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Abstract. Parallelism is a key semantic feature of Abstract State Ma-
chines (ASMs), represented in the Asmeta tool set by the par construct,
which enables synchronous execution of multiple rules. While its theoret-
ical importance is firmly grounded in the ASM formalism, which models
synchronous updates through parallel rule execution, an evaluation of its
real usefulness in real-world models has received limited attention. This
paper presents an experimental study evaluating how and when paral-
lelism is effectively used in Asmeta. We analyzed existing specifications
to measure the adoption of the par construct, and generated sequential
variants replacing par with seq to compare behavior through random-
ized test suites. Our findings show that par is widely adopted and useful:
it rather frequently produces results different from those obtained by se-
quential execution.
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1 Introduction

Each notation introduces a set of concepts designed to serve as core features
for practitioners who adopt it. These concepts are translated in constructs that
are used when writing artifacts. For instance, object-oriented programming pro-
motes encapsulation and modularity through the constructs of classes and ob-
jects. For Abstract State Machines (ASMs) [9], a core feature is the synchronous
parallelism: within a single computation step, all enabled rules are evaluated con-
currently over the current state. Their updates are collected into a consistency-
checked update set and applied atomically, yielding the next state of the ma-
chine [4]. This concept is represented by the par construct within the Asmetal
notation! [1,8]. It allows executing multiple rules in parallel by computing their
updates based on the same state, and applying them together.

In practice, with the par statement, modelers can express concurrent reac-
tions of independent components and multi-location updates that would other-
wise be more complex to be decomposed into sequential steps. While parallelism

! The language used in the Asmeta tool set.
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is a semantic feature of ASMs, Asmeta allows users to also model sequential con-
trol flow through the seq construct: each rule is executed one after the other, so
later rules are evaluated over the updates produced by earlier ones. In certain
cases, whether the statements are executed sequentially or in parallel has no
effect on the update set obtained after all rules have been fired. Thus, one may
argue on the real usefulness of the par statement in Asmeta. More specifically,
while one can provide theoretical evidence that the par construct is useful, some
doubts may remain at a practical level.

A large body of work has established parallelism as a foundational seman-
tic feature of ASMs, justifying compact synchronous updates and parallel rule
composition that Asmeta implements via the par construct [4,9,15]. Although
intuitively, ASM parallelism aims to capture the essence of synchronous par-
allel algorithms, [13] claimed that the original theory proposed in [4] was not
convincing and proposed a new and simpler one.

In this work, we conduct an empirical study to assess the use of parallelism in
Asmeta and to analyze how system behavior is affected when sequential execution
replaces parallel constructs. A classical approach when it comes to investigating
the usefulness of notations in software engineering is to provide users with ques-
tionnaires and ask their opinion [3,14]. However, questionnaires risk to be not
objective, especially if the user base is limited and/or respondents contributed
to the development of the notation. This is the reason behind our decision to
evaluate the usefulness of par empirically and objectively.

We evaluated the usefulness of parallelism in Asmeta by analyzing and ex-
perimenting on 299 specifications. Our results confirm that par is used in most
of the considered specifications (246 out of 299), and for the specifications we
are able to generate the tests for (131 out of 246), in almost half of specifications
(63 out of 131) parallelism was useful to express the desired behavior.

The remainder of the paper is structured as follows. Section 2 introduces
ASMs and their parallelism, with the Asmeta notation. Section 3 details the
empirical experimental methodology we adopted in our evaluation and presents
the obtained results. In Section 4, we discuss potential threats to the validity of
our findings and experiments. Finally, Section 5 concludes the paper.

2 Asmeta and parallelism

This section examines the semantics and practical relevance of parallel execution
in system modeling based on the ASM formalism?.

The par statement is used in Asmeta to express parallel behavior by executing
rules in parallel. Semantically, all rules are evaluated simultaneously over the
current state, and all location updates are collected into a single update set
that is applied atomically to produce the next state. As a consequence, the
par construct can be interpreted as indicating that the contained statements
can be executed in any order. Some examples illustrating the use of par in
Asmeta are shown in Fig. 1. In Fig. 1a, two functions x and y are simultaneously
updated, and the resulting update set is {x = 2,y = 3}. Since all terms are

2 For theoretical foundations of ASMs, see [9]; for further details on Asmeta, see [1,8].
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seq
par par t:=x par
x =2 X =y X:=y if a then x := 2 endif
y:=3 y =X y:=t if b then x := 3 endif
endpa endpar endseq endpar
(a) Simple par (b) Swap (c) Swap by seq  (d) Inconsistent updates

Fig. 1: Examples of parallel and sequential blocks

evaluated with respect to the current state, the par construct can easily express,
for instance, operations such as value swapping without auxiliary variables. The
code in Fig. 1b correctly swaps x and y in a single parallel step. Achieving the
same effect with a sequential construct (seq) would require the more classical
implementation shown in Fig. 1c.

As illustrated by the swap example, the use of par enables a more compact
and declarative specification, eliminating the need for temporary variables. More
generally, it facilitates the transition from one state to the next in spirit closer
to the stepwise semantics of finite state machines rather than the imperative
paradigm of general-purpose programming languages.

However, parallel updates may give rise to inconsistent update situations. As
shown in Fig. 1d, when both conditions a and b are satisfied, the model attempts
to assign two different values to x within the same step. Such inconsistencies can
occur only under par, and their detection is beneficial, as it alerts the modeler
to unintended interactions among rules. In this sense, par serves as a safeguard
that exposes conflicting updates, thereby contributing to the correctness and
clarity of the specified behavior.

3 Evaluation of the practical impact

In this section, we describe the empirical evaluation methodology we have adopted
to assess the usefulness of parallelism and par construct in Asmeta. In particular,
we defined two research questions (RQs) to guide our evaluation:

RQ1 Is parallelism in Asmeta used?
RQ2 Is parallelism in Asmeta useful?

RQ1: Is parallelism in Asmeta used? To evaluate if the par construct is used
in Asmeta, we select all specifications from the original Asmeta GitHub repository
at https://github.com/asmeta/asmeta/tree/master/asm_examples, exclud-
ing duplicates, those marked as “old,” or written solely for testing purposes. Then,
we count how many of the selected Asmeta specifications contain par in the main
module. Specifications, scripts, and results are available online [6].

Findings: We found that par is used in 246 specifications over 299. It is therefore
apparent that parallelism is a construct frequently used by modelers. However,
there are cases in which parallelism is used even though it may not be strictly
required. For instance, in Fig. la, the same behavior could have been achieved
executing rules sequentially. We investigate this aspect in the following RQ.
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‘ Original specification Mpq, H(?) Test generation}

¥
(1 ) ParToSec mutatlon ‘ Test su1te TS ‘

‘ Mutated specs Mseq @—» (3) Test executlon}—>{ Killed?

Fig. 2: Experimental process

RQ2: Is parallelism in Asmeta useful? To objectively evaluate the usefulness
of par, we have devised the methodology depicted in Fig. 2. Given an Asmeta
specification, M, containing some par blocks, we automatically generate a
set of Asmeta specifications M., by replacing each par individually, one after
the other®, with a seq block (Step 1 in Fig. 2). For this, we use the Parallel to
Sequential mutation operator defined in [5]. In this way, My, and each M.,
differ only in the parallelism among rules, which is substituted by a more classical
sequential activation. This mutation completely changes the semantics of the
Asmeta specification, but it may or may not change its behavior. More precisely,
if par plays a meaningful role in My, then M., exhibits different behavior.
Conversely, if M., behaves identically to M), par is not useful in Mp,;..

In a specification S, we say that par is useful iff there is at least one par block
in S that cannot be replaced by a seq block, with identical body, without
changing the behavior of S.

Now, the problem of evaluating the usefulness of par is reduced to checking
the behavioral equivalence between a specification (Mpqr) and a set of speci-
fications (Mseq), and this can be proved or disproved in several ways. In this
paper, we propose using random test generation and mutation analysis, which
are effective for disproving, but not proving, behavioral equivalence.

First, a test suite TS is generated from M), by using a random test gen-
erator [1] (Step 2 in Fig. 2). TS contains a set of tests in the Avalla language,
which are composed by multiple step, set and check commands [11]. Being
generated from My, T'S will consist only of test cases that successfully execute
that specification. Finally, TS is executed over all M., specifications (Step 3 in
Fig. 2). If all the tests in TS pass, then we can say that the mutated specification
shows an identical behavior w.r.t. the original one, and changing from par to seq
did not cause any behavioral modification - at least for the behavior the tests
were able to cover. Instead, if any test in TS fails, we say that the mutation is
killed and we were able to find a case in which changing from par to seq would
alter the behavior of the specification.

Findings: Using the experimental methodology outlined above and considering
the same set of specifications as in RQ1, we obtained the following results. Out
of the 246 specifications, the full process completed successfully for 131. Mutants
could be generated for all specifications, but the process could not be completed

3 Alternatively, we could have replaced all the pars in one shot, but this would have
made impossible to assess the individual contribution of each par.
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par par
if state = ON then state := OFF endif X:i=y
if state = OFF then state := ON endif y =
endpar endpar
Fig. 3: Control State ASM Fig.4: seq order matters

for some due to constructs not supported by either the validator or our test gen-
erator. Among the 131 successfully processed specifications, at least one mutant
was killed for 63 of them (48.1%), indicating that parallelism (i.e., the use of
par) matters in nearly half of the cases according to our definition of usefulness.

Upon analyzing the results, we were surprised by the large number of speci-
fications (68) for which no mutant was killed. Although our findings come with
certain limitations, which we discuss in the next section, we identified two pe-
culiar scenarios in which par can (or cannot) be replaced by seq.

Control State ASMs are ASMs in which one of the rules has a series of conditional
rules checking the current state and setting a new state in case of meaningful
events [10]. For these machines, the par is useful because omitting it would
cause the ASM to skip some states during execution. For instance, in the ASM
shown in Fig. 3, a sequential execution would result in the specification remain-
ing permanently in the ON state. Overall, we observed that par is useful when
it contains rules updating locations that are subsequently used by other rules
within the same execution step.

Order matters. In some cases, the inability (or ability) to kill mutants is instead
caused by the specific ordering of rules within the par. For example, in the
specification shown in Fig. 4, the par construct appears not useful solely because
of the order in which the two assignments were written. If one had written the
two updates in the opposite way, the par would have been useful.

4 Threats to validity

In this section, we describe the main threats to validity according to the scheme
proposed in [19] and elaborate on mitigation strategies.

Internal validity is a concern arising when the design of a study may compro-
mise the accuracy of the results. To mitigate this risk, we have carefully checked
the code executed in our experiments to see if other factors could have caused
the outcome, such as errors in the tools or in the experimental code we wrote.
However, potential threats to the internal validity still exist. First, to perform
mutation analysis in RQ2, we have forced the behavior of the analyzed specifi-
cations to be deterministic even when specifications perform non-deterministic
choices, to avoid flaky tests [7]. Second, in case of inconsistent updates, ran-
dom test generation raises an exception, and it does not produce any scenario;
therefore, the evaluation does not take into account the capability of the par
construct to detect inconsistent updates. Initially, in the evaluation process, we
had to set the number of tests and steps in each test to generate test cases. To
avoid explicitly specifying the number of tests and steps, we introduced a 10
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minutes timeout and iteratively increased the number of test cases with more
steps, up to 20 iterations or until the first 5 iterations failed to generate any
valid scenario. While this approach reduces the risk of selecting incorrect con-
figuration parameters, it is important to acknowledge that using more tests (or
steps) than those we encountered during our experiments within the timeout pe-
riod could have yielded different results. By increasing timeout and max number
of iterations, we may kill more mutants and increase the number of specifica-
tions for which par is actually useful. Likewise, when using random test cases,
we cannot guarantee full coverage of the Asmeta specification [5]. As a result,
some mutants may survive not because they behave identically to the original
specification, but because the generated tests never exercise the mutated part.
Construct validity concerns arise when the link between theory and obser-
vation is weakened. A potential threat in our study lies in assuming that our
chosen measures appropriately capture the usefulness of parallelism in Asmeta.
We selected them based on established practice: usage frequency is widely used
as a proxy for practical relevance [12,18], and mutation has been used in several
contexts, such as assessing test suite effectiveness [16], source code optimiza-
tion [17], and anomaly detection [2]. We acknowledge that the results for RQ2
are highly dependent on the definition of usefulness adopted in this study.
External validity is concerned with whether we can generalize the results out-
side the scope of the presented study. Killing mutants is a sufficient condition
for proving usefulness of par but it is not a necessary one: it is not suitable
for proving that par is not useful. We may explore formal proofs for that in
future works, for instance using a model checker or an SMT solver. In our anal-
ysis, we considered all specifications available in the Asmeta GitHub repository.
Although this constitutes an extensive dataset, most specifications were devel-
oped for research purposes. Nevertheless, the considered set also includes some
real-world case studies, partially mitigating the external validity threat. In this
paper, we applied our empirical evaluation to parallelism in Asmeta. However,
we believe that the same methodology can be applied to other constructs or
formal notations where a mutation excluding the analyzed construct exists.

5 Conclusion

In this paper, we empirically assessed the usefulness of parallelism and of the par
construct in Asmeta. We found that most Asmeta specifications (82%) employ
par (RQ1) and for many of them (52%) it is useful (RQ2). Thus, we can consider
the par advantageous, at least in the presence of certain modeling styles that
represent common pattern in ASMs. However, we discovered that in many other
cases it could be replaced by seq without changing the behavior. Although
parallelism is a fundamental feature of ASMs, to the best of our knowledge, this
is the first work to empirically investigate whether Asmeta users employ par
out of an actual need for parallelism or simply because it is the most commonly
suggested composition strategy for ASMs. Also, some users may be more familiar
with seq, while others may benefit from par. Further investigation of the pros
and cons of parallel constructs may be needed, including required effort and ease
of expressing complex behavior, e.g., via user questionnaires.
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