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Abstract. A software reference architecture is a generic architecture for a class 
of software systems that is used as a foundation for the design of concrete 
architectures from this class. The growing complexity of software systems 
increases the importance of reference architectures in the design process. 
Because of their fundamental role in the design of complex systems, reference 
architectures have to be of high quality. Before delivering a reference 
architecture to its stakeholders, it has to go through a rigorous evaluation 
process. A number of methods exist for the evaluation of concrete software 
architectures. In this paper, we first analyze the main differences between 
concrete software architectures and reference architectures. We then discuss the 
effects of these differences on the evaluation of reference architectures and 
show that existing methods cannot be directly applied. The Architecture 
Tradeoff Analysis Method (ATAM) is currently a leading method for the 
evaluation of concrete architectures. Based on our experiences, we present our 
findings on a set of adaptations and extensions of ATAM that are needed for the 
application of the method for the evaluation of reference architectures. We 
discuss the application of this extended version of ATAM on a set of cases.  
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1 Introduction  

Every system has an architecture [34]. The software architecture of a program or 
computing system is “the structure or structures of the system, which comprise 
software elements, the externally visible properties of those elements, and the 
relationships among them” [8]. An architecture can be documented in an 
“architectural description”. While an architectural description may be used after a 
system has been developed (e.g., for system maintenance purposes), its value is 
greater when it is defined and used prior to system development. It facilitates 
discussions on the system to be developed among its stakeholders [10]. By agreeing a 
priori on a software architecture, stakeholders can be certain that they have agreed on 
the functionalities and design choices that they would expect to be implemented in the 
system. In this paper, we use the term concrete architecture to refer to the 
architectural description of a concrete software system. 

Architectural design choices have direct repercussions on the system to be 
designed. That is why it is important to evaluate the architecture of a system before 
system development starts. Architecture evaluation allows timely and cheap discovery 
and resolution of potential problems in the system to be developed. “Architecture 
evaluation is a cheap way to avoid disaster” [10]. An architecture that passes 
successfully through an evaluation process sets the fundaments for the development 
of a high-quality system. In recent years, a number of methods for the evaluation of 
software architectures have been proposed [6], [10], [12], [22]. 

A reference architecture is a generic software architecture for a class of software 
systems that is used as a foundation for the design of concrete architectures of 
systems from this class. Depending on the context in which reference architectures 
can be defined, we differentiate between two types of reference architectures: 
practice-driven and research-driven reference architectures. Practice-driven reference 
architectures (shortly “practice reference architectures”) are defined when sufficient 
knowledge has been accumulated in a domain to propose the “best of best-practices” 
architecture [33]. Research-driven reference architectures provide a “futuristic” view 
(hence, we call them “futuristic reference architectures”) on a class of systems that is 
expected to become important in the future, but is perceived as hard to build by the 
time of the architecture definition (e.g., due to functional complexity or technology 
limitations). These reference architectures aim at facilitating the design of the first 
concrete architectures in a class of systems. 

Nowadays, software systems are evolving rapidly in size and complexity. This is 
caused by increasing functional coverage of systems, increasing requirements with 
respect to intelligent behavior of systems, and more stress on non-functional 
characteristics like robustness of systems. Software components are often developed 
by different software providers and integrated at a later stage into a complex system. 
Systems have to communicate with other systems in heterogeneous and distributed 
settings, placing high demands on interoperability. The system complexity and the 
need for integrability of system elements and for system interoperability has led to a 
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growing number of practice- and research-driven reference architectures (e.g., [3], 
[13], [19], [20], [21], [30], [41], [42]).  

Similarly to concrete architectures, reference architectures have to be evaluated for 
their qualities. As reference architectures influence the design of a set of concrete 
architectures and, thus, the design of a set of systems, bad architectural decisions 
incorporated in a reference architecture may have much broader repercussions than in 
the case of concrete architectures. However, existing methods for the evaluation of 
concrete architectures cannot be directly applied for the evaluation of reference 
architectures. The main reason for this is the generic nature of reference architectures. 
Reference architectures have to address multiple application contexts and the views of 
stakeholders from numerous organizations. As demonstrated in a number of 
publications, [1], [3], [16], [24], [31], existing methods for the evaluation of concrete 
architectures are not designed to deal with this generic nature of reference 
architectures. To the best of our knowledge, no method exists that is dedicated to the 
evaluation of reference architectures. The Architecture Tradeoff Analysis Method 
(ATAM) is currently a leading method for the evaluation of concrete architectures [6], 
[12], [22]. Its application in numerous projects has shown that it is an efficient and 
effective method.  

In [5], we have attempted the evaluation of reference architectures with ATAM 
and concluded that the method requires adaptations and extensions for its application 
for the evaluation of reference architectures.  In [5], we have presented our approach 
for handling the limitations of ATAM in our specific case. Based on our experiences 
from this case, we have proposed a number of directions for extending and adapting 
ATAM. In this paper, we take a more generic approach and define a prototype 
method for the evaluation of reference architectures. We call this extended version of 
the method ATAM/R (Architecture Tradeoff Analysis Method for Reference 
architectures). We continue our line of research from [5] by extending, further 
elaborating, and structuring our proposal for a method for the evaluation of reference 
architectures on the basis of extensive literature study and five case studies (including 
our first case study reported in [5]). More specifically, we: 

 provide a stronger argumentation on the limitations of ATAM for its usage for 
the evaluation of reference architectures; 

 define a more detailed description on the adaptations to ATAM that are 
required for its usage for the evaluation of reference architectures. 
Furthermore, we provide suggestions for the implementation of the 
adaptations;  

 define a broader set of extensions to ATAM that are required for its usage for 
the evaluation of reference architectures. We provide suggestions for the 
implementation of the extensions explain and how these extensions can be 
incorporated within ATAM;  

 provide additional case studies. These cases demonstrate the need for 
adaptations and extensions to ATAM and (in a limited form) the applicability 
of our approach.  

We call ATAM/R a prototype method as further steps are needed for its 
establishment as a full-blown method. As we point out in the sequel of the paper, a 
number of our extensions require further details on their implementation (e.g., some 
extensions require more concrete metrics specification). Furthermore, the generalized 
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method has to be applied in its most recent form to a number of real-life cases that can 
demonstrate its strong sides and points requiring further attention. In this paper, a 
preliminary version of the method has been applied to only two real-life cases and 
three theoretical ones (based on literature resources). Thus, this work represents a 
next step towards the definition of a mature method for the evaluation of reference 
architectures. The adaptations and extensions that we propose are preliminary 
findings and are intended to provide the basis for the definition of a detailed and 
complete description of the application of ATAM for the evaluation of reference 
architectures.  

The paper is organized as follows. In Section 2, we discuss concrete and reference 
architectures. We compare them and identify differences between them. In Section 3, 
we discuss the evaluation of concrete and reference architectures. We show that due 
to the differences between them, existing methods for the evaluation of concrete 
architectures cannot be applied directly for the evaluation of reference architectures. 
In Section 4, we propose a number of adaptations and extensions of ATAM that are 
needed for the application of the method for the evaluation of reference architectures. 
In Section 5, we discuss the application of ATAM/R in the cases used as a basis for 
its design. The paper ends with conclusions.  

2 Concrete and Reference Architectures 

Next, we briefly present concrete software architectures and their goals and provide a 
more elaborate discussion of reference software architectures. We compare concrete 
and reference architectures and identify a number of differences between them.  

2.1 Concrete Architectures 

In the 1990’s, complex and large software systems became widely spread [10]. For 
example, ERP systems, Workflow Management Systems, and Business Intelligence 
systems have become vital for the operation of many organizations. The widespread 
usage of large and complex software systems led to an increased interest in the design 
and documentation of software architectures as a means to facilitate system 
development and maintenance.  

An architecture description (or briefly “an architecture”) defines a set of 
functionalities and addresses system, business, and architectural qualities that are 
desired by the stakeholders of the system to be built [8]. System qualities (e.g. 
availability, modifiability) are qualities that stakeholders require of the system to be 
developed.  Business qualities (e.g. cost, time-to-market) are business goals that affect 
the system architecture. Architectural qualities (e.g. conceptual integrity, buildability) 
are qualities of the architecture itself. The design of high-quality concrete software 
architectures has been given significant attention in the literature [8], [34], [36].  
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2.2 Reference Architectures 

A commonly accepted definition for software reference architectures does not exist. 
In this paper, we use the definition provided in [8], according to which a reference 
model is “a division of functionality together with data flow between the pieces”, and 
a software reference architecture is “a reference model mapped onto software 
elements (that cooperatively implement the functionality defined in the reference 
model) and the data flows between them”. Thus, a software reference architecture is 
based on the functionalities and data flows defined in a reference model and applies 
architectural styles and patterns that help in addressing the main qualities expected 
from the architecture (see Fig.1). We select this definition as it addresses the generic 
nature of software reference architectures and states explicitly their software nature. 
In contrast to other definitions (e.g., [25], [29], [32]), this definition allows clear 
delineation of reference architecture from other related terms (e.g., reference models, 
architectural patterns). Throughout the paper, we use the term “reference architecture” 
to refer to the documented description of a software reference architecture. 

 
Fig. 1. The relationship between reference models, reference architectures and concrete 
architectures (adapted from [8]). 

A “good” reference architecture can bring a number of benefits [33]. It may facilitate 
the design of high-quality concrete architectures; it may facilitate communication 
between domain professionals, etc. Reference architectures can be classified 
according to various criteria [4], [17]. In [4], reference architectures are classified 
according to three aspects, i.e., novelty of the architecture, scope, and goal. 

The “novelty” aspect classifies reference architectures based on the existing 
experience in the domain by the time of the definition of the reference architecture. A 
reference architecture can be defined before the existence of significant practical 
experiences with the design of concrete architectures for systems from this class. The 
design of such a reference architecture is inspired by research efforts. Thus, these 
reference architectures are research-driven. These architectures follow the “top-down” 
approach presented in Fig. 1, i.e., a reference architecture is based mainly on a 
reference model and on existing architectural patterns. We call these preliminary 
reference architectures “Futuristic Reference Architectures” (FRAs), as their goal is to 
make an attempt to “look into the future” and to foresee the major design principles 
that will be of importance in the design of concrete architectures for a specific 
domain. Examples for a FRA are [3], [30], [41]. Often, reference models and 
reference architectures are defined based on accumulated practical experience in 
domains, i.e., they are practice-driven. In this paper, we call reference architectures 
based on excising practices “Practice Reference Architectures” (PRAs). As the design 
of PRAs is inspired by practice, the design process can be seen more as following a 
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“bottom-up” approach in which concrete architectures play the major role for the 
design of a reference architecture (Fig. 2). Examples for a PRA are [19], [20], [42].  

 
Fig. 2. The influence of concrete architectures in the case of PRAs. 

A reference architecture can be classified according to its scope as well. It can be 
defined with the intention to be used within a single organization or in multiple 
organizations. In recent years, software product lines gained the attention of research 
and industry [8], [11]. Software product line architectures are an example for 
reference architectures for single organizations [4]. In this paper, we discuss only 
reference architectures aimed at multiple organizations. The reasons for this choice 
are discussed in Section 3.2.  

As the third aspect of classification, i.e., the goal of the architecture has no effect 
on the evaluation method, we do not discuss it any further.  

2.3 Comparison of Concrete and Reference Architectures 

Next, we discuss the differences between concrete and reference architectures. The 
results from this section provide the foundations for Section 3. 

Difference 1: Reference architectures are of a generic nature. They are designed to 
be used in numerous contexts, each context involving different stakeholders. Thus, a 
reference architecture is designed to address the functionalities and qualities desired 
by all stakeholders in their specific contexts (see Fig. 3).  

 
Fig. 3. The role of stakeholders and contexts for reference and concrete architectures. 
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Difference 1 is a fundamental difference and is the basis of a number of specific 
differences:  

Difference 2: There is not a clear group of stakeholders of a reference architecture. 
As stakeholders can be seen all companies from the domain, all companies 
developing software for the domain, etc. However, it is not possible to involve all 
these stakeholders in the definition of a reference architecture (due to logistic, 
economic, political, etc. reasons).  

Difference 3: Architectures of software systems can be defined at different levels 
of aggregation [18]. Due to their generic nature, many reference architectures are 
defined at a high level of aggregation. They may provide details only for specific 
elements. For example, as discussed in [4], in the case of FRAs, novel elements with 
complex structure may be paid a closer look. In the case of PRAs, elements critical 
for the standardization goals of the architecture may be defined in greater detail.  

Difference 4: A reference architecture has to address more architectural qualities 
than a concrete architecture. These additional architectural qualities are due to the 
generic nature of reference architectures and their wider audience. For example, an 
“applicability” quality would be of importance for a reference architecture to indicate 
the level of applicability of the architecture to different contexts in the domain. This 
quality is superfluous for a concrete architecture as a concrete architecture is designed 
for a specific context. Another example is the “acceptability” quality attribute that 
indicates the level of acceptance of the reference architecture by the community. This 
quality is meaningless in the case of a concrete architecture. 

3 Evaluation of Architectures 

In this section, we first discuss the goals of the evaluation of concrete architectures 
and methods that can be used for their evaluation. Next, we discuss the evaluation of 
reference architectures. We show that due to the differences between concrete and 
reference architectures, existing methods for the evaluation of concrete architectures 
cannot be directly applied for the evaluation of reference architectures. 

3.1 Evaluation of Concrete Architectures 

System development is an expensive process in terms of costs and time. Evaluation of 
the architecture of a system prior to its development allows “measuring” the expected 
level of achievement of the system functionalities and system, business, and 
architectural qualities required by the stakeholders. Timely discovery of failure to 
achieve desired functionalities and qualities means saved time and resources in the 
development process and avoids frustrations among stakeholders.  

A number of methods exist for evaluation of software architectures. These methods 
differ in their evaluation techniques as well as in their goals. Most methods (e.g., 
SAAM, ALMA) rely on questioning techniques (asking the stakeholders qualitative 
questions) and use scenarios as their main tool [12]. Few methods (e.g., SAEM) rely 
on measuring techniques that support quantitative measurement and evaluation of 
architectures. Particular methods are designed to evaluate only specific architectural 
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qualities. For example, SAAM and ALMA are suitable for the evaluation of the 
modifiability quality [22]. Other methods support the evaluation of multiple qualities 
(e.g., ATAM [10], SBAR [9], ArqCheck [40]). According to [12], some methods 
(e.g., ATAM, SBAR) can be integrated easier in the design process than other 
methods. In [12], the authors conclude that ATAM (Architecture Trade-off Analysis 
Method) has a number of  advantages over other methods (e.g., integration of 
questioning and measuring techniques, the wide set of qualities that can be evaluated 
with it, and the possibility of integrating the method easily in the design process). An 
overview and comparison of existing methods can be found in [6], [12], [22]. 

It must be noted that existing evaluation methods provide techniques mainly for the 
evaluation of system qualities. The definition and evaluation of business and 
architectural qualities has received little attention in the literature. CBAM [8] can be 
distinguished as a method for the evaluation of the business qualities costs, benefits, 
and risk. ATAM [10] explicitly addresses the evaluation of the architectural quality 
“conceptual integrity” by supporting the in-depth analysis of the architectural 
approaches applied to an architecture. Though it is not explicitly stated in ATAM, the 
“generation of scenarios” step in ATAM can be used for the evaluation of the 
“completeness” architectural quality as well [8].   

3.2 Evaluation of Reference Architectures 

To prove the value of a reference architecture or to identify issues in it that require 
additional attention, a reference architecture has to be evaluated. Reference 
architectures address certain functionalities and system, business and architectural 
qualities (see Fig. 3) and thus, have to be evaluated for the same aspects as concrete 
architectures.  

In Section 3.1, we have discussed the most prominent architecture evaluation 
methods. Based on publications that describe their application in practice and review 
and compare them (e.g., [6], [8], [10], [12], [22]), we conclude that the Architecture 
Trade-off Analysis Method (ATAM) stands out as the method that: 

- is currently the leading method for the evaluation of software architectures. It 
has been applied for the evaluation of software architectures in many projects and 
substantial experience with it has been accumulated. Its documentation provides 
the most detailed instructions that guide the evaluation team during the evaluation 
process. In contrast, the other methods have fewer or even no practical industry 
applications and have less elaborate (sometimes only general) descriptions. 
- is currently the most suitable method for the evaluation of reference 
architectures. It offers the possibility for the evaluation of the widest set of system 
quality attributes and on a limited set of architectural qualities, while other 
methods concentrate on single or few system qualities. A number of efforts for the 
application of ATAM for the evaluation of software product line architectures exist 
(e.g., [7]). Furthermore, there are proposals for its extension for the context of 
software product line architectures (e.g., [24], [31]). These efforts provide valuable 
experience for the application of the method for the evaluation of more generic 
models. Last but not least, the method pays explicit attention to the social issues 
that are part of an architecture evaluation process (e.g., stakeholders and their 
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interests) and provides guidelines to deal with them. These social issues play an 
important role in the case of reference architectures where stakeholders from 
different contexts and backgrounds, potentially with diverging views have to be 
addressed (see Section 2.3).  
These conclusions naturally position ATAM as the “candidate method” for the 

evaluation of reference architectures. However, the differences between concrete and 
reference architectures discussed in Section 2.3 lead to a number of problems that do 
not allow the direct application of ATAM for the evaluation of reference 
architectures. Next, we discuss these problems. Each problem identified is a 
consequence of a difference identified in Section 2.3.  

Problem 1: ATAM, as most evaluation methods, makes use of scenarios. 
However, the generic nature of reference architectures (see Difference 1) makes the 
generation of a usable set of scenarios difficult. Due to the generic nature of reference 
architectures, evaluators have the choice to either define a large set of “concrete” 
scenarios for the possible contexts in which the reference architecture can be applied 
or define highly general scenarios which cover all these contexts. In the first 
approach, the huge number of possible contexts results in a huge number of scenarios. 
This makes defining and prioritizing them a problematic task. In the second approach, 
the generality (and hence abstraction level) of scenarios makes it hard to evaluate 
their adequate support in the architecture. This problem has already been observed 
even in the evaluation of concrete architectures of information systems, the 
complexity of which leads to the definition of highly general scenarios [9].  

Problem 2: One of the problems for applying an existing method for the 
evaluation of reference architectures is caused by the lack of a clearly defined group 
of stakeholders (see Difference 2). ATAM and most other methods heavily rely on the 
participation of all stakeholders in an evaluation process. However, reaching all 
stakeholders of reference architectures and convincing them to participate in an 
evaluation is problematic. In both cases (PRAs and FRAs), the large number of 
stakeholders makes it hard or even impossible to address all of them. In the case of 
PRAs, often, stakeholders will not unite around a common reference architecture due 
to business, political, and contextual differences (rivalry, different legacies, etc.). In 
the case of FRAs, most stakeholders will have limited incentives (as there are no 
direct benefits for them) and capabilities (due to lack of visionary thinking and 
knowledge) to contribute to the architecture evaluation.  

Problem 3: Reference architectures are often described at a high level of 
aggregation (Difference 3). However, "ATAM will produce analysis commensurate 
with the level of detail of the architectural specification" [23]. Obviously, we have to 
draw a line between “aggregated” and “detailed” architectures in order to be able to 
discuss the applicability of ATAM for their evaluation. In this paper, we consider as 
“aggregated reference architectures” those architectures that make use of at most one 
architectural style/pattern that defines the main trend of the system design. 
“Aggregated reference architectures” have a very general representation for the data 
and control flows among components (or do not have representation for them at all). 
The application of ATAM for the evaluation of aggregated architectures results in 
trivial analysis, as the effects of a single architectural style on the system quality 
attributes have been well-studied and documented (e.g., [8]). Thus, the main element 
of ATAM, i.e., structured architecture analysis becomes superfluous in the evaluation 
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of aggregated architectures. Consequently, ATAM for aggregated reference 
architectures would be perceived as a complex method that provides trivial results. 
This problem may be less severe in the case of FRAs, which typically have more 
detailed specifications as they have to convey less known or fully novel approaches 
[4]. 

Problem 4: In Section 3.1, we mentioned that in the set of existing methods for the 
evaluation of concrete architectures, only ATAM explicitly addresses the evaluation 
of the “conceptual integrity” architectural quality and implicitly of the 
“completeness” architectural quality. However, ATAM does not provide techniques 
for the evaluation of other architectural qualities that need to be addressed in the case 
of reference architectures (e.g., applicability and acceptability as discussed in 
Difference 4).  

This discussion shows that ATAM is not directly applicable for the evaluation of 
reference architectures designed for multiple organizations. We experienced each of 
these problems in the evaluations of two reference architectures for multiple 
organizations [3], [30]. In the case of reference architectures for single organizations, 
these problems may occur as well but not necessarily in their most severe form. 
Problem 1 may be less serious as the scope of a single organization limits the scope 
and number of the scenarios. Problem 2 may be less serious as obviously stakeholders 
are easier to identify and reach. However, for large (geographically and structurally) 
organizations this problem remains [16]. Problem 3 will not occur in the case of 
software product line architectures which are typically detailed architectures (but it 
may still occur in the case of general purpose reference architectures within an 
organization). The “milder” form of the problems in the case of a single organization 
explains why ATAM was successfully applied in a number of evaluations of 
reference architectures for a single organization (see [7], [8]). Still, several 
publications reveal problems with the evaluation of reference architectures with 
ATAM in the case of single organizations. Next, we discuss them. 

Three studies [1], [24], [31] show that ATAM requires adaptations and extensions 
for its application in the context of software product line architectures. The multiple 
application contexts are seen as the main problem for the direct application of ATAM. 
The authors of [31] explicitly identify Problem 1 and implicitly Problem 4 and 
propose resolutions for resolving Problem 1 in the context of software product line 
reference architectures. Similarly, the problem with multiple application contexts 
(Problem 1) and the need for evaluation of numerous architectural qualities (Problem 
4) are noted in [1]. As the authors conclude, these problems are “not addressed by any 
architecture evaluation method (e.g., SAAM, ATAM)”, “nor any guidelines have 
been published on which evaluations should be performed to ensure that a product 
line architecture will be adequate” [1]. 

The authors of [16] report on a case for the evaluation of a reference architecture 
for embedded systems. They attempt an evaluation with SAAM (the predecessor of 
ATAM) and identify Problem 1 and Problem 2. To cope with these problems they 
propose a variant of SAAM (called D-SAAM), which in its essence is based on 
substantial off-line preparations of the evaluation team and multiple off-line 
discussions with the stakeholders followed by a session with a small subset of the 
stakeholders. D-SAAM, similar to our case-based work in [5], proposes adaptation 
techniques that are designed to address the evaluation of a reference architecture in a 
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specific case. D-SAAM addresses Problems 1 and 2 in a single organization (while, 
we focus on the evaluation of reference architectures aimed at multiple 
organizations). Furthermore, it is based on the predecessor of ATAM - a simpler 
evaluation method that does not focus on architectural qualities, risks and tradeoffs. 
However, D-SAAM introduces valuable insights on the limitations of SAAM (and 
consequently ATAM) and on possible techniques to handle these limitations. As we 
discuss in Section 4.1, in our approach, we re-use the idea for individual meetings as a 
possible way to cope with the distributed nature of the evaluation of reference 
architectures. The need for substantial off-line preparations is also acknowledged in 
Section 4.1. 

In [15], ATAM is applied for the evaluation of a reference architecture for the 
Department of Defense of the USA (DoD RA). The report confirms the existence of 
Problems 1, 2, and 4. In this case, multiple stakeholders with different points of view 
that operated in different contexts were affected by the reference architecture 
(Problems 1 and 2). The evaluating team applied ATAM for the evaluation of the 
system qualities desired by the stakeholders. In addition to the system qualities, a 
requirement for "goodness of the reference architecture" was stated by the 
stakeholders. We concluded that this requirement refers to certain architectural 
qualities (Problem 4). However, we did not find any results in the report on the 
evaluation of architectural qualities. This shows that ATAM did not provide 
mechanisms for the resolution of Problem 4. The successful application of ATAM in 
this case for the evaluation of the system qualities of DoD RA indicates that 
exploiting the full potential of ATAM may provide directions for the resolution of 
Problems 1 and 2 (discussed in Section 4.1).  

Summarizing, a number of publications report on problems with the evaluation of 
reference architectures. Reference architectures for single organizations usually 
exhibit some of the problems defined in this section and potentially in a milder form. 
As the case of the evaluation of reference architectures for multiple organizations is 
broader and more challenging, in the sequel of the paper we concentrate on it. 
Extensions of ATAM and SAAM defined specifically for software product line 
architectures (see [16], [24], [31]) or elements from our extensions and adaptations of 
ATAM for the general case of multiple organizations (discussed next in Section 4) 
can be used for the evaluation of reference architectures for single organizations.  

4 Extending and adapting ATAM to ATAM/R  

In this section, we propose a number of extensions and adaptations on ATAM that are 
required for applying it for the evaluation of reference architectures. We call this 
extended version ATAM/R (ATAM for Reference architectures). The extensions and 
adaptations address the problems identified in Section 3.2. As already noted, our 
proposals are intended to provide directions for the definition of a complete and 
detailed method for the evaluation of reference architectures. In the description of 
ATAM/R that follows, we indicate the steps that require further research using italics.   
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Because of the popularity of ATAM in research and industry, we do not describe 
the method in this paper and directly refer to phases and steps in it that require 
adaptations or extensions. A detailed description of ATAM can be found in [10].  

The section is organized as follows. In Section 4.1, we describe the adaptations of 
ATAM that we propose for the resolution of Problems 1, 2, and 4. As these 
adaptations have an effect on the extensions required for the resolution of Problem 3, 
we address the resolution of Problem 3 at the end of this sub-section. In Section 4.2, 
we present the extensions of ATAM for the resolution of Problem 4. We discuss the 
limitations of ATAM/R in Section 4.3.  

4.1 Adaptations to ATAM 

Adaptations related to Problem 1: As discussed in Problem 1, evaluators of 
reference architectures face a too large set of “concrete” scenarios for all the possible 
contexts. To reduce the number of scenarios to a usable level, we propose the 
selection of a representative set of different contexts (Adaptation 1). The criteria for 
the context selection will differ depending on the specific case. A criterion can be 
different market segments, different types of organizations, etc. The guiding principle 
in the context selection is that the differences in the contexts are reflected by 
differences in the scenarios that are applicable for them. The criteria should ensure 
“completeness” of the representative set, i.e., they should ensure that contexts that 
introduce substantially different scenarios are included in the representative set. 

After selection of the contexts is done, the architecture is evaluated in each of these 
contexts (Adaptation 2). Our approach of multiple evaluations is inspired by the 
adaptations of ATAM proposed for the evaluation of software product lines, where 
steps of ATAM are applied multiple times for the evaluation of each of the specific 
product architectures and once for the core, reference architecture [24], [31]. Clearly, 
the more contexts are selected, the higher the validity of the results will be. Our 
experience (see Section 5) shows that in order to achieve a convincing degree of 
validity at least three contexts should be selected. We suggest the selection of at most 
ten representative contexts. However, this number is just a pragmatic choice with 
which we aim to introduce a limit for the amount of work in the evaluation process. In 
practice the number of representative contexts that are needed may vary depending on 
the specific situation (whether an architecture is domain specific, localized 
geographically, etc.).The evaluation of PRAs will typically involve a higher number 
of representative contexts as PRAs require a stronger evidence for their qualities in 
very different as well as in weekly different from each other contexts (as even minor 
contextual differences may lead to important practical issues that need to be addressed 
in a PRA). For example, in [15], twelve contexts of application of the reference 
architecture are identified and discussed. In contrast, FRAs may be evaluated against 
a smaller set of representative contexts, selected mainly to illustrate the qualities of 
the architecture in strongly different contexts (due to their futuristic nature, certain 
PRAs may abstract from minor domain differences, serving more as an “inspiration” 
architectures that need tailoring for practical usage [4]). For example, as discussed in 
Sections 5.1 and 5.2, only three contexts per reference architecture have been 
selected. 
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The application of ATAM for different contexts means multiple evaluation 
sessions with the design team in Phase 1 of ATAM. For each of the contexts selected, 
a utility tree and scenarios are generated and the scenarios are prioritized (as 
described in ATAM). In a final session, the evaluation team should take a global 
perspective on the architecture, considering all contexts and defining a "merged" 
utility tree and set of prioritized scenarios. The merging of scenarios is performed by 
"normalizing" them. First, duplicated scenarios are eliminated. Next, scenarios that 
address a common quality attribute and express a similar situation and goal are 
merged in a single scenario (using the highest priority that is defined on them).  

If possible, the evaluation session with all stakeholders involved in the evaluation 
process (part of Phase 2 in ATAM) should follow the same pattern of addressing the 
contexts, first individually (with stakeholder representatives from the context 
discussed) and finally addressing the complete set of representative contexts together 
with all the stakeholders involved in the “single context” sessions. The aim of the 
final meeting is to confront the stakeholders with the different possible contexts and 
to be able to directly point out and motivate the architectural decisions that are 
influenced by one or several of the contexts and their effects on the architecture in 
other contexts. However, if for timing and logistic reasons the stakeholders cannot 
participate in two separate meetings, a compromising approach can be considered of 
one meeting with all stakeholders discussing together the set of selected 
representative contexts.  

Adaptations related to Problem 2: As stated in Problem 2, typically it will not be 
possible to involve all potential stakeholders in the evaluation of a reference 
architecture. Thus, a representative selection of the stakeholders has to be invited for 
the evaluation process (Adaptation 3). The stakeholders should be from the initially 
selected set of contexts.  

ATAM advocates the involvement in its Phase 2 of stakeholders based on their role 
(system producers, customers, etc.). However, a selection based solely on roles will 
miss important differences between stakeholders caused by the different contexts in 
which they operate. That is why, analogously to the concept of “viewpoints” of 
stakeholders presented in [14], we propose stakeholders that will be involved in the 
evaluation process to be selected on the basis of a combination of their role and their 
secondary “properties” like capabilities, experience, domain of occupation 
(Adaptation 4). Generally, the criteria for selecting stakeholders will differ. Next, we 
provide the main guidelines for selecting stakeholders for PRAs and FRAs: 

 In the case of PRAs, the stakeholders that are invited for Phase 2 should be 
experienced practitioners from the domain. Invited stakeholders should be 
preferably from large and medium size software development and consumer 
organizations. The involvement of this type of stakeholders will verify proper 
addressing in the architecture of existing business practices and thus, increase 
the credibility of the evaluation process.  

 In the case of FRAs, we recommend the involvement in Phase 2 of a balanced 
mixture of experienced practitioners with interest in future developments and 
research domain experts. The practitioners must have futuristic vision, domain 
knowledge, and motivation to contribute to the evaluation of the FRA. The 
domain researchers should be representative for the existing research work in 
this domain. Depending on their background, they may step in the roles of 
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system producers or system consumers. Approaching leading researchers from 
renowned researcher centers will provide the architecture evaluation with higher 
credibility. In the case of FRAs, the requirements on the representative 
practitioners are less restrictive than for PRAs as they should be selected based 
on individual skills rather than on their organizational function and employer’s 
reputation. The involvement of people with vision is leading in this case as 
visionary people are able to propose “futuristic” scenarios and discuss them 
openly and objectively (in contrast to involving established practitioners who 
are used to focusing on “daily” problems and market requirements). The 
representatives for the role of "system producers" do not have to be necessarily 
from the same domain. Experienced and visionary developers from other 
domains can be equally beneficial for the evaluation process.  

ATAM recommends participation of at least 5 stakeholders in Phase 2. This means 
that for PRAs at least 15 stakeholders have to participate in Phase 2 of an ATAM/R 
evaluation (given that only three representative contexts are selected). For FRAs, 
independent domain researchers (not representing a particular approach or solution) 
may replace several practitioners acting in the same role, reducing the required 
minimum to 10-12 participants.  

Clearly, Adaptations 1 and 2 together entail substantial organization efforts. As 
proposed in [16], off-line preparations and individual meetings (or with a subset of 
the stakeholders) may be used to decrease the organizational efforts. This leads to 
higher requirements on the evaluation team in terms of self-control over the 
evaluation process and processing of the intermediary results. Furthermore, this leads 
to a much longer evaluation period. However, given the “distributed” nature of the 
process in many situations there may be no alternative.  

The selection of stakeholders and contexts requires further attention, as our 
Adaptations 1 and 2 do not provide an operational method for their identification but 
rather a set of general guidelines. However, an operational method requires 
substantial additional research on the domain of reference architectures. In order to 
define detailed guidelines for the selection of contexts, the types of possible contexts 
and their characteristics in relation to reference architectures need to be investigated. 
A first step in this direction is our research presented in [4] and [17] where a 
classification of the possible types of reference architectures and general contexts at 
which they can be targeted at are identified. The Multi-Party Approach (MPA), as 
described in [26], may be used as a basis to further operationalize the support for the 
identification of stakeholders. The MPA makes use of concepts such as stakeholder 
responsibilities, stakeholder interests, and stakeholder roles (and their mutual 
interrelations). Other approaches to stakeholder and context identification that can be 
used, are discussed in [28]. For example, based on [28], a list with supporting 
questions for the identification of stakeholders can be refined. These approaches need 
to be mapped and tailored to the domain of reference architectures in order that they 
become operational part of ATAM/R. 

So far, we have described how the stakeholders' views can be addressed when 
applying ATAM for the evaluation of reference architectures. However, the problem 
with reaching and involving the selected representative stakeholders remains. We 
revisit this issue in Section 4.3.  
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Adaptations related to Problem 4: As reference architectures address a mixture 
of system and architectural qualities, ATAM/R should address not only the analysis of 
the interrelationships between the architectural approaches with respect to the 
required system qualities (as in ATAM) but with respect to the architectural qualities 
as well. Thus, the architecture analysis activity in ATAM has to be adapted to take 
into account the effects of the architectural approaches on the architectural qualities as 
well (Adaptation 5).  

Effects on Problem 3: The application of ATAM for the evaluation of aggregated 
architectures is trivial because of the lack of a sufficient number of architectural 
approaches that may interplay for the satisfaction of the desired system qualities and 
the well-studied effects of a single approach over the system qualities (Problem 3). 
However, as we discuss in Adaptation 5, the architectural approaches analysis step 
should address the effects of the architectural approaches not only on the required 
system qualities but also on the expected architectural qualities. Currently, these 
effects are not explicitly studied and they require dedicated analysis during the 
evaluation of a reference architecture. For example: Does the usage of certain styles 
affect the acceptability quality of the architecture being evaluated (and if “yes”, how 
does it affect it)? Given this consideration, the analysis step in ATAM cannot be 
regarded as trivial for the case of aggregated architectures. We conclude that the 
support of ATAM/R for the evaluation of both system and architectural qualities and 
the need to analyze the effects of the architectural approaches used on the 
architectural qualities makes it a relevant method for the evaluation of aggregated 
architectures.  

4.2 Extensions of ATAM 

Reference architectures have to be evaluated for a larger number of architectural 
qualities than concrete architectures (Problem 4). Our experience (see Section 5) 
showed that typical desired architectural qualities for reference architectures are 
completeness, conceptual integrity, buildability, applicability, understandability, 
scoping of the architecture, and acceptance (by the community). Next, we present a 
set of activities and techniques that can be used for the evaluation of these qualities. 
These activities and techniques form the extensions of ATAM that we propose in 
relation to Problem 4. In this paper, we do not provide precise measuring techniques 
for the level of satisfaction of the architectural qualities. The descriptions in this 
section are an initial step in this direction. 

Evaluation for scoping and completeness (Extension 1): The scope of a 
reference architecture is evaluated against the requirements of the design team and the 
representative stakeholders. Completeness of a reference architecture is evaluated 
within its scope. Scenarios are the natural ATAM technique that can be used for 
evaluation of the completeness and scoping qualities. However, the generic nature of 
reference architectures means that even after the selection of multiple contexts and of 
representative sets of stakeholders room for omissions of functionalities is left. To 
evaluate the completeness and scoping qualities more thoroughly, we suggest, in 
addition to the “scenario technique”, validation of the functionalities of the reference 
architecture with respect to the functionalities of existing concrete architectures. The 
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support in the reference architecture for the concepts from existing domain reference 
models can be analyzed as well (these reference models have to be different from a 
reference model used in the design of the reference architecture). In the case of FRAs, 
when there are too few (or none at all) relevant concrete architectures only 
comparison to existing reference models is performed. These additional evaluation 
techniques are an extension to Phase 1 of ATAM.  

Evaluation for buildability (Extension 2): To demonstrate buildability of a 
reference architecture, the evaluation team has to demonstrate buildability of its 
elements in the most complex of the selected contexts (where most complex 
algorithms and technologies are required). Based on existing experiences, buildability 
in the case of PRAs will be easier to demonstrate. However, evaluation of buildability 
of FRAs requires evaluators to address not only existing technology but also research 
results, i.e., prototypes and theoretical developments (based on complexity theory 
analysis or proven formal algorithms). Evaluators should provide examples of how 
these can be used or adapted to support the functionalities defined in the reference 
architecture. This evaluation step takes part in Phase 1 of ATAM and requires 
substantial time for its execution. 

Evaluation for applicability (Extension 3): We view the level of applicability of 
a reference architecture for a concrete context as the level of overlap between the 
elements of a reference architecture and the elements of a concrete architecture for 
this context. The calculation technique for the level of overlap is part of future 
research. To evaluate this quality, a concrete architecture based on the reference 
architecture has to be designed for each pre-selected context. For PRAs (and when 
possible for FRAs), existing concrete architectures in specific contexts can be directly 
analyzed from the perspective of the reference architecture. The total applicability 
value is calculated by obtaining the average of all the separate applicability values.  

Evaluation for understandability (Extension 4): Stakeholders operating in 
different contexts may have different names for a concept or different understanding 
for the functionalities that they would expect from a component. A reference 
architecture should be understood by all potential stakeholders in an uniform way. 
Meetings with the stakeholders in Phase 2 of ATAM where the reference architecture 
is presented can be accompanied by a discussion on the understanding of the 
stakeholders for the architectural elements. Regarding the effectiveness of discussions 
with stakeholders we like to refer to recent research results on the development of 
multiple views to increase model understanding [27], [35]. In this research particular 
visualization tools (e.g. such as MetricView Evolution (MVE)), are recommended for 
the improvement of the understanding of models. We consider the experimentation 
with these tools as out of the scope of our paper and the case studies, which are more 
oriented on the validation of concepts for the evaluation of reference architectures 
(i.e. the extensions and adaptations), than on the experimentation with techniques and 
tools. 

Evaluation for acceptability (Extension 5): The acceptability quality indicates 
the level of acceptance by the potential stakeholders. This quality may not be relevant 
for FRAs as they express a futuristic vision. The number of companies willing to 
adopt the reference architecture (or that have already adopted it) in relation to the 
complete number of potential stakeholders indicates its level of acceptance. Meetings 
with stakeholders in Phase 2 of ATAM are used to evaluate this quality. In this step, 
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the stakeholders are asked for the possibility for the adoption of the reference 
architecture in their organizations.  

4.3 Range of applicability of ATAM/R 

The adaptations and extensions introduced in the preceding sections are designed to 
increase the range of applicability of ATAM for the context of reference architectures. 
If we consider the four problems for the application of ATAM for the evaluation of 
reference architectures as four dimensions, we can observe that ATAM/R increases 
the range of applicability of ATAM in each of these dimensions. The method can be 
applied for numerous contexts, reflecting the views of the stakeholders from all these 
contexts. Furthermore, the method can be applied for the evaluation of aggregated 
reference architectures and for the evaluation not only of their system but also of their 
architectural qualities. However, even this “increased” range of ATAM/R has 
limitations in the cases where no representative set of stakeholders can be involved. In 
this section, we discuss the range of applicability of ATAM/R along the stakeholder 
dimension. To better demonstrate the range of applicability of ATAM/R we separate 
the dimension into cells that reflect the different degrees for the involvement of 
stakeholder representatives in an evaluation process. We distinguish three degrees of 
participation of stakeholder representatives in an evaluation process: fully 
consolidated, semi-consolidated, and unconsolidated (depicted in Fig. 4 as three 
partitions of the “stakeholder consolidation” dimension). Next, we discuss the 
applicability of ATAM/R in each of these degrees of stakeholder participation.  

Fully consolidated stakeholders: In the case of fully consolidated stakeholders, 
dedicated and motivated representatives for all roles and views can be reached and 
involved in the evaluation process. The larger the representative power of the 
stakeholders, the bigger the impact of the architecture evaluation will be. ATAM/R 
can be applied for PRAs and FRAs in the case of fully consolidated stakeholders. 
Examples for fully consolidated stakeholders are provided in Sections 5.4 and 5.5.  

Semi-consolidated stakeholders: We call the group of stakeholders involved in the 
evaluation process "semi-consolidated" when representatives for only part of the 
types of stakeholders identified can be reached and involved in the evaluation process. 
In the case of PRAs, lack of representatives for some of the types undermines the 
results of the evaluation process. When a type that has less impact on the system 
design is not represented, ATAM/R can still be considered as the major stakeholder 
concerns will be reflected in the evaluation (e.g., lack of representatives for the 
system and network administrator roles may not be critical in the evaluation of a 
reference architecture). That is why the minimum level of consolidation for the 
application of ATAM/R for PRAs is set in the beginning of the “semi-consolidated 
stakeholders” partition (see Fig. 4). In the case of FRAs, the lack of representatives 
for certain types of stakeholders has smaller consequences for an ATAM/R based 
evaluation process (see Section 4.1). The minimum level of consolidation required for 
considering ATAM/R in this case is the involvement of domain experts and domain 
researchers as representatives of the system user role. We depict this minimal 
requirement in Fig. 4 by defining the limit for FRAs in the second half of the semi-
consolidated partition. The number of representatives required for these two roles will 
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depend on the number of contexts identified (see Section 4.1). An example for semi-
consolidated stakeholders during an evaluation process is provided in Section 5.1.  

 

 
Fig. 4. Range of ATAM/R for the evaluation of PRAs and FRAs 

Unconsolidated stakeholders: We call the group of stakeholders "unconsolidated", 
when representatives for none of the general stakeholder types can be reached and 
involved in the evaluation process. Obviously, ATAM/R cannot be fully applied in 
this situation. Such situations may occur when reference architectures are designed by 
teams within a research center with no external contacts, which only design and 
propose a reference architecture to the community. Examples for unconsolidated 
stakeholders during an architecture evaluation are provided in Sections 5.2 and 5.3.  
The set of stakeholders involved in the requirements elicitation phase is a factor that 
can serve as an indicator for the stakeholders that can be involved in the evaluation of 
a reference architecture. Inability to approach and involve certain stakeholders (for 
political, economic, motivation or other reasons) in the requirements definition phase 
of the project suggests that their involvement in an ATAM/R evaluation will be also 
unlikely. An exception is the case where stakeholders with strong market influence 
are able to impose the involvement of representatives in the evaluation process (e.g., 
by promoting the architecture as the new domain standard).  

5 Application of ATAM/R 

As already explained, the design of ATAM/R is based on our results from the analysis 
of the specifics of reference architectures and the application of ATAM with 
adaptations and extensions for the evaluation of a number of reference architectures. 
In this section, we provide an overview of the results from the empirical side of our 
work. We discuss the application of ATAM/R on the set of reference architectures 
and highlight the benefits introduced by ATAM/R and its limitations in these cases. 
The chosen reference architectures are from the domains of intelligent electronic 
contract management, hypermedia information systems, workflow management, and 
data management. 

All reference architectures that we considered were designed for multiple 
organizations (involving stakeholders from multiple contexts), addressing both system 
and architectural qualities. The architectures varied in their level of aggregation and in 
their level of stakeholder consolidation (depicted as two dimensions in Fig. 5). We 
divide the aggregation dimension into aggregated and detailed cells (using the criteria 
provided in Section 3.2) and the stakeholder consolidation dimension into fully-
consolidated, semi-consolidated, and non-consolidated cells (as discussed in Section 
4.3). We present the application of ATAM/R for the evaluation of two FRAs (ERA 
[3], AHA RA [41]) and one PRA (Mercurius RA [19]) from our practice. AHA RA 
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and Mercurius lie beyond the range of applicability of ATAM/R, differing in their 
level of aggregation, while ERA lies on the border of the range of applicability of 
ATAM/R (see Fig. 5). These three cases demonstrate that although the evaluation 
process was incomplete (due to the insufficient stakeholder representation), 
improvements in terms of architectural quality can still be obtained when applying 
ATAM/R. In addition, we discuss the application of ATAM/R for the evaluation of 
one detailed FRA (ANSI-SPARC DBMS RA [39]) and one aggregated PRA (WRM 
[20]), both lying within the range of applicability of ATAM/R (see Fig. 5). These two 
cases demonstrated the full potential of ATAM/R for the evaluation of reference 
architectures. As the Mercurius, ANSI-SPARC DBMS, and WRM architectures were 
defined in the past, we could apply ATAM/R only theoretically, using existing 
publications and personal contacts as a source of information and reasoning how the 
evaluation could have taken place.  

 

 
Fig. 5. Position of the cases along the aggregation and stakeholder consolidation dimensions 

Next, we summarize the results from the evaluation of these reference 
architectures.  

5.1 The actual evaluation of ERA 

Description of ERA:  The goal of the E-contracting Reference Architecture (ERA) 
[3] is to provide guidelines for the design of the first concrete architectures of highly 
automated e-contracting systems. ERA is designed on the basis of existing research 
conceptual models and research prototypes and is a FRA. In Fig. 6, the first level of 
decomposition of the logical view of ERA is depicted. We identified 11 architectural 
approaches (styles/patterns) in ERA. ERA addresses both system and architectural 
qualities (security, flexibility, automation, modifiability, integrability, 
interoperability, completeness, scoping, acceptability, understandability, applicability, 
buildability, integrity). Thus, ERA is a detailed reference architecture that addresses 
both system and architecture qualities.  
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Fig. 6. First level of decomposition of ERA [3] 

The actual evaluation of ERA with ATAM/R: In the first phase of ATAM/R, we 
organized three small meetings within our research group involving 10 software 
architects/designers in the first meeting and 3 in the second and third [2]. In the first 
meeting, we conducted a general, unstructured discussion on ERA. After this meeting, 
we elaborated a draft list of the architectural approaches used in ERA. In the second 
meeting, we discussed the quality attributes and improved the utility tree. Based on 
the new utility tree, we discussed also improvements of the list of architectural 
approaches. We identified a number of roles (contract managers, contract engineers, 
legal officers, etc.) that may be affected by an ERA based system. We selected three 
trading domains as contexts in which to evaluate ERA (A1)2 and generated scenarios 
for each of them in a sequence of sessions (A2). However, we did not manage to 
involve representative stakeholders from these contexts and had to involve 
stakeholders from other trading domains (related to A3). To approach some of the 
potential stakeholders, we organized a workshop on e-contracting, where we 
presented ERA to 25 experts working as contract managers, CIOs, or CEOs. 
However, most of the stakeholders did not have the visionary thinking required for 
the evaluation of a FRA (related to A4). Only a couple of research domain-experts 
were involved. Thus, the stakeholders were semi-consolidated, closer to the 
unconsolidated space (see Fig. 5). We used the workshop to evaluate the acceptability 
architectural quality of ERA (E5). To evaluate the completeness of ERA, in addition 
to the “scenarios generation” technique, we used a reference model on e-contracting. 
Furthermore, we compared ERA to existing prototypes of concrete e-contracting 
architectures (E1). To demonstrate the applicability of ERA to different contexts, we 
applied it for the analysis of existing, concrete e-contracting architectures and for the 
design of hypothetical architectures in the sample domains that we selected (E3). To 

                                                           
2 We refer to the set of adaptations and extensions by Ai for adaptations and Ei for extensions 

(where “i” is the number of the adaptation/extension as defined in Section 4). 
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present evidence for the buildability of ERA, we performed a literature survey on the 
existing, relevant research and commercial technologies (E2). We analyzed the 
suitability of the architectural approaches used in ERA for achieving the security, 
flexibility, automation, modifiability, integrability, and interoperability system 
qualities using the traditional ATAM techniques and reasoned on their effects on the 
desired architectural qualities (A5). The detailed description of the evaluation can be 
found in [2], [3].  
 

Conclusions: ATAM/R was successfully applied as a method. The structure, 
conceptual integrity, and functional completeness of ERA improved after the 
application of ATAM/R [3]. However, the level of stakeholder consolidation was on 
the border on the applicability range of ATAM/R. We conclude that the evaluation 
was useful for the deep analysis of ERA and its “fine-tuning” from a designers’ 
perspective, but cannot be seen as a solid proof for the qualities of ERA due to the 
absence of representative stakeholders. In total, the evaluation process lasted around 
three months. Three meetings and one workshop were organized during the 
evaluation process. Altogether, the meetings and workshop, took two full days 
(distributed in time). However, besides the two days of actual discussions, the 
meetings and workshop required substantial preparation and processing the results 
from them, which we estimate at around three weeks of work effort. Furthermore, 
demonstrating the applicability and buildability qualities of ERA (applying E2 and E3) 
required substantial literature review work which we estimate at around 2 months of 
work effort.   

5.2 The actual evaluation of AHA 

Description of AHA:  The goal of the AHA reference architecture (Adaptive 
Hypermedia Architecture) is to provide blueprints for the design of concrete systems 
for adaptive hypermedia applications  [41]. Adaptive hypermedia is a novel concept 
developed in the research world (hence, AHA is a FRA). AHA (depicted in Fig. 7) 
addresses the modifiability and usability system qualities and the completeness and 
scoping, and applicability architectural qualities. Its designers indicated that 
performance will also be a desired quality but was not addressed in the architecture 
due to its minor importance at this stage of research. AHA uses only one architectural 
style (i.e., layering) to address the modifiability and understandability qualities. Thus, 
AHA is an aggregated reference architecture (see Fig. 5).  
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Fig. 7. The Adaptive Hypermedia Architecture [41] 

The actual evaluation of AHA with ATAM/R: The design team of AHA selected 
three domains (i.e., web-based educational environment, web-based B2C applications, 
and museum information provision) in the context of which they reasoned about the 
qualities of the architecture and discussed possible scenarios (A1). The evaluation 
took place in three meetings, each one lasting a couple of hours (A2). Involving a 
representative set of stakeholders for the evaluation of AHA was not possible due to 
lack of incentives for the stakeholders (related to A3 and A4). Only a limited set of 
system users from one of the selected contexts was approached. Thus, the 
stakeholders were non-consolidated (see Fig. 5) and Phase 2 of ATAM did not take 
place. Traditional ATAM techniques were used to evaluate the usage of the layering 
style to address the modifiability and usability qualities. We reasoned on the effects of 
the layering style on the applicability quality (A5). Scenarios relevant for the selected 
domains and existing research publications on adaptive hypermedia were used for the 
evaluation of AHA for completeness and scope (E1). To evaluate the applicability of 
AHA, the design team looked into concrete cases from the contexts selected where 
AHA could be applied and evaluated its fit for these cases (E3).  
 Conclusions: The design team of AHA stated that the usage of ATAM would not 
be meaningful due to its focus on a single context and solely on system qualities. The 
adaptations and extensions proposed in ATAM/R enabled resolving the context and 
aggregation problems and the usage of the method for the evaluation of the 
architectural qualities. Due to the unconsolidated nature of AHA, the evaluation did 
not provide generally accepted and convincing conclusions about its quality.  

5.3 The hypothetical evaluation of the Mercurius reference architecture 

Description of the Mercurius reference architecture: The Mercurius reference 
architecture [19] is an architecture designed to provide blueprints for the design of 
workflow management systems (see Fig. 8, where the WF Design, WF Server, WF 
Client are the core Work Flow management related modules; the UIS modules 
represent user interface systems; the CS module is a communication system for 
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information exchange with other workflow servers; the Application Systems module 
(AS) is used for application-specific functionalities; the Operating System (OS) is 
used for low-level system operations). It is designed as an improvement of the WRM 
(discussed in Section 5.5). The Mercurius architecture is a detailed PRA, described at 
three levels of decomposition and using five architectural approaches (i.e., part-whole 
decomposition style layering style, abstract data repository style, forwarder-receiver 
pattern, and the batch sequential pattern). It aims at satisfaction of the modifiability 
and integrability system qualities and at the scoping and completeness, integrity, and 
applicability architecture qualities. Next, we summarize the main aspects of a 
potential evaluation of the Mercurius reference architecture with ATAM/R. 

 

 
Fig. 8. First level of decomposition of the Mercurius reference architecture [19].  
 
 Discussion on the hypothetical architecture evaluation with ATAM/R: By the 
time the architecture was defined, experience with workflow management systems 
existed and a well-motivated selection of a set of representative contexts could have 
been made (related to A1) and separate evaluation sessions could have been 
performed (related to A2). The architecture was designed mainly in a research 
environment and only a limited, non-representative set of stakeholders could have 
been involved in the evaluation process, positioning the architecture as non-
consolidated (related to A3 and A4). Analysis of the effects of the architectural 
approaches on the required system and architectural qualities could have been 
performed (related to A5). ATAM techniques could have been used for the evaluation 
of the required system qualities and the conceptual integrity architectural quality and 
extensions E1 and E3 for the completeness and applicability architectural qualities, 
respectively.  

Conclusions: ATAM/R could have been applied for the evaluation of the 
Mercurius reference architecture. The unconsolidated nature of the architecture would 
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lead to non-domain validated evaluation results. Only a subset of the extensions in 
ATAM/R would have been used.  

5.4 The hypothetical evaluation of the ANSI-SPARC DBMS Reference 
Architecture 

Description of the ANSI-SPARC DBMS reference architecture: The ANSI-
SPARC DBMS reference architecture [37], [38], [39] was defined with the goal to 
provide a standard for effective data base management systems (Fig. 9 depicts the 
main part of the architecture). Prior to its design, substantial practical experience on 
database management systems existed. However, the design team concluded that "no 
existing or proposed implementation of a database management system completely 
satisfies" the requirements identified by the design team "nor comprises all of the 
concepts involved" [37]. Thus, the architecture was a FRA. We identified at least 
three architectural approaches and styles used in the architecture (layering, pipe and 
filter, mapper) and concluded that the architecture is detailed. Based on [37], we 
concluded that at least the modifiability, integrability, and interoperability system 
qualities and the completeness and scoping, conceptual integrity, understandability, 
and applicability architecture qualities were addressed in the architecture. Next, we 
discuss the main aspects of a potential evaluation of the architecture with ATAM/R. 
 

 
Fig. 9. Copy of part of the ANSI-SPARC DBMS reference architecture [39]  

Discussion on the hypothetical architecture evaluation with ATAM/R: By the 
time the architecture was defined, certain experience with database management 
systems existed and a motivated selection of a set of representative contexts could 
have been made (related to A1 and A2). In [37], the main stakeholder roles have been 
identified (system administrators, application programmers, report specifiers, system 
developers, etc.). Representatives from seven user companies, three developer 
companies, and three universities were involved in the design of the architecture. 
Based on the involvement of the stakeholders in the design process, we can expect 
that representatives for all stakeholder roles and views could have easily been invited 
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and involved in an evaluation process. Furthermore, the reputation of ANSI-SPARC 
that governed the design work would be a strong incentive for the potential 
stakeholders to delegate representatives for the architecture evaluation. That is why 
we conclude that stakeholders would be fully consolidated for the evaluation of the 
architecture and a representative set of stakeholders could have been selected and 
involved in the evaluation process (related to A3 and A4). Analysis of the effects of 
the architectural approaches on the required system and architectural qualities could 
have been performed (related to A5). For the evaluation of the required architecture 
qualities extensions E1, E3, and E4 could have been used.  

Conclusions: The ANSI-SPARC three-layer reference model is generally accepted 
– even described as a basic model in many database text books. It defines the 
separation between internal, conceptual and external data models and data 
management. The ANSI-SPARC reference architecture is a more elaborate standard 
for the structure of database management system software, but less well-known than 
the basic three-level model. To the knowledge of the authors, it has not been used in a 
published, explicitly documented way in the design of many (if any at all) database 
management systems. ATAM/R offers the possibility to analyze the ANSI-SPARC 
RA and in doing so discover weaknesses and risks that may explain the lack of 
explicitly documented use of the reference architecture. The consolidation of the 
stakeholders would allow in this case the usage of the A3 and A4 adaptations.  

5.5 The hypothetical evaluation of the Workflow Reference Model 

Description of the Workflow Reference Model: The Workflow Reference Model  
(WRM) was defined by the Workflow Management Coalition with the goal to provide 
a standardized view on workflow management systems, allowing interoperability 
between different workflow products [20]. Existing workflow products were used as 
an inspiration in the design of the WRM (hence, the WRM is a PRA).  The WRM is 
described on a single level of decomposition (depicted in Fig. 10). The WRM aims at 
satisfying only the interoperability system quality and the completeness, scope, 
understandability, applicability, acceptability, and buildability architectural qualities. 
To address the interoperability quality only a façade pattern is used. Thus, the WRM 
is an aggregated reference architecture. Next, we discuss the main aspects of a 
potential evaluation of the WRM with ATAM/R. 
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Fig. 10. The Workflow Reference Model [20] 

Discussion on the hypothetical architecture evaluation with ATAM/R: The 
existence of substantial experience with workflow systems by the time the 
architecture was defined would have provided a foundation for the selection of a 
representative set of contexts that could be used in the evaluation of the WRM 
(related to A1 and A2). In [20], a set of roles of the stakeholders of the WRM are 
defined (workflow software development companies, producers of software that has 
to interoperate with workflow management systems, users, etc.). The design of the 
WRM was conducted within the Workflow Management Coalition involving major 
system developers and users of workflow systems. Thus, the stakeholders in WRM 
were fully consolidated (see Fig. 5) and a representative set of them could have been 
involved in the evaluation process (related to A3 and A4). Analysis of the effects of 
the façade architectural approach on the set of desired system and architectural 
qualities would have been beneficial for the evaluation (related to A5). The 
completeness and scope, understandability, applicability, acceptability, and 
buildability architectural qualities could have been evaluated through the extensions 
described in Section 4.2 (E1, E2, E3, E4, and E5).  

Conclusions: Due to the aggregated nature of the WRM, its evaluation with 
ATAM would not be sensible. However, ATAM/R would be a convenient method for 
the selection of for the evaluation of the mixture of one system and a number of 
architectural qualities.  

5.6 Summary  

We have discussed the actual and hypothetical applications of ATAM/R for the 
evaluation of five reference architectures. We have shown that the adaptations and 
extensions of ATAM that we propose are relevant and valuable for the evaluation of 
reference architectures. In Table 1, we summarize the application of ATAM/R in 
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these cases. We use “X” to denote that an adaptation or an extension was needed for 
the evaluation of the reference architecture and that it was (or could have been) 
successfully applied. With “x” we denote the partially successful usage of an 
adaptation and with an empty field the inability to use an adaptation (as a direct 
consequence of the unconsolidated nature of some of the architectures). Dashes (“-”) 
denote that certain extensions were not relevant in these cases. 

Table 1. Summary of the evaluations of the reference architecture with ATAM/R 

 A1 A2 A3 A4 A5 E1 E2 E3 E4 E5

ERA X X x x x X X X X X
AHA X X x X X - X - -
Mercurius X X x x X - X - -
ANSI-SPARC X X X X X X - X X -
WRM X X X X X X X X X X

 
This section gives an indication for the feasibility of ATAM/R. However, it does 

not represent a definitive evaluation for the method feasibility as the cases discussed 
in it were used during the design of the method.  

6 Conclusions 

In this paper, we compare reference architectures to concrete architectures and show 
that the specific characteristics of reference architectures do not allow existing 
methods for the evaluation of concrete architectures to be used straightforwardly for 
the evaluation of reference architectures. We propose a number of adaptations and 
extensions on the Architecture Trade-off Analysis Method (ATAM) for the evaluation 
of reference architectures. We have applied the modified method to a set of reference 
architectures from various software domains: intelligent contract management, 
hypermedia systems, workflow management, and data management. 

The extended and adapted ATAM for reference architectures (named ATAM/R) is 
a “proto-method”. A number of its elements require further elaboration and 
clarification to become a full-blown method for use in industrial practice. Guidelines 
for the selection of representative stakeholders and contexts must be elaborated. 
Metrics for the evaluation techniques suggested as extensions to ATAM must be 
defined as well. In this paper we referred e.g. to recent research results on the 
improvement (and measurement) of (model) understandability. The specifics of 
Practice Reference Architectures (PRAs) and Futuristic Reference Architectures 
(FRAs) indicate that a method for the evaluation of reference architectures has to 
recognize and address the differences between them. The adaptations and extensions 
that we propose lead to multiple and prolonged executions of the ATAM phases. This 
means that the time planning will differ from the time-schedules prescribed in ATAM 
and indicative guidelines for it have to be provided as well.  

The design of domain reference architectures often is a process that is not disclosed 
to the general public (especially in the case of PRAs). In addition, the evaluation of 
reference architectures is a time-consuming and complex process that requires 
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dedication and motivation from stakeholders who are usually at different locations. 
Last but not least, reference architectures are defined far less frequently than concrete 
architectures. Altogether, these factors make obtaining a sufficient set of cases for the 
evaluations of reference architectures and defining a complete evaluation method 
difficult for a single research group. With this work, we present our findings on the 
evaluation of reference architectures as a valuable contribution in the process of 
defining a complete and detailed method for the evaluation of reference architectures.   
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