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1 Requirements and Systems-of-Systems

Software development today takes place in the context
of a complex system-of-systems that includes a broad tech-
nological infrastructure along with a wide set of human ac-
tivities. The technological systems and the human activ-
ity systems have a symbiotic relationship - each shapes the
other in complex ways, such that neither can be understood
in isolation. A recent report from the SEI on Ultra-Large
Scale (ULS) Systems accurately characterized the nature of
these systems-of- systems: they have no centralized con-
trol; experience normal failures and continual evolution of
heterogeneous elements; and their requirements are inher-
ently conflicting, diverse and often unknowable. For design
purposes, the boundary between people and software disap-
pears - design is as much about shaping the human activities
as it is about constructing the software. Although the SEI
report focussed on the extreme scale, it is clear that most of
these challenges now apply to most software development
- the complexity arises from the many different contexts in
which any software component will be deployed.

The engineering approaches we use today for software
development only work when we take a very narrow view
of the requirements, as well-defined sets of features and in-
terfaces, which can be fully specified. This approach helps
us to build components that conform (in a narrow sense) to
their specifications. But we cannot tell in advance whether
they will be any use in any of the many different systems-of-
systems in which they may be deployed. Our engineering
techniques rapidly break down when we attempt to scale up
our design ambitions. The result is a growing gap between
expectations and practice in the software industry. We can
build very reliable software at the small scale, for tightly
constrained problems. But we cannot build reliable soft-
ware for complex socio-technical domains. Our designs are
brittle - they fail in unexpected ways when the context in
which they operate changes.

To make progress on these challenges we need to aban-
don the idea that we can write complete, consistent require-
ments specifications. Instead, we need to capture the multi-

ple, conflicting requirements for each software component
that arise from its different contexts of use. We need to
be able to express our partial understandings of the broader
systems-of-systems in which our components will be de-
ployed. And we need to be able to reason about the prop-
erties, and end-to-end behaviours of these systems, without
resolving all the unknowns and inconsistencies in our mod-
els. In particular, we need techniques for managing large,
evolving collections of fragmentary requirements models,
and techniques to reason about the properties of these mod-
els and their interactions, even in the presence of inconsis-
tency and incompleteness.

2 Model Fusion

Our current research focuses onmodel management, and
specifically the challenge of reasoning over multiple, in-
consistent models. We assume that requirements models
are constructed and manipulated by distributed teams, each
working on a partial view of the overall system. Model
management involves keeping track of the relationships be-
tween the various models, and, from time to time, combin-
ing information from several models into a single model.
We call the latter processmodel fusion.

A number of factors make model fusion complicated.
The modelers may have used different vocabularies, or ap-
plied a shared vocabulary inconsistently. Models may over-
lap, in that they refer to the same concepts in the require-
ments or design of a system, but the overlapping concepts
may be presented differently in each model, and the mod-
els may contradict one another. Models may evolve through
a number of different versions, so that model fusions may
need to be recomputed if the source models are updated.

The problem of model fusion has been studied in many
domains: schemata of several independently developed
databases [3, 17, 11], static and dynamic UML mod-
els [24, 6], web services [10], program variants [8, 15], re-
quirements models [19, 20], and many varieties of reactive
systems [9, 23, 4, 7].

The modeling formalisms and the underlying assump-



tions in these approaches differ significantly. For exam-
ple, most of these approaches require that only consistent
models be combined, implying that inconsistent models
must be repaired prior to model fusion [14]. However,
some approaches tolerate inconsistency, and can represent
the inconsistencies explicitly in the resulting fused model
(e.g. [4, 20, 15]). In some cases, the goal is to showdif-
ferencesbetween the models rather than to put them to-
gether [24].

The approaches disagree on the treatment of informa-
tion not explicitly present in the model. For example,
[3, 11, 7, 4] assume that omitted information is “possible”
(e.g., an equation “x = 3” does not constrain the value of y),
whereas most state-machine approaches assume that omit-
ted information signifies prohibited behaviours; [23] takes
a hybrid approach.

These approaches further differ in whether they han-
dle heterogeneous modeling notations. Most approaches to
model fusion are intended for combining models expressed
in the same notation (e.g. fusion of UML Class diagrams
with one another [24]) Some approaches solve the problem
of model fusion in heterogeneous notations by first translat-
ing them into an underlying unified language and only then
combine them (e.g. [6]). [7] is a notable exception which
allows fusion of scenarios and state machines directly.

Finally, the approaches range in the level of sophistica-
tion in matching and identifying similar information. In
software engineering, most approaches assume that entities
are the same when they have the same name or id (or are
derivatives of entities with the same name or id); others,
e.g., [19], support the use of an explicit ontology, or a the-
saurus, relating entities from each model. In the database
work, schema integration approaches implement sophisti-
cated matching algorithms [18].

We believe that distributed model management depends
crucially on being able to put together models coming from
different sources. To that end, we are developing a frame-
work for comparing different approaches to model fusion,
and we are developing a taxonomy of model management
operators:

• fuse – which takes two or more models along with
a specified relationship between them, and combines
them into a single model;

• match–which takes two or more models and identi-
fies candidate relationships between them by compar-
ing their structure, semantics and/or terminology;

• diff – which takes two models and computes the edit
difference between them as a number of steps needed
to transform one into the other;

• split – which takes a model and partitions it into two

or more separate models along with a relationship be-
tween them (the inverse tofuse);

• slice– which takes a model and a projection criterion,
and extracts a partial view (projection, aspect, ) that
satisfies the given criterion;

• patch– which takes a model and a transformation and
applies the transformation to the model;

• propagate– which takes a series of edit actions (i.e.
a transformation) that have been performed on one
model, and applies them to another model, according
to a specific relationship between the two models.

Our work has led us to a reconsideration of modeling se-
mantics based on how well they support distributed model-
ing. The intended relationship between two partial models
may be at odds with the usual semantics of the modeling
formalism. In particular few modeling languages address
the notion of missing information (partiality). Notable ex-
ceptions for state modeling are approaches based on Live
Sequence Charts [7], MTSs [9, 23] and partial Kripke struc-
tures [12]).

Finally, this work depends on a more explicit specifica-
tion of the relationships between models during distributed
model development. Some frameworks for model manage-
ment make use of model versioning information to capture
some aspects of the relationships between models in the
same version tree. The relationships we have identified go
beyond versioning, to include all shared information in mul-
tiple models. In our future work, we intend to devote more
attention to the question of how to elicit and represent such
relationships between models.

3 Current Research Goals

Our current research addresses the following goals:

• Identifying and characterizing the set of operations
performed in model management tasks, and to char-
acterize the different instances of these operations for
different types of model.

• Developing a standard approach for representing con-
nectors between partial and inconsistent models, and
for expressing the (desired) properties of sets of inter-
related models.

• Designing and implementing a flexible framework
(based in Eclipse) that unifies model management op-
erations. The framework will enable analysts to create,
view and manipulate models and their connectors, and
provide support for deciding how and when to apply
the various operators needed for model-driven devel-
opment.
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• Instantiating this framework for several common types
of model used in model-based development, including
both structural models (e.g. class diagrams) and be-
havioural models (e.g. statecharts).

Our progress so far is as follows. We have developed
the taxonomy of model management operators, and charac-
terized the properties of “ideal” forms of these operators in
algebraic terms [2]. We have explored the use of techniques
from psychology, specifically,personal construct theory, to
identify terminological interference between stakeholders
views [16]. We have developed a general framework for
model fusion based on identification of structural overlaps
between models [21]. We have developed tools for match-
ing and fusing hierarchical statechart diagrams [13]. We
have identified a constraint language and developed a tool
for reasoning over fused models [22]. In addition we have
also conducted some preliminary empirical studies on the
ideas underlying this work, particularly into the question of
how people actually use models to understand a problem
situation [5, 1].
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