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ABSTRACT
Software architecture (SA) plays pivotal role in development and maintenance of 

large software systems. Architectural decisions impact all subsequent phases in 

software development life cycle. Structure of large software systems has been in 

discussion since early 70s but software architecture started emerging as separate 

discipline since mid-90s. Since mid-90s, researchers have been publishing 

empirical studies (i.e. case studies, experiments, experience reports) in SA 

discipline. Empirical literature has been aggregated in other disciplines of software 

engineering but no such effort has been attempted in SA. Objective of this study is 

to aggregate and synthesize the empirical literature of software architecture to 

report the trends, patterns and knowledge gaps. To synthesize the empirical work 

in SA, a systematic literature review (SLR) has been conducted. This study reports 

the results of SLR based on 247 included primary studies. Based on the percentage 

of 247 primary studies we identified that SA Evaluation (28%), non- functional 

requirements related work (22%) and SA Design (12%) are relatively mature sub 

areas of SA. Most of the empirical work (59%) in SA uses case study research 

method. Experiments (20%) and experience reports (14%) are also employed in 

empirical SA work. SA discipline is in maturing phase. Few sub areas of SA are 

mature and some areas are new and being developed. We have also identified few 

emerging trends in SA i.e. service oriented architecture, Product line architecture, 

Aspect oriented architecture, model driven architecture.
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CHAPTER U 1 INTRODUCTION



1 INTRODUCTION

Software Architecture (SA) is a separate discipline in Software Engineering (SE). There are 

many definitions of SA in literature [1][2][3][4]; a definition of SA states that, ""The software 

architecture o f  a program or computing system is the structure or structures o f  the system, which 

comprise software components, the externally visible properties o f  those components, and the 

relationships among them"' [5]. Software Architecture acts as a skeleton for the software 

development. SA needs to be created early during the software development and then the whole 

development process revolves around this skeleton, keeping into account the constraints and 

facilities implied by the software architecture. Few decades back there was nothing like 

architecture. The concept of software architecture was first introduced in 1968 when layering 

was used in program development [6] then this concept was enhanced and structure of software 

was introduced [7][8]. Increasing complexity and software quality needs urged the practitioners 

to opt modularity and ultimately it turned into the form which is now called software 

architecture. SA emerged as a separate discipline in 1990 [9][3]. Software architecture is 

responsible for incorporating quality in software by accommodating quality attributes and 

functional requirements. Moreover software architecture must have to accommodate the 

continuous changing needs so it should be flexible enough to evolve.

Software Architecture is very important in software development and it has positive impact on 

overall development and if properly selected SA can lead to success. Research shows that SA has 

positive impact on at least five aspects o f software development i.e. understanding, reuse, 

evolution, analysis and management [10]. SA helps to enhance the understandability by 

simplifying the complex systems, it improves our ability to comprehend large and complex 

systems by presenting them at high level of abstraction at which level the design can be



understood easily [2][3]. Architects model various requirements during architecting phase and 

resultant architecture acts as a bridge among various stakeholders in terms o f communication. 

Requirement engineers, designers, testers, managers etc all deal with same architecture but these 

stakeholders have their own perspective. Architecture provides a wide range o f styles and 

patterns that enhance reusability aspect in software development. Along with these styles, 

domain reference architectures do the same, product family shares the common architectures. 

Instead of developing an application from scratch, available components compatible with the 

architecture are used. Architectures are transformable in accordance with the everyday changing 

technologies. This quality o f SA makes modifications and evolution o f software very easy. 

Management activities like task allocation, work breakdown structures, scheduling, budgeting 

etc are controlled by SA. Quality requirements are entertained by Software Architecture rather 

almost every stage o f software development is either dependent or facilitated by SA.

1.1 Problem Description

Academia and industry both are well aware of the importance o f Software Architecture that is 

the reason that a lot o f empirical literature exists in various sub areas of software architecture. 

This empirical literature is not aggregated yet, therefore there is a need to summarize and 

aggregate this literature to find out the actual status of the field, to identify gaps, scope for the 

further research and to find out the quality of the evidence. There is much work in the literature 

that points towards the need of systematically gather empirical evidence in software Engineering 

[11] [12]. This is the reason to undertake this systematic literature review.

Software Engineering is shifting towards evidence based software engineering and that is why 

there is lots of empirical evidence in software architecture area. In the past, researchers have 

reported state-of-the-art in SA and reported the status of the field but there was no such roadmap



that tells about the empirical evidence in SA literature. Such type of literature synthesizing 

attempts has been made in other areas of software engineering like GSD etc. There is existing 

literature that point outs the need for this kind of aggregation of empirical evidence in SA [11] 

[12].

1.2 Background and Motivation

The main motive to undertake this systematic review was to identify all empirical research 

related to software architecture, aggregate the empirical studies and summaries the evidence for 

future use. Similar work exists in several studies where researchers summarized the available 

literature and pointed out future directions but the focus of those studies was not empirical 

evidence. These studies are described as follows:

The concept of software architecture as a separate discipline started to emerge in 1990 [9] [3] and 

defended later [14]. Since then the key research areas of software architecture and its future 

directions have been identified time to time by conducting literature and industrial surveys 

[9][10][16], The research paradigms used in software architecture research have been focused by 

identifying the types of research questions which were structured to use and the research design 

devised to answer those questions; state-of-the-art in software architecture with a perspective of 

growth in technology maturation model has also been described [17][18]. The chronological 

history of the software architecture field, its innovative methods, tools, techniques, software 

architecture community, papers, books and conferences has already been aggregated [14],

The above mentioned studies aggregated the existing literature o f software architecture and each 

of these studies has different concerns and varying scope. These studies were carried out as 

normal literature surveys without following a systematic process. None of these studies



attempted to aggregate the evidence based software architecture worlc. Evaluating empirical 

evidence is equally important for academia and software industry, as systematically gathering 

and summarizing empirical evidence will help researchers in future research and practitioners 

will also get quantified measures to make informed decisions [19]. There is much work that 

points towards the need to systematically gather empirical evidence in Software Engineering 

[11][12]; therefore conducting the research using a systematic and unbiased methodology is 

necessary. Mapping study [20] and many SLR exist in the field of software architecture 

[21] [22] [15]. They differ from our review in a way that "their scope is limited to one sub-area of 

software architecture as opposed to our review. We focus on whole SA discipline. Moreover our 

review is focused on only empirically supported evidence based SA studies.

1.3 Study Objectives

Purpose of conducting this systematic literature review is to summarize the existing research and 

to find the gaps in the literature in software architecture area using a thorough, systematic and 

unbiased methodology [13]. Systemafic literature review findings are used for drawing 

conclusions that can be more useful and thorough as compare to single study; these conclusions 

are valuable for future research [13].

1.4 Methodology

This study was conducted by using systematic literature review (SLR) methodology and it was 

conducted using the guidelines of Kitchenham [13], SLR is a secondary study in which multiple 

primary studies are used. Primary studies are searched using search terms. These searched terms 

are identified from research questions. These primary studies are used to extract the information 

required to answer the research questions. In SLR a detailed protocol is developed before 

conducting the actual review. This protocol is a detailed plan o f the whole SLR. Then this



protocol is executed to find the results. SLR has three main steps [13] that need to be followed 

while conducting a systematic literature review; these steps are planning, conducting and 

reporting the review. Systematic review protocol is the outcome of the planning phase. 

Systematic review protocol is the detailed plan that describes the whole review procedures. It is 

better to develop a pre-planned protocol before conducting systematic literature review [13]. In 

conducting phase the detailed plan o f the whole SLR (protocol) is executed. The results are 

reported at the end of the SLR. Detailed sub-phases of SLR are described in the next sub-section.

1.4.1 Formulating the Research Questions (RQ)

Formulation of the RQ is the first step of SLR. It is used to state the research question that 

depicts the aim and objective o f the study [13], There may be one or multiple RQs for a SLR but 

at least two questions are considered as good practice for conducting a SLR [13],

1.4.2 Search Strategy

Search strategy is the strategy that is used to search the relevant studies from search databases. 

This strategy is defined in the planning phase before conducting the SLR. There are phases of 

defining a search strategy in which major search terms are identified from RQs. Alternate words 

and varying spellings of these search terms are identified. All the search terms are concatenated 

by using “AND” and “OR” to form a search string. These search strings are used to search the 

relevant studies from resources [13].

1.4.3 Study Selection Criteria
During SLR planning, the study selection criterion is defined. This criterion has detailed 

inclusion and exclusion criteria. Purpose of defining this criterion is to include only relevant 

paper and to exclude irrelevant one. These criteria are used to include and excluded the studies, 

these criteria are pre-defined by the researcher at the time o f protocol development [13].



1.4.4 Study Quality Assessment

Study quality assessment is a phase in which a checklist is defined to assess the study quality. 

Included studies are assigned score according to the checklist items. This checklist is also called 

quality assessment Instrument. Quality assessment checklist can be adopted from previous SLRs 

or can be customized according to the objective of the SLR. Selected studies (after inclusion 

exclusion of relevant and irrelevant studies) are assessed for quality [13].

1.4.5 Data Extraction

In this step, data is extracted by using data extraction form (data extraction sheet in our case). 

Extraction sheet is designed in accordance with the objective of the study so that relevant data is 

extracted that can answer the research questions [13]. Data or information required to answer the 

research question is extracted from each study using a data extraction form.

1.4.6 Synthesis

In synthesis step extracted data is gathered and summarized into results. Synthesis can be 

qualitative or quantitative [13].

1.4.7 Reporting the Review

At the end, a review report is written to report the results of the SLR. This review report is 

evaluated and disseminated.

1.5 Thesis Organization

Chapter 1 consists o f Introduction to Software Architecture are, Study Objectives, Research 

Questions and SLR Methodology. Chapter 2 explains protocol development phases and its 

revisions; this chapter elaborates the whole protocol in detail including search strings, study 

selection criteria, data extraction schemes and synthesis methods etc. Chapter 3 has details of 

protocol execution explaining ail the phases of SLR at execution time. Chapter 4 presents the



results and analysis for this research. Chapter 5 concludes the research and explains the outcome 

of the study listing future directions and implications in software architecture area.



CHAPTER # 2 PROTOCOL DEFINITION



2 PROTOCOL DEFINITION

Protocol definition is the planning phase of the SLR. A detailed plan of the SLR is defined and 

finalized before conducting the review. Protocol document is the outcome of this phase. This 

chapter contains the detailed plan i.e. protocol o f this SLR.

2.1 SLR Protocol

The methodology used for this study is systematic literature review. This chapter describes the 

protocol development phase o f the SLR. Initially a protocol was developed; this initial draft was 

refined gradually on the basis o f pilot results and external reviewer’s comments. The protocol 

was evaluated by an eminent researcher form of Software Engineering Dr. Muhammad Ali 

Babar. His area is Empirical Software Engineering and specifically Software Architecture. The 

reviewer’s comments are listed in Appendix B. Protocol is a detailed plan of the whole SLR 

process which changes over time. This chapter describes the final version of the protocol after 

making desired changes in the initial version protocol. Initial version o f protocol is attached in 

Appendix D.

2.2 Research Questions

The research questions are phrased considering the overall objective o f this systematic literature 

review; so that these questions can capture the existing empirical knowledge of software 

architecture field. By answering these research questions, needs and opportunities for future 

research will be identified from existing empirical literature. Moreover, the strength and validity 

of identified empirical literature will also be identified. The research questions formulated for this 

research are about state-of-the-art and strength of empirical evidence.



RQl: What is the state-of-the-art in empirical studies of software architecture?

The purpose of this question is to evaluate the status of the software architecture field with an 

empirical perspective, and provide guidance for future progress in this area. The data obtained as 

an answer o f this question will be evaluated quantitatively in terms of frequency o f occurrence 

and will depict the mature and underdeveloped areas of software architecture along with other 

relevant information in terms of quantity of the studies.

RQ2: What is the strength of empirical evidence reflected in empirical software 

architecture literature?

The aim of this question is to find out the strength of empirical evidence in terms of source of 

evidence and methods used. Strength of empirical evidence is important for future research. The 

studies obtained for both of these questions will be same but the main difference is in the 

perspective, for this question data will be evaluated for quality of work to know what is the 

source of data and what study design have been used to obtain this evidence.

The overall evidence based investigation is focused on the type o f question given in the 

guidelines of Kitchenham[13]. ''Assessing the frequency or rate o f  project development factor 

such as the adoption o f  a technology o f  the frequency ofproject success or failure'" And '"Identify 

and/or scope future research activities'". So the research questions will assess the future research 

scope by aggregating the available literature.

2.3 Search Strategy

In this phase the major search terms will be identified from the RQs and their synonyms and 

alternate spellings will be used to form the search strings.



2.3.1 Major Search Terms

The steps for extracting search terms are as:

Derive major search strings from research questions.

Identify alternative spellings and synonyms for major terms.

When database allows, use the Boolean OR to incorporate alternative spellings and 

synonyms.

iv. When database allows, use the Boolean AND to link the major terms.

V. Major search term s identified from the RQ in our study’s context are: Software 

Architecture (A), Empirical (B).

vi. Alternative spellings and synonyms for major terms and use o f Boolean “And” and 

“OR” : (Software OR System) (Architecture OR Structure OR Design) (Empirical OR 

Industrial OR Case study OR Experiment OR Experience Report OR Lesson learned)

In order to answer the stated research questions, search strategy need to be defined before 

conducting the review. Research articles based on empirical evidence, with either professional 

software developers or students as participants, were the main focus o f this literature review. 

Studies focusing Software architecture were considered. The final search strings were selected 

on the basis o f experience from the pilot search and consisted o f the following terms:

A 1— software architecture B1— empirical

A2— software structure B2— case study

A3— software design B3— industrial

A4— system architecture B4— experiment



A 5— system structure B5— experience

A6— system design B6— lessons learned

The search string consisted o f  Boolean expression: (A1 OR A2 OR A3 OR A4 OR A5 OR A6) 

AND (B1 OR B2 OR B3 OR B4 OR B5 OR B6). The terms selected for search were quite 

general for both dimensions used in the search (A and B as shown above). That is why a high 

proportion o f irrelevant papers were obtained, but this reduced the risk o f not finding the relevant 

papers. For string expression the term “software” and its synonyms were concatenated with the 

term “architecture” and its synonyms as without this concatenation search result brought 

hardware architecture and basic engineering architectural studies as well.

The search strategy has the following decisions that were adopted according to SLR guidelines 

[13].

Items: Journal articles, workshop and conference papers.

Apply search on: Abstract

Language: The papers written in English.

Publication period: Since 1972 to 2010

This review considered Journal articles, workshop papers, conference papers and technical 

reports written in English language and published since 1972 (After D. Parnas explained the 

decomposition criteria) [7]. Since 1972 structure o f  system and designs were focused in the 

published work that is why we decided to used this time duration so that we can obtain 

maximum number o f  related studies in out SLR.



2.3.2 Search Resources

Following data bases were searched for the retrieval o f the studies: Springerlink, IEEE Explore, 

ACM Digital library, ScienceDirect and El Compendex. Databases were selected keeping in 

view that leading publication channels o f  Software Architecture are in IEEE, ACM, 

SpringerLink and ScienceDirect. Some Proceedings o f SHARK and ICSE are published in ACM 

and some in IEEE. QoS A published in ACM. LNCS is available on SpringerLink. JSS is 

available on ScienceDirect. El Compendix brings papers from multiple sources, that is why to 

further minimize the chances o f  not finding relevant papers we included El Compendix in our 

search database resources list.

2.4 Study Selection Criteria

Study selection criteria were multiphase. Included and excluded studies o f each phase were 

stores separately. Study selection criteria details are:

i. Search Strings was applied on the above mentioned databases and obtained references 

was archived in a Reference Database using reference manger software.

ii. Duplicates were identified and removed.

iii. The titles o f studies were assessed by using the inclusion criteria.

iv. In the next step the abstracts were assessed upon inclusion criteria.

V. Full text o f studies were assessed based upon inclusion/exclusion criteria

vi. As the inclusion/exclusion criteria was multiphase so the results o f each screening phase 

was maintained in separate libraries. (EndNote libraries).

vii. The papers that were not clearly relevant/irrelevant were included/excluded in discussion 

meeting with research supervisor and research co-supervisor.



2.4.1 Study Inclusion/Exclusion Criteria

The inclusion and exclusion scheme was multiple phrased. The objective o f this multiphase 

study selection process was to identify the articles relevant to the objectives o f this systematic 

literature review. The search strings were quite broad and hence it was expected that ail studies 

identified will not be included in the final phase. Table 1 shows study selection criteria. This 

criterion was applied on title and abstract in the first phase and then it was used to screen the 

studies upon fijlltext. The purpose o f  step by step screening was to ensure that only relevant 

studies are included in the final SLR inclusion.

Table 1: Study selection criteria

Study Selection Criteria

Relevance Analysis Inclusion Criteria

Selection of studies based on the search (these 
decisions were incorporated in the search string so that 
ihe searched studies bring relevant studies)

Only written in English

Date o f publication: 1972—Present

Only Published work

Contains the search strings

Screening upon titles Not editorials, prefaces* discussions, comments, 
summaries of tutorials, panels or duplicates

Screening upon abstracts Check focus of the study is SA and empirical evidence 
exists.

Discussion Meeting Meeting for the Inclusion/Exclusion of doubtful papers.

Screening upon full text Presence o f empirical data in the paper

Originality o f empirical evidence(only one inclusion for 
studies with the same results reported multiple times

Sufficient focus on software architecture

2.5 Search Process Documentation

Search strings were applied on the selected sources and obtained results were saved in different 

folders on the basis o f  Database and Screening Phases (multiple phases o f inclusion/exclusion



criteria). The categorization was implemented by making folders and saving files in these 

folders. Then after assessment o f the studies accepted papers was copied to another folder.

2.6 Quality Instrument for Quality Assessment

Quality Instrument will be used to assign quality score to the studies as a support for data 

analysis and synthesis. The Quality Instrument consists o f 5 sections; the main section contains 

generic checklist items applicable to all the studies while other 4 sections are specific for 

research design used in the study. These sections are survey, case study/Action 

Research/Ethnographic Study, experiment/Quasi Experiment and experience report. These 

criteria are based upon SLR guidelines [13], along with revised set o f items adopted from various 

checklists that have already been used [23][24][25][26][27]. The detailed checklist is given in 

Table 2.

Table 2: Quality Assessment Checklist

Quality Assessment Checklist

Generic |131 \27\
Are the aims clearly stated? YES/NO

Arc the study participants or observational units adequately described? YES/NO/PARTIAL

Was the study design appropriate with respect to research aim? YES/NO/PARTIAL

Arc the data collection methods adequately described? YES/NO/PARTIAL

Are the statistical methods justified by the author? YES/NO

Is the statistical methods used to analyze the data properly described and 
referenced?

YES/NO

Are negative findings presented? YES/NO/PARTIAL

Arc all the study questions answered? YES/NO

Do the researchers explain fijture implications? YES/NO

Survey 113] [27)

Was the denominator (i.e. the population size) reported? YES/NO

Did the author justified sample size? YES/NO

Is the sample representative of the population to which the results will 
generalize?

YES/NO
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Quality Assessment Checklist

Have “drop outs” introduced biasness on result limitation? YES/NO/NOT APPLICABLE

Experiment/Quasi Experiment |23|[24]

Were treatments randomly allocated? YES/NO

I rthere is a control group, arc participants similar to the treatment group 
participants in terms of variables that may affect study outcomes?

YES/NO

Could lack of blinding introduce bias? YES/NO

Are the variables used in the study adequately measured (i.e. are the variables 
likely to be valid and reliable)?

YES/NO

Case Study/ Action Research/ Ethnographic Study |25|

Is ease study context defined? YES/NO

Arc sufficient raw data presented to provide understanding of the case? YES/NO

Is the case study based on theory and linked to existing literature? YES/NO

Are ethical issues addressed properly (personal intentions, integrity issues, 
consent, review board approval)?

YES/NO

Is a clear Chain of evidence established from observations to conclusions? YES/NO/PARTIAL

Experience Report 126)

Is the focus of study reported? YES/NO

Does the author report personal observation? YES/NO

Is there a link between data, interpretation and conclusion? YES/NO/PARTIAL

Docs the study report multiple experiences? YES/NO

The checklist items o f  case study and experience report sections were not adopted from any 

Quality instruments. These checklist items were designed based upon experience report and case 

study reporting guidelines [26][27]. Some o f the checklist items will be graded on yes/no/partial. 

Scores will also be assigned according the grades, 2 for yes, 0 for No and 1 for partially. The 

total sum o f the scores will be used for the quality assessment o f studies.

The purpose o f this study was to aggregate the empirical evidence related to SA. That is why we 

decided not to exclude any study on the basis o f study quality. Therefore we did not decide any 

pass/fail criterion for quality checklist. We only assigned the quality scores and aggregated it 

show the clear picture regarding study quality.



2.7 Data Extraction

Data extraction was performed by using data extraction sheet. Extracted data was entered into 

the MS Excel. Each paper selected for data extraction was assigned a unique ID. The data 

extraction form obtained information about:

i. Title

ii. Search Database

iii. Journal / conference

iv. Year o f  publication 

V. Publication channel

vi. Geographical area

vii. Affiliated Organization

viii. Method o f Study

ix. Quality assessment ranking

X. Software Architecture Area

xi. Software Architecture Sub Area

xii. Emerging Trends

xiii. Application Domain

xiv. Data collection Method 

XV.  Study participants

xvi. Research Out put

xvii. Research Type

The data was extracted in extraction sheet. The extracted data items were specifically relevant to 

research questions. The data was extracted with the help o f a classification scheme. This scheme



captured data regarding some generic data, data about empirical settings o f  the study, data 

specific to Software architecture area. All the extracted data was relevant to the objective o f the 

study and in useful to answer the RQs. Table 3 shows Data Extraction scheme and extracted data 

fields.

Table 3: Data Extraction Scheme

Data Extraction Scheme

Extracted Data Type Corresponding Section Description of Extracted Data

Generic Information Gcneric Scction Study ID

Title

Year

Affiliation Organization

Location

Publication Chanel

Database

Quality Assessment Ranking

Software Architecture Area 
Information

Software Architectural Background SA Main Area

SA sub-Area

Application Domain

Research Output

Emerging lYcnds

Empirical Method information Study Settings Empirical Method

Data Colleclion Method

Study Participants

Research Type

Based upon the above mentioned categorization scheme data extraction sheet was designed. In 

this sheet some fields/questions were given with a set o f known answers from the software 

architecture field. The details o f  those fields with known set o f answers are described in table 4.



Table 4: Fields of Data Extraction Sheet

Data Extraction Sheet Items

Data Extraction Ilem Known Set of Answers Description

Study ID Unique ID of the study Assigned 
after study selection

Title Study Title

Year Year of publication

Affiliation Organization Organization name to which the 
study is affiliated

Location Study country of origin

Publication Chanel Journal/confcrcnce name where 
study was published

Database IEEE. ACM. SpringerIJnk, 
ScicnceDirect, IE Compendex

Resource from where study was 
obtained

Quality Assessment Ranking Aggregated Quality Score of the 
Study

SA Main Area Gen. Software Architecture =>These SA Areas were Initially 
identified from SEBoK. But as the 
study proceeded we included other 
areas as well because we obtained 
studies related to other areas of SA 
which were initially not listed in 
SEBoK, like SA and RE, SA 
Transformations etc.
=>Views and ADLs were 
collectively named as 
documentation and Description.
=> SA and RE is not any Area in SA 
but it was included because we got 
many studies that were relevant to 
SA and Requirement Engineering as 
well.

SA Design

SA Analysis

SA AKM

Software Architecting Process

SA Erosion

SA Evolution

SA Re-engineering

SA Conformance

SA Recovery

SA Transformations

SA description and documentation

SA misalignment

SA Issues and Challenges

S A&RE

SA sub-Area Gen. Software Architecture Initially this field was not included 
in the data extraction but as data 
extraction proceeded it was noticed 
that almost each study dealt with at 
least 2 areas of SA that is why this 
field was introduced in extraction 
sheet.

SA Design

SA Analysis

SA AKM

Software Architccting Process

SA Erosion



Data Extraction Sheet Items

SA Evolution

SA Re-engineering

SA Conformance

SA Recovery

SA Transformations

SA description and documentation

SA misalignment

SA Issues and Challenges

S A&RE

Usability

Modifiability

Reliability

Stability

Flexibility

Maintainability

Dependability

Interoperability

Availability

Portability

Performance

NFRs (illitics)

Application Domain Medical This field was used to capture the

Robotics
domain where the study was 
performed.

Defense =>In Automation studies vvere from

MIS industry or academia where the 
system/application was an 
automation of certain processAvionics

Automotive —>Generic type of domain deals 
with applications like compilers, 
middleware etcAutomation

Generic =>Study conducted in more than 
one domains was listed as multiple 
domainsTelecom

Web

Finance

Multiple Domains

Research Output New Language An output scheme was decided to be
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Data Extraction Sheet Items

N ew  Tool used to capture the output o f  the 
study. The study may propose new 
tool/technique/ model/method/N ew  Technique

N ew  Model process/frame work/language or it 
can modify existing tool/tcchniquc/ 
model/method/N ew  Framework

N ew  Process
process/frame work/language or can 
use these. That is why this scheme 
was used to capture the output o f  the 
study and it worked very well.

Modification o f  Language

Modification o f  Tool

Modification o f  Technique

Modification o f  Model

Modification o f  Framework

Modification o f  Process

Usage Experience o f  Language

Usage Experience o f  Tool

Usage Experience o f  Technique

Usage Experience o f  Model

Usage Experience o f Model

Usage Experience o f  Process

Guidelines

Emerging Trends Product Line This field was used to capture the

Distributed
technology and trends focuscd 
during the study. The list o f  known

SOA answers were populated as the 
extraction process proceeded and 
these techniques were encounteredGSD

Component Based in the studies

Model Driven

Aspect Oriented

Pervasive Computing

Open Source

A gile

Ontology Driven

Empirical Method Case Study Action Research, Ethnographic

Experiment
Study and Quasi Experiment were 
included this list after these were

Experience Report encountered as research method in 
some studies.

Survey

Action Research
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Data Extraction Sheet Items

Ethnographic Study

Quasi Experiment

Data Collection Method Interview =>Focus group was added in the list

Focus Group
during data extraction.

=>Unclear was added in the list as 
so many studies lack a clearArchive Analysis

Observation description o f  data collection 
method

Questionnaire

Unclear

Study Participants Academia

Industry

Mixed

Research Type Validation Research The research type classification was

Opinion Paper
adopted from existing research 
[28][29]

Philosophical Paper

Experience Paper

Solution Proposal

Data extraction and quality assessment were the prime responsibility o f tiie first author. Second 

author (co-supervisor) validated the study selection and data extraction. In case of any problem 

first and second author consulted third author (supervisor) for arbitration. In analysis all the three 

authors participated.

2.8 Piloting:

Piloting was done during searching the studies from various resources to validate the correctness 

of search string. Some papers were identified as included papers and then string was applied on 

the database to check that it has searched those known papers from the SA area. The second 

piloting was done for selection criteria and data extraction. Few papers were selected on the basis 

of inclusion and exclusion criteria. Data was extracted by using data extraction sheet to verify 

whether the extracted data is appropriate for answering the research questions.



2.9 Data Analysis and Synthesis

Extracted data was analyzed using synthesis methods. The research areas in the field of software 

architecture were identified along with gaps and future directions. The classification scheme 

used in data extraction helped to separate the concerns and categories. Relationships among 

various categories of data were pointed out with multiple perspectives. After depicting data in 

quantitative summaries a thorough qualitative analysis of the data was performed to evaluate the 

strengths of the literature. The outcome obtained is information like; what’s the most widely 

used empirical method applied by the researchers and practitioners in software architecture? 

Either researchers or practitioners, who are most involved in software architecture research and 

in which specific sub area of software architecture? What’s the source of empirical evidence? 

This information is depicted in form of systematic maps like Bar graphs, pie charts and Bubble 

plots.

2.10 Validation of Review Process

The Review process needs to be evaluated by some experts in the area that is why an internal 

reviewer (Supervisor) and one external reviewer (Dr. Muhammad Ali Babar) reviewed the SLR 

protocol before execution of the protocol. Moreover this protocol was sent to an international 

peer- reviewed conference from where we got comments from three reviewers. Protocol for this 

SLR is published [30].

i. The protocol was initially evaluated by research supervisor Dr. Naveed Ikram.

ii. It was then sent for external evaluation to an independent reviewer Dr. Muhammad Ali 

Babar. He sent back the protocol document after reviewing it along with his comments 

upon various sections of the protocol.



iii. Protocol was updated according to the comments of external reviewer and its final 

version was executed to conduct SLR. The protocol described in this chapter is the final 

version of protocol.

The comments received by the external reviewer are listed in appendix B along with the 

answered solutions. The protocol was updated based upon external reviewer’s suggestions and 

resent to the reviewer.



Summary

This chapter covers the whole SLR planning phase and its refinements. We started planning 

phase with identification of major search terms fi'om research questions. Then the synonyms and 

alternate spellings o f all the major terms were identified. These terms and synonyms were 

concatenated using Boolean operators. A string was formed by using all the search terms and 

Boolean “OR” and “AND”. The search decisions were finalized in which time duration of 

search, targeted search databases, languages and targeted search items were decided. After 

search decisions a whole screening criterion was decided. In order to select relevant studies a 

multi phase inclusion and exclusion criterion was decided to be used for inclusion and exclusion 

of the studies. After that screening data extraction schemes and data extraction items were 

decided. There were three type of information that was decided to be extracted from the selected 

studies. This was generic information about the study like title, country, year, publication 

channel etc and the software architecture related information like specific sub area of SA, type of 

output o f the study, domain o f the study etc. Finally the extraction items related to empirical 

evidence were finalized like type o f research, study settings, types o f participants etc. A tentative 

analysis plan of the study was also decided in the plan. In SLR the output o f the planning phase 

is SLR Protocol and this chapter elaborates the whole protocol. This protocol was revised several 

times according to the comments of research supervisor and according to an external 

independent reviewer’s comments. This chapter consisted o f final version of the protocol which 

was then executed in the conducting phase of SLR.
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3 PROTOCOL EXECUTION

After the development o f initial draft of protocol this was revised three times. These revisions 

were based upon piloting results and external reviewer’s comments. Execution of Protocol 

started after all its details were finalized. This chapter describes the step by step execution of our 

SLR protocol.

3.1 Search String Application

Automated search was conducted by using search string. Search String was applied on selected 

database to identify the relevant studies. Advanced/Query search options available on these 

databases were used because advanced search provide customized option selection. In query 

search we can incorporate our basic relevance checking decision within the query string so that 

we may obtain maximum possible relevant studies.

The syntax for string on databases were not uniform, different Databases support their own pre­

specified format for search string. Although help regarding the format was available on website 

but it took much time to understand that format and then customize the string according to that 

format. There was a single string for our SLR that was used to search the relevant studies. As 

mentioned before that syntax o f the string was different for each database moreover string was 

parsed into sub-strings to accommodate the size/limit constraints applied by some databases. For 

example SpringerLink supports 100 characters only that is why string was parsed into multiple 

sub-strings. The syntax o f strings that were applied on various databases is as:

3.1.1 ACM Search Query

(Abstract:” software architecture" OR Abstract:"software structure” OR Abstract:"software 

design" OR Abstract:"system architecture" OR Abstract:"system structure" OR Abstract:"system



design") and (Abstract:"case study" OR Abstract:"experience report" OR Abstract:"lesson 

learned" OR Abstract:"empirical" OR Abstract:"industrial" OR Abstract:"experiment")

3.1.2 ScienceDirect Search Query

abstract({Software Architecture} OR {Software structure} OR {Software design} OR {System 

Architecture} OR (System structure} OR {System design}) and abstract(empirical OR industrial 

OR experiment OR {case study} OR {experience report} OR {lesson learned})

3.1.3 IEEE Search Query

("Abstract":"sofl;ware architecture" OR "Abstract":"soflware structure" OR "Abstract":"software 

design" OR "Abstract": "system architecture" OR "Abstract": "system structure" OR 

"Abstract":"system design") AND ("Abstract":"empirical" OR "Abstract":"case study" OR 

"Abstract":"experiment" OR "Abstract":"industrial" OR "Abstract":"experience report"" OR 

"Abstract":"lessons learned")

3.1.4 El Compendex Search Query

({software Architecture} OR {Software structure} OR {software design} OR (system 

Architecture}.OR {System structure} OR {system design})) AND (Empirical OR Industrial OR 

Experiment OR {Case study} OR {Experience Report} OR {Lessons learned})

3.1.5 SpringerLink Search Query

'ab:(("software architecture" or “software structure" or “software design" or “system architecture 

" or “system structure" or “system design") and ("empirical" or "industrial" or "case study" or 

"experiment" or “experience report” or “lesson learned”))*



Strings were applied upon title, abstract and fulltext; interestingly string returned the results with 

very large difference in terms of no. of studies. In case where strings were applied upon title the 

number of papers was quite small and there was a chance to miss certain relevant paper during 

search. When fulltext was considered for search then obtained numbers of studies were very 

large which brought many irrelevant studies. It seemed infeasible and laborious to go with this 

decision. That is why Abstract was considered to be the target for our search. Number of studies 

obtained when string was applied upon abstract was neither too large nor too small. Therefore, 

we got a reasonable no. o f studies to apply inclusion/exclusion criteria.

3.1.6 Identified Studies

References obtained in the result of this string search was imported into reference management 

software, in our case we used Endnote software. All the results were imported and saved into 

Endnote libraries. We obtained 34% of our studies fi-om IEEE, 31% from ACM and 24% was 

searched from El Compendex. Table 5 shows the no of obtained studies.

Table 5: Total No. of Studies Obtained after String Search

No. o f Studies obtained

Resource No. o f  studies

IEEE 1930

ACM 1761

Sciencedirect 259

Springerlink 308

El Compendex 1359

Total 5617

The actual no o f studies that we obtained were 5617 from all five sources. Table 5 depicts the 

actual no. of studies that were obtained from each database while figure 1 depicts the distribution 

of studies among the various search databases.
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Figure 1: Studies obtained after database search

3.2 Studies Inclusion/Exclusion Process

A total o f 5617 studies were obtained from search. There were 930 duplicates identified and 

discarded from the library. Then study screening was performed. We planned to screen the 

studies upon title, abstract and full text but actually screening upon title was not easy to decide 

relevance and irrelevance upon title o f the study. Titles were not that explanatory; that is why 

Study Screening was performed in two phases. In first phase studies were screened upon title and 

abstract (non full text) and then upon full text. The detail o f the screening process is described as:

3.2.1 Title and Abstract Screening

In this phase obtained studies were screened upon titles and abstracts. Each study title and 

abstract was assessed to find out the relevance o f the study according to the focus o f this SLR. If 

it was found irrelevant then the study was excluded from the main library. The studies which 

were found relevant were copied to another library. This process was repeated for all the studies. 

There were some papers that we were unable to assess upon non full text screening for relevance 

or irrelevance; those papers were kept for next level of screening.



3.2.2 Fulltext Screening

A total o f 449 studies were selected for fulltext screening. Relevant studies were copied to 

library containing included studies otherwise it was excluded. In this phase thee fulltext reading 

of the study was performed to decide about the inclusion/exclusion of the study. The papers 

which were unclear for inclusion/exclusion in this phase were decided in consensus meeting to 

be included or excluded. Mostly issues that we encountered during inclusion/exclusion were in 

“case studies” . We came across many studies in which researchers used examples to elaborate 

their research work but they named it as a case study. As our focus was empirical work, which is 

why we needed to critically consider each aspect of such studies to decide that evidence provided 

is empirical or just example explanation. Fig. 2 depicts the whole process of screening. List of 

included studies is attached in appendix C. 449 studies included in this phase were screen upon 

multi-level inclusion and exclusion criteria described previously. Various studies were excluded 

during this screening process and 247 studies made up to the final inclusion. These 247 studies 

were copied to the new library and were assigned study Ids. Mostly included studies were from 

IEEE database.

Figure 2 explains the whole screening process step by step. Out of 5617 studies 1130 were 

excluded as duplicates. From remaining 4487 studies 449 were selected to be included after title 

and abstract screening. These 449 studies were included in fulltext screening and 266 studies 

made up to the final inclusion out of which fulltext of 19 studies was inaccessible. So the final 

inclusion was 247 studies. The whole process is depicted in figure 2.
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Figure 2: Study Screening Process

3.3 Study Quality Assessment

For quality assessment MS Excel sheet was used. Ail the questions in the quality checklist were 

written in MS Excel sheet. A drop down list was inserted in excel for ease of use and uniformity. 

0,1 and 2 were the options of drop downs; 0 for No, 1 for partial and 2 for Yes. Study ID and



study title were also written in quality checklist sheet for identification. Total scores for case 

study and experiment were 12, for experience report it was 16 and for survey it was 18. Total no. 

of quality score is not same as the number o f question was different in accordance with study 

settings. To maintain uniformity percentage was used for overall quality assessment. Studies 

above 60% quality score was considered as quality studies. The whole list o f studies along with 

their quality scores is in appendix A. First column contains study Id assigned for unique 

identification o f the studies. Study settings, total quality score and sum of the obtained scores are 

displayed in the next few columns. Percentage of the quality score was calculated and displayed 

in the %age column. Q1 to Q4 are the generic question related to context of the study, study 

objectives, clear links among data and interpretations, and fiature implications. SI to S5 are the 

questions related to survey methodology. El and E2 are about the quality o f experimentation. Cl 

and C2 are questions related to case study methodology. ERl to ER4 are the questions about 

experience reports.

Studies scoring more than 60% were considered as quality studies on the whole. A total of 47 

studies out of 247 studies scored below 60% and rest 200 studies were quality studies. More than 

60% to 75% were considered as above average. 118 studies scored more than 60% and less that 

75%. Score more than 76% was considered as good quality. 62 studies were good quality studies. 

19 studies obtained 100% quality scoring. Although we did not defined any pass/fail criteria.

3.4 Data Extraction

Data-Extraction was performed for 230 included primary studies. An Excel sheet was used to 

extract and store data. Most of the questions contained their answer options in drop down list in 

MS Excel sheet. Whenever we encountered a new category or option in any study, we added it in 

our drop down list for further studies. That is how we maintained uniformity and eliminated the



chances or typing errors during extraction. For each study we just type the study id, title and its 

generic information. All the extraction data items to answer the research questions were selected 

from lists. One Extraction item was “data collection method” used in the study setting. This 

extraction item was not clearly mentioned in most of the studies that is why we added a term 

'‘Unclear” in the drop down list o f collection methods.

The data extraction sheet was designed to extract data specifically relevant to research questions. 

The data about empirical settings o f the study was used to answer the RQ2 and the data specific 

to Software architecture area was used to answer the R Q l.

100% Data extraction is done by one researcher. In 50 % of the studies researcher extracted the 

data and discussed it in discussion meeting that is how 50% of the data extraction validation was 

done. Moreover an expert of the SA area (co-supervisor) confirmed the results of the SLR. 

Additionally the dependency o f the various results upon each other also confirms the validity of 

extracted data.



Summary

This chapter explains the conducting process of SLR. Initially the search strings was customized 

for format and was run on the data bases. The obtained references were saved in to separate 

libraries in reference manager software. For this purpose Endnote reference manger softAvare was 

used and we obtained 5617 studies. All the libraries were combined and duplicates were 

removed from the main library. Then screening o f the studies was started. In the first phase title 

and abstract screening was performed. Many studies were excluded at this stage. Then full text 

screening was performed and at the end we obtained 247 studies selected for data extraction. 

Data was extracted according to the decided data extraction schemes.. There were three type of 

information that was extracted from the included studies; generic information, information about 

SA and empirical evidence of the study. The generic information extracted about the study was 

study title, country, year, publication channel etc. Software architecture related information was 

extracted listing specific sub area of SA, type of output of the study, domain of the study etc. 

Finally the extraction items related to empirical evidence were extracted including type of 

research, study settings, types of participants etc. Extracted data items were saved in the excel 

sheets and used in analysis.
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4 RESULTS AND ANALYSIS

Extracted data was synthesized to answer the research questions. The objective of the first 

research question was to evaluate the status of the software architecture field with an empirical 

perspective. RQl for this SLR is as:

4.1 State-of-the-art in Software Architecture

We aimed to find out the state of the art o f software architecture field to provide guidance for 

ftiture progress in this area. Extracted data was synthesized quantitatively in terms of frequency 

of occurrence to depict the mature and underdeveloped areas of software architecture along with 

other relevant information in terms of quantity of the studies. Here is some statistics that we 

obtained from our study.

4.1.1 Yearly Distribution of Studies

Software Architecture as a separated discipline originated in 1990 but the initially modularity 

concepts and structure o f system were used in early 70’s. That is why we applied search from 

1972 to 2010. We obtained studies older than 1995 but those studies were excluded during 

inclusion/exclusion phase. From the figure it is clear that software architecture research boosted 

after 2001. From 2001 to 2005 the number of publications per year was around 15 and this no. 

kept on increasing per year. From 2006 onwards the number of publications per year was around 

25 studies. 2009 was the year with maximum number of publications and it was 39.

Figure 3 depicts that SA is in maturing phase and number of publication increased gradually year 

by year. It is important to note that we included empirical studies and excluded examples and 

studies lacking appropriate evidence. Even than the number o f publication per year are adequate.
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Figure 3: Yearly distribution of studies

4.1.2 Country-wise Distribution of Studies

Table 6 depicts the regions where most of the research has been done in the field of Software 

Architecture. A Noticeable percentage of our included studies were from USA. Carnegie Mellon 

University, University o f Southern California and Robert Bosch Corporation are some leading 

institutions involved in SA research. Netherland is another country involved in SA research. In 

Netherlands VU University, University of Amsterdam and University of Groningen actively 

participated in SA Research. We got a large no of studies from Finland, Canada, Italy, Germany, 

UK, Australia, China, Sweden and Denmark. All these countries worked alone and in 

collaboration with other countries as well. The obtained results shows that most active research 

groups of SA research are in USA and Europe (mostly in Finland and Netherland). It is 

interesting to note that most of the telecom related industry is flourishing in this region of Europe 

(Finland and Netherland) from where we obtained most of our studies about SA.



Table 6: Country-wise List of SA Studies

C ountry-w ise Distribution o f SA Studies

Country
No. O f  
Studies Study ID

Norway 2 43, 154

Belgium 4 22, 2 0 5 ,2 1 1 ,2 1 9

Cyprus 1 104

Russia 1 124

Switzerland 2 132,195

India 1 136

Maryland 1 7

UAH 1 3

Argentina 2 170,225

Venezuela 2 1 ,9 0

Chile 2 155, 156

Iceland 4 57 .1 ,57 .2 , 57.3, 131

Portugal 3 142, 177, 221

France 3 4 7 ,6 1 , 186

Japan 3 52, 76, 97

Pakistan 3 10 1 ,2 3 3 ,2 3 4

Greece 4 61, 104, 139, 166

Spain 5 105, 176, 179, 184,213

Austria 4 9, 10, 43. 133

Ireland 7 5 ,8 ,  15, 98, 133. 194, 196

Brazil 8 6, 27, 40, 45, 138, 144, 221, 226

Korea 8 72, 73, 74, 75, 81, 82, 114, 188

Denmark 10 18.1, 18.2, 19, 39, 57 .1 ,5 7 .2 ,5 7 .3 , 128, 131,209

Sweden 12 2 1 ,2 5 ,4 4 , 8 6 ,9 1 , 93, 96, 169, 182, 185, 194, 232

China 12 29, 30. 59, 67, 68, 80, 108, 135, 137, 148, 165, 180

Australia 12 9, 1 0 ,11 , 12,13, 14 ,63 , 123, 141. 178, 199,224

UK 15 27, 40, 54, 77, 121, 138. 143, 145, 149.1. 149.2, 1 9 6 ,2 5 5 ,2 1 6 , 221 ,228

Germany 13 20, 29, 49, 52, 56, 58, 66. 152, 157, 163, 167. 187. 198

Italy 17 6, 1 6 ,2 8 ,3 3 ,3 6 ,3 7 , 3 9 ,6 2 , 103, 115,125, 138, 140, 146, 176, 236, 237

Canada 23
3 ,2 4 ,3 9 , 50, 7 0 ,7 1 ,8 7 . 88, 100, 109, 113, 134, 145, 151, 155. 156, 162, 171,204, 
2 0 6 ,2 1 5 ,2 1 7 , 223

Finland 19 3 3 ,4 1 ,9 2 , 99, 102, 112, 116,147, 159, 160, 167, 174, 190.1, 190.2, 191, 193, 201,



C ountry-w ise Distribution o f SA Studies

Country
No. O f  
Studies Study ID

222 ,235

Netherlands 30
2, 2 3 ,3 4 .1 .3 4 .2 .3 5 , 5 1 .5 5 ,6 4 ,6 9 , 78, 79, 84, 107, 118, 122, 141, 153, 164, 167, 168, 
175, 177, 202.1, 202.2, 202.3, 202.4, 210, 227, 228, 229

USA 65

4, 5, 15, 17, 21, 26, 31, 32, 34.1, 34.2, 35, 36, 38, 42, 46. 48, 53, 60, 66, 71, 72, 74. 83. 
85, 8 9 ,9 4 , 95, 98, 106, 110, 111, 117, 118, 119, 120, 126, 127, 129 ,130 , 146. 150, 
158, 161, 165, 167, 170, 172, 173, 181, 183, 185, 189, 192, 1 9 7 ,2 0 0 ,2 0 3 , 207, 208. 
212, 214, 218, 220, 225, 230, 231

4.1.3 Software Architecture Areas

Figure 4 depicts the area wise distribution of studies. SA Evaluation, non functional requirement
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and software architecture designs are the most focused areas. These three sub-areas include the 

core activities of software architecture that are performed on must basis when dealing with 

architecture. That is why these are the most researched areas o f SA. Other areas with notable 

number o f publications are SA recovery and SA description/documentation. SA 

description/documentation includes ADLs and viewpoints etc.

4.1.4 Major Publication Channels

Major publication channel was WICSA/ECSA from where we got maximum no. of studies. 23% 

of our included studies are published in WICSA/ECSA. The Journal of system and software and 

SHARK was also among our leading channels o f  publication. We got 11% of our studies from 

LNCS in which almost all the studies were obtained from different conferences except 11 studies 

which were obtained from QoSA. QoSA contributed 8% in our overall studies percentage. These 

statistics clearly depict that our top most channels were specifically related to software 

architecture research. Moreover ICSE was also one o f the major channels of publication for our 

included studies. Figure 5 depicts the distribution of studies among various publication channels.
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4.1.5 Domain of Studies

Domains in wiiicii SA research has been done are mostly Telecom, Finance and web. 

Whenever the study was conducted in more than one domain then “multiple domains” was 

selected. Generic was the option used for systems/applications used to support computer and 

software related tasks like compilers, middleware, testing tools etc. Therefore the major part 

of SA research was done on these types of applications as Generic is the domain for most of 

the studies. It means that SA researchers mostly experimented on testing tools, middleware, 

groupware, operating systems. In case of other domains the major focus was telecom 

industry and banks. Online shopping carts, web sites and automotive industry (automated 

guided vehicles or other automotive industry) are other domains used in SA research.
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4.1.6 Emerging Trends

Emerging trends was used to capture the usage o f changing technologies in the field of 

software engineering and SA. Researchers and industry kept on using new technologies and 

mixing already existing technologies and trend for betterment. In Emerging trends Product 

Line, Distributed and Service oriented architecture was the trends mostly focused by the 

researchers. Figure 7 describes other trends as well that were addressed in the obtained 

studies.

We captured that whenever some new technology trend is originated in software engineering 

the SA community welcomed it and adopted it in their research. Many new technology trends 

were experimented with each other to find the solutions o f unsolved problems. This adoption 

resulted in many new sub disciplines of SA like product line SA and SOA.
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4.1.7 Output of Studies

In output of the study it was proposed that the output can be some new tool/ 

technique/process/language/framework/model or usage experience o f some 

tool/technique/process/language/framework/model or its modification. A total of 85 studies 

were usage experience o f techniques. In 49 studies, researchers proposed some new 

techniques. In 22 studies, the experiences of using tools were shared. In 18 studies, 

guidelines were proposed to be used in the future research. Other outputs that were mostly 

produced by the included studies were usage experience of model, usage experience of tool, 

new mode, new framework etc. Table 7 lists all the output types and frequency of the studies 

that produced that type o f output along with the Study ID.



Table 7: Output Types Extracted From the Obtained Studies

O utput o f the Studies

Research
Output

No. o f  
Studies

Study ID

New
Language

4 21,67, 137,211

Modification 
o f  Tool

2 7, 164

Modification 
o f  Framework

2 43, 72, 80

Modification 
o f  Model

2 36 ,165

Modification 
o f Language

2 4

Modification 
o f Process

4 7, 2 5 ,4 8 , 164

Usage
Experience o f  
Language

4 106, 175, 198,203

New Process 4 20, 6 3 ,2 1 3 ,2 2 2

New Tool 7 17, 2 2 ,2 9 , 38, 52, 93, 191

Usage
Experience o f  
Framework

8 37, 74, 104, 108, 113, 120,121, 207

Modification 
o f  Technique

10 2, 52, 70, 75, 82, 100, 103, 135, 163, 205

Usage
Experience o f  
Process

9 3 ,6 ,  8 ,2 3 , 77, 99, 110, 126, 169,

New
Framework

12 10, 2 9 ,3 2 ,3 8 ,4 0 , 62, 73, 111, 184,217, 223 ,232

New Model 14 59, 60, 68, 71, 83, 87, 105. 136, 150, 167, 186, 192, 195, 212

Usage
Experience o f  
Model

13 44. 96, 107, 109, 115, 116.159, 173, 176. 193.227, 228, 234

Usage
Experience o f  
Tool

22 13, 14, 15, 26, 52, 56, 74. 8 9 ,9 7 ,9 8 , 155, 156, 160, 170, 187,218, 2 2 0 ,2 2 4 ,2 2 5 ,2 3 0 ,  
2 3 1 ,2 3 8

Guidelines 18 3 3 ,3 9 , 50, 117, 151, 162, 171, 172, 185, 188, 196 ,202 .1 ,202 .2 , 2 0 2 .3 ,202 .4 ,209 , 
2 1 5 ,2 3 5

New
Technique

49 22, 2 7 ,3 0 ,3 4 .1 ,3 4 .2 , 3 5 ,4 5 ,4 7 ,5 1 , 54, 5 8 .6 1 ,6 4 ,6 7 , 7 6 ,8 1 .9 1 ,9 2 ,9 3 . 114, 125, 
127, 131, 132, 137, 139. 143, 147, 148, 149.1, 149.2, 157, 158, 161, 166, 168, 174, 
178, 179, 180, 181, 183, 189, 1 9 1 ,2 0 4 ,2 0 6 , 2 0 8 ,2 1 4 ,2 2 6
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Output o f the Studies

Research
Output

No. o f  
Studies

Study ID

Usage
Hxperience o f  
Technique

85 1 ,5 ,9 ,  11, 12, 16, 18.1, 18.2, 1 9 ,2 4 ,2 6 , 2 8 ,3 1 ,4 1 ,4 2 ,4 6 ,5 1 ,5 1 ,  52, 53, 55 ,56 , 57.1, 
5 7 .2 ,5 7 .3 ,5 8 ,6 4 , 6 5 ,6 6 , 6 9 ,7 8 , 79, 84, 85, 86, 8 8 ,9 0 , 9 4 ,9 5 , 101, 102, 112, 118,
119, 122, 123, 124, 128, 129, 130, 133, 134, 138, 140, 141, 142, 144, 145. 146, 149.1, 
149.2, 152, 153, 154, 155, 156, 158. 160, 161,177. 182. 190.1, 190.2, 194, 197, 199, 
200, 201, 210, 216, 219, 221, 229, 233, 236, 237

4.2 Strength of Empirical Evidence

The aim of this question is to find out the strength of empirical evidence in terms of source of 

evidence and methods used. Strength of empirical evidence is important for future research. The 

studies obtained for both of these questions are same but extracted data is different. To answer 

this question data is evaluated for quality o f work to know what is the source o f data and what 

study design have been used to obtain this evidence etc.

4.2.1 Study participants

Data was captured from each selected study about study participants to know that the study was 

conducted in industry or academia. There were some studies which were conducted as a mutual 

effort in collaboration with industry and academia both.

From the extracted data we found that most of the research is going on in academia. Figure 8 

depicts that 62% research has been done by the academia. Industry’s contribution was 13% and 

both industry and academia had been Involved in collaboration with each other in 25% studies. 

Although emerging trends adoption shows that industry is working in SA area but most probably 

they are not publishing and sharing their contributions with SA research community. That is why 

the industrial participation percentage is low as depicted by the figure 8. Practitioners need to 

disseminate their research results with SA research community for betterment o f SA area.
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Figure 8: Study Participants

4.2.2 Study Settings

Case Study was the research methodology used for most o f the studies this may be due to the 

reason that researchers wanted to research on SA in real world environment. Experiment and 

experience report were other two leading study settings for the SA research.

Figure 9 depicts that 145 case studies are reported in SA empirical research. 49 Experiments and 

35 Experience reports are recorded from included primary studies. Ethnography and Action 

research are rather new study design that SA community has recently been encountered. We 

found 2 ethnographic studies and 5 action researches in SA studies. In Surveys we only included 

industrial surveys reporting practitioners’ experiences (literature survey were excluded). As SA 

cannot be studied isolated in lab environment that is why we encountered most percentages in 

case study research. Researchers worked on SA along with its context in real life environment. 

Although we got experimentation as well in good percentage but that was mostly in case of 

architecture evaluation sub area o f software architecture.
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4.2.3 Data collection methods

Various data collection methods were used to capture the data. Interview, archive analysis 

and observations were most widely used data collection methods but surprisingly 38% 

studies did not clearly mention about data collection method that is why “unclear” is in large 

proportion in figure 10. Most o f the retrieved studies did not mention any information 

regarding data collection methods, data storages tools and the procedures to obtain data. On 

the other hand some studies not only mentioned the data collection methods and tools but 

they also told about the sequence in which various data collection tools were used; this was 

the case where more than one data collection methods had been used. Data collection is 

linked with the strength of the evidence; it is used to know about the clarity of the data 

collection procedure and its repeatability.

Studies in which data collection method was not reported were mainly “case studies”. It is 

observed that whenever data collection method is not mentioned explicitly in a study it also



lacks other contextual and methodological details of the case study. Such lapses in “study 

reporting” resulted in less quality scores. As quality scoring is based upon contextual details 

and sound methodological details.

Data Collection Method

Focus Group Questionnaire 
2%  _  9%

Not Reported 
39%

.Observation 
13%

Archive Analysis 
17%

interview
20%

Figure 10: Data collection methods

4.2.4 Combined Data Collection Methods

Data collection methods were used as a standalone single method in some studies while 

many researchers used two or more than two methods in combination. We analyzed 

these standalone and hybrid combinational methods to clearly understand the sources of 

data collection. When data is collected using multiple data collection methods and 

multiple sources then it is believed to be repeatable process and this is also linked with 

the strength of evidence. We summarized the various data collection methods used in 

different study settings like data collection methods used in case study, data collection 

methods used in experiment and data collection methods used in survey etc.



We used Venn diagram to depict the mixed methods used by the researchers. For case 

study data collection methods used by various researchers are depicted in Figure 11. 

Venn diagram in Figure 11 tells that in 8 studies interviews were conducted as standalone 

data collection method. In three studies interviews were combined with observations. In 

17 studies interview and archive analysis were used collectively to collect data. One 

study used questionnaire and interview both and one study only used questionnaire in the 

case study. 12 studies used archive analysis as a single method for data collection. In 2 

studies focus group, interviews and archive analysis were the three methods mutually 

used to collect the data during the case study. 11 case studies used observation as main 

data collection method. Many studies didn’t explicitly mention their data collection 

method that is why we used unclear as term to depict such studies where data collection 

method was not clear. 73 studies didn’t clearly write about their data collection methods.



Figure 12: Data collection methods used in experiments

In case o f experiment the data collection methods used by various researchers are shown 

in Venn diagram of Figure 12. It is clear from the figure that I study conducted 

interviews as the only data collection method. In 2 studies interviews were combined 

with archive analysis. In another study interview and observation was used collectively. 

Five studies used observation as a single method for data collection. 15 studies used 

questionnaire as data collection method in their experiment. In one study questionnaire 

was combined with focus group. Studies that didn’t explicitly mention their data 

collection method were 16 in number.

For experience reports various data collection methods were used as depicted in the Venn 

diagram in Figure 13. In 8 studies interviews were conducted as the oniy data collection 

method used for their experience report. In 5 studies interviews were combined with 

archive analysis. One study used interview and observation collectively. Four studies 

used observation as a single method for data collection and in two studies archive



analysis were used as a single data collection method. Studies with unclear data 

collection method were 10.

Figure 13: Data coilection methods used in experience reports

In surveys 6 studies used questionnaire as the only data collection methods. In one study 

questionnaire was combined with interviews and in another study it was combined with 

archive analysis. Two studies conducted interviews and one used focus group to collect 

data.

Figure 14 depicts data collection methods used in the study with research method as 

survey. Our Study did not included literature surveys. The included survey studies were 

all industrial surveys where development and architecture teams’ experiences were 

shared by the authors. Clearly questionnaire is the most widely used data collection 

method in case of surveys. Second most used data collection method is interviews. Data 

collection methods other than questionnaire and interviews include archive analysis and 

focus group.



Figure 14: Data collection methods used in surveys

Action Research Data 
Collection Methods

Figure 15: Data collection methods used in action research

We obtained two studies as action research, in one study the interview and archive 

analysis were used collectively while in the other study interview and observations were 

used to collect data. Figure 15 plots the data collection methods for action research. As 

action research is a new research method for SA community that is why numbers of 

obtained studies are only 2. Most probably in fiiture there will be more studies on action 

research as well.



Ethnographic Study Data 
Collection Methods

Figure 16: Data collection methods used in ethnographic study

For ethnographic study one focus group was conducted to collect data. In one study

observations and archive analysis were used collectively for data collection. Figure 16 shows 

the data collection methods for ethnographic study.

4.2,5 Research Type

Evaluation research was the type of most of the studies i.e. 125 studies. 66 Studies were 

validation research and 40 proposed solutions for problems in SA area. As the focus of our 

research was empirical studies so we did not considered opinion papers. We did not find any 

philosophical paper with empirical focus. Figure 17 depicts the graph plotted for research 

types. Total 50 % of the reported research is evaluation research. Almost 30% of the studies 

were solution proposals. Experiences reported by SA community are almost 15% of the total 

reported research types. As the focus of our research was empirical studies so we did not 

considered opinion papers. Same is the case with validation research, it is usually done in lab 

environment and we focused empirical work that is why we did not obtained that much 

number of studies in validation research.
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*The research type classification was adopted from existing research [28][29]

4.3 Software Architecture vs. Study Settings

To identify gaps and clusters bubble charts were plotted combining different data extraction 

items. This combination o f two different data items is important to summarize the information. 

In Figure 18 a bubble plot is shown that is plotted by combining software architecture areas with 

the research methods that have been used for research in the past. Large bubbles are saturated 

areas of SA and generally referred as clusters. Form Figure 18 it is clear that SA evaluation, SA 

design, and non functional requirements are mature areas in the field o f software architecture. SA 

evolution, recovery and SA description are developing areas. While the empty spaces show the 

gaps in SA Erosion, SA transformation, SA reengineering, AKM, and SA conformance are the 

area that need to be focused in future.
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Figure 18: SA Areas and Research Methodology bubble plot

Figure 18 also depicts that case study and experiment are the research methods mostly used in

SA research. Experience report is the other methodology that has been used to some extent in SA 

research. Survey, ethnographic study and action research are the methodologies that were seldom 

used in the past. The empty area in the chart clearly points towards the much needed areas 

regarding research. Figure 18 shows clusters for case study and experiment study settings while 

there are gaps for ethnographic studies and action research. Action research and ethnographic 

study are the methods that are gaining interest from the researchers now. Hopefully in the next 

few years the number o f publication in these research methods will also increase. Core areas of 

SA are rather mature as compare to new areas but overall SA is in maturing phase.



4.4 Participants vs. Study Settings

Figure 19 combines study participants with study settings in a bubble plot. This tells us that 

academia is mostly involved in the SA research. Industry need to initiate some research activities 

to fill the gap. Industry is not publishing and researching their work. Moreover case study and 

experiment are the methods that are being used by academia. Survey, action research and 

ethnographic studies need to be conducted in industry and in mixed settings of academia and 

industry. The interesting finding from this plot is that there is a uniformity pattern seen in the 

experience reports. Almost equal number of reports have been published by academia, industry 

and mixed setup.
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Figure 19: Study Participants and Research methodology bubble plot



4.5 Participants vs. Research Types

Figure 20 depicts the participants with research types. Evaluation is the research type that has

been researched very often by academia. Solution proposal is another research type that was 

researched by academia. In mixed setup significant no o f studies has been published in 

evaluation research. Frequencies of occurrence of all other research types were found almost 

equal except validation research. We obtained 15 studies from academia in validation 

research, Industry and mixed participants were not involved in validation research.
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Figure 20: Study Participants and Research Type bubble plot

4.6 Timelines of Software Architecture

From extracted data we come up with timelines o f SA area which is given in figure 21. It shows 

that SA Design and General Software Architecture were the areas with empirical work published 

in 1995. In 1996 SA Evaluation and SA recovery were reported. Software Architecting Process 

and non- ftmctionai requirement related work was focused in 1997. SA styles and patterns were



reported in 1998. SA documentation and SA description related work was published in 1999. SA 

Evolution and SA re-engineering was reported in 2001, SA related Issues and Challenges and SA 

along with RE in 2002, SA erosion and SA Transformation in 2003, misalignment in 2005, SA 

conformance in 2006 and SA knowledge management in 2007. From the timelines it is evident 

that core architecting activities was focused in the initial years and then the supportive activities 

of SA were focused later on. AKM is the most recent area of the SA and it has gained much 

interest since 2007. A number of studies have already been published on AKM.
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Figure 21: Timelines of Software Architecture Field

4.7 Discussion

This section briefly discusses the results obtained for RQl and RQ2 in terms of SA state-of- 

the-art and strength of empirical evidence.



4.7.1 Status of Software Architecture (RQl)

Research in SA started in 1972 with the concept of modularity. At that time systems were not 

large and complex so there was a vague boundary between design and architecture. SA as a 

separate discipline was recognized in 1990 and advancements in SA research started in mid 

90s. Software Architecture related empirical literature included in our SLR also confirms that 

this field got a boost in mid of 90s. Most Active research communities and institutions 

working in SA are mostly in USA and Europe. USA, Netherlands and Finland are the regions 

of eminent research institutions of Software Architecture. Carnegie Mellon University, 

University of Southern California and Robert Bosch Corporation, VU University, University 

of Amsterdam and University of Groningen are leading institutions involved in SA research. 

SHARK, ECSAAVICSA, Journal of systems and software and QoSA are the more related 

publication channels for reporting SA research. We obtain most o f the studies form these 

publication channels. Most of the studies in our SLR are from these publication channels. 

Overall SA is in maturing phase. In software architecture, SA Evaluation, non fijnctional 

Requirement related SA research, SA Design and SA description and documentation are 

mature and consistently researched areas of SA. It is interesting to note that all these SA sub 

areas actually constitute the core architecting process. So we can say that SA researchers are 

focusing on developing techniques at core architecfing process. We categorized the output of 

the primary studies in some common and most widely used output types. We encountered the 

usage experience of techniques as mostly reported output and new technique is the second 

most widely used. It indicates that researchers are proposing new techniques; then the whole 

community uses it in their context and shares their experience about that specific technique. 

More over SA community is actively implying new technologies and emerging trends within



computing discipline. We have obtained large no of studies for emerging trends like product 

line software architecture, distributed SA and SOA. Mode! driven SA and aspect oriented SA 

have attained much interest from the researchers. SA in Agile development, Pervasive 

Computing, SA in multiagent systems and ontology driven SA are recent emerging trends; 

SA community has just started working on these Trends.

4.7.2 Empirical Work of Software Architecture (RQ2)

The research method reported in most of the SA studies is case study research. Almost 60% 

of the studies are case studies in our included our primary studies. That may be because SA 

needs to be observed in its real environment. The major problem that we encountered was 

poorly reported case studies. Most o f the time data extraction from a case study research was 

problematic because authors do not explicitly report methodological descriptions. Many 

authors did not reported their data collection methods, case study context and even details of 

organization and participants roles. The second most attempted research method is 

experimentation with 20% experiments in our primary studies. Researchers have also 

reported their experiences (15%) in the form o f reports. Action research and Ethnographic 

studies are relatively new study settings that need to be attempted by SA community. Most of 

the research in the field of SA is from Academic institutions, academia is playing important 

part in SA research and advancement. In most SA researches the tools used to collect the 

evidence is not reported; although, when it is reported it showed that researchers used stand 

alone as well as multiple tools for data collection. Interview, observation and archive analysis 

are the most widely used evidence collection methods. The research types that we 

encountered are mostly evaluation research and solution proposal. It means that SA 

community is engaged in finding solution of the problems encountered during software



architecting. Then they researched on the same solution by implying it one way or the other 

to establish some best solutions.



Summary

This chapter contains the analysis phase of SLR. Data extracted from included studies was 

synthesized into quantitative summaries, bar graphs and bubble plots to convert data into useful 

information about SA literature. Analysis was performed upon extraction items according to the 

research questions. In first section the RQI related data items were analyzed and then RQ2 

related data was analyzed. To draw more useful conclusion the data items o f RQI and RQ2 were 

combined at the end.

fhe clusters obtained in the results shows that mature areas of SA are SA design, non-functional 

requirements, SA styles etc. The gap in the results shows that SA erosion, SA transformation and 

requirement conformance are the areas that lack empirical work. USA, Netherland, Finland and 

Canada are origins were SA research has been done in the past. WICSA/ECSA, SHARK, ICSE 

and QoSA are leading SA conferences. Most of the research has been done in academia.



 ̂  ̂ ConclusionChapter 5

CHAPTER # 5  CONCLUSION



5 CONCLUSION

To find out state- of- art in the field of software architecture a systematic literature review was 

conducted. The timelines of SLR were from 1972 to 2010 and focus was empirical evidence. 

Studies were searched in IEEE, ACM, ScienceDirect, Springerlink and El Compendex 

databases. Studies obtained after search were screened for relevance. A predefined 

inclusion/exclusion criterion was used for study screening. After screening the data was 

extracted according to data extraction scheme. Extracted data items were stored in excel sheet. 

Extracted data was synthesized to answer the research questions. The principal findings of the 

study are as follows

5.1 Principal Findings

The results were obtained to answer the research questions. Quantitative summaries and 

frequency tables are presented in results chapter to answer the RQl. Research types, participants, 

source of evidence and strength of evidence were discussed to answer the RQ2. The major 

findings of our study are as:

• SA evaluation, SA Design and non-ftinctional requirements are the areas that are most 

researched in the past. The most researched areas are still active areas o f the SA research. It 

is evident from last five years’ statistics that SA evaluation, SA design and research related to 

non-ftinctional requirements are still active and researchers are doing more work in these sub 

areas of SA as compare to other areas. A KM, a relatively new sub area o f SA, is also an 

active area of SA research.

• SA erosion, SA transformations, SA reengineering are the areas where there is a scope to 

conduct further studies. Areas that came into being as a result of problems and issues in SA



are relatively new areas and there is a need to work more in these sub areas so that the SA 

community can cope with challenges effectively. These areas are SA erosion, SA 

conformance, SA transformation and SA reengineering. Interestingly all these SA sub areas 

are more dependent on requirements, size and complexity of the software.

• Model driven, aspect oriented and service oriented SA are gaining much interest from 

industry and researchers. Emerging trends are increasingly experimented and researched by 

SA community. Researchers usually combined already existing techniques with new trends 

and technologies in various sub areas of SA. Some new trends resulted into new sub areas of 

SA like SO A (service oriented software architecture), MDA (model driven architecture) etc.

• A large number o f new techniques and new tools have been proposed. The second largest 

output was usage experience of these tools and techniques. Many new frameworks and new 

process have also been proposed by the research. New techniques and tools have been 

proposed to solve the problems and to evaluate the issues. Usage experience of the tools and 

techniques was published to share the usage experience with SA community.

• USA, Netherland, Canada, Germany, Italy, Sweden and Finland are the leading countries 

with major contributions in SA. USA and Netherland are the countries where most of the SA 

research has done so far, other contributing countries are Canada, Germany, Italy, Sweden 

and Finland. Most o f the SA research was carried out by academia. Leading institutions 

where SA research has been done are: Carnegie Mellon University, University of Southern 

California, Robert Bosch Corporation, VU University, University of Amsterdam and 

University o f Groningen. Moreover WICSA/ECSA, SHARK, ICSE, QoSA were among the 

leading channels of publications for SA research.



• Acadeniia is playing very important part in SA research. Industry need to publish more 

works so that researcher can benefit from their work. Most o f the published literature was 

academic although the Industry also contributed in literature but relatively small part of the 

published work was from industry. Industry and academia should go hand in hand but there 

is a gap in industrial and academic research. There is a lot of research done in the labs that 

need to be implemented and used in real software development environment. Moreover SA 

industry is also working on SA research but they usually don’t publish their work due to 

various reasons. Industry should share their experiences with SA community so that others 

can benefit from their results,

• Evaluation research and solution proposal are the research types that researchers used in SA 

research.

• Researchers usually do not strictly follow the quality criteria for empirical research. The 

studies obtained for this SLR were all empirical studies and the major part o f these studies 

were case studies. Most of these case studies could not make up to the inclusion as many 

researchers have elaborated case scenarios and examples implications to illustrate their 

findings but they referred such type of studies as case studies. The included case studies lack 

in quality as context o f  the study, study setup, data retrieval and recording methods and tools 

were not listed.

• Publication channels (search Database) do not support reference manger tools and their 

syntax for advance/string search is not uniform that creates delays and problem in searching 

relevant studies. Publication channels that we used for our SLR were IEEE, ScienceDirect, 

SpringerLink, ACM and El Compendex. All databases have different syntax and rules for 

string/advance search. There is no such mechanism that automatically generates the string in



appropriate format from major search terms for each database. It is time taking and tedious to 

read the instruction manual for each database and convert the string in appropriate syntax to 

run string search. Moreover the syntax of the database is not consistent as well it is updated 

continuously. For security reasons many database don’t support reference manager software 

which also add in difficulties of importing references.

5.2 Implications

Software architecture is an important area in software engineering because architecture is the 

skeleton around which the whole development is done. Many other areas o f software engineering 

depend upon SA. That’s why its importance increases. Empirical software engineering is rapidly 

gaining popularity now a day. In SA area, a large no of empirical work is already done but this 

work is not aggregated. We attempted to aggregate this empirical evidence on one platform so 

that the future researchers can consult this aggregation rather than go through tedious work of 

fming all the empirical work. This work is also important as it covers the whole SA area 

including almost all sub areas of SA research. This study depicts the overall picture of empirical 

work done in SA so far.

5.3 Validity Threats

We face major challenges while designing the query. In order to cover the all the literature we 

identified and used all possible terms that were used for software architecture. The terms like 

“system”, “design” and “structure” were used to refer SA before 1990. To ensure maximum 

literature coverage we did use these terms and this resulted in large no. of studies from other 

engineering disciplines. We did laborious work in study inclusion/exclusion phase to screen out 

those studies but we did not omit those terms form our query string. This decision was taken 

specifically to minimize the chance of not finding any relevant paper. Moreover most databases



have limitations on no. of search term used and no. of character so to accommodate such type of 

limitations we broke up our query string into sub strings.

We performed query string pilot testing and data extraction pilot testing to enhance our 

confidence on string and data extraction form. Both the string and the data extraction form were 

modified based on the pilot testing results. Data extraction form was designed during the 

protocol development then this form was modified and refined according to the pilot results and 

reviewer comments.

5.4 Future Directions

Many SLRs already exist in the sub areas of SA e.g. in SA Evaluation, Evolvability etc. The 

clusters obtained in the results shows that SLRs and mapping studies can be conducted in such 

mature areas of SA like SA design, non-functional requirements, SA styles etc. The gap in the 

results shows that erosion, SA transformation and requirement conformance are the areas that 

need empirical work to be done in the future. Moreover there exist various quality checklists for 

the quality assessment o f the studies in SLRs that need to be standardized. Action research and 

ethnographic studies need to be conducted in Software Architecture areas.
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APPENDICES

APPENDIX A: QUALITY SCOREOF STUDIES

Oualitv Scores
Generic Survey Experi Case- Experience Report

ID % Q Q Q Q S S S s S E E C c ER ER ER ER

1 75 2 1 2 2 0 2
3 75 2 2 2 0 2 2 0 N 2
4 75 2 2 1 2 0 2
5 81 2 2 1 2 2 2 0 N 2
6 75 2 1 2 2 0 2
7 83 2 2 2 0 2 2
8 83 2 2 2 2 0 2
9 10 2 2 2 2 2 2
10 10 2 2 2 2 2 2
n 83 2 2 2 0 2 2
12 10 2 2 2 2 2 2
13 10 2 2 2 2 2 2
14 10 2 2 2 2 2 2
15 75 2 1 1 2 2 2 2 0
16 58 2 1 2 0 0 2
17 93 2 1 2 2 2 2 2 2
18.1 58 2 1 2 0 2 0
18.2 58 2 1 2 0 2 0
19 58 2 1 2 0 2 0
20 75 2 1 2 2 0 2
21 75 2 2 0 2 2 2 0
22 75 2 1 2 2 0 2
23 83 2 2 2 0 2
24 58 2 1 2 0 0 2
25 75 2 1 2 2 0 2
26 58 2 1 2 0 0 2
27 58 2 1 2 0 0 2
28 58 2 1 2 0 0 2
29 66 2 2 2 0 2
30 66 2 1 1 2 0 2
31 75 2 1 2 2 0 2
32 66 2 2 0 0 2
33 83 2 2 2 0 2
34.1 75 2 1 2 0 2 2
34.2 75 2 1 2 0 2 2
35 75 2 1 2 2 0 2



Quality Scores
36 75 2 1 2 2 0 2.
37 75 2 1 2 2 0 2
38 93 2 1 2 2 2 2 2 2
39 81 2 1 2 0 2 2 2 2
40 50 2 0 2 0 0 2
41 75 2 1 2 2 0 2
42 88 2 2 2 0 2 2 2 2 2
43 50 2 1 1 0 0 2
44 83 2 2 2 2 0 2
45 83 2 2 2 2 0 2
46 83 2 2 2 0 2 2
47 75 2 1 2 2 0 2
48 83 2 2 2 2 0 2
49 83 2 2 2 2 0 2
50 83 2 2 2 0 2 2
51 83 2 2 2 0 2 2
52 75 2 2 2 0 2 2 2 0
53 10 2 2 2 2 2 2
54 75 2 1 2 2 0 2
55 83 2 2 2 2 0 2
56 83 2 2 2 2 0 2
57.1 10 2 2 2 2 2 2
57.2 10 2 2 2 2 2 2
57.3 87 2 2 . 2 2 2 2 0 N 2
58 75 2 1 2 2 0 2
59 75 2 1 2 2 0 2
60 75 2 1 2 2 0 2
61 75 2 1 2 2 0 2
62 75 2 1 2 2 0 2
63 58 2 1 2 0 0 2
64 10 2 2 2 2 2
65 58 2 1 2 0 0 2
66 10 2 2 2 2 2
67 66 2 1 1 2 0 2
68 75 2 1 2 2 0 2
69 10 2 2 2 2 2 2 2
70 75 2 1 2 2 0 2
71 75 2 1 2 2 0 2
72 75 2 1 2 2 0 2
73 58 2 1 2 0 0 2
74 87 2 2 2 2 2 2 N 0
75 83 2 2 2 0 2
76 58 2 1 2 0 0 2
77 58 2 1 2 0 0 2
78 75 2 1 2 2 0 2
79 75 2 1 2 2 1 0 2



Quality Scores
80 75 2 1 2 2 0 2
81 66 2 2 2 0 0 2
82 75 2 I 2 2 0 2
83 75 2 1 2 2 0 2
84 83 2 0 2 2 2 2
85 81 2 1 2 0 2 2 2 2
86 83 2 2 2 2 0 2
87 10 2 2 2 2 2 2
88 75 2 1 2 2 0 2
89 93 2 1 2 2 2 2 2 2
90 33 2 1 1 0 0 0
91 75 2 1 2 2 0 2
92 81 2 1 2 2 2 2 2 0
93 58 2 1 2 0 0 2
94 75 2 1 2 2 0  ̂ 2
95 66 2 0 2 0 2 2
96 10 2 2 2 2 2 2
97 66 2 1 1 2 0 : 2
98 75 2 1 2 2 0 : 2
99 68 2 1 2 0 2 i 2 2 0
100 58 2 1 2 0 0 2
101 75 2 1 2 0 2 2
102 66 2 0 2 2 0 2
103 75 2 1 2 2 0 2
104 75 2 1 2 2 0 2
105 75 2 1 2 2 0 2
106 41 2 1 2 0 0 :
107 68 2 1 2 0 2 2 2 0
108 66 2 1 1 2 0 2
109 75 2 1 2 2 0 2
n o 66 2 2 2 0 0 2
111 66 2 0 2 2 0 2
112 81 2 1 2 2 2 2 2 0
113 62 2 0 2 0 2 2 2 0
114 41 2 0 1 0 0 2
115 66 2 0 2 2 0 2
116 83 2 1 1 2 2 2
117 50 2 1 1 0 2 2 ' 0 N 0
118 75 2 1 2 2 0 2
119 75 2 1 2 2 0 2
120 58 2 1 2 2 0 0
121 66 2 1 1 2 0 2
122 81 2 1 2 2 2 2 2 0
123 77 2 2 2 2 2 0 0 2
124 81 2 1 2 2 2 2 2 0
125 75 2 1 2 2 0 2



Quality Scores
126 66 2 2 2 0 0 2
127 75 2 1 2 2 0 2
128 75 2 2 2 2 2 2 0 N 0
129 75 2 1 2 2 0 2
130 75 2 1 2 2 0 2
131 75 2 1 2 2 0 2
132 66 2 1 1 2 0 2
133 83 2 2 2 0 2 2
134 75 2 1 2 2 0 2
135 58 2 1 2 0 0 2.
136 41 2 1 2 0 0 0
137 66 2 1 1 2 0 2
138 58 2 1 2 0 0 2
139 83 2 2 2 2 0 2
140 50 2 0 2 0 0 2
141 83 2 2 2 0 2 2
142 58 2 1 2 2 0 0
143 68 2 1 2 0 2 2 2 0
144 75 2 1 2 2 0 2
145 10 2 2 2 2. 2 2 2 2
146 75 2 1 2 2 0 2
147 75 2 1 2 2 0 2
148 58 2 0 1 2 0 2
149. 91 2 1 2 2 2 2
149. 91 2 1 2 2 2 2
150 91 2 1 2 2 2 2
151 10 2 2 2 2 2 2
152 83 2 2 2 2 0 2
153 68 2 1 2 0 2 2 2 0
154 81 2 1 2 2 2 2 2 0
155 66 2 2 2 0 0 2
156 75 2 2 1 2 0 2
157 58 2 1 2 0 0 2
158 91 2 1 2 2 2 2
159 93 2 1 2 2 2 2 2 2
160 68 2 1 2 0 2 2 2 0
161 66 2 2 2 2 0 0
162 10 2 2 2 2 2 2
163 58 2 1 2 0 0 2
164 75 2 1 2 2 0 2
165 75 2 1 2 2 0 2
166 66 2 2 2 0 0 2
167 75 2 1 2 0 2 2
168 75 2 1 2 2 0 2
169 83 2 2 2 2 0 2
170 75 2 1 2 0 2 2



Quality Scores
171 58 2 0 1 0 2 2
172 91 2 1 2 2 2 2
173 50 2 1 1 0 0 2
174 75 2 1 2 2 0 2
175 75 2 1 2 2 0 2
176 83 2 2 0 2 2
177 58 2 2 0 0 2
178 75 2 1 2 2 0 2
179 75 2 1 2 2 0 2
180 75 2 1 2 2 0 2
181 41 2 1 2 0 0 0
182 10 2 2 2 2 2 2 2
183 75 2 1 2 2 0 2
184 75 2 1 2 2 0 2
185 62 2 2 0 2 2 0 N 0
186 91 2 1 2 2 2 2
187 10 2 2 2 2 2
188 75 2 1 2 2 0 2
189 91 2 1 2 2 2 2
190. 93 2 1 2 2 2 2 2 2
190. 93 2 1 2 . 2 2 2 2 2
191 91 2 1 2 2 2 2
192 83 2 2 2 2 0 2
193 50 2 2 2 0 0 0
194 68 2 2 1 0 2 2 2 0
195 66 2 0 2 . 2 0 2
196 83 2 2 2 0 2 2
197 50 2 1 1 0 0 2
198 10 2 2 2 2 2 2
199 93 2 1 2 2 2 2 2 2
200 66 2 2 2 0 0 2
201 75 2 2 2 0 2 2 2 0
202. 66 2 1 1 2 2 0
202. 66 2 1 1 2 2 0
202. 66 2 1 1 2 2 0
202. 66 2 1 1 2 2 0
203 81 2 1 2 2 2 2 2 0
204 75 2 1 2 0 2 2
205 58 2 1 2 0 0 2
206 91 2 1 2 2 2 2
207 93 2 1 2 2 2 2 2 2
208 91 2 1 2 2 2 2
209 50 2 1 1 0 0 2
210 55 2 2 2 0 2 0 0 0 2
211 58 2 1 2 0 0 2
212 58 2 1 2 0 0 2 1



Quality Scores
213 50 2 1 1 0 0 2
214 75 2 I 2 2 0 2
215 75 2 2 1 2 0 2
216 91 2 1 2 2 2 2
217 66 2 1 1 2 0 2
218 75 2 1 1 0 2 2 2 2
219 58 2 1 2 0 0 2
220 75 2 1 2 2 0 2
221 83 2 2 2 0 2 2
222 58 2 1 2 0 0 2
223 75 2 1 2 2 0 2
224 66 2 2 2 0 0 2
225 93 2 1 2 2 2 2 2 2
226 83 2 2 2 2 0 2
227 91 2 1 2 2 2 2
228 75 2 2 1 2 0 2
229 66 2 2 2 2 2 0 0 2
230 75 2 1 2 0 2 2
231 58 2 1 2 0 0 2
232 75 2 1 2 2 0 2
233 66 2 1 1 2 0 2
234 50 2 1 1 0 0 2
235 75 2 1 2 2 0 2
236 68 2 1 2 0 2 2 2 0
237 68 2 1 2 0 2 2 2 0
238 50 2 1 1 0 0 2



APPENDIX B: EXTERNAL REVIEWER COMMENTS

Comment

No.

Comment Context Explanation Solution/St

atus

Comment

Iml]

Quality o f  the reported 

empirical research? I expect 

you'd define and use some 

quality criteria. ..It’s 

important that there is 

sufficient expertise in 

assessing the quality o f  the 

published literature, 

otherwise, the extracted 

data would have validity 

threats o f  its own.

Research

question

section

Quality criteria have already 

been defined in the protocol 

document and 3 researcher will 

participate in meetings 

regarding study selection, 

quality assessment and data 

extraction

Done

Comment

[m2]

Too generic question...this 

can be one o f  the main aims 

o f  the study.. .then that aim 

should be broken down for 

concrete questions...may 

be if  you identify the types 

o f  data to be extracted, it 

will become clear how such 

an abstract level quesfions 

will be addressed.

Research

question

itself

Although this is the main aim 

o f  the study but it is research 

question as well, it is kept too 

generic as the aim is to cove 

the whole SA area. Types o f  

data has already been defined 

and explained in data extraction 

section

Done

Comment

[m3]

There is no empirical SA 

literature -  perhaps, you are

Research

question

Grammatical/syntax error Fixed



talking about empirical 

studies reported on 

different technologies (i.e.. 

methods, processes, and 

tools) SA,

itself

Comment

[m4]

There ca n be several aspect 

o f  assessing the strength o f  

evidence..

What do you mean by the 

source o f  evidence?

Research

question

section

Source o f  evidence will tell 

source from where and how the 

data was obtained( by adopting 

which empirical method(s)); 

for instance the data gathered 

from a case study by 

observation or the data 

gathered from a case study by 

using interview questionnaire 

that is a more systematic and 

traceable source o f  evidence

Done

Comment

[m5]

If this structure is being 

used according to the PICO 

principle.. .then PICO 

doesn't necessarily apply to 

all kinds o f situations.

Search

strategy

Guidelines o f  Kitchenham[13] 

was used to derive major terms 

and to form the search strings

Done

Comment

[m6)

I am unable to understand 

the objective o f  structuring 

questions in this format...

Search

strategy

It is just a method to explain 

the parts o f  RQs

Done

Comment

[m7j

I think you 

meant..."Keywords",

Search

strategy

Grammatical/syntax error Fixed



here..?

Comment

[m8]

Empirical -  try to use the 

names o f  different 

empirical research methods, 

e.g.., case studies, surveys..

Search

strategy

Already used names o f  

different empirical methods in 

the search strings

Done

Comment

[m9]

How are these keywords 

alternatives to the keyword 

like Empirical?

Search

strategy

Case study. Experiment, 

Experience report and Survey 

are referred as empirical 

methods in literature that is 

why these terms was used as 

alternatives o f  empirical

Done

Comment

[mIO]

Have you already 

performed the pilot 

searches.. .then you should 

include the results in the 

protocol so it can be shown 

how your search strategy 

formulation progressed...

Search

strategy

Pilot results are added in 

appendix section

Done

Comment

[m il]

It is unlikely that you find 

the papers using keywords 

like SA in 70s or 80s even 

Parnas published work 

lhen...SA  term started 

gaining attraction from 

9 1 ...

Search

strategy

Terms like System, Structure 

and Design are used along 

with SA to capture old 

literature when the term SA 

was not used

Done



External Reviewer's Comments

Comment

[m l2j

How would you decide 

about the design and the 

architecture level studies? 

Any criteria to be used?

Study

Selection

Criteria

Confijsion like these will be 

discussed and resolved in 

periodic meetings with research 

supervisor and co-supervisor

Done

Comment

[m l3]

But previously you 

indicated that papers from 

workshops will be 

included...

Study

Selection

Criteria

Grammatical/syntax error Fixed

Comment 

[ml 4]

You may want to consult 

the quality assessment 

criteria used by Dyba and 

Dingsor for their study on 

empirical research o f  agile 

approaches....

Quality

Instrument

Consulted the referred study 

and Study Quality Instrument 

was modified

Done

Comment 

[ml 5]

Provide full bibliographical 

details for all the references 

used in the protocol.

References Grammatical/syntax error Fixed

Comment

[m l6]

How many search strings 

you used for ACM? 

Complex search string 

worked for you?

Pilot

Search

Results

we didn't break down the 

expert search string. Breaking 

down the string in sub strings 

was required in older version o f  

ACM

Done
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Systematic Literature Review of Empirical Evidence in Software Architecture 

1. Preamble j

Software Architecture acts as the skeleton for the software development. It is the 

artifact that needs to be created early during the software development and then the 

whole development process revolves around this skeleton, keeping into account the 

constraints and facilities implied by the software architecture. Few decades back there 

was nothing like architecture but increasing complexity of software and software 

quality needs urged the practitioners to opt modularity and ultimately it turned into 

the form which is now called software architecture. It is the software architecture that 

is responsible for incorporating quality in software by accommodating quality 

attributes and functional requirements. Moreover software architecture must have to 

accommodate the continuous changing requirements so it should be flexible enough 

to evolve. Academia and industry both are well aware of the importance of software 

architecture that is why there exists lots of literature on various sub areas of software 

architecture. But there is a need to summarize and aggregate this literature to find out 

actual status of the field, identify gaps, scope for further research and quality of the 

work. This is the reason why I undertook this systematic literature review. My 

inspiration for such kind of work was SLR conducted in the field of GSD by (Smite et 

al. 2010). This document provides an outline of the protocol for my SLR and it is 

developed based on the guidelines of (Kitchenham. 2007).

2. Background

The main motive to undertake this systematic review is to identify gaps and 

commonalities in empirical research related to software architecture and summaries
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the existing empirical evidence to form a stepping-stone for fijture research and for 

practical use. Similar work exists in several studies where researchers summarized the 

available literature and pointed out future directions but the focus of those studies was 

not empirical evidence and none of the study reported qualitative and quantitative 

evaluation of data at a time.

Garlan in (1995) conducted a study and listed the active research areas of software 

architecture and pointed out future directions (Garlan. 1995).

Shaw in (2001) focused the progress of software architecture and the level of maturity 

of the field. She elaborated the development of software architecture in terms of 

maturity model discussed in (Redwine and Riddle. 1985). Then she listed the types of 

questions and research paradigms used with an objective to assess the way research 

was designed and carried out in the field of software architecture (Shaw. 2001).

Kruchten et al. in (2006) conducted a study that captured the articles containing 

innovative and highlighted methods, tools and techniques. This study described 

history of software architecture chronologically listing the research papers, books, 

conferences and authors in the field of software architecture (Kruchten et al. 2006).

Shaw & Clement in (2006) conducted a comprehensive survey of the software 

architecture field. This work examined the software architecture’s growth in the 

context of a technology maturation model with matching field’s significant 

accomplishments to various stages of the model, with a perspective to find out where 

the field stands today (Shaw & Clement. 2006).
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Chen et al. in (2010) examined tiie advancement and achievements made in the 10 

years in the field of software architecture and discussed the future research directions 

as well. The research methodology used was literature survey (Chen et al. 2010).

The research methodology used in most of the studies is literature survey by selecting 

studies upon author’s opinion. There is no study in the literature with a focus on 

empirical evidence. Evaluating empirical evidence is equally important for academia 

and software industry, as gathering and summarizing empirical evidence 

systematically will help researchers in future research and practitioners will get 

quantified measures to make informed decisions

(Falessi et al. 2010). There is much work that points towards the need to 

systematically gather empirical evidence in software Engineering (Dyba et al. 2005, 

Oates. 2003); so conducting the research using a systematic and unbiased 

methodology is very important. To the best of my knowledge no systematic literature 

review in the area of software architecture with a focus on empirical evidence exists.

3. Research Questions

The research questions are phrased considering the overall objective of this systematic 

literature review so that these questions can capture the existing empirical knowledge 

of software architecture field. By answering these research questions, needs and 

opportunities for future research will be identified from existing empirical literature. 

Moreover the strength and validity of identified empirical literature will also be 

identified.

RQ l; what is the state-of-the-art in empirical studies of software architecture?
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The purpose of this question is to evaluate the status of the software architecture field 

with an empirical perspective, and provide guidance for future progress in this area. 

The data obtained as an answer of this question will be evaluated quantitatively in 

terms of frequency of occurrence and will depict the mature and underdeveloped areas 

of software architecture along with other relevant information in terms of quantity of 

the studies.

RQ2: what is the strength of empirical evidence reflected in empirical software 

architecture literature?

The aim of this question is to find out the strength of empirical evidence in terms of 

source of evidence and methods used. Strength of empirical evidence is important for 

future research. The studies obtained for both of these questions will be same but the 

main difference is in the perspective, for this question data will be evaluated for 

quality of work to know what is the source of data and what study design have been 

used to obtain this evidence etc.

The overall Evidence based investigation is focused on the type of question given by 

guidelines of (Kitchenham. 2007) “Assessing the frequency or rate of project 

development factor such as the adoption of a technology of the frequency of project 

success or failure” And “identify and/or scope future research activities”. So my 

questions will be assessing the future research scope by evaluating and aggregating 

the available literature.

4. Structured Questions:

RQ l: What is the state-of-the-art in empirical studies of software architecture?



Population: software projects 

Intervention: No 

Comparison: No

Outcome: status of tiie software architecture field

RQ2: What is the strength of empirical evidence reflected in empirical software 

architecture literature?

Population: software projects

Intervention: No

Comparison: No

Outcome: strength of empirical literature

5. Search Strategy

o Strategy for Search terms

The search strategy has been adapted from (Beecham et al. 2006). The steps for 

extracting search terms are as;

• Derive major search strings.

• Identify alternative spellings and synonyms for major terms.

• When database allows, use the Boolean OR to incorporate alternative spellings 

and synonyms.

• When database allows, use the Boolean AND to link the major terms.



Stepl: Major Search Terms:

Software Architecture 

Empirical

Step 2: alternative spellings and synonyms for major terms and use of Boolean 

“And” and “OR”:

(Software OR System)

(Architecture OR Structure OR Design)

(Empirical OR Industrial OR Case study OR Experiment OR Experience Report OR 

Lesson learned)

In order to answer the stated research questions search strategy has already been 

defined before conducting the review. Research articles that are based on empirical 

evidence with either professional software developers or students are the main focus 

of this research. Software architecture will only be considered. The final search 

strings are selected on the basis of experience from the pilot search and consisted of 

the following terms:

A1—software architecture B1—empirical

A2—software structure B2—case study

A3— software design B3— industrial

AA— system architecture BA— experiment



A5—system structure B5—experience

A6— system design B6— lessons learned

The search string consists of a Boolean expression: (A1 OR A2 OR A3 OR A4 OR 

A5 OR A6) AND (Bi OR B2 OR B3 OR B4 OR B5 OR B6). The terms selected for 

search are quite general for both dimensions used in the search (A and B as shown 

above). It means that a high proportion of papers will be obtained that will be judged 

as not relevant, but it will limit the risk of not finding the majority of the relevant 

papers. For string expression I concatenated the term “software” and its synonym with 

the term “architecture” and its synonyms as without this concatenation search result 

bring hardware architecture and basic engineering architectural studies as well.

The search strategy contains the following decisions:

Items: Journal articles, workshop papers and conference

papers.

Apply search on: Abstract

Language: The papers written in English.

Publication period: Since 1990

Initially we piloted my search with publication period since 1972 after NATO 

conference but we found that there is not so much empirical work before 1990 so we 

restricted my search since the year 1990 as before 1990 there were no such 

architectures as developing now a days.

6. Resources to be searched



Following data bases will be searched for the retrieval of studies:

Springer! ink 

IEEE Explore 

ACM Digital library 

ScienceDirect 

El Compendex

7. Study selection criteria

• Search Strings will be applied on the above mentioned databases and obtained 

references will be archived in a Reference Database.

• Duplicates will be removed.

• Then, the titles of studies will be assessed by using the inclusion criteria.

• In the next step the abstracts will be assessed upon inclusion criteria.

• As the inclusion/exclusion criteria is multiphase so the results of each 

screening phase will be maintained in separate libraries of database. (Like 

EndNote libraries).

• The papers that are not clearly relevant or irrelevant will be included/excluded 

in discussion meeting with research supervisor Dr. Naveed Ikram.

8. Study inclusion and Exclusion Criteria

The inclusion and exclusion scheme consists of multiple phases. The objective of this 

multiphase study selection process is to identify the articles relevant for the objectives
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of the systematic review. There are no solid boundaries of the software architecture 

field so r i l  try to be specific in study selection; as software Design and software 

Architecture has blur boundaries in between that’s why I’ll exclude design level 

studies from the search literature. The search strings are quite broad and hence it is 

expected that all studies identified will not be included in the final phase. The 

template of inclusion/exclusion criteria has been adapted from (Smite.2010). The 

detail of these phases is as:

Relevance Analysis Phase Inclusion Criteria

Selection o f studies based on the search Only English

Date o f  publication: 1990— ^Present

Only Published work

Contains the search strings

Screening: Exclusion upon titles Not editorials, prefaces, discussions, comments, 

summaries o f  tutorials, workshops, panels or duplicates

Screening: Exclusion upon abstracts 1 Empirical background

Screening: Exclusion upon abstract 2 Subject: practitioners or students

Discussion Meeting with Research 

Supervisor

Main focus on software architecture

Relevance Analysis Phase: Exclusion 

upon full text

Presence o f  empirical data in the paper

Originality o f  empirical cvidence(only one inclusion for 

studies with the same results reported multiple times



Sufficient focus on software architecture

9, Quality Instrument for assessing validity

Quality Instrument will be used as a support for data analysis and synthesis. This 

quality checklist will be used to assess the quality of the studies. The Quality 

instrument consists of 11 criteria. These criteria were used by (Dyba. 2008). These 

criteria consider three main characteristics that deal with quality of the study. The 

three characteristics are: rigor, credibility and relevance. The questions that need to be 

considered are:

• Does the paper present an empirical study?

• Are the aims of the research clearly stated?

• Is the context of the study adequately described?

• Is the research design appropriate to address the aims of the research?

• Is the recruitment strategy appropriate to the aims of the research?

• Is there a control group with which to compare treatments?

• Is the data collected in a way that addressed the research issue?

• Is the data analysis sufficiently rigorous?

• Does the involvement of researcher affect the results (“causing bias”)?

• Is there a clear statement of findings?

• Does the study provide value for research or practice?
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Each of the question of 11 criteria will be graded on yes/no/partly or ‘1/0/0.5’ scale. 

The total sum of grades for the 11 criteria will be used to assess the quality of the 

studies. The detailed questions of these criteria are appended at the end of this 

document. (Appendix B)

10. Primary Search Documentation

• Search strings will be applied on the selected sources and obtained results will 

be saved in different folder on the basis of;

o Database

o Screening Phases (multiple phases of inclusion/exclusion criteria)

• These categorizations will be implemented by making folders and saving files 

in these folders.

• Then after assessment of the studies accepted papers will be copied to another 

folder.

11. Secondary Search Documentation

From accepted studies, secondary searches will be made and same procedure will be 

followed as was followed for the documentation of primary searches.

• Search strings will be applied on the selected sources and obtained results will 

be saved in different folder on the basis of;

o Database

o Screening Phases (multiple phases of inclusion/exclusion criteria)
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• These categorizations will be implemented by making folders and saving files 

in these folders.

• Then after assessment of the studies accepted papers will be copied to another 

folder.

12. Data Extraction

• Data-Extraction will be performed by using extraction forms.

• The extracted data will be entered into the Access database developed.

• Each paper selected for data extraction will be assigned a unique ID

• A general form will obtain generic data about the study like;

o Title 

o Author(s) 

o Journal / conference 

o Year o f publication 

o Publisher 

o Volume 

o Issue 

o Key words 

o Abstract 

o Geographical area



o Date (of conference) 

o Date of Review 

o Name of Reviewer

o Type of Study [Empirical or Case Study]

o Quality assessment ranking

o Decision Status

Then the data extraction form will extract data specifically relevant to research 

questions. The data will be extracted with the help of a classification scheme. This 

classification scheme and data extraction form is adapted from (Smite. 2010). This 

scheme captures data regarding;

• Relevance of the study

• Empirical background

• Software Architectural background

• Focus of the study

• Qualitative evaluation of the work 

Data Extraction Classification Scheme

Extracted Data Type Corresponding Section Description o f  Extracted Data

'I'echnical and methodological 

flaws o f  the study

Relevance A study contains empirical evidence

A study is relevant to software



architecture

A study is relevant to SE

A study does not repeat other 

included studies(relation to other 

papers)

Information about the sample, 

population or participants

Empirical Background

Software Architectural 

Background

Main method and sub methods

Background (industry Vs 

Laboratory)

Subjects o f  investigation

Empirical focus: Empirically-based 

vs. Empirically-evaluated

Architectural styles and Patterns

Architectural Description and 

documentation

Tools

Software Architecture Evaluation 

and Analysis

Architectural Knowledge 

Management

Software Architecture Evolution

Software Architecture Recovery

Why used/proposed certain



too I/technique/frame work?

Central focus o f  the study and 

problem addressed

Study Focus o f  the

study(practice/too!/technique/ 

addressing certain problem)

Evaluation o f  the study in terms o f  

success/failure

Application Domain

Definitions in introduction section

Review o f  the key results Qualitative Evaluation Claims

Personal Evaluations

Recommendations

Based upon the above mentioned categorization scheme a sample data extraction form 

is designed. In this form some fields/questions are given with a set of known answers 

from the software architecture field. This is just a sample extraction form; certain 

fields or items of this form can be updated according to the needs if required after 

piloting the data extraction of few known papers of the software architecture 

containing empirical evidence.

Data Extraction Form 

iR ele^nce

Is thisarticle relevant to P Highh-relevant .̂ Relevant C  Irrelevant



Software Engineering?

Is this article relevant to P H^hh-reievani C'Rele>'ant C Irrelevant

software architecture? \

, Is this an empirical study? pT Yes r  No

s Does this article repeat"ll r  Yes
f

already reviewed

. article(s)?
I

lEmpirical Background'

r No

Main Empirical Method

f r'S^rvTy r*j Case Study r  Interviews 

 ̂PlControUed Experiment I”  Other

Sub-Method

|jfZ'Survey fĴ Case Study I~ Interviews f” Archive Analysis
I

'* Controlled Experiment T” Other...

P  Laboratory 1”  ̂Industry/Real wrid

Subjects of investigation’ ^dents p  Practioners/Researchers

r
, Empirical focus i~vEjn|mcaUy based T~̂ Enqpirically evaluated

Software Architectural^Background

Software Architecture Three-tier OSpace based SA
I C ■ Three-tier

styles or Patterns I

jServke Oriented Architecture P  Three-tier



P  iThree-tler

^  Aspect Oriented Ai-chitecture ^
r  7 ' MH'Shared nothing Architecture

Î Êvent Driven Architecture ^ jP^es and Filters 
r Other

r  aal r ^ A O P  c abc/adl r  east
I Software Architectural

j Description/Docu mentation j C^ArchiMate r  piLar 

^Language/ Framework

r  ALi r  xadl

ij r  XYZ/ADL c  AC2/ADL T  P^ADL r^Other

V Software tool support

r  osATE r  daop-adtooi r  daop
O  Metaedit

C_ svstennveaver Other

Software Architecture! !*!..* 

Recovery ^

Analysis and Evaluation

"t TsAAMCS r ;ESAAM r’l ^ M E R  C ATAM

risBAR r  alpsm r  s.aem r  alrra

r  SACAM r  a lma r  SARAH r . other

Software Architectural 

Knowledge Management

Software A rc h i tectu re 

: Evolution



Why used/proposed certain^*....

tool/technique/framework?

I Study

Focus of the Study

Success or failure?

Application Domain

i

C Software Architecture in general 
r j S ingle Practice (s)/tool/te chnique

CJ Others...

I”  Qear success story P^Success offHBCtices described 

r~ Qear failure story Failure of practices described
i

l~ Evidence ofsoft^re architecture related problems 

r  Unclear Other...

f~ Telecom 'Automotive i~ Web P  Finance

I Âutomation I~ Unclear F~ Other...

r~yNo n^Sof^re Architecture P  System Design 

r~'Softwire Structure P  System ArchitectureDefinitions in the;

infroduction-like sections? p  Soihvare Design T System Stnieture

f": Other related definitions

- _ — - F ■ ̂
Qualitative Evaluation

Claims Narrative



npersonal reflection- Narrative

Rec^ommendations Narrative

13. Data Analysis and Synthesis

Extracted data will be analyzed using quantitative and qualitative synthesis methods. 

The research areas in the field of software architecture will be identified along with 

gaps and future directions, th e  classification scheme used in data extraction will help 

here to separate the concerns and categories. Relationships among various categories 

of data will also be pointed out with multiple perspectives. After depicting data in 

quantitative summaries a thorough qualitative analysis of the data will also be 

performed to evaluate the strengths of the literature. The expected outcome will 

contain information like; what’s the most widely used empirical method applied by 

the researchers and practitioners in software architecture? Either researchers or 

practitioners who are most involved in software architecture research and in which 

specific sub area of software architecture? What’s the source of empirical evidence 

etc? this information will be depicted in form of systematic maps like Bar graphs. 

Bubble plots etc.

14. Validation of Review Process

Protocol Evaluation

• The protocol will be initially evaluated by research supervisor Dr.

Naveed Ikram.

• It would then be sent for external evaluation to independent reviewers.
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• Protocol will be updated into final version after comments from 

external reviewers.

Pilot Testing

• Initially testing will be done for different sources to check the validity of 

search term results.

• Few papers will be selected on the basis of inclusion and exclusion 

criteria.

• Data will be extracted by using data extraction form so that it can be 

verified whether extracted data is appropriate for answering the research 

questions.
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Appendices

Appendix A: Search Queries

Note: There may be a chance of changes in the syntax of the query strings in 

accordance with different databases.

ACM Search Query

(Abstract:” software architecture" OR Abstract: "software structure" OR 

Abstract:"software design" OR Abstract;"system architecture" OR Abstract:"system 

structure" OR Abstract: "system design") and (Abstract: "case study" OR 

Abstract:"experience report" OR Abstract:"lesson learned" OR Abstract:"empirical" 

OR Abstract:"industrial" OR Abstract:"experiment")

Science Direct Search Query

pub-date > 1990 and abstract({Software Architecture} OR {Software structure} OR 

{Software design} OR (System Architecture} OR {System structure} OR {System 

design}) and abstract(empirical OR industrial OR experiment OR {case study} OR 

{experience report} OR {lesson learned}) [All Sources(Computer Science)]

IEEE Search Query

("Abstract":"software architecture" OR "Abstract":"software structure" OR 

"Abstract":"software design" OR "Abstract": "system architecture" OR 

"Abstract":"system structure" OR "Abstract": "system design") AND



Appendix D

("Abstract":"empirical'’ OR "Abstract":"case study" OR "Abstract":"experiment" OR 

"Abstract":"industrial" OR "Abstract":"experience report"" OR "Abstract":"lessons 

learned" )

Compendex Search Query

({software Architecture} OR {Software structure} OR (software design} OR {system 

Architecture} OR {System structure} OR {system design})) AND (Empirical OR 

Industrial OR Experiment OR {Case study) OR {Experience Report} OR {Lessons 

learned})

English

From year 1990 -  2011

Appendix B: Quality Assessment Criteria

Screening questions

1. Is this a research paper containing empirical evidence?

Consider: r  Yes

r No
-Is the paper based on empirical research?

-Does the study present empirical data?

2. Is there a clear statement of the aims of the research? 

Consider: r Yes



-Ts there a rationale for why the study was undertaken?

-Is the study’s focus or main focus on Software Architecture?

-Is there a clear statement of the study’s primary outcome?

r  No

3. Is there an adequate description of the context in which the 

research was carried out?

Consider whether the researcher has identified:

-The industry in which products are used (e.g. banking, 

telecommunications, consumer goods, travel, etc)

-The nature of the software development organization (e.g. in- 

house department or independent software supplier)

-The skills and experience of software staff (e.g. with a language, 

a method, a tool, an application domain)

-The type of software products used (e.g. a design tool)

r Yes 

r  No

Detailed questions:

Research design

4. Was the research design appropriate to address the aims of the c  yes



research?

Consider:

-  Has the researcher justified the research design (e.g. have they 

discussed how and why they decided which methods to use)?

r  No 

C Partly

Sampling

5. Was the recruitment strategy appropriate to the aims of the 

research?

Consider:

-Has the researcher explained how the participants or cases were 

identified and selected?

-Are the cases defined and described precisely?

-Were the cases representative of a defined population?

-Have the researchers explained why the participants or cases 

they selected were the most appropriate to provide access to the 

type of knowledge sought by the study?

-Was the sample size sufficiently large?

C Yes 

r  No 

r  Partly

Control group



6. Was there a control group with which to compare treatments? 

Consider:

—How were the controls selected?

-Were they representative of a defined population?

-Was there any thing special about the controls? *

-W as the no n-response high? Could non-respondents be 

different in any way?

r  Yes 

r No 

r  Partly

Data collection

7. Was the data collected in a way that addressed the research 

issue?

Consider:

-Were all measures clearly defined (e.g. unit and counting rules)?

-Is it clear how data was collected (e.g. semi-structured 

interviews, focus group etc.)?

-Has the researcher justified the methods that were chosen?

-Has the researcher made the methods explicit (e.g. is there an 

indication of how interviews were conducted, did they use an 

interview guide)?

r  Yes 

r No 

C Partly



- I f  the methods were modified during the study, has the 

researcher explained how and why?

-Whether the form of the data is clear (e.g. tape recording, video 

material, notes etc.)

-Whether quality control methods were used to ensure 

completeness and accuracy of data collection?

Data analysis

8. Was the data analysis sufficiently rigorous?

Consider:

-Was there an in-depth description of the analysis process?

- I f  thematic analysis was used, is it clear how the categories/ 

themes were derived from the data?

-Has sufficient data been presented to support the findings?

-To what extent has contradictory data been taken into account?

-Whether quality control methods were used to verify the 

results?

r  Yes 

r  No 

r  Partly

Reflexivity (research partnership relations/recognition of



researcher bias)

9. Has the relationship between researcher and participants been 

considered adequately?

Consider:

-Did the researcher critically examine their own role, potential 

bias and influence during the formulation of research questions, 

sample recruitment, data collection, and analysis and selection of 

data for presentation?

-How the researcher responded to events during the study and 

whether they considered the implications of any changes in the 

research design?

r  Yes 

r  No 

C Partly

Findings

10. Is there a clear statement of findings?

Consider:

-Are the findings explicit (e.g. magnitude of effect)?

-Has an adequate discussion of the evidence, both for and against 

the researcher’s arguments, been demonstrated?

-Has the researcher discussed the credibility of their findings 

(e.g. triangulation, respondent validation, more than one analyst)?

r  Yes 

r  No 

Partly



-Are limitations of the study discussed explicitly?

-Are the findings discussed in relation to the original research 

questions?

-Are the conclusions justified by the results?

Value of the research

11. Is the study o f value for research or practice?

Consider:

-Does the researcher discuss the contribution the study makes to 

existing knowledge or understanding (e.g. do they consider the 

findings in relation to current practice or relevant research-based 

literature)?

-Does the research identify new areas in which research is 

necessary?

-Does the researcher discuss whether or how the findings can be 

transferred to other populations, or consider other ways in which 

the research can be used?

r Yes 

r No 

C Partly


