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ABSTRACT
Almost every kind of software development periodically needs
to merge models. Perhaps they come from different stake-
holders during the requirements analysis phase, or perhaps
they are modifications of the same model done indepen-
dently by several groups of people. Sometimes these models
are consistent and can be merged. Sometimes they are not,
and negotiation between the stakeholders is needed in order
to resolve inconsistencies. While various methods support
merging, we need formal approaches that help stakeholders
negotiate. We present a formal framework for merging and
conflict resolution. It facilitates automatic merging of con-
sistent models, enables users to visualize and explore poten-
tial disagreements and identify their priorities, and suggests
ways to resolve the priority items.

Categories and Subject Descriptors: D.2.1 [Software
Engineering]: Requirements/Specifications - methodologies;
D.2.4 [Software Engineering]: Software/Program Verifica-
tion - model checking .

General Terms: Design, Theory, Verification.

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

1. INTRODUCTION

Almost every kind of software development periodically
needs to merge models. For example, during requirements
analysis, different stakeholders with different viewpoints [20]
describe different, yet overlapping aspects [4] of the same
systems. How should these partial models be put together?
Alternatively, consider combining behavioural models of com-
ponent instances of the same type. Typically, several in-
stances of the same component may appear in a given sce-
nario, e.g., several instances of a client component that con-
currently access a server [24]. Standard approaches to syn-
thesis produce a separate behavioural model for each client
instance (e.g., [25, 16]). It is reasonable to integrate all mod-
els of all client instances into a single model for the client
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component type because all clients should share the same
characteristics.

The problem gets even more pressing when we are dealing
with distributed software development [6], when teams in
different locations independently modify a common model,
and then attempt to put their modifications together.

In this work, we concentrate on merging behavioural mod-
els of software. There are several ways to express such
models; these are typically divided into declarative speci-
fications, such as Alloy [14], and operational specifications,
expressed in some form of state-machines. State-machines
are widely used in requirements modeling [10] either directly,
or via translation from higher-level modeling languages.

In the context of model elaboration, composition of two
(partial) descriptions of the same component to obtain a
more elaborate version of the original partial description has
been called merge [24]. Effective merging supports collabo-
ration and cooperation in the process of specifying software
and helps manage the complexities of this process. Unfortu-
nately, merging can combine models only if there are no
disagreements between the stakeholders. Otherwise, this
composition requires negotiation. In order to support state-
machine-based development, we need to be able to merge
different versions of state-machines as well as support pos-
sible conflict resolution.

Merging and negotiation go hand in hand, and we be-
lieve that this process should be supported by a formal
framework. Such a framework should merge models, if they
are consistent, and otherwise support negotiation by help-
ing users discover their disagreements, allow them to trace
through their decisions and understand proposals with the
goal of resolving conflicts. This paper presents such a frame-
work in the context of state-machine models. We assume
that each entity in our models is specified at the same level
of abstraction and is named consistently in each model, i.e.,
we assume vocabulary consistency.

Formal support for model-merging has been addressed by
several researchers. For example, merging is just a con-
junction of the corresponding theories in declarative speci-
fications [14]. Uchitel and Chechik [24] define merging for
consistent partial labelled transition systems, and Huth and
Pradhan [13] merge partial view-based specifications where
a dominance ordering is used to eliminate the potential in-
consistencies. Different aspects of negotiation have been ad-
dressed in software engineering literature. For example, [1]
describes negotiation over non-functional and application-
independent goals, such as the trade-off between assurance
and performance or cost/schedule. Damian et. al. [6] con-
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Figure 1: Negotiation framework.

sider social and political aspects of negotiation, and [5, 7]
take a dialectic reasoning approach to negotiation. Several
researchers [8, 11, 22] proposed ways to do formal reasoning
with inconsistency; however, we are not aware of formal sup-
port for negotiation over inconsistent behavioural models.

Given two models, our framework automatically deter-
mines whether the models can be merged, and if so, com-
putes the merge. Otherwise, it supports the negotiation pro-
cess, helping users identify their disagreements and prioritize
them. Further, it provides automated support for comput-
ing proposals for models that bring users closer to resolving
their conflicts, allowing users to do “what if” exploration
and choose the most suitable alternatives. We also keep a
history of decisions that have been made, allowing users to
study the results, and, if necessary, undo the decisions. Our
methodology also guarantees that the negotiation process
will eventually terminate, while inflicting only the minimal
changes onto the original models.

The rest of this paper is organized as follows. Section 2 in-
troduces our framework and presents techniques for merging
models and coping with inconsistency through exploration
and selection of suitable resolutions. We discuss the im-
plementation of our framework and preliminary evaluation
in Section 3. Section 4 summarizes the paper and outlines
venues for future work.

2. OVERVIEW OF THE APPROACH
In this section, we briefly describe our framework for model

merging and negotiation. For further details, the reader can
refer to the longer version [19] where the formal underpin-
nings of our approach have been elaborated.

2.1 Basic Notions and Assumptions
We concentrate on merging and negotiation over state-

based transition systems. We only consider flat models
where their entities are specified at the same level of ab-
straction and are named consistently in each model, i.e., we
assume vocabulary consistency. Note that stakeholders can
use different sets of vocabularies, but they should be con-
sistent with each other. We often assume the existence of
certain global properties for ensuring that state-machines
behave as expected. Model invariants, use-cases, and sce-
narios are examples of such properties. Global properties
may assist users in the process of negotiation and in pri-
oritizing inconsistencies. Nevertheless, our framework can
work without global properties too.

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

Given two state-machines, we determine whether the mod-
els can be merged, and if so, the merge is computed in the
Computing Merge phase (Section 2.2.1).

When models are inconsistent, their merge does not exist.
In this case, we start the negotiation process that consist of
three phases: Computing Agreements, Exploration, and Resolution.
First, we build a model that reflects agreements between
the initial models (Computing Agreements, Section 2.2.2). Ef-
fectively, we replace all points of potential contention with
maybe. Afterwards, we project the result back onto the orig-
inal models, allowing users to explore the result (Exploration,
Section 2.2.3). Using global properties or their intuition,
and supported by analysis tools such as model-checkers,
users pick a list of items that they care about most. These
become input to the Resolution phase (Section 2.2.4) which
attempts to handle these disagreements by building consis-
tent proposals, allowing users to pick their favourite. Once
proposals have been chosen, the resulting models, which
are now consistent but may still be somewhat incomplete,
can be merged using techniques described in Section 2.2.1
(Computing Merge). The incompletenesses represent “don’t
cares” on the part of stakeholders, indicating that they will
be satisfied with any consistent resolution of these points.

2.2.1 Computing Merge
We use state-machines with 3-valued transitions and propo-

sitions as our modelling formalism. 3-valued state-machines
are desirable because they allow us to explicitly capture the
incompleteness involved in requirements models. 3-valued
logic [15] 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 mod-
els while preserving all of their agreements. The notion of
refinement [12, 17] over 3-valued models underlies this intu-
ition: it is a 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 refinement of M1 and M2 iff M3 refines both
M1 and M2. A common refinement preserves common be-
haviours and temporal properties of the original models [12],
and hence, is a reasonable candidate for the merge.

To construct a common refinement of two 3-valued state-
machines M1 and M2, we first compute a consistency rela-
tion ∼ between states of M1 and M2. Intuitively, two states
s and t are consistent, i.e., related by ∼, iff they agree on the
values of their propositions, and their successors are consis-
tent with each other as well. When models are consistent,
such relation ∼ exists and can be computed automatically
in polynomial time in the size of M1 and M2.

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.

2.2.2 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 agree-
ments and highlights the disagreements between the mod-
els. We refer to it as the agreement 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 that preserves the most properties of M1 and M2.
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. For consistent models, ρ is equivalent to ∼. For
the class of inconsistent models, however, finding the best
ρ becomes an optimization problem with complexity expo-
nential 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 in-
vestigation 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 corre-
sponding to M1 and M2 by M̂1 and M̂2 respectively. 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 with
respect to ρ. 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.

2.2.3 Exploration
The Computing Agreements phase produces consistent but

incomplete projections M̂1 and M̂2. The missing informa-
tion, represented by m in the two models, effectively comes
from “backing down” from all disagreements between the
original models. Clearly, M̂1 and M̂2 can be merged, but the
result leaves a number of properties, perhaps the ones which
are vitally important to the stakeholders, inconclusive. On
the other extreme, we can attempt to reach agreement over
every m item (i.e., a variable or a transition). However, as we
discuss in Section 2.2.4, the number of proposals for resolv-
ing inconsistencies can grow exponentially with the number
of items; thus, the smaller the list of negotiation items, the
easier it is for the stakeholders to reach agreement.

The goal of the (optional) Exploration phase is to choose the
truly important items, which must be negotiated, from the
overall list. We call this a priority list (PL). Leaving an item
off the PL indicates that the stakeholder is content with it
becoming either t or f at some point in the future. Note also
that each stakeholder builds her own PL independently, so
if an item is really important to one stakeholder and not
important to the other, the resolution is to simply choose
the second user’s value for this item.

In order to build the PLs, users can either informally in-
spect 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.
For example, if global properties are expressed in temporal
logic, any 3-valued model-checker, e.g., χChek [2], can be
used for this analysis. Stakeholders may further prioritize
those properties on which the analysis ended up being incon-
clusive, and restrict their PL just to those items that caused
inconclusiveness of these most desirable properties. This in-

formation is also readily obtainable from a model-checking
run. Specifically, χChek can return a counterexample ex-
plaining why the property evaluates to m. It also has a fea-
ture which returns all reasons why a property is m, in the
form of an abstract counterexample [3]. For our framework,
we modified χChek to extract the list of m variables and
transitions from the returned counterexample and report its
size to the user. This gives her an early indication about
the feasibility of achieving agreements during the resolution
step.

2.2.4 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 re-
ceives as input the projection models M̂1 and M̂2, a con-
sistency relation ρ between M̂1 and M̂2, and the priority
lists of inconsistencies, obtained by merging the individual

PLs. 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 mod-

els M̂1

′

and M̂2

′

which remain consistent with respect to
ρ. Sometimes when ρ is too restrictive, the resolution algo-
rithm 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 at-
tempts to find a better ρ, and then the resolution process is
repeated again.

The complexity of resolving each individual item depends
on the number of states or transitions affected by it, which
is a (small) fraction of ρ. However, the number of generated
proposals is exponential in the size of the joint list because
the resolution of each item can potentially lead to two pro-
posals. Fortunately, items in the priority list often depend
on each other, effectively reducing the overall number of gen-
erated proposals. If the number of proposals remains large,
users should partition their PLs, even though we do not have
a complete methodology for such a partitioning. This way,
the negotiations can concentrate only on the chosen items.
Additional iterations of the framework would be required to
resolve the remaining items. Effectively, this enables com-
positional negotiation.

Proposals generated by the resolution algorithm are con-
sistent with respect to ρ, just like the corresponding projec-
tions have been, but they refine these projections, deeming
more properties conclusive. On the other hand, the rela-
tionship between proposals and the original models M1 and
M2 is orthogonal to refinement: we first abstract from all
inconsistencies, yielding maybes, and then refine the result
consistently. For example, if a property ϕ was t in M1 and
f in M2, it becomes m in M̂1 and M̂2, and, if present in the

PL, is set either to t or to f in both M̂1

′

and M̂2

′

. Thus,
inconsistency resolution is non-monotonic!

As proposals are being generated, users can explore them
and, if satisfied, accept one. The resulting models are guar-
anteed to give conclusive values to items on the priority list
and be consistent with respect to ρ; thus, they can be eas-
ily merged. This is done in the Computing Merge phase (see
Figure 1) and computed using the techniques described in
Section 2.2.1.



3. TOOL SUPPORT AND PRELIMINARY
EVALUATION

We have created a proof of concept implementation of
the merge and negotiation framework discussed in earlier
sections. The implementation can merge 3-valued state-
machines if they are consistent. If models are inconsistent,
it computes an agreement model, and, using a multi-valued
model-checker
χChek [2], allows stakeholders to explore its projections,
building a priority list from χChek’s abstract counterexam-
ples. Once proposals are built (using the resolution algo-
rithm), users can choose their favourite, apply suggested
resolutions to their original models, and attempt to merge
them again. This allows incremental negotiation. Our im-
plementation supports it by additionally storing the history
of made decisions, allowing users to go back and undo them
(and thus facilitating “what if” exploration).

To try our framework on a more realistic example, we at-
tempted to merge inconsistent descriptions of behaviour of
an authentication system, adopted from [23]. The system
is described from the administrator’s and from the user’s
points of view, and the models disagree on a property “En-
tering a password can be followed by a successful authen-
tication”. The models were translated from MTSs [17] to
3-valued state machines and had 3 and 5 states, respec-
tively, with the combined vocabulary of 3 variables. The
size of ρ was 5, i.e., max(Σ1, Σ2). We computed the max-
imal agreement model and automatically refined it using a
heuristic discussed in [18]. Using the above-mentioned prop-
erty, we identified only two priority items, which ended up
being related. The resolution algorithm yielded two propos-
als, forcing the property into becoming t or f in both models,
respectively. We note that one of the resulting proposals is
exactly the modification of the user model done by hand
in [23] in order to resolve inconsistencies, and that ρ is the
same as the consistency relation obtained in [23]. Further
details are available in [18].

4. CONCLUSION AND FUTURE WORK
In this paper, we have outlined a formal framework for

merge and conflict resolution. This framework facilitates
automatic merging of consistent models, enables users to
visualize and explore potential disagreements and identify
their priorities, and suggests ways to resolve the priority
items.

Several research problems need to be solved to ensure that
this framework is effective. The first and most important
of these is the efficient computation of a relation ρ that
reduces the size of the agreement models while capturing
the maximal similarities between the inconsistent models.
Computing an optimal ρ is similar to the schema matching
problem – a subject that has been extensively studied in the
database literature, e.g., [21]. We are currently looking for
ways to tailor the existing schema matching techniques to
our framework. We further need to evaluate the effective-
ness of the framework on more realistic case-studies as well
as develop additional heuristics to improve precision of the
merge and a methodology for partitioning PLs in cases when
the framework generates too many proposals.

Another direction is changing the resolution algorithm to
produce more proposals. Our algorithm produces proposals
obtained by keeping the relation ρ intact. More interest-

ing proposals can be produced if we allow the algorithm
to extend ρ. In the current work, we studied negotiation
over flat state-machines. Adding hierarchy as well as more
complex language features would enable merging and nego-
tiation over more realistic models.
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