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Context: Combining software architecture and agile development has received significant attention in recent

years. However, there exists no comprehensive overview of the state of research on the architecture-agility

combination.

Objective: This work aims to analyze the combination of architecture and agile methods for the purpose of

exploration and analysis with respect to architecting activities and approaches, agile methods and practices,

costs, benefits, challenges, factors, tools, and lessons learned concerning the combination.

Method: A systematic mapping study (SMS) was conducted, covering the literature on the architecture-agility

combination published between February 2001 and January 2014.

Results: Fifty-four studies were finally included in this SMS. Some of the highlights: (1) a significant difference

exists in the proportion of various architecting activities, agile methods, and agile practices employed in the

combination. (2) none of the architecting approaches has been widely used in the combination. (3) there

is a lack of description and analysis regarding the costs and failure stories of the combination. (4) twenty

challenges, twenty-nine factors, and twenty-five lessons learned were identified.

Conclusions: The results of this SMS help the software engineering community to reflect on the past thirteen

years of research and practice on the architecture-agility combination with a number of implications.

© 2015 Elsevier Inc. All rights reserved.
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. Introduction

Software Architecture (SA)1 represents “the fundamental concepts

r properties of a system in its environment embodied in its elements, re-

ationships, and in the principles of its design and evolution” (ISO, 2011).

A acts as a high-level design and as a means of performing com-

licated trade-offs (e.g., quality requirements) between stakeholders

f software-intensive systems (Bass et al., 2012). Critics of traditional

rchitecting processes argue that they tend to employ a Big Design

p-Front (BDUF) approach leading to excessive documentation and

mplementation of possibly unneeded features, which introduce ad-

itional development effort (Abrahamsson et al., 2010). As an alterna-

ive to BDUF, agile development is proposed, which mainly focuses on

dapting to change and delivering products of high quality through

imple work-processes (Dingsøyr et al., 2010).

Freudenberg and Sharp listed the top 10 burning research ques-

ions in the agile development community collected from about 300
∗ Corresponding author. Tel.: +86 27 68776137; fax: +86 27 68776027.

E-mail address: liangp@whu.edu.cn (P. Liang).
1 For readability and clarity, we list all the abbreviations used in this paper in

ppendix B for reference.
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ractitioners at the XP 2010 conference, and the question “Architec-

ure and agile - how much design is enough for different classes of prob-

em?” is ranked in the second position (Freudenberg and Sharp, 2010).

any approaches, techniques, processes, and tools have been pro-

osed and developed to support either the use of SA or the use of

gile methods in software development. However, ways to combine

hem is a challenging issue, which has been heavily debated over the

ast years (Abrahamsson et al., 2010). To understand how SA and ag-

le development can be used together, we conducted a systematic

apping study (SMS) to collect primary studies on using software

rchitecture in agile development as well as using agile methods

n architecture-centric development. This study aims at identify-

ng available evidence on various aspects of this topic (for details see

ection 3.1), and spotting gaps in the application of architecture in

gile development and the other way round, i.e., the application of

gile methods and practices used within architecture-centric devel-

pment.

An SMS aims at mapping the evidence at a high level for a spe-

ific topic, and is particularly suitable when the studied topic is very

road (Kitchenham and Charters, 2007). Systematic literature review

SLR) is another form of secondary study, which provides “a means of

dentifying, evaluating, and interpreting all available research relevant to

particular research question” (Kitchenham and Charters, 2007). We

http://dx.doi.org/10.1016/j.jss.2015.09.028
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jss
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jss.2015.09.028&domain=pdf
mailto:liangp@whu.edu.cn
http://dx.doi.org/10.1016/j.jss.2015.09.028
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decided to conduct an SMS because the studied topics (software ar-

chitecture and agile development) cover very broad areas. However,

we did not just simply perform a mapping (classifying primary stud-

ies into categories), but also synthesized data from studies (by using

grounded theory (Strauss and Corbin, 1998)).

The rest of this paper is structured as follows. Section 2 provides

the context of this SMS, i.e., architecting activities and agile prac-

tices. Section 3 details the mapping study process with the research

questions. Section 4 presents the results of the research questions.

Section 5 further discusses the study results with their implications

for researchers and practitioners. Section 6 presents the threats to va-

lidity. Section 7 concludes this work.

2. Context

The contextual elements of this SMS include architecture-centric

development and agile development. We discuss the topic of

architecture-centric development through architecting activities and

agile development through agile practices. We summarize eleven ar-

chitecting activities in Section 2.1, which are collected from existing

literature, and briefly review the practices of agile development in

Section 2.2.

2.1. Architecting activities

The architecting process is comprised of a number of specific ar-

chitecting activities (covering the entire architectural lifecycle) and a

number of general architecting activities (supporting the specific ac-

tivities). The specific activities are listed and described below:

• Architectural Analysis (AA) is aimed at defining the problems an

architecture must solve. The outcome of this activity is a set of

architecturally significant requirements (ASRs) (Hofmeister et al.,

2007).
• Architectural Synthesis (AS) proposes candidate architecture so-

lutions to address the ASRs collected in AA, thus this activity

moves from the problem to the solution space (Hofmeister et al.,

2007).
• Architectural Evaluation (AE) ensures that the architectural de-

sign decisions made are the right ones, and the candidate archi-

tectural solutions proposed in AS are measured against the ASRs

collected in AA (Hofmeister et al., 2007).
• Architectural Implementation (AI) realizes the architecture by

creating a detailed design (Tang et al., 2010).
• Architectural Maintenance and Evolution (AME): Architectural

maintenance is to change an architecture for the purpose of fix-

ing faults (ISO, 2006, ISO, 2011) and architectural evolution is to

respond to new requirements at architectural level (Postma et al.,

2004). In this SMS, we simply considered architectural mainte-

nance and architectural evolution as one activity, in which an ar-

chitecture is changed either to fix faults or to implement new re-

quirements.

An architecting process is composed of the five specific activities

mentioned above (Hofmeister et al., 2007; Tang et al., 2010). There

are also general architecting activities (e.g., Architectural Description)

identified in (Li et al., 2013) that are meant to support the specific

activities. For example, Architectural Description (ADp) can be used

to specify and document the candidate architecture solutions during

Architectural Synthesis (AS). The general activities are described as

follows:

• Architectural Recovery (AR) is used to extract the current

architecture of a system from the system’s implementation

(Medvidovic and Jakobac, 2006).
• Architectural Description (ADp) is used to describe the architec-

ture with a set of architectural elements (e.g., architecture views).
This activity can help stakeholders (e.g., architects) to understand

the system, and improve the communication and cooperation

among stakeholders (ISO, 2011).
• Architectural Understanding (AU) is used to comprehend the ar-

chitectural elements (e.g., architectural decisions) and their rela-

tionships in an architecture design (Li et al., 2013).
• Architectural Impact Analysis (AIA) is used to identify the ar-

chitectural elements, which are affected by a change scenario

(Bengtsson et al., 2004). The analysis results include the compo-

nents in architecture that are affected directly, as well as the indi-

rect effects of changes to the architecture (Bengtsson et al., 2004).
• Architectural Reuse (ARu) aims at reusing existing architectural

design elements, such as architecture frameworks, decisions, and

patterns in the architecture of a new system (IEEE, 2010).
• Architectural Refactoring (ARf) aims at improving the architec-

tural structure of a system without changing its external behavior

(Babar et al., 2013; Fowler et al., 1999).

.2. Agile practices

Agile development aims at stripping away, as much as possi-

le, the effort-intensive activities in software development (Erickson

t al., 2005), and focuses on quick response to various changes of a

roject (Erickson et al., 2005). Agile practices are in general practices

sed to support agile development. An example of such an agile prac-

ice is iterative and incremental development, which focuses on small

eleases and a planning strategy based on a release plan and an itera-

ion plan (Augustine, 2005). Agile practices in principle adhere to the

alues proposed in the agile manifesto (16).

To the best of our knowledge, there is no work that systematically

ummarizes, analyzes, and classifies all existing agile practices. In lit-

rature we found more than a hundred such practices. We collected

he top 20 of these agile practices (listed in Table 1) according to the

umber of articles that discuss them (as shown in the “Sources” col-

mn).

This list of agile practices as well as the related literature pre-

ented above is not comprehensive; there are potentially many other

apers that discuss similar or other agile practices. Furthermore, the

forementioned agile practices may be partially overlapping as listed

n the parentheses of Table 1. For example, “Direct Interaction with

ustomer” in (Begel and Nagappan, 2007) is the same as “On-Site

ustomer” in (Silva et al., 2014). Considering this, we include “ag-

le practice” as a data item to be extracted in selected studies (see

ection 3.2.3) as shown in Table 5. Note that we only focus on the

gile practices related to software architecture in this SMS.

. Mapping study process

.1. Research questions

The goal of this SMS, formulated using Goal-Question-Metric ap-

roach (Basili et al., 1994), is to analyze the combination of software

rchitecture and agile methods for the purpose of exploration and

nalysis with respect to architecting activities and approaches, agile

ethods and practices, costs, benefits, challenges, factors, tools, and

essons learned from the point of view of researchers and practi-

ioners in the context of software development.

We decomposed the goal into nine research questions (RQs)

hown in Table 2. The answers of these RQs can be readily linked

o the objective of this mapping study: an understanding of how ar-

hitecting can be used in agile development (RQ1, RQ2), which agile

ethods and practices can be used with architecture (RQ3, RQ4), the

osts, benefits, challenges, and the available tools of the architecture-

gility combination (RQ5, RQ6, RQ8), the factors which may have an

mpact on the combination (RQ7), and the lessons learned from the

ombination (RQ9).
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Table 1

Top 20 agile practices.

Agile practice Sources

Test-Driven Development (Early Testing, Test-First Development) Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. ( 2012); Sfetsos

and Stamelos (2010); VersionOne (2015); Silva et al. (2014); Hossain et al. (2009);

Larman (2003)

Pair Programming Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012); Sfetsos

and Stamelos (2010); VersionOne (2015); Silva et al. (2014); Larman (2003);

Pikkarainen et al. (2008)

Continuous Integration (Frequent Integration) Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012);

VersionOne (2015); Silva et al. (2014); Petersen and Wohlin (2010); Larman (2003);

Pikkarainen et al. (2008)

Daily Standup Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012);

VersionOne (2015); Silva et al. (2014); Larman (2003); Hossain et al. (2009);

Pikkarainen et al. (2008)

Refactoring (Code Refactoring, Frequent Refactoring) Jalali and Wohlin (2012); Rodríguez et al. (2012); Sfetsos and Stamelos (2010);

VersionOne (2015); Petersen and Wohlin (2010); Larman (2003); Hossain et al.

(2009)

On-Site Customer (Active Customer Participation, Direct Interaction with Customer,

Whole Team, Constant Customer Feedback)

Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012); Sfetsos

and Stamelos (2010); Silva et al. (2014); Petersen and Wohlin (2010); Larman (2003)

Backlog (Product Backlog, Flexible Product Backlog, Task List, Prioritized Backlog) Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Silva et al.

(2014); Petersen and Wohlin (2010); Larman (2003)

Collective Code Ownership (Team Code Ownership) Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012);

VersionOne (2015); Petersen and Wohlin (2010); Larman (2003)

Retrospective (Iteration Retrospective) Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Silva et al.

(2014); Hossain et al. (2009); Pikkarainen et al. (2008)

Coding Standard Begel and Nagappan (2007); Jalali and Wohlin (2012); Rodríguez et al. (2012);

VersionOne (2015); Hossain et al. (2009); Larman (2003)

User Story (Story Mapping) Begel and Nagappan (2007); Jalali and Wohlin (2012); VersionOne (2015); Silva et al.

(2014); Pikkarainen et al. (2008)

Planning Game (Release Planning Game, Iteration Planning Game) Jalali and Wohlin (2012); Sfetsos and Stamelos (2010); VersionOne (2015); Larman

(2003); Pikkarainen et al. (2008)

Iteration Planning (Sprint Planning) Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Hossain et al.

(2009); Pikkarainen et al. (2008)

Iterative Development (Iteration, Short Iteration, Iterations and Increments) Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Silva et al.

(2014); Petersen and Wohlin (2010)

Open Work Area (Open Office Space, Common Room, Sit Together) Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Larman (2003);

Pikkarainen et al. (2008)

Simple Design (Incremental Design) Begel and Nagappan (2007); Jalali and Wohlin (2012); Petersen and Wohlin (2010);

Larman (2003)

Unit Testing Jalali and Wohlin (2012); Rodríguez et al. (2012); VersionOne (2015); Larman (2003)

Iteration Review (Sprint Review/Demo) Jalali and Wohlin (2012); VersionOne (2015); Silva et al. (2014); Hossain et al. (2009)

System Metaphor Begel and Nagappan (2007); Rodríguez et al. (2012); Larman (2003)

Short Release (Small Release, Frequent Release, Frequent and Incremental Delivery) Begel and Nagappan (2007); Rodríguez et al. (2012); Larman (2003)

Table 2

Research questions and their description.

Research question Description

RQ1: Which architecting activities can be used in

agile development?

The architecting process is comprised of various architecting activities (e.g., Architectural Analysis, Architectural

Description). We want to know which such activities can be used in agile development.

RQ2: How architecting can be practiced in agile

development?

There are many architecting approaches (e.g., ATAM (Kazman et al., 1998)) proposed and practiced in software

development. We want to know which specific approaches can be used in practicing architecture in agile development.

RQ3: Which agile development methods can be

used with architecture?

There are many agile methods (e.g., XP and Scrum) which have been used in software development. We want to know

which of the methods can be used together with architecture.

RQ4: Which practices of agile development can

be used with architecture?

There are many practices (e.g., “Customer on Site”) in agile development. We want to get a clear view of which such

practices can be used in the architecture-agility combination.

RQ5: What are the costs and benefits of the

architecture-agility combination?

Combining agile methods and architecture leads to certain benefits (e.g., reduced re-engineering costs) but also incurs

costs (e.g., development effort). We want to help researchers and practitioners understand and consider the

architecture-agility combination in a cost-benefit perspective.

RQ6: What are the challenges in the

architecture-agility combination?

There are obstacles (conflicts) in combining agile methods and architecture, e.g., SA implicitly follows a top-down

development process while agility represents a bottom-up development and delivery of new features. These challenges

can provide research directions for improving the architecture-agility combination.

RQ7: What are the factors that impact the

success of applying the architecture-agility

combination?

Whether an architecture-agility combination is successful or not may be impacted by certain factors (e.g. contextual

factors) in software development. Note that Chen and Babar identified the contextual factors that impact architecture

emergence in agile development (Chen and Babar, 2014). Our SMS covers those contextual factors as well as other factors

that impact the success of applying the architecture-agility combination. From this perspective, our study has a different

focus and a larger scope compared with the study by Chen and Babar (Chen and Babar, 2014).

RQ8: What tools are available to support the

architecture-agility combination?

There are many tools that can be used for both architecture-centric development and agile development. We want to make

practitioners aware of the tools that they may employ to facilitate the architecture-agility combination.

RQ9: What are the lessons learned from the

architecture-agility combination?

The lessons learned cover the experience of the authors and potential good practices, when adopting architecture-agility

combination.
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Data Synthesis

Task

Legend

Sequence
of tasks

1st Round Selection
(by title)

2nd Round Selection
(by abstract)

3rd Round Selection
(by full text)

Trial Search

Study Search

Phase 1

Phase 5

Phase 4

Phase 3

Phase 2

Fig. 1. Execution procedure of the SMS in phases and tasks.

Table 3

Electronic databases included in the mapping study.

# Electronic database Search terms used in

ED1 ACM Digital Library Paper title, abstract

ED2 IEEE Explore Paper title, keywords, abstract

ED3 Science Direct Paper title, keywords, abstract

ED4 Springer Link Paper title, abstract

ED5 Wiley InterScience Paper title, abstract

ED6 EI Compendex Paper title, abstract

ED7 ISI Web of Science Paper title, keywords, abstract
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3.2. Mapping study execution

This study follows the guidelines proposed in (Petersen et al.,

2008). Fig. 1 shows the execution procedure of this SMS, which is

comprised of seven tasks in five phases. Before the formal search,

we executed a trial search (Phase 1) because the search engines pro-

vided by the databases (see Table 3) were different, and we could not

employ the same search strategy in all databases. The trial search

was also used to improve the search terms (see Section 3.2.1.2). We

searched in seven databases as listed in Table 3 and used the search

terms defined in Section 3.2.1.2. We conducted three rounds of study

selection, including selection by title (1st round), selection by ab-

stract (2nd round), and selection by full text (3rd round). To make

the process of this SMS more efficient, some tasks were conducted

simultaneously in Phase 2 and Phase 4 (see Fig. 1):

• Phase 2, study search and the first round study selection (by

title): When searching in the electronic databases, we decided

whether a paper should be included or not based on its title.
• Phase 4, the third round study selection (by full text) and study

data extraction: When judging whether a paper should be in-

cluded or not by reading its full text, we also extracted the data

from the paper if it was selected.

In Phase 3, we conducted the 2nd round selection through read-

ng the abstract of the papers, and in Phase 5, the extracted data was

urther synthesized to answer the specific RQs defined in Section 3.1.

hese tasks are detailed in the following subsections.

.2.1. Study search

In this section, we describe the search scope and the search strat-

gy.

.2.1.1. Search scope. Time period: The time period is set between

ebruary 2001 when agile manifesto was proposed (Beck, 2014) and

anuary 2014 when we started this SMS.

Electronic databases: The seven electronic databases listed in

able 2 were selected as the sources for the database search. Note that

e excluded Google Scholar in this SMS, due to the reason stated in

Chen et al., 2010): it would have much overlap with e.g., ACM (ED1 in

able 3) and IEEE (ED2 in Table 3) on software engineering literature.

.2.1.2. Search strategy.

(1) We initially identified the search terms based on the study

topic (the architecture-agility combination) and the RQs.

PICO (Population, Intervention, Comparison, Outcomes)

(Kitchenham and Charters, 2007) was then used to construct

the search terms presented below. Population includes the

terms of agile development methods; we selected the agile
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methods that are popularly used according to a recent liter-

ature review (Dybå and Dingsøyr, 2008) and surveys on agile

development (Ali, 2012; Rodríguez et al., 2012; Stavru, 2014).

Dynamic Systems Development Method (DSDM) (Stapleton,

1998) is not included in the population terms, because it was

proposed in 1998 before the Agile Manifesto in 2001 (16). In-

tervention includes the terms about architecture. We initially

included the word “design”, which is related to architecture, as

a search term in the trial searches. However, we found that it

leads to a large proportion of irrelevant results since “design”

is a very general word; hence we decided to exclude the

word “design” in the formal search. Note that, regarding the

intervention and population terms, we could have done the

opposite, i.e., use terms about “architecture” for population,

and terms about “agile methods” for intervention, because the

topic of this SMS is about the architecture-agility combination;

however this does not affect the combination results of search

terms when using Boolean AND. Considering this, we did not

include “architecture” terms in population and “agile method”

terms in intervention for simplicity. The comparison and out-

comes parts are not considered in the search terms, because

we do not intent to compare agile development methods with

other types of development methods and it is difficult to limit

the scope of the outcomes in this SMS.

(2) We tried several combinations of search terms in the trial

searches. This is because the search engines provided by each

database are different, and we could not use the same com-

bination of search terms in all the databases. An improper

search may result in many irrelevant results. We tried to

find a suitable way of search for each database with trial

searches.

The search terms in population and intervention are listed below:

Population: agile, agility, extreme programming, XP, feature

riven development, FDD, scrum, crystal, pair programming, test-

riven development, TDD, leanness, lean software development, lean

evelopment, LSD

Intervention: architecture, architectural, architecting

Boolean OR is used to connect alternate terms, and Boolean AND is

sed to join major terms for population and intervention. For exam-

le, if the electronic search engine supports logic OR and AND, we

an use the following query expression to search in the electronic

atabases (see Table 3):

(agile OR agility OR extreme programming OR XP OR feature driven

development OR FDD OR scrum OR crystal OR pair programming

OR test-driven development OR TDD OR leanness OR lean soft-

ware development OR lean development OR LSD) AND (architec-

ture OR architectural OR architecting)

.2.2. Study selection

In this section, we describe the selection criteria and the process

f the three rounds of study selection. One researcher selected studies

n the first round, and two researchers selected the studies in paral-
Table 4

Inclusion criteria and exclusion criteria in the mapping study.

Inclusion criteria

I1: A paper that is peer-reviewed.

I2: A paper that concerns the architecture-agility combination.

Exclusion criteria

E1: If a paper is an extended version of a previous paper, the previous version is ex

E2: If a paper introduces an approach that uses architecture, but this approach is n

E3: If a paper introduces an approach that uses agile methods, but this approach i

E4: If a paper is grey literature (i.e., technical report, work in progress) (Kitchenha

E5: If a paper is not written in English, the paper is excluded.
el in the second and third rounds. The results of the study selection

ere discussed and any conflicts between the results were resolved,

n order to mitigate personal bias in study selection.

.2.2.1. Selection criteria. Before the study selection, the researchers

iscussed and reached a consistent understanding of the inclusion

nd exclusion criteria listed in Table 4. Two researchers also con-

ucted a pilot study on study selection using these criteria and

urther resolved any disagreement and misunderstandings on these

riteria.

.2.2.2. First round study selection. We used the search strategies de-

cribed in Section 3.2.1.2 to identify primary studies. At the same

ime, we checked the titles of the retrieved studies against the se-

ection criteria. We retained the papers for the next round of study

election, if we could not decide through their titles. Note that the

earch terms described in Section 3.2.1.2 were matched with the ti-

les, keywords, and abstracts in IEEE Explore, Science Direct, and ISI

eb of Science. In the other electronic databases, i.e., ACM Digi-

al Library, SpringerLink, Wiley InterScience, and EI Compendex (see

able 3), the search terms were only matched with the titles and ab-

tracts due to the limitation of the databases.

.2.2.3. Second round study selection. In this round, we read the

bstracts of the retained papers and selected papers according to the

election criteria (see Table 4). Results were checked and any dis-

greements were discussed and resolved among all the researchers.

f a resolution was difficult to make, the study was retained for the

ext round.

.2.2.4. Third round study selection. In the last round, we read the full

apers and used the selection criteria to judge whether the papers

hould be finally selected or not. The researchers also discussed and

eached an agreement about whether a paper should be finally in-

luded or not.

.2.3. Data extraction

We extracted the relevant data items shown in Table 5 from each

elected study to answer the nine RQs of this SMS as defined in

ection 3.1. The extracted data was recorded on a MS Excel spread-

heet for further synthesis.

.2.4. Data synthesis

In this phase, the extracted data were synthesized to answer the

ine RQs, and the main data were visualized in a map (see Fig. 3). We

lassified the SA activities into six general and five specific activities

see Section 2.1) as shown in the top of Fig. 1.

We performed a descriptive statistics analysis on the architect-

ng activities, architecting approaches, agile methods, agile practices,

actors, and tools, and used Grounded Theory (Strauss and Corbin,

998) to analyze architecting approaches, agile practices, costs

nd benefits, challenges, factors, tools, and lessons learned in the
cluded.

ot applied in agile development, the paper is excluded.

s not applied in architecture-centric development, the paper is excluded.

m and Charters, 2007), the paper is excluded.
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Table 5

Data items to be extracted from primary studies.

# Data item Description Relevant RQ

D1 Index The ID of the paper Overview

D2 Title The title of the paper Overview

D3 Author list The full name of all the authors of the paper Overview

D4 Year The year when the paper was published Overview

D5 Venue The name of the venue where the study was published Overview

D6 Publication type Journal, conference, workshop, or book chapter Overview

D7 Authors’ type Researcher or practitioner or both Overview

D8 Research questions The research questions that the paper tries to answer Overview

D9 Summary The main content of the paper Overview

D10 Limitations Limitations (e.g., approaches proposed in the paper) discussed by the authors Overview

D11 Architecting activities The SA activities mentioned in the paper. Examples: architecture analysis, architecture

synthesis, architecture evaluation, which are presented in Section 2.1.

RQ1

D12 Architecting approaches The specific architecting approaches introduced or used in the paper. Example: DCAR

(Decision Centric Architecture Reviews) (van Heesch et al., 2014), etc.

RQ2

D13 Agile development methods The methods used in agile development. Examples: XP, lean software development, etc. RQ3

D14 Agile practices The agile practices used in the architecture-agility combination RQ4

D15 Costs The costs of the architecture-agility combination discovered or discussed by the authors RQ5

D16 Benefits The benefits of the architecture-agility combination discovered or discussed by the authors RQ5

D17 Challenges The challenges of the architecture-agility combination, which have not been solved RQ6

D18 Factors The factors which may impact the success of the architecture-agility combination discovered

or discussed by the authors

RQ7

D19 Tool support The tools used in the architecture-agility combination RQ8

D20 Lessons learned The lessons learned from the architecture-agility combination by the authors RQ9

Search

1st round
studyselection

2nd round
studyselection

3rd round
studyselection

2646

159

54

17249

Fig. 2. Results of study search and selection.
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architecture-agility combination. In addition to the descriptive statis-

tics analysis and Grounded Theory methods for data synthesis,

we also provided some examples to clarify the data synthesis

results.

We used descriptive statistics to answer RQ1, RQ2, RQ3, RQ4,

RQ7, and RQ8 and Grounded Theory to answer RQ2, RQ4, RQ5, RQ6,

RQ7, RQ8, and RQ9 (Adolph et al., 2011; Corbin and Strauss, 2007).

Grounded Theory is a research method that generates theories from

data (Glaser and Strauss, 2009). In this SMS, Grounded Theory was

used to generate types and subtypes from extracted data items (e.g.,

D18: Factors in Table 5) to answer the specific RQs defined in Section

3.1. The three coding phases in classical Grounded Theory are open

coding, selective coding, and theoretical coding (Adolph et al., 2011).

Only open coding and selective coding were used in the data synthe-

sis of this SMS, because we do not need to generate theories through

this SMS using theoretical coding. Open coding generates codes for

incidents that can be clustered into concepts and categories (Glaser

and Strauss, 2009). This phase was used to generate code of certain

data items (e.g., D18: Factors in Table 5). Selective coding identifies

the core category, which explains the greatest variation in the data

and around which the emerging theory is built (Glaser and Strauss,

2009). This phase was used to identify e.g., the six factors that im-

pact the architecture-agility combination in this SMS. Grounded The-

ory was executed in an iterative process, and we refined and adapted

the codes and their relationships in each iteration. During the pro-

cess of using Grounded Theory, we also used Constant Comparison

method (Glaser and Strauss, 2009) to compare incidents (i.e., the ex-

tracted data) with incidents, and incidents to concepts and categories

(e.g., the six factors in Table 15). With this comparison, we (as re-

searchers) needed to consider the similarities and differences of the

meaning among the incidents, in order to achieve the best fit to the

data (Strauss, 1987). For example, we identified over one hundred fac-

tors that may impact the successful architecture-agility combination

from the selected studies initially. By using constant comparison, we

compared each factor with other factors, and finally came up with the

factors in Table 15.

4. Study results

In this section, the results of this SMS are presented to answer the

nine RQs in Section 3.1.
.1. Overview of results

The search and selection results, and the studies distribution are

eported in this section.

.1.1. Search and selection results

As shown in Fig. 2, 17,249 papers were initially retrieved by apply-

ng the search terms (see Section 3.2.1.2) before the first round. 2,646

tudies were retained before the second round. 159 studies were kept

efore the third round. 54 studies were finally selected in this SMS.

.1.2. Studies distribution

In this SMS, we used a bubble chart (see Fig. 3) to show the distri-

ution of the selected studies over architecting activities, agile meth-

ds, and time period. Bubbles in the left part of the figure are used to

epresent the selected studies on certain architecting activities (used

n agile development) published in a specific year. Bubbles in the right

art of the figure are used to describe the selected studies combining

ertain agile methods and architecting activities. The numbers shown

n a bubble represent the identification number of the selected stud-

es (see Appendix A). In the rest of the paper, Sn presents the nth
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Architecting Activity

Year Agile Method
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Architecting
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Agile Method
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FDD LSD2001

Specific
Architecting

Activity

XP = Extreme Programming
SC = Scrum
CR = Crystal
FDD = Feature Driven Development
LSD = Lean Software Development
TDD = TestDriven Development
Others = Other Agile Methods

AA = ArchitecturalAnalysis
AS = Architectural Synthesis
AE = Architectural Evaluation
AI = Architectural Implementation
AME = Architectural Maintenance & Evolution

TDD Others

ARf

AR = Architectural Recovery
ADp = Architectural Description
AU = Architectural Understanding
AIA = Architectural Impact Analysis
ARu = Architectural Reuse
ARf = Architectural Refactoring
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Fig. 3. Bubble chart over architecting activities, agile methods, and time period.
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elected study. The detailed information of this map (Fig. 3) is de-

cribed in Sections 4.2, 4.3, and 4.4.

Table 6 presents the number and proportion of the selected stud-

es over the publication venues. The 54 included studies are dis-

ributed over 31 publication venues, suggesting the architecture-

gility combination has been a widespread concern in the research

ommunity. As shown in Table 6, the leading venues in this study

opic are one journal on software practices (IEEE Software, 18.5%) and

ne conference specialized in agile development (AGILE, 7.4%).

Fig. 4 shows the number of the selected studies published from

001 to 2013. Note that there is one study published in 2014, which is

ot shown in Fig. 4, because only one month (January) of 2014 is cov-

red in the search period (see Section 3.2.1.1). The number of studies

n the architecture-agility combination has been increasing steadily

n the last decade with an exceptional peak in 2010. Table 7 presents

he distribution of selected studies over publication venues in 2010.

e found that there are five studies from a special issue of IEEE Soft-

are and four book chapters from two books in the sixteen studies

ublished in 2010, which explains the peak number of that year.

As shown in Fig. 5, authors of 48.1% of the selected studies (i.e.,

6 studies) come from academia, and authors of 42.6% of the selected
tudies (i.e., 23 studies) work in industry. The rest (9.3%) of the studies

i.e., 5 studies) are co-authored by authors from both academia and

ndustry.

As shown in Table 8, we classified the 54 selected studies into two

roups according to their context (i.e., from industry or academia). 44

tudies (81.5%) are conducted in an industrial context and 11 studies

20.4%) are based on an academic environment. Note that the survey

n [S44] includes both practitioners and researchers as participants,

nd this study is classified in both “Industry” and “Academia”. The

esult shows that most selected studies (81.5%) are evidenced by in-

ustrial projects, surveys, or experience.

.2. RQ1: Which architecting activities can be used in agile

evelopment?

Fig. 3 presents the map of the selected studies over architecting

ctivities, agile methods, and time period. Note that we only extract

he data (i.e., data item D11: Architecting activities) if a study ex-

licitly mentioned architecting activities and how they were used in

he architecture-agility combination. The detailed information of the

tudies distribution over architecting activities is shown in Fig. 6. This
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Table 6

Number and proportion of the selected studies over publication venues.

Publication venue Type No. %

IEEE Software Journal 10 18.5

Agile Development Conference (AGILE) Conference 4 7.4

International Conference on Agile Software Development (XP) Conference 3 5.6

CrossTalk Journal 3 5.6

Working IEEE/IFIP Conference on Software Architecture & European Conference on Software

Architecture (WICSA/ECSA)

Conference 3 5.6

Agile Software Development Book 2 3.7

Agility Across Time and Space Book 2 3.7

International Conference on Object-Oriented Programming Systems, Languages, and Applications

(OOPSLA)

Conference 2 3.7

European Conference on Software Architecture (ECSA) Conference 2 3.7

International Conference on Software Engineering (ICSE) Conference 2 3.7

Information and Software Technology Journal 1 1.9

Journal of Software: Evolution and Process Journal 1 1.9

Journal of the Brazilian Computer Society Journal 1 1.9

Workshop on SHAring and Reusing Architectural Knowledge (SHARK) Workshop 1 1.9

International Workshop on Cooperative and Human Aspects of Software Engineering (CHASE) Workshop 1 1.9

International Conference on Software Technologies & International Conference on Evaluation of Novel

Approaches to Software Engineering (ICSOFT/ENASE)

Conference 1 1.9

International Conference on Information Technology: New Generations (ITNG) Conference 1 1.9

International Conference on Model Driven Engineering Languages and Systems (MODELS) Conference 1 1.9

International Requirements Engineering Conference (RE) Conference 1 1.9

Australian Conference on Software Engineering (ASWEC) Conference 1 1.9

International Working Conference on Requirements Engineering: Foundation for Software Quality

(REFSQ)

Conference 1 1.9

EUROMICRO Conference on Software Engineering and Advanced Applications (SEAA) Conference 1 1.9

Hawaii International Conference on System Sciences (HICSS) Conference 1 1.9

AGILE India (AGILE INDIA) Conference 1 1.9

International Conference on Services Computing (SCC) Conference 1 1.9

International Conference on Agility (ICAM) Conference 1 1.9

International Conference on Computational Intelligence and Software Engineering (CiSE) Conference 1 1.9

International Conference on Information Reuse and Integration (IRI) Conference 1 1.9

International Conference on Software and System Process (ICSSP) Conference 1 1.9

International Conference on the Quality of Software Architectures & International Symposium on

Architecting Critical Systems (QoSA/ISARCS)

Conference 1 1.9

WRI World Congress on Software Engineering (WCSE) Conference 1 1.9
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figure shows a significant difference in the numbers of the architect-

ing activities used in agile development.

Architectural Description (ADp) is the most frequently discussed

architecting activity in the architecture-agility combination (29 out

of 54 studies, 53.7%). Existing literature on ADp is mostly related to

heavy-weight development methodologies (Hadar et al., 2013). Ar-

chitecture documents described using these ADp approaches (e.g.,

views and beyond (Clements et al., 2010)) are usually large and com-

plex, which do not adapt well to the lean, flexible, and minimalistic

approach of agile development (Hadar et al., 2013). The agile princi-
le “Working software over comprehensive documentation” (16) also

ndicates that documentation is not an emphasis in agile develop-

ent (Abrahamsson et al., 2010; Babar, 2009; Hadar et al., 2013). To

his end, some studies aimed to develop suitable ADp approaches for

gile development, such as Abstract Architecture Specification Doc-

ment [S22], Agile Architecture Line Approach and Model [S25], and

eveloper Stories [S27]. These ADp approaches are further described

n detail in Section 4.3 (answer to RQ2).

Architectural Evaluation (AE) is the second most frequently dis-

ussed architecting activity in the architecture-agility combination
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Table 7

Number of the studies over publication venues in 2010.

Publication venue Type No.

IEEE Software Journal 6

Agile Software Development Book 2

Agility Across Time and Space Book 2

European Conference on Software Architecture

(ECSA)

Conference 2

CrossTalk Journal 1

International Conference on Model Driven

Engineering Languages and Systems (MODELS)

Conference 1

International Requirements Engineering Conference

(RE)

Conference 1

International Conference on Computational

Intelligence and Software Engineering (CiSE)

Conference 1
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Fig. 5. Number and proportion of the selected studies over author types.
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13 out of 54 studies, 24.1%). AE ensures that the architectural de-

ign decisions made are the right ones (Hofmeister et al., 2007), while

ractitioners of agile methods usually see limited value from the cus-

omers’ perspective in the up-front architecture design and evalua-

ion (Abrahamsson et al., 2010). Traditional AE approaches, such as

rchitecture Tradeoff Analysis Method (ATAM) (Kazman et al., 1998),

equire to prepare extensive documents with long meeting sessions,

hich is rather heavy and costly for agile development (Christensen

t al., 2010; Sharifloo et al., 2008). To address this issue, some stud-

es aimed to develop AE approaches specifically for evaluating archi-

ecture in agile development, such as Decision Centric Architecture

eviews (DCAR) [S17], and Modified Architecture Tradeoff Analysis

ethod [S20]. Details of these approaches are provided in Section 4.3.

Architectural Understanding (AU) lies in the third position of

he architecting activities discussed in agile development (8 out of

4 studies, 14.8%). Stakeholders are expected to clearly define the

rchitecture, and should not assume a tacit, implicit understanding
able 8

tudies distribution over industry and academia.

Industry (44, 81.5%)

[S2][S3][S4][S5][S6][S7][S9][S10][S12][S13][S14][S15][S17][S18][S19][S21][S22][S24][S25][

[S29][S30][S31][S32][S33][S34] [S35][S36][S37][S38][S39][S41][S42][S43][S44][S46][S47

[S49][S50][S51][S52][S53][S54]
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Fig. 6. Studies distribution ove
f architecture in agile development (Abrahamsson et al., 2010). A

hared and consistent understanding on the existing architecture

an also help the development team to identify the implementable

rchitectural changes (Jensen et al., 2006). In [S29], the authors used

simple story about eating lunch as a metaphor, to help teammates

nderstand architecture (e.g., how important quality attributes are

romoted by architectural design decisions). For example, clean code

s part of maintainability (one of the quality attributes) can be ex-

lained with the “Bento Box” metaphor, without which the dessert,

oodles, and sushi might get all mixed up and won’t taste very good.

Architectural Maintenance and Evolution (AME) occupies the

ourth position (8 out of 54 studies, 14.8%). Architectures need
Academia (11, 20.4%)

S26]

][S48]

[S1][S8][S11][S16][S20][S23] [S27][S28][S40][S44][S45]

4 3 2 2 1 0

ARf AIA AI AS ARu AR
ting Activity

= Architectural Evaluation
E = Architectural Maintenance and Evolution
f = Architectural Refactoring
= Architectural Implemention
u = Architectural Reuse

r architecting activities.
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to be maintained and evolved in agile development. For example,

maintaining architectural integrity can preserve earlier architectural

design decisions during iterations (Diaz et al., 2013). As an exam-

ple, in [S15], the authors proposed a Change Impact Analysis ap-

proach, which allows stakeholders to iteratively and incrementally

construct and evolve architectures based on two architecture prop-

erties: flexibility and adaptability in agile development. As a result,

working architectures can be iteratively and incrementally designed

and evolved in agile development through weaving/unweaving ex-

tensions of components, and/or by modifying the architecture con-

figuration through optional components and connectors.

Architectural Analysis (AA) comes in at fifth position (6 out of 54

studies, 11.1%). In agile development, customers are actively involved

in most of the tasks related to AA, such as examining architectural

context and concerns (Babar, 2009). In [S13], the authors proposed

Architecturally Savvy Personas approach to explore and analyze ar-

chitecturally significant requirements (ASRs) in agile development,

in which developers and architects work collaboratively to create a

small and distinct set of personas and to write a series of architec-

turally significant user stories for each persona.

Architectural Refactoring (ARf) ranks in the sixth position (4

out of 54 studies, 7.4%). Thapparambil claimed that ARf is an im-

portant activity for constructing architecture in agile development

(Thapparambil, 2005). This architecting activity allows the develop-

ment team to optimize architecture design and provides required

functionalities in a better way through refactoring past architecture

solutions (Sharifloo et al., 2008). In [S2], the architects considered

that both architectural and code refactoring could help in agile devel-

opment to achieve system qualities (e.g., improving maintainability

by fixing the structure).

Other architecting activities, Architectural Impact Analysis (AIA),

Architectural Implementation (AI), Architectural Synthesis (AS), Ar-

chitectural Reuse (ARu), Architectural Recovery (AR) have received

much less attention in the selected studies. We will discuss the pos-

sible reasons in Section 5.

4.3. RQ2: How architecting can be practiced in agile development?

We collected and identified forty-three architecting approaches

(AAps) from the selected studies which can be practiced in agile de-

velopment, as listed in Table 9 with the supported architecting ac-

tivities by these approaches. Architecting approaches in this SMS

refer to various approaches which can facilitate architecting in the

architecture-agility combination. These approaches include both ap-

proaches directly related to architecture (e.g., architectural evalua-

tion methods like ATAM (Kazman et al., 1998) and DCAR (van Heesch

et al., 2014)) and approaches borrowed from other areas that are ap-

plied within an architecting activity (e.g., Real Options from corporate

finance (Blair et al., 2010; Brown et al., 2010)). Most of these archi-

tecting approaches (such as Architecturally-Savvy Personas in [S13]

and Simplified Architecture Tradeoff Analysis Method in [S20]) are

lightweight, and consequently they can be integrated in agile devel-

opment with acceptable cost. We describe six of these architecting

approaches in this section as examples to show how architecting is

practiced in agile development to facilitate the architecture-agility

combination.

The forty-three architecting approaches were used in most of the

architecting activities (see Section 2.1) as shown in Fig. 7. Most of the

architecting approaches were used to support ADp (23 out of 54 stud-

ies, 42.6%) and AE (12 out of 54 studies, 22.2%) in agile development.

On the contrary, AU (5 out of 54 studies, 9.3%), AA (4 out of 54 studies,

7.4%), ARf (3 out of 54 studies, 5.6%), AME (3 out of 54 studies, 5.6%),

AIA (2 out of 54 studies, 3.7%), AI (2 out of 54 studies, 3.7%), AS (1 out

of 54 studies, 1.9%), ARu (1 out of 54 studies, 1.9%), and AR (0 out of

54, 0%) have received much less attention in the architecture-agility
ombination. There is no architecting approach that supports AR in

gile development.

“AAp1: Iterative Architecture Approach” makes architecture de-

ign embedded into iterations of agile development (Prause and Dur-

ik, 2012). This approach considers only necessary features for the

urrent iteration or delivery of architecture design - it does not try

o predict and address future requirements (Chivers et al., 2005).

n [S10], the authors argued that the iterative architecture remains

rue to agile principles. They compared an iterative architecture with

top-down architecture, and found that the iterative architecture

efers architecture design costs until features are needed. In [S17],

n iterative architecture approach was used with Scrum (called “In-

prints” architecture approach); there is no dedicated sprint for ar-

hitecture design in this approach. In each sprint, the development

eam starts making architectural decisions, designs, and refactors the

ystem part by part upon incoming feature requests.

“AAp2: Reference Architecture” has been frequently discussed in

gile development. Bass et al. defined that “a reference architecture is a

eference model mapped onto software elements (that cooperatively im-

lement the functionality defined in the reference model) and the data

ows between them” (Bass et al., 2003). In [S21], the authors proposed

n agile architecture approach, which benefits from both the quick

eedback in the delivery of short and incremental releases and the

ong-term vision of the architecture. The approach employs a refer-

nce architecture to describe both the function and structure of the

ajor release in agile development. In [S53], the authors found that

predefined reference architecture can reduce the up-front effort

eeded to develop an architecture, while keeping the benefit of an

xplicit architecture design.

“AAp3: Change Impact Analysis (IA)” determines the potential ef-

ects upon a system resulted from a proposed change (Arnold, 1996).

A can be employed to predict the affected elements of a change be-

ore it is implemented, possibly giving an estimate of the effort and

ost to implement the change (Ramil and Lehman, 2000), as well as

he potential risks involved in making the change (Mens et al., 2008).

his analysis can be then used to make better evolution decisions

uch as whether or not the change should be carried out based on

conomic viability of software evolution or other risks such as degra-

ation of systems (Diaz et al., 2013). In [S14], IA was used to support

oth product-line variability and software variability. The output of

he IA technique provides architectural knowledge which is useful

or reasoning about a proposed change in features and guiding the

hange decision-making process in agile development. In [S15], the

uthors proposed a modified IA approach as the main driver for ag-

le architecting. The approach can promote the communication be-

ween individuals and agile teams working on the system, and sup-

ort (semi-)automatically reasoning over the space of architectural

nowledge. In agile development, architects can take the advantages

f this approach to support the change decision-making process and

reserve architecture integrity.

“AAp4: Architecture Dependency Management” is composed of

set of activities, e.g., architecture dependency identification and

nalysis. In [S8], the authors argued that architectural agility can

e achieved by identifying and analyzing architectural dependencies

e.g., between user stories and architectural elements), and integrat-

ng architecture dependency management into a responsive develop-

ent model. [S51] presented an approach with two case studies for

dentifying implicit architectural dependencies in agile development

sing revision history of source code change waves. The approach

rovides architects an effective tool to evaluate the risks when im-

lementing new features in the product and supporting the test plan-

ing.

“AAp5: Real Options” is an approach used in corporate finance to

ssist in investment decisions. Real Options represent the right, but

ot the obligation to commit to a particular business decision by a

articular point in time known as the expiry, after which the right
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Table 9

Selected studies over architecting approaches practiced in agile development.

ID Architecting approach Supported architecting

activities

Studies

AAp1 Iterative Architecture Approach (considering only necessary features for the current iteration or delivery

of architecture design)

ADp [S10][S17] [S25][S44]

AAp2 Reference Architecture AE, AME, ADp, AU [S21][S34] [S53]

AAp3 Change Impact Analysis AIA [S14][S15]

AAp4 Architecture Dependency Management AIA, AME [S8][S51]

AAp5 Real Options (assisting architecture decision making process) Not stated [S4][S8]

AAp6 ATAM (Architecture Tradeoff Analysis Method) AE [S38][S40]

AAp7 Plastic Partial Component (malleable components that can improve the flexibility of architecture design) AA, ADp [S14][S43]

AAp8 Iterative/Incremental Architecture Evaluation AE [S31][S41]

AAp9 Connecting Architecture with Code (e.g., embedding architectural information into code) ADp [S11][S30]

AAp10 Iteration Zero Approach (introducing architecture design in the first iteration, e.g., in Scrum, it is called

Sprint Zero Approach)

Not stated [S17][S44]

AAp11 Agile Product-Line Architecting (including a Flexible-PLA (Product Line Architecture) modeling

Framework)

AME, ADp, AU [S14][S15]

AAp12 Extended Iteration Zero Approach (introducing architectural design in the initial iterations in agile

development). This approach is an extension of AAp10.

ADp [S44]

AAp13 Responsibility Driven Architecture (exploring the questions of when architectural decisions should be

made, by what process, and by whom)

Not stated [S4]

AAp14 Incremental Commitment Model (facilitating the architecture-agility combination by fitting the system

situation)

Not stated [S5]

AAp15 Architecture Technical Debt Management Not stated [S8]

AAp16 Architectural Quality Assurance Technique (a lightweight approach for continuous architectural quality

assessment and prioritization)

AE, AU [S12]

AAp17 Architecturally-Savvy Personas (eliciting ASRs in agile development, e.g., using Architectural Issues

Template)

AA, AE, ADp, AU [S13]

AAp18 Agile Architectural Modeling (adapting architectural modeling in an agile context) ADp, ARu [S16]

AAp19 Architectural Knowledge Management (e.g., using Architectural Knowledge Base) ADp [S17]

AAp20 Decision-Centric Architecture Review AE [S17]

AAp21 Separated Architecture Team (a team dedicated to make architectural decisions) Not stated [S17]

AAp22 Architecture as a Service and Architects as Service Providers ADp [S18]

AAp23 Simplified Architecture Tradeoff Analysis Method (eliminating several phases and steps in classical ATAM,

e.g., preparation)

AE [S20]

AAp24 One-page Component Contract (describing the capabilities of each component) ADp [S21]

AAp25 Abstract Architecture Specification Document (emphasizing minimal architectural documentation in agile

development)

ADp [S22]

AAp26 Lean Architecture (using Data-Context-Interaction paradigm with agile and lean practices) ADp, AI [S23]

AAp27 Release Development based on Architecture (considering architecture in release activities, e.g., release

planning)

ADp, ARf [S24]

AAp28 Architectural Design Pattern ADp [S25]

AAp29 Developer Story (similar to user story, but written in the developers’ perspective) ADp, AU, ARf [S27]

AAp30 Architectural Game (explicating and visualizing architectural refactoring needs as stories) ADp [S27]

AAp31 Hybrid Architecture Evaluation Method (combining Active Review for Intermediate Designs, Quality

Attribute Workshop, and ATAM)

AE [S28]

AAp32 Lightweight Component Framework (generating glue code for each component to facilitate architectural

implementation)

AI, ADp [S30]

AAp33 Informed Technology-Insertion Decision Making (architecture information is periodically provided to

stakeholders, which helps them to make and document architectural decisions)

AE, ADp [S31]

AAp34 Enterprise-Service-Bus-Based Architecture ADp [S34]

AAp35 Mind Map (facilitating architectural description by connecting business and domain models) ADp [S34]

AAp36 Domain-Driven Architecture Design Technique (communicating the intent of code through domain-driven

design and assessing architecture without necessitating large amounts of documentation)

Not stated [S36]

AAp37 Proof-of-Concept (used for validating architecture) Not stated [S36]

AAp38 Active Reviews for Intermediate Designs (a combination of stakeholder-centric and scenario-based

architecture evaluation methods, such as ATAM and active design review of design specifications)

AE [S38]

AAp39 Architecture-related Tasks Visualization (improving development flow management in Lean Software

Development)

AA [S39]

AAp40 Attribute-Driven Design AA, AS, ADp [S40]

AAp41 CBAM (Cost-Benefit Architectural Analysis Method) AE [S40]

AAp42 Continuous Architectural Refactoring ARf [S50]

AAp43 Real Architecture Qualification (a brainstorming session to evaluate the system qualities of a working

system that leads to a new iteration)

AE, ADp [S50]
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s no longer available (Blair et al., 2010; Brown et al., 2010). In [S4],

eal Options approach provides agile teams with a way to frame their

p-front work (e.g., architecture design), and allows users to re-frame

he decision making process. By drawing on Real Options theory, the

uthors developed a process that allows development teams to col-

aborate on the decision making process, and in doing so to realize

he benefits (e.g., actively exploring new options which could not

ave been foreseen up-front) of architectural design. In [S8], Real

ptions analysis provides models (e.g., option-based model) to help
takeholders make informed choices which balance between various

spects, such as speed of development and plan of future needs. Real

ptions analysis also offers a way in agile release planning to allocate

rchitectural elements to releases in a value perspective.

“AAp6: ATAM” focused on identifying and surfacing architec-

ural risks (Kazman et al., 1998). The goal of ATAM is to evaluate

he design outcome of architectural decisions against system quality

equirements, and help stakeholders to discover potentially problem-

tic architectural decisions (Nord and Tomayko, 2006). In [S38], the
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authors suggested that the development team can use ATAM to ana-

lyze the architecture with the quality scenarios in current iteration in

agile development. In [S40], the authors emphasized that ATAM can

provide guidance for analyzing architectural design and help stake-

holders get early feedback on the risks caused by problematic archi-

tectural decisions in agile development. For example, early in the de-

velopment, XP practitioners work on stories augmented by scenarios

and the architectures they developed following the Attribute-Driven

Design (ADD) approach. They can do ATAM right after this to track

technical and business risks early in the process and to help priori-

tize stories for the next release.

4.4. RQ3: Which agile development methods can be used with

architecture?

We collected ten agile methods which can be used in the

architecture-agility combination from the selected studies, as shown

in Fig. 8 with their numbers of studies. Some studies did not explicitly

mention the agile methods used; those are classified as “Not Stated”

in Fig. 8. Note that one study may introduce several agile methods

used with architecture, so the number of the agile methods used in

the selected studies (63) is greater than 54 (the number of the se-

lected studies).

Scrum (22 out of 63 agile methods, 34.9%) is the most popular

agile method used in the architecture-agility combination. This is

consistent with the results from several recent surveys (Ali, 2012;

Rodríguez et al., 2012; Stavru, 2014) that Scrum is the most popu-

lar method in agile development. Though XP has been dominant in

agile development in the past (Cao et al., 2004; Dybå and Dingsøyr,

2008; Hamed and Abushama, 2013), we found that the focus of ag-

ile methods has shifted from almost exclusively XP to several other

agile methods (e.g., Scrum) during recent years as well as in the

architecture-agility combination.

XP (9 out of 63 agile methods, 14.3%) still reaches the second place

in agile methods used in the architecture-agility combination. The

rest agile methods such as LSD (4 out of 63 agile methods, 6.3%), and

Crystal (1 out of 63 agile methods, 1.6%) received much less atten-

tion (less than 5 studies for each method) in the architecture-agility

combination.
.5. RQ4: Which practices of agile development can be used with

rchitecture?

We collected and identified forty-one agile practices (APs) which

an be used in the architecture-agility combination from the se-

ected studies. Note that we only extract the data (i.e., data item

14: Agile practices) if a study explicitly mentioned the agile prac-

ices and how they were used in the architecture-agility combination.

able 10 presents a list of agile practices with the studies that use

hese practices. In this section we describe the six most frequently

iscussed agile practices used with architecture from the selected

tudies.

“AP1: Backlog” (22 out of 54 studies, 40.7%) is the most frequently

iscussed agile practice in the architecture-agility combination. This

s because many selected studies in this SMS used Scrum as the agile

evelopment method in their work, and “Backlog” is a basis element

f Scrum (Schwaber, 1995; Schwaber and Beedle, 2002). We further

xtracted several types of “Backlog”, such as product backlog (e.g.,

S5]), sprint backlog (e.g., [S24]), requirements backlog [S18], and ar-

hitecture backlog [S37]. In [S17], the product backlog was used with

rchitectural Knowledge Base (AKB) to create an architectural docu-

ent, which explicitly presents the architectural design to the stake-

olders. AKB generates an architectural evaluation report (“Sprint ar-

hitecture evaluation report”) for each sprint, which can be reviewed

uring the sprint review meeting. The results of the review may have

n impact on both the product backlog and sprint backlog. In [S46],

he architects identified key areas in architecture design, which were

escribed in UML diagrams and added to sprint backlog. This ensured

ey architectural documentation was completed, its cost was visible

nd that cost was not absorbed into the development activity.

“AP2: Iterative and Incremental Development” (22 out of 54 stud-

es, 40.7%) also lies in the first position of the agile practices used with

rchitecture. In [S13], the authors followed the ADD (attribute-driven

esign) approach to build an incremental scenario-driven approach

Architecturally-Savvy Personas) for architecture design, which

rst identifies quality attribute scenarios, and then proposes and

valuates candidate architectural solutions in agile development (e.g.,

n sprints). In [S40], the authors revealed that an architecture created

nd documented using the ADD approach provide developers greater
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exibility and opportunity to defer making more detailed decisions

ntil the proper time. For example, the module view fits XP’s itera-

ive development quite well.

“AP3: Just Enough Work” (13 out of 54 studies, 24.1%) is in the

hird position. In [S8], the authors pointed out that “just enough an-

icipation” is required to achieve architectural agility, and architec-

ural anticipation should be done in an “informed” way to not over-

nticipate or under-anticipate architecture-related issues (e.g., future

eeds). In [S53], the authors proposed that “Just enough up-front de-

ign” is a solution to facilitate the architecture-agility combination,

ecause architects only need to make necessary architectural design

ecisions up-front in agile development. Furthermore, “Just enough

p-front design” can be practiced in various ways. For example,

he “iteration zero” phase can include some up-front architectural

esign, with continuous architecture refinement in the subsequent

terations.

“AP4: Sprint” (12 out of 54 studies, 22.2%) used in Scrum comes

n the fourth position. In [S12], the results of the study indicate that

rchitectural problems or tasks can be included in the sprint back-

og and processed in future sprints, through the use of the architec-

ural Software Quality Assurance technique at the end of each sprint.

n [S15], a Change Impact Analysis (IA) technique was applied to

he working architecture of the previous sprint (except for the first

print). It provides agile architects with the change-impact knowl-

dge resulting from the changes planned for the sprint. In [S41], the

uthors argued that embedding incremental architecture evaluations

nto sprints can mitigate the risk of combining agile development and

arge-scale architecture-centric development.

“AP5: Agile Architecting (11 out of 54 studies, 20.4%) is in the

fth position. In [S15], the authors pointed out that agile architect-

ng should be a lightweight architectural decision-making process in

gile development, which can be achieved by providing knowledge

o assist architects in reasoning about changes (feature increment or

volution). In [S16], agile architecting (through an agile architecture-

riven modeling process) was used to combine agile methods and

rchitectural modeling. Only a little up-front architectural planning

s required and only the artifacts which directly contribute to the cur-

ent iteration are created in architecting. The author of [S16] argued

hat the agile architecture-driven modeling process acts as a core el-

ment in the architecture-agility combination.
“AP6: Continuous Integration” (10 out of 54 studies, 18.5%) ranks

n the sixth position. In [S24], the authors stated that continuous in-

egration can be used with architecture through integration testing

n each integration, which can validate the architecture iteratively.

n [S45], the authors mentioned that new tests can be added to ver-

fy the new requirements if a change in requirements has an im-

act on the architecture. Continuous integration may facilitate this

y informing the related stakeholders or teams when changes are

ade.

In addition to these six frequently-discussed agile practices, there

re some other agile practices that can be applied in the architecture-

gility combination, such as “Scrum Meeting” (9 out of 54 studies,

6.7%), “Incremental Delivery” (9 out of 54 studies, 16.7%), and “User

tory” (8 out of 54 studies, 14.8%). As shown in Table 10, the top

wo agile practices “Backlog” and “Iterative and Incremental Devel-

pment” have been much more frequently discussed than the others

n the architecture-agility combination.

.6. RQ5: What are the costs and benefits of the architecture-agility

ombination?

We found that most studies tend to discuss the benefits of

he architecture-agility combination instead of the costs. The de-

ailed answers are provided in Section 4.6.1 (costs) and Section 4.6.2

benefits).

.6.1. Costs

The cost refers to the effort (e.g., time, money, and labor) of us-

ng architecture in agile development or employing agile methods

nd practices in architecture-centric development. All the costs dis-

ussed in the selected studies are related to architecture (as shown

n Table 11). It shows that when combining architecture and ag-

le development, the effort of architecting activities as well as the

se of associated architecting approaches (see the answer of RQ2 in

ection 4.3) are the major reasons that lead to the costs. For example,

ome proponents of agile development perceive architecture as a bad

nvestment, which may lead to BDUF, massive documentation, and

edundancy (Abrahamsson et al., 2010). This means that combining

rchitecture and agile development would cause some extra effort

nd resources consumption (e.g., time) of the development team.
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Table 10

Distribution of selected studies over agile practices.

ID Agile practice Studies No.

AP1 Backlog [S1][S2][S3][S5][S12][S13][S14][S15][S17][S18][S21][S23][S24]

[S32][S37][S39][S41][S43][S45][S46][S49][S52]

22

AP2 Iterative and Incremental Development [S1][S2][S3][S4][S8][S10][S13][S14][S15][S16][S17][S20][S24][S34]

[S38][S39][S40][S43][S48][S49][S50][S53]

22

AP3 Just Enough Work [S1][S2][S8][S17][S21][S22][S25][S32] [S43][S47][S48][S53][S54] 13

AP4 Sprint [S5][S12][S13][S14][S15][S16][S17][S24] [S37][S39][S41][S43] 12

AP5 Agile Architecting [S6][S14][S15][S16][S17][S20][S25][S28] [S41][S43][S45] 11

AP6 Continuous Integration [S3][S14][S24][S26][S35][S45][S48][S49] [S50][S54] 10

AP7 Scrum Meeting / Daily Stand-up [S13][S14][S15][S20][S24][S30][S32][S41][S43] 9

AP8 Incremental Delivery [S1][S8][S10][S21][S30][S32][S39] [S43][S54] 9

AP9 User Story [S1][S2][S13][S14][S39][S40][S45][S49] 8

AP10 Rapid and Flexible Development [S14][S22][S28][S34][S40][S45][S48] 7

AP11 Refactoring [S8][S10][S14][S27][S43][S50] 6

AP12 Retrospective [S3][S14][S17][S20][S25][S46] 6

AP13 Face-to-Face Communication [S2][S7][S40][S43] 4

AP14 Collaborative Software Development Process (co-located working) [S7][S22][S31][S50] 4

AP15 Test-Driven Development [S3][S30][S36][S45] 4

AP16 Quick and Early Feedback [S21][S30][S38][S41] 4

AP17 Use Case [S21][S30][S46][S52] 4

AP18 Metaphor [S1][S29][S50] 3

AP19 Release Planning [S3][S8][S24] 3

AP20 Effective Communication [S7][S20][S30] 3

AP21 On-Site Customer [S16][S27][S40] 3

AP22 Pair Programming [S10][S30][S50] 3

AP23 Trust in Teams [S25][S37] 2

AP24 Prototyping [S3][S20] 2

AP25 Self-Organized Team (the architectural modeling process can be

executed by a self-organized team)

[S16][S51] 2

AP26 Developer Story [S27] 1

AP27 Informal Communication [S2] 1

AP28 Roadmap / Vision (reducing the risk of being blind-sided by

unanticipated external changes)

[S3] 1

AP29 Periodic Design Review [S3] 1

AP30 Small Team (20–25) [S5] 1

AP31 Simple Architecture [S10] 1

AP32 Goal-Oriented Method (every increment adds value to the final

product)

[S16] 1

AP33 Incremental Re-architecting [S20] 1

AP34 End-user-focused and Value-centric System Design [S23] 1

AP35 Poka-Yoke (a mechanism in a lean manufacturing process to reduce

defects through careful up-front deliberation)

[S23] 1

AP36 Small Increments and Short Iteration [S38] 1

AP37 Feature-based and High-Priority Task [S39] 1

AP38 Eliminating Waste (i.e., overproduction, delay, and defect waste) [S39] 1

AP39 Just-In-Time Delivery [S39] 1

AP40 Spike Solution (a simple program to explore potential solutions) [S50] 1

AP41 Tacit Knowledge Increasing Agility (agility in agile development is

highly related to the tacit knowledge of the team members)

[S53] 1

Table 11

Classification of costs of the architecture-agility combination.

ID Cost Description Studies

C1 Architectural design cost Architectural design can be costly in agile development due to several

reasons (e.g., no time for careful design during iterations, inappropriate

use of metaphors in architecture design results in additional time and

effort in e.g., communicating architecture).

[S2][S10] [S25][S39] [S44][S50]

C2 Architecture documentation cost The development team needs to spend extra effort for architecture

documentation in agile development.

[S48]

C3 Architectural knowledge learning cost Learning architectural knowledge would cost time and effort, and slow

down the development process.

[S14]

C4 Quality fixing cost caused by unsatisfied

architecture design

The architecture design that cannot meet quality requirements in agile

development, may lead to a cost overrun for fixing the quality

requirements during software maintenance.

[S2]

C5 Architecture delay cost Large increments in lean development may lead to the delay cost due to

waiting for the architecture increments to be ready.

[S39]

C6 Architecture-caused rework cost Architecting in many smaller increments may add to the cost of rework

because it might involve rearchitecting.

[S39]

C7 Architectural maintenance cost Maintaining architecture within agile development methods can be

costly because architecture adds extra formalism and documentation.

[S48]
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Table 12

Classification of general benefits of the architecture-agility combination.

ID Benefit type Subtype Description Studies

GB1 Architecture Architectural Evolution The architecture-agility combination can facilitate a continuous evolution of architecture. [S8][S31]

Architectural design The architecture-agility combination can set architectural design right at the early phase

of development, and help to construct systems with good architecture.

[S23][S37]

Architectural quality Incremental architecture can provide flexibility of architecture, and agile architecting can

assist architects to maintain integrity of architecture.

[S10][S15]

Architecture decision-making

process

Agile architecting can assist and guide architects in the decision-making process of

implementing changes in each agile iteration.

[S15]

Architectural Implementation The architecture-agility combination follows a “just-in-time” model to develop

architecture, and delivers features without having to complete the whole architecture

design in advance.

[S8]

Architectural Analysis The architecture-agility combination can save effort in Architectural Analysis by

considering only essential features needed for the current iteration.

[S10]

Architectural documentation Agile development can save resources on architectural documentation activity. [S2]

Architectural Refactoring Architectural refactoring provides a better means to help architects achieve system

qualities incrementally than an up-front design.

[S2]

Architectural knowledge sharing Agile development can easily and quickly share architectural design decisions by using

e.g., Wiki.

[S2]

GB2 People Stakeholder Evaluation of architecture in agile development can provide the stakeholders with

confidence about the architecture.

[S38]

Developer Agile development methods can deliver early information to developers and help them

make design decisions.

[S2]

GB3 Reduced Cost Up-front design cost Incremental architecture can minimize up-front architecture design cost. [S10]

Architecture delay cost Architecting in small increments reduces the delay cost, because the development team

does not need to wait for the whole architecture to be completed.

[S39]

Rearchitecting cost Architecting in large increments reduces the cost of rearchitecting in agile development,

because rework costs are incurred due to architecture-related defects and

overproduction waste from increments.

[S39]

GB4 Project & System Project status The architecture-agility combination provides improved visibility of project status. [S41]

Feedback to system Incremental architecture design leads to early feedbacks to the system. [S38]

GB5 Others System quality The architecture-agility combination can improve and address quality attributes of

systems in a systematic way by e.g., focusing early on architectural decisions.

[S40][S50]

Communication Physically decentralizing architects and having them incorporate architecture concerns

can facilitate the communication between agile teams and product owners.

[S37]

Risk mitigation The architecture-agility combination can mitigate risks and improve risk management

through reviewing architecture risk factors or conducting incremental architecture

evaluations.

[S41]
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.6.2. Benefits

We collected and classified the benefits of the architecture-agility

ombination into two categories: general benefits (GBs) and specific

enefits (SBs). General benefits refer to the benefits, which are not re-

tricted to specific architecting approaches (see Section 4.3) and agile

ethods (see Section 4.4) as well as supporting tools employed (see

ection 4.9), while specific benefits are the effect when employing

pecific approaches, methods, and tools. A detailed classification of

he architecture-agility combination benefits is presented in Table 12

general benefits) and Table 13 (specific benefits) respectively, which

re derived by using Grounded Theory from the extracted raw data

s detailed in data synthesis (in Section 3.2.4). Note that one study

ay mention or discuss several benefits of the architecture-agility

ombination.

.6.2.1. General benefits. We classified general benefits into five ben-

fit types with nineteen subtypes in Table 12.

“GB1: Architecture” is the type of benefits of the architecture-

gility combination that is most frequently discussed (by twelve

tudies). The architecture-agility combination can benefit various as-

ects of architecture. In [S31], the architecture-agility combination

an facilitate a continuous evolution of architecture that supports

volving system capabilities. In [S37], agile development allows ar-

hitects to work closely with both the business and technical teams,

hich helps to construct systems with good architecture.

“GB2: People” refers to the roles in software development who

ay get benefits through the architecture-agility combination. Note

hat some benefits only apply to specific roles (e.g., developer) and

ome other benefits hold for a whole group (e.g., development team).

n [S2], the author found that agile development can bring the de-

elopment team early in the picture of architecture. In [S38], the
uthors argued that a comprehensive evaluation of the architec-

ure at the end of an iteration can make the stakeholders confident

hat their concerns are well-addressed by the architecture in agile

evelopment.

“GB3: Reduced Development Cost” denotes that the architecture-

gility combination can reduce certain cost in development (e.g., up-

ront design cost). For example, in [S39], one of the benefits of archi-

ecting in small increments in lean development is the reduced delay

ost without the necessity of waiting for a full-fledged architecture to

e ready. In [S10], the authors argued that an incremental architec-

ure was clearly effective, which can minimize up-front design cost.

“GB4: Project & System” refers to the benefits of the architecture-

gility combination to project development or the system itself. In

S41], the authors argued that combining the agile principles and ar-

hitecture may improve the visibility of project status. In [S38], the

uthors revealed that architecture work helped to build a “skeleton

ystem” that supports incremental addition of features, and led to re-

eases for early feedback from stakeholders.

“GB5: Others” contains those benefits which cannot be classi-

ed into any type above. In [S40], the authors stated that including

rchitecture-centric design and analysis methods in XP helped ad-

ress quality attributes in an explicit, methodical, and engineering-

rincipled way.

.6.2.2. Specific benefits. We collected and classified specific benefits

nto four benefit types with twenty-one subtypes in Table 13. “SB1:

rchitecture” is still the type of benefits of the combination that is

ost frequently discussed when using specific approaches, methods,

nd tools.

“SB1: Architecture”. In [S14], Flexible-PLA Modeling Primitives are

ffective in providing architectures with flexibility and adaptability
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Table 13

Classification of specific benefits of the architecture-agility combination.

ID Benefit type Subtype Description Studies

SB1 Architecture Architectural design The various approaches facilitate architectural design in several ways in agile

development, e.g., providing architectural guidance, making it easier to make

architectural changes.

[S13][S17][S18] [S21][S23][S27]

[S29][S34][S38]

[S43][S50][S53]

Architectural

Description

The various approaches help to make architectural description explicit, efficient, and

simple with just enough information, which fits the agile context.

[S11][S13][S17] [S18][S22][S23]

[S25][S29][S30] [S38][S45]

Architecture quality The various approaches help to assess, quantify, prioritize, understand, and improve

architecture qualities in agile development (e.g., integrity, consistency, flexibility,

and adaptability).

[S12][S14][S15] [S23][S25][S27]

[S34][S36][S37]

Architecture decision-

making process

The various approaches provide agile architects knowledge and help them in the

decision-making process, e.g., deferring detailed decision making until the proper

time.

[S4][S14][S15] [S27][S29][S30]

[S40]

Architectural Evaluation The various approaches make Architectural Evaluation suitable in agile development

with early feedback, e.g., lightweight and incremental methods.

[S4][S11][S17] [S20][S38][S41]

Architectural knowledge

management

The various approaches can improve architectural knowledge management in agile

development through e.g., addressing the knowledge evaporation problem.

[S17][S21][S22] [S27]

Architectural Analysis The various approaches are effective for analyzing architectural requirements (e.g.,

through piecewise analysis), aligned with agile practices.

[S13][S17][S27] [S40]

Architectural

Understanding

The various approaches help development teams to better understand the

architecture (e.g., how the design satisfies specific quality attributes) in agile

development.

[S14][S29][S37]

Architecture

communication

The various approaches can improve team communication about architecture in agile

development.

[S18][S29][S30]

Architectural

Refactoring

The various approaches use design knowledge (e.g., architectural patterns) for

refactoring the architecture or increase the visibility of architectural refactorings

(e.g., using developer stories) in agile development.

[S25][S27]

Architectural

Implementation

CAa Agile Architecture helps the development teams to effectively implement an

architecture without drifting towards continuously changing requirements.

[S21]

Architectural effort

optimization

Technical debt management and real options analysis provide the ability of

optimizing architectural investment decisions in agile development.

[S8]

Architectural Reuse Agile Architecture-Driven Modeling approach supports reuse of components,

patterns, and artifacts in agile development.

[S16]

Architectural Recovery A lightweight XML-based architectural description approach was used to effectively

capture and communicate architecture without a heavy modeling frontend.

[S30]

SB2 People Development team The various approaches can bridge agile teams with a non-agile enterprise, reduce

time, effort, and improve confidence of architecture in agile development.

[S4][S42][S53]

Product owner Architecture backlog provides a measurable mechanism that motivates the product

owner to move stories from the architecture backlog to the project backlog, and

handle the backlog in a consistent way.

[S37]

SB3 Agile

development

Agile principle The various approaches can support certain agile principles, e.g., the development

team can get closer to customer needs during iterations through the use of PPCs.

This facilitates the agile principle “The highest priority is to satisfy the customer

through early and continuous delivery of valuable software” (16).

[S14][S25][S43]

Agile practice The various approaches can support certain agile practices, e.g., architectural patterns

can help and encourage the project team to document knowledge about

architecture in a brief and salient form, which improves agile practice “Just enough

work”.

[S25][S40][S43]

SB4 Others System quality The various approaches can assure or improve system qualities (e.g., simplicity,

consistency, and testability) in agile development.

[S13][S25][S31] [S34][S40][S50]

Risk System architectural description can reduce risks in agile development process. [S14][S42]

Release planning Real options analysis provides a way to allocate architectural elements to releases in a

value perspective, which facilitates agile release planning.

[S8]

a CA represents the name of the company CA Technologies, Inc. who developed and applied this method.
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while architecting in agile development. In [S29], the authors ar-

gued that using metaphors to create a representation of the ar-

chitecture in self-documenting code were helpful. In [S17], the

approach Incorporating Systematic Architectural Knowledge Man-

agement can alleviate the pain of architecture work (e.g., the

vaporization of architectural knowledge) in Scrum. In [S30], a

lightweight XML-based architectural description approach was

used to effectively capture and communicate architecture with-

out any heavy modeling frontend, which is suitable for agile

development.

“SB2: People”. In [S4], Responsibility Driven Architecture is useful

when there is a need to bridge agile development teams with a de-

cidedly non-agile enterprise and relatively strict, waterfall-inspired

governance processes. In [S37], architecture backlog provides a mea-

surable mechanism that motivates the product owner to move stories

from the architecture backlog to the product backlog, and handle the

backlog in a consistent way.

c

“SB3: Agile Development”. In [S43], the proposed approach PPC

Plastic Partial Component) can be employed to support six agile

rinciples. For example, PPCs are ready to be modified during devel-

pment, and can easily accommodate changes of features. Therefore,

PC supports the agile principle “Welcome changing requirements”.

“SB4: Others”. In [S31], time-phased iterative and incremental

evelopment can enhance system testability through incremental

rchitecture verification and just-in-time architectural decision

aking.

.7. RQ6: What are the challenges in the architecture-agility

ombination?

We collected and classified the challenges in the architecture-

gility combination into two challenge types (Architecture and

thers) with twenty subtypes. Table 14 presents a detailed classifi-

ation and description of the identified challenges.
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Table 14

Classification of challenges in the architecture-agility combination.

ID Challenge type Subtype Description Studies

CH1 Architecture Tension: Architecture design and

agile development

Architecture design represents a plan for the system development, while

agile development embraces change, and pays less attention to plans.

How much architecture design is required is a challenge in the

architecture-agility combination.

[S9][S16][S17] [S27][S30][S47]

[S52]

Tension: Architectural description

and agile development

Deciding how much effort for architectural description is needed in agile

development is a challenge.

[S11][S16][S22] [S41][S45]

Role of architecture in agile

development

The role of architecture in agile development is not clear, and often

overlooked.

[S1][S4][S8] [S15]

Tension: Architectural evaluation

and agile development

There is a lack of proper architectural evaluation approaches suitable for

agile development.

[S12][S20][S28] [S41]

Tension: Architectural knowledge

management and agile

development

Agile teams often depend on tacit architectural knowledge, and how to

deal with architectural knowledge vaporization in agile development is

a challenge.

[S11][S14][S15] [S21]

Tension: Architectural quality and

agile development

There is a need to balance the effort for architectural quality (e.g.,

flexibility) and agile development. For example, an excessively flexible

architecture may result in redundant work.

[S3][S14][S39]

Tension: Architectural refactoring

and agile development

In agile development, architectural refactoring is often costly and may

need significant rework.

[S8][S15][S39]

Architect The role of architects in agile development is not clear, and the agile

architects have far fewer standard practices to follow.

[S1][S4][S47]

Tension: Architectural work and

agile teams

As agile development teams became self-organized, the architectural

work became more distributed and harder to control centrally.

[S51]

Tension: Architectural analysis and

agile development

Existing techniques for early discovery of ASRs are typically rejected by

agile development teams as being somewhat heavy-weight.

[S13]

Tension: architectural evolution and

agile development

Evolving architecture while complying with the agile principles is a

challenge.

[S14]

Tension: architectural patterns and

agile development

In agile development, there is a lack of guidance on how to use

architectural patterns.

[S25]

Tension: architectural delivery and

agile development

Delivering the architecture in smaller increments and shorter iterations is

a challenge.

[S38]

Understanding of architecture

work’s value

The architecture work will get low priority in the product backlog if the

product owner is not aware of the value of architecture, and

consequently may lead to an inferior architecture.

[S37]

CH2 Others Champion of the architecture-agility

combination

There is a lack of a champion of the architecture-agility combination for

many reasons (e.g., the time, motivation and effort, the merging of agile

elements and architectural elements, the different cultures).

[S1][S2][S4] [S13][S14][S21]

[S24] [S25][S39]

[S40][S42][S43] [S44]

[S45][S53] [S54]

Large project An inaccurate architectural design in agile development is one of the

major reasons that lead to the failure of large projects. Geographically

dispersed teams working on large projects may have difficulties in

using agile methods (e.g., metaphors) for understanding,

communicating, and documenting architecture.

[S5][S24][S29] [S42][S43]

Techniques of the

architecture-agility combination

There is a lack of techniques (e.g., approaches, tools) to support the

architecture-agility combination.

[S12][S13][S20] [S28]

Evidence of the architecture-agility

combination

There is a lack of evidence to support that the architecture-agility

combination works.

[S2][S24][S54]

User story prioritization User stories in agile development are usually prioritized without

considering the technical aspects (e.g., interdependencies between

them), which potentially has a negative effect on the architectural

decisions made to implement the user stories.

[S2]

System quality There is a lack of attention on system qualities in the architecture-agility

combination.

[S2]
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“CH1: Architecture” refers to the challenges about architecture

tself. In [S1], one of the challenges is that agile methods per-

eive architecture as planning too much in advance. In [S2], the au-

hors emphasized that agile methods underestimate architecture de-

ign as an important activity. In [S11], the authors recognized that

he chances are high that architecture only exists in the quickly

ading memory of developers and forgotten architectural spikes,

iven that the agile methods highly focus on creating code over

ocumentation.

“CH1: Others” covers the challenges which are indirectly involved

ith architecture. In [S24], the author found through interviewing

evelopers in a large company that agile methods do not generally

uide architecting large-scale systems. Agile development in large

rojects and the co-existence of agile development and architecture

n different problem classes are among the most burning issues from

ractitioners. In [S20], the authors argued that one of the challenges

n agile development is the lack of proper architecture evaluation ap-

roaches suitable for agile development process. In [S4], the authors
rgued that the role of architects as well as their responsibilities is

ot clearly defined or simply ignored in agile development.

.8. RQ7: What are the factors that impact the success of applying the

rchitecture-agility combination?

We collected and classified six types of factors with twenty-nine

ubtypes which may impact the architecture-agility combination

rom the selected studies. Note that if we could not find any detailed

nformation about a factor (e.g., how it can impact the architecture-

gility combination), we excluded it without any further discussion.

able 15 presents the classification and description of these factors

ith the studies and Fig. 9 shows the top ten factors that may impact

he architecture-agility combination.

“F1: Project” covers the factors of the project level (e.g.,

roject size). “F2: People” refers to the stakeholders (e.g., archi-

ects) with their properties (e.g., experience) which can impact the

rchitecture-agility combination. “F3: Architecture” includes the
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Table 15

Classification of factors of the architecture-agility combination.

ID Factor type Subtype Description Studies

F1 Project Project size Different project size can impact the architecture-agility combination (e.g., the amount of

architectural rework is an exponential function of project size).

[S1][S5][S15]

[S18][S19][S33]

[S53][S54]

Time There is not much time for designing architecture in agile development. Stakeholders should

consider when to do architecture work and how much time can be spent on it (e.g., the time

of architectural evaluations may be restricted to several hours per week).

[S21][S25][S38]

[S39][S41][S50] [S51]

Governance It refers to the management of agile projects, which includes the standard of architectural

work (e.g., which standards should be followed in architecture design).

[S1][S26][S33]

[S44][S54]

Criticality Criticality (e.g., lives may be lost if the system fails) can be a factor that impacts the

architecture in agile development. For example, a project with critical ASRs hardly

progresses in an expectation that a satisfactory architecture will emerge through

refactoring.

[S1][S5][S33] [S53][S54]

Rate of change Software change will impact the adoption of the architecture-agility combination. For

example, in agile development, if the rate of requirements change is high, it is quite unlikely

that a satisfactory architecture will emerge through small continuous refactoring.

[S1][S5][S33] [S44][S54]

Development cost This factor covers various costs in the software development lifecycle, e.g., understanding how

the architectural communication costs will be paid during the releases in agile development

is a key to success.

[S7][S8][S50]

Goals confliction Different stakeholders may have different goals (e.g., business goals, project goals). Goals

confliction is a reason for poor documentation and neglected architecture design in agile

development.

[S44]

F2 People Team This factor covers team distribution, team dimension of scale, and team experience. For

example, team distribution calls for more explicit communication and coordination of

architectural decisions, and more stable technical and business interfaces between teams.

[S1][S7][S16]

[S18][S19][S20]

[S33][S38][S41] [S54]

Architect This factor covers architect’s role, responsibilities, background, and experience. For example,

when developing a large and novel system, an appropriate combination of experience from

the maker of important decisions (e.g., architectural design decisions), as well as the

mentor, prototyper, and troubleshooter of the system is needed.

[S1][S2][S4]

[S15][S18][S37]

[S46][S50][S53] [S54]

Customer This factor contains customer requirements, participation, and collaboration. For example,

customers’ participation may help them to choose what user stories or developer stories to

include or exclude in each iteration in a well-informed way, which consequently improves

the decision-making on architecture.

[S23][S27][S33]

[S41][S50][S54]

Developer This factor covers developer’s attitude, behavior, etc. For example, developers may not care

about architecture, have very few experience on architecture design, etc. This would cause

problems in the architecture-agility combination.

[S27][S44][S53]

Domain expert In agile development, domain expert engagement is valuable for designing architecture. [S23]

F3 Architecture Architecture

documentation

This factor includes several aspects of architecture documentation, such as how much effort

should be assigned, awareness of the importance, and the length and complexity of

architecture documentation, etc.

[S1][S2][S7][S11][S10]

[S20][S21][S22][S23]

[S38][S44][S50]

Architectural quality In agile development, architecture should have certain qualities (e.g., simplicity and stability).

For example, XP uses “simplicity” as the main guiding principle for architectural design.

[S1][S10][S12]

[S15][S33][S50]

[S53][S54]

Architecture scope Clearly defining the architecture scope is important in agile development. A tacit and implicit

scope would cause some problems, such as architecture misunderstanding and erosion.

[S1][S38][S41]

Architecting value and

cost

The agile team should consider both the value and cost of architecting to decide the amount of

architectural effort they should spend.

[S1][S54]

Architectural defects In agile development, architectural defects (such as lack of desirable system qualities) may

lead to a large amount of rework.

[S39]

Architectural increment The batch size of architectural work in increments can impact the architecture-agility

combination.

[S38]

F4 People-related Communication Agile methods highlight an incremental development paradigm, in which architecture design

is under a communicative development process. Communication (e.g., communicating

architecture) can impact the whole agile development process.

[S2][S7][S17][S18][S20]

[S23] [S25][S26][S27]

[S29][S31][S37]

[S42][S46][S50]

Coordination/

collaboration

One key aspect of agile development is the coordination and collaboration within the agile

team (e.g., between architects and product owners).

[S7][S37][S48]

Learning Learning new architectural concepts could slow down the agile development process. [S14]

Support from

stakeholders

Lack of support from surrounding stakeholders is a contextual factor in the

architecture-agility combination.

[S33]

Expertise Expertise can be used to combine architecture and agile practice to avoid disruptions in

velocity, e.g., release planning with architectural considerations.

[S3]

F5 Organization Business This factor covers business domain and business model, etc. For example, web-based systems,

embedded systems, and mobile APPs can be very different when applying the

architecture-agility combination in their development.

[S1][S33][S41]

[S47][S53][S54]

Organization culture The architecture-agility combination would be very difficult to perform if an organization is

not experienced with agile development.

[S1][S17][S33]

[S41][S47]

Technical environment Having a development infrastructure (e.g., automated tests, nightly builds) to support the

development teams, is an important factor for the combination (e.g., meeting architectural

requirements in agile development).

[S33][S41][S47] [S54]

Organization maturity This factor covers the development history of the organization, the maturity of the

development processes employed, and the scale of the organization, etc.

[S33]

F6 System System quality This factor contains system complexity, platform portability, etc. A safety-critical system with

high security and real-time constraints may impact the way that architecture and agility are

combined.

[S3][S13][S33]

[S40][S41][S50] [S54]

Legacy system Legacy systems can influence an architectural effort’s impact in agile development (e.g.,

intractable legacy systems can destroy an architecture program).

[S47]
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actors about architecture. “F4: People-related” denotes the factors

hat are related to people (e.g., “Communication” is an activity be-

ween stakeholders). Compared with the factors of “F1: Project” and

F6: System”, the factors of “F5: Organization” are considered at an

rganization level (e.g., the culture characteristics of a company). “F6:

ystem” includes the system properties (e.g., the size of a system).

F1: Project” (34 out of 136 studies, 25.0%) and “F2: People” (30 out

f 136 studies, 22.1%) are the two most important factors that im-

act the architecture-agility combination. “F3: Architecture” lies in

he third position (27 out of 136 studies, 19.9%). The rest factors (“F4:

roject-related”, “F5: Organization”, and “F6: System”) have a moder-

te impact on the combination. Note that the number of studies that

iscuss various factors (136) exceeds the number of selected studies

54), because one study may discuss several factors.

.9. RQ8: What tools are available to support the architecture-agility

ombination?

We collected seven tools that can be used to support the

rchitecture-agility combination in the selected studies, as listed

n Table 16. Only 24.1% studies (13 out of 54 studies, and one study

ay use several tools) use tools, which shows that tools are not

idely used to support the combination. These tools are all generic

ools that can be used for a variety of purposes. We have not found
able 16

lassification of supporting tools for the architecture-agility combination.

ID Tool Description

T1 Board It was used to record and communicat

decisions) in agile development.

T2 Wiki It was used to document and share arc

decisions) in agile development.

T3 Spreadsheet It was used to record architectural info

mapping architectural concerns to d

T4 XML file It was used to record architectural info

T5 Abstract specification tool It was used to help architects in organ

while creating design and architectu

T6 Flip chart It was used to record certain architectu

development.

T7 Reputation system It was used to improve architecture do

continuously analyzing the contribu

publishing the reputation scores of d
ny dedicated tools that are specifically built for the purposes of

upporting the architecture-agility combination.

“T1: Board” and “T2: Wiki” are each reported in 4 out of 54 stud-

es (7.4%). The concept of board is independent of the actual formats,

.g., electronic or traditional blackboard. In this SMS, we define all of

hem as “Board”. In [S2], whiteboards were used to share and explain

rchitectural design decisions during agile development, while the

rchitecture design with design decisions was kept on the board un-

il it was implemented. In [S2], agile teams also used Wiki to record

nd share architectural design decisions.

“T3: Spreadsheet” (2 out of 54 studies, 3.7%) and “T4: XML File” (2

ut of 54 studies, 3.7%) lie in the third position. In [S4], spreadsheet

as used to map architectural concerns to development phases, in or-

er to adjust the generic, waterfall-inspired milestones to fit the agile

rocess. The mapping acts as a roadmap to make clear to stakehold-

rs when they should expect to engage with the development team.

n [S30], XML files were used to describe architecture in components

nd interfaces, and the architecture descriptions in XML were used

or “on-demand” generation (automatic extraction) of architectural

iews in agile development.

Note that we did not list all the tools discussed or used in the se-

ected studies as supporting tools for the architecture-agility com-

ination, because some tools provided no information on how ex-

ctly they were used to support the combination. Such tools include
Studies

e architectural information (e.g., design and design [S2][S27][S39][S40]

hitectural information (e.g., architecture design [S2][S46][S48][S52]

rmation in agile development, for example,

evelopment phases in order to fit the agile process.

[S4][S12]

rmation in agile development. [S30][S45]

izing relevant information regarding architecture

re blueprints in agile development.

[S22]

ral information (e.g., design problems) in agile [S27]

cumentation in agile development, through

tions (i.e., writing good documentation) and

evelopers.

[S44]
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SoMox [S16], AEvol [S16], MagicDraw [S21], Office Word [S21], Soft-

ware Configuration Management System [S30], Mind Mapping Tool

[S34], Flexible-PLA [S43], CruiseControl [S45], and Apache ANT [S45].

4.10. RQ9: What are the lessons learned from the architecture-agility

combination?

We classified the lessons learned from the architecture-agility

combination into three types with twenty-five subtypes, as presented

in Table 17. “LL1: Architecture” denotes the lessons learned related

to architecture in the architecture-agility combination. “LL2: People”

refers to the lessons learned concerning various roles in agile de-

velopment (e.g., architects). “LL3: Others” covers the lessons learned

which cannot be classified into the aforementioned types.

5. Discussion

The selected studies were published in thirty-one venues, which

indicates that the architecture-agility combination has been a

widespread concern in the software engineering community cover-

ing a large part of the lifecycle. The number of studies has been in-

creasing over the last thirteen years with an exceptional peak in 2010.

IEEE Software (10 out of 54 studies, 18.5%), a popular magazine for

software practitioners, tops the list of the publication venues of se-

lected studies (see Table 6), which shows that this topic is interesting

and a major concern for practitioners. The data shown in Fig. 5 also

supports this in that 52% (28 out of 54) of the selected studies have at

least one author from industry.

The results of this SMS demonstrate that a significant difference

exists in the proportion of architecting activities (Fig. 6), agile meth-

ods (Fig. 8), and agile practices (Table 10) that can be employed

in the architecture-agility combination: some have been sufficiently

investigated while others not at all. For example, “Test-Driven De-

velopment” and “Pair Programming” are frequently employed agile

practices in agile development (Jalali and Wohlin, 2012; Sfetsos and

Stamelos, 2010), however, these agile practices did not receive much

attention in the combination.

In this section, we further discuss the study results for the vari-

ous research questions, except for the challenges (RQ6) and lessons

learned (RQ9) of the combination, which are discussed afterwards in

the context of implications for researchers and practitioners.

5.1. Analysis and synthesis of results

Architecting activities: Most research effort has been put on

Architectural Description (29 out of 54 studies, 53.7%) in the

architecture-agility combination. This is not a surprising result. Ar-

chitecture has to be described to a certain extent if stakeholders want

to use it in agile development; as Kruchten suggested “if an archi-

tecture is not written, it does not exist” (Kruchten, 2009). Other archi-

tecting activities received quite limited attention in the architecture-

agility combination, e.g., Architectural Analysis was only used in six

(11.1%) selected studies (see Fig. 6). One reason may be that some ar-

chitecting activities (e.g., Architectural Impact Analysis) require sig-

nificant effort and time, which is not suitable for the context of agile

development.

Architecting approaches: We collected and identified forty-three

architecting approaches used in agile development (see Table 9) from

the selected studies. These architecting approaches can be used with

agile practices such as “Iterative and Incremental Development”, “Just

Enough Work”, and “Continuous Integration”. However, none of the

approaches has been widely used in the combination, for example

“Iterative Architecture Approach”, which tops the list, has only been

used in four selected studies. The reasons are the following: (1) the

forty-three architecting approaches are dedicated to support ten ar-

chitecting activities in the combination (see Fig. 7 and Table 9). For
xample, Abstract Architecture Specification Document [S22] is used

o support ADp; (2) different approaches used to support the same

rchitecting activity have different focuses. For example, Plastic Par-

ial Component [S14][S43] and Architectural Design Pattern [S25] are

sed to specify different elements (i.e., component vs. pattern) in

Dp; (3) different contexts of the architecture-agility combination

equire approaches that specifically match the context. For example,

gile Product-Line Architecting [S14][S15] is proposed and used for

roduct-line development.

Agile methods: Scrum and XP are the most popular agile methods

sed in the architecture-agility combination (see Fig. 8). This is not

urprising, because several recent surveys on agile development have

onfirmed the same result (e.g., (Ali, 2012; Rodríguez et al., 2012;

tavru, 2014)), which partially contributes to the popularity of agile

ethods employed in the combination. Other agile methods like LSD,

DD, and TDD received much less attention in the combination.

Agile practices: We collected and identified forty-one agile prac-

ices (in Table 10) from the selected studies. However, only a few

f them have been widely discussed (such as “Backlog”, “Iterative

nd Incremental Development”, “Sprint”, “Continuous Integration”,

nd “Just Enough Architectural Work”). One reason is that these

gile practices (e.g., “Iterative and Incremental Development”) are

he common characteristics employed by various agile development

ethods (Abrahamsson et al., 2010; Boehm et al., 2010; Diaz et al.,

014). Another reason is that some agile practices are highly linked

o specific agile methods (e.g., “AP35: Poka-Yoke” is used in the lean

anufacturing process with only one study). How to apply other

opular agile practices (e.g., “User Story” and “Refactoring”) in the

rchitecture-agility combination can be an interesting research di-

ection. Another issue is that the employment of agile practices in

he architecture-agility combination is heavily based on personal ex-

erience and knowledge; there is a lack of guidance on how to use

hese practices in the combination. In this SMS, some examples are

rovided that use the most frequently discussed agile practices from

he selected studies. However, this area is far from mature.

Costs: We identified seven types of costs (in Table 11) in the

rchitecture-agility combination, all of them being related to archi-

ecture, which indicates that architecture-related costs (e.g., caused

y architecting activities and approaches) are the major source of the

xtra effort in the architecture-agility combination. Since “pure” agile

evelopment does not involve such costs, this is a major concern for

sing architecture in an agile development team.

Benefits: In this SMS, nineteen general benefits and twenty-one

pecific benefits, which are attached to specific approaches, meth-

ds, and tools, were collected and identified. Benefits may not come

or free, and can lead to certain costs in the architecture-agility com-

ination. For example, in [S2], the author found that agile develop-

ent could save effort on architectural documentation activity (the

enefit), however, it may result in “Architectural Knowledge Learn-

ng Cost” and “Architectural Maintenance Cost” (see Table 11).

Factors: Six types of factors with twenty-nine subtypes (see Table

5), which can impact the architecture-agility combination were col-

ected and classified. However, these factors are not of same impor-

ance or priority for consideration in development. This leads to the

uestion about which factors should be considered first and paid

ore attention. The top ten factors shown in Fig. 9 are the most

requently-mentioned factors to the success of applying the combi-

ation, which can be considered with a high priority. Other questions,

uch as how these factors impact the combination and what solutions

an be considered when dealing with a specific factor (e.g., project

ize) in the combination, are also important.

Tools are important to facilitate the architecture-agility combina-

ion. However, there are only seven general tools (e.g., Wiki) that can

e used to support the combination (see Table 16). There are no ex-

sting tools built on purpose to support the architecture-agility com-

ination.
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Table 17

Classification of lessons learned of the architecture-agility combination.

ID Type of Subtype Description Studies

lessons

learned

LL1 Architecture Architecture design Two representative lessons learned: (1) it is better to focus on architecture design early enough (in

early iterations); (2) stakeholders should decide when to freeze the architecture in order to provide

architecture stability for developers to finish a product release, and be aware of the amount of

technical debt accumulated.

[S1][S2][S6][S8][S10][S15]

[S21][S24][S32][S34][S35]

[S37][S39][S41][S42][S43]

[S44][S46][S48][S52]

[S53][S54]

Architectural Description Two representative lessons learned: (1) healthy agile projects welcome the iterative delivery of

documentation (e.g., architecture documentation with the working software); (2) agile

architectural modeling is better conducted in an incremental, customer-involved process, which

may lower the modeling overhead.

[S1][S16][S18]

[S29][S37][S42]

[S43][S45][S46] [S48][S52]

Architecture quality Stakeholders should keep architecture simple, vital, transparent, and flexible. [S5][S10][S21] [S48][S52]

Architectural design

decision

Architecturally significant decisions should be made early and mainly before implementation, and

these decisions should be explicitly documented during agile development.

[S1][S6][S24] [S41][S49]

Architectural Evaluation In agile development, it is better to (1) review architecture documentation as it emerges from each

sprint, and (2) evaluate architecture by an external team.

[S37][S38][S41]

Architectural Refactoring Architectural refactoring is frequently used in agile development to construct architecture

incrementally.

[S10][S24][S39]

Architectural Analysis Architecture-agility combination enables agile teams to focus on both functional and non-functional

requirements, and capturing ASRs as acceptance test cases can improve the visibility of ASRs.

[S1][S39]

Architectural knowledge

management

In agile development, it is better to (1) keep code as the first-class citizen and then get as much

architecture information as possible under this premise, and (2) always reflect up-to-date

architectural information.

[S11][S17]

Architectural

Maintenance

In agile development, a uniform understanding of the existing architecture is required for making and

implementing consistent architectural changes.

[S27]

Architectural

Understanding

In agile development, stakeholders should not assume a tacit, implicit architectural understanding,

and they should understand the interdependencies between architectural issues and user

functionality to connect them over iterations.

[S1]

Architectural

Implementation

In agile development, keeping the architecture documents consistent with the implementation is

fundamental to dealing with complex systems with changing requirements.

[S34]

Architectural issues

tracking

In agile development, it is important to track unresolved architectural issues in both the backlog and

the risks.

[S1]

Architectural pattern In XP, architectural patterns are most useful when developers are familiar with them and use them in

a disciplined way.

[S25]

Architecture-centric

development

Guidelines for combining architecture-centric development and agile development: (1) develop

architecture in a lightweight way; (2) keep the architecture flexible to change; (3) use test-driven

architectural design at the interface level; (4) module users instead of module providers write tests.

[S45]

Semantics of

architecture concept

The concept of architecture often has fuzzy boundaries for various stakeholders. An agreement on the

definition of architecture is a prerequisite for using architecture in agile development.

[S1]

LL2 People Architect Three representative lessons learned: (1) clearly define architect’s role and responsibility in agile

development; (2) do not let architects lock themselves in an ivory tower, and architects should be

part of the development group; (3) agile architects must be educated so that even the most

intractable techie will at least be understood, even if the techie do not agree with the architectural

decisions.

[S1][S4][S9] [S18][S24][S37]

[S46][S47][S48] [S53]

Development team Two representative lessons learned: (1) the development team needs to be involved in the

communication and decision process, and constant merging through Continuous Integration

reduces the complexity and risk considerably; (2) the development team should keep stakeholders’

concerns and any other rationale information they capture in a format they can include in the

architecture documentation – usually on a public whiteboard.

[S18][S26][S38]

[S40][S47][S53]

Developer In agile development, developers are equally important as other stakeholders, and they should

consider architecture relevant to their day-to-day activities. They should collaborate with

architects early and often, and continuously share ideas.

[S1][S4]

Stakeholder Stakeholders should consider the potential impact on architecture when introducing agile methods

in their organizations. It is also important to have an “architecture representative” counterpart who

is responsible for the system qualities to keep a balance between the functional and non-functional

requirements.

[S2][S8]

LL3 Others Approach of the

architecture-agility

combination

Two representative lessons learned: (1) it is necessary to consider the potential value clash the

development teams may perceive, when combining architecture and agile approaches; (2) the

approaches that support the combination should be lightweight.

[S1][S4][S8] [S21][S23][S24]

[S35][S37][S39] [S46][S49]

Large project Two representative lessons learned: (1) agile methods should fit the specific context of the

development of large and complicated projects, which require significant architectural effort; (2)

architecture-centric methods can add value to agile development by adapting agile methods using

a hybrid approach to handle large and complex systems.

[S1][S24][S40]

System quality Three representative lessons learned: (1) stakeholders may better manage the cost (e.g., rework cost)

of the project by monitoring the system qualities through the architecture (e.g., represented in

technical debt or rework-related defects); (2) a shared architectural vision helps to ensure integrity

and improves the software’s inner quality; (3) architecture-centric methods can facilitate agile

development by emphasizing system qualities.

[S39][S40][S48]

Coordination For every problem not handled by the architecture, a process coordination mechanism needs to be

put in place to allow teams to release the system. Stakeholders should use architecture as a

mechanism for coordination, and through close coordination, architects achieve the confidence of

the developers that they can effectively support them.

[S7][S18]

Communication Communication in the architecture-agility combination should be direct and stimulated all the time

during the project. It requires management attention to convince everybody that communication

of architectural issues is important and intended.

[S18]

Metaphor A good metaphor may: (1) represent a single perspective; (2) deal with only one type of structure; (3)

provide clear guidance concerning design decisions; (4) shed light on system properties.

[S29]
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5.2. Comparison of architecting in agile and non-agile development

In this section, we compare and discuss architecting in agile and

non-agile development (in Table 18). By doing so we can better un-

derstand what are the differences when architecting in agile devel-

opment compared to non-agile, based on the results of this SMS. We

analyze and discuss three major architecting activities (Architectural

Analysis, Architectural Evaluation, and Architectural Description) as

well as their related approaches. The other eight architecting activ-

ities (in Section 2.1) are not compared and discussed in this sec-

tion because these architecting activities are rarely discussed in the

architecture-agility combination, so we have very sparse data for the

comparison. Each of the three analyzed architecting activities is dis-

cussed along a number of dimensions.

5.3. Implications for researchers

(1) Not all the architecting activities (see Section 2.1) are suitable

for the architecture-agility combination. Researchers need to

explore the benefits, costs, and other factors when proposing

the introduction of architecting activities into the architecture-

agility combination.

(2) As shown in Figs. 6 and 7, no selected studies employed Archi-

tectural Recovery (AR) in agile development, while there are

no specific architecting approaches identified in this SMS that

support AR in agile development. One possible reason is that

most AR approaches are performed manually, and thus may

be too expensive to use in an agile context. We suggest that

researchers explore the feasibility of applying AR with (semi-

)automated and lightweight approaches in agile development.

(3) There is a lack of guidance of using agile practices with archi-

tecture. There is a need for researchers to further conduct more

research to provide such guidelines.

(4) Architecture-related costs are a major concern for using archi-

tecture in agile development. How to alleviate such costs (see

Table 11) needs further investigation. We also encourage re-

searchers to identify more costs (including the architecture-

related costs as well as other types of costs) in the architecture-

agility combination.

(5) The benefits of the architecture-agility combination are heav-

ily based on the context of projects. We suggest that re-

searchers may clarify the context by further exploring the fac-

tors that have impact on the benefits of the combination.

(6) The challenges of the architecture-agility combination (in

Table 14) collected and identified in this SMS are potential fu-

ture directions for researchers. For example, how to use the

architecture-agility combination to support the development

of large and distributed projects.

(7) There is a lack of guidance of using the factors (in Table 15)

to facilitate the architecture-agility combination. Researchers

may further classify these factors into sub-factors which are

more precise and easier to consider in development, and de-

velop the guidance of using these factors in the combination.

For example, considering the “Communication” factor, which

stakeholders should be involved in what kind of communica-

tion in development that may facilitate the combination?

(8) There is a lack of dedicated tools that support the architecture-

agility combination. We encourage researchers to come

up with such prototype tools, especially in collaboration

with industry partners who apply the combination in their

projects.

(9) The lessons learned collected in this SMS are mostly based on

the personal experience and knowledge from the authors of

the selected studies; we cannot claim that they are generaliz-

able to other contexts. This calls for consolidated evaluation of
the lessons learned, in order to convert “lessons learned” into

“best practices”.

(10) We found that most studies either emphasize that the

architecture-agility combination is successfully applied or do

not mention the result at all. We invite researchers to report on

failures in addition to success stories: failures could help iden-

tify the problems and weaknesses of existing work, and con-

sequently improve the processes, approaches, and tools that

support the architecture-agility combination.

.4. Implications for practitioners

(1) According to the results of this SMS, only Architectural De-

scription (ADp) has been discussed in more than 50% selected

studies. Therefore, in a statistical sense, it is more reliable for

practitioners to use ADp and associated approaches in their ag-

ile projects than other architecting activities and approaches

(e.g., AS, ARu). However, how much architectural description is

enough and appropriate in agile development is largely depen-

dent on the factors identified in this SMS (see Section 4.8).

(2) There are forty-three architecting approaches identified in this

SMS (see Table 9), which are used to support most of the ar-

chitecting activities (see Fig. 7). We suggest that practitioners

choose suitable architecting approaches according to the ar-

chitecting activities used in their agile projects. For example,

architectural evaluation can be introduced in an agile project

by selecting an appropriate architecting approach listed in

Table 9.

(3) We suggest that practitioners report equally on both the bene-

fits and costs of the architecture-agility combination. The cost-

benefit ratio should be explicit in a project in order to decide

how much of the architecture-agility combination can be used.

We also advise that practitioners reflect critically on the bene-

fits of the architecture-agility combination, especially with re-

spect to the specific context of their project.

(4) The challenges of the architecture-agility combination col-

lected and identified in this SMS can be considered as a check-

list for practitioners. For example, if practitioners want to

introduce ADp into agile development, they need to check

against the related challenges, e.g., how much architecture and

what architectural information should be described and docu-

mented in the projects.

(5) The factors identified in this SMS (see Table 15) play a signif-

icant role in the architecture-agility combination. We hope to

make practitioners aware of the importance of the various fac-

tors as they may determine the success of their projects.

(6) As aforementioned in the implications for researchers (Section

5.2), there is a lack of dedicated tools that support the

architecture-agility combination. Practitioners can use general

tools (e.g., Excel, Wiki) in their projects, which provide certain

level of support to the combination. However, practitioners can

also collaborate with researchers to make explicit their needs

and requirements for dedicated tools.

. Threats to validity

Study search: There may be relevant studies that were not re-

rieved, which may affect the results of this SMS. To mitigate this

hreat, we searched the most popular electronic databases on soft-

are engineering and finally acquired 54 studies. In addition, before

he formal search, we performed a trial search to improve the correct-

ess and completeness of the search results. With these measures,

he probability of missing relevant studies has been reduced.

Study selection largely depends on personal knowledge and ex-

erience of the researchers who conducted this study, which might
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Table 18

Comparison of architecting in agile and non-agile development.

Architecting activity Dimension Agile development Non-agile development

Architectural

Analysis (AA)

Basis AA in agile development is user story based (e.g.,

Architecture-related Tasks Visualization [S39]), because

user stories are short and simple with one specific need,

which is suitable for conducting AA in an agile context.

One template of user story is: “As a <user role> I want

<goal> so that <business value>”.

AA in non-agile development is scenario-based (e.g. ADD)

(Bass et al., 2012, Hofmeister et al., 2007, Barbacci et al.,

2003). For example, a quality attribute scenario contains

source of stimulus, stimulus, environment, artifact,

response, and response measure (Bass et al., 2012). This

requires collecting and recording more elaborate

information than user stories.

Customer participation AA in agile development encourages customer participation,

thus this activity is about keeping customers close-by (e.g.,

[S2]).

There is no emphasis on participation of the customer but a

general involvement of different types of stakeholders.

Process AA in agile development is iteratively and incrementally

conducted (e.g., ADD [S40]).

The emphasis is on the intertwinement between

requirements engineering and architecting (i.e.,

Architectural Analysis and Synthesis), also known as the

Twin Peaks (Nuseibeh, 2001).

Focus AA in agile development pays more attention to functional

requirements than non-functional requirements (e.g.,

[S43]).

AA in non-agile development also pays attention to

functional requirements but is largely driven by

non-functional requirements (Hofmeister et al., 2007).

Architectural

Evaluation (AE)

Process AE in agile development is iteratively and incrementally

performed similarly to AA (e.g., Iterative/Incremental

Architecture Evaluation [S31]).

AE in non-agile development can be performed in different

phases such as with the final version of the SA (e.g.,

Software Architecture Analysis Method (Dobrica and

Niemelä, 2002)), or through an iterative process (e.g.,

ATAM (Dobrica and Niemelä, 2002)), or with initial design

(e.g., Active Reviews for Intermediate Design (Babar et al.,

2004)).

Goal The goal of AE in agile development concerns assessing

architectural decisions (e.g., [S40]), identifying

architectural risks, and finding solutions to these risks (e.g.,

[S41]).

The goal of AE in non-agile development contains system

qualities assessment through quality scenarios,

maintenance cost prediction, identifying architectural

risks, tradeoffs, and the boundaries of the system (Babar et

al., 2004).

Approach Most AE approaches used in agile development are based on

adapting resource-intensive methods in a simple and

lightweight way (e.g., Hybrid Architecture Evaluation

Method [S28] and Simplified ATAM [S20]).

The AE approaches used in non-agile development are

mostly scenario-based (e.g., Architecture Tradeoff Analysis

Method (Babar et al., 2004, Dobrica and Niemelä, 2002),

Scenario-based Architecture Analysis Method (Babar et al.,

2004, Dobrica and Niemelä, 2002), and Architecture Level

Prediction of Software Maintenance (Babar et al., 2004,

Dobrica and Niemelä, 2002)).

Architectural

Description (ADp)

Role There are several specific roles related to ADp in agile

development. For example, “Architecture Representative”,

who is responsible for architectural information (e.g.,

elaborating architectural tasks from system quality

requirements in a backlog) [S18].

There are different types of architects, depending on the

domain and context, such as system architect, enterprise

architect, solution architect, data architect etc. All these

types can potentially perform ADp.

Architecture viewpoints

and process

Architecture viewpoints are rarely used to describe

architecture in agile development (5 out of 54, 9.3%). ADp

in agile development is iteratively and incrementally

conducted (e.g., Release Development based on

Architecture [S24]). ADp in agile development emphasizes

lightweight, quickly producing, machine-readable, simple,

and flexible (e.g., [S21]).

Architecture viewpoints have been introduced as a standard

practice for ADp in general (including non-agile) software

development (ISO, 2011, Clements et al., 2010). In non-agile

approaches ADp is primarily performed based on

architecture frameworks (e.g., TOGAF (Josey et al., 2011)),

which are composed of a set of architecture viewpoints.

Backlog Backlog is an important element of ADp in agile

development. In [S17], the product backlog was used with

an Architectural Knowledge Base to create an architectural

document, which explicitly presents the architectural

design to the stakeholders.

Backlog is used in non-agile development to record the

outputs of various architecting activities for incremental

architectural design (Hofmeister et al., 2007). Recently it

has been suggested that backlog should also be used to

record technical debt items (Kruchten et al., 2012).

ADp and system

implementation

In agile development, it is recommended to make

architecture tangible for architects and developers by

linking ADp to the source code through e.g., embedding

architectural information into source code comments [S11].

There are approaches that link architecture artifacts to the

implementation through an implementation viewpoint

(Clements et al., 2010, Kruchten, 1995). However, lack of

traceability between architecture documents and code is

reported often as a problem (Manteuffel et al., 2014).

Effort The effort of ADp in agile development is kept at a minimum

through several ways: (1) avoiding redundant information

(e.g., [S2]) and focusing on the required information (e.g.,

[S22]), (2) producing individual short documents (e.g.,

[S49]), (3) using architecture document templates (e.g.,

[S25]), and (4) minimizing up-front ADp (e.g., [S52]).

ADp in non-agile development is often reported to produce

redundant SA documentation (Su, 2010), which is often not

up-to-date and lacks utility (Rost et al., 2013).

Architectural

description language

ADp in agile development uses mostly natural language and

XML (e.g., [S30]).

The predominant architectural description language used for

ADp in non-agile development is UML (Malavolta et al.,

2012).

Tool The most frequently used tools for ADp in agile development

are board (e.g., [S40]) and wiki (e.g., [S48]).

There are various tools that support ADp in non-agile

development (see (Shahin et al., 2014, Ding et al., 2014) for

an overview).
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introduce bias to the selection results. We used the following strate-

gies to mitigate this bias.

(1) A set of inclusion and exclusion criteria for study selection

were provided as a basis of an objective selection process.

(2) Considering the possible different interpretation and under-

standing of selection criteria by the researchers, a pilot se-

lection was conducted before the formal selection to guaran-

tee that the researchers reached a clear and consistent under-

standing of the selection criteria.

(3) Two researchers conducted the study selection independently

in the second and third round of selection, and discussed and

resolved any conflicts between their results, in order to miti-

gate personal bias in study selection.

Data extraction results might be negatively affected due to the

bias of researchers who extract the data. Bias on data extraction may

result in inaccuracy of the extracted data items, and further affect the

results of data synthesis (the next step). This bias was mitigated with

four measures:

(1) A list of extracted data items (in Table 5) was specified in detail

to reduce possible misunderstandings on the data items to be

extracted.

(2) Discussions on extracted data items among the researchers

throughout the whole data extraction process were used to

improve the consistency and correctness of data extraction re-

sults.

(3) A pilot data extraction was performed before the formal data

extraction by two researchers to mitigate personal bias on data

extraction.

(4) The results of the data extraction were also checked by two

researchers and confirmed by the third researcher to reduce

personal bias.

Data synthesis might be negatively affected in two aspects. One

is bias on data synthesis: researchers may have different understand-

ing on the extracted data, for example, a benefit of the architecture-

agility combination was classified into the type “People” by one re-

searcher, but was classified into the type “Architecture” by another

researcher. This bias was mitigated through continuous discussions

among the researchers. The second aspect is lack of information on

the extracted data. For example, the author of [S16] mentioned that

SoMox was used as a tool in the architecture-agility combination,

without any further information about the tool (e.g., how this tool

was used in the combination). If we could not find any detailed infor-

mation on the extracted data, we excluded them in data synthesis.

7. Conclusions

In this SMS, we searched the papers in seven electronic databases

published between Feb. 2001 and Jan. 2014. Based on the data ex-

tracted from fifty-four selected studies, this SMS provides a compre-

hensive overview of the state of research on the architecture-agility

combination. The main points of the study are as follows:

(1) The research on the architecture-agility combination received

significant attention according to the number of the selected

studies over time period (see Fig. 4). This tendency shows that

an increasing effort has been made in this area, especially in

the last three years. Most selected studies (44 out of 54, 81.5%)

are evidenced by industrial projects, surveys, or experience

(see Table 8).

(2) Eleven architecting activities (see Section 2.1) were collected in

this SMS. However, these architecting activities received sig-

nificantly different levels of attention (see Fig. 6). Architec-

tural Description is the most frequently discussed activity in

the architecture-agility combination. In contrast, the activities
Architectural Refactoring, Architectural Impact Analysis, Archi-

tectural Implementation, Architectural Synthesis, and Archi-

tectural Reuse received much less attention in the combina-

tion. Architectural Recovery has never been used in the combi-

nation in the selected studies.

(3) Forty-three architecting approaches employed in the

architecture-agility combination were identified from the

selected studies. However, none of them has been widely

used (see Table 9). For example, the most frequently used

architecting approach “Iterative Architecture Approach” was

only discussed in four studies. Most of the approaches (32 out

of 43, 74.4%) were only used in one study (see Table 9).

(4) Ten agile methods were collected in this SMS (see Fig. 8).

Scrum and XP have received much more attention than other

agile methods (e.g., Crystal and Test-Driven Development) in

the architecture-agility combination.

(5) Forty-one agile practices used in the architecture-agility com-

bination were collected and identified in this SMS (see Table

10). However, only several agile practices have been widely

discussed (e.g., “Backlog”, “Iterative and Incremental Develop-

ment”, “Sprint”, “Continuous Integration”, and “Just Enough

Architectural Work”).

(6) Seven types of costs in the architecture-agility combination

were collected and classified from the selected studies (see

Table 11). We did not acquire much data (description or dis-

cussion) about the costs of the architecture-agility combina-

tion, because most studies tend to present the benefits of the

combination instead of the costs.

(7) The benefits of the architecture-agility combination are clas-

sified into two categories - general and specific benefits, and

each of the categories has been further classified into types

and subtypes. Five types (Architecture, People, Reduced Cost,

People & System, and Others) with nineteen subtypes were

identified for the general benefits (see Table 12), and four

types (Architecture, People, Agile Development, and Others)

with twenty-one subtypes were classified for the specific

benefits.

(8) Challenges of the architecture-agility combination are grouped

into two types (Architecture and Others) with twenty subtypes

(see Table 14). Most of the challenges are directly related to

architecture (e.g., “Tension between Architecture Design and

Agile Development”). Several other challenges are also impor-

tant, for example, “Champion of the Architecture-Agility Com-

bination” is the most important challenge in the combination,

which was mentioned in almost one third of the selected stud-

ies (16 out of 54, 29.6%).

(9) Six types (Project, People, Architecture, People-related, Or-

ganization, and System) with twenty-nine subtype factors

that may impact the success of applying architecture-agility

combination were collected and classified in this SMS (see

Table 15). “Communication” between all the stakeholders (e.g.,

architects, the development team, and customers) is the most

important factor (see Fig. 9) to the success of the architecture-

agility combination.

(10) Most selected studies either emphasized that the architecture-

agility combination was successful or did not mention the

combination result. Therefore, we did not collect much data

(description or discussion) about failure stories of the combi-

nation. This is in line with the result of point (7) about the lack

of cost data.

(11) Seven tools that support the architecture-agility combination

were collected from the selected studies (see Table 16). How-

ever, none of them is dedicated to supporting the architecture-

agility combination, which means all the seven tools are bor-

rowed from other fields of software development (e.g., Wiki is

from agile development).



C. Yang et al. / The Journal of Systems and Software 111 (2016) 157–184 181

d

h

p

A

6

s

A

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

(12) The lessons learned from the architecture-agility combination

have been classified into three types (Architecture, People, and

Others) with twenty-five subtypes (see Table 17). “Architecture

Design” (one subtype of lessons learned) received much more

attention (22 out of 54 studies, 40.7%) than the other types

of lessons learned (e.g., “Architectural Maintenance”, “Devel-

oper”, and “System Quality”).

To conclude, this SMS can act as a foundation for future research

irections on combining architecture and agile development, and

elp practitioners to select appropriate architecting activities, ap-

roaches, and agile practices.
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