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Abstract

Existing conformance-checking approaches typically compare a
reference model with a monolithic concrete model and therefore
do not support decompositions into interacting subcomponents.
We present a conformance-checking and repair approach for time-
synchronous component-and-connector subarchitectures with state-
chart-based component behavior. Given a reference component, a
concrete cascade composition with delayed feedback, and an incar-
nation mapping, the approach checks whether the composition’s
observable behavior conforms to the reference. On failure, it returns
a counterexample, localizes the violation to the responsible sub-
component and repair site, and synthesizes a repair via MaxSMT,
minimizing syntactic change, bounded behavioral loss, and distance
from the blamed component. Re-checking validates each repair. Ex-
periments with seeded faults and generated composition chains
show accurate localization and conformance-restoring repairs, with
repair synthesis dominating runtime.
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1 Introduction

Model-driven engineering aims to improve software and system de-
velopment by treating models as primary source artifacts [16] and
relying on automation for tasks such as model-to-code translation
and model-based analysis. In model-based analysis, a monolithic
reference analysis may be decomposed into interacting analysis
components to improve modularity, reuse, or scalability [21], goals
also pursued at the metamodel level [22]. The resulting decompo-
sition must preserve the externally observable analysis behavior
of the reference specification, i.e., it must conform to the reference
model.

The conformance framework introduced in [32] establishes a
rigorous foundation for checking whether a concrete model adheres
to the specification of a reference model, using a formally defined
mapping, known as an incarnation mapping [32], to specify which
elements of the concrete model correspond to which elements in the
reference model. This approach enables precise reasoning about
correctness by relying on a formal notion of model refinement
based on a denotational semantics definition for a given modeling
language [20].

Existing conformance checks based on the aforementioned con-
formance framework [32, 41] are currently limited to comparing
a monolithic concrete model with a reference model of the same
language. Modern systems, however, are rarely monolithic. They
are increasingly constructed by decomposing a system into subcom-
ponents, each responsible for a specific task. This design principle
introduces new challenges for conformance checking, and the ex-
isting approaches provide no means to (i) check whether a concrete
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cation, (ii) trace a conformance violation back to the responsible
syntactic elements in the specific subcomponent, or (iii) repair it.
We close this gap by building on compositional refinement ideas
from formal specification frameworks such as FOCUS [7] that ad-
dress the design and refinement of compositional architectures to
extend the existing conformance framework.

In particular, in this work, we extend the conformance check for
MontiArcAutomata [53] introduced in [32] to support the composi-
tional analysis setting of component-and-connector architectures
in MontiArc [19]. We consider a concrete subarchitecture consisting
of two or more subcomponents, obtained by a task-driven decompo-
sition of a reference component specification using a MontiArcAu-
tomaton. The subcomponents interact through cascade composi-

+ blame component b

Figure 2: Overview of the conformance checking and repair
pipeline.

responsible subcomponent. It then synthesizes a minimal-
deviation fix as a MaxSMT problem, minimizing a cost func-
tion over three dimensions: syntactic distance, bounded be-
havioral loss, and distance from the localized subcomponent.

2 Preliminaries

tion, in which forward channels carry the output of one component We briefly introduce the modeling and analysis concepts used in
to the input of the next, and feedback channels return values in this paper: component-and-connector architectures, conformance
the opposite direction, with the internal channels hidden from the under incarnation mappings, and SMT-based optimization.
outside. Throughout, we assume a time-synchronous setting with

at most one message per channel per step, unit-delay feedback 2.1 Component-and-Connector Architectures

channels that rule out zero-time cycles, and finite message alpha-
bets and control state spaces, so that the composed configuration
space is finite. Figure 1 shows this topology for the general case of
two components. This pattern is common in data-flow and pipeline
architectures, but it complicates conformance checking, since cor-
rectness must be established across the composition rather than for
a single component in isolation.

Our approach checks a whole subarchitecture of the system
against its corresponding reference model under the given incar-
nation mapping (Figure 2). When non-conformance is detected,
it generates counterexamples that expose the deviation between
expected and observed behavior and localize it to the responsible
subcomponent. We assume that faults originate in the concrete
model, consistent with viewing the concrete model as a refinement
and decomposition of a trusted reference. The objective is therefore
not only to detect violations but also to localize and repair them
within the concrete subcomponents, while changing the concrete
model as little as possible, both syntactically and behaviorally.

This paper makes the following contributions:

Component-and-connector (C&C) architectures model systems as
networks of components that communicate through typed, directed
ports connected by channels [4, 34, 55, 58]. Components may be
hierarchically decomposed, so that an abstract component can be re-
alized by a subarchitecture of interacting components. This makes
C&C models well suited for systems whose functionality is dis-
tributed over multiple collaborating parts, but it also raises the
question whether the composed subarchitecture still preserves the
behavior required by the original component.

We use MontiArc [19], a custom architecture description lan-
guage, to model C&C systems. MontiArc defines the architectural
structure in terms of components, ports, and connectors, while the
input-output behavior of atomic components is specified by Mon-
tiArcAutomata [53], a statechart variant. Transitions react to input
messages, may evaluate guards and update variables, and produce
output messages. Thus, a MontiArc component can be understood
both structurally, through its interface and internal wiring, and
behaviorally, through the automata assigned to its atomic parts.

The semantic foundation of MontiArcAutomata is inspired by

C1 A compositional conformance checking approach for sys- FOCUS [7], which models component behavior using streams over
tems assembled from MontiArcAutomata subcomponents directed channels and provides a formal notion of refinement. In
through cascade composition. It checks such a system against such a setting, a concrete model refines an abstract one if it admits
the reference model it was decomposed from, under a given no externally observable behavior that the abstract model forbids.
incarnation mapping. This refinement view is central to our approach, because a decom-

C2 A counterexample-guided repair for composed architectures. position should not merely be structurally well-formed; it should
It localizes a composition-level conformance violation to the also behave like a correct realization of the reference component.
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In this paper, we restrict communication to a finite, time-synchronous

setting in which a component consumes at most one message per in-
put channel and produces at most one message per output channel
per step; feedback channels are interpreted with a unit delay.

2.2 Conformance and Refinement

Conformance checking verifies whether a concrete model preserves
the relevant properties of a reference model. The conformance
framework of [32] makes the correspondence between both models
explicit through an incarnation mapping, which relates selected
concrete model elements, called incarnations, to their reference
counterparts. Such mappings are necessary because a concrete
model may use different names, introduce additional structure, or
realize a reference element by several concrete elements.

The precise notion of conformance depends on the modeling
language and the intended preservation criterion. At the semantic
level, conformance is commonly based on refinement: a concrete
model is considered correct with respect to an abstract reference
if all relevant behaviors of the concrete model are admitted by the
reference. Under a denotational view of semantics [20], refinement
is a subset relation between the semantics of the refined and the
abstract model.

For behavioral models such as automata or statecharts, the se-
mantic instances are observable behaviors, typically input-output
traces, so a failed check is witnessed by a concrete behavior that
the reference does not admit. This view is closely related to seman-
tic differencing [38], where model differences are represented by
semantic witnesses rather than by syntactic changes. In our set-
ting, such witnesses take the form of counterexamples that guide
localization and repair.

2.3 SMT and MaxSMT

Satisfiability Modulo Theories (SMT) [2] decides logical constraints
over background theories such as arithmetic, bit-vectors, and un-
interpreted functions. SMT solvers thus combine propositional
reasoning with theory-specific decision procedures. We use SMT to
encode the conformance obligations generated from the reachable
composed behavior and the incarnation mapping.

MaxSMT extends SMT with optimization over hard and soft
constraints [48]. Hard constraints must be satisfied, while soft con-
straints may be violated at a cost. In the weighted variant, the
objective is to minimize the cost of violated soft constraints. We use
weighted MaxSMT for repair synthesis: hard constraints enforce
well-formedness and elimination of the counterexample, while soft
constraints encode the repair cost, including syntactic distance,
bounded behavioral loss, and distance from the blamed component.

3 Running Example

As a running example, we use a model of resource simulation taken
from Slingshot [30], a discrete-event simulator for the Palladio
Component Model [3] that follows an event-driven architecture. In
Slingshot, serving a resource request intertwines two concerns, the
contention and queueing of a passive resource (a bounded capac-
ity that must be acquired and released) and the actual processing
of an active resource (a server that executes an admitted request
and thereby determines its service time and, hence, the resulting
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utilization). The model used here is a simplified abstraction of this
behavior that keeps the request lifecycle (arrival, admission or re-
jection, execution, and completion) while abstracting away timing
values and the concrete scheduling policy, so that the example stays
small enough to inspect.

Figure 3 presents the example in two forms. Before decomposi-
tion (top), the reference model ResourceSimulation captures the
entire request lifecycle in a single monolithic component that han-
dles both queueing and execution. To improve modularity and
enable compositional reasoning, we decompose it into two interact-
ing subsystems (bottom) that mirror this passive/active distinction.
A passive admission stage P that owns all queueing and contention
and reports the waiting time as waitTime, and an active execution
stage A that runs only admitted requests and reports the service
time as serviceTime, from which resource utilization is derived.

The two stages communicate over a forward channel admit
and a unit-delay feedback channel release, on which A sends
completion messages such as ResourceReleased back to P. The
feedback is essential because P can only release the capacity held by
a finished request, and thereby admit a queued one, after A signals
completion. The two stages are therefore mutually dependent and
do not form a one-way pipeline. The decomposition is intended to
be behaviorally equivalent to the monolith. The figure deliberately
includes a non-conformant grant edge (highlighted in red) whose
composed behavior diverges from the reference. This motivates the
conformance check of the following sections.

Note that in the figure, port names and message values are
shown together. The forward port admit carries values such as
ActiveStartRequested and ActiveAbortRequested from P to A.
The delayed feedback port release carries completion information
from A back to P. In the composition, both ports are internal and
therefore hidden from the external interface.

4 Automata Composition Model

Motivated by model-based analyses structured as interacting anal-
ysis components, we model the concrete realization of a reference
analysis specification as a composition of automata that exchange
information over hidden internal channels. This section presents
contribution C1,; it fixes the cascade composition operator and
the conformance relation, makes precise what a state of the com-
posed system is, states the conditions under which an output of
one component may legitimately become an input of another, and
realizes the conformance check as a breadth-first construction of
the reachable product configurations.

Throughout, we write P for the upstream and A for the down-
stream component, corresponding to the concrete components
PassiveResourceSimulation and ActiveResourceSimulation
of our running example. The reference model is ResourceSimulation,
denoted O.

4.1 Composition Operator and Conformance
Relation

Composition operator. We take as our composition operator

C = hidepyo (P I A), where the shared alphabet between P and A

is partitioned into a forward channel set F (outputs of P consumed
by A) and a feedback channel set ® (outputs of A consumed by P),
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Figure 3: Running example: the reference automaton ResourceSimulation (top) and its decomposition into P and A (bottom).

The red edge is the seeded fault.

with both sets hidden from C’s external interface. The pure cascade
C = P o A is the special case ® = 0.

Two components cannot in general interact correctly through
a single one-directional channel whenever the downstream com-
ponent holds state on which the upstream component’s future
decisions depend. The downstream component must be able to
signal back when an in-flight operation completes, and the channel
carrying this information necessarily flows against the direction
of control. In our running example ® carries the completion signal
from the active resource simulation back to the passive resource
simulation, so that the freed capacity can be granted to a queued
request.

Requiring at least one channel in each direction for an interaction
to be well-formed is the standard convention in C&C architecture
description languages such as MontiArc [19]; a unit delay on each
feedback rules out zero-time cycles. In MontiArc this delay is ex-
pressed directly by declaring the feedback port as «delayed».

Conformance relation. According to [32], conformance re-
quires semantic refinement of the original system. However, we
need not consider elements in the concrete model that do not corre-
spond to elements in the reference model. Hiding F and ® removes
the forward and feedback events from C’s external interface. So,
from the outside, only the external input and output of C remain
visible. The labels of the conformance obligation are therefore only
external, so the observable alphabet is that of a black-box refine-
ment, although the buffered feedback value remains part of the
configuration.

838

Let [M], denote the set of observable input-output traces of a
model M after applying the incarnation mapping p. We say that
the concrete composition C refines the reference model O iff

[Cl. < [O].

Thus, every externally observable behavior of the concrete com-
position must be admitted by the reference model. If both models are
deterministic and input-enabled, this reduces to equality of the pro-
duced output sequence for every input sequence. The checker does
not discharge this inclusion directly. Since p assigns a reference state
st (c) to every reachable configuration ¢ = (sp, sa, ¢) (Listing 2), we
adopt as our conformance relation the step-wise obligation that for

every enabled step ¢ ﬂ ¢’, O admits pgt(c) M) pst(c).

This simulation implies [C], € [O] but is strictly stronger, and it
is what attributes a violation to a single step and hence to a single
transition.

Composition and mapping. The composition C is specified
by an enclosing MontiArc component specification that contains
instances of the subcomponents P and A, and specifies how they are
connected in the subarchitecture. The external inputs and outputs
of C are specified by connecting the input and output ports of the
enclosing component to the corresponding input and output ports
of the subcomponents. The enclosing component also connects
output channels of subcomponent instances to input channels of
subsequent subcomponent instances to form the channels for the
intermediate messages. It is parsed and checked alongside the other
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component ActivePassiveComposition {

port
sync in Input request, // external input of C
sync out Output outcome; // external output of C
sync out int waitTime;
sync out int serviceTime;
PassiveResourceSimulation passive; // stage 1
ActiveResourceSimulation active; // stage 2
request -> passive.request;
passive.admit -> active.admit; // forward
active.release -> passive.release; // feedback

active.outcome -> outcome;

}

Listing 1: The composition expressed as a composed
MontiArc component.

component specifications. A simplified version from our running
example is shown in Listing 1.

Connecting the components yields the composed object C but
says nothing about what it is meant to compute; that correspon-
dence is recorded in a separate artifact, the mapping (Listing 2).
The composition relates concrete ports to concrete ports and never
refers to the reference, whereas the mapping relates C back to the
original monolithic model O. It reuses the same form as the single-
automaton mapping of the base setting, with one generalization.
In the base setting each state rule abstracts a single concrete state
to a reference state; under composition there is no single concrete
state, so a reference state is realized jointly by a combination of
component states. The input and output maps keep their original
single-interface form, because C still exposes one external input
and one external output. In our example case the relevant concrete
input and output messages have the same form as the correspond-
ing input and output messages in the reference model. This does
not need to be the case in general, and renaming, as well as multiple
variants for inputs and output incarnations are permitted.

Separating the specification of C and the mapping from the spec-
ifications of the sub-components also reflects the responsibilities of
the two engineering roles. In the context of model-based analysis,
the analysis component developer specifies an individual analysis
component together with its transition system, input and output
alphabets, execution semantics, and observable events. This role
has a white-box view and may modify the component’s internal
behavior, state structure, and semantic annotations [31]; outside
model-based analysis, it generalizes to that of a component developer.
The composition expert, in turn, defines the sequential interaction
between components, that is, the interaction protocol, the event-
propagation rules, and the causality constraints, and authors the
mapping between the concrete and the reference automata. To de-
fine these correctly, the composition expert needs access to the
semantic structure and observable behavior of the components, but
does not necessarily modify their internal implementation.

Reachable product states. Following the standard treatment
of systems of communicating automata, in which a global configu-
ration is the tuple of local control states together with the contents
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mapping AutomataMapping {

stateMap {
PassiveResourceSimulation.state == Ready
&& ActiveResourceSimulation.state == Idle
==> ResourceSimulation.state == Idle;
PassiveResourceSimulation.state == Granted
&& ActiveResourceSimulation.state == Running
==> ResourceSimulation.state == Running;
//
inputMap {
request == Input.ACQUIRE ==> input == Input.ACQUIRE;
//
}
outputMap {
outcome == [Output.STARTED]
==> output == [Output.STARTEDI];
outcome == []
==> output == [];
//
}

}

Listing 2: Excerpt of the mapping between the reference
model and the decomposed concrete components.

of the channels [5], we define a configuration of C as
c = (Sp, SA, ¢) € Sp XSA XDq;.,

where sp, s4 are the component control states and ¢ is the value
buffered on the feedback channel (one coordinate per channel in ®).
Unlike the unbounded FIFO channels of the classical model, each
feedback channel here is a one-place, unit-delay buffer over a finite
value domain Dy, so the configuration space remains finite.

The control component of the configuration space is the Carte-
sian product Sp X S4, multiplicative in the component sizes; adding
the buffer coordinate multiplies the worst-case bound by a further
factor of |Dg|. Only the configurations reachable from the initial
one are relevant for conformance checking, following the standard
treatment of finite-state systems in model checking [9].

The checker first constructs the reachable fragment of the com-
posed system by breadth-first search (BFS). For each reachable
configuration and each step enabled in it, the checker then verifies
the conformance obligations induced by the incarnation mapping.
These obligations are encoded as SMT constraints. If an obligation
is unsatisfiable, the corresponding execution step in the reachable
fragment is returned as a counterexample. The reachable fragment
is far smaller than the bound. Each shared step records the same
change on both sides at once, so the two components can never
disagree about the state they share, and inconsistent configurations
are never generated. In particular, the buffered value ¢ is fixed by
the producer’s last transition, so every reachable control pair occurs
with exactly one buffer value. Consequently, the buffer coordinate
enlarges the bound but not the reachable set.

In our running example, P has the five control states and A has
four, so the control product has |[Sp| - [S4| = 5 - 4 = 20 pairs. The
feedback channel ranges over the result alphabet, and the worst-
case bound is 20 - |Dg| configurations. The BFS reaches only a
small fraction of these, all of which the mapping relates to refer-
ence states; the remainder correspond to inconsistent situations
the synchronization discipline never produces. Crucially, each of
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these reachable pairs occurs with a single buffer value, so tracking
the buffer leaves the reachable count unchanged even though it
multiplies the bound.

4.2 Integration Conditions

Integration conditions [49] define the exact circumstances under
which an output of one component is allowed to become an input
of another component in a cascade composition.

Let Cq (Q1,21,61,901) be the producer component, Cy
(Q2, 22, 82, qoz) be the consumer component, with states Q;, alpha-
bet 3;, transition relation J;, and initial state qo; € Q;. The bridge
relation B € 39" x Zizn pairs an output of C; with the input of C; it

o 0 .
feeds. For a producer transition q; — ¢] and a candidate consumer

o i, . . L .
transition gz — g5, the integration condition is the predicate

IC12(q1 2 q5 q2i> q5, t, T) € {true, false},

where ¢ is the current logical step and T is the interaction context
(buffered feedback, guards, and annotations). It holds exactly when
all three conditions below are satisfied.

o Interface compatibility. The produced output must be
connected to a valid input of the second component, this
is checked through the bridge relation: (0,i) € B. In the
running example (Passive.admit, Active.admit) € B, so the
admit signal of the passive stage may be propagated to the
active stage. This condition ensures that propagated events
are structurally connectable across automata boundaries.

e Behavioral admissibility. The consumer’s current state

q2 must have a transition ¢ 5 q, that matches the pro-

ducer transition ¢ 2 q7, i.e. with (0,i) € B and a guard
that holds in I'; determinism makes this transition unique.
This condition guarantees that interaction does not intro-
duce undefined or semantically inconsistent behavior in the
composed system.

In the running example the active stage accepts an event
on admit only in a state with a matching transition (e.g.
Idle), and not in one without (e.g. ActiveStartRequested
in Running).

e Causality preservation. A connection that closes a cycle
must not take effect in the step that produced it; the consumer
may react only at a later step. This is what rules out zero-time
feedback loops. In the running example the feedback signal
release produced by the active stage at step ¢ is observed by
the passive stage at step t + 1, realizing the unit delay. A
forward connection such as admit, which closes no cycle,
may be consumed in the same step.

The integration conditions make each composed step well de-
fined and unique, so C is deterministic whenever its components
are; with finite state spaces and a finite Dg, the configuration space
is finite and the reachable construction terminates. Composition
is monotone with respect to trace refinement, so refining a sub-
component cannot invalidate an established trace-conformance
verdict.
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5 Repair computation

This section delivers C2. We formulate automated repair as a
MaxSMT optimization problem, where the goal is to restore confor-
mance while minimizing the deviation from the original model. The
formulation separates correctness requirements from optimization
criteria and allows repairs to be both sound and minimal. Given a
counterexample witnessing non-conformance, we derive a finite
set of candidate edits E = {e, ..., em}. Each edit modifies one can-
didate repair site, for example by changing an emitted output value,
strengthening or weakening a guard, or modifying an assignment.
The MaxSMT encoding contains hard constraints ensuring that the
edited model is syntactically well-formed, type-correct, and elimi-
nates the current counterexample. Since the repair is synthesized
from a finite counterexample, soundness with respect to the full
conformance relation is obtained by re-running the conformance
checker on the repaired model.
For each candidate edit e, we assign a cost

C(e) = w1 dsyn(e) + w2 fyen(€) + w3 dplame (€),

where all weights default to 1. The MaxSMT objective is to find
a hard-constraint-satisfying edit of minimal cost.

Here, Syntactic distance dsyn captures the principle of minimal
structural change. It increases with the size of the edited syntax
fragment and the number of distinct semantic entities involved in
the change.

dsyn = max (1, affectedAstNodes
+ touchedSemanticElements — 1)

affectedAstNodes shows the number of AST nodes inside the edited
fragment and touchedSemanticElements counts how many distinct
variables, ports, or guards are involved.

Comparing the k-step observable traces produced by the compo-
nent before and after the edit, denoted T;,j4 and Tew, respectively,
where k is the automaton diameter, we define

|To1d N Thew]

fheh ) =min()t, Hl_ | Towd| )AD !

Setting A = 4 discretizes the loss into quartiles and keeps this
dimension on the same small-integer scale as the others; 1 is a
tunable parameter. If Ty = 0, we define #,.,(e) = 0, because
the edit does not remove any previously observable behavior. The
weights and A are pragmatic defaults rather than tuned values; they
are parameters of the MaxSMT instance, so other weightings and
discretizations are supported.

Component blame distance dp]ame is the dimension that accounts
for the compositional structure of the system. It measures how
directly a repair targets the component responsible for the violation.
Because only the last component’s output is observed, a violation
could in principle be patched at several components. We therefore
first localize the fault by walking the chain and taking as blame
component b the earliest component whose own output already
makes the correct reference output unreachable for all components
downstream of it. A repair at component r then costs dpjme(€) =
|r — bl, so fixing the blamed component scores 0, and the penalty
grows with each component between the repair and the true source
of the fault.

=4.
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Table 1: Effectiveness validation cases: detection, localization,
and repair outcome per case. 'conformance restored under
re-checking, not fault reverted.

Case FaultKind Position Det. / Loc. / Rep.’
1 output downstream VIVIV

2 guard upstream VIV

3 variable upstream VIV

4 output upstream VIVIV

5 guard downstream VIV

6 variable downstream VIV

7 — (conformant) no violation (correct)
8 output middle VIV

9 guard middle VIV

10 variable middle VIVIV

6 Evaluation

We evaluate our compositional conformance repair approach with
respect to two research questions. The first asks whether the ap-
proach produces correct and well-targeted repairs (effectiveness),
and the second asks how it behaves as the composed system grows
(scalability). We study both on our running example, which we
instantiate into controlled fault scenarios for effectiveness and into
progressively larger systems for scalability.

All experiments were executed on a machine with a 12th Gen
Intel Core i7-1260P CPU, 32 GB RAM, running Windows 11 Pro OS.
The implementation uses Java 17, Z3 version 4.13.0, and a timeout
of 600 seconds per analysis case. Unless stated otherwise, each
measurement reports the median of 3 repetitions.

Data Availability. We provide a dataset (https://doi.org/10.5281/
zenodo.21216345) containing all code artifacts, models, and evalua-
tion scripts required to reproduce the results in this paper.

6.1 Effectiveness

RQ1: Does the approach detect a conformance violation, localize it to
the responsible component, and synthesize a repair that restores it?

We construct ten validation cases over the running example.
Each injects exactly one fault, leaving the rest of the model correct,
so that every case isolates a single repair scenario and controls for
confounding faults. The cases cover all three repair kinds (output,
guard, and variable-assignment) at all three positions in the chain
(upstream, middle, and downstream) together with one conformant
case as a negative control (Table 1). The middle-position cases use
a three-stage chain in which a scheduler component is inserted
between the admission and execution stages.

Crucially, every repair is validated independently. The tool ma-
terializes the synthesized edit back into the concrete model and
re-runs the full conformance check end-to-end. Every injected fault
was detected, and the conformant case was correctly reported as
conforming, so the approach produced no false positives.

In all nine faulty cases, the approach pinpointed the exact com-
ponent and transition containing the fault. This is non-trivial in a
sequential chain, since the violation is only ever observed at the
final output regardless of where the fault originates; correct lo-
calization across upstream, middle, and downstream positions is
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precisely what the chain walk is designed to achieve; dpjme then
steers the repair toward the localized component. In each case the
repair takes the form of an output correction on the localized tran-
sition, which is the minimal edit that re-establishes the observable
conformance relation.

6.2 Scalability

RQ2: How does the cost of conformance checking and repair synthesis
scale as the composed system grows?

We scale the running example along two independent axes: the
chain length n, the number of composed components, and the state
count per component. For each configuration we generate a com-
plete instance with the same structure as the running example (an
admission stage, forwarding stages, and a final execution stage
with delayed feedback). Into each instance we inject one seeded
fault, of a type matching one of the repair kinds, an ouTpPUT, a
GUARD, or a VARIABLE fault, placed in the final stage so its effect is
directly observable. The final-stage placement is a control for the
scalability study only, so that runtime is not confounded by fault
position; faults in intermediate components are evaluated in RQ1
(Table 1). We vary the chain length n € {2,3,4} and eight state
counts (3 to 22 states) and combine each with all three fault kinds,
giving 3 - 8 - 3 = 72 configurations. Repair synthesis is encoded as
a MaxSMT problem and solved via Z3’s [12] Java APL. We record
conformance-checking, repair-search, and total time separately.

Across all 72 configurations the approach detected the violation
and synthesized a conformance-restoring repair, with no timeouts
or failures. Conformance checking was negligible throughout (17—
312 ms, 0.70% of the total on average and never above 2.3%), so the
cost lies almost entirely in repair synthesis. Figure 4 shows that re-
pair time grows super-linearly with the per-component state count,
from a few seconds at 3 states to 48-388 s at 22 states, while chain
length has a milder and less consistent effect (between 0.7x and
2.2x from two to four components beyond the smallest instances).

Repair type also has a consistent effect, with guard repairs the
most expensive and output repairs the cheapest. A guard repair
must search over many candidate guard conditions, whereas an
output repair only substitutes one value from a small finite set.

As the per-component state count grows, the curves for different
chain lengths spread apart, so the penalty for adding components
is largest when they are large. This cost, however, comes almost
entirely from repair synthesis; conformance checking stays negli-
gible. Since realistic decompositions split a component into a few
parts, not many tiny ones, our chain lengths cover typical cases.

7 Threats to Validity

We discuss threats to validity along the four standard dimensions [56],
considering our theory, our tool, and our experiments.

Construct validity. The verdict is relative to a hand-authored
mapping, so soundness is conditional on a correct mapping. We
reduce this risk by deriving the mapping directly from the refer-
ence model’s states and checking it against the reachable product
configurations, so that an inconsistent stateMap is exposed during
checking rather than being silently accepted. The three-dimensional
repair cost approximates minimality, but it may not coincide with a
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Figure 4: Total repair time as a function of per-component state count, for chain lengths n € {2, 3,4} and the three fault types.

Conformance checking accounts for under 3% of each total.

domain expert’s notion of the best repair. Different weight choices
can lead to different optimal repairs.

Internal validity. The reachability claim is mitigated by ex-
haustive BFS over the finite configuration space, which makes the
reachable set a computed result rather than an assumption. Blame
localization is derived from a single counterexample, so with several
coexisting faults the attributed component can depend on traversal
order; we therefore report blame per counterexample rather than
as a global diagnosis. When several repairs have identical minimal
cost, the selected repair may depend on solver tie-breaking. We
therefore interpret the reported repair as one optimal repair, not
necessarily the unique best repair.

External validity. Our effectiveness evidence comes from a sin-
gle running decomposition (RESOURCESIMULATION into its passive
and active variants) in the Palladio/PCM domain. The faults are
synthetic and each case injects a single fault, so interacting or multi-
component faults are out of scope. We therefore do not claim that
the measured effectiveness transfers unchanged to other systems;
broadening this evidence across domains, defect types, and fault
combinations is future work. We also do not compare empirically
against alternative localization or repair techniques. Our current im-
plementation targets cascade compositions with time-synchronous
communication and delayed feedback. The results may not transfer
to arbitrary graph-shaped architectures, asynchronous/event-based
communication, multiple feedback cycles, or dynamically reconfig-
urable systems.

Reliability. A reliability concern is that several different repairs
can share the same minimal cost, and in that case the tool reports
just one of them. For the seeded-fault study, faults were generated
from a fixed mutation scheme applied systematically to the model
elements rather than chosen by hand, which limits but does not
eliminate selection bias. To support reproducibility, we plan to
release the generated benchmark instances, the seeded-fault scripts,
and the solver configuration.

8 Related Work

Our work combines conformance checking for decomposed archi-
tectures with counterexample-guided repair.

Conformance and semantic differencing. We build on the
conformance framework of [32], which defines language-specific
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conformance relations under incarnation mappings and provides
checks for class diagrams, feature models, and MontiArcAutomata.
A corresponding conformance-checking approach for process mod-
els is presented in [41]. These approaches compare a reference
model with a monolithic concrete model, whereas we are now con-
cerned with a concrete subarchitecture obtained by decomposition.
Compared to the conformance checking approach introduced in
[32], which checks if each transition of the concrete model is per-
mitted by the reference model, we verify transition sequences in
a composed concrete model. This required an extension of the in-
carnation mapping: whereas the original mapped individual states
of the concrete automaton to states of the reference automaton,
the concrete model may now consist of multiple automata and we
therefore map tuples of states to states of the original.

Conformance checking is closely related to semantic differenc-
ing [38], where differences are represented by semantic witnesses
rather than syntactic edits. Such operators have been studied for,
among others, activity diagrams [27, 39], class diagrams [39, 52], fea-
ture models [14], use-case diagrams [28], sequence diagrams [26],
statecharts [13], and bounded Data Petri Nets [45]. Semantic differ-
encing has also been considered for model compositions, includ-
ing combinations of class diagrams, OCL constraints, and object
diagrams [54], as well as C&C architectures with statechart behav-
ior [8, 18]. Unlike these existing semantic differencing approaches
for C&C architectures, we rely on the mapping-witnessed simula-
tion of Section 4.1, which is strictly stronger than black-box trace
refinement, requires no trace-inclusion check, and yields counterex-
amples localized to a single step, and hence to a single transition.

Compositional refinement of architectures. Complemen-
tary approaches to semantic differencing are formal verification
methods based on FOCUS [7]. Recent work translates SysML v2
specifications into Isabelle/HOL theories to prove refinement across
architectural abstraction levels [24, 25]. This theorem-prover-based
line is complementary to our counterexample-oriented approach,
in which we check a given decomposition and use violations to
guide repair.

Compositional verification is also addressed by assumption-
guarantee reasoning, where components are verified under as-
sumptions about their environments [10]. These techniques aim
to decompose proof obligations for a fixed property, whereas our
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approach checks a given architectural decomposition against a ref-
erence model and uses conformance counterexamples to localize
and repair faults.

Automata-based component theories provide another founda-
tion for compositional reasoning. I/O automata [37] model reactive
and distributed components by input, output, and internal actions;
refinement is typically expressed through trace inclusion or sim-
ulation. Interface automata [11] build on a similar input/output
view but emphasize interface compatibility and substitutability un-
der environmental assumptions, using alternating simulation as a
refinement relation. Both lines provide general theories for com-
posing automata and reasoning about component behavior at their
boundaries. Our setting is more specific: we consider MontiArcAu-
tomata embedded in C&C architectures, check whether a concrete
cascade decomposition conforms to a monolithic reference under
an incarnation mapping, and exploit the resulting counterexamples
for localization and MaxSMT-based repair.

The preservation of semantics during system decomposition
has also been addressed previously in [29] which focuses on au-
tomatic parallel decomposition. In contrast, we verify and repair
user-provided cascade decompositions with delayed feedback.

FOCUS is one of several formal foundations for reasoning about
communicating and component-based systems. Related formalisms
include process algebras such as CSP [23, 46], CCS [42], and the
n-calculus [43], as well as Ptolemy [36], TLA [1], and Petri nets [50].
These formalisms support, in different ways, nondeterminism, com-
munication, refinement, timing, and hierarchical composition. Petri
nets are also used in the Palladio context [51] as a semantic basis
for simulation-based performance analyses [33]. Closer to our con-
cern with semantic soundness, recent work models the composition
of analysis components and automatically checks soundness con-
straints over composed analyses [57]. In contrast, our work does
not introduce a new semantic foundation or performance analysis;
it uses a statechart-based C&C setting to check whether a concrete
cascade decomposition conforms to a reference component and to
repair violations automatically.

Automated repair. Automated repair has been studied exten-
sively for programs and models [17, 44]. Our repair formulation
is closest to counterexample-guided, MaxSMT-based model repair.
Kolbl et al. [35] repair networks of timed automata from diagnos-
tic traces by encoding candidate changes as MaxSMT constraints.
We share the counterexample-guided optimization view, but repair
decomposed component architectures against a reference model
and include blame distance to steer repairs toward the responsible
subcomponent. Kautz [26] repairs single models by searching syn-
tactic edit sequences that restore a violated property; our setting
instead repairs a composed system under a multi-dimensional cost.

Program-repair approaches such as SemFix [47] and Direct-
Fix [40] synthesize patches from logical constraints. Quantitative
repair approaches, including QLOSE [15] and AuRUS [6], optimize
the syntactic and semantic similarity to the original artifact. Our
distinguishing feature is that the repair is driven by a composi-
tional conformance counterexample and explicitly accounts for the
location of the blamed component.
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9 Conclusion and Future Work

We presented a compositional conformance-checking and repair
approach for component-based systems modeled in MontiArcAu-
tomata under cascade composition. Given a reference model, a
concrete composition, and an incarnation mapping, the approach
checks whether the decomposed system conforms to the refer-
ence, localizes violations to responsible subcomponents and transi-
tions, and synthesizes MaxSMT repairs. Repairs minimize syntactic
change, bounded behavioral loss, and distance from the blamed com-
ponent, and are validated by re-checking the repaired model. The
evaluation detected and localized all nine injected faults, synthe-
sized conformance-restoring repairs for each, and correctly reported
the conformant case. All 72 configurations completed successfully,
with conformance checking negligible and repair synthesis domi-
nating and growing super-linearly in the state count.

Future work includes adopting a more open-world interpreta-
tion of statechart semantics, extending the approach beyond time-
synchronous cascade composition to richer and event-based inter-
action topologies, evaluating it on larger systems with naturally
occurring faults, and reducing the reliance on hand-authored map-
pings through partial automatic derivation and validation. Com-
paring against alternative localization and repair techniques would
additionally require a shared benchmark, since those approaches
take diagnostic traces or violated properties rather than a reference
model and mapping as input.
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