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Abstract  

 

Introduction: The purpose of Experimental Software Engineering is to ensure the quality of the development process in search of 

better technological products.  

Objective: To design a model for the quality assurance of functional and non-functional requirements in software development 

projects. When applied by companies in Pereira, Colombia, the proposed model is expected to enhance the quality of software 

products. 

Methodology: This study adopts an explanatory and incremental approach to define the properties and characteristics of process 

analysis related to the quality assurance of functional and non-functional requirements in Software Projects (SP). The research is 

grounded in the state of heart methods for software quality assurance 

Results: The Quality Assurance model for requirements was designed by evaluating the experimental process presented in this study. 

The project facilitated the development of new alternatives for higher quality processes in the early phases of software development, 

which, in turn, leads to the creation of superior software products 

Conclusions: It is possible to find alternatives to improve the software development process without requiring high financial 

investments in specialized human talent. This is achieved by experimentation in software engineering or, in other words, experimental 

software engineering, through processes that are fine-tuned considering both the size of the producing organizations and the 

capabilities of the human talent. 

 

Key Words 

 
Software Engineering Experimentation; Industry 4.0; Software Quality Assurance; SQA; Software Experimentation. 

 

Resumen  

 

Introducción: El propósito de la Ingeniería de Software Experimental es asegurar la calidad del proceso de desarrollo en la búsqueda 

de mejores productos tecnológicos. 

Objetivo: Diseñar un modelo para el aseguramiento de la calidad de los requisitos funcionales y no funcionales en proyectos de 

software. Al ser aplicado por empresas de la ciudad de Pereira, Colombia, se espera que el modelo fomente la calidad de los productos 

de software. 

Metodología: El estudio propuesto es de carácter explicativo e incremental, y busca precisar las propiedades y características del 

análisis de procesos relacionados con el aseguramiento de la calidad de requerimientos funcionales y no funcionales en Software de 

Proyecto (SP) a partir del estado del arte del aseguramiento de la calidad de software. 

Resultados: Se diseñó el modelo de Aseguramiento de Calidad de los requerimientos y se puso a prueba el proceso experimental 

expuesto en este trabajo. El proyecto permitió generar nuevas alternativas para procesos de mayor calidad en las fases tempranas del 

desarrollo de software, lo que a su vez conduce a la construcción de mejores productos de software. 

Conclusiones: Es posible encontrar alternativas para mejorar el proceso de desarrollo de software sin requerir de altas inversiones 

financieras en talento humano especializado. Esto se logra mediante la experimentación en ingeniería de software o, en otras palabras, 

ingeniería de software experimental, mediante procesos que se afinan teniendo en cuenta tanto el tamaño de las organizaciones 

productoras como las capacidades del talento humano. 

 

Palabras Clave 

 

Software Engineering Experimentation; Industry 4.0; Software Quality Assurance; SQA; Software Experimentation.

 

 

I. INTRODUCTION 

Industry 4.0, structured in a broad dimension by software products, will impact society by improving the 

development process of new products and services.  This article is the result of the Research Project “Automated Model 

for Quality Assurance of Requirements in Software Projects” formulated and developed by Higher Education 

Institutions in Colombia and Mexico according to the authors’ affiliations, between the years 2017 and 2019. The 

objective of this project is to achieve a model that impacts quality assurance in the software development process, 

particularly, in the requirements management phase, so that time, cost and quality may be fostered in the local industry. 

 

As a guiding hypothesis, it was considered that if the level of quality - quality assurance mentioned above - in the 

requirements of software development projects is increased, consequently the efficiency in the other phases of 

development and, consequently, the quality of the final software product should also be improved [1]. Additionally, in 

the case at hand, better inputs, represented in devices and applications, for the software industry, were achieved.  

 

All this, framed in the improvement of software processes, as a broad field of study in the discipline of Software 

Engineering and, as a specific field, the quality assurance of requirements elicitation. 

 

Currently, software becomes the heart of thousands of devices that are “part of the enabling components of the 

industry 4.0 [2].  Considering this important role of software, it becomes of special interest for those who are part of this 
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industry to incorporate good practices that obey high quality criteria in the improvement of software processes that are 

embedded in these devices and networks [3]. 

 

This report is structured as follows: a brief introduction to contextualize the theoretical foundation that accompanied 

the research and, subsequently, everything related to the research methodology, the project's own experimentation and 

the conclusions by way of discussion. 

 

II. THEORETICAL BACKGROUND 

Producing good software is very difficult, very expensive and necessary for the development of all societies [4]. 

For this reason, in the 1960's the concept of Software Engineering was coined as a discipline and, since then, people and 

companies that are dedicated to the construction of software have the goal of applying Software Engineering [5] to 

achieve quality processes and products. Therefore, since a special purpose of Industry 4.0 is to incorporate digital 

technologies and enablers to the industry [6] and many of these are represented in software, it is necessary to pay 

particular attention to concepts such as: Industry 4.0, Software Engineering, Quality, Software Quality Assurance (SQA) 

and Requirements Quality Assurance (RQA). 

A. Software Engineering  

The term Industry 4.0, also known as i4.0, represents the fourth industrial revolution, defined as a new level of 

organization and control over the entire value chain of the product life cycle [7], [8]. New technologies in the field of 

data acquisition, sensors technology, the Industrial Internet of Things (IIoT), storage, cloud computing and machine 

learning allows to develop cyber-physical production systems (CPPS), which are often referred to as Industry 4.0 [9]. 

 

Therefore, the incorporation of technologies into the industry will provide great benefits, generating profound 

transformations in people's lives and impacting the economic and social sectors; but will also present enormous 

challenges for the industry and the government. The software industry, being responsible for the support of these 

technologies, should be the first to improve its products and processes [7]. In this sense, and in response to this call for 

process improvement, experimentation in the quest to improve the software development that is part of all these 

technologies mentioned above, is a key element in the development of the software. 

 

B. Quality 

There are multiple definitions of Quality, some of these definitions are included, Quality is "a predictable degree of 

uniformity and reliability at low cost, appropriate to market needs" [10]. "Quality is compliance with requirements" 

[11], "Quality is adequacy for customer use" [12]. “Set of properties and characteristics of a product, process or service 

that confer its suitability to satisfy stated or implied needs" [13], also presented as the "degree to which a set of inherent 

characteristics of a product, process or service meets requirements", understood as an "established need or expectation, 

usually implicit or mandatory " [13].  

However, in more specific terms related to software development, definitions such as: "Degree to which a set of 

inherent characteristics of an object complies with the requirements” [14], [15] or “Extent to which a software product 

satisfies stated and implied needs when used under specific conditions” [16] have been more accepted. 

C. SQA 

Software Quality Assurance, SQA, as a sub-discipline of Software Engineering [17], provides assurance that the 

products and processes in the project life cycle meet their specified requirements by planning, enacting and carrying out 

a set of activities of sufficient confidence, and indicating the quality that lies in the software [5]. 

In this sense, the quality of the product, together with the quality of the process, is one of the most important aspects 

in software development today, so much that new standards have appeared recently, such as the ISO/IEC 25000 family 

of standards, which provides a guide for the use of the new series of international standards called Software Product 

Quality Requirements and Evaluation (SQuaRE) [18].  

Taking the concept to the context of Software Engineering, SQA, is understood as the way to adopt good practices in 

the development process (internal quality variables) and for the product (external quality variables) [17].  
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D. Requirements Quality Assurance 

The requirements for software development represent a fundamental part in the achievement of quality software, 

which are studied by recognized authors in the field as [19] and [20], among others, so much so that there is a discipline 

called requirements engineering (RE). Likewise, authors such as [21] consider that everything related to requirements 

is part of an entire domain called Requirements Engineering, which is divided into Development and Management. 

On the other hand, Requirements Quality Assurance (RQA) is understood as the set of tools and best practices that 

provide the assurance that the products and processes related to the definition of a problem to be solved with new or 

modified software comply with what was previously specified in order to generate the necessary confidence that leads 

them to be considered as high-quality [22]. 

Accordingly, RQA can be considered as a sub-discipline of SQA that aims, through the application of good software 

engineering and requirements engineering practices, to ensure the quality of software projects from the early stages of 

the development life cycle through proper requirements development and management.  

III. METHODOLOGICAL DEVELOPMENT  

The work described in this paper was focused on the inductive research method and classified in two sections. The 

first one, to determine the key elements of software development that the existing quality models contemplate and the 

way they focus on requirements management. This is achieved by documenting the state of the art available in the world 

literature. It is also complemented with an instrument that inquires on quality in the development process and in the 

software product, to the Small and Medium-Sized Enterprises (SMEs) sector dedicated to software construction [23]. 

The second section, focused on the construction of the requirements quality assurance model in software projects and 

the evaluation and validation of the requirements through a primary method to obtain empirical evidence through an 

experiment of the application of the model to a group of students, professionals and companies in the software industry, 

allowing for the comparison, with the use of some data collection instruments, of the way in which the quality assurance 

of requirements is currently carried out and how it would result with the application of new models [24]. 

Regarding the research design, it is a mixed study with a quantitative and qualitative approach, quasi-experimental, 

among other things, as the sample was determined by convenience due to the difficulty of accessing some elements of 

the population, given the secrecy and confidentiality of the information that software development companies have.  

With the explanatory purpose in the experimental order [24], it is sought to specify the characteristics of the software 

process analysis related to the quality assurance of functional and non-functional requirements. 

IV. SOFTWARE ENGINEERING EXPERIMENTATION 

When there is a need to test an idea, evaluate a new or existing model in software engineering through a rigorous 

scientific process, the following methods are typically used: scientific, engineering, analytical and empirical [25].   

Scientists in software engineering research processes have made efforts to systematically analyze the results of 

empirical studies in recent years and have identified the lack of sound statistical methods [26] that would allow them to 

have greater validity in their experimentation processes or, in their case, incorrect interpretations due to the inadequate 

use of statistical assumptions with the results obtained. 

Therefore, while some products allow for the identification and correction of anomalies during the manufacturing 

process without significantly altering the final result, for the software development process it is necessary to discover, 

analyze, document and verify the constraints, all in the context of the requirements, i.e. in the early stages of the 

development process [27]. 

V. THE EXPERIMENT IN THE RESEARCH PROJECT 

Following is the formulation and deployment of the experiment for the evaluation of an automated requirements 

quality assurance model to support the enhancement of the digital enabler development process in the I4.0. 
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A. Scope definition 

Fig. 1, which contains the Level 0 Context Diagram of the CHAMI model, it shows how project requirements are 

managed from the interaction that the system performs with users and companies. This is a basic form of operation that 

takes place at different levels. 

 

 
Fig. 1 Level 0 Context Diagram of the CHAMI model. 

The purpose of the experiment is to verify and validate the impact generated in SMEs by having the support and use 

of a technological model called CHAMI [28], which aims to ensure the quality of the requirements in the early stages 

of software development. 

For this reason, the following objective of the experiment has been proposed, using the GQM (Goal, Question, and 

Metric) methodology [29]: to analyze and evaluate the automated model of quality assurance of the requirements in the 

initial stage of elicitation, specification of requirements contemplating management models that allow to increase the 

quality in software development from the perspective of time and cost optimization, applying tests called Pretest 

(without the model), Posttest A (with the model and support instrument) and Posttest B (with the automated model). 

B. Planification 

This section describes the context of the experiment in order to explain the differences that occur when applying a 

requirements quality assurance model. 

The purpose of the experiment was to evaluate the efficiency and effectiveness of the requirements quality assurance 

model in the initial phase of a software project in requirements education/discovery, specification and evaluation. 

The defined perspective was related to the valuation of the requirements quality assurance model from the research 

point of view, i.e. to determine if there is a significant difference with its incorporation or not, in the initial phase of 

requirements. 

Quality approach. The effect to be studied in the experiment comprises the following items: 

• Total efficiency of the requirement: (Er) of the education/discovery of the requirement which consists of evaluating 

the time used to identify the requirement, by performing the total sum of time used in the process. 

• Negative effectiveness:  Consists in the identification of failures found for functional requirements (FRs) from the 

following classification: ambiguous, without behavior, inconsistent, or without identification of objects and actions. 

• Positive effectiveness: consists of the correct identification for the functional requirements which contemplates 1) 

the problem domain contemplated when defining an object, a function or a state 2) limit or control the actions of the 

object, function or state and 3 the measurement of a is performed according to the formula proposed in [30], according 

to the following equation. Eq. (1).: 

Efectiveness = (Nconcepts + Nprocesses + Nrequirements) / (totalelements). (1) 

For this purpose, a set of SMEs has been contemplated through a non-probabilistic sampling as mentioned in section 

3.2. 
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Formulation of the hypothesis of the experiment. For the purpose of this article, only the hypothesis associated with 

the time variable will be addressed; the others are the object of study of other works resulting from the research project. 

In this sense, we will work as follows: 

• H0: There is no significant difference in the decrease of time in the adaptation of a requirements quality assurance 

model in the initial phase of a software project 

• H1: There is a significant difference in the decrease of time in the adaptation of a requirements quality assurance 

model in the initial phase of a software project. 

Variable selection. For this experiment, the independent variable has been determined as the requirements quality 

assurance model (M) and three dependent variables which are the total time (T) required to manage a requirement in the 

processes of education, elicitation and specification of the requirement within a problem domain or project to be 

analyzed, the cost (C) of the resources needed to manage a valid or defective requirement and the quality (Q) of the 

resulting requirement [31].  

Their values and behaviors will be attributes that depend on the resulting model. There is one qualitative independent 

variable and three dependent variables, one of which is qualitative and the other two quantitative, as shown in Table 1. 

Subject selection. Three types of study subjects in three different roles were considered for the experiment: R1 for 

students of careers related to software engineering, R2 for professionals in the discipline and R3 for experts within the 

software industry, which were selected through the technique by convenience and randomly defined and grouped into 

teams of two people in a similar assignment project in the works of [32]. 

Table 1.  Research variables 

Type Operationalization Categories or operationalization attributes 

Independent Qualitative 

Quality assurance model for functional 

and non-functional requirements, called 

for practical purposes CHAMI MODEL. 

A1: Education 

A2: Specification 

A3: Documentation 

A4: Evaluation 

A5: Automation 

A6: Output Models 

Dependent Qualitative 

Quality Variable. Understood as “the 

degree to which a system, component or 

process meets specified requirements and 

the needs or expectations of the customer 

or user” [32].  The variable will be 

assigned categories of attributes that will 

allow the assurance of the requirements at 

the beginning of the software projects. 

A1: Education 

A2: Specification 

A3: Documentation 

A4: Evaluation 

A5: Automation 

A6: Output Models 

Dependent Quantitative 

Time variable. Understood as the 

time expressed in minutes that a person or 

a work team takes to manage a 

requirement from the moment it receives 

a written statement from the user or client 

until it is released for the next phase of 

software development to continue. 

 

Dependent Quantitative 

Cost Variable. Understood as the 

quantitative valuation in Mexican pesos 

given to the work carried out to manage a 

requirement in the context of the software 

development process from the moment 

the written statement is received from the 

user or client until it is released to 

continue the next phase of software 

development. 
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C. Experimental design 

First, the projects or experimental units to be assigned to each subject or group of subjects were defined for random 

assignment. These experimental units were represented in six project versions (PR) in the form of case studies that 

simulated a small to medium sized project in the industry.  

The experimental design is simple, with a single factor that contemplates two levels (with model and without model) 

and three treatments (Pretest, PosttestA and PosttestB) with participation of inter-subjects with a control block and 

unbalanced balancing due to the fact that treatments were applied for convenience according to the purpose of analysis 

intended to validate the impact of the model on the study variables and therefore a set of cases was designed, 

incorporating a control group (c1) as shown in Table 2. 

Table 2. Cases applied to treatments 

Cod_Treatment Description 

c1 No effect same experimental unit 

c2 Same experimental unit pretest to posttest A 

c3 Same experimental unit pretest to posttest B 

c4 Change of experimental unit and of pretest to posttest A 

c5 Change of experimental unit and of pretest to posttest B 

 

The application of the treatments was constructed by randomly assigning the study subjects, the first one being a 

Pretest for all the subjects participating in the experiment process; an unbalanced design was considered in the Posttest 

A and Posttest B treatments, in each of these it is identified whether it is a student, professional or control group, the 

project assigned to each subject was randomized. 

Instrumentation. Eight instruments were designed to support the entire experimentation process, collecting 

information related to: consent to participate, visual explanation of the experiment and its purpose, diagnosis of the 

knowledge of the participants in experimentation and in requirements, information related to the management of the 

requirements, collection of the times of each requirement in each Pretest and Posttest treatment and, finally, the 

instruments required for a group of experts to evaluate and validate the design of the experiment and the results obtained 

in the different treatments.  

Evaluation of validity. According to the way the sample was selected, using a non-probabilistic sampling by 

convenience, it is not possible to perform an external validation, in other words, to make a statistical inference; However, 

the results of the experiments applied to heterogeneously formed control groups allow us to verify the internal validity, 

since there is statistical evidence that shows a significant difference between the times measured by the research, as 

shown in Table 3 and Table 4 and Figure 4, which allows an extrapolation to the study population due to the similarity 

of the characteristics of the projects that were selected for the experiment with those that MIPYMES normally work 

with. 

D. Operation and data recollection 

1. Preparation. In order to carry out the experiment, SMEs from the coffee axis, independent professionals 

with experience in software development and undergraduate students, in their last semester from three 

Higher Education Institutions that have programs in which software engineering is present, were invited.  

Finally, a group of 30 participants organized into 15 teams was formed. 

2. Execution. The experimentation process was carried out in two stages, the first one called pretest A, where 

each team is assigned a software development project, the second stage called Posttest A and B, where 9 

groups are assigned the Posttest A, in this case it is the same project that had been initially assigned and the 

other 6 groups are assigned the Posttest B, which consists of assigning a different project to the one 

assigned in the pretest A. In total the experiment was implemented with 6 projects, but with the same level 

of complexity, to be developed, initially without a predetermined model and then with the model proposed 

by the researchers; all teams performed the two treatments, according to the instructions of the researchers 

and the respective times were taken. 
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3. Results. A graphical analysis of the collected data is performed indicating that we have a mean µ= 32.9 

minutes with a standard deviation σ = 11,2, in Figure 2a we can observe a normal trend in the data, as well 

as in Figure 2b when applying a smoothed density chart. 

 

 
Figures 2a - 2b Graphic tests for normality 

 

To supplement the analysis, a QQ theoretical quantile graph of the total minutes of test 3a, and the normality deviation 

in the QQ 3b graph, which confirms the normality of the data, were performed. 

 

 
Figures 3a - 3b Graphic test for normality 

 

For the homoscedasticity test or homogeneity of variance test, the Levene test was performed, where the hypothesis that 

the variance of Total time within each of the 3 levels of TestN is the same is evaluated, the p-value = 0.717319 > 0.10, 

therefore, it can be concluded that there is no significant statistical difference between the standard deviations of the 

data at 90% confidence level, as shown in Fig. 4. 

 

 Test P-value 

Levene's 0.336357 0.717319 
Fig. 4 homoscedasticity test at 90% confidence level 

 

With the test performed we can conclude that the data come from a normal distribution, therefore we can work with 

parametric data through an analysis of variance (ANOVA), the results can be seen in Table 3 and Table 4. Applying 

then an analysis of variance, it is concluded that there is a significant difference in the average time, for at least one of 

the treatments or groups, since the F value is greater than the critical value of F. On the other hand, it can be evident that 

the lowest mean time to perform the experiment was when Posttest A was applied, followed by Posttest B. The highest 

average time is given in the groups when applying Pretest A, however it is necessary to verify through another statistical 

process which treatment or treatments have this significant difference. 

 
Table 3. Summary analysis of variance by type of test 

Groups Count Sum Mean         Variance 

Pretest A 15 600 40,0 72,6 

Posttest A 9 212 23,6 85,3 

Posttest B 6 174 29,0 58,0 
 

Table 4. ANOVA for time by type of test 95% confidence level 

Origin of variations Sum of squares Degrees of freedom Mean squares F Prob. Critical value for F 

Between groups 1633,24 2 816,62 11,09 0,00031 3,35 

Within groups 1988,22 27 73,64    
Total 3621,47 29     
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Performing the analysis of the box plot, for the times employed in the execution of the software projects without using 

a requirements quality assurance model and using it, as is the case in Pretest and Posttest, it can be observed that the 

mean time of posttest A is less than the mean time used for the realization of the projects developed in Pretest A, since 

it does not overlap. On the other hand, it cannot be concluded in the same way between the mean times of pretest A and 

Posttest B, nor between Posttest A and Posttest B, since there is an overlap between them; however, a difference can be 

noted in the mean for each of the treatments, with the highest mean for Pretest A, followed by Posttest B, see Fig. 5. 

 
Fig. 5 Box plot of time in minutes, to complete software projects 

 

Consequently, it can be concluded with a confidence level of 95% that there is a significant difference between the 

mean time for the completion of software projects when using a requirements quality assurance model versus when not 

using the model, which allows to significantly lower the time for the completion of software projects. 

 

VI. CONCLUSION 

If the Process Quality is equal to the product Quality [20]; that is to say, that an improvement in the first impacts 

positively on the second; then it is valid to conclude that by intervening in the improvement of the software process from 

the requirements management, and with an experimental engineering process, the quality of the process and product is 

impacted; in this case, increasing it; this, making use and appropriation of a requirements quality assurance model. Using 

the experimental process, it was possible to demonstrate that the use of the model through support templates for the 

tasks of education, elicitation and specification of a requirement was significant and leave a repository of these valid 

requirements within the context of a problem domain will allow to be reused to improve the good practices of software 

engineering as a discipline and to reduce costs for reprocessing in the industry [33]. 

The digital enablers that make I4.0 possible require pillars that ensure their quality and generate trust from users 

towards this industry [7].  Software Engineering is the discipline that supports the development of these enablers and, 

as a discipline, it must also transform itself from its foundations. The requirements quality assurance model provided 

significant knowledge to industry professionals to automate their tasks in requirements management by comparing their 

techniques used against those offered by the CHAMI model, as well as the need for training of human capital committed 

to software development. The experiment reflected the commitment of the participants to perform all the tasks they were 

instructed to do, and it also showed the importance of industry-university collaboration in the process of empirical and 

practical research when evaluating a new model. 

Experimentation processes in software engineering enrich the discipline from applied research and raise the level 

of quality assurance of software projects for SMEs that, commonly, cannot access large platforms in terms of physical 

infrastructure and human talent to achieve a product that generates confidence in the end user. The mixed participation 

of the subjects in the experimental process was enriched by combining experience from the perspective of the lone 

programmer, or minimum development team made up of at least 2 people or inexperienced students. Consequently, the 

adaptation process must contemplate a period of getting used to the tool and proficiency to optimize the results, a 

situation that was observed in the Posttest A tests with better mean times compared to Posttest B due to these factors. 

Software development would improve significantly by increasing quality assurance from early stages [1]. The 

experimental process showed the lack of a key component: training in the mastery of methods, techniques and tools for 

the stages of education, elicitation of requirements as an initial element to improve software quality and consequently, 

the digital enablers represented in software for the Industry 4.0 would result in more efficient products in order to make 

the final user experience more satisfactory and reliable [2]. It is possible that this type of assumptions is reached as 

conjectures or possible scenarios, but in this case, the research accompanies the conclusions with a statistical analysis 
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resulting from experimentation processes that allow improving the validity of the statements related to the possibility of 

increasing the quality of the development process. 

Finally, if a country like Colombia wants to be more competitive in the international order with an emerging industry 

such as 4.0 it should bet on improving its software application development processes by promoting specialized training 

processes to human capital that are part of SMEs and seeking to support, through economic incentives of sponsorship 

or tax relief, companies that promote improvement and increase their good practices in the production of such products, 

known as digital enablers 
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