ𝑆′ and (𝑠′, 𝑠′) ∈;

(b) if 𝑎 ∈𝐴𝑆○, then by construction 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆′ and (𝑠′, 𝑠′) ∈;

2. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆′ , then by construction (𝑠′, 𝑠′) ∈. □

Theorem 5 (syntactic CMTS refinement is persistent). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 is a syntactic CMTS refinement of 𝑇 . Then 
𝑆 ⪯𝑐 𝑇 is a persistent refinement.

Proof. Let  be the relation that shows that 𝑆 ⪯𝑐 𝑇 . Each syntactic CMTS refinement is computed by repeatedly applying the 
operations from Lemmata 5 and 6. From the proofs of these lemmata, we know that  = { (𝑠, 𝑠) ∣ 𝑠 ∈ 𝑄𝑆 } and 𝑄𝑆 ⊆ 𝑄𝑇 . By 
contradiction, assume that there exists an 𝑎 ∈ 𝐴𝑆 not satisfying Definition 11. By Lemma 3, 𝐴𝑆 ⊆ 𝐴𝑇 , and by Definition 8 it holds 
17

that for all 𝑎 ∈𝐴𝑆 , if (𝑠, 𝑎, 𝑠′) ∈Δ𝑆 then ∃𝑡 ∈𝑄𝑇 . (𝑠, 𝑡) ∈ and if (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 then ∃𝑠 ∈𝑄𝑆 . (𝑠, 𝑡) ∈. There are two cases.
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First, |𝑇 𝑆𝑎 | < |𝑇 𝑇𝑎 |, where 𝑇 𝑆𝑎 = { (𝑠, 𝑎, 𝑠′) ∈Δ𝑆} and 𝑇 𝑇𝑎 = { (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 }. We have Δ𝑆 = { (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 ∣ 𝑎 ∈𝐴𝑆 }. By hypothesis, 
𝑇 𝑇𝑎 ⧵ 𝑇 𝑆𝑎 ≠∅. Now pick a transition 𝛿 = (𝑡, 𝑎, 𝑡′) ∈ 𝑇 𝑇𝑎 ⧵ 𝑇 𝑆𝑎 . Since (𝑠, 𝑡) ∈, for some 𝑠 ∈𝑄𝑆 , by 𝑆 ⪯𝑐 𝑇 , whenever 𝑡 

𝑎
←←←←←←→ 𝑡′, then:

1. If 𝑎 ∈𝐴𝑇
□

, then 𝑠 
𝑎
←←←←←←→□ 𝑠

′ and (𝑠′, 𝑡′) ∈. Since 𝑠 = 𝑡 and 𝑠′ = 𝑡′, it follows that 𝑡 
𝑎
←←←←←←→ 𝑡′ ∈ 𝑇 𝑆𝑎 , and thus we reach a contradiction;

2. If 𝑎 ∈ 𝐴𝑇○ and 𝑎 ∈ 𝐴𝑆○, then 𝑠 
𝑎
←←←←←←→ 𝑠′ and (𝑠′, 𝑡′) ∈ . Since 𝑠 = 𝑡 and 𝑠′ = 𝑡′, it follows that 𝑡 

𝑎
←←←←←←→ 𝑡′ ∈ 𝑇 𝑆𝑎 , and thus we reach a 

contradiction;

3. If 𝑎 ∈𝐴𝑇○ and 𝑎 ∉𝐴𝑆○, then we reach a contradiction.

Second, |𝑇 𝑇𝑎 | < |𝑇 𝑆𝑎 |. By hypothesis, 𝑇 𝑆𝑎 ⧵ 𝑇 𝑇𝑎 ≠∅. We pick a transition 𝛿 = (𝑠, 𝑎, 𝑠′) ∈ 𝑇 𝑆𝑎 ⧵ 𝑇 𝑇𝑎 . Since (𝑠, 𝑡) ∈, for some 𝑡 ∈𝑄𝑇 , 
by 𝑆 ⪯𝑐 𝑇 it holds that 𝑡 

𝑎
←←←←←←→ 𝑡′ and (𝑠′, 𝑡′) ∈. Since 𝑠 = 𝑡 and 𝑠′ = 𝑡′ it follows that 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ 𝑇 𝑇𝑎 and thus we reach a contradiction. □

Theorem 6 (CMTS refinement and syntactic CMTS refinement). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 and let 𝑇 ′ =
(𝑄𝑇 ′ , 𝐴𝑆○, 𝐴

𝑆
□
, 𝑡, Δ𝑇 ′ ), where 𝑄𝑇 ′ = { 𝑠 ∈𝑄𝑇 ∣ 𝑠 is reachable} and Δ𝑇 ′ = { (𝑡, 𝑎, 𝑡′) ∈Δ𝑇 ∣ 𝑎 ∈𝐴𝑆○ ∪𝐴𝑆

□
}. Then it holds that 𝑆 ∼𝑐 𝑇 ′.

Proof. Since 𝑆 ⪯𝑐 𝑇 , by Lemma 3, it holds that 𝐴𝑆○ ⊆𝐴
𝑇
○, 𝐴𝑇

□
⊆𝐴𝑆

□
, and 𝐴𝑆

□
⧵𝐴𝑇

□
⊆𝐴𝑇○ ⧵𝐴𝑆○. Hence, since 𝐴𝑆○ ⊆𝐴

𝑇
○ and 𝐴𝑆

□
⊆𝐴𝑇 , 

it follows that 𝐴𝑇 ′ ⊆𝐴𝑇 and thus the construction of Δ𝑇 ′ is sound.

Let ′ be the relation that proves that 𝑆 ⪯𝑐 𝑇 . We show that  = {(𝑠, 𝑡) ∣ (𝑠, 𝑡) ∈′, 𝑡 ∈𝑄𝑇 ′ } shows that 𝑆 ⪯𝑚 𝑇 ′ and 𝑇 shows 
𝑇 ′ ⪯𝑚 𝑆 (i.e., 𝑆 ∼𝑚 𝑇 , cf. Definition 5). We have that  ⊆′. By Theorem 3 𝑆 ∼𝑚 𝑇 implies 𝑆 ∼𝑐 𝑇 . Therefore, 𝑆 ∼𝑚 𝑇 suffices 
to also prove that 𝑆 ⪯𝑐 𝑇 ′ and 𝑇 ′ ⪯𝑐 𝑆 . It holds that (𝑠, 𝑡) ∈, because (𝑠, 𝑡) ∈′ and 𝑡 ∈ 𝑄𝑇 ′ . Then, each (𝑠, 𝑡) ∈ is such that 
(𝑠, 𝑡) ∈′, and the following holds:

1. Whenever 𝑡 
𝑎
←←←←←←→□ 𝑡

′ ∈ Δ𝑇 ′ , there are two cases:

(a) if 𝑎 ∈ 𝐴𝑇
□

, then by construction 𝑡 
𝑎
←←←←←←→□ 𝑡

′ ∈ Δ𝑇 . Since (𝑠, 𝑡) ∈′, by 𝑆 ⪯𝑐 𝑇 , we know that 𝑠 
𝑎
←←←←←←→□ 𝑠

′ and (𝑠′, 𝑡′) ∈′. Further-

more, 𝑡′ ∈𝑄𝑇 ′ . Hence (𝑠′, 𝑡′) ∈;

(b) otherwise, 𝑎 ∈𝐴𝑆
□
⧵𝐴𝑇

□
and thus, by Lemma 3, 𝑎 ∈𝐴𝑇○ ⧵𝐴𝑆○ and 𝑡 

𝑎
←←←←←←→○ 𝑡

′ ∈ Δ𝑇 . Since (𝑠, 𝑡) ∈′ and 𝑎 ∈𝐴𝑆 , by 𝑆 ⪯𝑐 𝑇 , we 

know that 𝑠 
𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆 and (𝑠′, 𝑡′) ∈′. Since 𝑆 is coherent, 𝑠 

𝑎
←←←←←←→□ 𝑠

′ ∈ Δ𝑆 . Since 𝑡′ ∈𝑄𝑇 ′ , it holds (𝑠′, 𝑡′) ∈;

2. Whenever 𝑠 
𝑎
←←←←←←→ 𝑠′, since (𝑠, 𝑡) ∈′, by 𝑆 ⪯𝑐 𝑇 , we know that 𝑡 

𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 and (𝑠′, 𝑡′) ∈ ′. By construction, 𝑡 

𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 ′ and 

𝑡′ ∈𝑄𝑇 ′ . Hence (𝑠′, 𝑡′) ∈.

We can see that  is a relation that shows that 𝑆 ⪯𝑚 𝑇 ′. We now show that 𝑇 proves 𝑇 ′ ⪯𝑚 𝑆 . Firstly, (𝑡, 𝑠) ∈𝑇 holds. Then, for 
any pair (𝑡, 𝑠) ∈𝑇 , the following holds:

1. Whenever 𝑠 
𝑎
←←←←←←→□ 𝑠

′, since Δ𝑆
□
⊆ Δ𝑆 , we also have 𝑠 

𝑎
←←←←←←→ 𝑠′. Since (𝑠, 𝑡) ∈, we have 𝑡 

𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 ′ and (𝑠′, 𝑡′) ∈. Hence (𝑡′, 𝑠′) ∈

𝑇 . Finally, since 𝑎 ∈𝐴𝑆
□

and 𝐴𝑆
□
=𝐴𝑇 ′

□
, we have 𝑡 

𝑎
←←←←←←→□ 𝑡

′ ∈ Δ𝑇 ′ ;

2. Whenever 𝑡 
𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 ′ , since 𝐴𝑇 ′

○ = 𝐴𝑆○ ⊆ 𝐴𝑇○, by construction 𝑡 
𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 . Since (𝑠, 𝑡) ∈′, 𝑆 ⪯𝑐 𝑇 , and 𝑎 ∈ 𝐴𝑆○, it holds that 

𝑠 
𝑎
←←←←←←→ 𝑠′ and (𝑠′, 𝑡′) ∈′. Since (𝑠, 𝑡) ∈, we know that 𝑠 

𝑎
←←←←←←→ 𝑠′ ∈ Δ𝑆 , 𝑡 

𝑎
←←←←←←→ 𝑡′ ∈ Δ𝑇 ′ , and (𝑠′, 𝑡′) ∈′, and by construction we also 

have (𝑠′, 𝑡′) ∈. Hence (𝑡′, 𝑠′) ∈𝑇 .

We showed that  proves 𝑆⪯𝑚𝑇 ′ and 𝑇 proves 𝑇 ′⪯𝑚𝑆 . Thus 𝑆 ∼𝑚 𝑇 ′. □

Corollary 2. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 , 𝐴𝑆
□
=𝐴𝑇

□
, and 𝐴𝑆○ =𝐴𝑇○. Then 𝑆 ∼𝑐 𝑇 .

Proof. Straightforward from Theorem 6. □

Corollary 3. Let 𝑅𝑆 = { 𝑆′ ∣ 𝑆′ ⪯𝑐 𝑆 and ∀𝑆′′ ∈𝑅𝑆 . 𝑆′′ ≁𝑐 𝑆′ } be a set of CMTS refinements of 𝑆 that are not strongly bisimilar between 
each other. Then, for any CMTS 𝑆 , it holds that |𝑅𝑆 | ≤ 3|𝐴

𝑆
○|

.

Proof. By Lemma 3, we know that no CMTS refinement of 𝑆 can be obtained by either removing a necessary action from 𝑆 or by 
turning a necessary action of 𝑆 into an optional action. Hence, for each action 𝑎 ∈ 𝐴𝑆○, there are three options: either ignore the 
action, remove the action from 𝐴𝑆 , or turn the action into a necessary action. Each choice produces a CMTS refinement of 𝑆 by 
Lemmata 5 and 6. Hence, a total of 3|𝐴

𝑆
○|

CMTS refinements is obtained ‘syntactically’. By Theorem 6, any other CMTS refinement 
18

of 𝑆 is strongly bisimilar to a CMTS refinement obtained through the above process. □
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Lemma 7. Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 is a non-persistent CMTS refinement. Let 𝑇 ′ = (𝑄𝑇 ′ , 𝐴𝑇○ ∩𝐴𝑆, 𝐴𝑇□, 𝑡, Δ𝑇 ′ ), where 
𝑄𝑇 ′ ={ 𝑠 ∈𝑄𝑇 ∣ 𝑠 is reachable} and Δ𝑇 ′ = { (𝑡, 𝑎, 𝑡′) ∈ Δ𝑇 ∣ 𝑎 ∈ 𝐴𝑇 ′ and 𝑡 is reachable}. Then either (i) there exist 𝑡1, 𝑡2 ∈𝑄𝑇 ′ such that 
𝑡1 ≠ 𝑡2 and 𝑡1 ∼𝑐 𝑡2, or (ii) there exist 𝑠1, 𝑠2 ∈𝑄𝑆 such that 𝑠1 ≠ 𝑠2 and 𝑠1 ∼𝑐 𝑠2.

Proof. First, we have 𝑇 ′ ⪯𝑐 𝑇 by Lemma 5. Moreover, by Theorem 6, we have 𝑆 ∼𝑐 𝑆′, where 𝑆′ = (𝑄𝑇 ′ , 𝐴𝑆○, 𝐴
𝑆
□
, 𝑡, Δ𝑇 ′ ). We show 

that 𝐴𝑇 ′ =𝐴𝑆′
. By Lemma 3, it holds that 𝐴𝑆

□
⊇ 𝐴𝑇

□
=𝐴𝑇 ′

□
, 𝐴𝑆○ ⊆ 𝐴

𝑇
○, and 𝐴𝑆○ ⊆ 𝐴𝑆 ; hence 𝐴𝑆○ ⊆ 𝐴

𝑇 ′
○ . Furthermore, we observe the 

following:

1. For the direction 𝐴𝑇 ′
⊆𝐴𝑆

′
, if 𝑎 ∈𝐴𝑇 ′

□
, since 𝐴𝑇 ′

□
⊆𝐴𝑆

′
□

, then 𝑎 ∈𝐴𝑆′
□

. If 𝑎 ∈𝐴𝑇 ′
○ , then 𝑎 ∈𝐴𝑇○ ∩𝐴𝑆 , by definition of 𝐴𝑇 ′

○ , hence 
𝑎 ∈𝐴𝑆 =𝐴𝑆′ ;

2. For the direction 𝐴𝑇 ′
⊇ 𝐴𝑆

′
, if 𝑎 ∈ 𝐴𝑆

′
○ , then 𝑎 ∈ 𝐴𝑇

′
○ because 𝐴𝑆′

○ = 𝐴𝑆○ ⊆ 𝐴𝑇
′

○ . If 𝑎 ∈ 𝐴𝑆
′

□
, then either 𝑎 ∈ 𝐴𝑇

□
= 𝐴𝑇

′
□

, and 
otherwise, by Lemma 3, 𝐴𝑆

□
⧵𝐴𝑇

□
⊆𝐴𝑇○ ⧵𝐴𝑆○ and 𝐴𝑆′

□
=𝐴𝑆

□
, and it holds 𝑎 ∈𝐴𝑇○, thus 𝑎 ∈𝐴𝑇○ ∩𝐴𝑆 =𝐴𝑇 ′

○ .

We proved 𝐴𝑇 ′ =𝐴𝑆′
. By construction of 𝑆′ and 𝑇 ′, it holds that 𝑆′ is obtained from 𝑇 ′ using the operation from Lemma 6, and so 

we have that 𝑆′ ⪯𝑐 𝑇 ′ and, by transitivity, 𝑆 ⪯𝑐 𝑇 ′.

Note that in 𝑇 ′ we have only removed transitions from 𝑇 whose actions are not present in 𝑆 . Hence, also 𝑆 ⪯𝑐 𝑇 ′ is non-persistent. 
Let  be the relation that proves 𝑆 ⪯𝑐 𝑇 ′.

We know that 𝐴𝑇 ′ =𝐴𝑆 . By Definition 8, it holds that for all 𝑎 ∈𝐴𝑆 , if (𝑠, 𝑎, 𝑠′) ∈Δ𝑆 then ∃ 𝑡 ∈𝑄𝑇 . (𝑠, 𝑡) ∈, and if (𝑡, 𝑎, 𝑡′) ∈Δ𝑇
then ∃ 𝑠 ∈𝑄𝑆 . (𝑠, 𝑡) ∈.

The proof now proceeds by cases of Definition 11.

In the first case there exists an action 𝑎 ∈𝐴𝑆 such that |𝑇 𝑆𝑎 | < |𝑇 𝑇 ′
𝑎 |, where 𝑇 𝑆𝑎 = { (𝑠, 𝑎, 𝑠′) ∈Δ𝑆} and 𝑇 𝑇 ′

𝑎 = { (𝑡, 𝑎, 𝑡′) ∈Δ′
𝑇
}. We 

now prove that there exists a state 𝑠 ∈𝑄𝑆 and two states 𝑡1 ≠ 𝑡2 ∈𝑄𝑇 ′ such that (𝑠, 𝑡1), (𝑠, 𝑡2) ∈. By contradiction, assume that for 
all (𝑠1, 𝑡1), (𝑠2, 𝑡2) ∈, if 𝑡1 ≠ 𝑡2, then 𝑠1 ≠ 𝑠2. Assuming this hypothesis we will reach the contradiction |𝑇 𝑇 ′

𝑎 | = |𝑇 𝑆𝑎 |. We proceed by 
iteration on the elements of 𝑇 𝑇 ′

𝑎 and 𝑇 𝑆𝑎 .

At the first iteration, we pick two transitions (𝑡1, 𝑎, 𝑡′1), (𝑡2, 𝑎, 𝑡
′
2) ∈ 𝑇

𝑇 ′
𝑎 (note that |𝑇 𝑇 ′

𝑎 | ≥ 2). Since 𝑎 ∈𝐴𝑆 , there exist two transi-

tions 𝑠1
𝑎
←←←←←←→ 𝑠′1, 𝑠2

𝑎
←←←←←←→ 𝑠′2 ∈ Δ𝑆 such that (𝑠1, 𝑡1), (𝑠′1, 𝑡

′
1), (𝑠2, 𝑡2), (𝑠

′
2, 𝑡

′
2) ∈. Moreover, either 𝑡1 ≠ 𝑡2 or 𝑡′1 ≠ 𝑡

′
2. Hence it holds that either 

𝑠1 ≠ 𝑠2 or 𝑠′1 ≠ 𝑠
′
2 (by the hypothesis ‘for all (𝑠1, 𝑡1), (𝑠2, 𝑡2) ∈, if 𝑡1 ≠ 𝑡2, then 𝑠1 ≠ 𝑠2 ’). This means that |𝑇 𝑆𝑎 | ≥ 2.

At the 𝑛th iteration, we have proved that |𝑇 𝑇 ′
𝑎 | ≥ 𝑛 and |𝑇 𝑆𝑎 | ≥ 𝑛. Pick a transition (𝑡𝑛+1, 𝑎, 𝑡′𝑛+1) ∈ 𝑇

𝑇 ′
𝑎 . By the hypothesis |𝑇 𝑆𝑎 | <

|𝑇 𝑇 ′
𝑎 | we have that, for all transitions picked at previous iterations, either their source (resp., target) is different from the source 

(resp., target) of the transition at the current iteration. Formally, for all 𝑖 ≤ 𝑛, (𝑡𝑖, 𝑎, 𝑡′𝑖) ∈ 𝑇 𝑇
′

𝑎 . 𝑡𝑖 ≠ 𝑡𝑛+1 or 𝑡′
𝑖
≠ 𝑡′

𝑛+1. This means 

|𝑇 𝑇 ′
𝑎 | ≥ 𝑛 + 1. Since 𝑎 ∈ 𝐴𝑆 , there exists a transition 𝑠𝑛+1

𝑎
←←←←←←→ 𝑠′

𝑛+1 ∈ Δ𝑆 such that (𝑠𝑛+1, 𝑡𝑛+1), (𝑠′𝑛+1, 𝑡
′
𝑛+1) ∈. It holds that, for all 

𝑖 ≤ 𝑛, (𝑠𝑖, 𝑎, 𝑠′𝑖) ∈ 𝑇 𝑆𝑎 . 𝑠𝑖 ≠ 𝑠𝑛+1 or 𝑠′
𝑖
≠ 𝑠′

𝑛+1 (by the hypothesis ‘for all (𝑠1, 𝑡1), (𝑠2, 𝑡2) ∈ , if 𝑡1 ≠ 𝑡2, then 𝑠1 ≠ 𝑠2 ’). Indeed, if by 
contradiction, for some 𝑖, it were to hold that 𝑠𝑖 = 𝑠𝑛+1 and 𝑠′

𝑖
= 𝑠′

𝑛+1, then we would have that for either pairs (𝑠𝑖, 𝑡𝑖), (𝑠𝑛+1, 𝑡𝑛+1) ∈

or (𝑠′
𝑖
, 𝑡′
𝑖
), (𝑠′

𝑛+1, 𝑡
′
𝑛+1) ∈ it holds that 𝑡𝑖 ≠ 𝑡𝑛+1 and 𝑠𝑖 = 𝑠𝑛+1, or 𝑡′

𝑖
≠ 𝑡′

𝑛+1 and 𝑠′
𝑖
= 𝑠′

𝑛+1, respectively, violating our assumption. Hence 
|𝑇 𝑆𝑎 | ≥ 𝑛 + 1.

When we reach the size of 𝑇 𝑇 ′
𝑎 (i.e., the iteration 𝑚 = |𝑇 𝑇 ′

𝑎 |) we have proved |𝑇 𝑇 ′
𝑎 | = |𝑇 𝑆𝑎 |, violating the hypothesis that 𝑆 ⪯𝑐 𝑇 ′

is non-persistent. So we proved that there exists a state 𝑠 ∈𝑄𝑆 and two states 𝑡1 ≠ 𝑡2 ∈𝑄𝑇 ′ such that (𝑠, 𝑡1), (𝑠, 𝑡2) ∈.

We show that the relation ′ = { (𝑡𝓁 , 𝑡𝑟) ∣ 𝑡𝓁 , 𝑡𝑟 ∈ 𝑄𝑇 ′ , ∃𝑠 ∈ 𝑄𝑆 such that (𝑠, 𝑡𝓁), (𝑠, 𝑡𝑟) ∈  } proves 𝑡1 ⪯𝑐 𝑡2. First, (𝑡1, 𝑡2) ∈ ′. 
Then, for any (𝑡𝓁 , 𝑡𝑟) ∈′, it holds ∃ 𝑠 ∈𝑄𝑆 such that (𝑠, 𝑡𝓁), (𝑠, 𝑡𝑟) ∈ and:

1. Whenever 𝑡𝑟
𝑎′
←←←←←←←←←→ 𝑡′𝑟 and

(a) 𝑎′ ∈ 𝐴𝑇
′

□
, then by (𝑠, 𝑡𝑟) ∈ , we have 𝑎′ ∈ 𝐴𝑆

□
and 𝑠 

𝑎′
←←←←←←←←←→□ 𝑠′ .

(𝑠′, 𝑡′𝑟) ∈. By (𝑠, 𝑡𝓁) ∈, we have 𝑡𝓁
𝑎′
←←←←←←←←←→ 𝑡′𝓁 . (𝑠

′, 𝑡′𝓁) ∈. Since 𝑇 ′ is coherent, we have 𝑡𝓁
𝑎′
←←←←←←←←←→□ 𝑡

′
𝓁 . Hence (𝑡′𝓁 , 𝑡

′
𝑟) to ′;

(b) 𝑎′ ∈ 𝐴𝑇
′

○ , then by construction 𝑎′ ∈ 𝐴𝑆 and by (𝑠, 𝑡𝑟) ∈ , we have 𝑠 
𝑎′
←←←←←←←←←→ 𝑠′ . (𝑠′, 𝑡′𝑟) ∈ . By (𝑠, 𝑡𝓁) ∈ , we have 𝑡𝓁

𝑎′
←←←←←←←←←→

𝑡′𝓁 .(𝑠
′, 𝑡′𝓁) ∈. Hence (𝑡′𝓁 , 𝑡

′
𝑟) to ′;

2. Whenever 𝑡𝓁
𝑎′
←←←←←←←←←→ 𝑡′𝓁 , since 𝐴𝑇 ′ =𝐴𝑆 , by construction, we have 𝑎′ ∈𝐴𝑆 , and since (𝑠, 𝑡𝓁) ∈, we have 𝑠 

𝑎
←←←←←←→ 𝑠′ . (𝑠′, 𝑡′𝓁) ∈. Since 

(𝑠, 𝑡𝑟) ∈, we have 𝑡𝑟
𝑎
←←←←←←→ 𝑡′𝑟 . (𝑠

′, 𝑡′𝑟) ∈. Hence (𝑡′𝓁 , 𝑡
′
𝑟) to ′.

We now show that ′𝑇 proves 𝑡2 ⪯𝑐 𝑡1. First consider (𝑡2, 𝑡1) ∈′𝑇 . For any (𝑡𝑟, 𝑡𝓁) ∈′𝑇 :

1. Whenever 𝑡𝓁
𝑎′
←←←←←←←←←→ 𝑡′𝓁 , then

𝑎′ 𝑎′
19

(a) 𝑎′ ∈𝐴𝑇 ′
□

, and by (𝑡𝓁 , 𝑡𝑟) ∈′, we have 𝑡𝑟 ←←←←←←←←←→ 𝑡′𝑟. Since 𝑇 ′ is coherent, we have 𝑡𝑟 ←←←←←←←←←→□ 𝑡
′
𝑟 and (𝑡′𝓁 , 𝑡

′
𝑟) ∈′, thus (𝑡′𝑟, 𝑡

′
𝓁) ∈′𝑇 ;
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(b) 𝑎′ ∈𝐴𝑇 ′
○ and by (𝑡𝓁 , 𝑡𝑟) ∈′, we have 𝑡𝑟

𝑎′
←←←←←←←←←→ 𝑡′𝑟 and (𝑡′𝓁 , 𝑡

′
𝑟) ∈′, thus (𝑡′𝑟, 𝑡

′
𝓁) ∈′𝑇 ;

2. Whenever 𝑡𝑟
𝑎′
←←←←←←←←←→ 𝑡′𝑟, then by (𝑡𝓁 , 𝑡𝑟) ∈′ and 𝑎′ ∈𝐴𝑇 ′ , we have 𝑡𝓁

𝑎′
←←←←←←←←←→ 𝑡′𝓁 and (𝑡′𝓁 , 𝑡

′
𝑟) ∈′, thus (𝑡′𝑟, 𝑡

′
𝓁) ∈′𝑇 .

We have showed that 𝑡1 ∼𝑐 𝑡2.

In the second case, there exists an action 𝑎 ∈𝐴𝑆 such that |𝑇 𝑇 ′
𝑎 | < |𝑇 𝑆𝑎 |. We prove that there exists a state 𝑡 ∈𝑄𝑇 ′ and two states 

𝑠1 ≠ 𝑠2 ∈𝑄𝑆 such that (𝑠1, 𝑡), (𝑠2, 𝑡) ∈. The proof for the second case is symmetrical to the proof for the first case. We report it for 
completeness. By contradiction, assume that for all (𝑠1, 𝑡1), (𝑠2, 𝑡2) ∈, if 𝑠1 ≠ 𝑠2 then 𝑡1 ≠ 𝑡2. We will reach the contradiction that 
|𝑇 𝑆𝑎 | = |𝑇 𝑇 ′

𝑎 |. We proceed by iteration on the elements of 𝑇 𝑇 ′
𝑎 and 𝑇 𝑆𝑎 . At the first iteration, we pick two transitions (𝑠1, 𝑎, 𝑠′1) ∈ 𝑇

𝑆
𝑎

and (𝑠2, 𝑎, 𝑠′2) ∈ 𝑇
𝑆
𝑎 . Note that since 𝐴𝑆 =𝐴𝑇 ′ , it must be that |𝑇 𝑆𝑎 | ≥ 2. Since 𝑎 ∈𝐴𝑇 ′ , there exist two transitions 𝑡1

𝑎
←←←←←←→ 𝑡′1 ∈ Δ𝑇 ′ and 

𝑡2
𝑎
←←←←←←→ 𝑡′2 ∈ Δ𝑇 ′ such that (𝑠1, 𝑡1), (𝑠′1, 𝑡

′
1), (𝑠2, 𝑡2), (𝑠

′
2, 𝑡

′
2) ∈. Moreover, either 𝑡1 ≠ 𝑡2 or 𝑡′1 ≠ 𝑡

′
2. This means that |𝑇 𝑇 ′

𝑎 | ≥ 2.

At the 𝑛th iteration, we have proved that |𝑇 𝑇 ′
𝑎 | ≥ 𝑛 and |𝑇 𝑆𝑎 | ≥ 𝑛. Pick a transition (𝑠𝑛+1, 𝑎, 𝑠′𝑛+1) ∈ 𝑇 𝑆𝑎 . By the hypothesis 

|𝑇 𝑇 ′
𝑎 | < |𝑇 𝑆𝑎 |, we have that, for all 𝑖 ≤ 𝑛, (𝑠𝑖, 𝑎, 𝑠′𝑖) ∈ 𝑇

𝑆
𝑎 . 𝑠𝑖 ≠ 𝑠𝑛+1 or 𝑠′

𝑖
≠ 𝑠′

𝑛+1. This means that |𝑇 𝑆𝑎 | ≥ 𝑛 +1. Since 𝑎 ∈𝐴𝑇 , there exists 

a transition 𝑡𝑛+1
𝑎
←←←←←←→ 𝑡′

𝑛+1 ∈ Δ𝑇 such that (𝑠𝑛+1, 𝑡𝑛+1), (𝑠′𝑛+1, 𝑡
′
𝑛+1) ∈. It holds that, for all 𝑖 ≤ 𝑛, (𝑡𝑖, 𝑎, 𝑡′𝑖) ∈ 𝑇

𝑇 ′
𝑎 . 𝑡𝑖 ≠ 𝑡𝑛+1 or 𝑡′

𝑖
≠ 𝑡′

𝑛+1. 
Indeed, if by contradiction, for some 𝑖, it were to hold that 𝑡𝑖 = 𝑡𝑛+1 and 𝑡′

𝑖
= 𝑡′

𝑛+1, then we would have that for either pairs 
(𝑠𝑖, 𝑡𝑖), (𝑠𝑛+1, 𝑡𝑛+1) ∈  or (𝑠′

𝑖
, 𝑡′
𝑖
), (𝑠′

𝑛+1, 𝑡
′
𝑛+1) ∈  it holds that 𝑠𝑖 ≠ 𝑠𝑛+1 and 𝑡𝑖 = 𝑡𝑛+1, or 𝑠′

𝑖
≠ 𝑠′

𝑛+1 and 𝑡′
𝑖
= 𝑡′

𝑛+1, respectively, vio-

lating our assumption. Hence |𝑇 𝑇 ′
𝑎 | ≥ 𝑛 + 1.

When we reach the size of 𝑇 𝑆𝑎 , i.e. the iteration 𝑚 = |𝑇 𝑆𝑎 |, we have proved |𝑇 𝑇 ′
𝑎 | = |𝑇 𝑆𝑎 |, violating the hypothesis that 𝑆 ⪯𝑐 𝑇 ′ is 

non-persistent. So we proved that there exists a state 𝑡 ∈𝑄𝑇 ′ and two states 𝑠1 ≠ 𝑠2 ∈𝑄𝑆 such that (𝑠1, 𝑡), (𝑠2, 𝑡) ∈.

We show that the relation ′′ = { (𝑠𝓁 , 𝑠𝑟) ∣ 𝑠𝓁 , 𝑠𝑟 ∈𝑄𝑆, ∃𝑡 ∈𝑄𝑇 ′ such that (𝑠𝓁 , 𝑡) ∈, (𝑠𝑟, 𝑡) ∈ } proves 𝑠1 ⪯𝑐 𝑠2. First, (𝑠1, 𝑠2) ∈
′′. Then, for any (𝑠𝓁 , 𝑠𝑟) ∈′′, it holds that ∃ 𝑡 ∈𝑄𝑇 ′ such that (𝑠𝓁 , 𝑡) ∈, (𝑠𝑟, 𝑡) ∈ and:

1. Whenever 𝑠𝑟
𝑎′
←←←←←←←←←→ 𝑠′𝑟 and

(a) 𝑎′ ∈𝐴𝑆
□

, then by (𝑠𝑟, 𝑡) ∈, we have 𝑎′ ∈𝐴𝑇 ′ and 𝑡 
𝑎′
←←←←←←←←←→ 𝑡′ . (𝑠′𝑟, 𝑡

′) ∈. By (𝑠𝓁 , 𝑡) ∈ and 𝑎′ ∈𝐴𝑆 , we have 𝑠𝓁
𝑎′
←←←←←←←←←→ 𝑠′𝓁 , (𝑠

′
𝓁 , 𝑡

′) ∈

. Since 𝑆 is coherent, we have 𝑠𝓁
𝑎′
←←←←←←←←←→□ 𝑠

′
𝓁 . Hence (𝑠′𝓁 , 𝑠

′
𝑟) to ′′.

(b) 𝑎′ ∈𝐴𝑆○, then by (𝑠𝑟, 𝑡) ∈, we have 𝑎′ ∈𝐴𝑇 ′ and 𝑡 
𝑎′
←←←←←←←←←→ 𝑡′ . (𝑠′𝑟, 𝑡

′) ∈. By (𝑠𝓁 , 𝑡) ∈ and 𝑎′ ∈𝐴𝑆 , we have 𝑠𝓁
𝑎′
←←←←←←←←←→ 𝑠′𝓁 , (𝑠

′
𝓁 , 𝑡

′) ∈
. Hence (𝑠′𝓁 , 𝑠

′
𝑟) to ′′.

2. Whenever 𝑠𝑙
𝑎′
←←←←←←←←←→ 𝑠′

𝑙
then since 𝐴𝑇 ′ = 𝐴𝑆 , by construction, we have 𝑎′ ∈ 𝐴𝑇 ′ , and since (𝑠𝑙, 𝑡) ∈, we have 𝑡 

𝑎′
←←←←←←←←←→ 𝑡′ . (𝑠′

𝑙
, 𝑡′) ∈. 

Since (𝑠𝑟, 𝑡) ∈ we have 𝑠𝑟
𝑎′
←←←←←←←←←→ 𝑠′𝑟. Hence (𝑠′𝑟, 𝑠

′
𝑙
) to ′′.

We now show that ′′𝑇 proves 𝑠2 ⪯𝑐 𝑠1. Firstly, (𝑠2, 𝑠1) ∈′′𝑇 . For any (𝑠𝑟, 𝑠𝓁) ∈′′𝑇 :

1. Whenever 𝑠𝓁
𝑎′
←←←←←←←←←→ 𝑠′𝓁 and

(a) 𝑎′ ∈ 𝐴𝑆
□

, then by (𝑠𝓁 , 𝑠𝑟) ∈′′, we have 𝑠𝑟
𝑎′
←←←←←←←←←→ 𝑠′𝑟. Since 𝑆 is coherent, we have 𝑠𝑟

𝑎′
←←←←←←←←←→□ 𝑠

′
𝑟 and (𝑠′𝓁 , 𝑠

′
𝑟) ∈′′, thus (𝑠′𝑟, 𝑠

′
𝓁) ∈

′′𝑇 ;

(b) 𝑎′ ∈𝐴𝑆○, then by (𝑠𝓁 , 𝑠𝑟) ∈′′, we have 𝑠𝑟
𝑎′
←←←←←←←←←→ 𝑠′𝑟 and (𝑠′𝓁 , 𝑠

′
𝑟) ∈′′, thus (𝑠′𝑟, 𝑠

′
𝓁) ∈′′𝑇 ;

2. Whenever 𝑠𝑟
𝑎′
←←←←←←←←←→ 𝑠′𝑟, then by (𝑠𝓁 , 𝑠𝑟) ∈′′ and 𝑎′ ∈ 𝑆 , we have 𝑠𝓁

𝑎′
←←←←←←←←←→ 𝑠′𝓁 and (𝑠′𝓁 , 𝑠

′
𝑟) ∈′′, thus (𝑠′𝑟, 𝑠

′
𝓁) ∈′′𝑇 .

We have showed that 𝑠1 ∼𝑐 𝑠2. □

Theorem 7 (persistent CMTS refinement). Let 𝑆 and 𝑇 be two CMTS such that 𝑆 ⪯𝑐 𝑇 and 𝑇 ′ is the CMTS from Lemma 7. If both 𝑆 and 
𝑇 ′ are minimised, then 𝑆 ⪯𝑐 𝑇 is a persistent CMTS refinement.

Proof. By contradiction, assume 𝑆 ⪯𝑐 𝑇 is non-persistent. By Lemma 7, it follows that either 𝑇 ′ has two states 𝑡1 ≠ 𝑡2 such that 
𝑡1 ∼𝑐 𝑡2, contradicting the fact that 𝑇 ′ is minimal, or 𝑆 has two states 𝑠1 ≠ 𝑠2 such that 𝑠1 ∼𝑐 𝑠2, contradicting the fact that 𝑆 is 
minimal. □

Lemma 8 (shift action left). Let 𝑆 and 𝑇 be two CMTS with 𝑎 ∈ 𝐴𝑆
□
∩ 𝐴𝑇○ and such that 𝑆⪯𝑐 𝑇 . Then 𝑆′ ⪯𝑐 𝑇 , where 𝑆′ =(𝑄𝑆, 𝐴𝑆○ ∪

{𝑎}, 𝐴𝑆
□
⧵ {𝑎}, 𝑠, Δ𝑆 ).

Proof. Assume that 1 proves 𝑆 ⪯𝑐 𝑇 . Then we show that the relation  =1 proves 𝑆′ ⪯𝑐 𝑇 . Firstly, (𝑠, 𝑡) ∈. Then for each 
20

(𝑠, 𝑡) ∈, it holds:
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1. Whenever 𝑡 
𝑎′
←←←←←←←←←→ 𝑡′ ∈ Δ𝑇 :

(a) if 𝑎′ ∈𝐴𝑇
□

, then 𝑎′ ≠ 𝑎. Since (𝑠, 𝑡) ∈1, by 𝑆 ⪯𝑐 𝑇 , we have 𝑠 
𝑎′
←←←←←←←←←→□ 𝑠

′ ∈ Δ𝑆 ∩Δ𝑆′ and (𝑠′, 𝑡′) ∈1. Hence (𝑠′, 𝑡′) ∈;

(b) if 𝑎′ ∈𝐴𝑇○ and 𝑎′ ∈𝐴𝑆 , then by 𝑆 ⪯𝑐 𝑇 , we have 𝑠 
𝑎′
←←←←←←←←←→ 𝑠′ ∈ Δ𝑆 ∩Δ𝑆′ and (𝑠′, 𝑡′) ∈1. Hence (𝑠′, 𝑡′) ∈;

(c) if 𝑎′ ∈𝐴𝑇○ and 𝑎′ ∉𝐴𝑆 , then by construction also 𝑎′ ∉𝐴𝑆′ ;

2. Whenever 𝑠 
𝑎′
←←←←←←←←←→ 𝑠′ ∈ Δ𝑆′ , then by construction 𝑎′ ∈ 𝐴𝑆 , thus 𝑠 

𝑎′
←←←←←←←←←→ 𝑠′ ∈ Δ𝑆 , and since (𝑠, 𝑡) ∈ 1, then by 𝑆 ⪯𝑐 𝑇 , we have 

𝑡 
𝑎′
←←←←←←←←←→ 𝑡′ ∈ Δ𝑇 and (𝑠′, 𝑡′) ∈1. Hence (𝑠′, 𝑡′) ∈.

By construction,  proves that 𝑆′ ⪯𝑐 𝑇 . □

A.5. CMTS thorough refinement

Lemma 9 (⪯𝑐 implies ⪯𝑐𝑡). Given two CMTS 𝑆 and 𝑇 , it holds that𝑆 ⪯𝑐 𝑇 implies 𝑆 ⪯𝑐𝑡 𝑇 .

Proof. Pick an implementation 𝐼𝑆 ∈ Impl𝐶 (𝑆). By hypothesis, 𝑆 ⪯𝑐 𝑇 and by the definition of CMTS, we know that implementation 
𝐼𝑆 ⪯𝑐 𝑆 . Hence, by transitivity, 𝐼𝑆 ⪯𝑐 𝑇 and 𝐼𝑆 ∈ Impl𝐶 (𝑇 ). Hence Impl𝐶 (𝑆) ⊆ Impl𝐶 (𝑇 ). □

Lemma 10 (⪯𝑐𝑡 implies ⪯𝑐). Given two CMTS 𝑆 and 𝑇 , it holds that 𝑆 ⪯𝑐𝑡 𝑇 implies 𝑆 ⪯𝑐 𝑇 .

Proof. This proof proceeds as follows. We start from an implementation 𝐼𝑆 of 𝑆 and, by the hypothesis, of 𝑇 , which is obtained 
by turning all optional actions of 𝑆 into necessary actions. Subsequently, starting from that implementation 𝐼𝑆 , the operation of 
Lemma 8 is applied iteratively to show that 𝑆 ⪯𝑐 𝑇 .

Let 𝐼𝑆 = (𝑄𝑆, ∅, 𝐴𝑆, 𝑠, Δ𝑆 ). Since 𝐼𝑆 can be obtained from 𝑆 by repeatedly applying the operation from Lemma 6, we have 
𝐼𝑆 ⪯𝑐 𝑆 . Moreover, 𝐼𝑆 ∈ Impl𝐶 (𝑆) by Definition 12. By hypothesis, 𝐼𝑆 ∼𝑐 𝐼𝑇 for some implementation 𝐼𝑇 ⪯𝑐 𝑇 . By transitivity, 
𝐼𝑆 ⪯𝑐 𝑇 .

We now show that 𝐴𝑆○ ⊆ 𝐴𝑇○. For all actions 𝑎 ∈ 𝐴𝑆○, by construction 𝑎 ∈ 𝐴𝐼𝑆□ and, by Lemma 3, 𝑎 ∈ 𝐴𝑇 . To show that 𝑎 ∈ 𝐴𝑇○, 
it suffices to consider another implementation 𝐼 ′

𝑆
= (𝑄′

𝑆
, ∅, 𝐴𝑆

□
, 𝑠, Δ′

𝑆
), where 𝑄′

𝑆
= { 𝑠 ∈𝑄𝑆 ∣ 𝑠 is reachable} and Δ′

𝑆
= { (𝑠, 𝑎, 𝑠′) ∈

Δ𝑆 ∣ 𝑎 ∈𝐴𝑆
□
}. We have that 𝐼 ′

𝑆
⪯𝑐 𝑆 by repeatedly applying the operation from Lemma 5 until exhaustion. Moreover, 𝐼 ′

𝑆
∈ Impl𝐶 (𝑆)

by Definition 12. By hypothesis and transitivity, it holds that 𝐼 ′
𝑆
⪯𝑐 𝑇 . Since, by Lemma 3, 𝐴𝑇

□
⊆ 𝐴

𝐼 ′
𝑆

□ = 𝐴𝑆
□

, 𝑎 ∈ 𝐴𝑆○, and 𝑎 ∈ 𝐴𝑇 , it 
holds that 𝑎 ∈𝐴𝑇○.

If 𝐴𝑆○ = ∅, then 𝑆 = 𝐼𝑆 and the statement follows. Hence, assume 𝐴𝑆○ ≠ ∅. We pick an action 𝑎 ∈ 𝐴𝑆○, thus 𝑎 ∈ 𝐴𝑇○. From 𝐼𝑆 , 
𝑇 , and 𝑎 we build a CMTS 𝑆1 = (𝑄𝑆, {𝑎}, 𝐴𝑆 ⧵ {𝑎}, 𝑠, Δ𝑆 ) such that 𝑆1 ⪯𝑐 𝑇 by Lemma 8. We re-iterate this process. From 𝑆1, 𝑇 , 
and an action 𝑏 ∈ 𝐴𝑆○ such that 𝑏 ≠ 𝑎, we build a CMTS 𝑆2 = (𝑄𝑆, {𝑎, 𝑏}, 𝐴𝑆 ⧵ {𝑎, 𝑏}, 𝑠, Δ𝑆 ) such that 𝑆2 ⪯𝑐 𝑇 by Lemma 8. After 
performing 𝑛 = |𝐴𝑆○| iterations, we have built a CMTS 𝑆𝑛 = (𝑄𝑆, 𝐴𝑆○, 𝐴𝑆 ⧵𝐴𝑆○, 𝑠, Δ𝑆 ) such that 𝑆𝑛 ⪯𝑐 𝑇 by Lemma 8. The statement 
holds by observing that 𝑆𝑛 = 𝑆 . □

Theorem 8 (⪯𝑐𝑡 and ⪯𝑐 coincide). CMTS refinement and CMTS thorough refinement coincide.

Proof. Straightforward from Lemmata 9 and 10. □

Theorem 9 (⪯𝑐𝑡 implies ⪯𝑡𝑟). Let 𝑆 and 𝑇 be two CMTS. If 𝑆 ⪯𝑐𝑡 𝑇 , then 𝑆 ⪯𝑡𝑟 𝑇 .

Proof. By Lemma 10, it holds that 𝑆 ⪯𝑐 𝑇 . By Theorem 1, it holds that 𝑆 ⪯𝑚 𝑇 . From [5], we know that 𝑆 ⪯𝑚 𝑇 implies 𝑆 ⪯𝑡𝑟 𝑇 . □

Theorem 10 (≡𝑐 and ≡𝑐𝑡 coincide). Let 𝑆 and 𝑇 be two CMTS. Then 𝑆 ≡𝑐 𝑇 if and only if 𝑆 ≡𝑐𝑡 𝑇 .

Proof. For the direction CMTS equivalence implies CMTS thorough equivalence, by hypothesis, we have 𝑆 ⪯𝑐 𝑇 and 𝑇 ⪯𝑐 𝑆 . By 
Lemma 9, we have Impl𝐶 (𝑆) ⊆ Impl𝐶 (𝑇 ) and Impl𝐶 (𝑇 ) ⊆ Impl𝐶 (𝑆), hence Impl𝐶 (𝑆) = Impl𝐶 (𝑇 ).

For the direction CMTS thorough equivalence implies CMTS equivalence, by hypothesis, we have Impl𝐶 (𝑆) ⊆ Impl𝐶 (𝑇 ) and, by 
Lemma 10, it holds that 𝑆 ⪯𝑐 𝑇 . Similarly, by hypothesis, we have Impl𝐶 (𝑇 ) ⊆ Impl𝐶 (𝑆) and, by Lemma 10, it follows that 𝑇 ⪯𝑐 𝑆 . 
By Definition 9, we have 𝑆 ≡𝑐 𝑇 . □

A.6. CMTS with constraints
21

Lemma 11 (⪯𝑐𝑐 implies ⪯𝑐). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) implies 𝑆 ⪯𝑐 𝑇 .
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Proof. Straightforward from the definition of MTSC. □

Lemma 12. Let 𝐿 be an LTS and 𝜙 and 𝜙′ be two sets of constraints. It holds that (𝐿 ⊧ 𝜙 ∧ 𝜙 ⟹ 𝜙′) implies (𝐿 ⊧ 𝜙′).

Proof. Let 𝐼 be the interpretation of 𝜙 derived from 𝐿 according to Definition 15, where 𝐼 ⊧ 𝜙, and since 𝜙 ⟹ 𝜙′, it follows that 
𝐼 ⊧ 𝜙′, i.e., 𝐿 ⊧ 𝜙′. □

Lemma 13. Let Impl𝐶
′(𝑆, Φ) ={ 𝐿 ∣𝐿 ⪯𝑐 𝑆 ∧𝐿 ⊧Φ }. Then Impl𝐶

′(𝑆, Φ) = Impl𝐶 (𝑆, Φ).

Proof. The inclusion Impl𝐶
′(𝑆, Φ) ⊆ Impl𝐶 (𝑆, Φ) is trivial. To prove the inclusion Impl𝐶 (𝑆, Φ) ⊆ Impl𝐶

′(𝑆, Φ), by Definitions 17

and 18, we have that 𝐿 ∈ Impl𝐶 (𝑆, Φ) is defined as 𝐿 ⪯𝑐 𝑆 and 𝐿 ⊧Φ′, for some Φ′ such that Φ′ ⟹ Φ. By Lemma 12, it follows 
that 𝐿 ⊧Φ. By Definition of Impl𝐶

′(𝑆, Φ), we have that 𝐿 ∈ Impl𝐶
′(𝑆, Φ). □

Theorem 11 (⪯𝑐𝑐 implies ⪯𝑐𝑐𝑡). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) implies (𝑆, Φ) ⪯𝑐𝑐𝑡 (𝑇 , Φ′).

Proof. By hypothesis, 𝑆 ⪯𝑐 𝑇 and Φ ⟹ Φ′. By Lemma 9, 𝑆 ⪯𝑐𝑡 𝑇 , i.e., Impl𝐶 (𝑆) ⊆ Impl𝐶 (𝑇 ). By Lemma 13, 𝐿 ∈ Impl𝐶 (𝑆, Φ) iff 
𝐿 ∈ Impl𝐶 (𝑆) and 𝐿 ⊧Φ, and, similarly, 𝐿 ∈ Impl𝐶 (𝑇 , Φ′) iff 𝐿 ∈ Impl𝐶 (𝑇 ) and 𝐿 ⊧Φ′. The statement follows by Lemma 12 and the 
hypothesis Φ ⟹ Φ′. □

Theorem 12 (⪯𝑐𝑐𝑠𝑡 implies ⪯𝑐𝑐𝑡). Let (𝑆, Φ) and (𝑇 , Φ′) be two MTSC. Then (𝑆, Φ) ⪯𝑐𝑐𝑠𝑡 (𝑇 , Φ′) implies (𝑆, Φ) ⪯𝑐𝑐𝑡 (𝑇 , Φ′).

Proof. By hypothesis, Impl𝐶 (𝑆) ⊆Impl𝐶 (𝑇 ). We must prove Impl𝐶 (𝑆, Φ) ⊆ Impl𝐶 (𝑇 , Φ′). Let 𝐿 ∈ Impl𝐶 (𝑆, Φ), then by Lemma 13, we 
have 𝐿 ⊧Φ. By Lemma 12 and the hypothesis Φ ⟹ Φ′, we have 𝐿 ⊧Φ′. By Lemma 13, we have that 𝐿 ⪯𝑐 𝑆 , hence 𝐿 ∈ Impl𝐶 (𝑆), 
and by hypothesis 𝐿 ∈ Impl𝐶 (𝑇 ). By Definition 12, 𝐿 ⪯𝑐 𝑇 , hence 𝐿 ∈ Impl𝐶 (𝑇 , Φ′). □

Theorem 13 (⪯𝑐𝑐 and ⪯𝑐𝑐𝑠𝑡 coincide). Let (𝑆, Φ′) and (𝑇 , Φ) be MTSC. Then (𝑆, Φ) ⪯𝑐𝑐 (𝑇 , Φ′) if and only if (𝑆, Φ) ⪯𝑐𝑐𝑠𝑡 (𝑇 , Φ′).

Proof. For the direction ⪯𝑐𝑐 implies ⪯𝑐𝑐𝑠𝑡, by hypothesis, 𝑆 ⪯𝑐 𝑇 and Φ ⟹ Φ′. By Lemma 9, 𝑆 ⪯𝑐𝑡 𝑇 , from which the statement 
follows. Similarly, for the direction ⪯𝑐𝑐𝑠𝑡 implies ⪯𝑐𝑐 , by hypothesis, 𝑆 ⪯𝑐𝑡 𝑇 and Φ ⟹ Φ′. By Lemma 10, 𝑆 ⪯𝑐 𝑇 , from which the 
statement follows. □

Lemma 14 (∼𝑐𝑐 implies ∼𝑐). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be two MTSC. Then (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ) implies 𝑆 ∼𝑐 𝑇 .

Proof. Straightforward from the definition of MTSC equivalence. □

Lemma 15 (∼𝑐𝑐 implies ≡𝑐𝑐𝑡). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be two MTSC. Then (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ) implies (𝑆, Φ𝑆 ) ≡𝑐𝑐𝑡 (𝑇 , Φ𝑇 )

Proof. By hypothesis, (𝑆, Φ𝑆 ) ⪯𝑐𝑐 (𝑇 , Φ𝑇 ), and hence Impl𝐶 (𝑆, Φ𝑆 ) ⊆ Impl𝐶 (𝑇 , Φ𝑇 ). By hypothesis, also (𝑇 , Φ𝑇 ) ⪯𝑐𝑐 (𝑆, Φ𝑆 ), hence 
Impl𝐶 (𝑆, Φ𝑆 ) ⊇ Impl𝐶 (𝑇 , Φ𝑇 ). It follows that Impl𝐶 (𝑆, Φ𝑆 ) = Impl𝐶 (𝑇 , Φ𝑇 ). □

Theorem 14 (≡𝑐𝑐𝑠𝑡 and ∼𝑐𝑐 coincide). Let (𝑆, Φ𝑆 ) and (𝑇 , Φ𝑇 ) be MTSC. Then (𝑆, Φ𝑆 ) ≡𝑐𝑐𝑠𝑡 (𝑇 , Φ𝑇 ) if and only if (𝑆, Φ𝑆 ) ∼𝑐𝑐 (𝑇 , Φ𝑇 ).

Proof. The equivalence follows by Theorem 10. □
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[6] N. Beneš, J. Křetínský, K.G. Larsen, J. Srba, EXPTIME-completeness of thorough refinement on modal transition systems, Inf. Comput. 218 (2012) 54–68, https://

doi .org /10 .1016 /j .ic .2012 .08 .001.

[7] D. Fischbein, S. Uchitel, V.A. Braberman, A foundation for behavioural conformance in software product line architectures, in: Proceedings ISSTA Workshop on 
Role of Software Architecture for Testing and Analysis (ROSATEA’06), ACM, 2006, pp. 39–48.

[8] A. Fantechi, S. Gnesi, A behavioural model for product families, in: Proceedings 6th Joint Meeting of the European Software Engineering Conference and the 
ACM SIGSOFT International Symposium on Foundations of Software Engineering (ESEC/FSE’07), ACM, 2007, pp. 521–524.

[9] A. Fantechi, S. Gnesi, Formal modeling for product families engineering, in: Proceedings 12th International Software Product Line Conference (SPLC’08), IEEE, 
22

2008, pp. 193–202.

http://refhub.elsevier.com/S2352-2208(24)00012-9/bibC05DBC4C0AF7DDAA2903A98BD28C3EB8s1
https://doi.org/10.1145/360248.360251
https://vbn.aau.dk/files/16474238/BEATCS2008.pdf
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibBF581DC78864EAC5D34E8DCEBF2F7C57s1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibBF581DC78864EAC5D34E8DCEBF2F7C57s1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibA627A91D8B8F26807B217F571CE5309As1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibA627A91D8B8F26807B217F571CE5309As1
https://doi.org/10.1016/j.ic.2012.08.001
https://doi.org/10.1016/j.ic.2012.08.001
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibD8E22C079ADA553B2266DB1C4E21DB2Bs1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bibD8E22C079ADA553B2266DB1C4E21DB2Bs1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bib6BD73D660E6844CFEB2368027C3B433Es1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bib6BD73D660E6844CFEB2368027C3B433Es1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bib9A9716E8CED44987458C813414FADE1Es1
http://refhub.elsevier.com/S2352-2208(24)00012-9/bib9A9716E8CED44987458C813414FADE1Es1


Journal of Logical and Algebraic Methods in Programming 138 (2024) 100954D. Basile, M.H. ter Beek, A. Fantechi et al.

[10] S. Apel, D.S. Batory, C. Kästner, G. Saake, Feature-Oriented Software Product Lines: Concepts and Implementation, Springer, 2013.

[11] K.C. Kang, S.G. Cohen, J.A. Hess, W.E. Novak, A.S. Peterson, Feature-Oriented Domain Analysis (FODA) Feasibility Study, Tech. Rep. CMU/SEI-90-TR-21, 
Carnegie Mellon University, November 1990, http://resources .sei .cmu .edu /library /asset -view .cfm ?AssetID =11231.

[12] P.-Y. Schobbens, P. Heymans, J.-C. Trigaux, Feature diagrams: a survey and a formal semantics, in: Proceedings 14th IEEE International Conference on Require-

ments Engineering (RE’06), IEEE, 2006, pp. 136–145.

[13] M.H. ter Beek, K. Schmid, H. Eichelberger, Textual Variability Modeling Languages: An Overview and Considerations, Proceedings 23rd International Systems 
and Software Product Line Conference (SPLC’19), vol. 2, ACM, 2019, pp. 82:1–82:7.
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