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Abstract

Architectural modeling is a technique to generically structure architectures into various complementary units. Each unit addresses a specific concern, thus enabling separation of concerns. Architectural modeling also helps to decrease complexity, to ensure completeness of the architecture, to organize its documentation and to improve communication with the various stakeholders.

At present, architectural modeling seems to be a relatively unexplored area. In literature, only a few architecture models have been published. Two examples are the “Soni model” [1] and the “4+1 View Model” [2], both applicable to software architecture.

The main goal of this paper is to introduce a new architecture reference model that is applicable to various kinds of architecture, hence its name: the Architecture MetaModel. The model describes both a generic Meta architecture and specific versions for both system and software architecture.

The MetaModel was developed within Origin’s In-Product Software department (starting in 1996) and is therefore primarily targeted towards product development. Still, the character of the MetaModel easily enables application in other areas as well.

Below, first an introduction to architectures in general is contained. Next, the Architecture MetaModel is explained in terms of its content. In the third section, a way of working when developing an architecture according to the MetaModel is proposed. Finally, experiences, lessons learned and conclusions so far are described. In the appendix, a number of discussion items are included.

1. Introduction to architectures

Architecture is getting increasingly important for product development. Its relevance in developing more standardized and paradoxically more customizable products and product families is being recognized, not only from a technical perspective but also from a business perspective now. Reusability is even becoming a buzzword; enabling faster, cheaper, more reliable and easier product development.

Still, a lot of confusion exists on what exactly should be defined or not defined as part of an architecture and thus, what the role of the architect should be.

As a consequence, still no universally accepted definition of architecture exists.

On the other hand, a definition for software architecture as proposed in [3], published by David Garlan and Dewayne Perry seems to catch a lot of the important elements:

The structure of the components in a system,
their interrelationships and
principles and guidelines governing their design
and evolution over time.

This definition covers both the decomposition including its dynamic aspects and the rules and guidelines that are essential to extend the architecture’s life cycle to beyond the first version produced.

The word architecture is used in various disciplines to indicate design aspects, both esthetically and in a constructural sense. When developing products containing embedded or in-product software, often three engineering disciplines are involved: mechanics, electronics and software. Typically, architectures can be defined for each discipline resulting in a mechanical, an electrical and a software architecture. Of course, a lot of decisions made within each of these disciplines will influence the other disciplines. Therefore, it is essential in product development to have a system architecture as well, dealing with discipline independent abstractions and all inter-disciplinary issues.

In product development, a lot of monodisciplinary design decisions cannot be made without taking the other disciplines into account. Therefore, the system architecture plays a vital role in carefully weighing the consequences of mechanical, electrical and software choices for each of the disciplines, e.g. how much memory to use and what kind of connections and protocols to install.

2. The Architecture MetaModel

Taking the before mentioned types of architecture as a starting point, the Architecture MetaModel divides each architecture into six so-called Views. The model includes a Meta architecture defining the essentials of the six Views. Specific versions based on this Meta architecture are presented for system and software architecture. The electrical and mechanical architecture can be modeled accordingly to the Meta architecture but are not included in this paper.

2.1 Meta architecture

The Meta architecture specifies three levels of abstraction:

· Conceptual level: This is the highest abstraction level. Here the architecture is described in terms of black box reasoning. This means that the context of the architecture and the essential aspects from the requirements specification focusing on non-functional requirements are taken into account. No design decisions are presented yet, only an analysis of the application area is presented including long-term rules that will apply to the future architecture.

· Logical level: Here all design decisions are described and their rationales explained (white box reasoning). The architecture is defined in terms of a decomposition, a set of design rules and the dynamic aspects of the design.

· Physical level: Typically, an architecture is not a product of its own. It is input to other activities that add more detail. For the system architecture, these activities are the development of the mechanical, electrical and software architecture. For the software architecture, the activity is the software implementation.

Whereas the logical level concentrates on the design and its behavior, the physical level is necessary to enable the transition from the design to the detailed activities. It defines a mapping and a set of rules and conditions.

Each level is partitioned into two parts:

· Static: The static part describes the components and concepts that are important for the level. In case of the logical level, the design can incorporate multiple nested levels of component definition.

· Dynamic: The dynamic part describes the interaction between the components, the run-time behavior and examples of how the architecture will operate (e.g. use cases and scenarios). The latter is meant to gain insight and to verify correctness of the architecture.

The following figure gives an overview:
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System architecture

When adopting the Meta architecture for the system architecture, the following six Views emerge:

· Conceptual static: This View describes the system context, types of users, fundamental and non-functional requirements. These are described in terms of actual and future context and requirements.

· Conceptual dynamic: This View describes typical usage (e.g. by means of system use cases) and behavioral rules. Also, various system configurations and variants and how they are switched are described. Performance requirements are defined here as well.

· Logical static: This View describes the system in terms of system components and their mutual dependencies. These system components are defined independently of the actual hardware and software. Design paradigms can be defined that are to be maintained throughout the system (both with an actual and a future scope).

· Logical dynamic: This View contains the dynamic behavior of the system components, e.g. how and when a component is connected or disconnected, what kind of communication takes place. System startup and shutdown rules are to be defined and examples of internal system operation can be added (e.g. scenarios).

· Physical static: This View transfers each system component and the connections between them into a set of mechanical, electrical and software parts. For each part, specifications and interfaces are defined (e.g. mechanical dimensions of electrical components).

· Physical dynamic: This View adds to the physical static View a number of dynamic aspects like protocols and run-time resource budgets (memory and performance) for all mechanical, electrical and software parts.

2.3 Software architecture

When adopting the Meta architecture for the software architecture, the following six Views emerge:

· Conceptual static: This View describes the context of the software architecture including a context diagram, external interfaces and resources such as libraries and operating systems, fundamental software requirements and possible future extensions.

· Conceptual dynamic: This View describes typical usage (software use cases), user-visible software states, configurations and variants, software performance requirements and software behavioral rules.

· Logical static: This View is the heart of the software architecture in that it defines both the basic paradigms of the software (e.g. via design patterns) and the decomposition of the software. The decomposition takes place in subsystems and/or a layering model. The actual decomposition is dependent on the design method chosen. Also, the major internal interfaces in the software system need to be defined and all persistent data aspects are to be described.

· Logical dynamic: This View describes all design-related run-time aspects, including mechanism descriptions, startup and shutdown behavior, major algorithms and inherent parallelism. Also, examples of internal software operation can be added (scenarios) to verify correctness of the design.

· Physical static: This View focuses on the file, directory and code level. This means that the design needs to be mapped to a file and directory structure. Also, rules for constructing libraries and executables are included as well as coding and code naming standards.

· Physical dynamic: This View focuses on run-time processes, threads and tasks (defining generic rules and a physical mapping of the design). Also, scheduling, interrupt aspects and performance and memory issues are to be considered here.

2.4 Relationships between the Views

Obviously, the Views as presented above, are not independent of one another. The exact relationships between them will depend heavily on chosen architecture and application areas. Still, a number of general remarks can be made.

First, the dependencies are typically of a left-to-right nature. This means that at each level, the dynamic View depends on the static View. This is a tight coupling because the dynamic View uses the concepts and components introduced by the static View.

Secondly, a top-down dependency is present, i.e. conceptual level influences logical level and logical level influences physical level.

Finally, a tight dependency also holds between system physical level and software conceptual level.

3. Managing the MetaModel

The MetaModel primarily describes terminology and a structure to organize your documentation. It enables the reduction of complexity by separation of concerns. Also, the model can help in structuring the process of developing and maintaining architectures.

3.1 Stakeholders

Next to the architects, a lot of different roles are involved in discussions about the architecture: the so-called stakeholders. Instead of all stakeholders discussing the entire architecture, typically stakeholders can be matched to only one or a few Views in the MetaModel. Below an example is given of a possible stakeholders assignment to the Views. (Take into account that often roles are defined differently depending on the organization and the used terminology.)

Whereas the separation between static and dynamic parts per level is primarily based on cutting down on complexity, the three levels are the major drivers for the stakeholders to be involved.

Conceptual level:

· For the system architecture, the stakeholders are typically the product manager (representing the customer) and/or the requirements engineer. The system architect needs to come to terms with the product manager on the content of the conceptual level.

· For the software architecture, the same process applies with one additional stakeholder being present: the system architect. The system architect must deliver as input the conditions from the system architecture to the software architecture.

Logical level:

· For the system architecture, there is one major stakeholder: the project manager. Depending on the decomposition and its dependencies (static aspects only), a rough schedule can be defined and decisions about organizing the project into development teams can be taken.

· For the software architecture, two stakeholders apply: the software project manager and the software designers. Again, the software decomposition and its dependencies determine the planning of the development. Also, software designers are involved: they have to use the logical level as a basis for their detailed software designs.

Physical level:

· For the system architecture, the stakeholders are the architects of the various disciplines (mechanical, electrical, software). They have to agree on the decisions made on the physical level.

· For the software architecture, the stakeholders are the programmers and the configuration manager (especially the static View). The physical level must provide a useable framework for the programmers to do their job. The configuration manager uses the physical View to set up the development environment. (Take care to start with this as soon as possible; the same holds for coding and naming standards.)

Some roles do not fit into specific Views: testers and integrators usually operate on various levels of the MetaModel.

3.2 Cyclic timeboxing

A danger of defining system and software architecture each into six Views is that the architects start working on the conceptual level and do not in time reach the physical level to transfer the architecture to the rest of the development organization. What happens next is an architecture that is merely a vision of the future instead of the first step towards the future.

So, if time is limited, which it mostly is, it is better to deliver a less perfect but complete architecture rather than to have only a partially perfect architecture.

To ensure that each of the six Views of each architecture gets enough attention and to be able to correct unwanted consequences of the architecture choices in an early stage, the idea of cyclic timeboxing is proposed here.

This means that each of the Views is assigned a fixed amount of time beforehand. The Views are traversed in a left-to-right and top-down order.

When time has past, the cycle is repeated setting new fixed amounts of time for each of the Views. After two to three cycles have taken place, the architecture becomes more stable and the development organization can start working with it.

Typically, for small projects the cycle-time will be smaller than for large projects. Also, the first cycle should be short, no longer than a few weeks preferably.

It is vital to never postpone major difficulties until the next cycle. This means that an important bottleneck should always be considered first and its impact analyzed, if not solved.

3.3 Teamwork

For large systems, the work of defining an architecture is extensive. Often, not one architect but teams of architects are operational. The MetaModel Views can help to split up work and responsibilities within the team of architects. The stakeholder discussion plays a vital role here, reducing communication complexity by attaching specific stakeholders to specific architects.

The cyclic timeboxing method can in case of teamwork be accelerated, but also becomes more complex in that concurrency in Views development is introduced.

The only way to control this complexity is to ensure that changes in certain Views are reported to the architects responsible for dependent Views (see section 2.4 for dependencies between the Views).

3.4 Tailoring the MetaModel

Depending on the actual system at hand parts of the MetaModel gain or lose relevance. It is the decision of the architects to omit those parts that are not relevant or add extra application specific subjects.

4. Conclusions

4.1 Experiences

The MetaModel initiative started in 1996. It took approximately a year to stabilize it into its current format. Afterwards, the focus moved from the technical content of the model to the “way of working” belonging to the model.

A number of architectures have since been based on the MetaModel. Meanwhile, a detailed MetaModel template for describing software architectures was developed. The template primarily functions as a checklist for ensuring completeness of the software architecture.

The actual architectures where the MetaModel was applied, were quite different in a lot of ways:

· They were designed for different application areas (copiers, medical applications, semiconductor tooling and products). This turned out to affect the importance of each of the Views. This could be managed by tailoring the model to the application specific needs.

· The project sizes were very different (a team of five software developers to a team of approximately hundred software developers). The MetaModel turned out to be easily scaleable. For larger projects, the importance of managing the communication with the stakeholders became more important. Also, for larger projects, the timeboxing idea turned out to be essential. Often, both the complexity and the uncertainty increase, causing delay and a lack of decisions for the lower levels in the MetaModel.

· The design methods and notations used within the architectures were very different. It turned out that each design method could be fitted well into the MetaModel Views. The MetaModel does explicitly not enforce a specific notation. Section A.2 gives more information on this subject.

4.2 Lessons learned

The experiences and experiments of the past few years have resulted in a number of remarks that are important to mark as lessons learned:

· If the architecture awareness of an organization was low, the model was not helpful in improving architectural issues.

Often low architecture awareness is found in organizations with a short-term focus. A mature discussion on long-term aspects and reusability is essential to validate the model’s technical aspects.

· If roles were not defined and performed professionally, communication on architecture remained to be a problem.
If stakeholders do not have a clear understanding of their specific involvement in the architecture, the stakeholders’ assignment to the Views does not help.

· Often, the architects were very much targeted towards the logical Views and less towards the conceptual Views.

As a consequence, the conceptual level was often not explicit, which causes a blurry situation when trying to make a distinction between design choices and external conditions.

· Often, the architects were very much targeted towards the logical Views and less towards the physical Views.

The physical level was often not included in the architecture, causing the architecture to miss the link to every-day reality of programming resulting in a design that was not reflected by the source code. Typically, inconsistencies in the code and duplicate mechanisms were found. Also, mismatches in physical interfaces sometimes disabled integration, especially in multi-site development.

· The conceptual level, often only presented in a requirements specification like format, was found to focus on short-term functionality only.
Typically, the discussion with the product management stakeholders was often focused on functionality only. However, long-term and non-functional requirements are in general more important for the architecture.

· Sometimes, system architecture was not recognized to be of an inter-disciplinary nature.

In these cases, system and electrical architecture were found to be the same: the hardware was leading in determining system capabilities. This can be a tempting vision especially when developing high-volume electronic products. However, by omitting the inter-disciplinary discussion, often the decisions made are not optimal, especially from a business perspective.

4.3 Concluding remarks

A final disclaimer is appropriate here. The model should never be interpreted to be the “silver bullet” for all your architectural problems. The model provides a generic framework but the development of the actual architecture is still dependent of a lot of application and engineering knowledge and a professional organization facilitating this process.

Still, the MetaModel supports the creation and maintenance of architectures in the following ways:

· It supplies a shared terminology.

This enables a better understanding of the issues at hand. Especially the discussion between the engineering disciplines is often confusing because of differences in terminology.

· It decreases complexity.

The Views make the problem of creating an architecture more tangible and less complex by separating concerns.

· It helps to ensure completeness of the architecture and to present a more complete planning.

A list of activities and architecture deliverables is presented (also via a detailed template) helping to not overlook important issues.

· It improves documentation structure and aids maintainability.

The MetaModel supplies the structure and prevents redundancy, thus improving maintainability.

· It improves the process by the stakeholder and cyclic timeboxing way of working.

These ways of working provide a means to improve planning and communication during product development.

· It clarifies the boundaries of the role of the architect.

The MetaModel helps preventing the following two extremes:

· The architect is managing just about everything in the organization, from planning to testing and writing requirements. This should clearly stay the role of the stakeholders, not of the architect.

· The architect is so focused on design and/or long-term issues that the design does not reflect product management requirements and is not useable or used by the physical level implementators (e.g. the software developers).

A final statement must be made about the benefits of the model. These are best experienced if the model is used in real-life situations. 
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Appendix A. Discussions

A.1 Multi-View elements

Two very important elements of architecture are present in almost all Views of the MetaModel:

· Time span: Each View contains both short-term and long-term aspects.

In the conceptual Views, the short-term aspects are covered by the actual requirements and the long-term aspects are covered by possible future extensions.

In the logical and physical Views, the actual decompositions and mechanisms handle the short-term aspects whereas the various rules, paradigms and guidelines ensure the long-term flexibility and expandability of the system. Typically, the decomposition is extended based on these rules.

· Rationale: Each View that describes solutions, i.e. logical and physical Views, should include a rationale. The rationale describes the reasons for choosing the solution and if relevant the rejected alternatives.

In order to ensure that enough attention is paid to these elements, sections in the architecture templates must be included that represent time span and rationale.

A.2 Notational aspects

Currently, there still is little standardization in the usage of architectural style and notation (although for software, notations like UML are becoming a de facto standard). Of course, the various design methods prescribe notations and diagram techniques, but these do not cover the whole architectural description.

On the other hand, this omission is often unjustly used as an excuse to not define a notation. Typically, diagrams with boxes and arrows pop up without any explanation about their semantics. Often, when such a semantic explanation is added, the boxes and arrows come out to have been used in a hybrid, inconsistent manner.

In other words, it is not essential to use a standard notation, but if you don’t, make sure to explain the semantics.

Also, when using standard notations, keep in mind that the notation should help, not hinder. Sometimes plain and clear text isn’t such a bad alternative; having a notation is not a goal, it’s a means.

A.3 Requirements versus conceptual level

One could argue that the MetaModel conceptual level is superfluous in the face of good requirements specifications. There are however a number of reasons why this is believed to be not wise.

First, the conceptual level should provide a different view on the requirements by starting the reasoning from the architectural point of view. Secondly, there is simply the reason of timing. Often the requirements specifications have not been finished in every detail, whereas the work on the architecture needs to start concurrently. Moreover, the architecture does not suffer from detail requirements not being clear yet.

Another reason is that architecture is all about long term choices and non-functional requirements while requirements specifications tend to focus on short-term functional requirements.

Finally, a very important reason for having the conceptual level is to focus on the important requirements for the architecture. Requirements specifications are often extensive and blur the view on the essential requirements that will influence the architecture heavily. It is the art of the architect to find this small subset of the requirements that have a high impact.
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