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Abstract

In multi-domain systems development, resolving consistency con-
flicts often reaches an impasse: the resolution cannot be fully au-
tomated, but neither can an interactive consistency repair be com-
pleted with knowledge from one domain only. Unfortunately, many
approaches forthcoming from research are disruptive to the work-
flow of the developers of the system, primarily because it is typically
assumed that inconsistencies should be resolved by the domain caus-
ing the inconsistency. In this vision paper, we make a first effort to
identify resolution processes that are better suited to support users
with this complex task. Our method is to first classify interactive
repairs along different design categories, so that we can explore
existing interactive repair approaches and how they cover our pro-
posed categories. Our results show that the current frameworks
implement a naive approach likely leading to suboptimal results;
therefore, we propose a collaborative and an uncertainty-based
approach for performing interactive repairs, and measure these
novel approaches for coverage against our design categories. Our
results indicate potential to make interactive repair less disruptive,
both to the resolving users and to other users of the system. We
intend to implement these two new framework types and combine
them in future work to evaluate their impact.

CCS Concepts

« Software and its engineering — Consistency; Model-driven
software engineering; - Human-centered computing — Com-
puter supported cooperative work; HCI theory, concepts and models.
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1 Introduction

During Cyber-Physical System (CPS) development of multi-view
systems, the resolution of consistency conflicts unavoidably de-
mands manual effort (e.g., due to cross-model refinement relations
[19]) [15]. Moreover, in multi-disciplinary cooperations, such con-
flicts are likely to span domains, and where this is the case, the
resolution will require knowledge from the source domain and from
the target domain (cf. [31]). That presents a severe disruption in
the development workflows of all parties involved, as currently
all work is blocked until one person resolves this conflict, either
with incomplete knowledge (risking errors) or by first acquiring the
required knowledge, which either takes time of experts or is highly
likely to be incomplete, as the experts were not consulted. This
hinders the effective use of models for model-driven development
because usability and user experience is a central factor [20].

In this vision paper, we explore how these conflicts are cur-
rently resolved in literature and propose novel types of approaches
(cf. Table 1): one based on collaboration, and the other based on
uncertainty (specifically, whether the resolution of a current incon-
sistency will change an affected value). We devise design categories
for the resolution of these interactions and use these to compare
current approaches, the category’s impact on user experience, and
finally predicting the impact of the newly proposed approaches. To
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methodically discuss the impact, we use Self-Determination The-
ory (SDT) [24], which has been widely applied in Human Computer
Interaction (e.g., see [2] and [28]), but also shows promising first
results in software design [33]. The contribution of this paper is the
novel application of SDT to resolve complex problems in software
design, as well as the concrete solution approaches that lead to a
more seamless integration of the human into the loop along with a
baseline approach for comparison.

We believe that there is untapped potential in the design of the
workflow to perform interactive repair, and SDT and our categories
will help to guide us to creating less disruptive approaches that are
optimized for the needs of the users. Overall, we expect good tool
design with regard to interactive repair to be the key to foster closer
collaboration and a shared understanding of design decisions that
cross domain boundaries, leading to more motivated developers and
engineers, fewer design errors, and faster project implementations,
also as an enabler for more agile CPS processes.

2 Design Decisions in Existing Approaches for
Interactive Repair

In this section, we compare existing approaches for interactive
model repair, focusing on their suitability for interdisciplinary col-
laboration. We define interactive (model) repair as any repair that
involves a human in the loop, where repair actions (i.e., concrete
changes to restore consistency) are presented. A repair action can
comprise multiple changes; we only prescribe that it leads to a con-
sistent state. We consider inconsistency detection and the derivation
of repair actions as orthogonal to the design of the inconsistency
resolution process, which we want to examine in this paper. There-
fore, for this comparison, we assume a detected inconsistency and
multiple repair actions as a given.

Our comparisons are made along these six categories of design
decisions: (1) resolver of interaction, (2) representation of repair
options at the time of the decision, (3) possible delay of repair deci-
sion, (4) context represented for repair decision, (5) transparency
of rationale for previous repair decisions, and (6) granularity of
possible repair actions. The categories were arrived at through
discussion among all coauthors; we agreed that these categories
fundamentally shape the solution space for interactive repair. In
contrast to the taxonomy by Macedo et al. [17], our categories place
greater emphasis on central factors relevant to the user experience.
These categories form an initial working hypothesis and will be refined
based on empirical results; therefore, we do not claim completeness.

We identified three relevant fields in which interactive repair can
play a role: Co-Evolution, Collaborative Modeling, and Federated
Models, and used recent reputable surveys (or comparable) in the
field to find relevant contributions on inconsistency resolution
processes, which we reviewed and included here for relevance:

In co-evolution of metamodels with models (survey in [27]), the
concrete syntax of models can get out of sync when the abstract
syntax is changed. However, because the dependency is unidirec-
tional, the resolution of the inconsistency can be delegated to the
model maintainer, who then acts as the resolver, as demonstrated
in [13]. In [13], the outdated element is marked as obsolete and is
read-only. It is up to the maintainer to devise an alternative solution,
i.e., there is no guidance on the repair options, and the repair can
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be delayed arbitrarily. Similarly, categories 4-6 do not apply. The
same platform also offers collaborative modeling, but uses locking
mechanisms to prevent conflicts [12].

In collaborative modeling, conflicts are likely to occur (if not pre-
vented by design). As the changes were made concurrently, the
changes have to be consolidated, which requires understanding
both changes. As shown in [7], the field mostly assumes a shared
domain; therefore, we assume a stronger shared foundation of
knowledge, which lessens the disruption as the resolver is likely
capable of resolving the conflict competently on their own. This is
also reflected in the resolution processes here: if one is presented, it
mentions the direct presentation of possible repair actions to users,
who then have to decide. However, this does not mean that dis-
tributed knowledge is not a problem in collaborative modeling: [8]
expressly states the need for more communication in tools, which,
to us, indicates the need for more support for the contextualization
of developments in the model. This is further supported by [4],
which states that the resolution of a merge conflict is more likely to
be buggy than commits that were not involved in a merge conflict.
In [4], this is linked to the disruptiveness of the merge resolution
process. In [25], we encountered a further mention of a voting
mechanism to decide conflicts in feature diagrams [16]. While this
approach is collaborative and more flexible in the resolver category,
it is missing the in-tool support to discuss options before deciding
on a vote, which hinders the exchange of knowledge. Furthermore,
the evaluation is performed with 19 participants, and the user expe-
rience is recorded coarsely-grained by asking for tool satisfaction.
Therefore, this study indicates that collaborative resolution might
be promising, but does not provide stronger evidence.

Federated Models [1] are usually employed when heterogeneous
domains are collaborating. This field reflects the gap we intend to
fill the most, but research on repair mainly focuses on the technical
realization of consistency between the models, which is already
quite complex. VITRuvIUs [14] offers the implementation to connect
multiple metamodels with Consistency Preservation Rules (CPRs),
which define the mapping of changes between them. These CPRs
can propagate changes across models using the reactions language,
and those reactions allow users to decide on a repair action interac-
tively [15]. In relation to our categories, delay in VITRUVIUS is not
possible, because interactions have to be resolved immediately. The
resolver may only be the role that started the change propagation.
The representation of a solution as well as the context are both
determined once when the CPR is defined, and the granularity of
a repair interaction is determined by the reaction. Transparency
cannot be compared for ViTRuvius because the approach does not
preserve the rationale behind decisions. We found no other concrete
descriptions of interactive repair workflows, although tools such
as DesignSpace [18] also do interactive repair.

In summary, all three fields require one person to repair inconsis-
tencies on their own, either with no context or a predefined context.
If no unidirectional dependency can be assumed between the source
domain and the target domain, then the resolver is the person who
caused the conflict. The rationale for deciding on a specific repair
action is not expressly preserved; some approaches include the
option for messages in the version control system. The impact of
the repair action is not presented to the resolver before the decision,
which could be relevant when a decision might have implications
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for multiple models. The design of the resolution process tends not
to be the focus of publications, although there are indications of
its importance; therefore, we want to further explore the solution
space spanned by our categories.

3 Self-Determination Theory

To guide our exploration of alternative resolution processes, we
use Self-Determination Theory (SDT) as a predictor of the user’s
experience of tools for said conflict resolution.

SDT is a macro theory [24] concerned with human motivation,
the inherent capacity for psychological growth and engagement,
and the broader biological, organizational, and social conditions
that support or thwart human well-being [23]. SDT consists of a va-
riety of mini-theories that provide various perspectives on human
motivation, with Basic Psychological Needs theory (BPNT) being
one of the most prominent ones [30]. BPNT states that humans have
an innate need to experience and satisfy the three basic psychologi-
cal needs of autonomy, competence, and relatedness [24]. The need
for autonomy refers to the experience of acting with volition and
with self-endorsement of one’s actions, which is supported by the
alignment of an individual’s values with their actions and acting
outside of external control [9]. Competence, i.e., the experience of
being effective and capable, is fostered by meaningful interaction
with the environment, as well as access to informational feedback
on one’s effectiveness and impact within the interaction [22]. Re-
latedness, or the need to belong and forge meaningful connections
with others, is promoted by contributing to a common goal and a
feeling of being integrated in a social context [9]. Within Human-
Computer Interaction research, SDT is broadly applied in various
domains that involve interaction with computing systems [2], for
example, user experience design [3], development of persuasive
health technologies [26], and software development [21]. SDT is
also applied in research on human factors of motivation and well-
being in the workplace [26, 29]. In a recent study by Wong et al. [32],
SDT was applied to understand human factors of well-being and
motivation in software development processes within companies
at the organizational and technical levels.

Here, we argue that the development of complex software sys-
tems and CPS relies on cross-disciplinary communication and rela-
tionship building and maintenance [11], as well as complex interac-
tion with computing systems and interfaces to ensure consistency
of these CPS. Integrating an SDT perspective into the development
of tools for consistency maintenance thus enables future design
decisions toward human-centered interfaces that prioritize human
motivation and well-being, contributing to effective work practices
in the highly complex domain of CPS development.

We apply the three SDT needs of autonomy, competence, and
relatedness to our design-decision categories in order to interrelate
design decision-making and user experience of interactive model
repair. Our aim here is to go beyond UI design so as to understand
design decisions on a more fundamental level and also to discover
new approaches for interactive model repair.

Please note that, unless indicated otherwise, the correlation between
categories and needs is not empirically validated, although we tried
to hypothesize within reason and in line with the mentioned research
on SDT. This also applies to Section 4.

Competence can be affected by different categories: If the resolver
has insufficient knowledge, their competence is negatively affected;
similarly, if the representation of the solutions does not strike the
correct balance between abstraction and relevance. It can also be
positively affected with a suitable representation of solutions, by
adding relevant knowledge in the context of the interaction, or by
being able to access previous decisions and the reasoning in these
cases (transparency). Relatedness can be fostered by successful in-
teractions with other users, e.g., by providing additional relevant
context for the interactions or by sourcing domain knowledge from
previous decisions that are transparently documented. On the other
hand, the relatedness of the resolver is negatively affected if they
are asked to make a decision they cannot competently make. Fur-
thermore, the delay of the resolution may affect either the resolver
or the rest of the users, as a disruption may cause resentment in the
resolver, whereas a long delay that affects other users affects their
relatedness negatively. Autonomy is strengthened when an inconsis-
tency can be resolved with minimal delay by a competent resolver
without having to wait for bureaucratic overhead. Furthermore, an
adequate granularity of solution allows for the desired degrees of
freedom that supports the resolver’s autonomy. On the other hand,
autonomy can be negatively affected if the work is impeded by
repair interactions, e.g., by blocking changes (long delay), blocking
resolution (wrong resolver), or disrupting work (short delay), but
also by forcing the resolver to do additional work to document the
decision (transparency).

4 Proposed Approaches

We now take a first step toward realizing our research vision of an
optimized approach for interactive model repair. Here we sketch
three different types of approach for interactive model repair, in
order to explore (a) feasibility, but also crucially (b) user motivation,
particularly under the three SDT needs of autonomy, competence,
and relatedness. Table 1 aligns our three proposed approach types
with our categories of design decisions (cf. Section 2).

Our baseline approach type is rooted in the state of the art. The
resolver is the user who causes the initial change, asserting their
autonomy. The context as well as all possible repair actions are
determined during design time of the meta models; as a result,
no repair action is specific to any instance of a repair. The inter-
active repair needs to be performed immediately, and until it is
performed, no other changes can be propagated, and any possibly
affected model elements are locked, thereby possibly thwarting
the autonomy as well as relatedness of other users within devel-
opment teams. Decisions are non-transparent because no further
rationale for a decision is provided. The granularity of a repair
action spans just one decision, and each decision spans only one
model to another.

Our collaborative type of approach is inspired by reviews of Pull
Requests (PRs) in the software development domain. In a PR, a
developer asks to pull changes made in their own branch (upon
review) into the main branch. We observe that interactive model
repair resembles the PR’s review process in that the repair can
be performed collaboratively by anyone: All collaborators can, as
resolvers, contribute their knowledge and also weigh the repair
options or ask for relevant context, similar to the review of a pull
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Table 1: Features of our proposed approach types in comparison to our design decision categories

Baseline Collaborative Uncertainty
Resolver Affecting user Collaborative Affected users
Repr. of Options  Textual description Outcomes & description Most likely outcome
Delay None Dynamic Maximum
Context Predefined at design time Conversations possible None
Transparency Rationale not preserved ~ Decision artifacts part of VCS Rationale not preserved
Granularity Model to model Dynamic Decision Points

request, in which the proposed changes can be openly discussed
before deciding on the integration of the code. Ideally, this system
is self-regulating, and knowledge exchange can be elicited exactly
where necessary. In such a work environment, relatedness is fos-
tered while autonomy remains uninhibited, i.e., the degree
of involvement of different domains in the repair can be tailored
to the specific instance. Furthermore, widespread familiarity with
PRs increases the likelihood of user satisfaction on account of pre-
existing competence (cf. findings from development of Jjodel [5]).
However, such discussion before making a decision might cause
delays. On a different note, dynamic exchange of domain-specific
knowledge will likely enrich competence. The results of a repair
action can be simulated and derived in such a way that the out-
come of the decision can be presented along with a high-concept
textual description; this, of course, makes for a representation of
options. The delay until consistency is restored is dynamic, but peer
pressure may be exerted to enforce quicker decision-making. In
this case, we assume a Git-like version control, meaning incoming
changes can be merged with the repair actions. Transparency is
high, because Version Control Systems (VCS) can also persist the
discussion and make it findable for future reference. Granularity of
decisions is dynamic, because different users can contribute to the
final decision based on their expertise.

Our uncertainty type of approach focuses on mitigating the
disruptiveness arising prior to the interactive repair: if an incon-
sistency cannot be fully resolved, the elements possibly affected
are tagged with an uncertainty property, as they are part of an
epistemic uncertainty. For example, an element that is changed
in six out of ten possible paths receives a 60% uncertainty on ac-
count of its potential for change once the inconsistency is repaired.
Of course, other distributions of probability may be specified in
the CPR, and if a probability is not equally distributed, the most
probable solution could be propagated through the models such
that the repair action only needs to be reviewed. (The technical
feasibility of propagation of uncertainty annotations, albeit for a
different purpose, is demonstrated in [10].) The possible delay in
our uncertainty type of approach is maximal, the decisions can be
made directly in the model by its maintainers (i.e., our resolvers),
and the most likely outcome is directly presented in the model
(i.e., the approach has a representation of options). On the other
hand, this approach type does not provide context in the models
directly, nor does it exhibit transparency rationales. The granular-
ity of the repair action is decision-point based. Our uncertainty
type of approach does not block ongoing work; for that reason, the
approach type is intended to improve the experience of users who

are affected by pending repair actions. As a result, the approach
type mitigates negative impacts on autonomy; moreover, the
support in an actual resolution of inconsistency is comparable to
our baseline type.

The collaborative approach strongly supports knowledge ex-
change, while the uncertainty approach mitigates the disruption
caused by the inconsistency present in the system. Therefore, we ex-
pect that, in most scenarios, the combination of the two approaches
is the most promising: once a conflict is introduced, all elements
that could be implicated in a repair are annotated with uncertainty
to prevent the introduction of further inconsistencies. In parallel,
the inconsistencies and their repair actions are listed on a collabo-
rative platform, where all involved parties can discuss the proposed
repairs and exchange the knowledge required to make the decision.
Because we assume collective ownership of the overall model, we
expect review latency to correlate with the urgency of resolving
the inconsistency. However, the need for additional measures to
mitigate review latency should be addressed in an empirical evalu-
ation. In collaborative modeling [6], asynchronous communication
has been identified as more suitable for distributed teams, which
we assume for interdisciplinary collaboration, so we expect the
problem of review latency to be manageable in future work.

5 Conclusion and Research Road Ahead

In this vision paper, we identified a critical gap in state-of-the-art
implementations of interactive model repair. Most approaches fail
to consider such, and where an approach does, the interaction is
chosen naively, without any consideration for human-in-the-loop
factors. Therefore, we see an untapped potential in the design of
interactive model repair. We explored ways of tapping into that
potential by leveraging SDT to establish a set of initial working
categories on decision-making in design. We examined how design
decisions likely affect the satisfaction of SDT basic user needs of
autonomy, competence, and relatedness. Based on our findings,
we proposed two new types of approaches: the collaborative type
and the uncertainty type. Importantly, we recognized the possible
advantages of combining those approach types.

The road ahead for this new direction in the research will involve,
for example,

o Implementation of the proposed approaches

e Validation of our assumptions on disruptiveness by (a) con-
sidering functional requirements (e.g., performance and ap-
plicability), but also by (b) conducting qualitative user studies
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to determine satisfaction of autonomy, competence, and re-
latedness, by designing a repeatable “design challenge” for
light-weight evaluation

o Refinement of the design decision categories based on the
newly gained qualitative insights
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