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Abstract. In order to prevent knowledge dispersion in the software architecting
process, it is crucial to deploy sound mechanisms to manage and share vital architectural knowledge. Continuous organizational learning is an important vehicle to address this issue. We present a model that provides a generic structure
for software architecture project memories. Key concepts in this model are design decisions and their rationale. This focus ensures that not only the software
artifacts themselves are subject to an organization's knowledge management efforts, but also the technical, organizational, political and economic influences
on these artifacts. In our current work, we empirically validate the model presented in this paper. Case studies are being performed in which we forward engineer (capture) and reverse engineer (recover) architectural knowledge by
means of the presented model.

Introduction
This paper presents a model for structuring software architecture project memories.
This architectural knowledge model captures the interdependencies between architectural design decisions [1,2], architectural descriptions [3] and the various stakeholders
of the system, and treats these design decisions as first-class entities. A network of
design decisions can be instantiated based on this meta-model. Combined with the associated design artifacts, this network could then serve as a project memory containing vital architectural knowledge, including the now oft-lacking architectural knowwhy.
A software architecture embodies the early design decisions [4]. These early decisions shape the systems' development, deployment, and evolution. Software architecture usually addresses solution aspects like software artifacts and the technology being deployed. We tend to leave technical, business, organizational, political, and
economic drivers that influence these artifacts implicit. Nevertheless, these drivers are
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an important part of the architectural knowledge in a software development project.
Leaving such drivers implicit results in poor accessibility of the organization's architectural body of knowledge. A possible solution to this problem is making the architectural knowledge explicit by capturing it. Without capturing existing knowledge,
additional (and not exactly quantifiable) costs are spent each time knowledge has to
be transferred within the organization. People have to rethink the reasons why certain
decisions have been made, or why errors occurred, and they have to repeatedly follow
the same paths to achieve similar results. Furthermore, explicit knowledge can be
shared more easily between different stakeholders. Therefore, if applicable, it can be
reused in different contexts, such as different development projects, application domains, or development sites.
The benefit of a software architecture project memory based on explicit, or codified, knowledge depends in particular on the level of knowledge reuse in the organization [5]. Since architectural knowledge comprises the earliest knowledge in a software development project, it is likely to be reused often.
Although in general one should strive to capture as much relevant knowledge as
possible, not all organizational knowledge can be made explicit. Tacit knowledge
within an organization can only be made accessible through pointers to the members
that hold that knowledge [6]. Besides re-using captured knowledge, learning from
past experiences on an organizational level is of utmost importance in modern software development. This is in particular the case for software architecture, since the
architecture embodies the early design decisions. Such learning needs can be addressed by systematic application of organizational learning principles [7], supported
by organizational (project) memories [8].
This paper is organized as follows. First, we re-iterate the value of knowledge
management in Software Engineering (SE), and identify the importance of a firstclass representation of design decisions. Next, our model for architectural knowledge
is presented. To show the practical value of the model, we discuss some examples of
project memory instantiations based on the presented model. In the final section, we
present our conclusions and discuss our current and future work on application of the
model in industrial settings.

Related Work on Knowledge Management in SE
Over the past decade, the notion of Learning Software Organizations (LSO), i.e. organizations that improve and extend their software engineering knowledge through
continuous learning and exchange of experience (e.g. by means of an Experience Factory [9]), has gained considerable interest from both the research and industrial communities.
In order to be able to learn from experience, a project memory is necessary. Such a
memory can be supported by various SE activities, like version control, change management, documentation of architectures and design decisions [10], and requirements
traceability [11]. Learning from and improvement of the software development process can be supported by predictive models that guide decision making based on past
projects [12]. The idea of guiding decisions is also present in [13], in which Software
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Engineering Decision Support is presented as an extension to the LSO approach. Decision guidance also needs the knowledge incorporated in a project memory.
In general, different types of knowledge should be present in a project memory:
know-how, know-why and know-what [6]. Existing notational and documentation approaches to software architecture typically focus on the components and connectors.
These approaches fail to document the design decisions embodied in the architecture
as well as the rationale underlying the design decisions. This means that often the architectural knowledge present in an SE project memory adequately covers know-what
and know-how, but fails to address the know-why of a software architecture.
Failure of addressing know-why results in high maintenance costs, high degrees of
design erosion, and lack of information and documentation of relevant architectural
knowledge. The know-why - or rationale - of an architecture manifests itself through
the design decisions that are incorporated in the architecture. It is for this reason that
recent research efforts in software architecture focus on architectural design decisions
and their rationale [1,14,15]. Since the design decisions lead to the design, software
architecture can be viewed as the collection of these decisions [16], or as the design
decisions plus the resulting design [2]. Existing methodologies for capturing rationale,
such as IBIS [17] and its descendents, tend to view the decision process separately
from its environment, e.g. the software architecture. In order to effectively manage
know-why as part of architectural knowledge, viewing software architecture through
architectural descriptions only (e.g. [3]) is insufficient. We need to go beyond this
view and include architectural design decisions as first-class entities.

A Model for Architectural Knowledge
A conceptual schematic outline of the architecting process is depicted in Fig. 1. This
figure shows the stakeholders as being central to the architecting process. This corresponds to the notion that a software architecture should be stakeholder-driven. The
stakeholders, in particular the architects, take decisions according to their roles. These
decisions can be influenced by environmental events, i.e. events that are relevant but
in principle do not belong to the software architecting and development realm, such as
budget constraints. The decisions are reflected in design artifacts and architectural descriptions, e.g. documented views, but also 'lower-level' artifacts such as source code.
A stakeholder responsible for an artifact changed due to a decision might find a need
to take subsequent decisions. The responsibilities are defined by the stakeholders'
role(s). The schematic outline in Fig. 1 shows the interdependencies between architectural design decisions and design artifacts. In managing the architectural body of
knowledge, the five elements from Fig. 1 must be taken into account. Such a body of
knowledge contains both tacit and explicit knowledge. This means that the project
memory must not only provide explicit (captured) architectural knowledge, but also
pointers to stakeholders that possess tacit knowledge on certain subjects.
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Fig. 1. Schematic outline of the architecting process. The concepts from this Figure are addressed in detail in the model from Fig. 2.

At a meta-level we want to structure software architecture project memories in
such a way that it is clear what can exist and what can happen during the architecting
phase of a software development project. This structure must remain at a high level of
abstraction, since the instantiations of elements in a project memory can vary case by
case. Based on the outline in Fig. 1, the model in Fig. 2 provides an abstract view of
the architectural knowledge domain, which allows for clean reasoning about the needs
for managing architectural knowledge. To this end, it provides a clear set of concepts,
which facilitates communication and sharing of architectural knowledge.
The model in Fig. 2 again shows 'Stakeholder' as a central concept to the software
architectural knowledge domain. The concepts of Stakeholder, Concern, Viewpoint
and View coincide with the definitions of these terms in IEEE-1471 [3]. Role and Activity signify the same concepts from SPEM [18], while Artifact coincides with the
SPEM WorkProduct1. Our model thus builds on established standards in the field.
In our model, Concern is augmented with one or more Decision topics. These are
the topics that need to be addressed in the decision making process due to a concern a
stakeholder has. Decision making is viewed as proposing and ranking alternatives,
and selecting the alternative that has the highest rank. The chosen alternative becomes
the decision. The alternatives that are proposed must address the decision topic, and
can be ranked according to how well they satisfy this and other concerns (e.g. quality
attributes). The model shows Architectural Design Decisions as those decisions that
can be reflected in the architectural design. The Architectural Design is the result of
all architectural design decisions and other architectural drivers. Any Force, i.e. any
decision or external event, can become an Architectural driver when someone assumes the force has influence on the design. When the influence is not only assumed,
but even enforced2, this results in new concerns for the stakeholder that is responsible
for the architectural models that capture that part of the design that is influenced by
the driver.

1
2

In our view, Artifact is a better known and widely accepted concept in Software Engineering.
This is a subtle difference between the recognition of an architectural driver and the actions
because of this driver.
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Fig. 2. Model for Architectural Knowledge. The rectangular elements represent entities; the elliptical ones denote actions on or with these entities. Arrows indicate the creation of new instances of an entity. Dashed lines represent attribute relationships. Sub-/superclass relationships
are represented as generalizations [19]. Actions and entities that are linked together can be read
as sentences, e.g "Someone chooses an alternative based on a ranking which results in a decision".
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Since the rationale for an architecture manifests itself through the architectural design decisions, this model captures the architectural know-why. The trajectory from
concern and decision topic through alternative and ranking to decision provides insight into the rationale of a decision taken, and hence into the rationale of the architecture.
Pointers to tacit architectural knowledge can be found by examining the actors of
the actions present in the model. This knowledge can be captured, by storing not only
the role in which an activity has been performed, but also information about the
stakeholder that acted in this role. Knowing e.g. who took which decision on a specific decision topic can guide someone in need for knowledge about that topic to the
right person.

Towards Software Architecture Project Memories
The model in Fig. 2 remains at a high level of abstraction. This enables organizations
that base their software architecture project memory on this model to shape, or specialize, the model to their organization-specific needs. The organization can then instantiate a software architecture project memory based on this specialization. Concepts, terminology, and processes used within the organization can be mapped onto
the generic concepts from the model.
An example specialization can be found in [20]. In that article, an ontology is presented that distinguishes four kinds of architectural design decisions. An organization
that wants to organize their design decisions according to this ontology can extend the
concept of Architectural Design Decision from our model with the different decision
types from the ontology. Conceptually, this entails a specialization of the Architectural Design Decision class by four subclasses.
Specialization of the model is also used in a case study we are currently performing
with a large Dutch IT-service organization. This organization uses a methodology to
guide the architecting process. This methodology centers around four key concepts:
targets, principles, frameworks, and models. These concepts differ in granularity and
scope of the associated decision topics. Goals - descriptions of what one wants to accomplish - are made more specific in principles - statements on the desired implementation of a goal. Frameworks are even more specific, and offer methods, techniques,
standards, tools, and guidelines as a specific implementation of one or more principles. Finally, models exhibit a schematic architectural design that adheres to all applicable frameworks and principles. In this methodology, all but the models are instances of architectural design decisions. The methodology's 'models' are architectural
models that represent (part of) the architectural design (see Fig. 2). In an architectural
project memory for this organization, we must be able to distinguish between the different types of decisions in order to conform to the organization's methodology. Since
the decision types depend on the granularity and scope of the associated decision topics, we can use a classification of decision topics for this distinction. This is an extension to the model, not unlike the design decision ontology described above.
Within this organization, a tool is available that supports the architects' decision
making. The tool consists of a knowledge base, containing design decisions, guide-
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lines, best practices and the like. The tool intentionally covers only part of the decision making, leaving a large number of decisions open. Observations during our case
study indicate that this tool is not used as often as intended, which is reflected in various knowledge (re)use issues within the organization. This has partly to do with a lack
of knowledge-feedback when the remaining decisions are taken, partly with the lack
of structure of the knowledge captured. Using our model, we are working on a solution by a) specializing our model to this organization's specific needs and b) using this
extension to (re)structure the knowledge in their knowledge base. In addition, the extension allows us to codify the remainder of the architectural decision making process
without the need for changing the architecting methodology used, enabling the essential knowledge-feedback loop currently missing.

Conclusions and Outlook
Current documentation and notational approaches to software architecture typically
focus on the components and connectors, and leave the know-why - or rationale - of
an architecture implicit. On the other hand, methodologies for capturing rationale tend
to view the decision process separately from its environment. Failure to adequately
manage know-why results in high maintenance costs, high degrees of design erosion,
and lack of information and documentation of relevant architectural knowledge.
The architectural knowledge model presented in this article provides a high-level
model for structuring software architecture project memories. Instead of merely focusing on either artifacts or decisions, our model provides a holistic view on architectural knowledge. It associates know-why, or rationale, with the know-what and knowhow contained in design artifacts. Instantiations of this model can be tailored to reflect the specific needs of an organization.
Our current work focuses on the application of our model in various industrial settings. To this end, we are conducting a number of case studies, one of which has been
briefly outlined in the previous section. In the case studies, we conduct interviews
with various producers and consumers of architectural knowledge, including architects, reviewers, and developers. We explore the possible and existing uses of architectural knowledge within these organizations, and how to support this use with instantiations of our model.
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