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ABSTRACT
Model merging is an important activity in software development.
We often need to integrate a set of models coming from differ-
ent sources so as to create a unified model encompassing all the
given models. Inconsistencies between models can make model
merging significantly more complex. To deal with inconsistencies
efficiently, a systematic negotiation process is needed. This pa-
per outlines a formal approach to merging and negotiation over be-
havioural models and presents the results achieved so far.

Categories and Subject Descriptors: D.2.1 [Software Engineer-
ing]: Requirements/Specifications - methodologies; D.2.4 [Soft-
ware Engineering]: Software/Program Verification - model check-
ing.

General Terms: Design, Theory, Verification.

Keywords: Model Merging, Refinement, Model Checking, Incon-
sistency Detection, Negotiation, 3-Valued Logic.

1. RESEARCH QUESTION
Almost every kind of software development periodically needs to

merge models. For example, during requirements analysis, differ-
ent stakeholders with different viewpoints [26] describe different,
yet overlapping aspects [3] of the same systems. How should these
partial models be put together? Alternatively, consider combining
behavioural models of component instances of the same type. Typ-
ically, several instances of the same component may appear in a
given scenario, e.g., several instances of a client component that
concurrently access a server [30]. Standard approaches to synthe-
sis produce a separate behavioural model for each client instance
(e.g., [31, 21]). It is reasonable to integrate all models of all client
instances into a single model for the client component type because
all clients should share the same characteristics.

The problem gets even more pressing when we are dealing with
distributed software development [5], when teams in different lo-
cations independently modify a common model, and then attempt
to put their modifications together.

In the context of model elaboration, composition of two (partial)
descriptions of the same component to obtain a more elaborate ver-
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sion of the original partial description has been called merge [30].
Effective merging supports collaboration and cooperation in the
process of specifying software and helps manage the complexities
of this process. Unfortunately, merging can combine models only
if there are no disagreements between the stakeholders. Otherwise,
this composition requires negotiation.

Merging and negotiation go hand in hand. In order to effectively
support software development, we need to be able to merge dif-
ferent versions of software models and support possible conflict
resolution. We believe the process of merging and negotiation of
software models should be supported by a formal framework.

1.1 Research Objective
The main objective of our research is to propose, develop and

study a framework for merging and negotiation over behavioural
software models. Behavioural models are typically divided into
declarative specifications, such as Alloy [19], and operational spec-
ifications, expressed in some form of state-machines. There are dif-
ferent kinds of state-machines, e.g., state-based/event-based,
flat/hierarchical, or etc. State-machines are widely used in require-
ments modelling [12, 13, 14] either directly, or via translation from
higher-level modeling languages.

A framework for merging and negotiation should be able to merge
models, when they are consistent, and otherwise support negotia-
tion by helping users discover their disagreements, allow them to
trace through their decisions and understand different alternatives
for resolving conflicts.

Given two models, the framework should automatically deter-
mine whether the models can be merged and compute the merge
if it exists. Otherwise, it should support the negotiation process,
helping users identify their disagreements and prioritize them. Fur-
ther, it should provide automated support for computing proposals
to bring users closer to resolving their conflicts, allowing users to
do “what if” exploration and choose the most suitable alternatives.
We also want to keep a history of decisions that have been made,
allowing users to study the results, and, if necessary, undo the de-
cisions.

The most significant factors that we are taking into account to
make our framework as effective as possible are: improving the
readability and the precision of merges and resulting models; pro-
viding users with measures on how inconsistent their models are;
helping users manage negotiation when there are too many incon-
sistencies; and ensuring that during conflict resolution, only a min-
imal number of changes are imposed onto the original models.

Furthermore, to make the framework applicable to a wide range
of software models, we need to support the merging of hierarchical
structures as well as models described in different formalisms and
at different levels of abstraction.



2. RELATED WORK
Formal support for model-merging has been addressed by sev-

eral researchers. For example, merging is just a conjunction of
the corresponding theories in declarative specifications [19]. Uchi-
tel and Chechik [30] define merging for consistent partial labelled
transition systems. Like ours, their notion of merge is based on
common refinement. However, while able to detect inconsisten-
cies, [30] does not consider the problem of negotiation and conflict
resolution.

A number of approaches to inconsistency management have been
studied in the context of viewpoint-based modelling [26]. Some of
this work, e.g., [9, 25], detects inconsistencies by using first-order
logic rules and does not consider merging as a means of model
exploration and inconsistency detection. Other researchers [18, 8,
28] propose ways of merging viewpoint models. Huth and Prad-
han [18] define the merge as the common refinement of partial
state transition systems. They enforce consistency across incon-
sistent viewpoints by using a dominance ordering on owners of the
viewpoints. [8, 28] allow the merge of inconsistent viewpoints us-
ing multi-valued logic. Their goal is to tolerate disagreement while
still enabling reasoning. In [8], states are merged only if they have
the same label. The merge in [28] is based on the structural map-
ping of graph morphisms with the emphasis on preserving structure
rather than behavior. Non-classical logics have been used for rea-
soning with inconsistency by others, e.g., in [15]. Unlike this work,
our goal is to merge only consistent models, and we allow users to
explore agreement models, which are consistent but incomplete, to
determine those inconsistencies that need to be resolved.

In [6], requirements evolution is supported by an iterative pro-
cess that is similar to our exploration and resolution phases; how-
ever, the implementation of the resolution phase is left open, con-
jecturing that machine learning techniques may be suitable for it.
The work in [10] extends [6] by using multi-valued logic to address
incompleteness and partiality of requirements specifications. How-
ever, [10] does not give the problem a formal treatment, illustrating
the process by an example instead.

We are not aware of other formal logic-based approaches to ne-
gotiation. The existing work, e.g., [4, 7, 1], is based on dialectic
reasoning. In these approaches, requirements are treated as in-
formal generic entities, and the focus is on formalizing the rela-
tionships and interactions between them. Even though both func-
tional and non-functional requirements can be handled using these
approaches, correctness and completeness become subjective. In
contrast, we only consider behavioural requirements, but their for-
mality allows us to perform tool-supported inconsistency resolution
while tolerating the less critical inconsistencies.

3. PROPOSED SOLUTION
We have recently designed a formal framework for supporting

merging and negotiation over state machines [24]. In this section,
we briefly discuss our framework.

3.1 Assumptions
We concentrate on merging and negotiation over state-based tran-

sition systems. We only consider flat models where their entities
are specified at the same level of abstraction and are named con-
sistently in each model, i.e., we assume vocabulary consistency.
Note that stakeholders can use different sets of vocabularies, but
they should be consistent with each other. We often assume the ex-
istence of certain global properties for ensuring that state-machines
behave as expected. Model invariants, use-cases, and scenarios are
examples of such properties. Global properties may assist users in
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Figure 1: Negotiation framework.

the process of negotiation and in prioritizing inconsistencies. Nev-
ertheless, our framework can work without global properties too.

3.2 Negotiation Framework
The overall picture of the framework is illustrated in Fig. 1. Given

two state-machines, we determine whether the models can be merged,
and if so, the merge is computed in the Computing Merge phase
(Section 3.2.1). In situations where models are inconsistent and
their merge does not exist, we start the negotiation process that
consists of three phases: Computing Agreements, Exploration, and
Resolution. We first build a model that reflects agreements between
the original models (Computing Agreements, Section 3.2.2). Effec-
tively, we label all points of disagreements with maybe. Next, we
project the result back onto the original models, allowing users to
explore the result (Exploration, Section 3.2.3). Using global proper-
ties or their intuition, users pick a list of items that they care about
most. These become input to the Resolution phase (Section 3.2.4)
which attempts to handle these disagreements by building consis-
tent proposals. Finally, users pick a proposal that suits their goals.

3.2.1 Computing Merge
We use state-machines with 3-valued transitions and proposi-

tions as our modelling formalism. 3-valued state-machines are de-
sirable because they allow us to explicitly capture the incomplete-
ness involved in requirements models. 3-valued logic [20] extends
classical logic with an additional truth value, denoted maybe (m)
and interpreted as unknown.

The intuition we wish to capture by merge is that of combining
partial knowledge coming from individual models while preserv-
ing all of their agreements. The notion of refinement [17, 22] over
3-valued models underlies this intuition. Refinement over 3-valued
state-machines captures the notion of elaboration of an incomplete
model into a more complete one, in which the value of some m tran-
sitions or propositions is changed to true or false. Refinement can
be seen as a “more complete than” relationship between 3-valued
state-machines.

We define the merge of two state machines M1 and M2 to be
their common refinement. A 3-valued model M3 is a common re-
finement of M1 and M2 iff M3 refines both M1 and M2. Basing
the notion of merge on a common refinement is standard and has
been considered by several researchers [30, 18, 16]. A common re-
finement preserves common behaviours and temporal properties of
the original models [17], and hence, is a reasonable candidate for
the merge.

Note that a common refinement for two 3-valued models might
not exist at all. In this case, models are inconsistent and we start
the negotiation process.

3.2.2 Computing Agreements
When models contain inconsistencies, we need to help users

identify, understand and resolve them. To this end, it is helpful



to construct a model that preserves the agreements and highlights
the disagreements between the models. We refer to it as the agree-
ment model and define it as a common abstraction between the two
models. A 3-valued model M3 is a common abstraction of M1

and M2 iff both M1 and M2 refine M3. For given models M1 and
M2, there are several common abstractions. We seek a common ab-
straction of M1 and M2 that preserves the most common properties
of M1 and M2 and represents the maximum agreements between
them. To this end, we need to find a relation ρ over the states of
M1 and M2 that reflects the most similarities between these two
models.

Finding the best ρ is essentially an optimization problem with
complexity exponential in the number of the states of M1 and M2.
While this may still be feasible for relatively small models, we can
use various heuristics for large models instead. Further investiga-
tion into effective computations of the best ρ is left for the future
work.

The agreement model captures the common behaviours of M1

and M2 and leaves all points of inconsistencies as m. We project
the agreement model back to the context of the original models to
allow users to study the agreements and the disagreements between
their models in the context of their original models. We denote the
projections corresponding to M1 and M2 by M̂1 and M̂2 respec-
tively. Since the disagreements between M1 and M2 are converted
to m behaviours in the projections M̂1 and M̂2, it can be proven
that M̂1 and M̂2 are consistent w.r.t. ρ, and further, M̂1 and M2 as
well as M1 and M̂2 are pair-wise consistent w.r.t. ρ.

3.2.3 Exploration
The Computing Agreements phase produces consistent but in-

complete projections M̂1 and M̂2. The missing information, rep-
resented by m in the two models, effectively comes from “back-
ing down” from all disagreements between the original models.
Clearly, M̂1 and M̂2 can be merged, but the result leaves a num-
ber of properties, perhaps the ones which are vitally important to
the stakeholders, inconclusive. On the other extreme, we can at-
tempt to reach agreement over every m item (i.e., a variable or a
transition). However, the number of proposals for resolving incon-
sistencies can grow exponentially with the number of items; thus,
the smaller the list of negotiation items, the easier it is for the stake-
holders to reach agreement.

The goal of the Exploration phase is to choose the truly important
items, which must be negotiated, from the overall list. We call
this a priority list (PL). In order to build the PLs, users can either
informally inspect the projections or use various analysis tools such
as model-checkers, simulators, debuggers etc. Specifically, if a set
of global properties is available, users may want to see the impact
of rolling back the disagreements on these. In our framework, we
assume that global properties are expressed in temporal logic, so
any 3-valued model-checker, e.g., χChek [2], can be used for this
analysis. χChek can return a counterexample explaining why the
property evaluates to m. We can extract the list of m variables and
transitions from the counterexample that is produced by χChek and
report it to the user as the PL. We also report the size of the PL to
the user. This gives her an early indication about the feasibility of
achieving agreements during the resolution step.

3.2.4 Resolution
The goal of the Resolution phase is to compute alternatives for

resolving the most important inconsistencies identified during the
Exploration phase, while making minimal possible modifications
to the original models. The Resolution phase is carried out by a
resolution algorithm. The algorithm receives as input the projec-

tion models M̂1 and M̂2, a consistency relation ρ between M̂1

and M̂2, and the priority lists of inconsistencies. It computes a
list of model pairs (M̂1

′

, M̂2

′

), called proposals, which resolve
these inconsistencies. The goal of the algorithm is to change the
value of every m proposition or transition in the PL to either t or
f, resulting in models M̂1

′

and M̂2

′

which remain consistent with
respect to ρ. Sometimes when ρ is too restrictive, the resolution
algorithm may conflict with ρ and fails to resolve an m item. In
this case, the tuples in ρ that cause the conflict are reported back to
Computing Agreements phase (see Fig. 1), which attempts to find a
better ρ, and then the resolution process is repeated again.

Proposals generated by the resolution algorithm are consistent
w.r.t. ρ, just like the corresponding projections have been, but they
refine these projections, deeming more properties conclusive.

Unfortunately, the number of generated proposals can be very
large, i.e., exponential in the size of the PL, because the resolu-
tion of each item can potentially lead to two proposals. Usually,
items in the priority lists depend on each other. This effectively
reduces the overall number of generated proposals. Moreover, in
situations where the number of proposals is very large, we envi-
sion that users will partition their PLs, so that the negotiations can
concentrate only on the chosen items. Additional iterations of the
framework would be required to resolve the remaining items. Ef-
fectively, this enables compositional negotiation. We are still work-
ing on a methodology to help users partition their PLs.

4. CONTRIBUTIONS AND PRELIMINARY
RESULTS

In this section, we discuss the most significant features of our
approach to merging and negotiation as well as the implementation
and preliminary evaluation of our framework.

We define a merge of two consistent models as their common re-
finement. We already discussed the advantages of defining a merge
as a common refinement in Section 3.2.1, and further in [24], we
showed how a common refinement can be computed efficiently. In
our framework, negotiation is carried out through a three-phase
process: Computing Agreements, Exploration, and Resolution. In
the Computing Agreements phase, we compute an agreement model
and the projections of the agreement model onto the original mod-
els. The agreement model allows stakeholders to identify the com-
monalities and highlight the differences; and the projections allow
them to study these commonalities and differences in the context of
their original models. Projections are consistent abstractions of the
original inconsistent models and show to what degree each model
needs to be abstracted so as to become consistent with the other
one.

The Exploration phase helps users to prioritize the inconsisten-
cies and identify the most critical ones. The size of priority lists
(PLs) provides users with a measure on how inconsistent their mod-
els are. Finally, the Resolution phase allows users to browse differ-
ent alternatives for resolving inconsistencies and to do ”what if”
exploration to pick an alternative that suits the global properties
and their intuition.

We have prototyped a proof of concept implementation of the
merging and negotiation framework discussed in Section 3.1. The
implementation can merge 3-valued state-machines if they are con-
sistent. If models are inconsistent, it computes an agreement model,
and, using a multi-valued model-checker χChek [2], allows stake-
holders to explore its projections and build their priority lists. Once
proposals are built, users can choose their favourite, apply sug-
gested resolutions to their original models, and attempt to merge
them again.



To evaluate our framework, we attempted to merge two inconsis-
tent descriptions of behaviour of an authentication system, adopted
from [29]. We used a few heuristics to improve the precision and
the readability of the agreement and projection models in this case-
study. These heuristics can facilitate the scalability of the frame-
work, in general. Further details about the heuristics and the case-
study are available in [23].

5. FUTURE WORK
Several research problems need to be solved to achieve an effec-

tive merging and negotiation framework:

• Extending the framework to work with richer behavioural
models, e.g. hierarchical state-charts.

• Studying the relationships between state-based and event-
based models and the possibility of adapting the results of
this work to event-based models.

• Adding support for merging models that are described at dif-
ferent levels of abstraction.

• Evaluating the framework through more case-studies and in-
vestigating further heuristics to improve the performance and
the scalability of our framework.

• Devising an efficient algorithm for computing mappings that
capture the maximal similarities between inconsistent mod-
els.

• Developing methods for managing negotiation when there
are too many inconsistencies. Currently, we allow users to
prioritize and partition their PLs to reduce the complexity of
the Resolution phase.

• Providing users with measures to represent the amount of in-
consistencies between their models, e.g., in the current work,
we use the size of PLs for this purpose.

• Changing the resolution algorithm to produce more interest-
ing proposals.
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