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The design of complex systems goes through a multi-view paradigm in which separate
teams, from different viewpoints, build partial source models describing the system.
These source models are called heterogeneous models since they are expressed in dif-
ferent languages. The main objective of this paper is to provide an approach - called
CAHM for Collaborative Alignment of Heterogeneous Models - that leverages collabo-
rative engineering and especially group decision-making principles to ensure the overall
consistency of heterogeneous source models. This approach defines two sub-processes :
a first one to collaboratively match heterogeneous models to develop the inter-model
correspondences and a second one ensuring the consistency of the produced model of
correspondences in case of model evolution. In this paper, we restate the basis of the
CAHM approach, then, we detail the second sub-process that aims at maintaining the
coherence of the overall system. This sub-process handles the evolution of source models
by managing the impact of these evolutions on the established model of correspondences.
It incorporates mechanisms to calculate the impact of changes, as well as mechanisms
to formalize the group decision-making, while addressing the inconsistencies that may
occur due to changes. CAHM is illustrated and validated on a real example of a hospital
emergency department case study.

Keywords: Multi-views, Consistency Management, Collaboration, Group Decision-
Making, Evolution.
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1. Introduction

Design of software systems involves actors with various skills and fields of knowl-
edge, especially when these systems are complex. This principle of the separation
of concerns [20] reveals its efficiency by giving each kind of actor a dedicated en-
vironment, tool or modeling language to represent their own partial views of the
system [7]. In this context of design, each (kind of) actor separately produces an
independent partial modela of the system, which corresponds to their partial view.
While the produced design models - also called source (or partial) models - are
independent, they give complementary descriptions of the whole system [26, 8].

In the context of Model Based System Engineering (MBSE), the system’s view-
points are depicted by a set of models and their respective metamodels. These
models are considered heterogeneous as they conform to different metamodels. Con-
sidering a car as a complex system for example, different source models such as
mechanical, electronic and ergonomic models are used to represent the system.
Having various models ensures that different stakeholders viewpoints are reflected,
yet working with models separately may be harmful for the system’s integrity and
global consistency [21]. This is particularly true when a model evolves due to a new
requirement or a technical constraint, while the other source models of the system
do not take this evolution into account. Taking a car system as example, models of
this system may evolve for different reasons, for instance, a technological evolution
of an embedded component like the anti-lock braking system can be supported (a
part of a model may thus become invalid), an ergonomic or environmental aspect
that was not considered in the first stages may be taken into account (a viewpoint
may be added to the system), a decision to forsake the appearance aspect can be
made (a viewpoint may be discarded), etc. So it is crucial to obtain a global per-
spective on the system. This global perspective can be used for several purposes:
traceability [28], synchronization [22] or inter-model consistency management [53,
35]. We are mainly interested by the inter-model consistency issue, i.e., establish-
ing the consistency of the overall system during its design, then maintaining this
consistency in case of changes (changes in business rules or constraints for example).

Various techniques based on MBSE have been proposed to elaborate a global
view of a system: fusion; weaving and federation [5, 18, 16, 31]. These techniques
reduce the effort required since they are based on meta-modeling principles. We
focus our study on federation and weaving techniques because they promote both
having multiple modeling language and defining links (correspondences) between
the models’ elements. Subsequently, we denote these techniques by the term of
alignment, borrowed from the field of schemes and ontologies [51]. Model alignment
consists of (i) establishing links between models’ elements (correspondences) and
(ii) re-evaluating these correspondences in case of model evolution.

aA model is an abstraction of a physical system. It specifies the physical system from a certain
vantage point (or viewpoint); that is, for a certain category of stakeholders, and at a certain level
of abstraction, both given by the purpose of the model [46].
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There are several approaches for heterogeneous model alignment. Here, we
briefly summarize our main observations about these approaches: either the studied
approaches propose a set of frozen relationships to relate models [6, 49] or suppose
that a single actor (i.e. a systems expert) can perform alone the alignment [30,
23, 25, 10]. If the single actor assumption holds for small systems with a limited
number of viewpoints, it is no longer valid in case of complex systems. In fact, no
matter how expert in the application domain the actor performing the alignment
is, he cannot grasp the technical and functional concerns of all involved viewpoints,
especially in case of strongly heterogeneous models. Besides, studies have shown
that integrating collaboration into MBSE improves the effective management of
complex systems [27]. Involving all concerned actors enables the capture of wider
knowledge and preoccupations, and facilitates the alignment processing by creating
bridges among their viewpoint models [52, 14].

Our objective is thus to provide collaborative mechanisms that enable a partic-
ipatory management of source model alignment. We have proposed the kernel of a
collaborative matching process to establish inter-model correspondences [4]. This
process is accomplished thanks to a metamodel called MMCollab (for MetaModel
of Collaboration). MMCollab supports the description of collaborative sessions of
collective decision elaboration [2], we have described how the group decision-making
process is formalized through MMCollab in [3]. In this paper, we focus on the global
system consistency when source models evolve: we provide a collaborative process to
maintain the consistency by managing changes that may occur and their respective
impacts.

The rest of this paper is structured as follows. First, we present in section 2 a hos-
pital emergency department (ED) system that serves as a case study for the rest of
the paper. We illustrate the targeted problems and motivations using this example.
Section 3 describes our proposal for group decision-making processes formalization.
In section 4, we start by giving an overview of our approach called CAHM (Col-
laborative Alignment of Heterogeneous Models), then we detail the sub-process of
global consistency management. Section 5 presents the implemented support tool,
Heterogeneous model Matching and Consistency management Suite in its Collabo-
rative version (HMCS-Collab), and provides an experimental validation of CAHM
on the ED system, using this tool. Section 6 discusses the experimental validation
and the threats to validity. Section 7 is dedicated to the related work. In the last
section, conclusions are drawn and we sketch out possible future work.

2. Problem’s motivation illustrated by a case study

2.1. Overview of the emergency department case study

We use a case study of an emergency department of a hospital to enact the ap-
proach. An emergency department (ED) is an essential branch of the health system
in all countries. This complex service requires specific skills provided by a mul-
tidisciplinary approach where viewpoints are complementary. The case study was
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Fig. 1. Extract of ED’s source models.

developed in cooperation with the medical staff of a French hospital. We identified
a representative set of viewpoints which are necessary for the proper functioning of
the ED. Thus, we consider the three following viewpoints:

• Software Design (SD): This is an object-oriented representation of the sys-
tem. Its model describes the system as classes having attributes and oper-
ations;
• Business Process (BP): This viewpoint describes the system as a workflow

of activities and flows among roles;
• Examination Report (ER): It represents the digital mockups of an emer-

gency report as a set of fields.

Models associated with these viewpoints have been elaborated in collaboration
with several teams across the globe. Each team has handled a given design viewpoint
[25]. Figure 1 presents small extracts of the SD, BP and ER models. The SD model
contains Classes concerning patients, their medical history and diagnostics. Roles
and their respective Activities are described in the BP model. In the ER model,
Fields that form the medical report are described. (e.g., socialSecurityNumber, clin-
icalObservations). Next, we consider as a local coordinator, the actor responsible
for each model. Thus, we refer to Software Design (SD), Business Process (BP)
and Emergency Report (ER) local coordinators respectively as SDLC , BPLC and
ERLC .
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Fig. 2. Examples of correspondences at metamodel and model level using the similarity relation-
ship.

2.2. Motivation for model matching

Model matching consists of identifying correspondences among the source model
elements. Figure 1 illustrates that some concepts of a model have the same name
or dependent name in another model. For instance, we have a concept Prescription
in both BP and SD models. Likewise, we find a concept hospitalization in the BP
model and a concept called hospitReason (abbreviation for hospitalization reason)
in the ER model. These redundant or dependent names show that links need to be
traced among these elements to have a consistent global view of the ED system.

To reduce effort and optimize the matching process, we choose to establish cor-
respondences manually at the metamodel level (called meta-correspondences) be-
tween the concepts of the metamodels (called meta-elements) and propagate them
at the model level. Obviously, not all the instances of the linked meta-elements
have to be connected. To ensure this filtering we rely on relationship semantics.
This ensures that the connected elements satisfy the ad-hoc semantics. This is
achieved thanks to model matching concepts [25, 4] (briefly recalled in section 4.2).
Figure 2 shows an example of a meta-correspondence and four of its associated
correspondences. Considering a Similarity between the meta-element Field from
the ER metamodel and the meta-element Attribute from the SD metamodel, a
Similarity will relate the instances of Field and the instances of Attribute only
if the semantics is satisfied; thus, a Similarity relates ER:Field:socialSecNo and
SD:Attribute:insurranceNumber for example. On the contrary there is no Similar-
ity between ER:Field:physio and SD:Attribute:lastName. We aim to define as au-
tomatic a matching process as possible incorporating the semantics of relationships
like the similarity relationship in a dedicated tool.

2.3. Motivation for handling model evolution

As the source models are complementary to represent the system, constraints or
changes in one model need to be reflected on the other models to ensure a consistent
global perspective of the system. Let us consider the following change in the ED
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Fig. 3. Specialization of Field:physio during the evolution of the ER model.

system, Field physio (physiologicalExamination) of the ER model has undergone
a specialization by adding the hormonalEx, immunologicalEx, serologicalEx and
functionalEx subfields as summarized in Figure 3. These four Fields correspond to
specializations of physiological examinations.

Assuming that the meta-element ER:Field is related to SD:Attribute by a Sim-
ilarity as in Figure 2, the evolution of the Field physio may have repercussions
on the SD model. In this case, correspondences should be established between all
subfields of ER:Field:physio and the SD:Attribute to which physio is linked as will
be detailed in section 4.

3. Formalization of group decision-making

The formalization that we propose to handle collaboration in the design phases of
a system relies on a metamodel which we call MMCollab. MMCollab provides a set
of meta-elements to describe group decision-making processes.Collaboration is the
focal point of MMCollab, described in Figure 4. It is a specialization of SPEM’s
Activity [44] and enacted via a GDMPattern (adoptedGDMPattern).

3.1. GDMPattern: Group decision-making pattern

A GDMPattern is characterised by a ParticipationMethod and a CodecisionMethod.

• ParticipationMethod specifies how stakeholders participate in the decision-
making. It is specified via the enumeration ParticipationType. It is demo-
cratic when all stakeholders are involved, and restricted when only the sub-
set of stakeholders fulfilling the selection criteria are involved. For each Par-
ticipationMethod, some parameters could be specified (i.e., ParameterKind :
stakeholders anonymity and expertise level). In case of a restricted partic-
ipation, the criterion for selecting stakeholders should be specified (either
availability or expertise domain).
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Fig. 4. Overview of MMCollab.

• CodecisionMethod is determined by three attributes:

– threshold specifies the expected adherence of the group to the proposal.
A strict threshold means that a 100% agreement is required whereas
medium and high thresholds require less adhesion.

– preferenceKind specifies how proposals are evaluated: by rating or by
Yes/No.

– processKind specifies the way proposals are evaluated. Since stakehold-
ers may be in different locations, we propose three decision processes
stored in the enumeration DecisionProcessKind. They allow opinions
to captured through a final vote, and depend on the existence of a
discussion preceding the vote: directVote (each local coordinator votes
to express his/her choice), consensus2vote (the vote is preceded by a
discussion leading to a consensus; it requires a strict threshold) and
negotiation2vote (in case of medium or high threshold, a negotiation
phase is held before the vote).

3.2. Collaboration

A Collaboration is a set of Proposals which have to be evaluated according to the
adoptedGDMPattern. A finalDecision is set for each Proposal at the end of the col-
laborative session. A Collaboration implies a set of involvedUsers, including a mod-
erator (isModerator attribute of InvolvedUser set to True). The moderator chooses
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the GDMPattern to be adopted. By default, the stakeholder who made the first pro-
posal is considered as the moderator. A list of eligible decisionmakers (eligibleDMs)
is initialized by the involvedusers who satisfy the adoptedGDMPattern.

A Proposal may be composite or elementary. CompositeProposal is a kind of
atomic transaction, composed of a tree of ElementaryProposal (Elementary_P)
that are either approved or rejected together. Each Elementary_P comes from a
user (initiator) and has to be evaluated by the eligibleDMs.

A decisionMaker is an InvolvedUser who can evaluate a Proposal. The evalua-
tion consists in producing an individual decision (Decision). The decision can be
an approval, a reject or a refinement (enumeration: AgreementKind). When a deci-
sionMaker rejects an Elementary_P he has to justify his choice by a Comment. If
he thinks an Elementary_P needs to be refined, he provides an AlternativeProposal
(Alternative_P). The attribute isConflictualWith Elementary_P of an Alterna-
tive_P specifies that this Alternative_P is conflicting with the Elementary_P to
which it is attached. The value of finalDecision attribute of a Proposal is set by
aggregating the individual decisions according to the adoptedGDMPattern.

3.3. Instanciation of GDMPattern: DecisionPolicy

A DecisionPolicy (DP) is an instance of a GDMPattern. More precisely, a DP is
a combination of instances of elements that make up a GDMPattern: a Partici-
pationMethod and a CodecisionMethod, and therefore, a combination of instances
of elements that characterize them (the type of participation (type), the type of
decision-making process (processKind), the agreement threshold (threshold), and
the type of preference (preferenceKind)). The combination of these elements al-
lowed us to identify five decision policies that describe the policies commonly used
in group decision-making. These policies (classes highlighted in Figure 5) take into
account the various human styles of behavior: e.g., dominating; integrating; com-
promising; obliging and avoiding [12].
MajorityDeciding is a democratic decision-making policy. It also inherits the Sin-
gleElectionDP (SingleElectionDP) because it is carried out in a single round. This
means that if the decision-makers have not reached the threshold defined at the end
of the collaboration, they must adjust the threshold or re-evaluate the proposals.
ConsentingTogether and NegotiatingTogether are iterative DPs, which means they
can be repeated until the set threshold is reached. ConsentingTogether requires
a strict threshold (100% agreement) while NegotiatingTogether works with a low,
medium or high threshold. Delegating and TakingAdvice are restricted DPs that
require to specify the selection criteria for decision-makers.
These decision policies are not fixed and can be extended according to the contexts
of application, by exploring the possible combinations of the elements that char-
acterize them. For example, the processKind and threshold of the decision policy
Delegating are not constant. They can therefore take a range of all possible values
and provide a decision policy similar to MajorityDeciding, ConsentingTogether, or



May 26, 2022 9:1 WSPC/ws-ijitdm output

A group decision-making approach for global consistency of heterogeneous models 9

Fig. 5. Instances of GDMPattern and their Dependencies.

NegotiatingTogether, but in a restrictive mode.
To facilitate the choice among these decision policies, we provide a descriptive man-
ual that summarizes the proposed patterns, according to the model of Gamma [29].
Appendix A shows an example that descibes the ConsentingTogether decision pol-
icy.

4. Consistency management in case of model evolution

4.1. Overview of CAHM (Collaborative Alignment of
Heterogeneous Models)

CAHM is an approach which aims at developing a global view of a system, based
on its source models. This approach offers an overall collaborative process on two
consecutive phases:

• CAHM-Phase1: A collaborative matching sub-process [2, 4] whose objective
is to establish correspondences among elements of the source models. This
process is out of scope of this paper.
• CAHM-Phase2: A collaborative sub-process for maintaining consistency in

case of model evolution (i.e., changes occuring in source models or meta-
models). It aims to maintain the links established by the collaborative
matching sub-process. This process is detailed in section 4.2.
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Fig. 6. The overall CAHM model alignment process.

Figure 6 illustrates the overall process of the approach as an SADTb diagram
[40]. This diagram shows the input and output artifacts as well as the mechanisms
used. The two sub-processes of CAHM take as input both source models and meta-
models. The first sub-process produces a model of correspondences (M1C) that
gathers the inter-model correspondences while the second sub-process updates the
produced M1C.

CAHM sub-processes exploit both the knowledge of the stakeholders and a sup-
port tool HMCS-Collab (Heterogeneous Matching and Consistency-management
Suite - Collaborative). The knowledge of the actors and their choices are used in
the two phases to carry out manual definitions and decision-making activities. The
tool performs the automatic tasks, namely generation of the model of correspon-
dences, detection of changes and a part of the inconsistencies processing, as we will
see in the following (in section 5.2).

The approach is based on two metamodels: MMCollab [3] and MMC [23].
MMCollab (MetaModel of Collaboration) - described in section 3 - is used to

carry out decision-making whether at the level of the collaborative matching phase,
or that of consistency management. In the first phase, MMCollab is instantiated
to enact group decision-making about correspondences. In the second phase, MM-
Collab is instantiated to support the collective decisions regarding the consistency
of the model of correspondences in case the source models or metamodels have
undergone some changes.

The structure of MMC (MetaModel of Correspondences) enables the definition
of the inter-model correspondences (related elements and the relationships that link
them). It also sets the list of supported changes (cf. section 4.2 - Figure 8).

bStructured Analysis and Design Technics.
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Fig. 7. Overview of CAHM consistency management collaborative sub-process.

4.2. CAHM-Phase2: collaborative consistency management

Figure 7 illustrates the consistency management sub-process. First, a tool - named
HMCS-Collab (detailed in section 5.2) - observes models and their metamodels to
capture changes (activity 1).

Detected changes are stored in a stack of changes (stChanges) according to their
impact (activity 2). Afterwards, in activity 3, the inconsistencies caused by these
changes are processed. This third activity is a collaborative activity composed of six
sub-activities (cf. Figure 9). It may require the involvement of local coordinators if
there is no unique/automatic resolution suitable to deal with an inconsistency.

4.2.1. Activity 1: Detect changes

In Model Driven Engineering, many types of evolution can occur. The changes
can concern metamodels or models. We propose distinguishing global changes from
partial changes.

A global change occurs when a model or a metamodel is created or deleted, while
a partial change occurs when an element of a model is added, deleted or modified.
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We have extended the Metamodel of Correspondences (MMC) to incorporate these
types of changes as summarized in the left part of Figure 8.

A Repository keeps the history of changes made to source models and metamod-
els. It consists of a set of versions. A ChangesVersion is composed of a set of Changes
and has a state. A pending state means that the impact of modifications made to
one model or metamodel has not yet been analyzed or considered on the other
(meta-)models; a validated state means that the impacts of modifications made to
one (meta-)model on the other (meta-)models have been analyzed and processed.
A GlobalChange concerns a (meta-)model (concernedModel). Global changes (i.e.,
creation or deletion of a (meta-)model) are listed in the ChangeGlobalKind enu-
meration. A PartialChange concerns a model element (concernedElt). We list in
the ChangePartialKind enumeration the following partial changes inspired from
the work in the literature [32]:

• Create: addition of a property or a class to a model,
• Delete: deletion of a property or a class from a model,
• Move: move of a property from one class to another. It is a pull up/push

down if the property is moved to a parent class/descendant class,
• Rename: renaming of a model element,
• Extract class: particular kind of move: creation of a new class and moving

methods or attributes coming from another class to this class,
• Inline class: deletion of a class after having moved its properties to another

class,
• Flatten class: removal of a set of properties p1, ..., pn from a parent class

A, and their addition to subclasses B1, ... Bn. Then, deletion of A,
• Change multiplicity: change of the multiplicity of an association,
• Change type: change of the type of a property.

4.2.2. Activity 2: Calculate change impacts and processing order

Once a change is detected, HMCS-Collab checks if it is impacting. A change is
considered as impacting if it is: (i) a global change; (ii) a partial change of type
addition or (iii) a partial change of an element present in the model of correspon-
dences, making at least one correspondence invalid.
For non-impacting changes, HMCS-Collab validates the status of ChangesVersion
(i.e. state = validated) and keeps listening for new changes. For impacting changes,
HMCS-Collab calculates the change processing order. This order depends on the
type of change as explained in Appendix B:

• A global change has a high priority; so, it is inserted at the top of the
stChanges stack since it changes the whole structure of a viewpoint, and
will be processed first.
• A partial change:
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Fig. 8. MetaModel of Correspondences - MMC.

– of type modification (Move, Pull up, Push down, Inline class, Extract
class, Flatten class) or deletion (Delete) is processed according to its
order, which corresponds to the number of correspondences it makes
invalid.

– of type addition (Create) is processed last as it has no effect on the
already established model of correspondences.

4.2.3. Activity 3: Process the inconsistencies

Source models are locked during this activity to ensure that local coordinators can
not make any further changes. Figure 9 illustrates the breakdown of this activity
into six sub-activities. It takes as input the stack of changes stChanges and a catalog
that contains applicable resolutions for each type of change.

Inconsistencies processing starts automatically in case of a global change. In case
of a partial change, it is up to the manager to launch the inconsistency processing
manually (activity 1) following a request from one of the local coordinators.

Once the processing is started, HMCS-Collab picks up (via the stChanges stack)
the change having the greatest impact. Then, it builds a dependency graph of this
change (activity 2). The purpose of this graph is to plot the elements directly or
indirectly related to the changed element (it can be also a model or a metamodel).
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Once all the graphs of all of the changes have been created, the processing of
changes starts by dealing with the most impacting change until the stChanges stack
is empty.

HMCS-Collab verifies the (meta-)correspondences that are no longer valid in the
graph. Thus, the local coordinators are aware of the inconsistencies to be resolved.
They can therefore rely on this graph to determine resolutions allowing them to
obtain a correct graph. For this purpose, they exploit the catalog of resolutions.
This catalog contains an expandable list of resolutions classified according to the
types of changes. An extract of this catalog is given in Appendix C. HMCS-Collab
searches appropriate resolutions in the catalog of resolutions (activity 3) and pro-
poses them to support decision-making. In addition, some defined resolutions are
fully automatic. When an automatic resolution is the only one considered for a
change, it is applied without any human intervention by the HMCS-Collab tool
(activity 4). Supervised resolutions are resolutions that involve local coordinators,
either because:

(1) Several resolutions from the catalog of resolutions are appropriate for this
change (activity 5). For example, in case of adding a metamodel, Adjust
meta-correspondances or Define meta-correspondences are applicable (cf.
Appendix C).

(2) The change does not have a suitable resolution (activity 6).

5. Proof of concept on an Emergency Department System

This section presents an experimental validation of the consistency management
process in case of models evolution. We start by illustrating the model of corre-
spondences established during the collaborative matching phase. Then we describe
the consistency management of the ED system during model evolution (section 5.1).
We also give an overview of HMCS-Collab’s modules (section 5.2).

5.1. Inconsistencies management of the ED system

Figure 10 shows an excerpt from the model of correspondences of the emergency
service in a tabular view (correspondences using an induction relationship). Col-
umn Id indicates the number of the correspondence, column Relationship indicates
the name of the relationship used in the correspondence while columns Source and
Target Elements respectively show the source and target elements of each corre-
spondence. We assume the source models have undergone the following changes:

• The Field physio (physiologicalExamination) of ER model was specialized
by adding four subfields: hormonalEx, immunologicalEx, serologicalEx and
functionalEx.
• Renaming Task:Control from the BP model to MedicalMonitoring. Renam-

ing Task:Control.
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Fig. 9. Detailed tool-supported collaborative activity diagram of Process the inconsistencies.

Both these changes are partial. According to 1 and since we do not have any
globale changes, we will deal with them.The change concerning the Field physio
will be processed at the end since it is a partial change of type addition (case
corresponding to line 16 on 1).

Renaming Task:Control requires a collaboration to deal with the inconsistencies
it has generated (inconsistencies of C12 and C13 in Figure 10).

The catalog of resolutions (cf. Appendix C) considers two resolutions for this
type of change. Let us consider e, the element of the model that has undergone
the change, and correspondences(e), the set of correspondences involving e (e is
source or target of these correspondences). The R2 resolution imposes the removal
of correspondences(e)c while R6 proposes maintaining all the correspondences being
in correspondences(e). It is therefore necessary to start a collaboration to choose

ce: element of model that has undergone the change.
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Fig. 10. Extract of ED’s model of correspondences (M1C).

the appropriate resolution.
The dependency graph generated by the renaming of Task:Control to Med-

icalMonitoring is illustrated in Figure 11. The Task:Control dependency graph
contains elements from the SD model, the ER model and the BP model; hence,
the collaboration involves the three local coordinators of these models (Bob, Al-
ice and Claire). In this graph, two elements are related to its root (Task:Control),
namely Method:treatment and Field:PrescriptionTreatment. For each node of the
graph, Figure 11 specifies the name of the node, its distance from the root (1 for
each element) and the correspondences in which it is involved (C12 and C13 for
Method:treatment and C13 for Field:PrescriptionTreatment).

Figure 12 illustrates the choice of Alice to handle the inconsistencies of C12.
Alice chooses to maintain it and explains her choice to the other designers (text
box Justification). The same process is carried out for C13. Alice’s decision is to
maintain it as well. Thus, C12 and C13 are maintained using the new source element
Task:MedicalMonitoring.

The Emergency Report model has undergone the changes described in Figure 3.
The Field physio (physiologicalExamination) of ER model was specialized by adding
four subfields: hormonalEx, immunologicalEx, serologicalEx and functionalEx.

The addition of the fields HormonalEx, ImmunologicalEx, SerologicalEx, and
FunctionalEx triggers a matching phase that will modify the model of correspon-
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Fig. 11. Task:Control dependency graph.

Fig. 12. Extract of the collaboration to manage the inconsistency of C12.

dences.
The correspondences which involve the added classes are handled in a super-

vised manner. In fact, the catalog of resolutions plans to remove the correspon-
dence involving the parent class and study the possibility of forcing the link for its
subclasses. The Field physio is involved in the following correspondence: Induction
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[BP:Task:ExecuteAnalysis, SD:Method:checkUp −→ ER:Field:Physio]. Managing
the addition of its subclasses in the ER model requires the agreement of the three
concerned local coordinators, Bob, Alice and Claire. They collaborate to take the
necessary decisions, in particular regarding the ER model:

(a) Should an induction be defined between (BP:Task:ExecuteAnalysis,
SD:Method:checkUp) and ER:Field:HormonalEx? should this be done for
all the other subclasses of ER:Field:Physio?

(b) Should ad-hoc entities be added in the BP and SD models?
(c) If yes, should an induction be defined between ER:Field:HormonalEx and

the entities added to the other two models?

This collaborative process results in a final consensual decision (according to
the catalog of resolutions): the induction correspondence is forced with all the sub-
classes of Physio; which enriches the M1C with correspondences by the following
correspondences :

Induction [BP:Task:ExecuteAnalysis, SD:Method:checkUp −→
ER:Field:HormonalEx]
Induction [BP:Task:ExecuteAnalysis, SD:Method:checkUp −→
ER:Field:ImmunologicalEx]
Induction [BP:Task:ExecuteAnalysis, SD:Method:checkUp −→
ER:Field:SerologicalEx]
Induction [BP:Task:ExecuteAnalysis, SD:Method:checkUp −→
ER:Field:FunctionalEx]

5.2. HMCS-Collab tool overview

HMCS-Collab provides a set of plug-ins addressing alignment and collaborative
decision-making and consists of two parts: backside, and front-side. The backside
of HMCS-Collab supports alignment. It is based on Eclipse Modeling Framework
(EMF) of the Eclipse Modeling project (EMP) to enable the propagation of meta-
correspondences and Xtext to define the semantics of relationships. The front-side
of HMCS-Collab tool is based on web technologies to facilitate actors’ collaboration
while hiding the technical aspects related to the use of EMF. The front-side of
HMCS-Collab is a web application, developed in Java, and in particular in JSF.
HMCS-Collab is a proof of concept in the beta-testing phase.

The overall architecture of HMCS-Collab is shown in Figure 13. It contains five
modules: two modules (DMT and CollabT) concern the decision-making and collab-
orative aspects. The remaining three modules concern the alignment of models (MT,
CMT and TT). Below, we detail the Decision-Making Tool (DMT) and the Collab-
oration Tool (CollabT) to stress how local coordinators interact to make collective
decisions, whether during matching or when maintaining the global consistency.

The Decision-Making Tool (DMT) implements a set of decision-making policies
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Fig. 13. Functional architecture of HMCS-Collab.

and their aggregation methods. It is divided into two sub-modules: Decision poli-
cies Repository Tool (DRT) and Decision Aggregator Tool (DAT). DMT module
(right hand side of Figure 14) produces a collaborative decision for a given proposal
by exploiting users’ data (UDB), implemented decision-making policies (DMP),
proposals (PDB) and their evaluations (EDB). The four data storages cited above
are accessed by four distinct managers (respectively UDB Manager, DMP Manager,
PDB Manager and EDB Manager). UDB extractor extracts for each proposal (1.a),
the list of concerned users (1.b). Then, this list is transferred to the Notification
Center (2.a) that notifies the concerned users (2.b). Afterward, users individually
assess proposals and provide decisions (3.a) by Decision Assessment service. These
decisions are stored in EDB via EDB Manager (3.b). Finally, Decisions Aggregator
produces a group decision by combining the individual decisions (4.b) according to
the adopted policy (4.a).

The Collaboration Tool (CollabT) ensures collaboration mechanisms (for ex-
ample, rights management, group communication, group awareness) via a Group
Management Tool (GMT), a Communication Tool (CommT) and a Group Aware-
ness Tool (GAT).

• GMT (Group Management Tool) manages groups to find out which actors
are involved in the collaborative session, point out their roles and assign
their access rights.
• CommT (Communication Tool) ensures the communication of stakeholders,

through a messaging center.
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• GAT (Group Awareness Tool) ensures the stakeholders awareness of the
presence of other actors and integrates different notification channels. It
incorporates a notification system (Notification Center) concerning the key
stages of the alignment and decision-making processes, i.e., assignment of
a role, waiting for proposals, awaiting evaluations, completion of the col-
laboration, etc.

The left hand side of Figure 14 details the functional sequencing of the CollabT
module. UDB extractor retrieves from UDB manager (1.2) and Users DB (1.1) the
information about users, to constitute the list of members concerned by the collab-
oration (1.3). This list is sent to the senders of the notifications (dispatcher 1 to
dispatcher n) (2.1). A single dispatcher is activated depending on the event asso-
ciated with the notification (2.2). Once a dispatcher is activated, the Notification
Center transmits the notification to the relevant actors who meet the selection con-
straints of the dispatcher (2.3). The members concerned respond to the notification.
They transmit their messages to the Messaging Center (3.1) which then forwards
them to the other actors (3.2) by broadcast, multicast or targeted message.

Fig. 14. Left: Sequencing of CollabT. Right: Decision-Making Tool (DMT).

6. Discussion

In this Section, we discuss the validity of this experimentation and the threats to
validity.
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6.1. Experimental evaluation

An experimental evaluation of CAHM was conducted on the Emergency System
of a hospital. Two groups were formed, in two distinct time slots. The first group
designed the models in a completely distributed and independent way. A co-author
then heads the connection of the partial models to obtain a golden model of cor-
respondences, in a centralized way. The second group of users were PhD students
(some of them being part-time employed in industry) which connected the models
in a collaborative way. The collaboration took place through a shared file, to define
and evaluate meta-matches and to manage the consistency of the model of corre-
spondences over time, since, during this experiment, the tool was not covering the
collaborative aspects.

To evaluate this implementation, we first compared the golden model of corre-
spondences to the model of correspondences obtained collaboratively by the PhD
students. Then, we exploited the results of a survey conducted by the PhD stu-
dents who had acted as local coordinators. The gain of CAHM compared to the
centralized approach appears in terms of :

• Efficiency: In the centralized approach, some meta-correspondences did not
give rise to correspondences which proves that these meta-correspondences
were in fact unnecessary. In contrast, all collaboratively established and
validated meta-correspondences are propagated in the M1C. Furthermore,
when the alignment is performed by a single actor, fewer correspondences
are produced and the alignment requires several rounds to obtain the same
model of correspondences as the one obtained by the collaboration of all
local coordinators.
• Flexibility: In CAHM, the alignment of models is done collectively and

the actions of the actors are combined, so that a solid knowledge of all
points of view of the overall system is no longer necessary. The actors’
views complement each other. Each actor can thus design his solution more
freely, regardless of the other points of view.
• Quality of the decision: in the collaborative approach, each actor has to

deal with his point of view, the possibility of discussing the connections
with the other designers allows him to understand not only the system
as a whole, but also his viewpoint on it, better. Furthermore, the defini-
tion of correspondences between metamodels in a two-stage collaboration
(proposal, evaluation) distributes the responsibilities between the local co-
ordinators involved and ensures that all the correspondences are relevant
to the system (since they are validated by several stakeholders).
• Satisfaction: feedback from stakeholders emphasized that CAHM processes

makes their task easier as they do not have to do an in-depth analysis of
other (meta)-models.

Of course, there are some drawbacks to working together in this con-
text. For example, participants noted the problem of communication delays.
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Nevertheless, two points are to be noted. First, a certain loss of time can be
tolerated when the advantages of the approach are considered, such as (i)
reduction of the total effort, (ii) less dependence on one expert, (iii) more
flexibility in the way the work is done, (iv) faster identification of inconsis-
tencies. Second, this highlights the need of a support tool. Aware of that,
we are currently improving HMCS-Collab to obtain an efficient suite.

For the time being, we have not taken into account the time needed to
perform the alignment, as we have focused on the gain, in terms of quality
of the alignment in particular, of a collaborative approach. Of course, the
study of alignments proposed in the field of ontologies and the automation
that it could support is to be put in perspective with a collaborative ap-
proach. But we consider that the latter will always be necessary to complete
the former.

6.2. Threats to validity

Our approach presents some other threats to validity that constitute, according to
their nature, a possible bias in (i) internal validity, or (ii) external validity [54].
Internal validity measures the fact that if a relationship is observed between the
treatment and the result, it is a causal relationship and not the result of a factor on
which we have no control or that we have not measured. External validity concerns
the generalization of results. It assesses whether, if there is a relationship of cause
and effect, the result of the study can be generalized outside its scope.

• Internal validity: In our experimental validation, we involved participants
from academia and industry. The description of the ED case study was
elaborated in collaboration with a medical staff and the source models were
designed by research teams working closely in the fields of these models.
This allowed us to ensure these models respect the building rules for the
models of these viewpoints.

Regarding the actors who implemented the experiment, we chose doc-
toral students in computer science but with varied knowledge in model-
driven engineering to see the feasibility of the approach even with novice
actors.
• External validity. Our approach was implemented on models from differ-

ent viewpoints (software design, business process, multi-agent system, re-
lational database, presentation). We are convinced that the approach is
applicable to any other DSL, provided that it conforms to the Meta Object
Facility (MOF) metamodel [43] and that semantic links can be defined be-
tween the elements of these models. However, we have not yet performed
the study with other categories of models (e.g., behavioral models, test
models, etc.).
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7. Related work

In this section, we first discuss related work in modeling of group decision-making
(GDM), then we present major works dealing with collaborative alignment of het-
erogeneous models.

7.1. GDM modeling

A GDM process is a collaborative work where stakeholders aim to produce a co-
decision. A GDM process follows five steps as defined in [1, 36] : (i) define the
problem; (ii) identify problem parameters (alternatives and selection criteriad);
(iii) establish evaluations (estimate alternatives according to all criteria); (iv) select
decision-making method, and (v) aggregate evaluations (provide a final aggregated
evaluation allowing stakeholders to make a decision). This process may vary de-
pending on the methods used, for the AHP method, for example presented in [17].

Several approaches deal with GDM modeling. Some of them focus on consensus
reaching [33, 38, 37, 15] while others propose different method to aggregate alterna-
tives. Collaboro [33], OntoGDSS [13], DMO [34], Metamodel of Malavolta [39], DSO
[47] and CRP approach (Consensus Reaching Process) [38] provide features includ-
ing concepts and relationships for GDM description. To compare these approaches,
we analyzed how they manage the following aspects:

• Organization of Alternatives (OA): does the approach support dependencies
between alternatives, if any?
• Selection Criteria of alternatives (SC): does the approach specify criteria

to evaluate alternatives?
• Method of alternatives Aggregation (MA): does the approach support any

aggregation method to come up with a collective decision?
• existence of a Support Tool (ST): does the approach provide a tool?

OntoGDSS, DSO and DMO provide ontologies supporting the definition of at
least a selection criterion. However, they do not offer any tool for enacting the
GDM process. DSO was developed independently of the decision-making aggrega-
tion method. Collaboro’s main goal is to define new Domain-Specific-Languages
collaboratively. Its metamodel is generic and can thus be applied to various group
decision-making problems. It has a dedicated tool which only adopts a consensus-
based policy; actors need to agree on all of their proposals. The metamodel of
Malavolta is designed independently of any decision-making method. It defines a
generic concept for the aggregation method but does not propose concrete meth-
ods. CRP approach deals with large-scale group decision-making based on bounded
confidence and social network to manage experts’ opinions. It uses a fast unfold-
ing algorithm to reduce the dimension of the large-scale. The experts’ weights are
obtained by social network analysis. This approach incorporates the Manhattan

dA selection criterion can be any type of information that enables the alternatives comparison
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distance, and a feedback mechanism to adjust experts’ opinions based on bounded
confidence and social network when the experts do not reach a consensus.

Table 1. Comparison of main approaches of GDM modeling

Approach\Criterion OA SC MA ST

Collaboro [33] X ∅ X X
OntoGDSS [13] ? X X ∅
Metamodel of Malavolta [39] X X ∅ X
DMO [34] ∅ X X ∅
DSO [47] ∅ X ∅ ∅
CRP approach [38] X X X ?
MMCollab X X X X

∅: Not supported, X: Well Supported, ~: Basic support, ?: No information found

Table 1 sums-up the features proposed per approach. None of them covers all of
the aspects defined above. the metamodel of Malavolta, Collaboro and the CRP ap-
proach stand out, but the former does not provide concrete methods for preferences
aggregation nor a way to evolve the proposals during the GDM process, whereas
the two other approaches offer a unique method of alternatives aggregation (i.e.
consensus). Besides, in Collaboro, there are no criteria set for alternatives selec-
tion. In the last line, we can see how MMCollab (part of our proposed approach)
responds to the given criteria.For the Organization of Alternatives feature, MMCol-
lab provides the conflict and specialization relationships. For the feature Selection
Criteria, MMCollab allows to distinguish the parties involved in decision-making
by including mechanisms (SelectionCriteriaType: eg expertise, involvement) for the
selection of subsets of actors and for the weighting of the preferences of the ac-
tors. For the criterion Methods of Alternatives Aggregation, the instantiation of the
concept GDMPattern makes it possible to define a configurable and scalable set of
group decision policies, adaptable according to the intrinsic characteristics of the
groups and the specificities collaborative situations.

7.2. Collaborative Alignment

Alignment of heterogeneous models may be achieved for various objectives: synchro-
nization [22], traceability [28], global consistency management [35], model mapping,
etc. We used it specifically for a consistency management purpose during multi-
model design. Several approaches deal with heterogeneous models alignment, for
instance: VirtualEMF [16], AHM [24], EMFViews [9], Shosha’s work [50], Open-
Flexo [31], and CIMA [55]. A comparison of the approaches supporting matching (
i.e., correspondences definition) has been proposed in [4] while in [24] a comparison
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of approaches dealing with heterogeneous models consistency management has been
drawn.

With the emergence of new approaches and technologies (such as Agile Methods
or DevOps), collaboration reveals to be a key character of software engineering [41,
27, 19]. As no approach is completely automatic, human effort is always required
during its implementation. In a context of model-driven design by heterogeneous
viewpoints, this effort cannot come from a single actor (given the difficulty of mas-
tering all viewpoints), but rather from a set of actors, with diverse and complemen-
tary knowledge. Thus, approaches differ depending on how they support, if any, the
collaborative aspect when managing inter-model consistency.

The collaborative aspect in heterogeneous model alignment approaches is poorly
supported. Several approaches do not target it at all, assuming that an expert can
perform all the manual tasks alone. Other approaches do not detail their alignment
mechanisms. As a result, they describe alignment techniques, but the proposed tools
do not manage collaboration nor multi-use.

Besides CAHM, only Shosha’s work and CIMA handle collaboration, but these
two approaches support a single type of relationship between model elements (simi-
larity) and do not deal with consistency in case of evolution. Table 2 summarizes the
supported fields by approach. Only CAHM considers both the consistency manage-
ment during evolutions and collaboration support. Indeed, on the one hand, CAHM
maintains consistency during evolution by offering a set of resolution recommenda-
tions based on an expandable catalog containing automatic and supervised resolu-
tions. On the other hand, CAHM supports the collaboration and participation of
business actors in the development and maintenance of the correspondence model,
this guarantees that the identified correspondences reflect the real business interests.

Table 2. Comparison of main approaches of Collaborative Alignment

Approach\Criterion Change Detect Resolve Inconsistency Collaboration

VirtualEMF [16] ~ ∅ ∅
AHM [24] X X ∅
EMFViews [9] ~ ∅ ∅
Shosha’s work [50] ∅ ∅ X
OpenFlexo [31] ~ ~ ∅
CIMA [55] ∅ ∅ X
CAHM X X X

∅: Not supported, X: Well Supported, ~: Basic support, ?: No information found
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8. Conclusion and Future Work

In this paper, we have described CAHM (Collaborative Approach for Heterogeneous
Matching), a collaborative approach allowing stakeholders to get a global vision of
a system’s models, based on the viewpoints that describe this system. This global
model is crucial to ensure the consistency of the system, especially in case of evo-
lution of some partial models. The main advantage of the proposed approach is its
support to actors’ interactions and collaboration, allowing them to make a group
decision. It also leverages their participation in the development of inter-model
correspondences, and in their maintenance in case of model evolution. This col-
laborative participation guarantees the consistency of the system’s model, since it
ensures that established correspondences really meet the needs of stakeholders. To
this end, CAHM provides (i) a semi-automatic process where stakeholders collab-
oratively establish typed links (meta-correspondences) at the metamodel level by
discussing them and judging their relevance, (ii) a tooled process for propagating
these meta-correspondences at the model level (producing a model of correspon-
dences which reflects the consistency of the overall system), (iii) a way to capture
changes at both metamodel and model levels, and to manage their impacts on the
model of correspondences and on the other source models. So CAHM allows the
stakeholders to handle the matching collaboratively and the evolutions of partial
design models of a system to ensure its global consistency.

We do not claim the completeness of the approach. Conceptual, technical and
application limitations have to be mentioned. We have set several limiting hypothe-
ses to frame our approach: for example, only the changes fixed via the metamodel
of correspondences are supported. In addition, we do consider a model per view-
point and assume that the source models are all heterogeneous. Another limitation
concerns the provided tool. Its effectiveness and its ability to lighten human efforts
depend mainly on the relevance of the semantics of the handled relationships.

Regarding the validation of the approach, we implemented it through concrete
examples and a representative but simplified case study. As specified, the (meta-)
models of the case study have average sizes which do not correspond to the actual
sizes of models of large-scale industrial projects. This validation allowed us to verify
the applicability of the approach and to measure its strengths. But it does not
guarantee the scalability of the approach nor its applicability by large sets of actors.

As future work, we want first to integrate the types of changes that were left
out when defining the general model alignment process (e.g., partial changes in
metamodels, composite changes, etc.).

We consider then that, as the human actor is essential during the running of
CAHM, since its process is based on human knowledge (for the formal definition of
semantic relations, the definition of correspondences and the treatment of inconsis-
tencies), collaboration and decision-making can still be improved. We are convinced
that the application of Artificial Intelligence together with model-driven engineering
could lighten human labor in a collaborative perspective [42]. Our goal is therefore
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to extend our approach by integrating machine learning techniques for managing
inter-model consistency. This can be done, examples given, by the definition of a
learning method to help in the definition of semantic relations, by the definition of
a system of recommendations for the choice of decision policies and even for the
co-decision support, or else thanks to intelligent elements like bots for improving
communication [11, 45, 48].

Regarding the scalability of the approach, we intend to conduct CAHM processes
with industrial partners using bigger models (i.e., megamodels) and bigger teams.

Appendix A. ConsentingTogether Decision policy

In this appendix we detail the ConsentingTogether decision policy.

Appendix B. Change processing order algorithm

In this appendix, we present the algorithm for change processing order calculation.

Appendix C. catalog of inconsistencies resolutions

This appendix presents an extract of the proposed catalog of resolutions. Table 3
shows an expandable list of resolutions classified according to the type of change.
Some proposed resolutions can be performed automatically. For the rest, HMCS-
Collab searches in the catalog, and proposes the resolutions to the stakeholders. The
Resolution column summarizes the possible resolutions, while the Resolution Type
column specifies the nature of each resolution (i.e., automatic versus supervised).
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Name Consenting Together
Intent Obtain a solution satisfying all the group’s members. This requires refining

proposals/decisions until a compromise is reached.
Applications This model should be used in case of :

- A small group with converging interests.
- Homogeneous distribution of decision powers within the group.
- No time constraints since the process may take a long time.
- Group members wishing to be involved.

Known uses Face-to-face meetings involving an homogeneous group.
Solution It enables a consensual process in a face-to-face or distributed environment.

The implementation of this decision policy requires the presence of three roles:
the moderator, the set of decision-makers and the aggregator (tool or moder-
ator) as summarized below.

First, the moderator defines the collaboration situation (intent, duration), the
processKind being set to consensus2vote and the threshold being set to strict.
Then, he/she notifies the decisionMakers.
The decisionMakers must first produce the list of proposals if they are not
already set, then they express their individual choices on these proposals using
an indicative vote.
A tool (tool) (or possibly the moderator) sorts these votes. If the proposals are
approved unanimously and are non-conflictual, they are accepted, otherwise
group members refine them until they satisfy all members.
The process succeeds if unanimity is reached for at least one proposal after
one or more rounds without exceeding the number of rounds allowed and the
maximum time allowed for collaboration. Otherwise the collaboration fails and
the moderator chooses either to change the policy or to reset the collaboration.

Related patterns Negotiating together.
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Algorithm 1: Calculate change processing order
Input : c // a change

stChanges // stack of changes

Output : stChanges
1 if c.type == ’Global’ then
2 stChanges.insertAtTop(c) // c has the highest priority

3 else // c.type == ’Partial’

4 if c.subtype != ’A’ // c.subtype == ’D’ or c.subtype == ’M’ then
5 ce = c.getChangedElement()
6 ce_corresps = getCorresps(ce) // get related elements to ce in M1C

(directly and indirectly)

7 for each corresp in ce_corresps do
8 if verifySemantics(corresp) == False then
9 ce.getInvalidCorresps().add(corresp)

10 end
11 end
12 if ce.getInvalidCorresps().size() > 0 then
13 stChanges.position(c) // Put c in its right position and Shift the

rest of higher changes by a position to the top; a change c1 has

higher priority than c if

c1.getInvalidCorresps()>c.getInvalidCorresps()

14 end
15 else // c.subtype == ’A’

16 stChanges.insertAtBottom(c)// c has the lowest priority

17 end
18 end
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