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Abstract. We are interested in formal foundations for enterprise deci-
sion support. In this perspective, enterprise architecture is characterised
by highly uncertain plans in a changing environment, and translates
strategic goals into an IT strategy. Typically there are a large number
of stakeholders with conflicting views, communicating plans of action,
and explaining decisions instead of making them. An enterprise architec-
ture considers qualitative before quantitative data, has stronger business
focus than other disciplines, and politics, emotions, and soft skills play a
bigger role than in other areas. We view a plan abstractly as a sequence
of commitments in time, and each commitment in the plan may come
with a number of underlying assumptions. If these underlying assump-
tions change, then parts of the plan may require revision, which in turn
may invalidate other parts of the plan, and so on. Therefore, assump-
tions have an inherently non-monotonic character: they are assumed to
be true, unless it becomes clear they are false. This is related to the
resource-boundedness of enterprise architecture: an enterprise architect
cannot always know all of the assumptions, especially for long term plans.

1 Enterprise Architecture

We use the following definition of an enterprise architecture:

“Those properties of an enterprise that are necessary and sufficient to meet
its essential requirements” [6].

A commonly used metaphor for an enterprise architect is a city planner. City
planners work on long-term visions, providing the roadmaps and regulations
that a city uses to manage its growth and provide services to citizens. Using this
analogy, we can differentiate the role of the system architect, who plans one or
more buildings; software architects, who are responsible for the HVAC (Heating,
Ventilation and Air Conditioning) within the building; network architects, who
are responsible for the plumbing within the building, and the water and sewer
infrastructure between buildings or parts of a city. The enterprise architect how-
ever, like a city planner, both frames the city-wide design and other activities
into the larger plan.

There are a large number of responsibilities and skills that can potentially be
associated with an enterprise architect. One way to frame these responsibilities
and skills is to distinguish two main roles of an enterprise architect (Fig. 1).
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Fig. 1. Two roles of an enterprise architect, and our scope (red dashed line)

1. The engineer. The architect (usually a group of architects) develops models
of business and IT. These models can be UML-like diagrams, specialised
enterprise architecture diagrams, risk analysis tools, textual descriptions, or
any other representation that the architect feels comfortable with.

2. The facilitator. The architect (usually the lead architect) is intermediator
between IT and business. Often, the architect attends business meetings and
serves as an IT expert, consulted by managers on what specific IT solutions
to use.

Enterprise architects often work on large projects with a long duration, and
try to steer the enterprise such that the long-term goals and visions of the enter-
prise are reached, with an emphasise on the IT part of the enterprise. Let us
illustrate this through a simple example.

Ezample 1 (University of Luzembourg). The University of Luxembourg is in
the process of merging three separate campuses into a single campus on a new
location. This process takes several decades, and requires a complete re-design
of the IT landscape. The university would like to ensure that their long-term
strategy and vision is aligned with their overall IT strategy, so they hire a team
of enterprise architects. The lead architect discusses and refines the strategic
goals and vision of the university with the executive board. She then works
together with the other architects to develop a long-term IT strategy. This plan
involves modelling the current business-IT landscape in ArchiMate, a specialised
enterprise architecture modelling language, performing risk analysis on various
alternatives, etc. The board, not having expertise nor time to understand the
technical details of this problem, are then presented a simplified version of these
plans. The members of the board have different — and changing — concerns,
discuss these plans with each other and with the architect, who then brings this
input back to his team of architects. This process may be repeated any number
of times.

Although the example above is (purposely) simplified, it does give an idea
of the large number of varying tasks an enterprise architect should be able to
carry out. The enterprise architect is responsible for ensuring the IT strategy
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and planning are aligned with the company’s business goals, and must optimise
information management through understanding evolving business needs (facili-
tator), but it also must ensure projects do not duplicate functionality or diverge
from each other, and work with solution architects to provide a consensus based
enterprise solution that is scalable and adaptable (engineer). As a result, an
enterprise architect should have a large number of skills, from technical skills
such as comprehensive knowledge of hardware, software, application, and sys-
tems engineering, to soft skills such as communication skills and the ability to
explain complex technical issues in a way that non-technical people understand
it, to managerial skills such as project and program management planning, time
management and prioritisation.

2 ArchiMate

There are a large number of definitions of enterprise architecture in exis-
tence. The many existing definitions of enterprise architecture each have their
own focus. For example, the definitions of enterprise architecture provided by
IEEE [20], TOGAF [21], ArchiMate [8] and Giachetti [5], tend to focus on the
elements of an enterprise architecture. The Zachman framework [31] and the
GERAM framework [2] also have their focus more on the possible elements
(in particular the relevant viewpoints) of an enterprise architecture. Dietz and
Hoogervorst [4,7] define enterprise architecture primarily in terms of its mean-
ing. The definition provided by Ross et al. [16] touches both on the purpose and
elements aspects, while Op ’t Land, et al. [11] put the focus more on its purpose
as a means for informed governance for enterprise transformations.

In line with the different definitions, various languages and techniques for
enterprise architecture have been developed in the last decades. In the Archi-
Mate project [10], a language for the representation of enterprise architec-
tures was developed, together with visualisation and analysis techniques. The
resulting ArchiMate language is an Open Group standard [8,21], and the
TOGAF/ArchiMate combination of standards is playing an increasing role in
the marketplace [30]. ArchiMate distinguishes itself from other languages such
as Unified Modelling Language and Business Process Modelling and Notation
(BPMN) by its scope on enterprise modelling as a whole. It is a language for
describing the construction and operation of business processes, organisational
structures, information flows, I'T systems, and technical infrastructure. This is
comparable to an architectural drawing in classical building where the archi-
tecture describes the various aspects of the construction and use of a building.
This insight helps the different stakeholders to design, assess, and communicate
the consequences of decisions and changes within and between these business
domains.

The Archimate framework divides the enterprise architecture into a business,
application and technology layer. In each layer, three aspects are considered:
active elements that exhibit behaviour (e.g. Process and Function), an internal
structure and elements that define use or communicate information. One of the
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main objectives of the ArchiMate language is to define the relationships between
concepts in different architecture domains.

Initial research for the capturing of architectural design decisions was done
during the ArchiMate project as well [10,29]. Following this preliminary work,
Plataniotis et al. [12-14] develop a framework for the capturing and rationalisa-
tion of enterprise architecture decisions called EA Anamnesis. This framework
formalises enterprise architecture decisions through meta models.

3 Rational Enterprise Architecture

Besides the preliminary attempts we described about, there is currently little
research on enterprise architecture decision support. We provide an abstract
overview of the evolution of decision support for enterprise architecture in Fig. 2.
In the early days, that is, in the time before desktop computers were available
to the common man, the tasks of enterprise architects were done on paper (left
image, coaster). At the next stage of the evolution, the introduction of the desk-
top computer made available general tools such as Microsoft Powerpoint (second
image from the left, Powerpoint). As the field of enterprise architecture matured,
specialised languages and tool support were developed for enterprise architects,
such as the ArchiMate language [9] (third image from the left, ArchiMate). In
this thesis, we aim to lie the foundations for the next step (right image, question

mark).
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Fig. 2. Evolution of enterprise architecture decision support. From coasters (left), to
Powerpoint (second left), to ArchiMate (second right), to the future (right)

We contribute to the development of enterprise architecture decision sup-
port by focusing on the facilitator role (Fig. 1, red dashed line) of the enterprise
architect. This means we focus on the interactions and dynamics between the
enterprise architect (the facilitator) and management. OQur aim is to formalise
this using logical frameworks that store important commitments, or high-level
decisions, made during discussions or meetings. Such decisions are based on
underlying assumptions. Assumptions may pertain to the goals of stakeholders,
strategic directions of the enterprise, architecture principles, requirements, argu-
ments put forward in discussions, etc. In practice, enterprises are confronted
with frequent changes and challenges to these assumptions. Even more, the
assumptions, and their relative priority, also depend on the specific stakeholders
that are involved in creating the architecture of the future enterprise, as well as
the actual transformation.
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4 Characterizing Decision Making in Enterprise
Architecture

The state of the art research in enterprise architecture is diverse with many
different definitions emphasising different parts of the field. Therefore, one of
our first activities has been to understanding the field of enterprise architecture
better by identifying important characteristics of enterprise architecture. We did
this in various ways, and we briefly discuss two main approaches.

Empirical study. We performed an empirical study on how the practice of high-
level decision making (i.e., decisions in the role of the facilitator of Fig.1) in
enterprise architecture is perceived by professional enterprise architects. We did
so through a questionnaire incorporating qualitative and quantitative questions,
targeting enterprise architects around the world, in order to determine what
they consider to be the important characteristics of enterprise architecture deci-
sion making, and whether these characteristics differ considerably from those in
closely related fields such as software architecture [22].

The most important characteristics of enterprise architecture we found are:

Translating strategic goals into an IT strategy

Communicating plans of action

Explaining decisions instead of making them

Qualitative before quantitative data

Stronger business focus than other disciplines

Politics, emotions, and soft skills play a bigger role than in other disciplines
Large number of stakeholders with conflicting views

Highly uncertain plans in a changing environment

S i

We use these eight characteristics as yardsticks for a formal theory to support
enterprise architects. We observe that approaches based on the idea of classical
rationality may be less appropriate that those based on bounded rationality,
which is motivated by the observation that our study shows architects often
work with incomplete data and face many types of uncertainty. We propose to
use logical theories based on practical reasoning, since such theories have rich
concepts for motivational attitudes such as goals and intentions, which appear
to be playing an important role.

Determining an ontology. We analyzed an existing framework for capturing
enterprise architecture design decisions called EA Anamnesis and recognize var-
ious ambiguities and flaws in the specification. We proposed a more precise for-
malisation of EA Anamnesis using first-order logic, and used this first-order logic
to develop an enterprise architecture ontology. Our main conclusion is that our
formalism does not offer much support for the type of reasoning processes spe-
cific to enterprise architecture we found in the previous chapter. More notably,
it is not directly possible to reason about the dynamics of decisions in a princi-
pled way.
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5 Reasoning About Enterprise Dynamics

One of the earlier practitioners in system architecture Steven H. Spewak defined
enterprise architecture planning as “the process of defining architectures for the
use of information in support of the business and the plan for implementing
those architectures” [19]. An important lesson from the ArchiMate project [10]
was that it is inherently difficult to plan architectural design. TAFIM, an enter-
prise architecture model by and for the United States Department of Defence
recommends that in a typical five-year plan, only the first year is detailed, and
the other steps are described only in a very abstract way. At each step in the plan,
not only must the future abstract plans be further detailed, but architectural
designs also have to be reconsidered and possibly revised.

This is a complicated picture, and developing a logical framework for this
type of reasoning may seem daunting. We view a plan abstractly as a sequence
of commitments in time, and each commitment in the plan may come with
a number of underlying assumptions. If these underlying assumptions change,
then parts of the plan may require revision, which in turn may invalidate other
parts of the plan, and so on. Therefore, assumptions have an inherently non-
monotonic character: they are assumed to be true, unless it becomes clear they
are false. This is related to the resource-boundedness of our problem domain:
an enterprise architect cannot always know all of the assumptions, especially for
long term plans.

6 Formal Methods for Rational Enterprise Architecture

Motivated by our empirical findings which indicated that the enterprise archi-
tecture domain is very complex, with many types of uncertainty, we choose to
apply a separation of concerns approach when developing our formal theory. We
make a distinction between the enterprise architect and an intelligent database.

— The enterprise architect and the stakeholders form plans, have discussions,
change preferences, pursue goals, etc.

— The intelligent database stores temporal commitments made by the architect
and the stakeholders, and reasons about the consistency of these commitments
with underlying assumptions.

As such, the intelligent database is a tool to assist the enterprise architect in
dealing with high cognitive load of the enterprise architecture domain. Indeed,
our intelligent database is very similar to an intelligent calendar (See [17] for
conceptual underpinnings). Such a database perspective has proven itself useful
in the consumer domain already: Yoav Shoham developed these ideas with Jacob
Banks, one of his PhD students, and behavioral economist Dan Ariely into the
intelligent calendar application Timeful, which attracted over $6.8 million in
funding and was acquired by Google in 2015', who aim to integrate it into their

! http://venturebeat.com/2015,/05/04/google-acquires-scheduling- app-timeful-and-
plans-to-integrate-it-into-google-apps/.
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Fig. 3. We view consistency of commitments and beliefs as a database management
problem.

Calendar applications. As Shoham [18] says himself: “The point of the story is
there is a direct link between the original journal paper and the ultimate success
of the company (Fig.3).” (p. 47)

In our system, an enterprise architect is in the process of making plans,
possibly with a group of stakeholders, and stores commitments and beliefs in
two database. We focus on two main sources for the databases to change:

1. The enterprise architect forms a new beliefs, e.g. from discussions with stake-
holders, or from a piece of data. If the new belief is inconsistent with the
existing beliefs, these beliefs will have to be revised to accommodate it. We
give general conditions on a single revision with new information that the
database has already committed to incorporating using ideas from the clas-
sical AGM postulates [1] approach.

2. The enterprise adds a commitment. We formalise these tasks as future directed
atomic intentions, understood as time-labeled actions pairs (a,t) that might
make up a plan. It is assumed the enterprise architect has already committed
to the intention, so it must be accommodated by any means short of revising
beliefs. The force of the theory is in restricting how this can be accomplished.
The job of the database is to maintain consistency and coherence between
intentions and beliefs.

In order to formalise this, we develop a logic for beliefs about actions in time.
We associate pre-and postconditions with actions. A key element in our approach
is the asymmetry we put on assumptions about preconditions and postconditions
of actions. First of all, we assume that

If an enterprise architect intends to do an action, she assumes the conse-
quences of this action hold.

However, for preconditions we add a weaker requirement:
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If an enterprise architect intends to do an action she cannot believe that
its preconditions do not hold.

The result of this weakened requirement is that preconditions of actions are
treated as assumptions: An enterprise architect makes plans under the assump-
tion that these preconditions will be made true somewhere in the future.

This computationally motivated view on decision support leads to a very
interesting take on intention revision, which is in stark contrast with existing
approaches which are based on philosophical logic (e.g., [3,15]). In our work,
we develop a temporal logic comparable to CTL*, but slightly less complex, in
order to describe our belief database. We axiomatise our logic and prove it is
sound and strongly complete with respect to our semantics [25,28]. In order to
specify the dynamics of our databases, we develop a set of revision postulates
comparable to the well-known AGM postulates for belief revision [1]. We prove
that our revision postulates correspond to a preorder over semantical models,
such that revising beliefs and intentions corresponds to selecting minimal models
in some preorder [23,26,27].

7 Conclusion

While decision support systems have found their way in many domains such as
software architecture and information architecture, they have not been adopted
in enterprise architecture. We report on the past four years of our effort in
analysing the domain of enterprise architecture, and developing logical founda-
tions that can be used as a starting point for such enterprise decision support
systems. The results and insights in this paper are further elaborated in the PhD
thesis of Marc van Zee [24].
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