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Abstract
Objectives. Ready-made information technology solutions used when developing software have various 
characteristics depending on  the objectives to  be experimentally obtained. While the selection of  appropriate 
technologies and software tools used in experimental software engineering can be time-consuming, experimental 
complexity can be reduced by providing the researcher with domain-specific tools. The aim of the study is to design 
and develop a domain-specific software framework for experimental evaluation of the characteristics of information 
technology solutions in a virtual environment.
Methods. To determine the required characteristics of  the software framework, an analysis of software tools for 
conducting experimental studies to  evaluate the characteristics of  information technology solutions in  a  virtual 
environment was conducted. Methods of decomposition, structural design, and software development were applied 
to design and develop the framework.
Results. A software framework for conducting experimental research has been developed. The design results, key 
features of the framework and a description of the functionality are presented. The implementation of the framework 
comprises commands for managing virtual machines and commands for scaffolding. A  technique for conducting 
experimental studies using the framework is proposed.
Conclusions. The developed domain-specific software framework addresses shortcomings of  existing tools 
to reduce labor costs when conducting experiments to evaluate information technology solutions. The developed 
framework and proposed methodology allows the number of  programming and markup languages required for 
setting up a software experiment to be reduced from 3 to 1.
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НАУЧНАЯ СТАТЬЯ

Программный фреймворк  
для экспериментальной оценки характеристик 

информационно-технологических решений 
в виртуальной среде

Д.Ю. Ильин @

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: i@dmitryilin.com

Резюме
Цель. При разработке программного обеспечения, как правило, применяются готовые информационно- 
технологические решения. Они обладают различными характеристиками, объективные данные о  которых 
можно получить экспериментально. Постановка корректного и  воспроизводимого эксперимента требует 
от  исследователя применения целого ряда разрозненных технологий и  программных инструментов, что 
делает задачу трудоемкой. Снизить трудоемкость постановки эксперимента возможно, предоставив ис-
следователю предметно-ориентированный инструментарий. Цель работы  – проектирование и  разработка 
предметно-ориентированного программного фреймворка для экспериментальной оценки характеристик 
информационно-технологических решений в виртуальной среде.
Методы. Для определения требуемых характеристик программного фреймворка проведен анализ 
программных инструментов проведения экспериментальных исследований по  оценке характеристик  
информационно-технологических решений в виртуальной среде. При проектировании и разработке фрейм-
ворка применены методы декомпозиции, структурного проектирования, разработки программного обеспе-
чения.
Результаты. Спроектирован и разработан программный фреймворк для экспериментальной оценки харак-
теристик информационно-технологических решений в виртуальной среде. Представлены результаты про-
ектирования, ключевые особенности фреймворка и программные технологии, примененные для разработ-
ки. Приведено описание функциональных возможностей фреймворка. Реализация фреймворка содержит  
12 команд для управления виртуальными машинами и 4 команды для скаффолдинга. Предложена методика 
проведения экспериментальных исследований с применением фреймворка.
Выводы. Проведенное исследование позволило идентифицировать недостатки применения существую-
щего инструментария, разработать предметно-ориентированный программный фреймворк и  предложить 
методику его использования, что может сократить трудозатраты при проведении экспериментов по оценке  
информационно-технологических решений в виртуальной среде. Фреймворк позволяет сократить количе-
ство языков программирования и  разметки, необходимых исследователю для постановки эксперимента, 
с 3 до 1.

Ключевые слова: программный фреймворк, виртуальные машины, экспериментальная оценка характери-
стик программного обеспечения, мониторинг вычислительных ресурсов, скаффолдинг
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INTRODUCTION

Software development is largely based on the 
integration of ready-made information technology 
solutions including software libraries, frameworks, 
database management systems or entire software 
products.

Integrated solutions may have different quality 
characteristics, including those evaluated under different 
operating conditions  [1–3]. The assessment of quality 
characteristics such as performance  [2–4] is especially 
important when designing systems that serve a large 
number of users. To do this, the considered information 
technology solutions or the result of their integration are 
tested experimentally [3–5]. As a rule, such experiments 
are carried out on a cloud infrastructure, although this 
is not always advisable. In some cases, the necessary 
infrastructure can be organized at the workstations [6, 7] 
of researchers. In both cases, the organization of 
the infrastructure requires the preparation of virtual 
machines or containers [8, 9], which allow information 
technology solutions to be evaluated in an isolated 
environment.

Researchers generally agree that the 
results of experimental assessments should be 
reproducible  [7,  10–13]. However, there are different 
approaches for ensuring reproducibility. In some works, 
the importance of detailed infrastructure documentation 
and experimental protocols [12] is noted; in others, tools 
are proposed for recording software actions at the level 
of system calls  [10, 11]. In some cases, infrastructure 
is not manually prepared but with organized using 
widely used DevOps1 technologies  [14–17]. These 
technologies have proven themselves, including for 
research purposes  [5, 18], as a means of ensuring the 
reproducibility of experiments. In addition, they can be 
used as part of pedagogical activities [19–21] to provide 
participants in the educational process with an identical 
working environment.

However, according to some studies, the 
implementation of a reproducible experiment requires 
the use of many software tools [10, 11], which requires 
additional knowledge and skills from the researcher. It is 
also noted that the use of such tools can increase labor 
costs when setting up experiments.

The present work is devoted to the analysis of 
tools used to implement infrastructure on researchers’ 
workstations and the development of a framework 
for conducting experimental studies to evaluate the 
characteristics of information technology solutions in a 
virtual environment.

1  DevOps is an acronym for development & operations—a set 
of practices for automating the technological processes of build-
ing, configuring, and deploying software.

To achieve this goal, it is necessary to:
•	 analyze the tasks for the researcher when setting 

up the experiment, as well as to determine the tools 
used to solve them;

•	 based on the analysis, prepare architectural solutions 
that define the key characteristics of the software 
framework;

•	 develop a framework corresponding to the subject 
area and architecture solutions, as well as present a 
methodology for its application.

TOOLS FOR CARRYING OUT EXPERIMENTS 
FOR ASSESSING INFORMATION TECHNOLOGY 

SOLUTIONS

Before proceeding to the development of a software 
framework, it is necessary to analyze the tasks for the 
researcher when setting up a reproducible experiment, 
as well as the tools used to solve them.

Although experimental studies for assessing the 
characteristics of information technology solutions can 
be conducted without using the software tools listed 
below, the feasibility of their use is justified.

The use of virtual machines (for example, using 
VirtualBox2  [9, 22]) makes it possible to conduct 
experiments using a smaller number of devices 
including conducting an experiment on a single 
physical device.

However, the virtual environment itself can 
take up a significant amount of disk space, making 
it difficult to transfer virtual machines between 
researchers. Moreover, the virtual environment does 
not provide tools for formally describing its own 
configuration or that of any virtual machines used. 
Thus, in post-factum descriptions of the experimental 
bench, there is a possibility that documenting errors 
will arise.

This can be compensated by using special tools 
for creating and configuring a virtual environment 
(for example, Vagrant3  [9, 22]). If the virtual 
machines are defined using the configuration tool, 
a formal description of the characteristics of the 
virtual bench can be determined even prior to its 
operation. Cloud configuration tools (for example, 
Ansible4  [22, 23]) can be used to manage the 
configuration of virtual machine software in a similar 
way. This “infrastructure as code” approach [14, 23] 
solves two identified problems: reducing the 
volume of the experimental bench when transferring 
between researchers and ensuring the reliability of 
experimental documentation.

2  https://www.virtualbox.org/. Accessed February 18, 2022.
3  https://www.vagrantup.com/. Accessed February 18, 2022.
4  https://www.ansible.com/. Accessed February 18, 2022.

https://www.virtualbox.org/
https://www.vagrantup.com/
https://www.ansible.com/
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However, such existing solutions to the described 
problems are not always sufficient for conducting 
experiments since the configuration of the virtual 
experimental bench does not always remain unchanged 
throughout the experiment. For example, restrictions on 
the utilization of computing resources may be required 
only at certain stages of the experiment. Since the 
above-described tools describe a static configuration, 
they cannot be used to change the characteristics of the 
bench.

A program-controlled experiment also requires a task 
manager (for example, Gulp5) that executes commands 
in a given order. Data collection tools are also important 
for monitoring the utilization of computing resources 
(for example, Atop6) and tools for preparing reports.

Summarizing the above, we can conclude that in 
order to conduct a well-documented program-controlled 
experiment in a virtual environment, it is necessary to 
prepare a virtual bench to solve the following tasks:

1)	design of the experimental study;
2)	preparation of a formal description of virtual 

machines;
3)	preparation of a formal description of virtual 

machine software configuration;
4)	installation of monitoring tools for resource 

utilization on each virtual machine (in addition to 3);
5)	preparation of research materials (IT solution, 

experimental data, etc.);
6)	development and debugging of the program code for 

managing the experiment;
7)	ensuring correct restrictions on resource utilization 

at various stages of the experiment;
8)	export of monitoring data and generation of a 

resource utilization report.
Fulfilling the above-mentioned conditions requires 

a researcher to know a large number of technologies 
and means of integrating them. The situation is also 
complicated by the fact that different technologies 
require knowledge of different programming languages 
and data markup. Table 1 shows a list of the technologies, 
as an example. It is important to note that knowledge of 
the listed technologies becomes mandatory.

Due to the significant list of tasks facing before the 
researcher, some of which are not solved by existing 
tools, it is necessary to design and develop a tool for: 

•	 describing the experiment in the form of software 
configurations;

•	 using specific software configurations at specific 
stages of the experiment;

•	 reducing the number of programming languages, 
data markup and information technologies required 
for the experiment.

5  https://gulpjs.com/. Accessed February 18, 2022.
6  https://www.atoptool.nl/. Accessed February 18, 2022.

Table 1. Example of a list of technologies required for 
conducting experiments in a virtual environment

Category Tool Language
(programming, markup)

Configuring virtual 
machines Vagrant Ruby7

Configuring Virtual 
Machine Software Ansible YAML8

Experiment 
management

Gulp, Shell 
script9 JavaScript10, Bash11

Report generation Gulp + EJS12+ 
Plotly.js13

JavaScript, HTML14, 
JSON15

Export monitoring 
data

Atop, Shell 
script Bash

FRAMEWORK DESIGN

In the process of designing the framework, an 
analysis of software requirements was carried out 
and a software architecture that meets the specified 
requirements was formed.

Since the configuration of a virtual machine and its 
software parameters are described statically, they can be 
specified using semi-structured formats. Such a format 
should be easy to read and edit, so it is suggested to 
use the YAML markup language. This language is used 
in the Ansible system for configuring virtual machine 
software and is familiar to researchers. Instead of using 
a general-purpose programming language, the algorithm 
for executing automated tasks can also be specified 
declaratively in YAML.

It is understood that the experimental framework will 
compile YAML source files into target configurations 
(for example, the configuration for the Vagrant tool in 
Ruby), and will contain a built-in task automation tool. 
Thus, the researcher, instead of using three different 
languages to configure virtual machines, their software 
and perform automated tasks, only needs the YAML 
markup language, as shown in Fig. 1.

In order to ensure that the experiment is carried 
out taking into account the configurations specific for 
each stage, the following is proposed. The experiment  
 

7  https://www.ruby-lang.org/. Accessed February 18, 2022 
(in Russ.).

8  https://yaml.org/. Accessed February 18, 2022.
9  Shell script is a script written in Bash or a similar 

language.
10  https://262.ecma-international.org/6.0/. Accessed February 18, 

2022.
11  http://www.gnu.org/software/bash/. Accessed February 18, 

2022.
12  https://ejs.co/. Accessed February 18, 2022.
13  https://plotly.com/javascript/. Accessed February 18, 2022.
14  https://html.spec.whatwg.org/multipage/. Accessed February 18, 

2022.
15  https://www.json.org/. Accessed February 18, 2022.

https://gulpjs.com/
https://www.atoptool.nl/
http://Plotly.js
https://www.ruby-lang.org/
https://yaml.org/
https://262.ecma-international.org/6.0/
http://www.gnu.org/software/bash/
https://ejs.co/
https://plotly.com/javascript/
https://html.spec.whatwg.org/multipage/
https://www.json.org/
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is divided into stages, at each of which the compiled 
configurations are applied to each virtual machine. 
These consist of three components:

(1) a general configuration for the entire project;
(2) a configuration for a specific virtual machine;
(3) �a configuration that addresses a specific stage of 

the experiment. 
After compiling the selected configurations, a 

number of actions are performed to define the algorithm 
of the experiment at a particular stage. These actions 
can include any commands for virtual machines. The 
diagram illustrating the process of the experiment is 
shown in Fig. 2.

The file structure of the project for conducting an 
experimental study is shown in Fig. 3. A typical project 
consists of:

•	 configuration file;
•	 one or more virtual machines, for each of which 

there is also a separate configuration file and a set 
of provisioning files specific to the virtual machine;

•	 common provisioning files for all virtual machines;
•	 files with initial data (including the researched 

information technology solution);
•	 directories with reports on the utilization of virtual 

machine resources in the course of the experiments.
The experiment configuration file and virtual 

machine configuration files are implemented in a semi-
structured YAML format. The structure of these files 
is schematically shown in Fig. 4, where at the top (file 
repex.yml) the configuration of the experiment is shown, 
and at the bottom (file vm.yml) the configuration of one 
of the virtual machines.

The content of the files is interconnected. The “path” 
property in the experimental configuration specifies the 
path to the vm.yml file. The experiment stage name 
(stage) used in the experiment configuration file can 
be used in the virtual machine configuration in order to 
apply its settings other than the default settings. These 
settings will be applied only at the specified stage of 
the experiment; however, the features of the hypervisor 

Researcher

Researcher

Framework

Task  
automation

Task  
automation

Configuring  
virtual machines

Virtual experimental bench Virtual experimental bench

Configuring  
virtual machines

Software  
Configuration

Software  
Configuration

Fig. 1. Reducing the number of programming and data markup languages used by the researcher

Gulp Vagrant VagrantAnsible Ansible
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Fig. 2. Block-diagram of the experiment
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should be taken into account. So, most of the settings 
will be applied only after rebooting the virtual machine. 
Some settings, such as disk subsystem or network 
bandwidth limits, are applied permanently, and you will 
need to create another stage of the experiment to remove 
the applied restrictions.

SOFTWARE IMPLEMENTATION  
OF THE FRAMEWORK

Based on the obtained design results, the Repexlab 
(reproducible experiment laboratory) software 
framework16 was developed and published as an open 

16  https://github.com/rnd-student-lab/repexlab. Accessed 
February 18, 2022.

source software. It is a tool with a command line interface 
(command line interface, hereinafter referred to as 
CLI), the main task of which is to support experimental 
studies in order to evaluate the characteristics of IT 
solutions. The framework sets the basic configuration 
of the project, ensures that the settings of the virtual 
environment are applied at various stages of the 
experiment.

The software framework is based on a number of 
existing tools:

VirtualBox is a virtualization system that allows you 
to organize the work of one or more virtual machines, 
including on a PC;

•	 Vagrant is a virtual environment creation and 
configuration tool. As a rule, it is used to prepare 

https://github.com/rnd-student-lab/repexlab
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Fig. 3. File structure of the project for the experimental study
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a virtual working environment for developers. The 
base version uses VirtualBox as a hypervisor;

•	 Ansible is a cloud configuration management tool. 
Used by the framework as the main means of 
provisioning virtual machines;

•	 Atop is a tool for monitoring processes in the 
operating system. Used by the framework to collect 
data on the utilization of the computing resources of 
virtual machines;

•	 Node.js17 and NPM18 is a JavaScript code execution 
platform and an accompanying package manager. 
Since Repexlab is developed in JavaScript, they are 
required to install and execute the framework code.
The main functions that distinguish the framework 

from the totality of technologies used in it include:

17  https://nodejs.org/. Accessed February 18, 2022.
18  https://www.npmjs.com/. Accessed February 18, 2022.

•	 creation of a basic project for conducting an 
experimental study;

•	 scaffolding19 for managing virtual machines within 
the experimental bench;

•	 control of the virtual bench from the command line;
•	 built-in tools for automating the tasks of interaction 

with a virtual bench.
The developed tool has commands that can be used 

both from the command line and with the help of built-in 
tools for automating tasks. They are divided into two 
categories: commands for interacting with virtual machines 
within an experiment (Table 2) and commands for changing 
the configuration of a virtual experimental bench (Table 3).

19  Scaffolding is a programming method that involves 
generating program code for solving typical tasks, such as, for 
example, building a project file structure or creating classes for 
accessing database tables.

http://Node.js
https://nodejs.org/
https://www.npmjs.com/
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Fig. 4. Links to the configuration files of the project for conducting an experimental study
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Table 2. List of commands for interacting with virtual machines

Command
Option

Command description
Name Description

vm compile
-n, --name Name of the virtual machine Compiles virtual machine settings from  

a semi-structured data format to the configuration 
formats used by the tools-s, --stage Experiment stage name

vm copy

-n, --name Name of the virtual machine 

Copies a file or directory between the host system  
and the specified virtual machine

-s, --stage Experiment stage name
-d, --direction Copy direction

-f, --from Copy from
-t, --to Copy to

vm destroy
-n, --name Name of the virtual machine Deletes all data associated with the virtual machine 

(not configuration)-s, --stage Experiment stage name

vm exec

-n, --name Name of the virtual machine

Execute a command on the specified virtual machine-s, --stage Experiment stage name
-c,

--command Command to execute on a virtual machine

vm provision
-n, --name Name of the virtual machine Performs installation and configuration of virtual 

machine software in accordance with the provisioning 
configurations-s, --stage Experiment stage name

vm report

-n, --name Name of the virtual machine

Generates a report on the use of computing resources 
by virtual machines. In parentheses is the option 

in case of using automation 

-s, --stage  Experiment stage name

--start 
The start time of the period  

for the report (or the name of the stage  
of the experiment)

--end Report period end time  
(or experiment stage name)

-l, --labels List of Atop labels to generate  
a report on them 

vm restart
-n, --name Name of the virtual machine 

Restarts the virtual machine
-s, --stage Experiment stage name 

vm setupHosts
-n, --name Name of the virtual machine Adds the IP-Hostname bindings of each virtual 

machine in the experiment to the /etc/hosts file 
of the virtual machines to simplify addressing -s, --stage Experiment stage name 

vm ssh -n, --name Name of the virtual machine Connecting to a virtual machine via SSH

vm start
-n, --name Name of the virtual machine 

Starts the virtual machine
-s, --stage Experiment stage name 

vm status
-n, --name Name of the virtual machine 

Displays the status of the virtual machine 
-s, --stage Experiment stage name 

vm stop
-n, --name Name of the virtual machine 

Stops the virtual machine
-s, --stage Experiment stage name 

Table 3. List of commands for interacting with the project

Command
Option

Command description
Name Description

project init None, interactive parameter entry 
mode is used 

Initializes the experiment project in the current directory 
and creates a base file structure 

project run -s, --stage Experiment stage name Starts the run of a configured experiment sequence or 
a specified experiment stage 

project vm add None, interactive parameter entry mode is 
used Adds a new virtual machine configuration 

project vm remove -n, --name Name of the virtual machine Removes an existing virtual machine configuration 
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Since the commands from the Table 3  change the 
structure of the experiment, their use is possible only 
through the CLI. Most commands from the Table 2 are 
applicable both using the CLI for testing and debugging 
individual actions, as well as means of the built-in task 
automation tool. The exceptions are the “vm status” 
and “vm ssh” commands, which are only applicable via 
the CLI.

The application of the developed tool in practice is 
expected according to the following methodology:

1)	planning and design of the experimental study;
2)	initialization of the experimental study project with 

a given number of virtual machines;
3)	preparation of a formal description of virtual 

machines and their configurations in YAML 
format;

4)	development and debugging of the sequence of 
actions in the experiment using CLI tools;

5)	automation of the sequence of actions in the 
experiment using tools for automating the execution 
of tasks;

6)	conducting the experiment in a program-controlled 
mode;

7)	analysis of exported data on the utilization of 
computing resources and other data obtained during 
the experiment.

CONCLUSIONS

In this work, tasks facing researchers when setting up 
experiments to assess the characteristics of information 
technology solutions have been analyzed along with the 
various tools used. It is shown that experimental studies 
require researchers who are knowledgeable and skillful 
at working with a large number of separate tools. Three 
key characteristics with which the framework must 
comply are formulated.

A domain-specific framework comprising some 
of the technologies used and providing the necessary 
functionality for conducting experimental research 
is presented. A scheme of interaction between the 
framework and the corresponding software for the 
experiment has been prepared. The general scheme of 
experiments based on virtual machines is determined. 
The formulated file structure of the experiment project 
includes the structure of the main project files and 
internal links between the project files.

A framework developed according to the results 
of the study contains 12  commands for working 
with virtual machines. Most commands can be 
executed both in CLI mode and in task automation 
mode. To simplify the process of preparing an 
experiment project, 4  scaffolding commands were 
implemented. The proposed methodology for using 
the framework in practice is described along with 

software technologies with which the framework is 
to be implemented.

Further research can be aimed at solving specific 
problems of evaluating information technology 
solutions using the framework, as well as identifying 
and eliminating the limitations of the framework, 
in order to develop the methodological basis for 
conducting experimental research using the proposed 
tools.
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