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Resumo

O Perfil Operacional do Software (POS) é uma representacdo da maneira como 0s
usuarios usam o software na pratica, possibilitando identificar as partes do software mais
operadas pelos usuarios. Sendo a confiabilidade de um software dependente do contexto
no qual ele é usado, o POS é empregado na engenharia de confiabilidade de software.
Contudo, hé indicios de um possivel descompasso entre as partes testadas do software
e o POS. Este trabalho investiga o possivel descompasso entre as partes testadas do
software e o POS e, também, como dados extraidos do PO.S podem prover contribui-
¢Oes a outras estratégias de teste nao relacionadas ao teste de confiabilidade. Estudos
experimentais foram realizados para obter dados que permitissem atingir e materializar
0s objetivos por meio de publicacoes ao longo do periodo de doutoramento. As principais
contribuigoes desta pesquisa, considerando a sequéncia de publicagoes que as corroboram
sdo: i)Evidéncias que comprovam que hé variagoes significativas na maneira como os
usudrios operam o software mesmo quando realizam uma mesma operagao, que é possivel
a existéncia de um descompasso entre as partes testadas do software e o POS e que falhas
podem ocorrer nas partes do PO.S nao testadas; i) Evidéncias de que os geradores auto-
maticos de teste considerados estado da arte para essa tarefa contribuem para a reducao
do descompasso mas nao o elimina; i) Apresentacao do conceito de “Perfil de Teste”; )
Projeto e implementacao da Ferramenta OPIxile cujo proposito é contribuir para diminuir
o descompasso entre o POS e o perfil de teste por meio da geracao automética de casos
de teste executaveis com dados de teste obtidos dinamicamente do POS; v) Realizacao
de um mapeamento sistematico e uma revisao sistematica da literatura que investigam
o uso do POS. Os resultados obtidos pela pesquisa evidenciaram a relevancia do PO.S
ao teste de software, possibilitando alinhar as estratégias de teste ao uso operacional do

software e, assim, estar em consonancia com as necessidades dos usuarios.

Palavras-chave: Perfil Operacional, Perfil de Teste, OP[xile Teste de Software.






Abstract

The Software’s Operational Profile (SOP) is a representation of how users use the
software in practice, thus identifying the parts of the software most operated by the
users. Since the reliability of a software depends on the context in which it is used, the
SOP is employed in software reliability engineering. However, there are signs of a possible
mismatch between the software’s tested parts and the SOP. The objective of this work is
to investigate the possible mismatch between the tested parts of the software and the SO P
and how data extracted from the SOP can provide contributions to other test strategies
not related to reliability testing. We performed experimental studies to obtain data that
would allow achieving and materializing the objectives through publications throughout
the doctoral period, providing the contributions of this research. The main contributions
of this research are: i)Evidence that proves that there are significant variations in the way
users operate the software even when performing the same operation that it is possible
that there is a mismatch between the tested parts of the software and the SOP, and that
failures can occur in parts of the SOP not tested; 7i)Evidence that a test strategy based
on merging an existing test suite with a test suite generated by an automated test data
tool can decrease the mismatch but does not prevent this mismatch; ii)Presentation of
the "Test Profile” concept; 7v)Design and implementation of OPDdle tool whose purpose is
to contribute to reducing the mismatch between the SOP and the test profile through the
automatic generation of executable test cases with test data obtained dynamically from
the SOP; v)Conducting a systematic mapping and a systematic review of the literature
that investigates the use of the SOP. The results obtained by the research show the
relevance of SOP to software testing, making it possible to align testing strategies with

the operational use of the software and, thus, be in line with the users’ needs.

Keywords: Operational Profile, Test Profile, OPxile, Software Test.
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Capitulo 1

Introducao

Este capitulo apresenta a contextualizacao do tema abordado, as motivacoes
para a realizacao da pesquisa, a hipotese de pesquisa e os objetivos deste tra-
balho. As publicagoes decorrentes da pesquisa, ocorridas ao longo do doutora-
mento, compoem o corpo desta teste. Assim, ao final deste capitulo, o corpo

da tese € explicado.

1.1 Contexto

A concepcao do software provém da necessidade de solugoes eficientes para problemas
da sociedade contemporanea, sendo empregado em processos das mais variadas dreas da
sociedade. Como a tecnologia ¢é evolutiva, e a melhoria continua é uma das caracteristicas
da sociedade contemporanea, tais processos estdo em constante atualizacao. O software,
como elemento estratégico nesses processos, precisa ter a capacidade de assimilar novas
maneiras de uso em decorréncia das alteragoes nos processos para o qual foi criado. Essa
caracteristica faz com que as funcionalidades do software, mesmo que criadas para atender
regras de negdcio comuns a diversas organizagoes, possam também ser parametrizaveis
para atender as necessidades especificas e particulares.

As diferentes maneiras de utilizacdo do software podem, também, ser decorrentes
do cardcter criativo do intelecto humano (ASSESC, 2012). Esse mesmo cardcter cria-
tivo proporciona, aos usudarios do software, a capacidade de adaptar, com base em suas
experiéncias profissionais, o comportamento do software (SOMMERVILLE, 2015), encon-
trando, assim, diferentes maneiras de utilizacdo para o software. As diferentes maneiras
de utilizacao do software faz com que partes do software tenham uma frequéncia de utili-
zagao e relevancia distintas entre as organizagoes e seus usuarios, atribuindo, ao software,

diferentes perfis operacionais, denominado Perfil Operacional do Software (PO.S).
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O POS corresponde a uma representacao quantitativa do software baseada na maneira
como o software é operado pelos usuarios, a qual é composta pelas operagoes do software
e uma distribuigao probabilistica associada a essas operacoes (MUSA, 1993; GITTENS;
LUTFIYYA; BAUER, 2004; SOMMERVILLE, 2015).

Em decorréncia dos diferentes perfis operacionais que podem ser atribuidos a um soft-
ware, a ocorréncia de uma falha durante a operacao do software por um usuério pode nao
ser reproduzida por outros usuarios, dado que usuarios experientes conseguem adaptar a
maneira com a qual o software é operado (SOMMERVILLE, 2015), tornando a qualidade
do software dependente do seu uso operacional (HE et al., 2021; ZHAKIPBAYEV; BE-
KEY, 2021). Assim, como a confiabilidade de um software é determinada pela operagao
do software sem a ocorréncia de falhas em um determinado tempo e em um ambiente
especifico, o POS é usado no teste de confiabilidade para de determinar a confiabilidade
do software. A confiabilidade de um software corresponde a probabilidade de operagao
do software, por um determinado tempo, em um ambiente especifico, sem a ocorréncia de
falhas (MUSA, 1979).

Como a qualidade do software esta condicionada também a requisitos nao-funcionais
explicitos e implicitos, tais como usabilidade, seguranga, confiabilidade, dentre outros
(KOSCIANSKI, 2006; PRESSMAN, 2019; SOMMERVILLE, 2015), informagdes sobre
a maneira como o software é operado pelos usudarios, ou seja, sobre o POS, tornam-se

relevantes para assegurar a qualidade do software.

1.2 Motivacao

Uma pesquisa evidenciou que informacdes sobre o POS foram consideradas essenciais
ou relevantes a questoes relacionadas as atividades inerentes ao processo de desenvol-
vimento do software (BEGEL; ZIMMERMANN;, 2014). Sao exemplos dessas questoes:
“Quais partes do software sao mais utilizadas?”, “Como os usudrios usam a aplicagdo?”,
"Quais sao os padroes de utilizacao do software?” e “Como a cobertura dos testes corres-
pondem ao codigo realmente executado pelos usudrios?”. Um outro estudo analisou dina-
micamente 10 softwares de codigo gratuito/livre/aberto (free/libre/open source — FLOSS)
e constatou que somente 1 software atingiu um percentual de cobertura, provida pelo con-
junto de testes, entre 70 e 80 (RINCON, 2011). Mesmo que este intervalo seja considerado
aceitavel, ha um percentual de codigo, ndo coberto pelo conjunto de testes, que pode estar
relacionado as funcionalidades mais utilizadas pelos usuarios, evidenciando um possivel
descompasso entre as partes testadas e as partes que os usudrios efetivamente utilizam
(RINCON, 2011). Assim, ha indicios de um possivel descompasso entre o POS e as par-
tes testadas do software e, também, de que informagoes sobre PO.S sao relevantes para

assegurar a qualidade do software.
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Esse descompasso pode tornar frequente a ocorréncia de falhas aos usuarios. A ocor-
réncia de falhas durante a execugao do software causa prejuizos as partes interessadas
nesse software. Para os desenvolvedores do software, a ocorréncia de falhas ocasiona cus-
tos decorrentes de investigacao, retrabalho e insatisfacao do cliente. Para a organizacao
que investiu no software, a ocorréncia de falhas ocasiona custos decorrentes da nao uti-
lizacao do software, que pode gerar ociosidade aos usudrios e parada nos processos de
negocio da organizagao, além da falta de confiabilidade no software. A frequéncia com
que um defeito se torna aparente é mais significante que os defeitos ainda remanescentes
no software, o que torna a qualidade do software dependente do seu uso operacional (HE
et al., 2021; ZHAKIPBAYEV; BEKEY, 2021). A realizagdo do teste de software sob
uma estratégia exaustiva para cobrir todas as partes do software torna-se dificil e pode se
tornar impraticavel dada a complexidade do software (MYERS; SANDLER; BADGETT,
2012). O uso do POS nao garante que todos os defeitos sejam detectados, mas garante

que as partes mais usadas do software sejam testadas suficientemente (ALI-SHAHID;
SULAIMAN, 2015).

1.3 Hipodtese

Este trabalho defende a tese de que existe um descompasso entre as partes testa-
das do software e o POS e que informagoes sobre o PO.S prové contribuicoes a outras
estratégias de teste nao relacionadas ao teste de confiabilidade, de maneira a diminuir
esse desalinhamento, almejando melhorar a qualidade do software do ponto de vista dos

usuarios.

1.4 Objetivos

Considerando que hé indicios de um possivel descompasso entre o POS e as partes
testadas do software, o objetivo geral desta tese é evidenciar que existe um descompasso
entre o POS e as partes testadas do software e que o POS pode prover contribuigoes a
outras estratégias de teste nao relacionadas ao teste de confiabilidade, almejando melhorar
a qualidade do software do ponto de vista dos usuérios.

Para atingir o objetivo geral, sdo objetivos especificos deste trabalho:

1. Constatar a originalidade da pesquisa e apresenta-la a comunidade cientifica para

obter um feedback dos pesquisadores da area.

2. Evidenciar que ha variagdes significativas na maneira como o software é operado

pelos usuarios.

3. Evidenciar o possivel descompasso entre o POS e as partes testadas do software e

que falhas podem ocorrer nas partes do PO.S nao testadas.
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4. Evidenciar que estratégias de teste baseadas no uso de ferramentas de geragao de
dados de teste automatizadas nao eliminam o possivel descompasso entre o POS e

as partes testadas do software.
5. Definir e apresentar o termo “Perfil de Teste”.

6. Visando diminuir o possivel descompasso entre o POS e as partes testadas do soft-
ware, projetar e implementar uma ferramenta computacional para geracao auto-
matica de casos de teste de unidade executaveis cujos dados de teste sao obtidos

dinamicamente do POS.

1.5 Organizacao do texto

O Capitulo 2 apresenta a fundamentacao teodrica referente ao POS, a qual é abordada
nas publicagoes que compoem o corpo desta tese. Os capitulos 3 a 6 correspondem as
publicagoes que compoem o corpo desta tese. Essas publicagoes foram originadas durante
o periodo de doutoramento e abordam o problema de pesquisa. O Capitulo 7 apresenta
as conclusoes, trabalhos futuros e as licdes aprendidas.

A Figura 1 mostra uma timeline com as publicagdes originadas durante o periodo de

doutoramento e apresentadas na lista de publicacoes deste trabalho.

CAVAMURA, L. J;
CAVAMURA, L. J. et al. FABBRI, S.;

VINCENZI, A. M. R
(P2) (P, ; em fase de submissdo)

Qualificagdo JSERD

CAVAMURA, L. J. CAVAMURA, L. J.;
ICST FABBRI, S.;
(Py) VINCENZI, A. M. R.
CIBSE
(P3)

Figura 1 — Publicagoes originadas durante o periodo de doutoramento

A Figura 1 mostra as publica¢bes em ordem cronoldgica, para as quais uma identifi-
cacao foi atribuida (P, P, Ps e Py).

A Tabela 1 associa as publicagoes, mostradas na Figura 1, aos respectivos capitulos
deste trabalho. A coluna “Id”, na Tabela 1, corresponde a identificacao dada as publi-
cagoes contidas neste trabalho. Adicionalmente, para cada publicacao apresentada na
Tabela 1, sao informados, também, o tipo da publicagdo e a disposi¢ao da publicagao no

corpo desta tese.
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Tabela 1 — Publica¢des durante o periodo de doutoramento

Id. Tipo Disponibilidade Publicagao
Publicacao Sintese Capfitulo 3 CAVAMURA, L. J. Operational profile and software testing:
1 da Aligning user interest and test strategy. In: Proceedings of
(P1) pesquisa the 12th IEEE Conference on Software Testing, Validation
and Verification (ICST) - Doctoral Symposium, 2019. p. 492-494.
Publicacao Artigo Capitulo 5 CAVAMURA, L. J. et al. Software operational profile vs. test
2 completo profile: Towards a better software testing strategy. Journal
(P2) em of Software Engineering Research and Development, v. 8,
periédico p-5:1 — 5:17, Aug. 2020.
Publicacao Artigo Capitulo 4 CAVAMURA, L. J.; FABBRI, S.; VINCENZI, A. M. R. Perfil
3 completo operacional do software: investigando aplicabilidades especificas.
(Ps) em In: AYALA, C. P. et al. (Ed.). Proceedings of the XXIII
conferéncia Iberoamerican Conference on Software Engineering, CIbSE 2020,
Curitiba, Parand, Brazil, November 9-13, 2020. [S.L]: Curran
Associates, 2020. p.292-305.
Publicacao Artigo Capfitulo 6 CAVAMURA, L. J.; FABBRI, S.; VINCENZI, A. M. R. Opdate:
4 em fase de A unit test case generator based on real data from software
(P1) submissao operating profile. — , —, p. xxx-xxx(x), January
2022. ISSN x.

1.5.1 Relacao entre o problema de pesquisa e as publicagoes

As contribui¢oes providas pelas publicagoes que compoem o corpo desta tese fornecem
as evidéncias que atendem ao objetivo geral e aos objetivos especificos descritos neste
capitulo. A Tabela 2 apresenta os objetivos de cada publicacao apresentada na Tabela 1
e as respectivas questoes de pesquisa respondidas pelas mesmas.

A publicacao P; é uma sintese das atividades de pesquisa desenvolvidas até a sua sub-
missao no simpdésio doutoral do 12th IEEE International Conference on Software Testing,
Verification and Validation (12th ICST). A pesquisa foi apresentada a comunidade cien-
tifica por meio do simpdsio doutoral do 12th ICST. A relevancia do tema abordado pela
pesquisa e o interesse da comunidade cientifica nesse tema foram constatados por meio
dos comentarios fornecidos pela banca examinadora da pesquisa apresentada e, também,
durante a apresentacao dos trabalhos apresentados na trilha principal do 12th ICST, dos
quais alguns trabalhos exploraram o POS em suas abordagens. A participacao no 12th
ICST permitiu firmar uma parceria com a profa. Dra. Ana Paiva da Universidade do
Porto, Portugal, a qual proveu contribui¢ées para a publicacado P». A publicacao P, é
apresentada no Capitulo 3.

As publicagoes Py, P3 e Py abordam o problema de pesquisa investigado. As publi-
cagoes P, e P3 fornecem contribuicoes que evidenciam o problema investigado, ou seja,
o possivel descompasso entre o POS e as partes testadas do software. A publicagao P,
prové contribuig¢oes que permitem diminuir o possivel descompasso entre o POS e as
partes testadas do software.

A publicagdo P, é uma extensdo de CAVAMURA et al. (2019). CAVAMURA et al.
(2019) foi publicado no X VIII Simpésio Brasileiro de Qualidade de Software (SBQS 2019),
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sendo premiado como o melhor artigo (1° colocado) da trilha principal. A publicagao P,
¢é apresentada no Capitulo 5. As questoes de pesquisas respondidas pela publicagdo P
sao mostradas na Tabela 2.

A publicacao P; apresenta a revisao sistematica realizada para constatar a originali-
dade da pesquisa. Uma sintese dos resultados apresentados na publicagdo P3 é apresentada
na publicacdo P, provendo resposta a uma das questoes de pesquisa da publicacao Ps.
Por investigar a originalidade da pesquisa abordada nesta tese, a publicagao P3 (Capi-
tulo 4) é apresentada antes da publicagdo P, (Capitulo 5). As questoes de pesquisas
respondidas pela publicagao P3 sao mostradas na Tabela 2.

A publicacao P, aborda o problema de pesquisa investigado e apresenta uma ferra-
menta computacional, denominada OPDxile. A ferramenta OPkile gera automaticamente,
em nivel de métodos, casos de teste de unidade executaveis usando dados reais, capturados
dinamicamente, como dados de teste. Os recursos disponiveis na ferramenta OPDdle per-
mitem, a ferramenta, contribuir para a diminuicao do possivel descompasso entre o POS
e as partes testadas do software. A publicacdo Py, em fase de submissao, é apresentada
no Capitulo 6. As questoes de pesquisas respondidas pela publicagdo P, sao mostradas
na Tabela 2.

Conforme as informagoes apresentadas nesta secao, os Capitulos 3, 4, 5, 6 correspon-
dem, respectivamente, as publicagoes P;, P3, P, e Py, as quais compoem o corpo desta

tese.

1.5.2 Consideracgoes finais

Este capitulo forneceu o contexto, as motivagoes, a hipotese e os os objetivos desta
tese. Este capitulo forneceu, também, a organizacao do texto, apresentando a estrutura

de capitulos que compoem esta tese.
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Tabela 2 — Objetivos e questoes de pesquisa das publicagdoes que compoem o corpo da

tese
. .. Questoes de
Publicagao Objetivo Pesquisa Respondidas
P Apresentar a pesquisa a comunidade —
(Capitulo  cientifica de teste, verificagdo e validacao
3) de software; obter um feedbak dos
pesquisadores sobre o tema abordado,
os objetivos propostos e as atividades
iniciais desenvolvidas
P> -Evidenciar: -Existem outros estudos com o mesmo objetivo ou
(Capitulo  a) a originalidade da pesquisa; objetivos semelhantes, cujos resultados fornecem as
5) b) que ha variagoes significativas contribuigdes propostas nesta pesquisa?
na maneira como os usudrios -Existem variacoes relevantes na forma como os
operam o software; usudrios operam o software?
¢) o possivel desalinhamento entre -Pode ocorrer um desalinhamento entre o POS e as
o POS e as partes testadas do software; partes testadas do software?
d) que podem ocorrer falhas -Dado o possivel desalinhamento entre o POS e as
nas partes do POS néo testadas; partes testadas do software, podem ocorrer falhas
Introduzir o termo “perfil de teste” nas partes de POS néo testadas?
-Verificar se uma estratégia de teste -Dado o desalinhamento entre o POS e as partes
baseada no uso de geradores de dados de software testadas, uma estratégia de teste
de teste automaticos pode contribuir incluindo gerador de dados de teste automatizado
para reduzir o possivel desalinhamento pode contribuir para reduzir o desalinhamento?
entre o POS e as partes testadas
do software
Ps Investigar o uso do POS em contextos -Como o POS foi usado nas técnicas identificadas
(Capitulo  relacionados a pesquisa de doutoramento nos estudos selecionados?
4) para formar uma base de conhecimento -Como o POS foi obtido pelas técnicas
sobre o uso POS nas situagbes de uso identificadas?
investigadas. SituacGes de uso investigadas: -Como o POS foi caracterizado pelas técnicas
a) em atividades associadas ao teste de identificadas?
regressao; -Relacionado ao uso do POS, quais foram as
b)como um critério de priorizagio dificuldades reportadas pelos estudos selecionados?
aplicavel a artefatos e atividades inerentes
ao processo de desenvolvimento de software;
c)como um critério de avaliacdo para casos
de teste existentes.
Py Propor uma ferramenta computacional que -A OPDudIe foi capaz de gerar automaticamente casos
(Capitulo  possa ser usada para diminuir o possivel de teste executaveis usando dados de teste extraidos
6) descompasso entre o POS e as partes do POS?

testadas do software, a qual gera casos de

teste executdveis para as partes do software

especificadas na ferramenta.
Os casos de teste gerados usam dados
de teste obtidos do POS.

-Os casos de teste executaveis gerados
automaticamente forneceram uma cobertura
satisfatéria para as respectivas unidades testadas?
-Uma estratégia de teste baseada em suites

de teste obtidas de diferentes perfis operacionais
pode contribuir para expandir a cobertura das
unidades testadas?
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Capitulo 2

Perfil Operacional do Software e a
Qualidade de Software

Este capitulo fornece a fundamentacao teorica sobre o Perfil Operacional do
Software e a Qualidade de Software.

2.1 Perfil Operacional do Software

O POS foi desenvolvido para obter uma especificacdo da maneira como o software
é operado por seus usuarios (MUSA; EHRLICH, 1996; SOMMERVILLE, 2015). Varias
abordagens sdo propostas para descrever e construir o POS. Dentre essas abordagens,
a abordagem definida por MUSA (1993), em decorréncia de suas caracteristicas, é uma
das mais relevantes (LI; LUO; WANG, 2013). MUSA (1993) define o POS como uma
caracterizagdo quantitativa baseada na maneira com a qual o software é operado. Essa
caracterizagao quantitativa corresponde as operacoes executadas pelo software, para as
quais, uma probabilidade de ocorréncia é atribuida. Uma operacao corresponde a uma
tarefa realizada pelo software, a qual é delimitada por fatores externos a implementacao
do software.

Uma operagao realizada pelo software, em decorréncia dos possiveis caminhos de exe-
cucao contidos na implementacao, pode, conforme os dados de entrada fornecidos, necessa-
rios a execucao da operacao, apresentar comportamentos diferentes e, consequentemente,
fornecer resultados diferentes. Assim, uma operacdo pode ser executada de maneiras
diferentes conforme os dados das variaveis de entrada por ela processados. Essas diferen-
tes maneiras de execugao sao denominadas tipos de execucao. A Figura 2 ilustra, como
exemplo, uma representacao grafica das operagoes de um software e os respectivos tipos

de execucao de cada operagao.



32 Capitulo 2. Perfil Operacional do Software e a Qualidade de Software

Os dados de entrada, que caracterizam um tipo de execucao, formam um conjunto de
dados denominado estado de entrada. Os estados de entrada (EF), associados aos tipos

de execucao, formam o espaco de entrada do software.
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Figura 2 — Conceitos envolvidos na definicao do perfil operacional

Como os estados de entrada caracterizam os tipos de execucao de uma operacao, o
espago de entrada do software pode ser fracionado por operagoes, associando, a cada
operacao, um conjunto de estados de entrada denominado dominio da operagao. Assim, a
cada operagao disponibilizada pelo software, um dominio de entrada esta associado, cujos
elementos, estados de entrada da operagao, determinam como a operacao sera executada,
ou seja, definem o tipo de execucao da operacao. A Figura 2 ilustra uma representacao
grafica dos estados de entrada, identificados por “EF1, EE2, EFES3,..,EEn”, o espago de
entrada do software e os dominios de entrada de cada operagao, identificados por “DF
opl, DE op2,..,DE opn”.

O conjunto de operacoes disponiveis em um software é finito, porém, os tipos de
execucao de uma operacao, por serem definidos pelo dominio de entrada da operacao,
correspondem a um conjunto cujo numero de elementos pode ser infinito. Assim, para
que seja possivel atribuir uma probabilidade de ocorréncia aos tipos de execucao das
operacoes, o dominio de entrada da operacao é particionado em subdominios. Cada
subdominio gerado corresponde a uma categoria de execucao da operacao. As categorias
de execugao de uma operacgao agrupam tipos de 15 execucgao cujos diferentes estados de

entrada ocasionam um mesmo comportamento para a operacao.
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A Figura 2 ilustra uma representacao grafica das categorias de execucao, identificadas

r “CFE1, CE2,...,CEn”, que particionam o dominio de entrada de cada operagdo e

agrupam os tipo de execugao que possuem um mesmo comportamento para a operagao.

Por meio da Figura 2 percebe-se a relagao existente entre os conceitos de operacao, tipos

de execucao, estados de entrada, espago de entrada, dominios de entrada e categorias de
execucao.

A Figura 3 ilustra, como exemplo, por meio de um modelo baseado em drvore, duas
representagoes graficas, itens a) e b), de uma mesma operagao. Cada possivel caminho, da
raiz até as folhas, corresponde a uma categoria de execugao que representa um conjunto
de tipos de execucao que denotam um mesmo comportamento para a operacao. Esse
conjunto pode ser infinito porque cada tipo de execugao é caracterizado pela combinacao
dos possiveis valores que EI e E2 podem assumir. O dominio de entrada da operagao
corresponde ao conjunto formado por todos os possiveis valores que as varidveis K1 e E2

podem assumir para a operacao.

Operagédo Operacéo —————
T T e T | | E1,E2:0,4 |
| | | s |

F2="a": 0,7 | |
le1s 5-08 | - 2= I
| I |
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| [ | ELE2: 0,3
[ | (>5"B") :
| | |
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: : : (570" |
E2=“A": 0,5 —
| | I E2="C" | :
| | | | |
l'Eq <= | wpyn
| EL<= g 0,5] £2-D" | :
I : : FLE2: 01 |
o 4ol L= :5 D) |

a)lmplicito b)Explicito

Figura 3 — Atribuicao explicita e implicita

As categorias de execucao de uma operagao uma probabilidade de ocorréncia é atri-
buida, obtendo-se assim uma caracterizacao quantitativa do software correspondente ao
perfil operacional (MUSA, 1994; MUSA, 1993).

A construcao do perfil operacional do software é realizada, idealmente, no inicio do
processo de desenvolvimento do software. Modelos baseados em drvores e cadeia de
Markov podem ser usados para construir o perfil operacional do software (SMIDTS et al.,
2014). Os dados, que permitem determinar as probabilidades de ocorréncia das operagoes,
podem ser obtidos por meio de arquivos de log gerados pelo uso de versoes anteriores do

software cujo perfil operacional do software esta sendo especificado ou, também, gerados
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por softwares similares (MUSA, 1993; TAKAGI; FURUKAWA; YAMASAKI, 2007). A
expectativa dos desenvolvedores também pode determinar essas probabilidades (TAKAGI;
FURUKAWA; YAMASAKI, 2007).

As probabilidades de ocorréncia podem ser atribuidas de maneira explicita ou impli-
cita. A atribuicao explicita corresponde a probabilidade de ocorréncia definida e atribuida
para um conjunto de valores, pertencentes ao dominio da operagao, que definem uma cate-
goria de execugao e para os quais existe uma relagao de dependéncia entre si. A atribuicao
implicita corresponde a probabilidade de ocorréncia definida e atribuida diretamente aos
valores das varidaveis de entrada que sdo independentes de outras variaveis. A Figura 3
ilustra um exemplo que representa as atribuigoes implicita e explicita, itens a) e b) res-
pectivamente.

As probabilidades de ocorréncia, ilustradas na Figura 3 itens a) e b), correspondem aos
valores descritos em negrito e itdlico. Verifica-se, pela Figura 3 item a), que os possiveis
valores para a variavel de entrada F2 nao dependem dos possiveis valores para a variavel
E1, sendo assim, a probabilidade de ocorréncia é atribuida diretamente as varidveis. A
Figura 3 item b) mostra que os possiveis valores para a variavel de entrada F2 dependem
dos possiveis valores para a variavel F1, sendo assim, a probabilidade de ocorréncia é
atribuida para o conjunto de valores que caracteriza a categoria de execucao.

Por representar a maneira como o software sera utilizado por seus usuarios e sendo a
confiabilidade de um software dependente do contexto em que o software é usado, o POS
¢é usado em atividades relacionadas a engenharia de confiabilidade de software. Nessas
atividades, o PO.S tem, como propésito, gerar dados de teste que, quando aplicados a exe-
cucao do software em um ambiente de testes, reproduzem a maneira com a qual o software
é executado no ambiente de producgao, garantindo que os indicadores de confiabilidade do
software sejam vélidos para a operagao do software em um ambiente de producao (MUSA;
EHRLICH, 1996). Assim, o POS néao garante que todos os defeitos sejam detectados,
mas garante que as operagdes mais utilizadas do software sejam devidamente testadas
conforme a maneira com a qual sdo executadas (ALI-SHAHID; SULAIMAN, 2015).

2.2 O Perfil Operacional do Software e a Qualidade

de Software

O software é decorrente da manifestacao do cardter criativo do intelecto humano (AS-
SESC, 2012) e, assim, defeitos podem ser inseridos no software em decorréncia de enganos
ocorridos durante o processo de desenvolvimento. O custo para se corrigir um defeito no
software aumenta conforme o tempo entre o momento em que o defeito é encontrado e
o momento em que o mesmo ¢ inserido (BOEHM; BASILI, 2001). Por ser conveniente
ao cotidiano da sociedade contemporanea, o software, quando falha, interrompe as mais

variadas atividades da sociedade. Em 2017, 3,6 bilhoes de pessoas foram afetadas e 1,7
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trilhao de receita foi perdida em decorréncia de falhas de software (TRICENTIS, 2018).
Estima-se que 65% do tempo total consumido pelo processo de desenvolvimento é de-
corrente do processo de manutencao no software, processo que abrange, dentre outras
atribuigoes, a corregao dos defeitos que originaram falhas (TAKAGI; FURUKAWA; YA-
MASAKI, 2007). Assim, atividades de garantia de qualidade sdo essenciais pois visam
diminuir os riscos inerentes ao processo de desenvolvimento de software. As atividades
de garantia da qualidade sao executadas durante todo o processo de desenvolvimento do
software com o objetivo de fornecer um software com qualidade. Nesse contexto, baseado
nos fundamentos de gestao de qualidade, entende-se por qualidade, segundo Crosby, ci-
tado em (SOMMERVILLE, 2015), a conformidade do produto com a sua especificagdo
detalhada e a nocao de tolerancias relacionadas a especificagao. Tendo como contexto
a Engenharia de Software, PRESSMAN (2019) define qualidade de software como um
processo eficaz para a criagdo de um produto de valor a quem o produz e a quem ird
utiliza-lo. A qualidade, quando analisada, pode ser passivel de subjetividade, dado que
a interpretacao das caracteristicas analisadas pode variar conforme o ponto de vista do
analista. Assim, a qualidade do software pode ser analisada conforme a perspectiva com
a qual é abordada. Na visdo do usuario, por exemplo, um software com qualidade é o que
atende suas necessidades, ¢ facil de usar e é confiavel (FALBO, 2005).

A confiabilidade do software, assim como a manutibilidade, eficiéncia, entre outros,
¢ um dos atributos associados a qualidade de software e a representa a partir do ponto
de vista do usuario. (MUSA, 1979; BITTANTI; BOLZERN; SCATTOLINI, 1988). Um
defeito que afeta a confiabilidade para um usuario pode nunca ser revelado no modo
de trabalho de outro usudrio (SOMMERVILLE, 2015). Para o usuério do software, a
frequéncia com que uma falha se torna aparente, durante a operacao do software, é mais
significante que falhas remanescentes (TAKAGI; FURUKAWA; YAMASAKI, 2007).

A confiabilidade do software corresponde a probabilidade de operacao do software, por
um determinado tempo, em um ambiente especifico, sem a ocorréncia de falhas (MUSA,
1979; CUKIC; BASTANI, 1996). Essa definigdo ¢ exemplificada por PRESSMAN (2019):
Se um programa de computador, cuja confiabilidade é de 0,999 (99%) para oito horas de
processamento, for executado 1000 vezes, demandando 8 horas de tempo de execucao, é
estimado um funcionamento correto, livre de falhas, em 999 vezes.

Sendo a confiabilidade determinada pelo tempo da operagao do software sem a ocor-
réncia de falhas, e que uma falha revelada a um usuario pode nunca ser revelada no modo
de trabalho de outro usuario, a atividade de teste esta implicita a confiabilidade do soft-
ware, a qual depende da maneira como o software serda operado por seus usuarios (MUSA,
1994; MUSA, 1993; SOMMERVILLE, 2015). Assim, para se mensurar a confiabilidade, o
software deveria ser testado como base no PO.S, simulando, durante a execucao do teste,
a maneira como o software é operado pelos usuérios finais do produto de software. Um

modelo de uso do software, que representa o PO.S, é usado para projetar os casos de teste
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a serem executados. Conforme descrito na se¢do anterior, o POS nao garante que todos
os defeitos sejam detectados, mas garante que as operagoes mais utilizadas sejam testadas
suficientemente (ALI-SHAHID; SULAIMAN;, 2015).

Na literatura, alguns estudos que abordaram técnicas de teste que usaram o modelo
de uso do software classificaram, essas técnicas, como teste estatistico ou teste de uso
estatistico, teste de confiabilidade, teste baseado em modelos, teste baseado em uso ou
teste baseado no POS (POORE; WALTON; WHITTAKER, 2000; KASHYAP, 2013;
SOMMERVILLE, 2015; PRESSMAN, 2019; MUSA; EHRLICH, 1996). Neste trabalho,
o teste de software, a partir de um modelo de uso, sera referenciado como “teste baseado
no POS".

Dados coletados enquanto o software é operado pelos usuarios sao usados para cons-
truir o modelo de uso do software. Esses dados fornecem os elementos que compdem o
modelo de uso e, também, uma distribui¢ao probabilistica entre esses elementos. A distri-
buicao probabilistica refere-se a probabilidade da ocorréncia ou a frequéncia de execucao
desses elementos durante a operagao do software por seus usuarios. POORE; WALTON;
WHITTAKER (2000) atribuem o termo “perfil de uso” a distribui¢ao probabilistica as-
sociada ao modelo de uso. Os elementos que compdem o modelo de uso correspondem a
entidades relacionadas ao software, cuja frequéncia de execuc¢ao ou probabilidade de ocor-
réncia permitem identificar as partes do software mais, ou menos, usadas pelos usuarios.

O tipo das entidades adotado para construir o modelo de uso do software é definido
de acordo com a granularidade com a qual o software serd abordado para a defini¢ao do
perfil operacional, ou seja, em qual nivel de acesso os dados serdao extraidos durante a
operacao do software pelos usuarios. Assim, essas entidades, que compoem o modelo de
uso, podem representar operacoes realizadas pelo software, estados que o software pode
assumir, dados de entrada fornecidos ao software, entre outros.

Outras atividades, além das necessarias para se obter o modelo de uso e realizar o
teste baseado no POS, sao necessarias para obter e avaliar a confiabilidade do software.
Essas atividades estdo inseridas no processo que constitui a Engenharia de Confiabilidade
de Software (ECS).

A ECS compreende a tecnologia e a pratica para (MUSA; EHRLICH, 1996):

1. Definir objetivos quantitativos de confiabilidade que, se atendidos, maximizam a

satisfacao do cliente;
2. Projetar e desenvolver o software para atender aos objetivos definidos;
3. Focar o desenvolvimento e o teste nas operagoes mais utilizadas e criticas;

4. Testar o software para obter os resultados referentes aos objetivos definidos.



2.2. O Perfil Operacional do Software e a Qualidade de Software 37

As fases que compdem o processo da ECS sao: requisitos, arquitetura, teste e operacao.
Essas fases estao correlacionadas as fases do processo de desenvolvimento do software e

sao descritas a seguir.

2.2.1 Requisitos

Na fase de requisitos o POS é definido com base nos requisitos e em informacgoes
obtidas pelos envolvidos na elicitacao dos requisitos.

TAKAGI; FURUKAWA; YAMASAKI (2007) mencionam que arquivos de log gera-
dos por softwares semelhantes ou releases anteriores do software, cujo POS' esta sendo
definido, podem prover informacoes para a definicaio do PO.S, podendo também, na au-
séncia de fontes de informagao, ser usada uma distribui¢ao probabilistica uniforme para
as operagoes do software. Ainda na fase de requisitos, uma andlise de riscos, relacionada
a falhas que podem ocorrer na operacao do software e as consequéncias dessas falhas,
¢é feita para identificar classes de falhas e classifica-las conforme a gravidade das falhas
que as classes representam. Sao definidas, também, as taxas de falha por unidade de
tempo, denominadas objetivos. Entende-se por taxa de falha a frequéncia aceitavel com
que as falhas poderao ocorrer. Varios objetivos podem ser definidos para o software. A
definicao desses objetivos é feita com base nas classes de falhas que foram identificadas
e classificadas. Os objetivos, ou seja, as frequéncias com que as falhas poderao ocorrer,

serao menores para as classes de falhas com maior severidade.

2.2.2 Arquitetura

A arquitetura de software refere-se ao software como uma estrutura organizada em
que as partes que o compoem, componentes de software, interagem entre si e manipulam
estruturas de dados (PRESSMAN;, 2019). Nesse contexto, esses componentes podem ser
abstraidos em modulos obtidos por uma divisao natural do software, os quais podem
ser enderecados e gerenciados separadamente e se integram para atender aos requisitos
do software (PRESSMAN, 2019; MUSA; EHRLICH, 1996). Nessa fase, os objetivos
definidos na fase anterior sao atribuidos aos componentes do software e as estratégias de
confiabilidade, a serem adotadas, sdo definidas. As estratégias de confiabilidade referem-
se aos niveis de tolerdncia a falhas que serdo implementados. Assim, se os objetivos
definidos forem baixos, ou seja, é definida uma baixa taxa de falhas, havera um impacto
no tempo de desenvolvimento, e consequentemente no custo, decorrente das estratégias

de tolerancia a falhas que deverao ser implementadas. Se o prazo para o desenvolvimento
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é escasso e os objetivos sao moderados, as estratégias de tolerancia a falhas podem ser
minimizadas considerando que a atividade de teste, a ser realizada, seja eficaz. A Figura 4

mostra o relacionamento entre o custo e melhorias relacionadas a confiabilidade.

Custo

Baixa Média Alta Muito Super
alta alta

Confianga

Figura 4 — Relacionamento entre o custo e melhorias relacionadas a confiabilidade. Ob-

tido de (SOMMERVILLE, 2015)

Nessa fase, o POS e a criticidade das operagoes podem, também, ser usados para
organizar, planejar e alocar recursos as atividades de desenvolvimento visando entregar,

inicialmente, as funcionalidades altamente usadas e criticas.

2.2.3 Teste

Nessa fase deve-se assegurar que os objetivos atribuidos aos componentes do software
sejam alcancados e, consequentemente, reduzir e garantir que o objetivo atribuido ao
software como um todo seja alcancado.

Os componentes do software devem ser testados com o POS e, para isso, os compo-
nentes podem ser integrados. Casos de teste sao selecionados usando o POS. As falhas
detectadas devem registradas e associadas ao componente testado que as evidenciaram,
registrando, também, a frequéncia com a qual ocorrem. Essas informacoes devem ser mo-
nitoradas e gerenciadas para verificar se os objetivos atribuidos sdo atendidos. A Figura 5
mostra, como exemplo, um grafico gerado com as informagdes que sao registradas, o qual
permite determinar, como base no objetivo atribuido, se o componente testado é aceito,
rejeitado ou se deve continuar a ser testado.

Como exemplo, com base na Figura 5, um componente que apresentou trés falhas em

um intervalo de tempo de 100 horas de processamento, é aceito com base no objetivo
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atribuido a ele. Um componente que apresentou mais que cinco falhas em um intervalo
de tempo inferior a 20 horas de processamento, deve ser rejeitado e, assim, retrabalhado
para garantir o objetivo atribuido a ele.

Com base nos resultados obtidos pelo teste, a confiabilidade do software é estimada.

Um programa de estimativa pode ser usado para estimar a confiabilidade processando os

dados de falha.

Nimero 6

de falhas

14 —
Rejeitado

12 —

10 —
Continuar

Aceito

0 40 BO 120 160 200
Tempo {CPU hr)

Figura 5 — Grafico de confiabilidade. Adaptado de (MUSA; EHRLICH, 1996)

2.2.4 Operagao

A engenharia de confiabilidade de software pode ser aplicada em campo para avaliar
a introducao de novos recursos e orientar a melhoria do produto e do processo de de-
senvolvimento. Quando novas funcionalidades sao agregadas ao software que esta sendo
operado em ambiente de produgao, naturalmente, ha um aumento na taxa de falhas, a
qual diminui a medida que os defeitos que as originaram sao corrigidos, estabelecendo-se,
assim um padrao quando novas funcionalidades sao agregadas ao software. Quando novas
funcionalidades sao inseridas e identificam-se variagoes significativas em relacao ao padrao
estabelecido, como por exemplo, uma taxa de falhas superior ao previsto, comprometendo
a confiabilidade, as causas dessas varia¢oes sao investigadas e a insercao de novas funcio-
nalidades sdo interrompidas, possivelmente restaurando o software a uma versao anterior

com taxas de falhas consideradas aceitaveis.
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2.3 Dificuldades e Problemas relacionados ao uso do

POS

Embora o POS seja um atributo que representa a qualidade de software do ponto
de vista do usudrio, sendo essencial para se determinar a confiabilidade do software,
dificuldades e problemas quanto ao uso do POS sao identificados na literatura. A Tabela 3

apresenta algumas dessas dificuldades e problemas identificados.

Tabela 3 — Problemas relacionados ao uso do POS

Referéncia | Ano de Publicacdo [ Problema apontado

(NAMBA; AKIMOTO; 2015 A definicdo do POS demanda alto esforgo, tornando-se

TAKAGI, 2015) dificil conforme a complexidade do software
Estudos relacionados ao POS focam em explorar as ope-

(SHUKLA, 2009) 2009 ragoes. Os pardmetros das operagdes sdo pouco explora-
dos.

(LEUNG, 1997) 1997 Erros de estlm,atlva 880 1n£ev1tave1s eo PQS muda quan(Nio
o software estd em opera¢do em um ambiente de producéo

(FUKUTAKE et al, 2015 A probabilidade de uso torna-se pequena quando o mo-

2015) delo de uso do software possui varios estados.

(CUKIC; BASTANI, Identificar o POS' é dificil pois é necessario prever o uso

1996

1996) do software.

(BERTOLINO et al, Teste ba.seado em Rerﬁl operaaona}l7 focando nasf falhas

2017) 2017 com maior probabilidade de ocorréncia, pode sofrer sa-
turacdo e perder eficacia

(SOMMERVILLE, A c,onﬁablhdade do softwar§ depende do contexto em que

2015) 2015 serd usado e usudrios experientes adaptam o seu compor-
tamento

Conforme é mostrado na Tabela 3, existem problemas relacionados a identificagao
do POS relatados na literatura. Embora existam dificuldades em identificar e manter o
POS, a qualidade do software depende do uso operacional do software (HE et al., 2021;
ZHAKIPBAYEV; BEKEY, 2021). Assim, o POS pode contribuir com a qualidade do
software fornecendo diretrizes as atividades de garantia da qualidade, permitindo que tais

atividades possam considerar, também, o foco nas partes mais usadas do software.

2.4 Consideracoes Finais

Este capitulo forneceu a fundamentacao tedrica referente a pesquisa apresentada no
Capitulo 1. A definicdo e os conceitos relacionados ao PO.S, assim como a relacido entre
o POS e a qualidade de software, foram apresentados. Os Capitulos seguintes, de 3 a 6,
correspondem as publicacoes originadas desse trabalho até o momento e que compdem
o corpo desta tese. Capitulo 7 apresenta as conclusoes, trabalhos futuros e as li¢oes

aprendidas provenientes da pesquisa realizada.
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test strategy. In: Proceedings of the 12th IEEE Conference on Software Testing, Valida-
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Abstract—Context: The software’s operational profile is a
representation of how users use the software, in which the most
commonly-used parts of the software are identified. There is
evidence of a possible mismatch between the tested parts of the
software and the operational profile of the software. Objective:
This paper aims to present a doctoral research that investigates
the use of software operational profile as a resource to improve
software quality from the point of view of users. As one of the
expected contributions, the research proposes a strategy in which
the operational profile of the software is used to: a) evaluate
and adapt a test suite based on the operational profile of the
software; b) as a prioritization criterion that allows, given a set
of defects, to identify the defects that have the greatest impact on
the operation of the software by the users and, thus, to consider
this impact in the pricing of the defects. Method: To present the
research, this paper describes: a) the problem addressed and the
purpose of the research; b) the results obtained by the activities
carried out to evaluate the feasibility of the research (systematic
mapping of the literature, systematic review of the literature
and exploratory study); c) the hypotheses to be investigated;
d) expected contributions; e) the current state of the research.
Results: The results obtained by the activities carried out were
favorable to the accomplishment and continuity of the research,
evidencing the originality of the research and the proposed
strategy. Conclusion: Once the feasibility of the research and
the progress that has been obtained in its execution are verified,
the results to be obtained are promising and, consequently, the
expected contributions must be obtained.

Index Terms—operational profile, software testing, software
engineering

I. INTRODUCTION

Software, as a strategic element in several processes of
contemporary society, needs to be able to assimilate new
ways of using it as a result of the evolution of the pro-
cesses for which it was created. Thus, software features,
even if designed to meet business rules common to many
organizations, can be parameterized to meet specific needs,
providing different ways of using them. The different ways
of using the software can also be derived from the creative
character of the human intellect, which allows users, based
on professional experiences, to adapt software behavior [1].
The Software’s Operational Profile (SOP) corresponds to a
quantitative representation of the software based on the way
the software is operated by the users, which is comprised of the
software operations and a probabilistic distribution associated
with those operations [2]. Thus information about the SOP
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becomes relevant to ensure the quality of the software. This
paper describes a doctoral research that investigates the use
of SOP as a resource to ensure and improve the quality of
the software and is organized as follows: Section II exposes
the problem addressed and presents the research with its
respective objective. Section III presents the results obtained
by the activities that evaluated the feasibility of the research.
Section IV, V and VI present, respectively, the hypotheses
to be investigated, the expected contributions and the current
state of the research. The conclusions are described in Section
VIL

II. ABOUT THE RESEARCH AND PROBLEM ADDRESSED

One study [3] evidenced that information about the ”SOP”
was considered essential or relevant to issues related to the
activities of the software development process. Examples of
these questions are: "Which parts of the software are most
commonly used?”, "How do users use the application?” and
“How does the coverage of the tests correspond to the code
actually executed by the users?”. Another study dynamically
analyzed 10 free/libre/open source softwares found that only
one reached a percentage of coverage, provided by the test
suite, between 70 and 80 [4]. Even if the interval is considered
acceptable, there is a percentage of code, not covered, that
may be related to the features most used by users, evidencing
a possible mismatch between the parts tested and the parts
that users actually use. This mismatch can become frequent to
the occurrence of failures to the users, providing a critical
situation because, in users’ perception, the frequency with
which a defect becomes apparent is more significant than
the defects still remaining in the software, which makes the
quality of the software depending on its operational use [5].
Thus, there are evidences of a possible mismatch between
the SOP and the tested parts of the software, and also that
informations about SOP are relevant to ensure the quality of
the software. The research, presented in this paper, investigates
this possible mismatch and the contributions that SOP can
provide to software quality, specifically to the test activities.
The use of SOP does not guarantee that all defects are
detected, but it ensures that the most used parts of the software
are sufficiently tested [6]. The research proposes a strategy to
dynamically adapt an existing test suite to the SPO and also
to use SOP as a prioritization criterion that allows, given a set
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of defects, to identify the defects that it has greater impact on
the operation of the software by the user and, thus, consider
this impact, along with other criteria, such as the criticality of
the operation, in the pricing of defects.

III. FEASIBILITY ANALYSIS

The feasibility of the research and the uniqueness of the
proposed strategy were evaluated by the following activities:
a) Exploratory study (EE) to show that there are relevant
variations in the way the software is operated by the users
and that there may be a mismatch between the tested parts of
the software and the SOP; b) Systematic Literature Mapping
(SLM) and Systematic Literature Review (SLR) to provide the
theoretical basis and evidence the originality of the research
and the proposed strategy. The EE identified and evaluated
the operational profile of three software, s/, s2 and s3. The
variation in the way the software is operated by the users
was evaluated with the data obtained from the operation of
sI, which originated 30 representations for the SOP. These
representations differed by 51% between themselves, evidenc-
ing that there are relevant variations in the way the software is
operated. The EE also showed, in all three softwares evaluated,
a mismatch between the SOP and the tested parts of the
software. Checked that 46.79%, 25.08% and 46.45% of the
methods processed by at least 1 participant, in the operation
of s/, s2 and s3 respectively, were not covered by the test
suite of their software. By analyzing data extracted from the
platform that provides and manages the source code of s2,
it was verified that in 13.86% of the methods processed in
the operations performed by the users, not covered by the test
suite, there were records of modifications related to reported
problems, providing indications of the possible occurrence of
failures in the most used parts of the software and not covered
by the test suite.

The SLM identified 4726 studies, of which 182 studies
were selected for data extraction. The analysis of the extracted
data evidenced that the quality of software is the area most
approached by the selected studies, however, there are few
selected studies related to this area, which characterizes it,
together with the other identified areas, as an area that can be
explored.

The SLR identified 874 studies, of which 11 studies were
selected for data extraction. The analysis of the extracted
data evidenced that the SOP is used in techniques for the
generation, selection and prioritization of test cases. The use
of SOP as a criterion for assessing and adapting an existing
set of test cases has not been identified. It is also emphasized
that the SOP was not approached as a prioritization criterion
related to the impact of the defects in the operation of the
software by the users.

IV. HYPOTHESES TO BE INVESTIGATED

Once the feasibility of the research and the proposed
strategy have been verified, the following hypotheses to be
investigated are identified:

Hy: There is a mismatch between the SOP and the coverage
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provided by the software test suite.

Hsy: The use of SOP is relevant and contributes to the
improvement of software quality from the point of view of
the user.

V. EXPECTED CONTRIBUTIONS

The research is expected to provide software engineering
with the following contributions: a)

1) Definition of a strategy that allows: to dynamically
evaluate and adapt an existing test suite based on SOP to
cover the most used parts of the software; to expand the
use of SOP as a prioritization criterion to identify the
defects that have the greatest impact on the operation of
the software by the user, and thus to consider this impact,
along with other criteria, in the pricing of defects.
Implementation of a computational tool to automate the
proposed strategy.

2)

V1. CURRENT SEARCH STATUS

The research presented is in the initial phase. The activities
already carried out had as objective to evidence the viability of
the research and the proposed strategy, to define the proposed
strategy structure and to start the implementation of the
computational tool that automates the proposed strategy.

The activities to be carried out to continue the research
include: a) conducting new experiments to ascertain the mis-
match or consonance between the SOP and the software’s
test suite; b) finalize the definition of the proposed strategy;
¢) conducting experiments to evaluate the defined strategy;
d) refactoring the strategy defined according to the results
obtained; e) realization of new experiments to evaluate the
refactored strategy; f) development of a computational tool; g)
write and publish papers to disseminate the results obtained;
h) write and defend the doctoral thesis.

VII. CONCLUSIONS

This paper presented a doctoral research that investigates
the use of SOP as a resource to improve software quality from
the point of view of users. The research proposes a strategy
in which the SOP is used to evaluate and adapt an existing
test suite and as a prioritization criterion to rank the impact
of the defects in the operation of the software by the users,
contributing to the pricing of the defects. The research is in
the initial phase and its execution is in line with the deadlines
that were planned. Given the results obtained and progress of
the activities being carried out, it is estimated that the data to
be obtained by the research is promising and thus the expected
results are obtained.
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Resumo O Perfil Operacional do Software (POS) é uma representagao
da maneira como os usudrios usam o software, na qual as operagoes, exe-
cutada pelo software, sdo associadas a uma probabilidade de ocorréncia.
Sendo a confiabilidade de um software dependente do contexto no qual
ele é usado, o POS é empregado na engenharia de confiabilidade de
software. Os resultados obtidos pela realizacdo de um Mapeamento Sis-
tematico da Literatura (MSL) evidenciaram que a Qualidade de Software
é a area mais favorecida pelas contribui¢bes providas pelo uso do POS
no processo de desenvolvimento de software. Contudo, poucos foram os
estudos selecionados associados a essa area, caracterizando-a, junto as
demais dreas, como uma area que pode ser explorada. Esses resultados
motivaram a realizacdo de uma Revisao Sistematica da Literatura (RSL)
que investigou o uso do POS como um critério de avaliagdo para casos
de teste existentes, ou seja, sob a perspectiva de uso do software, e como
um critério de priorizacao aplicavel a artefatos e atividades inerentes ao
processo de desenvolvimento de software. Como o POS representa a ma-
neira como o software é operado pelos usuéarios e o teste de regressao é
realizado quando hd modifica¢ées no software, podendo ocorrer enquanto
o software estd em operagao, o uso do POS em atividades de teste de re-
gressao também foi investigado. O propdsito deste artigo é prover, como
contribuigbes, os resultados obtidos pela RSL realizada. Por meio dos
resultados obtidos, constatou-se que, sendo um recurso adotado para de-
terminar a confiabilidade do software, o POS é usado em técnicas de
teste estatistico e de regressao para gerar, selecionar e priorizar os ca-
sos de teste. O uso do POS em outros contextos de teste e com outros
propdsitos ndo tém sido explorado. Constatou-se, também, que por ser
um recurso usado em tais técnicas, informagcdes detalhadas sobre o POS
sao escassas. Os resultados obtidos permitiram, também, caracterizar o
uso do POS nas situagoes investigadas.

Keywords: Perfil Operacional - Revisdo Sistemdtica - Qualidade de
Software - Teste de Software - Perfil de Teste.

1 Introducao

A necessidade de processos eficientes faz com que as organizacoes estejam em-
penhadas na melhoria desses processos. O software é um elemento estratégico
nesses processos e, assim, pode ter recursos que permitam ser parametrizado
para se adaptar as diversificadas maneiras de operagao, atendendo as necessi-
dades especificas de cada organizagao. Nesse contexto, visando a praticidade e
eficiéncia em suas atividades, usudrios experientes conseguem adaptar a maneira
como o software é operado [24]. Como a qualidade do software é dependente do
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seu uso operacional [8], a maneira como o software é operado torna-se relevante
ao processo de desenvolvimento de software. O Perfil Operacional do Software
(POS) corresponde a uma especificagdo do software que representa a maneira
como o software é operado por seus usudrios [8,24]. Musa [16] define o POS como
uma caracterizacao quantitativa do software. Essa caracterizagao é baseada nas
operagoes do software, para as quais uma distribui¢do probabilistica é atribuida
para indicar as partes do software mais usadas pelos usuérios.

Dada a relevancia do POS ao processo de desenvolvimento de software, este
trabalho relata a realizacdo de uma Revisdo Sistemdtica da Literatura (RSL)
que investigou o uso do POS sob trés perspectivas (situagdes de uso): em ati-
vidades associadas ao teste de regressado (SUj); como um critério de priorizagao
aplicavel a artefatos e atividades inerentes ao processo de desenvolvimento de
software (SUs3); e como um critério de avaliagido para casos de teste existentes
(SU3). As situagoes de uso investigas pela RSL foram definidas e estéo associa-
das a uma pesquisa de doutoramento que investiga o POS em um escopo mais
amplo [5]. A investigacdo do uso do POS em técnicas de teste de regressdo foi
motivada pela natureza do teste de regressao, o qual é executado quando modi-
ficagGes sao feitas em um software existente [28]. No momento em que o teste
de regressao é realizado, o software pode fornecer dados sobre a maneira como é
operado por seus usudrios. O POS, por representar a maneira como o software
é operado pelos usudrios, corresponde a um critério de priorizacao baseado no
uso. A investigagao do uso do POS como critério de priorizagao busca identificar
outras atividades e recursos que podem adotar o POS como um critério de prio-
rizagao. A investigagao do uso do POS como um critério de avaliagao dos testes
existentes, gerados por outros critérios, foi definida em decorréncia do possivel
descompasso entre as partes testadas do software e o POS [6]. O uso do POS
como critério de priorizagao e avaliagdo sao exemplos de uso que podem contri-
buir com a qualidade do software do ponto de vista dos usuérios e, também, ser
usado para priorizar atividades do processo de desenvolvimento do software de
maijor interesse do usuario, tais como manutencao, melhorias e customizacgoes.

Este trabalho prové, como contribuigoes, a partir dos resultados obtidos, uma
base de conhecimento sobre o uso do POS nos contextos investigados, fornecendo
uma caracterizagao e entendimento quanto ao uso do POS nesses contextos.
Este trabalho estd organizado da seguinte forma: na Secao 2, os conceitos que
envolvem o POS e a qualidade de software sdo abordados. A Secao 3 refere-se
aos trabalhos relacionados. A Secao 4 descreve a metodologia adotada para a
realizagdo da pesquisa. As Secoes 5, 6, 7, 8 e 9 descrevem a RSL realizada e os
respectivos resultados. As ameacas a validade deste trabalho e as conclusoes sao
apresentadas nas Secoes 10 e 11 respectivamente.

2 POS e a Qualidade de Software

Por representar a maneira como o software serd utilizado por seus usudrios e
sendo a confiabilidade de um software dependente do contexto em que o soft-
ware é usado, o POS é usado em atividades relacionadas a engenharia de con-
fiabilidade de software. Nessas atividades, o POS é usado para gerar dados de
teste que reproduzem a maneira com a qual o software é operado pelos usuérios,
garantindo que os indicadores de confiabilidade do software sejam vélidos para
a operagdo do software em um ambiente de produgao [17]. A confiabilidade do
software é um dos atributos associados & qualidade de software e a representa a
partir do ponto de vista do usudrio [4,15]. Para o usuério do software, a frequéncia
com que uma falha se torna aparente, durante a operacao do software, é mais
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significante que as falhas remanescentes [26]. A confiabilidade do software cor-
responde a probabilidade de operagao do software, por um determinado tempo,
em um ambiente especifico, sem a ocorréncia de falhas [8,15]. Sendo a confia-
bilidade determinada pelo tempo da operagao do software sem a ocorréncia de
falhas, e que uma falha revelada a um usudrio pode nao ser revelada no modo
de trabalho de outro usuério, a atividade de teste estd implicita & confiabilidade
do software. O POS nao garante que todos os defeitos sejam detectados, mas
garante que as operagoes mais utilizadas do software sejam testadas.

Um Mapeamento Sistemdtico da Literatura (MSL) investigou como as contri-
buicoes providas pelos estudos que abordaram o uso do POS estao distribuidas
nas areas da engenharia de software correlatas ao processo de desenvolvimento
de software, evidenciando que a qualidade de software é a 4rea mais abordada
pelos estudos que usaram o POS como um recurso nas estratégias abordadas
nesses estudos. A maioria dessas estratégias estdo associadas a confiabilidade
de software. Embora a qualidade de software seja a drea mais abordada, sao
poucos os estudos relacionados a essa area, situagdo que a caracteriza, junto as
demais dreas identificadas, como uma area que pode ser explorada. A descri¢ao
detalhada do MSL realizado, e dos respectivos resultados, estd disponivel em:
levm.com.br/artigos/anexos/cibse2020/cap-3-rs-ms.pdf.

3 Trabalhos Relacionados

Dentre os trabalhos selecionados pelo MSL, Smidts et al. [23] forneceram uma
caracterizagao do modelo baseado no POS usado na geracao de casos de teste,
assemelhando-se a este trabalho dada a abordagem investigativa focada direta-
mente no POS. Os demais trabalhos usaram o POS como um recurso as es-
tratégias propostas, nao fornecendo, detalhadamente, informagoes sobre o POS.
A caracterizagao, provida em [23], foi obtida por meio de mapeamentos sis-
tematicos e andlises qualitativas. Os dados extraidos foram estruturados e clas-
sificados. A classificagao desses dados forneceu uma taxonomia que diferencia
e analisa os modelos baseados no POS sob vérias perspectivas: caracteristicas
comuns entre os modelos, dependéncias necessarias a elaboracao dos modelos,
caracteristicas do software sob teste usadas pelos modelos, dentre outros.

Constatou-se, por meio dos resultados obtidos em [23], que uma variedade
de modelos baseados no POS podem ser construidos, sendo a definigdo e com-
plexidade do modelo dependente do contexto de aplicagao do software sob teste.
Embora as classificagoes e a taxonomia desenvolvidas proveem uma compreensao
e perspectivas sobre o uso do POS [23], por abordar especificamente os modelos
de representagao aplicados para a geracao de casos de teste, o estudo nao prové
informagoes detalhadas sobre a obtencao do POS. O uso do POS associado a
outras finalidades também néo foi explorado em [23]. A RSL descrita neste tra-
balho investiga o uso do POS em situagoes de uso especificas, fornecendo, por
meio da abordagem investigativa adotada, informagoes nao providas pelo estudo
realizado por Smidts et al. [23].

4 Metodologia

Foram definidas 4 questoes de pesquisa cuja consecucao das respostas proveem
a investigagao sobre o uso do POS nas situagoes descritas na segdo anterior. A
Tabela 1 apresenta as questoes de pesquisa que foram definidas, aplicaveis as
situagoes de uso do POS investigadas.
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Tabela 1. Questoes de pesquisa

1[Como o POS foi usado nas técnicas identificadas nos estudos selecionados?
2/Como o POS foi obtido pelas técnicas identificadas?

3Como o POS foi caracterizado pelas técnicas identificadas?

4| Relacionado ao uso do POS, quais foram as dificuldades reportadas pelos estudos selecionados?

Isisislis

Para obter respostas as questoes de pesquisa, a investigagao foi feita por
meio de uma RSL sucedida pela técnica snowballing(backward e forward). Para
a realizagdo dessas atividades, a metodologia de pesquisa proposta em [25] foi
instanciada. A Figura 1 ilustra essa metodologia.

_] L Sim
1 2 3 H 5( P ta
. . Nio roposf
4
:e\lnsaomicial . R:wsga Survey .4 |Corpode N Inicial da
a literatura istematica ~ Conhecimento Tecnologia
Nova Revisao ~
Sim
| sim O Nio _Q Nao
Refinamento? Avaliagdo

da Literatura?
Figura 1. Representagdo da metodologia adotada. Adaptado de [25]

A etapa inicial (1), denominada ”Revisao inicial da literatura”, consiste em
coletar informagoes bésicas a respeito do tema a ser pesquisado, necessarias para
a elaboracgéo do protocolo da RSL. A etapa seguinte (2) compreende o planeja-
mento e execugao da RSL a qual, dependendo da andlise dos resultados obtidos,
pode ser refinada. Apds a realizacao da RSL, opcionalmente, em decorréncia de
possiveis questionamentos que podem surgir sobre o conhecimento obtido, um
survey (Etapa 3) pode ser realizado, o qual consiste em submeter o conhecimento
adquirido & uma avaliagao de especialistas. As duas etapas finais da metodologia
(4 e 5) compreendem, respectivamente, & estruturacdo e consolida¢do do conhe-
cimento adquirido, tornando-se a base para a idealizagao de novas tecnologias.

Para este trabalho, a Etapa 1 usou os resultados do MSL citado na Segao
2. A Etapa 2 refere-se & execucao da RSL seguida pela execucao da técnica
snowballing. Referente & Etapa 3, o conhecimento adquirido na Etapa 2, realizada
pelo primeiro autor, foi submetido a uma avaliagdo de outros pesquisadores,
demais autores deste trabalho. Na FEtapa 4, os dados obtidos pela RSL foram
estruturados, permitindo obter respostas as questoes de pesquisa e, assim, prover
as contribuicoes esperadas para este trabalho. Essas contribuigoes servem como
dados de entrada para a Etapa 5, a qual nao foi abordada neste trabalho.

A RSL foi conduzida por um processo composto por trés fases [18]: Plane-
jamento, Condugao e Publicagdo. O paradigma GQM (Goal, Question, Metric)
foi adotado como referéncia para o planejamento da RSL. A ferramenta compu-
tacional Start, cuja finalidade, é prover apoio, ao pesquisador, na realizagao de
revisdes sistemdticas da literatura [9], foi usada para dar suporte & realizacdo da
RSL.

5 Planejamento

A RSL foi guiada por um protocolo no qual as diretrizes da pesquisa foram
definidas. As subsegoes seguintes apresentam uma sintese desse protocolo.
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5.1 Questoes de pesquisa

O paradigma GQM foi adaptado para, a partir dos propdsitos da pesquisa,
estruturar as questoes de pesquisa, identificando os dados a serem extraidos dos
estudos selecionados para prover as repostas as respectivas questoes. A Figura 2
ilustra, na estrutura do paradigma G@QM, o objetivo, as questdes de pesquisa e
os dados a serem obtidos.

OBJETIVO Investigar o uso do POS nas situagdes de uso SU;, SU,e SU;
- — - rd — — —-—
QUESTOES __AQ1 Q, 3 Q,
—— — ————— ———— — —— - - -

-Técnicas, Estratégias -Definigéo
METRICAS -Problema abordado | | -Aplicabilidade/Contexto | | -Dados de origem | | -Granularidade

-Dificuldades/Desafios
-Contribuicéo -Representacdo

Figura 2. GQM referente ao planejamento da RSL

Conforme ilustrado pela Figura 2, o objetivo da RSL corresponde ao Goal,
as questoes de pesquisa correspondem ao Question e os dados a serem extraidos,
dos estudos selecionados, correspondem ao Metric.

5.2 Grupo de controle e critérios de selecao de estudos

Foram considerados, como grupo de controle, os estudos [2] e [16]. O estudo [2]
evidencia, por meio dos resultados apresentados, que informagoes sobre como o
software é operado por seus usudrios sao relevantes ao processo de desenvolvi-
mento de software. O estudo [16] refere-se a abordagem de Musa sobre o POS,
a qual é uma das mais relevantes abordagens para a construgao do POS. A
ocorréncia desses estudos, como grupo de controle, foi verificada no conjunto
de estudos identificados pela RSL e, também, nas respectivas referéncias bi-
bliograficas desses estudos. A Tabela 2 apresenta os critérios de inclusdo (I) e
exclusdo (E) usados para a sele¢do dos estudos.

Tabela 2. Critérios de inclusao e exclusao

O estudo usa o POS em teste de regressao

O estudo usa o POS como critério de priorizagao

O estudo foca no POS e suas caracteristicas

O estudo usa o POS em técnica/estratégia para avaliar casos de teste

O estudo nao usa o0 POS em teste de regressao

O estudo nao aborda o teste de regressao

O estudo nao aborda o POS e suas caracteristicas

O estudo nao usa o0 POS como critério de priorizacao

O estudo aborda o POS porém o POS nao é usado em técnica/estratégia para avaliar casos de teste
O estudo aborda a avaliagao de casos de teste porém nao usa o POS

SiSIS e ]c o b i

5.3 String de busca

As keywords iniciais, relacionadas ao POS, foram obtidas pelo MSL citado na
Secao 2, definindo uma string de busca inicial. A string de busca inicial foi
usada em um estudo piloto para identificar novas keywords. Os estudos, referen-
tes ao resultado retornado pelo estudo piloto, foram registrados na ferramenta
computacional Start. Dentre suas funcionalidades, a Start fornece uma lista das
keywords detectadas nos estudos registrados, classificando-as como ”usadas”ou
”nao usadas’na string de busca, e ordenando-as pela frequéncia com que cada
uma é empregada nos estudos registrados [9]. As keywords consideradas relevan-
tes foram identificadas e incorporadas a string de busca inicial, dando origem
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a uma nova versao da string de busca, iniciando-se, assim, uma iteratividade
na execucao do estudo piloto. Essa iteratividade foi processada enquanto novas
keywords eram identificadas.

Apés a definicdio das keywords relacionadas ao POS (Spes), novas keywords
para tratar a especificidade de cada situacao de uso do POS investigada foram
adicionadas. As strings de busca, relacionadas as respectivas situagoes de uso do
POS a serem investigadas (SUj,2,3), foram construidas a partir das keywords
e do uso dos operadores l6gicos “and” (A) e “or” (V). As strings de busca séo
mostradas na Tabela 3.

Tabela 3. Strings de busca

String de Busca [SU

("operational profile” V "usage model” V "usage profile” V "user profile” V "users profile” V
?profile of use” V ”usage testing” V ”input distribution” V ”usage distribution” V ”operational |Spos
distribution” V ”usage chain”)

("regression”) A (“software”) A ("testing” V "test”) A Spos SU,;
("prioritization” V "prioritize”) A Spos SU,
("effectiveness” V "efficiency” V 7evaluation”) A Spos SU3

6 Conducao

As fontes de informagao selecionadas foram Scopus, ACM Digital Library, IEEE
Xplore, SpringerLink, ScienceDirect, Engineering Village e Web of Science. A
identificagdo dos estudos foi feita por meio de busca automatica nas fontes de
informacgao usadas, identificando, para as situagoes de uso investigadas SUj,
SUs e SUjz, respectivamente, 130, 86 e 214 estudos. A identificacao e selegao de
estudos foram realizadas separadamente, ndo havendo dependéncia entre as si-
tuagoes de uso investigadas. Na fase de selegao, dos estudos identificados, foram
selecionados os estudos em que no titulo, resumo ou palavras-chaves, foram iden-
tificados ao menos um dos critérios de inclusao definidos. Na fase de extracao,
foram mantidos os estudos que, apds a leitura completa e andlise desses estu-
dos, mantiverem ao menos um dos critérios de inclusao atribuidos. Os critérios
de inclusao sobrepoe os critérios de exclusao. Do total de estudos identificados,
9 estudos foram selecionados para a fase de extracao de dados. Esses estudos
foram submetidos a técnica snowballing, identificando 214 novos estudos para a
situagao de uso SU;. Para as situagdes de uso SUsy e SUj3, a técnica snowballing
identificou, respectivamente 46 e 184 novos estudos. Dos 444 novos estudos iden-
tificados pela técnica snowballing, 2 estudos foram adicionados a fase de extragao
de dados, totalizando, para a extracao de dados, 11 estudos. A Figura 3 mostra
a quantidade de estudos processados em cada etapa da RSL.

7 Qualidade dos Estudos Selecionados

A cada estudo selecionado na RSL, um indicador, cujo valor varia entre 0 e 1, foi
atribuido visando quantificar a relevancia do estudo aos propésitos deste traba-
lho. O indicador corresponde ao valor da média aritmética dos valores atribuidos
as questoes de avaliagao para cada estudo selecionado. Quanto maior o valor do
indicador, maior é a relevancia do estudo com base na avaliagao da qualidade
do estudo. Dada a abordagem investigativa e exploratéria deste trabalho, nao
foi definido um valor minimo a ser obtido pelos estudos selecionados. A Tabela
4 apresenta as questoes avaliativas, a motivagao que deu origem a questao e os
valores que podem ser atribuidos a questao.
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dos estudos na ferramenta START

]

‘ Eliminagédo dos estudos duplicados
i

‘ Filtro com base nos critérios de inclusdo e excluséo (seleg¢do)

i
‘ Filtro com base nos critérios de incluséo e exclusdo (extragdo)

’ Identificagao dos estudos nas fontes de informagéo e registro

1]
‘ Snowballing (Backward/Forward)

‘ Extragdo de dados e sintese dos resultados

Figura 3. Quantitativo de estudos processados
Tabela 4. Questoes avaliativas da qualidade dos estudos

1-Os estudos selecionados|Citagoes de estudos publicados pelos autores[Entre 0 e 1 (conforme a
citam estudos publicados|dos estudos de controle sdo indicios de que o|quantidade de autores, dos
pelos autores dos estudos de|estudo selecionado tenha maior relevancia em|estudos de controle, citados)
controle? relacao aos demais estudos
2-Qual o numero de|O namero de citagoes do estudo selecionado|Entre 0 e 1 (conforme o
citagoes, em outros estu-|evidencia a abrangéncia do estudo em contex-|nimero de citagbes do es-
dos, do estudo selecionado? |tos relacionados ao abordado neste trabalho |tudo selecionado)

3-0 estudo selectonado tem|Estudos cuja abordagem relata o uso do POS|0 ou I conforme a abordagem
o POS como foco principal|estao diretamente relacionados aos propositos|dada ao POS (Relata o uso
da pesquisa ou relata o uso|deste trabalho do POS: 1; Foco nos concei-
do perfil operacional? tos do POS: 0,5)

8 Resultados Obtidos

A RSL, sucedida pela técnica snowballing, resultou em 11 estudos selecionados
para a fase de extracao de dados. A Tabela 5 apresenta esses estudos associados
as situagoes de uso investigadas (SUy,2 ,3).

Tabela 5. Estudos selecionados para a extracao de dados

SU,; [Whittaker et al. [27], Takagi et al. [26], Kashyap [11], Sarwar et al. [22], Rogstad and Briand [21]
SU; [Marijan et al. [13], Miranskyy et al. [14], Nakornburi and Suwannasart [19]
SUs[Amrita and Yadav [1], Bertolino et al. [3], Chen et al. [7], Takagi et al. [26]

Observa-se que o estudo [26] foi identificado e selecionado nas investigagdes
das situacoes de uso SU; e SUs. As subsegOes seguintes apresentam, para cada
situagao de uso investigada, uma sintese desses estudos e, também, uma carac-
terizagao do uso do POS obtida por meio dos dados extraidos.

8.1 Uso do POS em técnicas de teste de regressao (SU;)

Os estudos [22] e [21] abordam a selegdo e priorizacao de casos de teste. Para
Sarwar et al. [22], a execuc@o de todos os planos de teste (manuais e automa-
tizados) é uma atividade cansativa que consome tempo, custo e pode néo ser
efetiva na descoberta, antecipadamente, de defeitos criticos. Assim, é necessario
selecionar poucos, porém relevantes, casos de teste a partir de uma massa de
teste. Para isso, é proposta uma técnica para priorizar casos de teste aplicada
a processos de desenvolvimento de software gerenciados pelo método organiza-
cional Scrum. A técnica representa o POS por meio da frequéncia com a qual
os casos de teste sao executados durante o teste de regressao. Os casos de teste
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sao priorizados por meio de um indicador quantitativo atribuido a cada caso
de teste. O indicador é calculado considerando-se a frequéncia de execucao do
caso de teste, o numero de falhas detectadas pelo caso de teste e a criticidade
atribuida ao caso de teste.

Rogstad and Briand [21] realizaram uma investigagdo empirica sobre es-
tratégias para a selecao e geragao de dados de teste para técnicas de teste com-
binatério em nivel de teste de regressdo. A investigacdo foi realizada em um
ambiente de desenvolvimento de uma aplicagao persistente real e representativa.
Essa investigacao foi motivada pela demanda de tempo e esfor¢o dos testadores
decorrentes do uso de dados obtidos em um ambiente de producao do software
(dados reais) nas atividades de teste. O uso de dados obtidos em ambiente de
produgao é uma estratégia comum em atividades de teste, porém, esses dados
nem sempre satisfazem os requisitos do plano de teste, forcando os testadores a
manipularem ou estenderem os dados de produgao para torna-los adequados. O
POS do software é usado adicionalmente em uma das técnicas de teste aplicadas
na investigagao, gerando um conjunto de testes alinhado com o uso do software.

Em decorréncia dos problemas inerentes as tecnologias existentes, tais como
a demanda de esforgo e uso de técnicas ad-hoc, os quais geram uma alta quan-
tidade de caminhos e cendrios de teste que nao refletem o uso real do software,
Kashyap [11] apresenta uma abordagem para criagdo de modelo de comporta-
mento que permite a geracao e priorizagao automatica dos casos de teste com
base em dados de uso do software. Nessa abordagem, é criado um modelo de
comportamento que permite a geracao e priorizagao automatica dos casos de
teste com base em dados de uso do software.

Para Takagi et al. [26], métodos existentes baseados em teste de regressdo
nao sdo apropriados para avaliar a confiabilidade do software. Takagi et al. [26]
apresentam uma técnica que avalia a confiabilidade do software como parte do
processo de manutengao, estimando e prevendo falhas que influenciarao na con-
fiabilidade das préximas versoes do software. A técnica gera um modelo de teste
a partir do POS. Os resultados obtidos pela execucao dos testes sao mapea-
dos no modelo de teste criado. Quando uma falha é detectada, um estado, que
representa a falha, é inserido no modelo de teste e associada aos estados que
representam as operagoes nas quais a falha foi detectada. O modelo de teste é
usado para determinar o critério de parada dos testes, podendo ser determinado
pela cobertura dos estados ou transicoes que compoe o modelo de teste, pelo
nimero de transigoes incidentes nos estados de falha ou pelo nimero de falhas
detectadas e mapeadas no modelo de teste.

Segundo Whittaker et al. [27], as estimativas de confiabilidade sdo obtidas
por meio de modelos de probabilidade construidos a partir de dados coleta-
dos durante a realizacdo dos testes e, assim, situacoes de falha sdo tratadas
assumindo-se que obedecem uma regra de probabilidade, permitindo, a partir
disso, estimar e prever futuras ocorréncias de falhas. Essa abordagem fornece
uma andlise precisa quando a distribuicao probabilistica tem suporte empirico
e os testes cobriram grande parte do software, porém, quando nao hé suporte
empirico e os recursos de teste sao escassos, outras abordagens sao necessarias
[27]. Whittaker et al. [27] propdem uma estratégia para a deteccdo de defeitos
na manutencao do software. A estratégia proposta combina dados e resultados
de testes passados com dados atuais em um 1inico modelo de uso. Com base no
modelo de uso, padroes de ocorréncia de falhas sao identificados para prever os
resultados dos testes na préxima compilagdo do software.



Perfil Operacional do Software: investigando aplicabilidades especificas 9

8.2 Uso do POS como um critério de priorizacdo (SU3)

Segundo Marijan et al. [13], & medida que a complexidade de um software au-
menta, a qualidade do sistema é submetida a um potencial decréscimo. Para
tratar essa situagdo, é proposta uma metodologia para verificagao automaética
de sistemas multimidia compreendendo a modelagem do comportamento do sis-
tema, a geragao de casos de teste baseados no modelo criado e a execugao au-
tomatica dos casos de teste gerados [13]. A modelagem do POS é baseada na
especificagao do sistema e em dados coletados durante a operagao do sistema
pelos usudrios. As sequencias de transigdes do modelo uso dao origem aos casos
de teste a serem executados. Os resultados dos testes sdo analisados para avaliar
a confiabilidade do software.

Os dados de uso coletados dos clientes fornecem informacoes quantitativas
valiosas sobre os padroes de uso do software. Para Miranskyy et al. [14], reu-
nir esses perfis a partir de um grande conjunto de clientes demanda tempo e
recursos. Assim, Miranskyy et al. [14] propéem uma técnica para a selegéo e pri-
orizacao de um conjunto minimo de clientes a serem considerados na elaboracao
do POS, tendo, como objetivo, prover, na execucao dos testes, uma cobertura
para determinados conjuntos de defeitos. A técnica proposta, inicialmente, clas-
sifica e prioriza os clientes com base no histérico e tipos defeitos reportados
por eles. Apés a classificagao e priorizagao dos clientes por meio de uma andlise
qualitativa, a técnica seleciona, para a criagao do POS, um conjunto minimo de
clientes que tenham descoberto o maior niimero de defeitos. A selegdo manual
desse conjunto pode ser inviavel. Assim, para se obter o conjunto minimo de
clientes, a priorizagao dos clientes, feita de maneira qualitativa, é transformada
em quantitativa adotando-se o algoritmo de programacao inteira binéria.

Nakornburi and Suwannasart [19] relatam o desenvolvimento de uma ferra-
menta computacional para gerar casos de teste usando técnicas de teste combi-
natério e o POS. O POS é usado para priorizar e selecionar um conjunto ideal
de parametros de entrada e os respectivos valores para os casos de teste gerados
pela ferramenta proposta.

8.3 Uso do POS como um critério de avaliacao (SU3)

Segundo Amrita and Yadav [1], muitos pesquisadores abordam a selegéo de casos
de teste com base no POS, porém, pouco ¢é discutido sobre as partes infrequentes.
Amrita and Yadav [1] propdem um modelo que fornece a flexibilidade de alocar
casos de teste conforme a prioridade definida pelo POS e, também, pela ex-
periéncia do testador. Assim, o modelo proposto considera tanto a probabilidade
de ocorréncia quanto a severidade da operacao. Com base nessas informagoes,
usando légica fuzzy, o modelo propoe a selecao de casos de teste. O modelo usa
a criticidade atribuida as operagoes do software e o POS como varidveis de en-
trada para um sistema de inferéncias fuzzy. Assim, as operagoes do software sao
classificadas em: operacao frequente e critica; operagao frequente e nao critica;
operacao infrequente e critica; operacao infrequente e nao critica. O valor da
variavel de saida, a ser obtido pelo sistema de inferéncias fuzzy, corresponde
ao numero de casos de teste a serem alocados para a operagao. Fornecidas as
varidveis de entrada e definidas as regras fuzzy, é obtido um conjunto fuzzy re-
sultante que, apds a geragao, com base nas variagoes adotadas, é desfuziado para
se obter os valores equivalentes e, consequentemente, a quantidade sugerida de
casos de teste a serem alocados em cada operacao.

Segundo Bertolino et al. [3], o teste baseado no POS, por focar nas falhas com
maior probabilidade de ocorréncia, pode sofrer saturacao e, assim, perder eficacia
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na deteccao de falhas. Nesse contexto, uma técnica de teste de software adapta-
tiva e iterativa, baseada no POS, denominada covrel, é proposta por Bertolino
et al. [3]. A técnica proposta é executada iterativamente. Na primeira iteracao, a
técnica usa o POS para selecionar e executar os casos de teste randomicamente,
com base na probabilidade de ocorréncia das partigoes do dominio de entrada
do programa. Nas iteracoes seguintes, a cada iteracao, a técnica calcula, para
cada particdo: (i) a quantidade de casos de teste ideal a serem selecionados; (i)
seleciona, prioriza e executa a quantidade de casos de teste calculada. Para de-
terminar a quantidade ideal de casos de teste, uma probabilidade é obtida para
representar o quanto o teste da particao contribui com a confiabilidade do pro-
grama. A selegdo e priorizacao dos casos de teste é feita com base na frequéncia
com que as partes do programa sao exercitadas durante a execugao dos testes nas
iteragoes anteriores. Como o foco da abordagem é selecionar casos de teste que
cobrem partes do programa que sao pouco exercitadas, casos de teste associados
as partes do programa pouco exercitadas tém maior prioridade.

Quando um conjunto de testes nao detecta novas falhas, o uso desses tes-
tes, ou similares, pode superestimar a confiabilidade do software. Assim, quanto
mais redundantes forem os casos de teste em relagdo ao cédigo coberto, mais
superestimada serd a confiabilidade do software. Nesse contexto, Chen et al. [7]
propdem uma técnica que determina uma taxa de compressao que ajusta o inter-
valo de tempo entre as falhas quando sao detectados casos de teste redundantes
durante a execucao do conjunto de teste. Para obter a taxa de compressao sao
considerados o tempo de execugao do conjunto de teste, a cobertura de cédigo
provida e, também, a deteccao de casos de testes redundantes no conjunto de
teste.

8.4 Caracterizacao do uso do POS nos estudos selecionados

A Tabela 6 mostra, a partir dos dados extraidos dos estudos selecionados (Ta-
bela 5), uma caracterizagdo do uso do POS nesses estudos.

Tabela 6. Caracterizacdo do POS nas situagoes de uso investigadas
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Por meio da Tabela 6, é possivel visualizar a granularidade do POS, as fontes
de dados usadas para obter o POS, a maneira como o POS foi representado nos
estudos selecionados, a atividade na qual o POS foi usado e os artefatos abor-
dados pelas atividades nas quais o POS foi usado. A granularidade, apresentada
na Tabela 6, no contexto deste trabalho, corresponde ao nivel de fragmentacao,
conceitual ou estrutural, com a qual o software é abordado para que uma distri-
buigao probabilistica seja atribuida aos fragmentos gerados.

9 Anadlise dos Resultados

A analise dos resultados obtidos permitiu responder as questoes de pesquisa que
foram definidas na fase de planejamento da RSL. As questoes de pesquisa com
as respectivas respostas sao apresentadas seguir.

(a) Como o POS foi usado nas técnicas identificadas nos estudos se-
lecionados em cada situagao de uso do POS investigada?

— Uso do POS em técnicas de teste de regressdo (SUp): Dado que modelos
de uso do software sdo a base do teste estatistico, as abordagens baseadas
em teste estatistico sao geralmente referenciadas como teste baseado em uso
[11]. Assim, verificou-se, nos estudos aceitos, que o uso do POS é associ-
ado, geralmente, a técnicas de teste combinatorio e estatistico, as quais sao
empregadas nas estratégias de teste de confiabilidade e de regressao. Esse
cenario é entendivel dado que o teste estatistico tem, como um de seus obje-
tivos, avaliar a confiabilidade do software e o teste de regressao tem, em sua
esséncia, validar modificagbes ocorridas no software, as quais podem afetar
a confiabilidade do software. Em ambas as situagoes, dados sobre a maneira
com a qual o software é operado por seus usudrios sao relevantes e podem
ser coletados durante a operacao do software. Dos 344 estudos identificados
e processados para a situacao de uso do POS SUjq, 5 estudos foram selecio-
nados para a fase de extragdo: [21,26,22,27,11]. Esses estudos abordaram o
uso do POS em sisteméticas para gerar e priorizar casos de teste.

— Uso POS como critério de priorizagao (SUz): Dos 132 estudos identificados
e processados para a referida categoria de uso, 3 estudos foram selecionados
para a fase de extragdo: [19,13,14]. Desses estudos, 2 estudos usaram o POS
em sisteméticas para geragao e priorizagao de casos de teste. Um estudo
usou o POS em uma sistematica para selecionar e priorizar de um conjunto
minimo de clientes para a obtencdo de perfis operacionais especificos para
cobrir determinados conjuntos de defeitos.

— Uso do POS como critério de avalia¢do de casos de teste (SUs): Dos 398
estudos identificados e processados para a referida categoria de uso, 3 estudos
foram selecionados para a fase de extracdo: [3,1,7]. Esses estudos usaram
o POS em técnicas para avaliar os casos de teste tendo, como propodsito,
selecionar e priorizar casos de teste relevantes as operagoes a serem testadas.
Desses estudos, os estudos [3,7] avaliaram os casos de teste por meio da
cobertura provida por eles, sendo que, em um desses estudos, a cobertura
era avaliada em relagao ao POS e, no outro estudo, o cobertura dos casos
de teste era usada como um critério de comparacao para identificar casos de
teste redundantes. O estudo [1] avaliou os casos de teste por meio de critérios
definidos na técnica apresentada, tais como criticidade da operagao testada,
frequéncia de execugao dos casos de teste e nimero de falhas descobertas.
Constatou-se, assim, que as técnicas identificadas trataram a obtengao e

o uso do POS como ”atividades-meio”. Entende-se por ”atividade-meio” uma
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atividade cuja execugao é necessaria para que a técnica proposta pelo estudo
possa ser realizada (”atividade-fim”). Por ser uma ”atividade-meio”, poucos de-
talhes foram fornecidos quanto a obtencao e representagao do POS. Verifica-se,
também, pela Tabela 6, que o uso POS tem maior evidéncia nos estudos cujas
técnicas apresentadas tratam a selecao e priorizacao de casos de teste.

(b) Como o POS foi obtido pelas técnicas identificadas?

Dados obtidos a partir de arquivos de log, gerados durante a operagao do
software, foi a estratégia com maior evidéncia dentre os estudos selecionados. O
uso dessa estratégia foi constato nos estudos [19,21,26,13]. Informacdes providas
pela expectativa dos desenvolvedores, por softwares similares, pela experiéncia
em projetos anteriores e pela observagao do comportamento dos usuarios po-
dem, também, contribuir para se obter o POS [26,13]. [26] considera, também,
na inexisténcia de outras fontes de informacao, uma distribuigdo probabilistica
uniforme para todas as transigoes contidas no modelo de uso que representa o
POS. O uso da especificagao dos software para a estruturacao do modelo de uso
que representa o POS é considerado em [13].

(c) Como o POS é caracterizado pelas técnicas identificadas?

Os dados extraidos dos estudos selecionados, listados na Tabela 5, permiti-
ram caracterizar o uso do POS quanto a granularidade adotada para a concepgao
do POS, origem dos dados que permitiram a concepgao do POS, a maneira como
o POS é representado, a estratégia e técnica de teste favorecidas pelo uso do POS
e a relagao entre o uso do POS e a abordagem provida pelos estudo aos casos de
teste (Tabela 6). Constatou-se que a granularidade adotada para se obter o POS
nao se restringe a dados de entrada, operagoes e os estados que o software pode
assumir. Em [26,13], além das operagoes do software, os estados de falha assumi-
dos pelo software também foram considerados como um nivel de granularidade
para a elaboracao do POS. O POS, abordado em [27], foi obtido a partir da
frequéncia de execugao e quantidade de falhas descobertas pelos casos de teste
do software.

(d) Relacionado a obtencao e uso do POS, quais foram as dificuldades
e problemas reportados pelos estudos selecionados?

Como foi descrito, a identificagao do POS nas técnicas identificadas é abor-
dada como uma ”atividade-meio”, nao fornecendo detalhes sobre a maneira como
o POS foi obtido. Apenas Bertolino et al. [3], por se tratar do problema abordado
pela técnica apresentada, relata problemas relacionados ao uso do POS, porém,
ressalta-se que o problema apresentado em [3] ndo havia sido identificado na
revisdo informal da literatura, a qual reportou problemas relacionados a: (i) de-
manda de esfor¢o para se obter o POS|[20,24];(4) a dificuldade em prever o uso
dos software [8]; (4ii) modificagoes constantes do POS[12]; (iv) probabilidade de
uso, a qual torna-se pequena quando o modelo de uso possui muitos estados que
representam as operagoes [10].

10 Ameacas a Validade

Visando diminuir a subjetividade que poderia ocorrer na avaliagao dos estudos
durante a realizagao do RSL, os resultados parciais, periodicamente, obtidos por
um pesquisador (primeiro autor), eram submetidos a outros pesquisadores (de-
mais autores) para a realizacdo de uma andlise informal dos resultados obtidos.
A qualidade dos estudos selecionados nessas atividades também foi avaliada,
porém, dada a abordagem investigativa deste trabalho, nao foi definido um va-
lor minimo a ser obtido pelos estudos selecionados. Os resultados apresentados
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fazem parte de uma tese de doutoramento com escopo mais amplo [5]. Assim,
a RSL abordou as situagoes de uso do POS relacionadas ao escopo da tese de
doutoramento citada, nao abrangendo o uso do POS em situagoes diferentes das
investigadas.

11 Conclusoes

Este artigo apresentou os resultados obtidos por RSL que investigou o uso do
POS sob trés perspectivas: (i) em atividades associadas ao teste de regresséo,
(4i) como um critério de priorizagéo aplicével ao processo de desenvolvimento de
software e (#7) como um critério de avaliagdo para casos de teste existentes. A
RSL estd associada a uma pesquisa de doutoramento que investiga um possivel
descompasso entre o POS e o Perfil de Teste [6] e as contribui¢des que o POS
pode proporcionar ao teste de software, almejando melhorar a qualidade do soft-
ware do ponto de vista dos usudrios. Essa pesquisa propoe, como contribuicao a
Engenharia de Software, especificamente a area de testes, uma estratégia que que
permita (i) adequar, dinamicamente, um conjunto de testes existente ao POS e,
também, (4i) usar o POS como um critério de prioriza¢ao que permita, dado um
conjunto de defeitos, identificar os defeitos que tem maior impacto na operacao
do software pelos usudrios e, assim, considerar esse impacto, juntamente com
outros critérios, na precificacao dos defeitos.

Os resultados obtidos pela RSL proporcionaram respostas as questoes de
pesquisa que foram definidas, provendo uma base de conhecimento centralizada
sobre o uso do POS nos contextos investigados e, assim, uma caracterizacao e o
entendimento quanto ao POS nas situagoes de uso investigadas. Verifica-se que o
uso do POS como um critério de priorizagao esta associado a atividade de teste,
sendo usado na priorizacao de casos de teste. O uso do POS como um critério
de priorizagao associado a outros artefatos do processo de desenvolvimento de
software nao é explorado. Quanto ao uso do POS como um critério de avaliacao,
verificou-se que as técnicas identificadas abordam a geragao, selegao e priorizagao
dos casos de teste por meio da analise de cobertura. O uso do POS como um
critério de avaliagao para adequar um conjunto de teste existente, que nao tenha
sido criado inicialmente por meio do POS, também nao foi explorado. Assume-
se, assim, que as contribuigoes providas por este artigo sao relevantes e fornecem
informagoes que podem contribuir e favorecer os estudos associados a Engenharia
de Software e, especificamente, a drea de qualidade de software.
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Abstract The Software Operational Profile (SOP) is a software specification based on how users use the software.
This specification corresponds to a quantitative representation of the software that identifies its most used parts.
As software reliability depends on the context in which users operate the software, the SOP is used in software
reliability engineering. However, there is evidence of a misalignment between the software tested parts and the
SOP. Therefore, this paper investigates a potential misalignment between SOP and the tested software parts to
obtain more evidence of this misalignment based on experimental data. We performed a set of Experimental Studies
— EXS to verify: a) whether there are significant variations in how users operate the software; b) whether there is
a misalignment between the SOP and the tested software parts; c) whether failures occur in untested SOP parts in
case of misalignment; d) whether a test strategy based on the amplification of the existent test set with additional
test data generated automatically can contribute to reduce the misalignment between SOP and untested software
parts. We collected data from four software while users were operating them. We analyzed this data to reach the
goals of this work. The results show that there is significant variation in how users operate software and that there is
a misalignment between SOP and the tested software parts after evaluating the four software studied. There is also
indication of failures in the untested SOP parts. Although the aforementioned test strategy has reduced the potential
misalignment, the test strategy is not enough to avoid it, thus indicating a need for specific test strategies using SOP
as a test criterion. These results indicate that SOP is relevant not only to software reliability engineering but also to

testing activities, regardless of the adopted testing strategy.

Keywords: Software Quality, Software Testing, Operational Profile, Test Profile

1 Introduction

Software users provide relevant data related to the many pos-
sible ways they explore a given software feature. We create
software based on the expression of the creative nature of our
intellect (Assesc, 2012). Using their previous professional
experience, this same creative aspect allows software users to
adapt to different ways of using the software due to changes
in the process initially supported by the program (Som-
merville, 1995). This feature makes software functionalities
parameterizable to meet specific and particular needs, even
if they are designed to meet business rules that are common
to many organizations.

The Software Operational Profile (SOP) corresponds to
the manner in which a given user operates the software.
The SOP may be quantitatively characterized by assigning
a probabilistic distribution to the software operations, show-
ing what users use the most in software (Musa, 1993; Gittens
etal., 2004; Sommerville, 1995). A given user may not repro-
duce the same failure identified by another one. The reason
for this is that software can have many different operational
profiles and experienced users can adapt how they operate
the software. As such, software quality is dependent on its
operational use (Cukic and Bastani, 1996).

A survey by Cukic and Bastani (1996) states that infor-
mation about SOP is considered either essential or relevant
to issues related to activities inherent to software develop-
ment. Examples of these questions are: “Which are the most

used parts of the software?”’; “How do users use the applica-
tion?”; “What are the software usage patterns?”’; and “How
does test coverage correspond to the code that was indeed
executed by users?”. Additionally, Rincon (2011) analyzed a
set of ten open-source software and, in only one of them, the
available functional test set reached a code coverage close to
70%. Even if this interval level of code coverage is consid-
ered acceptable, there is a significant percentage of untested
code which may be related to critical features for the major-
ity of software users. This fact highlights the possibility of a
misalignment between the tested parts and the parts that users
effectively use. Thus, there are indications of the relevance
of SOP in ensuring software quality and also in evidencing a
possible misalignment between SOP and the tested software
parts (Rincon, 2011; Begel and Zimmermann, 2014). This
misalignment can often lead to failures when operating the
software.

The term misalignment refers to the potential dissonance
between the software tested parts and the SOP, which corre-
sponds to the software parts most used by users. Thus, it rep-
resents situations in which the SOP or parts of the SOP may
not have been previously executed by the software test suite,
indicating that the adopted test strategy may not be aligned
with the user’s interests in terms of software functionality.

Therefore, this study investigates a potential misalignment
between the tested software parts and SOP. The research re-
sults, based on a set of Experimental Studies (EXS), provide
the following contributions:



Sofitware Operational Profile vs. Test Profile: Towards a better software testing strategy

1. Evidence that there are significant variations in how
users operate software, even when they perform the
same operations, i.e., there are different software usage
patterns;

2. Evidence of a possible misalignment between SOP and
software testing;

3. Evidence that there are faults concentrated on untested
parts of the software;

4. Definition and introduction of the term “test profile”;

5. Evidence that even when using an automated test gen-
erator to extend an existent test set the misalignment be-
tween the SOP and the tested parts of the software has
little improvement.

In addition, the related studies briefly present the results
obtained by a Systematic Review of the Literature (SLR),
which we carried out before the execution of the experimen-
tal studies. These results show that, to the best of our knowl-
edge, there is no previous study with the same purpose as this
one (Cavamura Junior et al., 2020). We adapted the method-
ology proposed by Mafra et al. (2006) to plan and perform
the activities described in this paper.

The remaining of this paper is as follows: Section 2
presents concepts related to the definition of SOP. Section 3
describes the adopted methodology for this study. Section 4
presents the related studies identified and selected by the
SLR (Cavamura Junior et al., 2020). Section 5 describes the
results of the experimental studies. Section 6 presents some
lessons learned with the results. Section 7 presents threats
to validity. Lastly, Section 8 describes the conclusions and
future work.

2 Software Operational Profile (SOP)

SOP is a way to obtain a specification of how users oper-
ate software (Musa and Ehrlich, 1996; Sommerville, 1995).
Musa (1993) proposed one of the most relevant approaches
for SOP registration. Musa (1993) defines SOP as a quanti-
tative characterization based on the way software is operated.
This definition corresponds to software operations, to which
an occurrence probability is assigned. An operation corre-
sponds to a task performed by the software. We delimit this
operation by external factors related to software implemen-
tation.

Software operations can present different behavior and,
consequently, provide different results. In this way, there are
different possible execution paths, depending on the given
input data. These different ways of execution are named ex-
ecution types. In Figure 1 we present an example of software
operations and their respective execution types.

Input data, which characterize an execution type, create a
data set named input state (“ZS” in Figure 1). Input states, as-
sociated with execution types, form the software input space.
As input states characterize the execution types of an oper-
ation, the input space can be fractioned by operations, as-
sociating an input state set in each operation, named opera-
tion domain. Thus, it is possible to assign an input domain to
each software operation (“ID” in Figure 1) that determines
how the software executes the operation; i.e., the input do-
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Figure 1. Concepts involved in the definition of the operational profile.

main elements (input states) determine the execution type of
an operation.

In Figure 1 are shown: i) the input states, identified
by “IS1, 1Ss, IS5, ..., IS,”, ii) the software input space,
and iii) the input domain of each operation, identified by
“IDo1, IDps, ..., IDp,”.

Although the operation set available in software is finite,
the execution types correspond to a set with infinite elements,
given that the input domain can be infinite. Thus, assigning
an occurrence probability to execution types is possible since
we can partition the input domain into sub-domains. Each
generated sub-domain corresponds to an execution category.
These categories group the execution types whose different
input states produce the same behavior in operation.

In Figure 1 we present the execution categories, identi-
fied by “EC4, ECs, ..., EC,”, which divide the input do-
main of each operation and group the execution types with
the same behavior. In Figure 1 we present the existing re-
lation between operational concepts, execution types, input
state, input space, input domains, and execution categories.

In Musa (1994, 1993) studies, the author assigns an oc-
currence probability to the execution categories in order to
obtain a quantitative characterization of the software corre-
sponding to the operational profile. The data used to get the
occurrence probabilities of operation can be obtained from
log files generated by previous version of the software or
from similar software (Musa, 1993; Takagi et al., 2007).
Developer expectations can also determine these probabil-
ities (Takagi et al., 2007).

In the context of this study, the term granularity corre-
sponds to the level of fragmentation (be it conceptual or
structural) we use to assign an occurrence probability or exe-
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cution frequency to the generated software fragments. Then,
it is possible to identify the most used software parts when
users are operating the software, i.e., the SOP. According
to the object-oriented programming paradigm, subprograms
correspond to the methods implemented in data structures,
called classes. Thus, the methods in this paradigm represent
actions assigned to the operations performed by the software.
As SOP is a software specification based on how users
operate software (Musa and Ehrlich, 1996; Sommerville,
1995), showing the software parts most used by users, the
SOP in the context of this paper corresponds to the frequency
of the processed methods while the software is performed by
users, thus indicating the most operated software parts.

2.1 The SOP and the Software Quality

Pressman (2010) defines software quality as an effective pro-
cess of creating a valuable product for those who produce
it and will use it. Thus, software quality can be subjective
in that it depends on the point of view of who is analyzing
the software’s characteristics. Considering the user’s point of
view, for example, software of quality is software that meets
its needs and is easily operated (Falbo, 2005). However, from
a developer’s point of view, software of quality is e.g., one
that demands less maintenance effort.

Software reliability corresponds to the probability of a
software operation occurring without any occurrence of fail-
ure in a specified period and in a specific environment (Musa,
1979; Cukic and Bastani, 1996). Thus, as software reliability
depends on the context in which software is used, software
reliability meaning software maintainability and efficiency
(among others) is one of the software’s attributes related to
software quality, and it represents the user’s point of view on
software quality (Musa, 1979; Bittanti et al., 1988).

Since the SOP represents the way software will be used
by its users and considers software reliability as dependent
on the context in which users operate the software, SOP can
support activities related to the reliability of software engi-
neering. Thus, the purpose of SOP is to generate test data
that reproduces the way software is executed in its produc-
tion environment, ensuring the validity of reliability indica-
tors (Musa and Ehrlich, 1996).

In the software reliability process, a usage model repre-
senting the SOP is created to design test cases and perform
the test activity. The elements constituting the usage model
correspond to the adopted granularity to determine the SOP,
whose execution frequencies or occurrence probability iden-
tify the most used software parts.

In the literature, studies using models representing SOP
in their testing techniques have classified these techniques
as statistical testing, statistical use testing, reliability testing,
model-based testing, use-based testing and SOP-based test-
ing (Poore et al., 2000; Kashyap, 2013; Sommerville, 2011;
Pressman, 2010; Musa and Ehrlich, 1996).

It is worth noting that the frequency with which a fault be-
comes apparent during the software operation is more signif-
icant for users than the remaining faults (Takagi et al., 2007)
and a defect affecting reliability for one user may never be
revealed to another who has a different work routine (Som-
merville, 2011). The use of SOP does not guarantee the de-
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tection of all faults, but it ensures that the most used software
operations are tested (Ali-Shahid and Sulaiman, 2015).

2.2 Problems related to the use of SOP

Although the SOP can be obtained from log files recording
events that occur in the operating software, in previous ver-
sions of the software, in similar software and even from the
developers’ experience (Musa, 1993; Takagi et al., 2007),
there are several problems related to the identification of the
SOP reported in the literature.

In this study, we observed that the use of an instrumented
version of the software to identify the SOP of the data col-
lected during operation of software by users affects the per-
formance of operating the software and generates a large vol-
ume of data. According to Namba et al. (2015), the effort to
identify the SOP depends on the complexity of the software.
Other kinds of problems are also reported in the literature.
Thus, reports of difficulties and issues related to SOP iden-
tified in the literature are relevant and will be addressed in
possible test approaches defined according to the results pre-
sented in this paper. Table 1 summarizes the main challenges
and problems identified.

3 Research Methodology

The results presented in this paper are part of a PhD
Project (Cavamura Junior, 2017) that follows the method-
ology proposed by Mafra et al. (2006). The methodologi-
cal steps proposed by Mafra et al. (2006) were instantiated
into the context of the research presented in this article. This
methodology is an extension of the methodology proposed
by Shull et al. (2001) for introducing software processes. The
methodology proposed by Mafra et al. (2006) is shown in
Figure 2.

We defined five research questions to guide our investiga-
tion in this paper:

* RQ1: Are there other studies with the same goal or sim-
ilar goals whose results provide the contributions pro-
posed in this paper?

* RQ)-: Are there any relevant variations in how users op-
erate software?

* RQs: Is there misalignment between SOP and the tested
software parts?

* RQ)4: Given the misalignment between SOP and the
tested software parts, do the failures occur in the
untested SOP parts?

* RQs5: Given the misalignment between SOP and the
tested software parts, can a test strategy including auto-
mated test data' generator contribute to reduce the mis-
alignment?

To answer R(); and considering the methodology pre-
sented in Figure 2, the step “Secondary Study” included
a Systematic Mapping Study (SMS) and a Systematic Lit-
erature Review (SLR) to identify studies whose contribu-
tions were similar or equivalent to the research contribu-

!n the remaining of the paper, we use test data to refer to inputs auto-
matically generated.
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Table 1. Problems related to SOP.

Reference Year of publication Reported problem

(Cukic and 1996 Identifying the SOP is difficult because it requires predicting software usage.

Bastani,

1996)

(Leung, 1997) 1997 Estimation errors and SOP changes are inevitable when software is operated in
a production environment.

(Shukla, 2009 Studies related to SOP focus on exploring software operations. The parameters

2009) of these operations are little explored.

(Sommerville, 2011 Software reliability depends on the context in which software will be used. Ex-

2011) perienced users can constantly adapt their behavior regarding software usage.

(Namba et al., 2015 SOP identification requires a lot of effort, making this activity difficult depend-

2015) ing on the complexity of the software.

(Fukutake 2015 The probability of use decreases when the software usage model has multiple

etal., 2015) states.

(Bertolino 2017 SOP-based testing can be saturated and lose effectiveness because it focuses

etal., 2017) only on failures most likely to occur.
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Figure 2. Adopted Research Methodology (extracted from Travassos et al. (2008))

tions reported in this article and, thus, evaluate its originality.
The results obtained from the SMS are available elsewhere
athttp://lcvm.com.br/artigos/anexos/jserd2020/
cap-3-rs-ms.pdf. Also, a detailed description of the SLR
can be found elsewhere in (Cavamura Junior et al., 2020). We
present a brief description of the main results of both SMS
and SLR in Section 4.

The “First Draft” stage comprised the planning of the ex-
perimental studies presented in this study. We adopted the
model proposed by the GQM (Basili et al., 2002)’s technique
to guide the planning of this research. The instantiated model
for the planning phase is presented in Table 2.

The “Feasibility Study”, “Observational Study” and “Case
Study: Lifecycle” stages comprised the accomplishment of
a set of EXS subdivided into four activities (A7) associated
with the research questions, called EXS—ATy, EXS—ATb,
EXS-AT3, and EXS—AT),. The purpose of each activity and
the research questions associated with each one of them are
summarized in Table 3.

To perform the EXS activities we instrumented four soft-
ware, S1, S, S3 and Sy, to collect data that allowed us to
identify the SOP for each individual user. Table 4 shows the
characterizations of used software and associates them with
the EXS activities.
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Table 2. Exploratory Study Planning.

Stage Analyze For the purpose of Focus Perspective Context
. Check whether
1 studies that there are researches Answered base on Software test  Software applications
(RQ1) addressed the for the same or a previous work researchers users
use of SOP ..
similar purposes
2
( RQ2, RQs, the SOP (a) Check if there (a) The way software  Software test ~Software applications
RQy, RQ)s5) are significant is operated by researchers users
variations; its users
(b) Check if there (b) SOP and tested
is a misalignment; software parts
(c) Show the occurrence (¢) SOP’s parts
of failures; not tested
(d) Check if the insertion (d)SOP and tested
of additional test data, software parts
generated automatically
by EvoSuite, can contribute
to reduce the misalignment
Table 3. Research Activities.

Activity Purpose Question
SMS/SLR  Evaluate research originality (Cavamura Jinior et al., 2020) RO
EXS-AT}  Check for relevant variations in how the users operate the software RQ-
EXS—AT) Find out through the SOP and the software’s test suite whether there is a misalignment between ROs

SOP and the tested parts of the software
Once we confirm the misalignment between SOP and the tested parts of the software, check if
EXS-AT; . . . , R,
there is any failure in the SOP’s parts not tested
Check whether a test strategy, based on the amplification of the existent test set with additional
EXS-AT, test data automatically generated, can contribute to reducing the misalignment between the SOP RQs

and the tested parts of the software

The “Feasibility Study” stage comprised the accomplish-
ment of EXS—AT}. The “Observational Study” stage com-
prised the accomplishment of EXS— AT, EXS— AT, and
EXS—AT) based on operational profiles collected from Sy
and S5. The “Case Study: Lifecycle” stage comprised the ac-
complishment of EXS-ATy, EXS-AT3, and EXS-AT), again
but based on operational profiles collected from S5 and Sy.
The “Case Study: Industry” stage is in progress and its results
will be published in a future work.

Once the methodology was defined, this study was
planned in two stages to provide answers for the research
questions. The research questions associated with these
stages is shown in the “Stage” column of Table 2.

* Stage I: performing an SMS and an SLR;
» Stage 2: performing the EXS composed of four activi-
ties: EXS-AT, EXS-ATy, EXS-AT3, and EXS-AT).

The focus of this paper is on Stage 2 of Table 2, i.e., the set
of EXS we performed to obtain evidence of the possible mis-
alignment between SOP and the tested software parts. The
other kinds of experiments were also carried out as part of
the ongoing work (Cavamura Junior, 2017).

In Section 4, we present a brief description of the main
findings of the SLR. An interested reader can find more in-

formation elsewhere (Cavamura Junior et al., 2020). In Sec-
tion 5, the £XS and their respective results are described.

4 Related Work

We conducted SMS and SLR (Stage 1 of Table 2) to pro-
vide the theoretical basis and evidence of the originality of
this study. The SMS process together with the SLR process
consist of the planning, conducting and results publishing
phases (Nakagawa et al., 2017). A detailed description of the
SMS, SLR and their respective detailed results can be found
athttp://lcvm.com.br/artigos/anexos/jserd2020/
cap-3-rs-ms.pdf and at (Cavamura Jinior et al., 2020),
respectively.

We conducted a SMS to: i) verify how the distribution of
primary studies related to SOP in software engineering areas
is characterized; ii) acquire knowledge of the contributions
provided by the use of SOP in the areas of software engi-
neering, focusing on the software quality field. iii) check if
the use of SOP in quality assurance activities has been a topic
of interest to researchers.

The SMS found 4726 studies, of which we selected 182
for data extraction. The distribution of the primary studies
in software engineering areas is shown in Figure 3. After we
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Figure 3. Distribution of the studies in software engineering areas.

analyzed the extracted data, we concluded that software qual-
ity is the most explored area by studies that used SOP as a
resource in the strategies addressed in these studies. Most
of these strategies are associated with software reliability.
Although software quality is the most approached area, we
found some studies related to software testing. Thus, this sce-
nario evidences a gap in the software quality field, mainly in
its subareas that are not associated with software reliability.
Therefore, the results of the SMS motivated us on conducting
the SLR, whose purpose was to identify, analyze and under-
stand the studies whose contributions are similar or equiva-
lent to the contributions of the research reported in this pa-
per, i.e identify, analyze and understand the studies that used
SOP as evaluation criteria to check is there a possible mis-
aligned between SOP and tested software parts (Cavamura
Janior et al., 2020).

At the end of the SLR (Cavamura Junior et al., 2020), as
highlighted in Figure 4, we observed only three studies clos-
est to ours: Bertolino et al. (2017), Chen et al. (2001), and
Amrita and Yadav (2015), briefly described next. Figure 4
shows the number of processed studies by SLR. The inter-
ested reader may find additional information about the com-
plete SLR protocol elsewhere (Cavamura Junior et al., 2020).

Bertolino et al. (2017) mention the test based on the op-
erational profile can suffer saturation and loss of effective-
ness since it focuses on the occurrence of most likely fail-
ures. Thus, to improve software reliability, the test should
also focus on faults with a low probability of occurrence.
In this context, Bertolino et al. (2017) present an adaptive
and iterative software testing technique based on SOP. In the
first iteration, the authors selected the test cases following a
traditional test based on operational profile, i.e., the authors
randomly selected the test cases according to the occurrence
probability of each partition of the software input domain un-
der test. In each subsequent iteration, the technique: a) cal-
culates the number of ideal test cases to be selected for each
partition, and; b) selects, prioritizes and executes the number
of test cases.

Bertolino et al. (2017) obtained a probability calculation to
represent how much the partition test will contribute to pro-

gram reliability. Based on this information, Bertolino et al.
(2017) determine the optimal amount of test cases for testing
each partition.

In this probability calculation, Bertolino et al. (2017) con-
sidered the failure rate and the occurrence probability of each
partition. The failure rate is the ratio of the number of failed
test cases and the number of test cases assigned to the par-
tition. Thus, Bertolino et al. (2017) obtained the occurrence
probability from SOP. To select and prioritize test cases, the
frequency with which the program parts are exercised when
running the tests is obtained from the previous iterations. As
the focus of Bertolino et al. (2017)’s approach is to select
test cases covering portions of the program that are poorly
exercised, test cases associated with the uncovered parts of
software have high priority.

We can determine software reliability by the time elapsed
between the detected faults. In this way, Chen et al. (2001)’s
technique considers the context in which a test suite can over-
estimate software reliability when it is not able to detect new
faults due to the use of an obsolete SOP. The more redundant
the test cases are about the covered code, the more overesti-
mated will be the reliability of the software. Thus, this tech-
nique adjusts the time interval between failures when run-
ning redundant test cases. Chen et al. (2001)’s identified the
redundant test cases through coverage analysis during the ex-
ecution of the tests.

According to Amrita and Yadav (2015), researchers have
approached the selection of test cases based on SOP, but the
authors did not find much discussion about the infrequent
software parts. Amrita and Yadav (2015) propose a model
that provides the flexibility to allocate test cases according
to the priority defined by SOP and by the experience of the
testing team. Based on this information, Amrita and Yadav
(2015)’s model selects test cases using fuzzy logic.

We observed that Bertolino et al. (2017), Amrita and Ya-
dav (2015) addressed the use of SOP in the selection and
prioritization of test cases, focusing on those software parts
whose operation is infrequent. Chen et al. (2001)’s study ad-
dressed the selection of test cases, using SOP to identify re-
dundant test cases and treat them in the process of software
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Figure 4. Processed studies by SLR.

reliability, and thus obtain more accurate reliability. Never-
theless, the studies identified and processed by SLR did not
directly investigate in their approaches whether there is a
misalignment between the existing test suite and SOP, thus
providing an answer to research question R(});. We believe
the selection and prioritization activities will not be produc-
tive if we do not align test cases with SOP.

S Experimental Studies (EXS)

The studies by Begel and Zimmermann (2014) and Rincon
(2011), briefly described in Section 1, provided initial ev-
idence about the possible misalignment between the tested
software parts and the SOP. We performed the EXS to obtain
empirical data that, after analyzed, could provide answers to
the research questions RQ2, RQ3, RQ4, and RQs, thus re-
sulting in more evidence, based on experimental data, on the
possible misalignment between the tested software parts and
the SOP. As described in Section 3, we defined four activ-
ities for the EXS, named EXS-ATY, EXS—-ATy, EXS-ATj,
and EXSAT). In order to perform these activities, we instru-
mented four software, S, So, S3 and Sy, to collect data that
allowed to identify the SOP for each software during its op-
eration by users. S1, S3, S3 and S were implemented under
the object-oriented programming paradigm. A characteriza-
tion of the software used and their association to the activities
of the EXS is presented in Table 4.

During these activities, users had to perform tasks at a
given period when they were operating S1, Sz, S3, and Sjy.
Thus, we collected data automatically in an attempt to ob-
tain the operational profile of the software used. In the fol-
lowing subsections, we describe the strategy adopted for the
data collection, the activities of the EXS, and their results.

5.1 Strategy for data collection

In each activity, we instrumented the S, S2, Ss3, and Sy
software to collect data during their operation by the users
participating in the activity. We adopted aspect-oriented pro-
gramming (Ferrari et al., 2013; Laddad, 2009; Rocha, 2005),
which allows us to obtain information and to manipulate spe-
cific software parts without modifying the implementation

of the S1, S5, and Ss. For Sy, we developed a monitoring
tool using the javassist framework. The javassist allows for
the manipulation of Java bytecode. This feature allowed us
to monitor S; execution and collect S; information while
participants were operating it. Although the aspect-oriented
paradigm makes it possible to perform the instrumentation
without modifying the source code of the software, it requires
the created aspects to be compiled together with the software
for instrumentation. Javaassist was adopted to perform the
instrumentation without having to compile the software that
is to be instrumented.

We defined the strategy for data collection and applied it
at the subprogram level. The developed tool and the instru-
mentation collect information about the methods execution
of S1, S», S5, and S4’. From that information, we obtained
the execution frequency of the processed methods during the
S1, S92, S3, and Sy software execution in the activities.

5.2 EXS-AT;: Evaluating the variation in how
software is operated by users

We performed the EXS— AT activity to evidence whether
there are relevant variations in how users operate the soft-
ware to carry out the same task. To measure this variation, we
obtained the SOP used in this activity for each user through
data coming from the instrumented S; software.

In order to reduce the risks associated with the threats
to validity of the activity, 30 undergraduate students of the
Computer Science and Computer Engineering courses par-
ticipated in this activity. These participants had equivalent
experience and knowledge. We trained the participants in an
attempt to make them familiar with S; and the concepts in-
volved with its use. Additionally, we assigned the same task
to the participants in this activity. We assigned to each par-
ticipant the task of inspecting the Java source code of S;
Project, named Software Under Inspection (SUI), consider-
ing an object-oriented paradigm. We set a time limit for par-
ticipants to complete the task. The tasks performed within
the defined time period were considered successfully com-
pleted. Thus, data obtained from all participants were used
in the activity.
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Table 4. Characterization of the software used in the EXS.

Software Purpose Source Methods Test cases Origin of test cases Usage

Provide software . EXS—AT,

S1 inspection support (Crista) closed source 2749 716 computational tool EXS—AT,
- . EXS—ATs,
So iizﬂgg;i?:ritc {Jeizge:;)e open source 7100 514 Community EXS—AT3,
& EXS—AT,

S Process Automation closed source 869 351 Test team EXS—AT:
3 (developed on demand) 2
EXS—ATs,
S a‘tsfl;;‘;; open source 18099 272 Community EXS—AT;,
& EXS—AT,

We stored the data collected by the instrumentation of S
and we, subsequently, analyzed it. Through this data, we
identified the SOP of each participant. It is worth noting that
all participants have the same goal and artifacts to conclude
the task. In the following subsections, we describe the anal-
ysis of the collected data and the results obtained by the ac-
tivity EXS-AT .

5.2.1 EXS-AT;: Data Analysis

We grouped the data collected by the EXS—AT} activity
according to the participant who originated them; that is,
for each participant, we obtained and recorded information
about the execution of the S7 methods, allowing to compute
the execution frequency of the methods.

To identify the variations in how users operate .S, we cre-
ated a representation of the operational profile of .Sy for each
participant. Each representation corresponds to a homoge-
neous one-dimensional data structure that recorded the exe-
cution frequency of each method in S; for each participant
during the execution of the task. The structure elements rep-
resent the methods implemented in S7, regardless of whether
they were executed during the activity or not. Thus, each
structure was composed of 2749 elements corresponding to
the 2749 methods implemented in S; (Table 4). For each
of these elements, we assigned the execution frequency of
the method when performing the activity. For non-executed
methods, we assigned the numeric value 0. Figure 5 presents
a graphical representation of the data structure correspond-
ing to a part of the .S; profile. We show some elements (M7,
Mo, Ms, ..., Ma749). Each element corresponds to an imple-
mented method of ;. The number in the cells represents the
execution frequency of a given method for a given partic-
ipant after concluding an activity. Thus, according to Fig-
ure 5, four methods (M7, M3, Ma74g, and Ma749) Were not
executed during the activity, while the remaining ones (Mo,
M9, M1o1, and M;p2) were executed 500, 10000, 15725
and 87000 times, respectively.

As the variations in how users operate S; depends on the
processed volume, the processed volume for each partici-
pant was measured. The .S, software is a computational tool
that provides support for the inspection activity of source
code based on the stepwise abstraction reading technique.

The purpose of the stepwise abstraction reading technique
is to determine the program’s functionality according to the
functional abstractions generated by the source code (Linger
et al., 1979).

The S; software analyzes the SUI and, for each class, gen-
erates a treemap visual metaphor providing a simple mode to
visualize the source code. The code blocks are represented
by rectangles disposed hierarchically. These rectangles are
named declarations on the tool context. When a declara-
tion is selected the respective source code is shown to make
the inspection and to register the functional abstraction for
that declaration. A functional abstraction is an annotation
inserted by S7 user that represents the pseudo-code with re-
spect to the selected declaration.

During the S; operation, for each inspected class the S;
user assigns a functional abstraction for each declaration
identified by the tool in the class, identifying that the dec-
laration was inspected. The discrepancies found during the
inspection process are recorded in a similar manner in the
tool, i.e., assigning the discrepancy to the declaration. Fig-
ure 6 shows an S; user interface during a class inspection.

S1 provided metrics that allowed us to measure the pro-
cessing volume generated by each participant. In this ac-
tivity, the volume of processing corresponds to the number
of functional abstractions attributed to each class that struc-
turally composes the SUTI as well as to the number of discrep-
ancies found in each class. Thus, it was possible to determine
which classes and how much of each class were inspected by
each participant. It should be noted that the same tool con-
figuration parameters were applied to all participants.

In an attempt to obtain homogeneity in the processing vol-
ume generated by each participant, we grouped them accord-
ing to the generated processing volume. An indicator was
calculated to represent the processing volume generated by
each participant. The indicator corresponds to the ratio be-
tween the sum of abstractions and discrepancies of all classes
of one participant by the sum of declarations of all classes.
For instance, the total of inspected software declarations was
1526. Among the participants, the largest amount of the func-
tional abstractions and discrepancies registered by one par-
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Homogeneous, one-dimensional data structure

M1 m2 Mms3 M100 M101 M102 M2748 M2749

| o | so0 | o | .. |[210000] 15725 ] 87000 | ..

{{M1,0}, {M2,500} , {M3,0}, ..., {M100,10000} , {M101,15725}, {M102,87000}, ..., {M2748,0}, {M2749,0} }

[y} XisasS1l implemented method
'l
Y is the method's quantity of executions during the experiment perform
Figure 5. Graphical representation of the data structure.
B2 CRISTA- New Inspection - m] X

File Inspection Help Metrics Strategies

& Clientz.java x

Treemap

&) Produto. java
+ inicio
[#- | InterfacesUsuario
=~ | mysgl
: ES] Conexan.java
@ CLASS RELATIONSHIP - CLICK FOR GRAPH VIEW

C:de 4 Comment
7 PUDITE TO0TEan [SCETEQNEnTE M ToWINaex, Nt 7| ¥

177 %

178 modelo.addColumn(Tcpf);

179  modelo.addColumn(“nome™);

180 while (rs.next(}

181 Wector linha = new Vector(),

182 linha.add(rs.getString("cpf™);
183 linha.add(rs.getSting("nome”));
184 modelo.addRow(linha);

185 3
186 return modelo;

<

7 Clear Comment
Checkist

> \::l Disarepandes List

Total of abstractions: 0%

Figure 6. S user interface.

ticipant was 284. For this participant the indicator value was
0.186 (284/1526).

The corresponding calculated indicator classified partici-
pants. This classification allowed us to identify 3 groups of
participants with similar indicator value. In other words, we
assigned participants who demanded similar processing vol-
ume and resulted in the same group. In Table 5 we show the
created groups.

Table 5. Groups of participants in activity EXS—AT} .

Group Participants
A P10, P11, P12, P13, P30

B P4,P5,P6,P7,P8, P9, P24, P25, P26, P27, P28, P29

P1, P2, P3, P15, P16, P17, P18, P19, P20, P21, P22,
P23, P14

According to Table 5, 30 individuals participated in the ex-
periment. Group A comprises the data obtained by 5 partici-
pants; group B compiles the data obtained by 12 participants,
and group C compiles the data obtained by 13 participants.

We compared the representations of the operational profile
of S to highlight the variations concerning how the users op-
erate the software. This comparison is possible through the
data structures corresponding to these representations. Thus,
we considered the same group of participants when we per-
formed this comparison.

As previously described, homogeneous one-dimensional
data structures were used to generate the operational pro-
file representations of S;. The elements that constitute these
data structures represent the methods implemented in .S, and
their stored values correspond to the execution frequency.
As the number of elements and their association to the meth-
ods of S7 are common to these structures, we compared the
data stored in them, that is, the execution frequency of each
method of .S;. We compared each element of a data structure
to the corresponding element of a different data structure.
Thus, each representation contained in a group was com-
pared with all other representations contained in the same
group. As an example, we compared the representation of the
S1 operational profile generated by the data collected by par-
ticipant P10 to the ones generated by the participants P11,
P12, P13 and P30 (Table 5).
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We defined an indicator to measure the variations in the
execution frequency of each method among the representa-
tions. The value of this indicator ranges from 0 to 1. The
value of this indicator represents the difference between the
method execution frequency, stored in an element of one rep-
resentation, with the method execution frequency, stored in
the respective element in another representation. The indi-
cator is calculated for each comparison made between the
elements of one representation with the respective elements
of another representation. The indicator value corresponds to
the ratio between the difference resulting from the compared
frequencies and the highest compared frequency.

In Figure 7 we illustrate the systematic approach to com-
pare the representations of the operational profile of .S;.

Figure 7 evidences that: a) the closer to 1 is the value of
the indicator, the higher the difference between the execu-
tion frequencies of the evaluated method; b) the closer to 0
the value of the indicator is, the lower the difference between
the execution frequencies of the evaluated method. Indica-
tors whose value was equal to 0 denote the participants did
not execute that particular method during the accomplish-
ment of the activity. Indicators whose values were equal to 1
denote methods executed by only one participant during the
activity.

Table 6 shows the results of the comparison between the
operational profile of S for each participant of Group A.

Table 6. Comparison among participants in group A .

ID P-1 P-2 DMF IM
01 P10 PiI 59 0.37
02 P10 Pi2 42 0.47
03 P10 Pi3 39 0.62
04 P10 P30 77 0.53
05 P11 PI2 45 0.59
06 P11 P13 80 0.56
07 P11 P30 68 0.65
08 PI2 PI3 73 0.51
09 Pi2 P30 57 0.38
10 Pi3 P30 92 0.43

The value in the column “ID” in Table 6 corresponds to a
comparison identification made between two representations
of the operational profile of S7. The values in the columns
“P-1” e “P-2” refer to the identification of the participants
whose collected data gave rise to the representations of the
operational profile of S;. The value contained in the “DMF”
column refers to the number of methods whose indicator
value was equal to 1. The values in column “IM” refer to
the average value of the indicators originated by the differ-
ences between the execution frequencies recorded in the rep-
resentations of the operational profile (Figure 7). As an ex-
ample, the result obtained from the comparison between the
representations of the operational profile of S; obtained from
participants P12 and P13 (line 08 of Table 6) indicates that
73 methods were performed only by one of the participants,
P12 or P13. The results of the comparisons also indicate
that, on average, the execution frequency of the methods dif-
fers by 0.51 for the compared participants, i.e., the frequency
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of these methods is approximately 50% higher for one of the
participants.

We created a graphical representation to facilitate the dis-
tinction in the operational profile, considering two different
participants. As an example, in Figure 8 we illustrate the re-
sults from the comparison of the operational profile represen-
tations obtained from P12 and P13. In the graphical repre-
sentation, each array element represents a method. The infor-
mation displayed in each element refers to the value obtained
for the indicator which quantifies the variation between the
execution frequencies of the represented method. Methods
whose value is one (1) were registered in only one of the op-
erational profile representations of S7 (cells painted black in
the graphic representation illustrated by Figure 8). The meth-
ods whose value obtained by the indicator was between 0.5
(inclusive) and 1 (exclusive) were painted gray in the graphic
representations shown in Figure 8. The other methods whose
value obtained for the indicator were below 0.5 were painted
white in the graphic representation shown by Figure 8.

5.2.2 EXS-AT,: Results

We verified significant differences in the execution fre-
quency of methods for S; when the participants were op-
erating it. The methods not executed during the activity also
had a significant difference between participants. The aver-
age value of the indicator used to measure the variations in
the execution frequencies of each method was 0.51 for par-
ticipants of Group A. For this same group, the average value
in the number of methods whose execution was registered in
only one of the representations of the comparisons was 63.2.
These averages for the participants of Group B and Group
C were, respectively, 0.5/66.19 and 0.57/43.75. Given the
EXS—AT; results, significant variations were verified among
the representations of operational profiles, thus providing an
answer to research question RQ)s.

5.3 EXS-AT,: SOP vs. Test Profile

We performed the EXS-AT5 activity to obtain evidence of the
possible misalignment between SOP and the tested software
parts. In an attempt to verify a misalignment between SOP
and the tested software parts, we evaluated the operational
profile of Sy, Sa, S3, and S4, along with their test suites.
We obtained the operational profile of 57 during EXS-AT}.
The same procedure we performed to identify the operational
profile of S7 we also applied for So, S3, and Sy. As stated
in Session 5.1, we instrumented S5 and S3 to collect data
when users operated the software. These data allowed us to
identify the SOP of S, and S3. The operational profile of the
S, software was identified with use of a tool to monitor Sy
execution.

Undergraduate students of the Technology in Analysis and
Development Systems course participated in the activity as
So users. Thus, we trained the participants, who had equiv-
alent experience and knowledge, to use S5. We repeated the
same process above, but now with Postgraduate students of
the Web Software Development course, who also had equiv-
alent experience and knowledge to participate in the activity
as Sy users. In addition, public servants participated in the ac-
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Figure 8. Differences between the P12 and P13 representations.

tivity as S5 users performing their daily tasks using the soft-
ware features. The task assigned to S5 users was to operate
S to record 10 bibliography references. The task assigned to
Sy users was to operate Sy to create a class diagram from a
given software requirement specification. We set a time limit
forthe S, S5, and Sy users to perform the task. The tasks per-
formed within the defined period were considered success-
fully completed, thus data obtained of all participants were
used in the activities. S, S3, and S4 users obtained similar
performance and results in their respective performed tasks.

In addition to the data that identified the SOP of S7, Ss,
S3, and Sy, we collected data about the test suite execution of
these software to obtain evidence of the mismatch between
SOP and the tested software parts. The same procedure used
to collect the data that provided the SOP was used to collect
data during the execution of the test suites. These data al-
lowed us to obtain the fest profile of Sy, Sa, S3, and S;. We
defined the term “test profile” in this paper as the software
parts executed after the test suite run.

Note that the test cases of the used software had different
origins (as shown in Table 4). We established this charac-
teristic to allow the analysis of SOP with test cases defined
and created based on different strategies. We compared the
test profile of Sy, So, S3, and S, software to the operational
profile of the respective software to verify the mismatch be-
tween the SOP and the tested software parts. In the following
section, we describe the data analysis and the results of the
data obtained from these comparisons.

5.3.1 EXS-AT,: Data Analysis

We compared the fest profile of S, So, S3, and Sy to the
operating profiles of the respective software in an attempt to
find the possible mismatch between SOP and the test profile.
As we already described, in the context of this paper, SOP
is determined by the frequency of methods execution. We
classified the methods implemented in Sy, S5, S3, and Sy
based on their processing in SOP and the test profile. Thus,
four classification categories are possible:
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 Category 0: method not executed in SOP and not exe-
cuted by the fest profile;

 Category 1: method executed in SOP (by at least 1 par-
ticipant) but not executed in the test profile;

+ Category 2: method not executed in SOP but executed
by the test profile;

 Category 3: method executed in both operational and
test profiles.

As an example, in Figure 9 we show a fraction of the clas-
sification table of the methods implemented in .S;. In this ex-
ample, the test profile (0) is compared to the operational pro-
files of participants 0, 1 and 2. We also classified the methods
implemented in S, S5 and Sy, generating a classification
table for each software. The complete tables are available
athttp://lcvm.com.br/artigos/anexos/jserd2020/
tabelas/.

In Figure 9 we show the classification table of 7’ meth-
ods. For each method, we assigned a classification category
resulting from the comparison between SOP and the fest pro-
file of S1. The columns “Participant OP Id./Test Profile”,
“CL” and “FREQ” refer, respectively, to:

a) the operational profile obtained by participants com-
pared to the fest profile. The line below column title in-
forms the compared participant and the fest profile;

b) the classification category assigned to the method;

c) the difference between the execution frequencies ob-
tained in the operational profile of the participant and
the test profile.

In Figure 10 we show the results from the comparison be-
tween SOP and the test profile for each evaluated software
(51, Sg, 53, and 54)

For each evaluated software (S1, S2, S3 and S4) shown in
Figure 10, the following information is provided:

* OP NTP: Number of methods processed by at least 1
participant and processed by the fest profile.

* OP ¢ T P: Number of methods processed by at least 1
participant and not processed by the test profile.

* TP ¢ OP: Number of methods processed by the test
profile and not processed by the participants.

The results show that:

a) 131 out of 280 methods from Sy processed by at least
1 of the participants were not processed by the test pro-
file; 30 methods processed by the test profile were not
processed by the participants;

b) 313 out of 1308 methods from S5 processed by at least
1 of the participants were not processed by the test pro-
file; 1340 methods processed by the test profile were not
processed by the participants;

¢) 203 out of 437 methods from S5 processed by at least
1 of the participants were not processed by the test pro-
file; 134 methods processed by the test profile were not
processed by the participants.

d) 4743 out of 8910 methods from S, processed by at least
1 of the participants were not processed by the test pro-
file; 1319 methods processed by the fest profile were not
processed by the participants.

Cavamura Jr et al. 2020

5.3.2 EXS-AT,: Results

For the S7, S5 and S, software, approximately 50% of the
methods processed by SOP were not processed by the test
profile. The S2’s methods processed by SOP and not pro-
cessed by the test profile correspond to approximately 25%.
It is also possible to verify the occurrence of methods pro-
cessed by the fest profile and not processed by SOP for S1,
So, S3 and Sy. For Ss, the number of methods processed
by the test profile and not processed by SOP corresponds to
approximately 30%. The results show a mismatch between
SOP and the test profile for S1, So, S3 and Sy4. According to
Rincon (2011), only one open-source software among the ten
open-source software researched by him obtained a coverage
code between 70 and 80%. If we considered this interval ac-
ceptable, in the best case, we are delivering the software with
20% to 30% of the source code not having been executed dur-
ing the testing phase. According to Ivankovi¢ et al. (2019),
the median code coverage for all Google projects with suc-
cessful coverage computation in the period between 2015
and 2018 varied between 80 and 85%, i.e., an interval be-
tween 15 and 20% of the uncovered code. Thus, even if we
consider acceptable a percentage range for the misalignment
between the SOP and the fest profile that equals the range of
uncovered code shown by Rincon (2011) and Ivankovi¢ et al.
(2019), i.e., between 15 and 30%, the results obtained from
EXS—AT; for Sp, Ss and Sy are greater than that considered
an acceptable range when the methods processed by SOP and
not processed by the fest profile. For So, the obtained result
is equal to the acceptable range considered when it comes to
the methods processed in the test profile and not processed
by SOP. These results show that there may be a misalign-
ment between the SOP and tested software parts, providing
an answer to question R(Q)3.

5.4 EXS-AT;: Failures in untested SOP parts

Bach et al. (2017) investigated the relationship between the
coverage provided by a test suite and its effectiveness. The
approach adopted in Bach et al. (2017) can also be used as
another strategy to get evidence of the possible mismatch be-
tween SOP and the tested software parts, as well as the re-
lation between this misalignment and software faults. The
approach used in Bach et al. (2017) defines two scenarios
referring to the hypothesis investigated:

1. Coverage does not influence the detection of future
bugs;

2. A high coverage rate can reduce the volume of future
bugs.

Bach et al. (2017) analyzed identified faults using the fail-
ures reported by software users and the relation of the data
obtained by this analysis to the coverage provided by the test
suite of the respective software.

In the context of this paper, we assumed that the failures
reported by software users occurred in software parts that
constitute the SOP since such failures occur during the oper-
ation of the software by users. As such, the modified software
parts resulting from fault corrections constitute the SOP and
denote the occurrence of failures in the software parts that
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comprise the operational profile. Given these considerations,
the activity EXS-AT3 serves to verify:

1. If the misalignment between SOP and the tested soft-
ware parts is relevant to software quality (faults not pro-
cessed by the fest profile do occur in SOP parts);

2. Although there is a misalignment between SOP and the
tested software parts, this misalignment is irrelevant to
software quality (no faults were registered in SOP parts
not executed by the test profile).

We verified the fault history of Sy and S,. Sy and S, are
open-source software, and their source code is available on
a hosting platform providing resources to manage modifica-
tions in the source code.

5.4.1 Analyzing failures in the untested SOP of S5

By means of a pull request, we verified the changes in the
So’s source code classified as bug fix. This verification al-
lowed us to identify the So’s methods modified for attending
a bug fix. We identified 79 methods that have corrections
of faults identified by failures reported by users. As we as-
sumed, these methods compose the SOP identified through

data provided by the software community (bug reports),
named SOP;,,;, in this section. We compared the methods
comprising SO Ps,,, to the methods processed by S3’s test
profile, identified in EXS—AT5. We found that the test pro-
file did not execute 49 out of the 79 methods constituting
the SO Pyyp, i.€., SO Py, parts not covered by the test suite
where we identified faults.

SOP;,,;, is based on the assumption that the methods cor-
rected due to failures reported by the community constitute
the SOP. Thus, these failures were not generated by the spo-
radic actions of users. Based on this assumption, we veri-
fied if the SO P;,,;, methods not processed by the test profile
were contained in the SOP obtained by EXS—AT5 partici-
pants. Among these methods, 7 methods were found in the
SOP obtained by EXS—AT5; participants. These 7 methods
were classified as SOP methods not processed by the zest
profile. This indicates that, possibly, if the approach used in
the activity is applied to the SOP obtained from the real users
in a real scenario, the 7 methods contended in SO Py, i.€.,
methods presenting defects, would be found and classified as
methods in SOP and continue untested. Thus, the approach
applied in EXS-AT5 improves new releases of the test suite
since it identifies untested and faulty parts of the SOP.

5.4.2 Analyzing failures in the untested SOP parts of S,

Unlike the procedure adopted to identify the SO P, of Sa,
we obtained the SO P,,,,’s methods of S, from a bug report
available in its official website. For the bugs reported an er-
ror log was associated.By utilizing these error logs we could
identify 15 methods that revealed failures during their exe-
cution. These methods comprise the SO P, of the S.

As with Sy, we compared the SO Ps,,;, of 94 to their test
profile identified in EXS—AT,. We found that the test pro-
file did not execute 5 out of the 15 methods constituting the
SOPsyp, i.e., SOPs,, parts not covered by the test suite
where faults were identified.

5.4.3 EXS-ATs;: Results

Table 7 summarizes the data obtained from S, and S about
existing failures in untested SOP parts.

The investigation performed in EXS—AT5 provided evi-
dence of a mismatch between SOP and the tested software
parts, and that failures occur in SOP parts left untested. For
Sa, 62.02% of the SOP,,, parts in which faults identified
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Table 7. Sz and Sy SO Py, parts in which faults were identified.

SO P;,,, parts in which faults were identified

Software Identiﬁed methods Identified methods
with faults not covered by test
So 79 49
N 15 5

were not covered by the test profile. For Sy the respective
value was 33.33%. This evidence answers research question
RQ) 4, showing that failures may occur in SOP parts not cov-
ered by the test profile.

5.5 EXS-AT,: Attempting to decrease the mis-
alignment between the SOP and the Test
Profile

We performed the EXS-AT) activity to assess whether a test
strategy based on the use of automated test data generator
can contribute to reduce the possible misalignment between
SOP and untested software parts.

To perform the EXS—AT) activity, we selected S5 and Sy
software. The reasons why we selected these software are
because we used them in EXS—AT, and EXS—AT3 and be-
cause they are more representative regarding the number of
implemented methods.

For each selected software, we generated a test set using
an automated tool, named in this section as Sy7C},,; and
S4TC} 40 for S5 and Sy software, respectively. The sets of
existing test cases for So and S, are named in this section
as SoTC. ;s and S4TC, ;s (Table 4). We used EvoSuite,
an automated generation tool, to write JUnit tests for Java
software (Fraser and Arcuri, 2011). For the generation of
SoTC} 401 and S4TCY,,;, among the coverage criteria made
available by the test generation tool, we adopted the cover-
age criterion method, given that SOP is represented by the
execution frequency of the implemented methods in this pa-
per. For S5 and .Sy were generated 4322 and 2803 test cases
respectively. We did not use SOP data in the planning and ex-
ecution of EXS—AT) test strategy, considering that the SOP
was unknown for the generation of SoTC},4; and S4TC} 0.
Then, we generated automated test cases for all Sy and Sy
parts.

We incorporated the S3TC} 0 and Sy TC 4 test cases into
SoTC ;s and S4TC, ;s respectively, thus obtaining an ex-
tended test set resulted for Sy and S; from the union of
these sets. We named the extended test sets of S5 and S, as
SoTC, and S,TC .4, respectively, in this section. In Table
8 we show the coverage for Sy and S, provided by each set
of test cases. The numeric values in percentage are presented
in Table 8.

Table 8. S2 and S4 software coverage provided by test cases.

Coverage provided by test cases

Software TCeyis TCiooi  TCert
So 15% 27% 30%
S4 32% 42% 60%

In Table 8 we show that the SyT1C,,; and S41C,,; test
cases increased the coverage of S; and S, provided by
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SoTC ;s and Sy TC, ;s respectively, showing that new parts
of Sy and Sy were tested and, consequently, extending the
So and Sy test profiles. We named the initial fest profiles ob-
tained from Sy TC, ;5 and S4TC ;s as SoTP;,,; and S4TP;,,;
in this section. Also, we named the extended test profiles of
S and Sy in this section as SoTP.,; and S4TP,,:, respec-
tively.

We adopted the same procedure to identify the SyTP;,;
and S,TP;,,;, described in Section 5.3, to obtain S TP, ,; and
S4TP ext-

The same procedure used to compare the S3TP;,; and
S4TP;; tothe So’s SOP and Sy ’s SOP respectively was used
to compare the SoTP.,; and S4TP,;; to the So’s SOP and
S4’s SOP respectively.

5.5.1 EXS-AT,: Data Analysis

In Figures 11 and 12 we show, for Sy and Sy respectively,
the results obtained from the comparison between the SOP
and the extended test profile. Results obtained by comparing
the SOP of these software to the initial fest profiles (SoTP;n;
and S4TP;,;) are presented again in Figures 11 and 12 to
compare them with the results obtained from the SoTP,,;
and S4TP ext-
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We defined the categories OP N TP, OP ¢ TP and

TP ¢ OP, shown in Figures 11 and 12, in Section 5.3.1
In Figures 11 and 12, we can see that:

1. 143 out of 1328 methods from S5 processed by at least
1 of the participants were not processed by the TP, ,;;
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2524 methods processed by the test profile were not pro-
cessed by the participants.

2. 4189 out of 8910 methods from S, processed by at least
1 of the participants were not processed by the TP, ,;;
2977 methods processed by the test profile were not pro-
cessed by the participants.

5.5.2 EXS-AT,: Results

In Table 9 we show the difference resulted from 7F;,; and
TP, ..

After comparing the results obtained by SoTP;,; and
S4TP;,;, the test strategy we adopted in activity EXS—AT)
reduced the number of methods processed by SOP and not
processed by the test profile (SoTP.y; and S4TP,;;), being
more effective for the Sy software. However, it is notewor-
thy that, regarding the number of implemented methods, .S,
is less representative than Sy, for which the adopted strat-
egy reduced the amount of methods processed by SOP and
not processed by the fest profile (S, TP, ;) in, approximately,
10% compared to the initial zest profile (S4TP;n;).

The adopted test strategy also reduced the number of meth-
ods constituting the SO P, of S5 and S4 and were not cov-
ered by the respective fest profile, SoTP;,,; and S4TP;,,;. For
Sa, 2 out of 49 methods constituting the SO Ps,,, and were
not processed by SoTP;,; were processed by SoTP,,;. For
S4, 1 out of 5 methods constituting the SO Ps,,;, and were not
processed by S, TP;,; was processed by SyTP, ;.

The adopted test strategy aimed to reduce the misalign-
ment between SOP and Test Profile by increasing the set of
existing test cases of Sy and S4 using an automated tool. We
did not use SOP data in the test strategy planning and exe-
cution, considering that the SOP was unknown for the auto-
matic generation of test cases, which implied generating test
cases for all parts of Sz and S, demanding time and process-
ing because they depend on the applied criteria and parame-
ters as well as on the size of the software for which the test
cases were generated.

In response to question RQ)s5, we observed that, although
we generated test cases for all parts of Sy and S, and incor-
porated these cases into the set of existing test cases for the
software, the test strategy reduced the misalignment, but the
misalignment between SOP and the test profile of S; and .S,
was unavoidable. In addition, the automated test generator
generates only the test data and assumes the produced output
is correct. As such, even if we have improved the coverage
of SOP, we still need to verify whether the resultant output
corresponds to the expected output according to the software
specification. Thus, the data obtained from the SOP is rele-
vant and can be used in existing testing strategies or in the
definition of new strategies to contribute to their effective-
ness and efficiency.

6 Lessons Learned

First of all, we would like to make it clear that the results
obtained so far are not conclusive and they are part of an on-
going work Cavamura Junior (2017), and more experimental
studies are coming. However, based on the data presented
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in Section 5, we can provide some directions (albeit not ex-
haustive) on how to use the knowledge about SOP in favor
of software quality.

* We verified during the experimental studies that the
identification of SOP through instrumentation may af-
fect software performance and produce a huge vol-
ume of data depending on the level of fragmentation
adopted. Nevertheless, the information obtained about
the SOP can contribute to software test activities.

 High levels of coverage do not necessarily indicate a
test set is effective in detecting faults and it is unlikely
that the use of a fixed value of coverage as a quality tar-
get will produce an effective test set (Inozemtseva and
Holmes, 2014). Our data indicates that a good test set is
one with good coverage of the software parts related to
the SOP. In the occurrence of misalignment between the
SOP and the tested software parts, the SOP can also be
used as a criterion for generating test cases to improve
the test suite in order to minimize the misalignment.

* Another possible use of the SOP is related to
what de Andrade Freitas et al. (2016) called as “Market
Vulnerability”, wherein each fault in software affects
users differently. ~ We should avoid bothering most
of our users with constant failures as much as possi-
ble when using features most important from their point
of view.  The SOP reflects these software areas. It
is possible to use SOP to assess the impact caused by
each fault in software operability. Thus, a rank of known
faults can be built based on their impact to the majority
of users, providing information able to assist in preci-
fying these faults with respect to the software market.

* Since the SOP represents the most used parts of the soft-
ware, information about the SOP can be used as a cri-
terion to prioritize any other activities inherent to the
software development process.

7 Threats to Validity

Regarding the EXS activities, we considered the participants’
level of knowledge in EXS a threat to validity. We selected
undergraduate and postgraduate students, who had equiva-
lent experience and knowledge required to perform the ac-
tivity, to operate S1, Sz and S, software in order to minimize
the risks. We conducted training on S7, So and Sy, as well
as a review of the theoretical concepts inherent in S, So and
Sy4. As S3 was developed on demand, participants already
knew the processes automated by it.

On EXSAT5 the execution of some test cases belonging to
the test sets of S1, S5 and S run with errors. For S 0.69% of
the automatically generated test cases finished the execution
with errors. For S5 1.36% of the automatically generated test
cases finished the execution with errors. For Sy 17.10% of
the automatically generated test cases finished the execution
with errors.

With the configuration and execution environment in con-
formity, we chose not to modify the implementation of the
existing test cases in order to eliminate the execution errors.
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Table 9. Comparison of the results obtained by the test profiles.

TCoomm S2 S4
- SOP VS SoTP;;  SOP VS Sy TPy (%)  SOPvs SiTP;,; SOPvVS SiTPei (%)
OPNTP 995 1185 19.09 (+) 4167 4721 13.29 (+)
OP ¢ TP 333 143 57.05 (-) 4743 4189 11.68 (-)
TP ¢ OP 1340 2524 88.35 (+) 1319 2977 125.7 (+)

We considered these a threat to validity because some meth-
ods may have been executed as a result of these errors, thus
not being part of the test profile.

On EXS—AT activity, we assumed failures reported by
users were revealed by the software parts composing SOP,
i.e., these failures did not occur in operations sporadically
processed by users. We are performing a more comprehen-
sive EXS using data obtained from free software repositories.

On EXS—AT, the execution of some test cases automat-
ically generated for Sy (S2TC400;) and Sy (S4TC400) Ten-
dered errors. For Sy, 4.2% of the automatically generated test
cases generated errors during their execution. For Sy 0.53%
of the automatically generated test cases generated errors.
Although these errors have low representativeness, they are
considered a threat to validity since some methods may have
been executed as a result of these errors, thus not being part
of the extended test profiles of Sy TP, ,+ and SyTP,,;, respec-
tively.

In further experiments we intend to investigate the cause
of such errors and compute their impact on the test profile.

8 Conclusions

This paper investigates the possible mismatch between SOP
and the tested software parts by introducing the term “test
profile”. The results provided answers to the defined research
questions, stating: a) the originality of this study; b) that there
are significant variations in the way software is used by users;
¢) there may exist a misalignment between the SOP and the
test profile; d) the existing misalignment is relevant due to
the evidence that failures occur in the untested SOP parts; ¢)
Although the adopted test strategy reduced the misalignment
between the SOP and test profile, it was not enough to avoid
the misalignment.

The answers to the research questions provide the ex-
pected contributions to this work. These contributions may
motivate new research or contribute to existing research in
Software Engineering, more specifically in the field of Soft-
ware Quality. The contributions also show that information
about software operating profiles can contribute to the soft-
ware quality activities applied in the industry since the qual-
ity of software also depends on its operational use (Cukic and
Bastani, 1996).

Thus, the contributions provide evidence that SOP is rele-
vant not only to activities that determine software reliability
but also to the planning and execution of the test activity re-
gardless of the adopted test strategy. For future research we
intend to improve software quality from the users’ point of
view considering the SOP (Cavamura Janior, 2019).

We expect that the proposed strategy allows: (i) to dynam-
ically adapt an existing test suite to the SOP, and; (ii) use

SOP as a prioritization criterion which, given a set of faults,
allows to identify the ones that cause the most significant im-
pact on users’ experience when operating the software, and
thus consider such impact on pricing the faults for correction,
alongside other criteria. We are investigating and approach-
ing the use of machine learning and genetic algorithms to
enable the proposed strategy. Lastly, we are working on the
implementation of a tool to automate the proposed strategy
and to provide support for technology transfer and experi-
mentation.
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Abstract

How users operate the software can affect the
behavior of the software and thus lead to unex-
pected behavior. The Software Operational Pro-
file (SOP) is a software specification representing
how users operate the software, thus making it
relevant to software testing. This paper intro-
duces the OPDxle tool that generates method-
level executable unit test cases using data ob-
tained dynamically from the SOP. In addition, we
performed a feasibility study to promote an initial
assessment of the effectiveness of OPDdle about
the following aspects: a) its ability to generate
executable unit test cases using SOP data as test
data; b) the code coverage provided by the exe-
cutable test cases generated for the tested units;
c) extend the software coverage under test and
the units tested from test suites obtained from
different software operational profiles. The fea-
sibility study provided evidence that denotes a
satisfactory result for the aspects evaluated. The
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able discussions and suggestions about the OPDxile devel-
opment.
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feasibility study and its results are described in
this paper.

Keywords— Software Quality, Software Testing,
Operational Profile, Test Profile, Automated Test,
Tool, OPDaTe

1 Introduction

SOP is a software specification based on the way
users operate the software. Musa [1993] defines
SOP as quantitative characterization of the soft-
ware that allows identifying the most used parts
of the software. The use of SOP in the software
testing does not guarantee the detection of all
faults, but it ensures that the most used software
operations are tested [Ali-Shahid and Sulaiman,
2015]

A previous work Cavamura Jr. et al. [2020Db]
evidenced relevant information about SOP and
the software testing:

1. Evidence that there are significant variations
in how users operate software, even when
they perform the same operations, i.e., there
are different software usage patterns;

2. Evidence of a misalignment between SOP
and software testing;

3. Evidence that there are faults concentrated
on untested parts of the software;



4. Evidence that even when using an auto-
mated test generator to extend an existent
test set, the misalignment between the SOP
and the tested parts of the software has slight
improvement.

Based on the results of previous work and aiming
to reduce the possible misalignment between SOP
and the software test and that studies related to
the SOP focus on exploring the operations and
not exploring the operations’ parameters [Shukla,
2009], this work presents the OPDxle Tool.

Based on SOP, OPDxile automatically generates
runnable unit test cases at method level for pro-
grams written in Java language. OPLxile uses
dynamically captured data from the software op-
eration under test as test data for the generation
of test cases. Additionally, this paper also present
the results obtained from an initial evaluation of
the effectiveness of OPlxile about its objectives.

We organize the remaining of this paper as fol-
lows. In Section 2 we presents the theoretical
foundation. In Section 3, related works are pre-
sented. The OPDxile and its features are presented
in Section 4. Section 5 describes the adopted
methodology for this research. The Feasibility
Study (FES) performed to provide an initial eval-
uation of the OPLxle is described in Section 6.
Sections 7, 8 and 9 discuss the threats to valid-
ity related to the FES carried out, the lessons
learned and future works, respectively. Finally,
Section 10 concludes the paper.

2 Software Operational Pro-
file and the Software test-

ing

Software testing is a process to ensure that the
software conforms with its project, avoiding unin-
tended and unexpected actions by software [My-
ers et al., 2011]. This process takes time, invest-
ment, and effort. The absence of these demands
makes software testing vulnerable because it does
not directly impact software delivery. Thus, au-
tomated testing is due to the need for an in-
creasingly reliable, effective, and efficient pro-
cess to save time and minimize errors during the

process [Vincenzi et al., 2018]. However, auto-
mated testing involves investments in infrastruc-
ture and requires effort to specify and program
test cases [Vincenzi et al., 2018].

A test case corresponds to a tuple formed by
the test data and the predicted value returned
by the coding unit under test. Test data cor-
responds to the input data required to perform
the tested code unit and generate the expected
returned value for those inputs. Test data can
be obtained by using test data generation tech-
niques. These techniques differ by adopting dif-
ferent ways of generating and securing test data,
such as random generation, generation with dy-
namic execution, among others [Vincenzi et al.,
2018]. The use of production data, that is, data
obtained directly from the software operation by
users [Rogstad and Briand, 2016], can be at-
tributed to the test cases.

As experienced users can adapt the way the
software is operated [Sommerville, 2011], the soft-
ware operations can present different behaviors
and results, thus allowing to identify additional
ways to perform the same operation in the same
software product. The information obtained di-
rectly from the software operation is relevant for
the software testing since the way the software is
operated may impact the behavior and results of
the software operations. Thus the software qual-
ity is dependent on its operational use [He et al.,
2021, Zhakipbayev and Bekey, 2021]. Information
obtained directly from the operation of the soft-
ware by users is related to the Operational Profile
of the Software.

Software Operational Profile (SOP) is a soft-
ware specification based on how users operate the
software [Musa and Ehrlich, 1996, Sommerville,
2011]. Musa [1993] defines SOP as a software
quantitative characterization based on the way
software is operated. This characterization cor-
responds to probabilistic distribution assigned to
performed software operations to identify users’
most used software parts. In this context, an op-
eration corresponds to a task performed by the
software delimited by external factors not related
to software implementation. Software operations
have various possible execution paths, depending
on the given input data, causing different behav-



ior and, consequently, providing other results for
the same software operation.

Since the SOP represents how the users oper-
ate the software, SOP supports activities related
to software engineering reliability. Software relia-
bility depends on how the users operate the soft-
ware because software reliability corresponds to
the probability of a software operation occurring
without any occurrence of failure in a specified
period and a specific environment [Musa, 1979].
The SOP provides test data that reproduces the
way software is executed in its production envi-
ronment, ensuring the validity of reliability indi-
cators [Musa and Ehrlich, 1996]. The use of SOP
guarantees that the most used parts of the soft-
ware are sufficiently tested [Ali-Shahid and Su-
laiman, 2015]. Thus, it is one of the software’s
attributes related to software quality representing
the user’s point of view on software quality [Musa,
1979, Bittanti et al., 1988]. For the software user,
the frequency with which a failure becomes appar-
ent, during software operation, is more significant
than remaining failures [Takagi et al., 2007].

Previous work investigated the possible mis-
match between SOP and the tested software parts
by introducing the “test profile” term. The term
test profile represents the most exercised soft-
ware parts during the test suite execution [Cava-
mura Jr. et al., 2020b]. Cavamura Jr. et al.
[2020b] adopted the method level as granular-
ity. Thus, the term granularity corresponds to
the software fragmentation level (conceptual or
structural). The SOP in the Cavamura Jr. et al.
[2020b] work context corresponds to the processed
methods frequency during the software operation
by users indicating the software parts most op-
erated. The test profile corresponds to the set
of processed methods during the test suite exe-
cution. The results evidenced that there are sig-
nificant variations in the way software is used by
users.

Cavamura Jr. et al. Cavamura Jr. et al. [2020b]
identified the SOP of four software, Sy, S, Ss,
and Sy, respectively. In Table 1 we provide a
general data about S, S5, S3, and Sy software.

The study used the SOP of the S; software to in-
vestigate whether there are significant variations
in how users use the software. The frequency of

execution of each method processed during the
S1 operation by one participant was compared
to the frequency of execution of the respective
method processed by the other participants. On
average, the variation in execution frequencies for
each method processed by the participants was
approximately 50%. The results also evidenced a
misalignment between the SOP and the test pro-
file, and failures may occur in the untested SOP
parts. For S;, Ss, and S,, approximately 50%
of the methods processed by SOP were not pro-
cessed in the test profile. About 25% of the meth-
ods processed by SOP were not processed in the
test profile for S;. It is also possible to verify
the occurrence of methods processed by the test
profile and not processed by SOP. For example,
approximately 30% of the methods processed by
test profile were not processed in the SOP for Ss.

Cavamura Jr. et al. [2020b] checked for failures
in parts of the operational profile not contained in
the test profile of the Sy and S, software. As a re-
sult, we obtained evidence that failures may occur
in the parts of the operational profile untested.
For S5, 62.02% of the SOP parts identified the
test profile did not cover faults. For S, the re-
spective value was 33.33%

Cavamura Jr. et al. [2020b] also checked
whether an approach based on the combination
of existing test cases with test cases generated by
automated tools could decrease a misalignment
among SOP e test profiles. We submitted S, and
S, software to an automated test case generator.
We incorporated the test cases generated by the
test case generator into the existing test case set
of the software. For Sy, the strategy decreased by
approximately 60% the number of methods pro-
cessed by SOP and not processed by the test pro-
file. For Sy, the respective value was around 10%
Thus the strategy was able to decrease the mis-
alignment however don’t able to avoid the mis-
alignment.

Given the theoretical foundations presented,
the SOP is relevant to activities that determine
software reliability and the planning and execu-
tion of the test activity regardless of the adopted
test strategy. We design the OPDule tool as a test
case generator based on SOP data collected dy-
namically, i.e., during the software operation by



Table 1: Characterization of the software used in previous work.

Software Purpose Source Methods Origin of
test cases
Provide software inspection support Closed Computational
S1 . 2749
(Crista) source tool
Bibliographic reference management Open .
Sy (JabRef) source 7100 Community
. Closed
Ss Process Automation (developed on demand) Source 869 Test team
Sy CASE tool (ArgoUml) Open 18099 Community
source

users. Therefore, it contributes to helping reduce
the misalignment between the SOP and the test
profile since that OPDdle identify the methods
most processed by software during the software
operation and generate test cases for the interest
methods specified by the tester. Thus, the tester
can use the OPDudle tool under different strate-
gies. OPLxile can generate test cases from the
beginning of the software product execution pro-
cess, generating test cases fully adherent to the
SOP. OPDxle can complement an existing test
suite that possibly does not perform all the func-
tionality that makes up the SOP. In addition,
even when the available tests perform the func-
tionalities that make up the SOP, the OPDadle tool
built test cases with real data demanded by users,
unlike the tests generated during product devel-
opment, which generally use data test samples.

3 Related Works

Previous work [Cavamura Jr. et al., 2020a] in-
vestigated the use of SOP in specific applicabil-
ity, including SOP in activities associated with re-
gression testing and the use of SOP as an evalua-
tion criterion for existing test cases. The previous
work carried out a Systematic Literature Review
to carry out the investigation. The Systematic
Literature Review processed 430 studies resulting
in 11 studies selected for the data extraction and
results from the synthesis phase. Furthermore,
the use of SOP related to test cases generation
was checked in 5 of the 11 selected studies. A
synthesis of these 5 studies is presented below.

According to Marijan et al. [2010], software
quality decreases as software complexity in-
creases. Marijan et al. [2010] propose a method-
ology that allows evaluating this relationship in
multimedia systems. The proposed method com-
prises the behavioral modeling of the system. The
behavioral model is based on the functional speci-
fication of the system and represents the basis for
deriving a system usage profile. The usage pro-
file corresponds to the behavioral model plus the
probabilities of occurrence of transitions existing
in the behavioral model. The sequences of tran-
sitions of the behavioral model give rise to test
cases that are automatically executed. The re-
sults obtained by performing the test cases are an-
alyzed to assess the quality of the software about
its complexity.

Nakornburi and Suwannasart [2016] report the
development of a computational tool that allows
prioritizing and selecting an optimal set of in-
put parameters and generating test cases using
combinatorial testing techniques. In the Nakorn-
buri and Suwannasart [2016] study context, SOP
is composed of data related to users and the envi-
ronment in which the software is operated, such
as the user’s country of origin and the technology
used to run the software. Based on this data, the
proposed tool prioritizes and selects an ideal set
of input parameters in the generated test cases.
Furthermore, the tool also allows you to insert
rules and restrictions related to possible combi-
nations between these data.

Kashyap [2013] presents an approach for creat-
ing a behavior model that allows the automatic



generation and prioritization of test cases. The
SOP is used to estimate the probability of tran-
sitions between the states that make up the be-
havior model and represent the states that the
software can assume. The behavior model allows
generating the test cases. The proposed approach
determines the representativeness of the test cases
about the use of the software, establishing a pri-
ority to the generated test cases. The proposed
approach sets a lower priority to test cases that
do not reflect actual software usage.

Rogstad and Briand [2016] performed an em-
pirical investigation on strategies for selecting
and generating test data for combinatorial testing
techniques at the regression test level. Rogstad
and Briand [2016] additionally used the SOP in
one of the testing techniques applied in the inves-
tigation. The technique that used SOP creates a
representation of each functionality to be tested.
The SOP provides a probabilistic distribution of
the occurrence of equivalence classes referring to
the data processed by the functionality contained
in the representation. The functionality represen-
tations to be tested generates a test suite specifi-
cation.

Takagi et al. [2007] present a technique that
assesses software reliability as part of the mainte-
nance process, estimating and predicting failures
that will influence the reliability of future soft-
ware versions. The technique uses SOP to gener-
ate a usage model applied to the technique. The
usage model allows the generation of test cases
associated with the proposed technique. The us-
age model comprises a finite state machine where
states represent specific operations performed by
users. The technique labeled the transitions be-
tween model states with the probability of occur-
rence obtained from the SOP. The SOP data is
obtained from log files or instrumenting earlier
versions of the software under test. The tech-
nique generates the test cases from sequences of
operations provided by the usage model.

Of the studies that used SOP in approaches as-
sociated with test case generation identified in
systematic review, studies [Takagi et al., 2007,
Nakornburi and Suwannasart, 2016, Rogstad and
Briand, 2016], and [Kashyap, 2013] used SOP to
obtain a usage model. A probabilistic distribu-

tion is related to the model to indicate which
parts of the software are most used. In these stud-
ies, SOP was obtained from the software specifi-
cation, log files, or collected from the software
operation by the users. The approaches proposed
in these studies use the model created to generate
and run the test cases. The approach proposed
by Marijan et al. [2010] used data external to the
software to specify a software usage profile. Then,
the method uses this profile to generate test cases
and select test data for the generated test cases.

Also related to this work, we are looking for
automated test tools based on test amplification
and symbolic execution to try reduce the possi-
ble misalignment between the SOP and the tested
parts of the software. The Palus [Zhang, 2011]
and Dspot [Danglot et al., 2019b] tools are exam-
ples of these approaches for Java programs. Test
amplification aims to leverage existing test cases
written by hand on the premise that developers
gain valuable knowledge about test data and ex-
pected results when writing test cases [Danglot
et al., 2019a]. Symbolic generation assigns sym-
bolic values to the test data and uses expressions
that represent the conditions for the execution of
the program under test [Vincenzi et al., 2018].

Palus’ strategy consists of dynamic analysis,
static analysis, and guided random test genera-
tion. First, Palus performed a dynamic analysis
by running the software under test to create a
sequence model of software method calls. Then,
Palus performs static analysis to identify depen-
dency relationships between the methods based
on the developed call model. Finally, a random
test generator is guided by the model of calls and
identified dependencies. The Palus’s random test
case generator provide JUnit test cases as re-
sult. The goal of Dspot is to synthesize mod-
ifications to existing test cases to increase test
quality. Dspot receives as input a set of existing
JUnit test cases manually written by the devel-
opers. Then, Dspot produces variants from pro-
vided test cases. Thus, Dspot tries to improve
the overall test suite quality by putting together
existing test cases and their variants.

We performed a previous feasibility study
where subjected the S; and S3 software, described
and used in our previous study, to the Palus and



Dspot tools to minimize possible misalignment
between the SOP and the tested parts of the soft-
ware. We adopted as the criterion for software
selection was based on the origin of the test cases.
We selected the S5 software because a test team
provided its test cases. We also selected the S
software because the automated tool provided its
test cases. We chose S3 to verify the impact of
the test case origin on the results provided by the
tools. We consider the execution of the test set
of software S; and S5 as the symbolic execution
of the software under test. Thus, the Palus tool
performed the dynamic analysis based on the per-
formance of test cases of the S; and S3 software.

The Dspot tool received the original test sets
from the S; and S5 software as an input argument.
Table 2 shows the results obtained from Palus and
Dspot for S; and S3 software.

We found that the new test cases generated by
the Palus tool for S; and S; software did not
increase the coverage of the respective software
when merged with the existing test case sets of
this software. New test cases generated by the
Dspot tool for S software increased the coverage
of S3 software by 1.1% when joined to the exist-
ing test case set. For S; software, the test case
generated by the Dspot tool did not increase the
coverage of the respective software when joined to
the existing test case set. The Dspot tool gener-
ated a new test case for the S| software from the
existing test cases. This result may be due to the
origin of existing test cases of the S; software.
In addition, the Dspot tool generated a variant
from test cases generated by an automated test
generator. The results obtained by our previous
studies [Cavamura Jr. et al., 2020b,a] and the
results obtained by the previous feasibility study
with the Palus and Dspot tools motivated us to
create OPDidle tool. In the following sections, we
presented OPDxle and the results obtained from
an initial evaluation based on code coverage of
the tested unit.

4 The OPDile tool

Based on SOP, OPDudle automatically generates

Runnable Unit Test Cases (RUTC's) at method
level for programs written in Java language. We

developed the OPDdle under the object-oriented
programming paradigm and implemented it us-
ing Java language. The OPDxile uses dynamically
captured data from the software operation under
test as test data to generate test cases. Initially,
OPDxdle creates Abstract Test Cases (ATC's) from
data dynamically caught while its users operate
the Software Under Test (SUT'). From generated
ATCs, OPDdle develops Runnable Test Cases
(RUTC's) written in the JUnit framework. The
OPDxil e is composed of two components, an Agent
and an RUTC's Generator (RUTCj,). Figure 1
represents the basic architecture of OPDuile.
1]
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Figure 1: OPDaTe architecture
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The Agent component is responsible for instru-
menting the SUT to generate ATC's containing
users’ data collected during the SUT operation.
The Agent receives as an input argument a list
containing the name of the methods of interest.
The methods of interest correspond to the meth-
ods for which the instrumented SUT will generate
the respective ATC's. The list contains methods’
names of interest with their classes and package
or just the name of the classes and their packages.
If the list contains classes’ names, all the classes’
methods will be considered methods of interest.

In the context of this work, an Abstract Test
Case (ATC') corresponds to a test case specifica-
tion for a method of interest. This specification
is composed of test data and the expected re-
turn value for the specified test case. The ATC"s
test data corresponds to the input argument types
and values of the method of interest collected dy-
namically. The Agent collects both basic type
data and data whose type is by reference. The
expected return value of the ATC matches the
type and value returned by the method of interest
collected dynamically when it provides a return
value. The instrumented SUT logs a warning on



Table 2: Previous feasibility study results

. Palus Dspot
Software | new test cases increased coverage (%) | new test cases increased coverage (%)
S1 37 0 1 0
Ss 27 0 23 1.1

the AT'C’s test data when it cannot collect the
value dynamically. The logs also happen when it
fails to collect the return value of the method of
interest.

The RUTCy, component generates the
RUTC's from the generated ATC. We described
each component in the following subsections.

4.1 Agent

The Agent is responsible for instrumenting the
SUT to generate ATC's containing users’ data
collected during the software operation. Figure 2
represents the architecture of Agent component.

AGENT
SuT + :I—» INJECTORE »H:I
at runtime ;
Interest ',” Ulse
methods list \V

PERSISTENCE

Instrumented N\
SuUT
at runtime

ATC
repository

Figure 2: Agent Component

The Agent is composed of two other com-
ponents:  the Injector component and the
Persistence component. The Injector is re-
sponsible for instrumenting the SUT.  The
Persistence component is used in the code in-
jected by the Injector to persist ATC's.

The instrumented SUT monitors the execution
of its methods, and every time a method of in-
terest is executed, instrumented SUT generates
the respective AT'C'. The instrumented SUT gen-
erates an AT'C from the collected data for each
performed method of interest or its overload. We
can parameterize the Agent to collect a specific
amount of AT'C's for the provided methods of in-
terest. Furthermore, the instrumented SUT per-

sists each ATC in JSON! format in a file with
the “.atc” extension.

4.2 Runnable Unit Test Case Gen-
erator Component

The RUTC,., generates the RUTCs from
the generated ATCs. Figure 3 represents the
architecture of RUTCy., component. It is
composed of five components: Core compo-
nent, Persistence Component, DataProvider

(DP) component, Oracle component and
RunnableUnitTestCaseFactory (RUTC't4)
component.
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Figure 3: Runnable Unit Test Case Generator
Component

Initially, the RUTCy., reads all “atc” files
through the Persistence component, retrieving
the ATCs. While abstract test cases are re-
trieved, the component also writes test data from
ATCs to an internal repository. Then, the
RUTC., automatically tries to execute the re-
spective method under test for each AT'C' through
Oracle component. If the method under test is
an overloaded method, the Oracle will also try to
execute the other method instances.

The DP component provides the test data,
that is, the input arguments, necessary for the
automatic execution of the method under test

LJSON is a simple, readable data structure used to
exchange data between systems.



and its overloads. For each input argument re-
quired for the method execution, the DP com-
ponent first tries from the internal repository to
retrieve the value obtained dynamically for the
respective argument of the method under test.
The DP component checks the status given by
the Agent component for the collected argument
value. OPDidle Agent tries to dynamically col-
lect type data by reference (objects) even if they
are not serialized objects, that is, even if the class
that originated them does not implement the “Se-
rializable” interface. Thus, exceptions may occur
when OPDxile Agent tries to collect these data due
to technology limitations. In this situation, the
OPDxile Agent indicates the failure status for the
respective argument in the AT'C. If the status in-
dicates failed collection, the DP component tries
to get another value of the same type or subtype
in the internal repository. If the DP component
doesn’t find another value, it generates a random
value for the argument.

The return value obtained by the Oracle from
the automatic execution of the each method is
stored and used as the expected value for the
RUTC that RUTCy., will generate. This kind
of test case is called Regression Test Case by
other tools like EvoSuite? and Randoop?, for in-
stance. The value returned by the method un-
der test during software operation is also dynam-
ically collected by the SUT instrumentation and
recorded in the AT'C. However, the RUTC,,
uses the value obtained by the Oracle to generate
the RUTC's. We collect and record the value re-
turned by the method during software operation
to add value to the AT'C, allowing the tester to
have the test case specification in case he wants to
write the RUTC manually. If the ATC does not
have an expected return value, the ATC refers
to a method with no return. In this case, the
RUTCyq4. encapsulated the method in an excep-
tion handling in the runnable test case.

The RUTCf,. component receives the data
processed and obtained by the Oracle after the
Oracle automatically executes the method under
test and its overloads and obtains the values re-

Zhttps://www.evosuite.org/evosuiter/
3https://randoop.github.io/randoop/manual/
#regression_tests

turned by the respective method. Finally, the
RUTC}qc component writes an RUTC in JUnit
format for each instance of the method automati-
cally executed, that is, the method under test and
the other overloads of the method. The JUnit
files generated are standardized to be inserted
into projects under the Mawven architecture.

The Oracle component may not automatically
execute the method under test due to exceptions
that may occur during the execution attempt,
such as “IllegalAccessException™ and “Invoca-
tionTarget Exception”® exceptions. In case of the
Oracle component cannot automatically run the
interest method, the RUT'Cy,. writes the respec-
tive runnable test case using the test data and
returned value from the interest method” ATC.
In this situation, the runnable test case may also
not be able to execute the method of interest.
To assist the tester, the RUTCy,. notes in the
runnable test case the possible causes by the not
automatically execution of interest method by the
Oracle. The respective RUTC' is also marked to
be ignored (@Ignore annotation®) to avoid exe-
cution errors during test running.

4.3 OPDaTe Operation Flow

The Figure 4 shows the OPDdle tool operation
flow. From Figure 4, we can see the two com-
ponents of OPDxle, the OPDxdle Agent and the
OPDdle RUTC's Generator (RUTCj,).

Initially, the SUT is executed with the OPxile
Agent to be operated by the users. The OPDule
Agent input arguments are:

1. The first input argument is the file name
that contains the list of methods of inter-
est (Figure 4-1) for which the instrumented
SUT must generate the ATC's files.

2. “filtertype”: It determines whether the inter-
est methods monitoring will be done by the

4https://docs.oracle.com/en/java/
javase/12/docs/api/java.base/java/lang/
IllegalAccessException.html

Shttps://docs.oracle.com/en/java/javase/
12/docs/api/java.base/java/lang/reflect/
InvocationTargetException.html

6Test cases annotated with the @Ignore tag are ig-
nored when the test suite is run
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classes (value 0) or by the methods (value 1)
specified in the file.

3. “sample”: When its value is more than 0, it
determines the specific amount of AT'C's that
will be generated for each interest methods.

The instrumented SUT creates a directory
named “atc” to store the generated ATC's files.
This directory is created below the current direc-
tory where we started the SUT execution. For
example, Figure 4-2 shows the command line that
runs the SUT with the OPDxle Agent. The in-
strumented SUT generates AT'C's while users op-
erate it (Figure 4-4). Figure 4-3 shows the SUT
interface.

OPDdle RUTCy., generates executable unit
test cases (JUnit files) from ATC's collected dur-
ing execution of instrumented SUT by users. The
SUT and its dependencies must be on the “class-
path” to run the OPDdle RUTCy,. For example,

Figure 4-5 shows the command line that executes
the OPDdle RUTCye,. OPDdle RUTC,., input

arguments are:

1. “first argument”: Correspond to the pro-
cessing type and the input to be processed
(“type|entry”). The processing type deter-
mines whether OPDxile will process a spec-
ified ATC file (value 0) or ATC files con-
tained in a directory (value 1). The en-
try corresponds to the ATC file’s name to
be processed or the directory containing the
ATC files to be processed, according to the
type of processing informed.

2. “second argument”: It determines whether
OPDdle will generate test cases using only
random test data (value 0) or use operational
profile and random test data (value 1) when
necessary.



3. “third argument”: This argument determines
whether the OPDdle will use the dynami-
cally obtained object that invokes the inter-
est method (value 0) or if it will be created
randomly (value 1). We have not yet im-
plemented this parameterization. We will
make this parameterization available in fu-
ture OPDxle releases. The value given to this
argument does not affect OPDudle processing.
Currently, OPlxile Oracle component ran-
domly generates the objects that invoke the
interest methods under test.

4. “fourth argument”: Corresponds to the di-
rectory name will be created by OPDudle
to store the Junit files (Maven structure).
OPDxile creates this directory in the current
directory where we started it.

5. “fifth argument”: Corresponds to the log
file’s name will be created by OPDadle.

6. “sizth argument”. Output type: OPDxle
print the JUnit file content in the terminal
(value 1); OPDdle store the JUnit files into
the gave directory; Both (value 3), OPDxle
print the JUnit file content in the terminal
and store the JUnit file into the gave direc-
tory;

The OPDxile RUTCe,’s stores the JUnit files
(Figure 4-6) into the directory specified in
their list of input arguments. Then, OPLIxle
RUTC.,’s creates the Maven directory structure
containing the JUnit files from the created direc-
tory.

We experimentally evaluated the ability of
OPDxle to create RUTC's using data extracted
from the SOP as test data. We also assess the
coverage provided by the test cases generated in
the respective tested units. In addition, we also
investigates if a test strategy based on test suites
obtained from different SOP can contribute to ex-
panding the coverage of the tested units. We de-
scribed the methodology adopted and its activi-
ties in the next section.

5 Methodology

We defined three research questions to guide our
initial evaluation about the OPDuile:

e RQ:: Is OPDule able to automatically gener-
ate executable test cases using real test data
extracted from the SOP?

e R)s: Did the automatically generated
runnable test cases provide satisfactory cov-
erage for the respective tested units?

e RQ3: Can a test strategy based on test suites
obtained from different SOP contribute to
expanding the coverage of the tested units?

We adopted and instantiated the methodologi-
cal steps proposed by Shull et al. [2001] to inves-
tigate the effectiveness of OPDale. The method-
ological steps proposed by Shull et al. [2001] is
shown in Figure 5.

Research Questions

Did A ZmEmoms m———-—

fitI inptrooic:;;trial :Case Study in !
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Time line

Figure 5: Adopted Research Methodology
(adapted from Shull et al. [2001])

The focus of this paper is on the “Feasibility
Study”. The “Feasibility Study” phase comprised
the accomplishment of feasibility study (FES)
to provide answers to RQ);, RY. and RY3; and,
thus, get results that provide initial evaluation
about the OPDule effectiveness and the feasibility
of future studies in the next adopted methodol-
ogy phases. Given the “Feasibility Study” phase
results presented in this paper, the “Observa-
tional Study” phase progresses. The “Case Study:
Lifecycle” and “Case Study: Industry” phases
will perform depending on the “Observational
Study” phase results. As soon as we get their

10



results, we will publish them. We instantiated
the GQM [Basili et al., 2002] model to plan the
FES. The instantiated model is shown in Table 3.

As shown in Table 3, we plan the execution of
FES through 3 activities to provide answers for
the research questions, called FES — ATy, FES —
AT, and FES— ATy, respectively. In Section 6, we
present the FES’s activities and their respective
results are described.

6 Feasibility Study

We performed the Feasibility Study (FES) to an-
swer research questions defined in this paper and
thus get an initial evaluation of OPDule’s effec-
tiveness. As mentioned in Section 5, the FES
consisted of three activities, called FES — AI7,
FES—fYTQ and FES—M:;

Activity FES — AT gets the ATCs during the
SUT operation by users through the Agent com-
ponent of OPDxile. Activities FES — Al, and
FES — AT use the RUTC's generated by OPDudle
from AT'C's provided by FES— AI}. The results
obtained from activities FES— AT, and FES—AT;
answer research questions RQ);, RQ)., and RQs,
respectively. In the following subsections, we de-
scribe the activities of the FES, and their results.

6.1 FES-AT1

We performed the FES— Al activity to gets the
ATC's during the software operation by users
through the Agent component of OPLxile. To per-
form the FES— AT}, we chose a software used in
our previous study [Cavamura Jr. et al., 2020b]
to be submitted to OPDule as SUT in this study.
The SUT adopted is an open-source CASE tool
called ArgoUMLT - version v0.30.1. In order to re-
duce the risks associated with the threats to valid-
ity of the activity, we chose 10 participants with
equivalent experience and knowledge in Software
Engineering. The chosen participants are Mas-
ter’s and Ph.D. students in Computer Science,
with knowledge about the SUT operation. We
assign each participant the task of drawing up

"https://argouml-tigris-org.github.io/

the analysis class diagram from a provided re-
quirements document. We provide the same re-
quirements document for all participants. Partic-
ipants used the SUT to build the requested class
diagram according to their interpretation of the
requirement document. We set a time limit for
participants to complete the task. The tasks per-
formed within the defined time period were con-
sidered successfully completed. All participants
were able to complete the activity before the end
of the stipulated time period.

The list of methods of interest that we provide
as an input argument for the OPDdile was com-
posed of 2,961 of the 4,472 SUT methods classi-
fied by [Cavamura Jr. et al., 2020b] as contained
in the SOP and not contained in the test pro-
file. The OPDdle Agent monitors the process-
ing of SUT methods by collecting and persist-
ing data when a method of interest is processed.
However, monitoring affects the execution perfor-
mance of the monitored software. This paper an
initial evalauation of the OPDule tool based on
the results obtained when using it in a software
product.

This paper presents the OPDidle tool and the
initial assessment of its effectiveness in terms of
its purpose in the feasibility study phase of the
adopted methodology. Thus, the OPDdle tool is
a prototype in which we have not yet performed
performance optimizations. Therefore, we do not
include GUI classes and parallel processing meth-
ods in the list of methods of interest to obtain a
better performance in executing the SUT during
the activity. We implemented a program to ana-
lyze the methods that made up the list of methods
of interest and thus identify the interface classes
and the classes that implemented parallel process-
ing methods.

Table 4 shows, for each participant, the total
of ATCs (AIUs,;) generated during the perfor-
mance of the activity. In addition, Table 4 also
indicates the number of distinct ATC's (ATCS ;)
for the interest methods, disregarding the other
instances of the AT'C's generated for the same in-
terest method. Each participant’s AICS 4 group
was composed of the last AT'C' generated for the
methods of interest during the activity. The num-
ber of failed ATC's (ATCsyqi) contained in the
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Table 3: Exploratory Study Planning.

Stage Analyze For the purpose of Focus Perspective Context

FES— ATy The SOP Generate AICs during  Methods processed by  Software test Software

the software operation  users during software researchers applications
by users operation: collect of users

input parameters and

return value (if any)

FES— AT, runnable test Identify the source Runnable Software test Software
cases generated of test data test cases test data researchers applications
by OPDxle users

FES—AT5;  (a)Coverage (a)Check how much of (a)Tested units by the Software test Software
provided by the tested unit was runnable test case researchers applications
runnable test cases covered users

generated by
OPDdl’e

(b)Coverage
provided by
test suites
generated by
OPDdle

(b)Check if test suites
obtained from different
SOP contribute

to expanding the
coverage of the tested

(b)Coverage provided
by runnable test cases
generated by OPDdle

units

AlCs 44, i.e., not readable, is also shown in Ta-
ble 4.

Table 4: ATCs generated by participants

Parti-  Generated ATCs.s ATC's fails Readable

cipant ATCs dist  on ATCsgier  ATCSsgist
Po1 2857 409 3 406
Po2 3433 473 3 470
Pos 3433 473 3 470
Poyy 3241 438 3 435
Pos 294193 479 0 439
Pos 2897 421 5 416
Por 663123 410 3 407
Pos 3428 460 3 454
Poo 3080 414 3 411
Pio 2210 346 7 339

Through Table 4, we can verify that partici-
pants FPys and Fy; stand out about the amount
of ATC's generated. This situation occurred be-
cause the execution environment used by partici-
pants Fys and Fy7 in which they performed the ac-
tivity did not identify the parameterization of the
OPDxle’s Agent referring to the number of ATC's
instances to be collected. Coincidentally, partic-
ipants Py, and Fy3 obtained the same values for
the activity performed. To better analyze results,
we performed activities FES— ATy and FES— Alj
using the ATCSs4s groups generated by each par-

ticipant. For each AlUsg; group, we use the
OPDxile to generate the RUTC's from the ATC's
contained in each group. So, for each ATCSsy;4;, we
create a set of RUTC's. Table 5 shows the data
obtained from each participant about the gener-
ation of RUTC's from ATC's.

Table 5: Generated runnable unit test cases

Effective
.. Inactive Failed Effective

Participant RUTC's RUTCs RUTCs RUTC's RU;:CS
Po1 414 149 22 243 58.7
Py 480 148 28 304 63.3
Pys 477 169 27 281 58.9
Poa 437 139 22 276 63.1
Pos 482 168 25 289 59.9
Pog 423 130 25 268 63.3
Po7 413 122 24 267 64.6
Pos 461 150 23 288 62.4
Pog 418 129 24 265 63.4
Pio 364 67 22 257 74.2

The value in the column “Participant” in Ta-
ble 5 corresponds to the participant identification.
The value in the column RUTC's in Table 5 cor-
responds to the number of RUTC's generated by
OPDxdle from each AICsy;s (Table 4). The value
in the column “Inactive RUT'C's” in Table 5 cor-
responds to the number of runnable test cases
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classified as inactive by OPIkle. Inactive test
cases correspond to test cases annotated with the
JUnit @Ignore tag by OPDdle. Test cases anno-
tated with the @Ignore tag are ignored when the
test suite is run. The value in the column “Failed
RUTCSs” in Table 5 corresponds to the number
of runnable test cases that failed after execution,
showing characteristics of “flaky tests”. “Flaky
tests” are tests that have a non-deterministic be-
havior. They may provide different output on
consecutive execution, even when they exercise
an unaltered piece of code from the SUT [Eck
et al., 2019]. When the OPDdle Agent cannot re-
trieve the value of an argument whose data type
is by reference, or when the OPDdale DP cannot
retrieve this value, the D P generates a value ran-
domly so that OPDxile Oracle can automatically
execute the method under test. OPLlxile doesn’t
carry over this object to the materialized test case
(JUnit file). Thus the materialized test case ran-
domly generates this object again when its exe-
cuted. This situation can cause the JUnit assert
to fail since the expected result obtained from
Oracle, and the returned result obtained from
materialized test case were provided with objects
with different states.

The value in the column “Effective RUTC's in
Table 5 corresponds to the number of runnable
test cases that ran successfully (effective test
cases).

6.1.1 Data analysis

We can verify by Table 5 that the amount of
RUTC's generated for each ATCSsy,; was greater
than the amount of ATCs into the respective
AlCSs 4, group.This situation occurs because the
OPDxile generates the test cases for the meth-
ods of interest and overloads those methods when
they exist. Table 6 exemplifies this situation. In
the example shown by Table 6, the OPDdale Agent
generated one AT'C file for the method of interest
load of the Configuration class. OPDdle RUT Cle,
generated three JUnit files. Each JUnit file
tested an instance of the Configuration class’s load
method.

Inactive RUTC's corresponds to the test cases
for which the Oracle could not execute the
method of interest or perform, and JUnit can-

not run it. In this situation, the OPDule creates
and annotates the JUnit test case with the QIg-
nore tag. OPDxle also writes a comment in the
test case with the possible reasons that caused
the test inactivation.

Failed RUTCs occurs because the DP of
OPDxile can assign a random value to test data
whose data type is by reference. The refer-
ence data types generated randomly when the
Oracle executes the interest method are regen-
erated when we perform the executable test case
(JUnit). Thus, when we perform the test case,
the tested interest method may generate a result
different from the result obtained by the Oracle
and used as the assertion. This situation does
not occur when the DP of the OPlxile can re-
trieve a dynamically obtained value for the test
data whose data type is by reference. Instead,
the test case uses the exact value retrieved by the
Oracle to execute the method of interest. The
same basic type of test data provided by the DP
for the Oracle is also used in the executable test
case regardless of whether it was generated ran-
domly or obtained dynamically.

6.1.2 Results

OPLxile generated 981,895 AT'C's during the ex-
ecution of the SUT by the participants, generat-
ing on average more than 430 distinct AT'C's per
participant for the provided methods of interest.
OPDxle generated 4,351 RUTC's from distinct
ATC's generated during SUT operation by partic-
ipants, generating an average of 435 RUTC's per
participant. In this study, these methods corre-
spond to methods that made up the operational
profile of the SUT not included in the test profile,
that is, methods contained in the parts of the op-
erational profile of the software not tested yet by
any test case. However, we can provide any list
of methods from any source to OPDxle. OPLDxle
can generate an initial test set for software that
does not have an existing test suite as an exam-
ple. Thus we considered the results of FES— Al
satisfactory.
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Table 6: Handling overloaded methods

Context

Example

Method of interest
Entry in the interest methods file
(OPDdI'e Agent input argument)

org.argouml.configuration.Configuration|load

Generated ATC file

org.argouml.configuration.Configuration_ load-2021-08-25-12-59-32-209.atc

org_argouml_ configuration_ Configuration_load_2021_08 25 12 59
32209 atc_id0_el__ dsO_0011.java
(method under test: public static boolean load())

org_argouml_ configuration_ Configuration_load_2021_08 25 12 59

Generated JUnit files

32209 atc_idl el ds9_0011.java

(method under test: public static boolean load(File file))

org_argouml_ configuration_Configuration_ load 2021 08 25 12 59

32_209_atc_id2_el__ ds0O_0011.java

(method under test: public static boolean load(URL wurl))

6.2 FES-AT2

We performed FES—AT, to verify if OPDdle could
generate executable test cases using operational
profile data as test data. We initially analyzed
the ATC's’s test data generated from each par-
ticipant. We check the status and type of data
contained in the analyzed AT C's. Table 7 shows
the data from this analysis.

The value in the column “Participant” in Ta-
ble 5 corresponds to the identification of the par-
ticipant that gave rise to the analyzed ATC's.
The value in the column “Error” in Table 7 cor-
responds to the amount of data that the OPDdle
was not able to dynamically collect during the
SUT operation by the participants. The value
in the column “Basic” in Table 7 corresponds to
the amount of basic type data collected by the
OPDxIe for the analyzed AT C's. The value in the
column “Reference” in Table 7 corresponds to the
amount of type data per reference collected by the
OPLxile for the analyzed ATC's.

We also analyze test data from RUTC's gen-
erated by each participant. For each analyzed
RUTC's, we check the origin of the respective
test data. Table 8 shows the data from this anal-
ysis. Table 8 shows the data obtained from all
RUTC's generated by OPLxile and obtained from
the effective and failed RUTC's. The value in the
column “NTD” (No Test Data) in Table 8 cor-

responds to the number of RUTC's whose tested
methods do not receive arguments, that is, test
cases without test data. The value in the column
“TD” (Test Data) in Table 8 corresponds to the
number of RUTC's whose tested methods receive
arguments, that is, test cases with test data. The
value in the column “R” (Random) in Table 8
corresponds to the number of RUTC's whose test
data was randomly generated by the DP. The
value in the column “P” (Production) in Table 8
corresponds to the number of RUTC's whose test
data was provided by the data provider from data
collected dynamically while the participants op-
erated the SUT. The value in the column “B”
(Both) in Table 8 corresponds to the number of
RUTC's whose test data was provided by the DP
from data collected dynamically while the partic-
ipants operated the SUT and were also randomly
generated by the data provider.

6.2.1 Data analysis

The OPDxile Agent generated an ATC' for each
method of interest that the participants processed
during the SUT operation. The test data corre-
sponds to the input arguments of the methods
under test covered by the AT'C'. For each partici-
pant, we found that OPDudle collected on average
82.40% of the input arguments of the intercepted
methods of interest. We also found that, on aver-
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Table 7: Type of dynamically collected data

Participant Error Basic Reference Basic (%) Reference (%) Collected Data (%)
Po1 39 188 54 77.69 22.31 86.12
Po2 56 218 68 76.22 23.78 83.63
Pos 50 213 59 78.31 21.69 84.47
Pos 48 186 62 75.00 25.00 83.78
Pos 47 215 72 74.91 25.09 85.93
Pos 78 178 28 86.41 13.59 72.54
Por 42 179 63 73.97 26.03 85.21
Pog 76 214 26 77.33 22.67 83.45
Poo 49 191 56 86.17 10.93 75.95
Pio 40 139 55 71.65 28.35 81.91

Average 78.07 21.93 82.40
Table 8: Runnable test cases test data source
All Runnable Test Cases Active Runnable Test Cases (Failed and Effective)

Participants | NID _TD R P B | NID __ TD R P B TD(%) R%) P%) B%) P+B%)
Po1 214 200 122 62 16 145 120 7 37 6 45.28 64.17  30.83 5.00 35.83
Po2 239 241 145 78 18 175 157 101 48 8 47.29 64.33  30.57 5.10 35.67
Pos 247 230 146 69 15 173 135 91 38 6 43.83 67.41  28.15 4.44 32.59
Poa 225 212 131 65 16 163 135 90 38 7 45.30 66.67  28.15 5.19 33.33
Pos 246 236 145 74 17 173 141 91 43 7 44.90 64.54  30.50 4.96 35.46
Pos 222 201 136 47 18 159 134 98 28 8 45.73 73.13  20.90 5.97 26.87
Por 215 198 119 64 15 158 133 84 43 6 45.70 63.16  32.33 4.51 36.84
Pog 238 223 142 64 17 170 141 100 33 8 43.94 66.14  29.13 4.72 33.86
Poo 216 202 125 62 15 162 127 84 37 6 45.34 70.92  23.40 5.67 29.08
Pio 172 147 105 54 15 145 134 88 38 8 48.03 65.67  28.36 5.97 34.33

Average 45.54 66.61  28.23 5.15 33.39

age, 78.07% of the data collected is of basic type,
and 21.93% is data of reference type. Based on
the active RUTC's group (effective and failures)
generated by each participant, we found that, on
average, 54.4% did not contain test data. For this
same group, on average, 30.3% used exclusively
random data, 12.8% used exclusively dynamically
obtained production data, and 2.3% used random
and production data.

6.2.2 Results

Errors when collecting data dynamically and the
amount of random test data in RUTC's reflect the
constraints and limitations of technology in col-
lecting non-serialized reference data at runtime
and retrieving that data after running the soft-
ware. Despite the restrictions and limitations,
the OPDdle collected on average 82.40% of the
input arguments of the methods of interest inter-
cepted during the SUT operation by each par-
ticipant. Furthermore, for each participant, on
average, OPDidle was also able to use this data as
test data in 33% of the RUT'C's that require test
data. These evidences answers research question

R

We could establish some restrictions to improve
OPDxile performance, like to restrict the analysis
of methods which demands only basic data types
or to demands all the referenced objects to be seri-
alized. We decided not impose such a restrictions
to observe which obstacle we must to overcome
and will demand future research. Thus, we con-
sider that the results obtained about dynamically
collected production data as test data were satis-
factory in this initial evaluation of OP[xile.

6.3 FES-AT3

We performed FES — Al3 to assess the coverage
provided by executable test cases generated by
OPLxile for the tested units and to check if a test
strategy based on test suites obtained from dif-
ferent SOP contribute to expanding the coverage
of the tested units. For this, we run the test cases
generated by each participant and identify the
methods exercised by the respective test cases.
For each method exercised, we measure code cov-
ered by the execution of test cases. We measure
code coverage through the method statements ex-
ercised by the test case execution.
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6.3.1 Data analysis

We created a table that presents the methods cov-
ered by each participant’s test cases and the code
coverage we measured for the respective meth-
ods. Table 9 shows a fraction of the table cre-
ated®. The value in the column “ID” in Ta-
ble 9 corresponds to the identification of the cov-
ered method. The value in the column “Covered
Method” in Table 9 corresponds to the descrip-
tion of the covered method. The value in the
columns Py, to P corresponds to the code cover-
age (instructions) of the tested method promoted
by the RUTC's generated by the respective par-
ticipants. The value in the column “Average”
corresponds to the average code coverage of the
tested method provided by the RUTC's gener-
ated by all participants. At the end of the ta-
ble, we present the number of methods covered
by the RUTC's of each participant and the aver-
age, minimum, and maximum coverage provided
by the respective RUTC's. For each participant
(Table 9), we found that the RUTC's generated
by OPDxdle provided an average of over 90% code
coverage for the tested methods.

6.3.2 Results

The data presented in Table 9 concluded that the
code coverage of the units tested by the RUTC's
generated by OPDyile was satisfactory. Accord-
ing to Cornett [2007], the code coverage com-
monly accepted percentage for system testing is
set between 70% and 80%. However, for unit test-
ing, the code coverage can be set between 10%
and 20% higher than system testing. The me-
dian code coverage for all Google projects that
have successful coverage computation in 2015 and
2018 varied between 80 and 85% [Ivankovi¢ et al.,
2019]. The tested units averaged over 90% code
coverage for each participant. For better visu-
alization, we graphically represent these results
using a box plot diagram * (Figure 6).

8The complete table can be found at:
https://lcvm.com.br/artigos/anexos/opdate/
tabela-cobertura-2022-01-18.pdf

9https://matplotlib.org/stable/api/_as_gen/
matplotlib.pyplot.boxplot.html
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Figure 6: Methods coverage

Taking the Cornett [2007], Ivankovié¢ et al.
[2019] studies as a reference, we consider the cov-
erage obtained for the tested units to be satisfac-
tory. The presented results provide an answer to
research question R)y;. We are aware that high
levels of coverage do not necessarily indicate that
a test set is effective on detecting faults [Inozemt-
seva and Holmes, 2014]. However, a good test
set is the one with good coverage of the software
parts related to the SOP [Cavamura Jr. et al.,
2020b].

To answer research question R())3, we analyzed
the data shown in Table 9 against the number of
methods covered from the RUTC's generated by
all participants. We found that test cases gener-
ated by participants Py, and Fys had the high-
est number of covered methods, resulting in 398
covered methods. In contrast, test cases gen-
erated by participant Py had the fewest num-
ber of covered methods, resulting in 351 covered
methods. The test cases generated by all par-
ticipants had 433 covered methods, 8.8% greater
than the number of methods covered by the test
cases generated by participants Py and Fy; and
23% greater than the number of methods covered
by the test cases generated by participant Py.
Figure 7 shows these results.

We also found that RUTC's generated by dif-
ferent participants can create variations in the
coverage provided for the same method. The id
101 in Table 9 exemplifies this finding. The re-
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Table 9: Code coverage provided by the generated test cases.

Id. Covered Method Py1 Pyo Py3 Poa Pos Pog Py7 Pog Pyg P Average
0 ArgoVersion.init()V 100 100 100 100 100 100 100 100 100 100 100
1 LoadModules.<clinit>()V 100 100 100 100 100 100 100 100 100 100 100
2 Main. <clinit>()V 80.25 80.25 80.25 80.25 80.25 80.25 80.25 80.25 80.25 80.25 80.25
3 Main.addPostLoad Action(Ljava.lang.Runnable;)V 100 100 100 100 100 100 100 100 100 100 100
16 | ResourceLoaderlookuplconResource 100 100 100 100 100 100 100 100 100 100 100
(Ljava/lang/String;)Ljavax/swing/Imagelcon;
68 ToDoList.forceValidityCheck(Ljava/util/List;)V 36.47 36.47 36.47 36.47 36.47 36.47 36.47 36.47 36.47 36.47 36.47
101 ConfigurationHandler.saveDefault(Z)Z 57.14 57.14 35.71 71.43 0.00 16.67 0.00 57.14 57.14 30.95
Translator.getName
W | lome/Strings) Liava,/lang/String: 88.24  88.24 88.24 88.24 88.24 8824 88.24 88.24 88.24  88.24 88.24
BasicLinkButtonUl.createUI
283 (Ljavax/swing/JComponent;) 100 100 100 100 100 100 100 100 100 100 100
Ljavax/swing/plaf/ComponentUI;
ContextActionFactoryManager.getFactories
286 (Ljava/util/Collection; 100 0 100 0 100 0 0 0 0 0
N ProjectActionsjumpToD‘i‘agramShowing ,W
B00 | (il stV 0 5.08 0 0 0 0 0 5.08 0 0
P TargetManager.getInstance() . N .
318 Lorg/argouml/ui/targetmanager/TargetManager 100 0 100 0 100 0 0 0 0 0
GeneratorHelper.generate
(Lorg/argouml/uml/generator/Language;
385 | e/ ObjoetsZy 0 100 0 0 0 0 0 0 0 0
Ljava/util/Collection;
430 AwtExceptionHandler.<clinit>()V 85.09 85.09 85.09 85.09 85.09 85.09 85.09 85.09 85.09 85.09 85.09
431 Tools.logVersionInfo()V 95 95 95 95 95 95 95 95 95 95 95
432 AwtExceptionHandler.<clinit>()V 100 100 100 100 100 100 100 100 100 100 100
433 AwtExceptionHandler.registerExceptionHandler()V 100 100 100 100 100 100 100 100 100 100 100
Amount of covered methods 383 398 396 378 398 380 384 377 385 351
Average coverage 94.12 93.47 93.91 94.32 94.17 94.34 94.57 94.10 94.26 94.12
Minimum coverage 7.14 5.08 7.14 10.26 7.14 10.26 10.26 5.08 10.26 10.26
Maximum coverage 100 100 100 100 100 100 100 100 100 100
433 113
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420
390
360
330
wv
a . .
g 200 We carried out the FES— AT} to obtain data that
=
= e ey .
5 240 would allow us to carry out an initial evaluation of
o 210
o o 7.
£ 180 OPDule, providing answers to the defined research
>
150
2 . .. .
S 120 questions. We asked participants in the FES—AT
90
s to perform the same task through the SUT. By
30 . ..
0 requesting the same task from the participants,
pos pos po7 pos pos pio Al we induce the participants to similar operational
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Figure 7: Number of methods covered by partic-
ipants

sults shown in Figure 7 and the coverage varia-
tions for the same method by test cases generated
by different participants show that a test strategy
based on test suites obtained from different SOP
contributes to increasing the number of tested
units and expanding the coverage of the tested
units. This evidence answers research question

RQs.

profiles of the software. Using the OPDale from
the SUT operation in a production environment,
without restrictions on the operation to be per-
formed, we would have more parts of the SUT
tested. We are aware of this situation, but we
emphasize that even inducing similar operational
profiles, we obtained satisfactory results about re-
search question RQ)3. OPDxle tries to collect any
data types and generate abstract test cases from
them. However, just as an exhaustive test activ-
ity is impractical, it becomes difficult to predict
and handle all combinations of characteristics as-
sociated with software submitted to OPDule, such
as operating environments, applied technologies,
and architectures. These characteristics can im-
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pact the effectiveness of OPDule in dynamically
collecting data.

We performed an initial evaluation of the
OPDxle tool based on the results obtained when
using it in a software product. However, the focus
of this paper is on the “Feasibility Study” phase
of the methodology applied. Our purpose was to
investigate whether OPIkile would generate the
ATC's and derive the RUTC's from them. Then,
we provided answers to the defined research ques-
tions with the generated data. Given the re-
sults presented in this paper, the “Observational
Study” phase progresses, in which we are inves-
tigating the use of the tool in different software
products.

8 Lessons Learned

First of all, it important to mention that OPDale
is still a prototype and does not yet implements
all the optimizations we intend to have.

In this way, depending on the volume of data to
be collected, we have found that dynamically col-
lecting this data can be costly for the software to
operate, mainly due to the intensive input/output
operations to persist the atc files. Even with
some limitations that will be improved in a future
version, by defining a strategy on which methods
will be monitored makes the software operation
feasible for users in a production environment.
Thus, we must evaluate the cost-benefit ratio.

We also found that developing an automated
tool for generating executable test cases is not a
trivial task. These tools address many aspects re-
lated to software complexity, technology, and ar-
chitecture that influence their generation strate-
gies. Thus, each tool can approach the genera-
tion of executable test cases from different per-
spectives and principles, i.e., they have specific
purposes. The results presented in our previous
studies [Cavamura Jr. et al., 2020b, Cavamura
et al., 2020] and the results presented in this pa-
per show us that a strategy based on a set of tools
with specific and differentiated purposes can in-
crease the quality of the tested software.

9 Future Works

We presented in this paper the initial evaluates’
results of OPDxle. As described in Section 6,
our strategy was to generate a set of abstract
test cases (AIUsg;s) for each participant, com-
posed by selecting an AT'C' by the method of in-
terest from the ATC's generated for the respec-
tive method. Then, we generate the RUTC's test
cases from each participant’s generated abstract
test cases. We are working on additional analysis
to investigate the impact on code coverage pro-
vided by using different test data instances in the
same RUTC, i.e., analyzing the results obtained
by OPDile, using all ATCs generated for each
method of interest.

We are also analyzing the failing RUTC's and
the test cases classified as inactive by OPIkle.
This analysis will allow us to add knowledge to
OPDile to handle these situations and to gener-
ate more effective RUTC's. For example, OPDule
Oracle deals with the private methods specified
in ATC's, but RUTC's (JUnit) cannot execute
it. Therefore, OPlxile generates unit test cases
classifying them as inactive. We are working so
that OPDxile can also generate executable inte-
gration test cases using test data generated from
dynamically collected SOP data. Thus, OPDudle
will identify the execution path and the test data
needed so that the test case can exercise the pri-
vate method indirectly, via a public method.

We are also working for the OPDdle to gen-
erate the executable test cases online, right af-
ter the respective AT'C' is generated. The idea is
that OPDudle checks at SUT runtime if there are
enough RUTC's for the processed method of in-
terest. In addition, we are defining criteria such
as code coverage to determine whether existing
test cases are sufficient or not.

We also intend to allow the user to indicate if
a given execution ends with a failure or success.
Based on this information, we can figure out the
set of methods involved in a failed execution and
use such information to prioritize methods to be
analyzed or to price a failure based on the number
of affected uses which indicate it.
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10 Conclusions

This paper presented the OPDile tool and the
results obtained from an initial evaluation of its
objectives’ effectiveness. The results provided an-
swers to the defined research questions, stating:
a) OPDdIe was able to automatically generate ex-
ecutable test cases using real test data extracted
from the SOP; b) the automatically generated
runnable test cases provide the coverage for the
respective tested units satisfactory; c) a test strat-
egy based on test suites obtained from different
SOP contribute to expanding the coverage of the
tested units. The answers to the research ques-
tions provide the expected contributions to this
work showing that OPIxile can support to soft-
ware testing activity providing: a) a set of ini-
tial executable test cases based on the SOP if the
SUT does not have it; b) an extension of the ex-
isting test case set by adding executable test cases
generated from SOP; c¢) the possibility of specify-
ing at the method level the parts of the software
for which test cases will be generated; d) support
testers by providing the specification of test cases
for the methods of interest.

We know that high levels of coverage do not
necessarily indicate that a test set is effective on
detecting faults [Inozemtseva and Holmes, 2014].
However, our previous work indicates that a good
test set is the one with good coverage of the
software parts related to the SOP [Cavamura Jr.
et al., 2020b]. Therefore the OPDaTe provide
support to build a good test set and also to reduce
the possible mismatch between the SOP and test
profile. The OPxile also contributes to a decrease
the costs associated to the specification, project
and development of test cases since the test cases
are automatically generated and are based on real
data extracted from SOP.
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Capitulo 7

Conclusao, Trabalhos Futuros e

Licoes Aprendidas

Este capitulo apresenta as conclusoes obtidas com esta tese e ressalta uma lista
de trabalhos futuros que ainda podem ser desenvolvidos a partir da mesma. As

ligoes aprendidas também sao apresentadas neste capitulo.

7.1 Conclusao

O problema de pesquisa abordado nesta tese refere-se ao descompasso entre o POS
e as partes testadas do software. A pesquisa realizada obteve evidéncias que permitem

concluir que:

a) h4a variagoes significativas na maneira como os usudrios operam o software mesmo

quando realizam uma mesma operagao;

b) existe um descompasso entre o POS e o perfil de teste e que falhas podem ocorrer

nas partes do POS nao testadas;

c) uma estratégia de teste baseada na unido de um conjunto de teste existente com
um conjunto de teste gerado automaticamente por uma ferramenta geradora de
dados de teste diminuiu o possivel descompasso entre o POS e as partes testadas

do software, porém, nao foi capaz de evitar o descompasso;

d) a ferramenta OPDdle permite, por meio da sua parametrizagao, identificar, em nivel
de método, a frequéncia de execuc¢ao das partes do software discriminadas na sua

parametrizacao para serem monitoradas e terem casos de teste abstratos gerados;
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e) a ferramenta OPDle pode contribuir para diminuir o descompasso pois gera casos
de teste de unidade executaveis, em nivel de método, para as partes do software
discriminadas na parametrizacdo da ferramenta, as quais podem corresponder as

partes do POS nao testadas.

Por meio dos resultados obtidos pelo mapeamento sistematico e pela revisao sistema-
tica da literatura, verificou-se que o POS é pouco explorado em outras areas de pesquisa
da engenharia de software. Assim, o POS pode ser explorado pelos pesquisadores para
prover contribuigoes a essas areas de pesquisa.

Além das evidéncias obtidas sobre o problema de pesquisa tratado nesta tese, sao

também contribuigoes desta pesquisa:

a) mapeamento sistematico e revisao sistemética da literatura que investigam o uso do

Perfil Operacional do Software;

b) projeto e implementagao da ferramenta OPDvle juntamente com uma avaliagao ini-

cial referente a sua eficacia.

Os resultados obtidos pela pesquisa e as respectivas contribui¢oes geradas evidenciam
a relevancia do POS ao teste de software, independentemente da estratégia de teste
adotada. Assim, o POS alinha essas estratégias ao uso operacional do software, ou seja,

faz com que estejam em consonancia com as necessidades dos usuarios.

7.2 Trabalhos Futuros

A partir das evidéncias e resultados apresentados nesta tese por meio das publica-
¢oes realizadas, foi possivel identificar as seguintes propostas de pesquisa diretamente

relacionadas ao tema abordado pela tese:

1. Investigar o uso do POS como um critério de priorizagdo para que, dado um con-
junto de falhas, permitir identificar aquelas que causam o impacto mais significativo
na experiéncia dos usuarios ao operar o software, e assim considerar tal impacto na

precificagdo da correcao dessas falhas.

2. Investigar se ha variacoes significativas nos resultados providos por um mesmo con-
junto de casos de teste quando diferentes instancias dos dados de teste sao obtidas
de diferentes POS, permitindo, assim, avaliar se diferentes dados de teste extrai-
dos diretamente da operagao do software pelos usuarios podem prover variagoes

significativas nos resultados fornecidos por um mesmo conjunto de casos de teste.
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3. Por meio da ferramenta WarningsFiz (CAVAMURA et al., 2020), investigar os
tipos de warnings ou combinagoes de tipos de warnings que podem estabelecer
diretrizes para realizar a analise dinamica, ou seja, compor um critério de priorizagao
para realizar as atividades de teste propondo uma estratégia que combine a anélise
estatica e dindmica e, assim, verificar se pode existir uma relacao entre o POS e o

perfil de teste com os tipos de warnings ou combinagoes de tipos de warnings.

Novas funcionalidades estao sendo analisadas e especificadas para serem integradas a

ferramenta OPDxileermitindo que a ferramenta possa:

1. Gerar dos casos de teste executdveis durante a execugao do software sob teste, logo
apos o respectivo caso de teste abstrato ser gerado. A ideia é que a ferramenta
OPDxleere os casos de teste executaveis enquanto nao tenham sido gerados casos de
teste suficientes para o método de interesse monitorado. Os critérios que determi-
nam se os casos de teste gerados sao suficientes, como por exemplo a cobertura de

c6digo provida por eles, estao sendo analisados.

2. Gerar de casos de teste de integracao executdveis. A ferramenta ira identificar ca-
minhos de execucgao e dados de teste que permitam gerar casos de teste executaveis

que consigam exercitar métodos de interesse cujo escopo ¢é privado.

3. Melhorar a eficiéncia, precisdo e capacidade de coleta de dados do perfil operacional.
As bibliotecas utilizadas para monitoramento do software e que viabilizam a coleta
dos dados do perfil operacional apresentam limitagoes que, acredita-se, possam ser
superadas. Para isso, com base nos dados coletados dos tipos de erros identificados,
pretende-se realizar uma andlise qualitativa das bibliotecas sugerindo ou até mesmo

implementando melhorias.

4. Oferecer uma estratégia de minimizagdo de conjunto de teste com base no POS.
Diversas execugoes do software por parte de um mesmo usudrio ou de usuarios com
perfis operacionais semelhantes podem produzir uma grande quantidade de casos
de teste referentes a mesma area do produto de software e, desse modo, estraté-
gias de minimizacao de conjuntos de teste podem ser aplicadas para selecionar um

subconjunto dos testes mantendo as caracteristicas fundamentais do POS' desejado.

7.3 Licoes aprendidas

Por ser decorrente da manifestacdo do carater criativo do intelecto humano (ASSESC,
2012), o software é mutével e evolutivo. Adicionalmente, o software pode ser desenvolvido
sob os mais variados padroes de projeto, arquiteturas, tecnologias e plataformas. Essas

caracteristicas, além das limitacoes de tecnologia inerentes ao uso da meta programacao,
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tornam o desenvolvimento de ferramentas computacionais, capazes de gerar programas
executaveis e coletar dados dinamicamente de outros softwares, uma atividade desafiadora
uma vez que softwares desenvolvidos sob as mais variadas caracteristicas podem ser sub-
metidos a essas ferramentas. Assim, o desenvolvimento de ferramentas computacionais
nao é trivial.

Os experimentos, realizados durante a pesquisa, forneceram indicios que tais ferramen-
tas possuem caracteristicas e abordagens especificas. Com base nesses indicios, é possivel
que uma estratégia baseada no uso de diferentes ferramentas computacionais, que te-
nham um mesmo propésito, possa estender os resultados obtidos por cada ferramenta
individualmente.

Cada resultado pode prover um complemento aos demais resultados, gerando um con-
junto resultante maior que cada resultado individualmente. Embora essa estratégia possa
prover contribui¢des, uma analise da viabilidade do uso de diferentes ferramentas é reco-
mendada, uma vez que essas ferramentas podem gerar também resultados redundantes,
demandar tempo de processamento e requerer esfor¢o da equipe de desenvolvimento re-
ferente ao estudo e treinamento dessas ferramentas.

Sobre o POS, a identificacao do POS e a coleta de dados dinamicamente por meio de
instrumentagao pode afetar o desempenho do software e produzir um grande volume de
dados dependendo do nivel de fragmentacao adotado. No entanto, as informagoes obtidas
sobre o POS podem contribuir para melhorar o teste de software independentemente da

estratégia adotada.
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