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Abstract Architectural knowledge has played a role in discussiondesign, reuse,
and evolution for over a decade. Over the past few yearsethetias significantly
increased in popularity and attempts are being made to gyopefine what con-
stitutes ‘architectural knowledge’. In this chapter, weatiss the state-of-the-art in
architectural knowledge management. We describe four wieivs on architectural
knowledge based on the results of a systematic literatuieweBased on software
architecture and knowledge management theory we definerfain categories of
architectural knowledge, and discuss four distinct ploiitBes on managing archi-
tectural knowledge, which have their origin in the aforetimred views. Whereas
traditionally tools, methods, and methodologies for aedtural knowledge man-
agement were confined to a single philosophy, a trend canserdd that state-of-
the-art approaches take a more holistic stance and ingedifferent philosophies
in a single architectural knowledge management approach.

1 Introduction

Over the past few years, the concept of ‘architectural kedge’ has become more
prominent in literature and attempts are being made toeaaiva proper defini-
tion for this concept. In this chapter we present the stétire-art in architectural
knowledge management. To this end, we look at what precisebils architectural
knowledge and what predominant philosophies exist for miagesuch knowledge.
In answer to the question ‘what is architectural knowledg@?Section 2 we
describe four main views on architectural knowledge thag¢rgied from a system-
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atic literature review, and explore their commonalitied alifferences. Using two
orthogonal architectural knowledge dimensions, we deftg tategories of ar-
chitectural knowledge. The potential knowledge convarsibetween these cate-
gories, which we describe in Section 3, together form a detsex framework with
which different architectural knowledge management #afthies can be typified.
This framework shows that the differences between the f@mws/on architectural
knowledge are very much related to the different philosepltiey are based on.

Although there exist several single-philosophy approadhat have both their
origin and scope on only one of the main philosophies, inmepears a shift towards
more overarching approaches can be observed. Four of @ratstfor architectural
knowledge management are discussed in Section 4.

2 What is ‘Architectural Knowledge’?

To be able to understand what architectural knowledge lenta¢ have conducted
a systematic literature review in which we explored ‘teets’ architectural knowl-
edge has in different software architecture communitiestalls on the protocol
followed in this systematic literature review can be foun@®ection 5. The review
revealed four primary views on architectural knowledgeSéction 2.1 we elabo-
rate upon these views, and in Section 2.2 we formulate a yhaorarchitectural
knowledge by looking at the commonalities and differencssvben these views.

2.1 Different Views on Architectural Knowledge

Architectural knowledge is related to such various topgsai@hitecture evolution,

service oriented architectures, product line engineegntgrprise architecture, and
program understanding, to name but a few. In the literahweiever, there are four

main views on the use and importance of architectural kndgéeThose four views

— pattern-centric, dynamism-centric, requirements+ignand decision-centric —

are introduced in this section.

2.1.1 Pattern-centric view

In the mid-nineties, patterns became popular as a way taEphd reuse design
knowledge. People were disappointed by the lack of abilftyobject-oriented)

frameworks to capture the knowledge necessary to know whdrhaw to apply

those frameworks. Inspired by the work of Christopher Ateder on cataloging
patterns used in civil architecture, software engineeaged to document proven
solutions to recurring problems.
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Initially, patterns focused mainly on object oriented desand reuse; the canoni-
cal work in this area is the book by the ‘Gang of Four’ [22]. Eim was to let those
design patterns capture expert and design knowledge, ss&yeas know when and
how to reuse design and code. Soon, however, the patternawoity extended its
horizon beyond object-oriented design. Nowadays, pattexist in many areas, in-
cluding patterns for analysis (e.g., [19]), architectal@sign (e.g., [20, 12]), and the
development process (e.g., [16, 15]).

Patterns in software development serve two purposes.rRatiee reusable so-
lutions that can be applied to recurring problems. They fdsm a vocabulary that
provides a common frame of reference, which eases sharamitestural knowl-
edge between developers. Although patterns are usuallyndercted according to
certain templates, there is not a standard template usedl foatterns. The way in
which patterns are codified make them very suitable for huomasumption, but
less so for automated tools.

2.1.2 Dynamism-centric view

A more formal approach to architectural knowledge can badan discussions on
dynamic software architectures. Systems that exhibit slyclamism can dynam-
ically adapt their architecture during runtime, and forrapde perform upgrades
without the need for manual intervention or shutting downclssystems must
be able to self-reflect and ‘reason over the space of ar¢thisddnowledge’ [23],
which invariably means that — unlike patterns — this architel knowledge must
be codified for consumption by non-human agents.

Since the software itself must understand the architeldtnmavledge, architecture-
based adaptation has to rely on rather formal ways of cotlditaA 2004 survey
by Bradbury et al. [9] reveals that almost all formal speatiien approaches for
dynamic software architectures are based on graph repatiseis of the architec-
tural structure. Purely graph-based approaches use iexphph representations of
components and connectors. In those approaches, arahitectconfiguration is
expressed with graph rewriting rules. Other approacheghmse implicit graph
representations, rely mainly on process algebra or logexprvess dynamic recon-
figuration of the architecture.

A particular family of formal languages for representinghatectures is formed
by so-called ‘architecture description languages’ (ADLAthough not all ADLs
are suitable for use in run-time dynamic systems, all ADlsslzased on the same
component-connector graph-like representation of axchites (cf. [33]).

2.1.3 Requirements-centric view
The architecture is ultimately rooted in requirements.réfare, architectural knowl-

edge plays a role in enabling traceability in the transifimm requirements to ar-
chitecture. But there is an inverse relation too, namelydhtthat ‘stakeholders are
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quite often not able to specify innovative requirementhrequired detail without
having some knowledge about the intended solution’ [38hdéein order to specify
sufficiently detailed requirements, one needs knowledgetadbout the (possible)
solutions, which means that requirements and architeotsd to be co-developed.
This is a subtle, but important difference: the transitiéew is a bit older and de-
notes the believe that problem is followed by solution, velasrthe more recent
co-development view emphasizes that both need to be coadidencurrently.

The relation between requirements and architecture has d@epular subject
of discourse since the early 2000s. Although the related SSVRvorkshop series
is no longer organized, many researchers still focus orghridthe gap between
requirements and architecture. A 2006 survey by Galstek €3 identified and
classified the methodologies in this area, including Jatkgmoblem frames (later
extended to ‘architectural frames’ [40]), goal-orientedjuirements engineering,
and the twin peaks model for weaving architecture and requénts [36].

2.1.4 Decision-centric view

For many years, software architecture has mainly beendedaas the high-level
structure of components and connectors. Many architdctiescription frame-
works, such as the IEEE-1471 standard [28] therefore hawaticplar focus on
documenting the end result of the architecting process.

Nowadays, the view on architecture seems to be shifting filoenend result
to the rationale behind that end result. More and more rekees agree that one
should consider not only the resulting architecture ifdalt also the design deci-
sions and related knowledge that represent the reasoniigcois result. All such
architectural knowledge needs to be managed to guide systelotion and prevent
knowledge vaporization. [8]

The treatment of design decisions as first-class entitiables the consideration
of a wide range of concerns and issues, including pure teahissues, but also
business, political and social ones. Architects need tariza all these concerns in
their decision making. To justify the architectural dedigother stakeholders, com-
munication of the architectural design decisions playsyar&ée. In that sense, the
decision-centric view is very much related to the (broaflei)l of design rationale.

2.2 So, what is Architectural Knowledge?

If there’s anything clear from the four views on architeaeflknowledge, it must be
that there is not a single encompassing definition of what ithowledge entails.
A 2008 survey of definitions of architectural knowledge ieded that most studies
circumstantially define architectural knowledge. Thoseligis that do give a di-
rect definition are of recent date, and all of them have roothé decision-centric
view [3].
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The apparent importance of the decision-centric view iruising and defin-
ing architectural knowledge may be explained when we lodakatinks between
this view and the other views; decisions appear to be théninkin between the
different views.

The relation between patterns and decisions is discusskel@iison et al. Their
conclusion is that the two are complementary concepts,fatdu]sing a pattern in
system design is, in fact, selecting one of the alternatitations and thus making
the decisions associated with the pattern in the targetsysspecific context’ [26].
Ran and Kuusela proposed a hierarchical ordering of desitferps in what they
call a ‘design decision tree’ [39].

The relation between design decisions and requirementsecapproached from
two directions. Bosch conceptually divides an architegitdiesign decision into a
‘solution part’ and a ‘requirements part’ [8]. The requiremts part represents the
subset of the system’s requirements to which the solutiohgravides a solution.
Van Lamsweerde, on the other hand, argues that for alteengdial refinements and
assignments, ‘decisions have to be made which in the endpvatiuce different
architectures’ [32].

Formal graph-based architecture representations areiabpeuitable for au-
tomated reasoning. In other words, those representatitaisiee automated agents
either take design decisions themselves [9], or to informmdnu architects about
potential problems and pending decisions [42].

Decisions may indeed be an umbrella concept that unify jpéttsose different
views on architectural knowledge, because they closefterdb various manifesta-
tions of architectural knowledge concepts. Of course gtlaee differences between
the views too: patterns are individual solution fragmefasnal representations fo-
cus on the end result only, and requirements engineeringoig mccupied with
problem analysis than solution exploration. If we want tétdrecompare the dif-
ferent manifestations of architectural knowledge, it Belp distinguish between
different types of architectural knowledge. Two distinais are particularly useful:
tacit vs. explicit knowledge, and application-generic aggplication-specific archi-
tectural knowledge.

Nonaka and Takeuchi draw the distinction between tacit aquicit knowl-
edge [35] (see also Chapter 1). This distinction is apple#d knowledge in gen-
eral, and its application to architectural knowledge afias to distinguish between
the (tacit) knowledge that an architect and other stakeduslduilt up from experi-
ence and expertise, and the (explicit) architectural kedgé that is produced and
codified — for example in artifacts such as architecture rijgtsans.

The distinction between application-generic and appboaspecific architec-
tural knowledge has been proposed by Lago and Avgeriou [B1ik distinction,
which is not necessarily applicable to other knowledge thachitectural’ knowl-
edge, allows us to distinguish between (application-gen&nowledge that is “a
form of library knowledge” that “can be applied in severapbgations indepen-
dently of the domain” and (application-specific) knowledgyat involves “all the de-
cisions that were taken during the architecting procesgpafticular system and the
architectural solutions that implemented the decisiohs’summary, application-
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generic knowledge is all knowledge that is independent efapplication domain,

application-specific knowledge is all knowledge related fmarticular system.
Since the two distinctions are orthogonal, a combinatiotheftwo results in

four main categories of architectural knowledge, which depicted in Figure 1.

That figure also provides examples of the type of architettumowledge that fits
each of the four categories.
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Fig. 1 Architectural knowledge categories

e Application-generic tacit architectural knowledge irdibs the design knowledge
an architect gained from experience, such as architeataralepts, methodolo-
gies, and internalized solutions.

e Application-specific tacit architectural knowledge elstabntextual domain knowl-
edge regarding forces on the eventual architectural solpiti includes business
goals, stakeholder concerns, and the application conteyaneral.

e Application-generic explicit knowledge is design knowdedhat has been made
explicitin discussions, books, standards, and other tgpesmmunication. Itin-
cludes reusable solutions such as patterns, styles aibtdnit also architecture
description languages, reference architectures, an@gsanodels.

e Application-specific explicit architectural knowledgepibably the most tangi-
ble type of architectural knowledge. It includes all extdized knowledge of a
particular system, such as architectural views and modedhjtecturally signif-
icant requirements, and codified design decisions and rtiganale.
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3 Philosophies of Architectural Knowledge Management

Knowledge from each of the four architectural knowledgesgaties can be con-
verted to knowledge in another (or even in the same) cateddrg conversion
lies at the basis of different architectural knowledge nggmaent philosophies. For
some, architectural knowledge management may be mairdpdied to support the
transition from application-generic to application-sifiecknowledge. For others,
the interplay between tacit and explicit knowledge may feassence of architec-
tural knowledge management.

Nonaka and Takeuchi defined four modes of conversion betwasinand ex-
plicit knowledge: socialization (tacit to tacit), extelisation (tacit to explicit),
internalisation (explicit to tacit), and combination (&gft to explicit; cf. Chap-
ter 1). Based on the distinction between application-gererd application-specific
knowledge, we can define four additional modes of conversion

e Utilization is the conversion from application-generic to applicatspecific
knowledge. It is a common operation in the architecting psscwhere back-
ground knowledge and experience are applied to the probiéwanal.

e Abstractionis the conversion from application-specific to applicatgemeric
knowledge. In this conversion, architectural knowledgérisught to a higher
level of abstraction so that it has value beyond the origapalication domain.

e Refinemenis the conversion from application-specific to applicatspecific
knowledge. Here, the architectural knowledge for a paldicapplication is ana-
lyzed and further refined and related.

e Maturementis the conversion from application-generic to applicatimmeric
knowledge. It signifies the development of the individuahatect as well as the
architecture field as a whole; a kind of learning where newegerknowledge is
derived and becomes available for application in subseagiesign problems.

In total, there are sixteen architectural knowledge casives. Each conversion
is formed by pairing one of the four conversions betweert tawil explicit knowl-
edge with one of the four conversions between applicatemegc and application-
specific knowledge. Together, the sixteen conversions todascriptive framework
with which different architectural knowledge managemehitgsophies can be typ-
ified.

We saw earlier that the four views on architectural knowéedagn all be related
to decision making. At the same time, we saw that there acealisious differ-
ences between those views. Those differences are very ralatbd to the different
architectural knowledge management philosophies thepased on.

The pattern-centric view, for example, is mainly geared towards the develop-
ment of a shared vocabulary of reusable, abstract solutiéssuch, the devel-
opment of a shared tacit mental model is a major goal. Thi$ igaachieved by
sharing application-generic patterns that are mined frpplieation-specific solu-
tions. A second goal is the development of libraries of rblesaolutions, which
is made possible by maturement of documented patterns bjogatg them. The
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knowledge management philosophy in this view is primardgéd on the following
architectural knowledge conversions, which are also Vigein Figure 2:

(a) Abstraction and combination:  The most obvious exampliis conversion
is the process of pattern mining. Patterns are inherentijrattions. They are
mined from existing architectural solutions and descrilmed clear and struc-
tured way to improve the reusability.

(b) Utilization and combination:  One of the ways in whichtpats can be reused
in new designs is by looking them up in books, cataloges, floeratepositories.
Architects who wish to design a system comprised of sevad#pendent pro-
grams that work cooperatively on a common data structurkldoak up one of
the many books available on architectural patterns (eL8]) fo find out that the
‘blackboard’ pattern is just what they need. Grady Boochksan the creation
of a Handbook of software architecture, of which the primgwmgl is “to fill this
void in software engineering by codifying the architectafea large collection
of interesting software-intensive systems, presentiegntin a manner that ex-
poses their essential patterns and that permits compar&sooss domains and
architectural styles.” [7].

(c) Maturement and combination: Documented patterns maydsmnized in pat-
tern catalogs. These catalogs present a collection ofivel\aindependent so-
lutions to common design problems. As more experience isegailsing these
patterns, developers and authors will increasingly irstegroups of related pat-
terns to form so-called pattern languages [44]. Althougihgrttern has its mer-
its in isolation, the strength of a pattern language is thattégrates solutions
to particular problems in important technical areas. Amagie is provided by
Schmidt and Buschmann in the context of development of aoectinetworked
applications [43]. Each design problem in this domain —idelg issues related
to connection management, event handling, and serviceseaaust be resolved
coherently and consistently and this is where pattern laggsi are particularly
helpful.

(d) Maturement and internalisation: Experienced arctstkoow numerous pat-
terns by heart. Such architects have no trouble discusssits in terms of
proxies, blackboard architectures, or three-tier CORBAdd client-server ar-
chitectures. Their exposure to and experience with thogerpa has led to inter-
nalised and matured pattern knowledge. The consequemdhacit vocabulary
can be employed at will, without the need to look up individuatterns in order
to understand what the other party means.

(e) Utilization and externalisation: ~ When an architect Imésrnalized several pat-
terns, the use of those patterns as a means for communiaatidasign is a
combination of utilization (of the pattern) and externatlisn (of the knowledge
about the pattern and its existence).

While the pattern-centric view aims to support the developmétacitly shared
application-generic architectural knowledge, th@amism-centric view is much
more focused on explicit application-specific architeatiknowledge. Although
some application-generic knowledge is utilized, the date@soning and reconfig-
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ment philosophy is therefore primarily based on two coreas

() Refinement and combination:

Application-specific

Application-specific

corresponds to the formadaring over codi-

fied architectural solutions in terms of models that are gorable by non-human
agents. One approach for automated reasoning over ajtiesiecific archi-
tectural knowledge is introduced by Robbins et al., whooiehtice the concept
of ‘critics’ [42]. Critics are active agents that supportcidgon-making by con-

tinuously and pessimistically analyzing partial architees. Each critic checks

for the presence of certain conditions in the partial aeshitre. Critics deliver
knowledge to the architect about the implications of, ceralatives to, a design
decision. Often, critics simply advise the architect ofgmtial errors or areas
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needing improvement in the architecture. One could theeedee critics as an
automated form of the backlog that architects use in theiteicting process to
acquire and maintain overview of the problem and solutiaced27].

(g) Utilization and combination:  corresponds to formalpesifying the applica-
tion’s components and connectors in generic languagesaué&bLs or other
graph representations. Medvidovic and Taylor propose goenison and clas-
sification framework for ADLs, enabling the identificatiof key properties of
ADLs and to show the strength and weaknesses of these lagg{28]. In their
comparison, Medvidovic and Taylor point out that at one ehthe spectrum
some ADLs specifically aim to aid architects in understagdirsoftware sys-
tem by offering a simple graphical syntax, some semanticsbasic analyses
of architectural descriptions. At the other end of the speet however, ADLs
provide formal syntax and semantics, powerful analysisstanodel checkers,
parsers, compilers, code synthesis tools and so on.

For therequirements-centric view, the primary goal is tracing knowledge about
the problem to knowledge about the solution. In co-develpiran additional goal
is to connect knowledge about problem and solution so tht&dlekolder’s image
of the problem and solution domain is refined. In this view, phimary architectural
knowledge conversions are:

(h) Refinement and socialization: Especially in co-develept, architects and
stakeholders will interact to align system goals and aechitral solutions. Such
interaction between ‘customer’ and ‘product developed @rime example of a
situation in which tacit knowledge is shared (cf. [35]). Pahd Sikora discuss
the need for co-development of requirements and archiclihey argue that
such co-design is only possible is there is sufficient kndgieabout the (course)
solution when defining (detailed) system requirementsstéad of defining re-
qguirements based on implicit assumptions about the soluteguirements and
architectural artifacts need to be developed concurrefg6].

(i) Refinement and combination: Adding and maintaining d¢edality from re-
quirements to architecture is a refinement step that comalgixglicit knowledge
about elements from the problem and the solution spacer&egehniques exist
to guide the transition from requirements engineering ftwswse architecture. In
their 2006 survey, Galster et al. use architectural knogdems knowledge about
(previous) architectural solutions that can be reused wdr@ountering simi-
lar requirements in a new project. They present patterns el container
for these reusable assets. Another approach for guidingrdheition between
requirements and architecture is that of feature-solugi@phs [10]. De Bruin
and Van Vliet use architectural knowledge as knowledge tafyoality concerns
(represented as features) and solution fragments at théeutural level (rep-
resented as solutions). These are modeled together agd-&atiution graphs
in order to guide the explicit transition (or alignment)Wween the problem and
solution world.

(k) Refinement and externalisation:  Externalisation ofliapfion-specific tacit
knowledge — such as concerns, goals, and the like — is an fengquart of the re-
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guirements process. Externalisation of tacit knowledgellem-related as well
as solution-related) is a precondition for maintainingéability.

()) Refinement and internalisation:  The interaction betwarchitects and stake-
holders is not purely a matter of socialization. In co-depetent, for example,
specifications and design artifacts play a major role asavellmay be an aid to
let the parties ‘re-experience’ each other’s experienceg435]). This internal-
ization of explicit application-specific architecturaldwmledge may consequently
lead to ‘new ideas and insights concerning both the envesi@ystem usage and
the architectural solution’ [38].

Finally, the essential philosophy of tltecision-centric view is externalizing
the rationale behind architectural solutions (i.e. ‘theyvalfi the architecture’) that
can then be internalized and shape other people’s mentatlsyab as to prevent
knowledge vaporization. The architectural knowledge eoswns central to this
philosophy are:

() Refinement and combination: The systemization and caizgfion of codi-
fied design knowledge is a major part of rationale managent@ver the past
few years, researchers have proposed (web-based) toatitdize codified de-
sign decisions and their relationships and impact. For gkanCapilla et al.
have proposed a web-based tool, ADDSS, for recording ancgiag architec-
tural design decisions [13]; Falessi et al. have devisecaifip design decision
rationale documentation technique, which is driven by @ gion goals and de-
sign alternatives available [17]; and Archium is a tool eomiment proposed by
Jansen et al. aimed at establishing and maintaining trditgddetween design
decision models and the software architecture design [29].

(m) Utilization and combination:  This conversion amourttshie reuse of codi-
fied, generic knowledge (decision templates, architecguwalelines, patterns,
etc.) ‘to take decisions for a single application and thusstict application-
specific knowledge’ [31].

(n) Internalisation and abstraction: Based on experienceexpertise, an archi-
tect may quickly jump to a ‘good’ solution for a particulaiopfem. Such a good
solution can be a combination of several finer grained dedgpisions. This
combination of design decisions may become so common foarttgtect that
the solution is no longer seen as consisting of individuaigiens. It may be hard
for the architect to reconstruct why a certain solution fifgagticular problem;
the architect ‘just knows’.

(o) Utilization and externalisation: When a solution hashieéernalized, and the
architect ‘just knows’ when to apply it, it becomes diffictdt see which other
solutions are possible. Part of the decision-centric gbiiy (e.g., in [10]) is
therefore to reconstruct and document the constitutingydekecisions.

(p) Refinement and internalisation:  This ‘consumption’ ofhditectural knowl-
edge takes place when people want to ‘learn from it or cartysome quality
assessment’ [31].

(q) Refinement and externalisation:  The rationalizatiota&én architectural de-
cisions, i.e. reconstruction and explanation of the ‘whshimd them, is a crucial
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part of the decision-centric philosophy in which tacit knegge is made explicit.
In this respect, the software architecting can apply théfrestices known from

the ‘older’ and well-known field of design rationale. Redle¢ present a survey

of design rationale systems, in which they distinguish leetwprocess-oriented
and feature-oriented approaches [41]. Process-oriegdmrationale systems
emphasize the design rationale as a ‘history’ of the desigogss, which is de-
scriptive and graph-based. A well-known example is thed€8ased Information
System (IBIS) framework for argumentation. A feature-otezl approach starts
from the design space of an artifact, where the rules and ketlge in the specific
domain must be considered in design decision making. Ofitesettype of design
rationale systems offer support for automated reasoninglofe recent survey
on architecture design rationale by Tang et al. providesrimétion about how
practitioners think about, reason with, document and use@deationale [46].
It turns out that although practitioners recognize the irtgorce of codifying de-
sign rationale, a lack of appropriate standards and toobssist them in this
process acts as barrier to documenting design rationateurfadely, the field of
design rationale is working hard on developing more matuppsrt. Recent de-
velopments have led to the creation of mature tooling sucbamspendium and
SEURAT [11], and models such as AREL [47].

(r) Abstraction and combination:  The construction of highel structures (tem-

plates, ontologies, models) to capture and store archieatesign decisions.
Various approaches to codify architectural design deassio such as way have
been reported. Tyree and Akerman present a template toycadifitectural de-
sign decisions together with their rationale and sevetaoproperties relevant
to that decision, such as the associated constraints, atime, and a short de-
scription [48]. Kruchten proposes a more formal approachaafifying design
decisions by using an ontology [30]. Ran and Kuusela preserit on design
decision trees [39].

4 State-of-the-art in architectural knowledge management

Based on the discussion of the four philosophies on ardhitgicknowledge man-
agement and the primary architectural knowledge convessibthese philosophies,
we can identify a few single-philosophy approaches to &chiral knowledge
management:

Rationale management systertrsorder to achieve refinement and externalisa-
tion of architectural knowledge, design rationale needsetonanaged. Various
tools and methods have been proposed over the last decattgrigrexactly this.
Pattern languages and catalog®o allow for utilization and combination of ar-
chitectural knowledge architectural knowledge needs toebegorized in pattern
languages or catalogs. From these sources it can be quis&tyin specific ap-
plications. In addition it enables learning and reasoning.
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e Architecture description language&DLs enable utilization and combination of
architectural knowledge in a formal way. Various types of L&Dexist, which
range in level of formality and purpose, the latter rangiranf aiding under-
standing of software systems to enabling powerful analyses

e Design decision codificatiormo support refinement and combination of archi-
tectural knowledge much effort has been put in methodsst@ld techniques
to codify architectural knowledge concepts. Design deosiare central to these
methods and tools, but also related concepts such as ratiand alternative
solutions are captured.

We saw earlier how the concept of ‘decisions’ seem to be arreifalconcept
for all views on architectural knowledge. We can now expldiis better: ‘ma-
ture’ architectural knowledge management unifies coneassirom all architec-
tural knowledge management philosophies, and is not méirelted to just one
philosophy. This concept, which we callecision-in-the-large’ is related more to
the architecting process than to pure rationale managefwéith we could call
‘decision-in-the-narrow), even though codifying rationale and preventing knowl-
edge vaporization has been one of the prime drivers for thisida-centric philos-
ophy. A focus on ‘decision-in-the-large’ seems driven muoyerchitectural knowl-
edge use cases than by anything else, often under the cokiweptedge sharing’.
A classification of such use cases is presented by Lago e3Hl. Wwhich distin-
guishes between architecting, sharing, assessing, amirnga

Obviously, some ‘decision-in-the-large’ approaches ws@lfrom ‘decision-in-
the-narrow’ approaches. But the former starts to play a rpoveninent role in the
other philosophies, and hence the other views, too. In tee=rs, a shift towards
more overarching state-of-the-art approaches can bewagsdfour main trends for
architectural knowledge management can be identified tbatlynfocus on specific
use cases for architectural knowledge management. Thesstwill be elaborated
upon in the next subsections.

4.1 Sharing architectural knowledge

The trend of sharing architectural knowledge is focused rawiging support for
management of various types of architectural knowledgéh(bpplication-generic
and application-specific). De Boer et al. propose a core moflarchitectural
knowledge that provides further insight in what architegtentails (e.g. how de-
sign decisions are made) and which knowledge concepts até feausing on in
support for architectural knowledge management [4]. Theduides concepts that
have their origin in the pattern-centric, requirementstdée and decision-centric
view.

From knowledge management literature it is known that keogé sharing can
be achieved through codification or personalization [2&feRhorst et al. have come
to the conclusion that a hybrid strategy might work best.yTi@pose a platform
for architectural knowledge sharing that combines codificatechniques (design
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decision repositories, document management facilitiét) personalization mech-
anisms (yellow pages, discussion forums) in order to enildé In-Time architec-
tural knowledge: delivery of and access to the right architel knowledge, to the
right people, at the right time [18].

Another platform that allows managing different types aftatectural knowl-
edge concepts is the Process-based Architecture KnowMedgagement Environ-
ment (PAKME) proposed by Ali Babar et al. [1]. This environmhallows storing
application-generic architectural knowledge (such aseg@nscenarios, patterns,
and quality attributes), and application-specific arditee knowledge (such as
concrete scenarios, contextualized patterns, and gdadityrs).

4.2 Aligning architecting with requirements engineering

We observe a trend in architectural knowledge managentersdtiire towards align-
ing the architecting process with requirements engingesimce the two practices
seem to have much in common. Pohl et al. propose COSMOD-REthoah for
co-designing requirements and architecture [37]. Thishoas supports the devel-
opment of detailed requirements based on the specifiedtectinie and the speci-
fied goals and scenarios. This co-design focus is fundathedtiierent from the
focus on traceability from requirements to architecturpreddominant focus in the
requirements-centric view.

With the transition from traceability to co-developmentftesign the require-
ments engineering community appears to look beyond their gvilosophy. In an
attempt to better understand the relationship of requirgsnand architecture, De
Boer and Van Vliet explore similarities between the two [Based on their study
they argue that there is no fundamental difference betweditecturally significant
requirements and architectural decisions, which alsadgléer integrated methods
and tools for architectural knowledge management thatasgkrrequirements en-
gineering and architecting.

4.3 Intelligent support for architecting

This trend focuses on specific architecting use cases detatetelligent and/or
real-time support for architects. One of the state-ofalteapproaches focuses on
providing architects or reviewers with a reading guide whaking for specific
architectural knowledge [5]. To save time, architects b intelligent discovery
method to quickly get to the important knowledge while skigpess relevant doc-
umentation.

Other intelligent support approaches focus on modelingigectural knowledge
concepts in such a way that learning and reasoning is stietill®ne example
is provided by Kruchten, who proposes an ontology of architel design deci-
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sions [30]. The templates he proposes allow acquiring imsign not only important
properties of design decisions (e.g. the status), but al#wei relationships between
design decisions (e.g. ‘enables’ or ‘conflicts with’). Wheoger visualization tech-
nigues are used this information is very useful for arch@étthe decision making
process, for example to model the backlog [27].

4.4 Towards a body of architectural knowledge

The last trend relates to establishing a body of architatkmowledge, to enable
both learning and reuse. Recently, several approachesttorgsup such a body of
knowledge have been introduced. Lenin Babu et al. proposk\aic, an ontology
for software architecture [2]. Based on knowledge from mégatbooks on soft-
ware architecture and by parsing parts of the web, they hawstiuicted a software
architecture vocabulary for reuse purposes. Their onyotdgoftware architecture
enables the architect in understanding the existing bestipes and the relation-
ships between them and also provide a means to apply there tteth systems to
be developed.

The need for cataloging architectural knowledge is alsoesged by Shaw and
Clements, who argue that Booch’ Handbook (cf. Section 3 ‘fw@vide important
exemplars, but engineers also need reference materiarteatizes what we know
about architecture into an accessible, operational bodynofvledge.” [45] This
body of knowledge is thus not comprised of only patterns,absi other types of
explicit application-generic architectural knowledgatthan be utilized effectively.
In an attempt to further define these types of architectunalwkedge, Clements
et al. have conducted empirical research to find out whatfsétities, skills and
knowledge is most important for an architect [14]. Codificatof this architectural
knowledge is perceived as “the beginnings of a road map &mitrg and mentor-
ing.”

5 Justification

Our state-of-the-art overview on architectural knowledgmagement is the result
of an extensive literature review conducted based on a finedeprotocol. More
details on this protocol can be found in [3]. The main phases@ed are discussed
in the remainder of this section.

In a systematic literature review of studies that define sculs ‘architectural
knowledge’, we identified 115 such studies [3]. These 118istuform the basis for
our discussion in this chapter. Consequently we will refethese studies as the set
of core studies®).

Since we are interested in the community structures thaenyndhe topic of
architectural knowledge, we enriched our dataset withdmjpaphical links. We as-
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sume the community structure can be found, or approximémgdaking into ac-
count the bibliographical references that various authwke to each others work.
Strong communities will display many intra-community nefieces, and relatively
few references to work outside the community. There are yved of bibliographi-

cal references: referencigemstudies irC to other studies, and referentestudies

in C from other studies. We will usB (for ‘bibliography’) to denote studies that are
referred tofrom studies inC, andR (for 'referring’) to denote studies that refey
studies irC. Hence, the mapping — C — B summarizes the enriched data set used
throughout this chapteér.

To determineB, we simply took all references listed in the 115 studies from
C. To determineR, however, we had to do a ‘reverse search’ on the studi€ in
since the information needed is not presenCiitself. For construction oR, we
used the Google Scholar search engine which provides sasteese search facility
through its ‘cited by’ feature. While constructifiyandB, we also obtained results
not necessarily found in sources from the sources list ifietitin our systematic
review (cf. [3]). We do not see this as a limitation of our ntetblogy. The goal of
the dataset enrichment is different from the initial idBagition of primary studies in
the systematic review; in the enrichment we are interestedimmunity structures,
and the different communities need not be limited to stugdidsished through and
indexed by the sources used for the review.

TogetherB, C, andR comprise a ‘social network’ of scholarly publications and
their interconnections. We analyzed this network usingGir@an-Newman algo-
rithm [24]. The Girvan-Newman algorithm discovers comntigsiin a graph, based
on the ‘betweenness’ of edges, i.e., the number of shorédiss phat run through an
edge. The algorithm iteratively calculates the edge batwess and removes the
edge with the highest betweenness value, thereby elimmatiges that act as con-
nections between different communities. Eventually, tigeréthm results in a fully
disconnected graph of ‘communities’ that consist of a @ngide.

Obviously, a disconnected graph is not the strongest cortynsinucture possi-
ble. Newman defines the modulari@)as a measure of strength of the community
structure discovered in a network [34]. High valuespf0 < Q < 1) indicate net-
works with a strong community structure. Newman’s emplrssédence shows that
local maxima ofQ correspond to reasonable community divisions, hence aglg
practice to stop the Girvan-Newman algorithm when a (locajlobal) maximum
Q-value has been obtained. In our case, the first local maxiofu@occurred when
the graph had been split up in 52 communities, while the dloizaimum occurred
at 59 communities@ ~ 0,7832), which is extremely high (according to Newman,
values above @ are rare; typical values fall in the rang806- 0.7). Because of the
data enrichment process we followed and the way the Girvawrhan algorithm
works, each of these 59 communities consists of at leasttadg 8omC, plus zero
or more publications from eithé or R.

1 Note thatB, C, andR are not completely disjoint; there are several occurrencesidfest fromC
referring to other studies fro. Also, publications that are referred to from one studZimay
themselves refer to other (earlier) studies flom
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In order to assign meaning to the 59 communities that camefdhe algorithm
we examined the set of papers for each of these communitiagrin and gave
them a label that corresponded best to the papers in that oaitynOften, the
non-core papers in the community did help in further chargang the community
and helped in phrasing a suitable label. When this was maiieudif(for example
when the non-core papers varied too much in subject), weelbokore specifically
at the core papers in that community since these actuallyatabut architectural
knowledge and can therefore lead to more fitting for the conitpiname. In the
end we ended up with 59 labels for the communities, althowghesof those did
overlap to a certain extent with each other.

In order to find out how exactly the communities had been disiEm by the
Girvan Newman algorithm we examined the hierarchical stimecof the identified
communities. The hierarchical relations capture the ardetich the communities
have been identified. Based on the order of community-spkt-we could assign
names to larger-order (i.e. parent) communities as well.

According to our definition a community should consist ofesdt two core pa-
pers (that talk about architectural knowledge) written ffecent authors. Based on
this rule we further analyzed the data. We limited the nunalb@nain communities
by removing the single-core-paper ones and the ones cimgsist merely papers
by the same author(s). In the end this refinement culminatedthe four main
communities discussed throughout this chapter: pattentric, dynamism-centric,
requirements-centric, and decision-centric.

6 Summary

In this chapter we have analyzed the state-of-the-art ihi@atural knowledge
management, and have shown that the concept of ‘archigddtmowledge’ is be-
coming more prominent in literature. In Section 2.1 we halentified four main
views on architectural knowledge: a pattern-centric viedynamism-centric view,
a requirements-centric view, and a decision-centric vigwe concept of ‘decision’
was found to be an umbrella concept that unifies parts of tieses.

To better understand the concept of architectural knovdeddgSection 2.2 we
have defined four main categories (or types) of architetkmawledge based on a
distinction between tacit and explicit knowledge on the baed, and application-
generic and application-specific architectural knowledgehe other hand. In to-
tal 16 knowledge conversions are possible between theséyfoes of architectural
knowledge. To articulate the commonalities and differermetween the four views,
in Section 3 we stated their main philosophies of architettknowledge manage-
ment and elaborated upon the architectural knowledge csioves that are central
for these views. The conversions were further illustratgcekamples of related
work.

Based on the discussion of the main philosophies we idestffi@r single-
philosophy approaches for architectural knowledge mamagé rationale manage-
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ment systems, pattern languages and catalogs, arch#@kdescription languages,
and design decision codification. All these approaches batfetheir origin in and
scope on only one of the main philosophies. In recent yeanseber, a shift to-
wards more overarching approaches can be observed. Fonrtreads for archi-
tectural knowledge management can be identified that mfstlys on specific use
cases for architectural knowledge management (e.g. shéegrning, traceability).
This state of the art in architectural knowledge managenmelitates a shift from
‘decision-in-the-narrow’ to ‘decision-in-the-large’.

We expect the interest in architectural knowledge to keepeesing over the
coming years. Although it is unlikely that we will see a unifigew on architectural
knowledge anytime soon, the observed trends in archit@ckmowledge manage-
ment indicate that future developments on managing athital knowledge may
further align the different views. We expect the trend ta¥gddecision-in-the-large’
to continue, since both researchers and practitionersa@im lhetter understanding
of what architects do, what their knowledge needs are, amdthiz architectural
knowledge can best be managed in the architecting process.
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