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1. Introduction

Asynchronous programming paradigm is the de facto standard for developing modern applications.
Almost all popular programming languages provide options to write asynchronous code in efficient manner
(Evans & Flanagan, 2018; Parker, 2015; Sarcar, 2020; Van Rossum & The Python development team,
2017). However, the complexity of asynchronous code is higher than that of synchronous code, so there are
still a lot of applications written in the synchronous programming paradigm. It's worth mentioning that this
issue is especially relevant in applications under migration, i.e. written in older versions of programming

language, when no async execution was supported by the language design.

Refactoring, as a process of changing code to more efficient and correct side (M. Fowler & Beck,
2019), is widely used to make code work in asynchronous way (Zhang et al., 2020). However, finding out
asynchronous code issues and antipatterns is not a trivial task. Therefore, there are still a lot of issues in the

majority of applications.

Finding out issues raised by asynchronous code misuse is a complex and time consuming task,
which requires appropriate experience, deep understanding of code structure, behavior, and impact on
related dependencies. Moreover, there is a lack of methods and techniques that can help to detect and fix
asynchronous code issues and usage antipatterns. Thus, research on such methods and techniques would
enable development of corresponding refactoring tools and would make development more efficient.

1.1. Investigation Object

The object of this research is refactoring methods and techniques intended for detecting and fixing
asynchronous code issues and usage antipatterns.

1.2. The Aim and Tasks of the Thesis

The main aim of this thesis is to increase the productivity and efficiency of asynchronous paradigm-
based development in .NET environment by proposing a refactoring method which would facilitate

detection and resolving of asynchronous programming antipatterns.
To achieve the main aim, the following tasks are set.

1. To perform analysis of related literature to identify common asynchronous code issues and find out
state-of-the-art methods and techniques for handling them.

2. To propose a solution for detecting and refactoring of asynchronous code issues.

3. To implement the proposed solution in .NET environment.

4. To conduct an experiment to validate the implemented solution.



1.3. Novelty of the Topic

Refactoring has been part of software development from the very beginning, but the constant
development of languages and programming methods requires a corresponding development of refactoring
techniques as well. Therefore, with each new update of development methods, it is necessary to research
new possibilities for refactoring. And even though methods and technologies for developing asynchronous
code have been present for quite a long time and various studies have been conducted on the topic, there is
still a lack of research on methods for identifying incorrect usage of asynchronous code and ways to fix

them.

Current refactoring methods almost do not cover the transformation of the code from the
synchronous to the asynchronous paradigm, especially when the transformation is required to fix incorrect
use of the asynchronous code constructions. This research focuses on researching the mentioned area and

providing a novel method for asynchronizing code.
1.4. Relevance of the Topic

The yearly growth of software development is accompanied by an increasing demand for faster and
more qualitative development processes, as well as enhanced standards for code quality. Consequently,
developers are required to promptly and accurately detect and fix errors. Hence, the investigation of
techniques for identifying and refactoring erroneous utilization of asynchronous code is a critically

important task, as demonstrated by the huge number of articles, books, and papers presented on the topic.
1.5. Research Methodology

The analytical part of this work uses a narrative literature review and comparative analysis to
examine relevant scientific literature related to the refactoring of asynchronous methods. The analysis
focuses on existing tools that are designed to detect and refactor erroneous asynchronous constructions.
The analysis results in the proposal of a method for addressing issues, with the aim of enhancing the
efficiency of developers. The proposed methodology is currently being implemented, and a controlled

experiment is being undertaken to verify its efficiency.
1.6. Scientific Value of the Thesis

This thesis presents a novel and systematic approach to refactor asynchronous code in order to
ensure its appropriate usage, thereby enhancing the overall reliability and maintainability of programs
developed using asynchronous programming paradigm. The development of an IDE extension to
automatically detect and fix those issues further enhances the applicability and significance of the work,

making it a valuable asset for both software developers and researchers. By providing a comprehensive



solution to the challenges associated with asynchronous code, thereby addressing a common problem in

modern software development and making a significant contribution to the field of software engineering.
1.7. Main Results of the Thesis

1. Acomprehensive related literature analysis shows that detection of asynchronous code anti-patterns
and misuse are almost not studied.
2. A novel method along with its tool support are proposed to address the problem.

3. The results of the experiment confirmed the efficiency of using the method.
1.8.Structure of the Work

The introductory section of this thesis presents the problem at hand, outlines the objectives and tasks of the
research, and discusses the significance and originality of the chosen topic. The second section of this thesis
undertakes an in-depth analysis of academic literature related to the problem domain and identifies areas
for further improvement. The third section presents a method for detecting and refactoring erroneous usage
of asynchronous code constructions. The implementation of the proposed method as an extension for the
IDE is presented in the fourth section, along with a set of experiments to validate its feasibility and measure

its effectiveness.



2. Analysis of Refactoring Methods for Ensuring Asynchronous Code

This section defines the concept of refactoring and explains the idea of asynchronous programming.
Existing methods for refactoring synchronous code are listed and compared. Also, tools to automate the
refactoring process are studied.

2.1. Introduction to the Domain of the Problem

2.1.1. Refactoring

Refactoring is a process of changing internal structure of code, without changing its external
behavior (M. Fowler & Beck, 2019). The aim of refactoring is to improve code quality attributes (Al Dallal
& Abdin, 2018). Originally, Fowler and Beck introduced 68 methods and techniques to refactor code. All
those methods were divided into 7 groups based on the usage principles. However, according to the recent
research, developers disagree with completeness of the list suggested by Fowler, so they extend one with

their own refactoring techniques (Almogahed & Omar, 2021).

Code quality attributes are categorized into two kinds: internal and external (Morasca, 2009). There
are number of internal attributes like complexity, coupling, size, etc., but the common quality of ones is
that that those attributes can be measured, whereas external ones like understandability, readability,

extensibility, maintainability, etc. are not measurable (Fenton & Bieman, 2015).

Even though refactoring aims to impact only on code quality attributes, but software metrics like
performance, security and even energy consumptions are also affected (Almogahed et al., 2022; Sanlhalp et
al., 2022; Traini et al., 2022). Moreover, impact level depends on refactoring technique selected and may
result in degradation of the metric (Al Dallal & Abdin, 2018; Traini et al., 2022). It is important to note that
refactoring process not only improves code quality, but also, sometimes introduces new bugs (Bavota et
al., 2012).

2.1.2. Asynchronous Code

Parallel programming is a technique when multiple code blocks can be run simultaneously without
blocking each other (Pacheco & Malensek, 2022). To achieve parallelism, developers need to create more
than one thread per application. Having threads allows developers to fully control the behavior of the
application, but on the other hand, there are vast number of difficulties related to data synchronization
between threads (Lu et al., 2008).

Asynchronous programming is a subset of parallel programing techniques, when a potentially long-
running task is run separately from the main application thread, thus not blocking one (Jhala & Majumdar,
2007). In contrast to parallel programming, asynchronous ones do not require to deal with threads, so code

is simpler and more maintainable. Using specific code constructions like callbacks or async/await helps to
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achieve asynchronous execution. On the other hand, this method is not always lead to performance
improvements, actually applying asynchronous code may result in longer execution time, however, non-
blocked main thread allows user to continue interaction with an application, so user's performance may

increase.
2.2. Literature Review
To better understand the problem domain, the next questions were raised:

e RQ1: What kind of problems are being tried to solve? What are the main obstacles?
e RQ2: What methods and techniques are being used?

e RQ3: What is the level of automation of proposed methods? Is there a tool support?
In the following sections, these questions will be addressed by reviewing the related literature.
2.2.1. Problems (RQ1)

Blocked thread

The first step to make code run in asynchronous way is to extract synchronous code block to a
separate function and run it as a Task/AsyncTask/Promise/etc. (Dig, 2015; Lin et al., 2014) or even run the
function on a separate thread. This approach is extremely effective in case when main thread is needed to
be available for other work, otherwise the main thread is blocked until long-running work is completed and

users of the applications must deal with frozen Ul or longer responses.

However, running concurrent code may result in race conditions when multiple Tasks or Threads
tries to access the same resource (Lu et al., 2008). To overcome this issue, developers need to ensure access
policy enforcement. This is typically done with locking mechanism or with usage of thread-safe objects
and collections (Dig et al., 2009).

Performance issues

Despite the fact that running asynchronous code is not making response of the program faster for
single user scenario, things completely differ when workload is increased greatly (Gokhale et al., 2021).
Refactoring code from synchronous to asynchronous allows web-applications to handle more requests per

period of time without scaling the application.

Also, receiving data from remote sources is known as a time-consuming task. Splitting one
synchronous task to many small ones and running simultaneously may result in significant performance

improvements (Sodian et al., 2022).

Callbacks Hell
However, not only issues may lead to necessity of refactoring. Using development techniques with
a lot of nested callbacks can cause “Callbacks Hell” (Burchard, 2017; Ogden, 2023) to developers, this
11



increase cyclomatic and cognitive complexities, so code becomes hard to understand, test and maintain.
Increased complexity results in performance degradation of developers both in time required to implement
new features and introduced bugs amount (Antinyan et al., 2017).

Thus, migrating to code which uses promises and tasks makes it more readable, understandable, and
maintainable (Gallaba et al., 2017; Okur, 2015). Converting callbacks to promises and awaiting them in

correct places, makes code look more sequential and improves error handling.

Evolution of programming language

One more case that developers need to deal with is the evolution of programming languages.
Introduction of new methods, paradigms and abstractions results in obsolescence of other constructions
(Okur, 2015).

Asynchrony based on callbacks was deprecated and usage of async/await statement was introduced
as a new standard in C# 5 (Microsoft Asynchronous Programming Patterns, 2023). Also, some libraries are

evolving providing async methods and marking synchronous ones as deprecated or even removing them.

With the ECMAScript6 revision of JavaScript, Promises were introduced. Later, with the
ECMAScript2017 revision, async/await keywords were added. Even though the use of callbacks has not
been marked deprecated or undesirable, but callbacks-based asynchrony became less popular, with more

developer opting for asynchrony with more sequential-looking code (Gokhale et al., 2021).

Misuses and anti-patterns
Nevertheless, introducing clearer programming concepts does not preserve developers from
incorrect usage of those techniques. Async/await tends to be easily understandable pattern than callbacks

or threads, but there are still a lot of misuses (Turcotte et al., 2022).

Anti-patterns and misuses are challenges to developers as they are hard to be detected without deep
knowledge of programming language and execution flow (Orton & Mycroft, 2021). Thus, there are huge

number of metrics that can be impacted with incorrect usage of asynchronous code.
2.2.2. Methods and Techniques (RQ2)

Code block extraction

The most straightforward technique to detect a code block to be asynchronized is manually find one
(Dig, 2015; Lin et al., 2014). This requires both deep knowledge of a code base, and an enormous amount
of attention. Then, the developer needs to extract code block to a separate function and call this function in
asynchronous manner. However, manual refactoring results in introducing additional bugs and incorrect

usage of tasks/promises. Therefore, automation takes place.

12



Synchronous system methods replacement with asynchronous ones

The most obvious option to start automatic asynchronization is to replace calls of synchronous
system functions with asynchronous ones (Beillahi et al., 2022; Gokhale et al., 2021). The majority of long
running functions have asynchronous versions with the same parameters list, so this change can be

completed quite smoothly.

Surely, the refactoring process does not end with only one function replacement. Once the initial
function is defined, the whole call stack needs to be transformed to an asynchronous version. Unfortunately,
not all functions can be automatically converted to asynchronous versions due to limitations of the call

stack.

Callbacks flattening

The next step towards more understandable asynchrony is done with refactoring asynchronous
callbacks to promises (Gallaba et al., 2017). Finding asynchronous methods is kind of trivial task, as one
of method’s parameters is known asynchronous callback. Then the callback is transformed to return a
promise and an initial call is flattened. This approach requires complex code transformations; however,
initial behavior is preserved as only code struct is changed.

Table 1. Callbacks Hell in JavaScript (Gallaba, 2015).

getUser(‘jackson’, function (error, user) {
try {
if (error) {
handleError(error);
}else {
getNewTweets(user, function (error, tweets) {
try {
if (error) {
handleError(error);
}else {
updateTimeline(tweets, function (error) {
try {
if (error) handleError(error);
} catch (e) {
globalErrorHandler(e);
}
i

}
} catch (e) {
globalErrorHandler(e);
}

b

}
} catch (e) {
globalErrorHandler(e);
}
b

13



Table 2. Callbacks Hell flattened (Gallaba, 2015).

getUser(‘jackson’)
.then(getNewTweets, handleError)
.then(updateTimeline, handleError)
.catch(globalErrorHandler);

Table 1 shows how the Callbacks hell looks like. Even though there is only 3 levels of callbacks, it is hard to
understand the execution flow.
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Table 2 shows the code after applied transformations. Transformed code is more readable and
understandable, and what is more important, adding additional functionality won't increase complexity.

Upgrade to modern abstractions

Modern async/await constructions provided by programming languages are quite easy to use,
however transforming code from callbacks-based asynchrony requires a significant amount of effort.
Finding callbacks to convert is the easiest part of the process, then major transformations needed to be done
(Okur, 2015; Okur, Erdogan, et al., 2014). Both complete methods rebuilding and the entire call graph
transformations may need to be processed to complete the upgrade process. However, as it was mentioned

before, due to limitations of the call stack, automated upgrade process is hardly possible.

Anti-patterns and misuses detection

The most challenging part of ensuring correct asynchronous code behavior is to detect and fix anti-
patterns and misuses (Lin & Dig, 2015; Okur, 2015; Turcotte et al., 2022). This process involves not only
anti-patterns detection, but also code analysis to ensure that the found code negatively impacts the quality
attributes of the tested application. Moreover, incorrect usage of asynchronous code structures may lead to
deadlocks or race conditions, so such cases also must be analyzed (de Boer et al., 2018; Santhiar & Kanade,
2017).

Each programming language has its own asynchronous code anti-patterns and misuses, thus
detection process is almost unique in each case. In order to identify anti-patterns and misuse, the whole call
graph should be analyzed both statically and dynamically, otherwise, the major part of issues is unable to

be detected automatically.
2.2.3. Automation Level (RQ3)

Manual refactoring is the most common and the most used process of changing code, however
most steps of this process can be automated with different tools.

This section covers automation tools invented to automate methods described in section 2.2.3. Not
every method is fully automated, but even partial automation helps reduce the time required to perform

refactoring operations.

Asynchronizer (Java) was introduced to automate extraction of code blocks to separate functions
and make it async (Dig, 2015; Lin et al., 2014). This tool does not provide a wide variety of functionality,

but doing even a small thing decreases the number of newly introduced bugs.

Desynchronizer (JS) can perform fully automatic analysis (Gokhale et al., 2021). This tool is
limited to a predefined list of functions that can be converted, but after finding the method to transform,

Desynchronizer provides the preview of the transformation of the whole call stack. Though, the tool is

15



created to refactor code written with JavaScript, and due to characteristics of the target language, behavior

of the application after migration cannot be preserved, so still a lot of manual work is needed.

PromisesLand (JS) performs automatic callback extraction for asynchronous functions and
converting them to promises (Gallaba et al., 2017). This tool relies on multiple assumptions and standard
code-style convention. However, according to authors, refactoring made under defined conditions is quite

accurate and reliable.

Asyncifier (C#) converts legacy callback-based asynchronous methods to ones that use Tasks
(Okur, 2015; Okur, Hartveld, et al., 2014). The tool does not perform analysis of the codebase, so methods

to covert must be selected by the developer.

AsyncFixer (C#) finds incorrect usage of async/await and fixes them (Okur, 2015; Okur, Hartveld,
et al., 2014). The tool covers 5 different misuses but suggests only local fixes without analyzing the whole

call-stack or even analyzing related code.

Taski-fier (C#) converts old-fashioned Thread and ThreadPool constructions to modern Task
abstraction (Okur, 2015; Okur, Erdogan, et al., 2014).

DrAsync (JS) performs static and dynamic analysis to find 8 misuses of async/await construction
and promises (Turcotte et al., 2022). This tool provides a preview of available changes and possible

performance improvements.

Dead-Wait (C#) performs static analysis to find 2 blocking code issues while awaiting for Task
completion (Santhiar & Kanade, 2017). This tool provides information about issues detected only.
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Table 3. Automation tools comparison.

Author (Year) | Name PL Problem Call Automatic Refactoring
graph issue detection | automation
analysis

Dig, Lin | Asynchronizer Java | Code block extraction | No No Only  local

(2014) and asynchronization change

Gokhale Desynchronizer | JS Convert synchronous | Call Predefined list | Preview

(2021) functions to | stack of functions

asynchronous only
Gallaba (2017) | PromisesLand JS Convert callback to | No Yes, with | Only  local
Promise limitations change

Hartveld, Okur | Asyncifier C# Convert callbacks to | No No Only  local

(2014) Tasks change

Hartveld, Okur | AsyncFixer C# Async misuses fix No Limited to 5| Only local

(2014) misuses change

Hartveld, Okur | Taski-fier C# Threads to Tasks and | No Yes Only  local

(2014) Parallel change

Santhiar, Dead-Wait C# Blocking code while | Call Limited to 2 | No

Kanade (2017) awaiting for Task | stack cases

completion only
Turcotte, Shah | DrAsync JS Async misuses fix No Yes Preview
(2022)

2.2.4. Tools Support

Beside the tools that are described in previous section, there are plenty of ones provided by
commercial companies, but not based on scientific research. Mostly those tools are offered as a part of IDEs

or as extensions to them.

Visual Studio — is the most known IDE in .Net development. Invented and maintained by Microsoft,
this IDE supports majority of refactoring methods described by Fowler (M. Fowler & Beck, 2019). On the
other hand, this IDE does not support anti-patterns detection, even the most known as “God’s class” or

“Spaghetti code”. Moreover, synchronous code refactoring to asynchronous version is also not supported.

JetBrains ReSharper — extension to Visual Studio, that aims to extend refactoring and code editing
features of Visual Studio. It was released in 2004, when Visual Studio lacked refactoring support. It is still
very popular but has the same limitations on asynchrony refactoring as Visual Studio.

JetBrains Rider — the next widely used IDE in .Net development. Invented as a competitor to

Visual Studio. Having all features of ReSharper, it still has all limitations as Visual Studio has.

Visual Studio Code — out of the box is a little bit more than just code editor, but have tons of
extensions, and as a result supports probably any programming language. It is impossible to check all
extensions for refactoring support, but the most popular ones cover the same functionality as tools described

before.
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Eclipse IDE — was originally designed to support Java language, however, over the years it was
expanded to support a variety of programming languages. Eclipse provides refactoring support, however,
out of the box there is no support for asynchronization. Nevertheless, there is the highly maintainable
plugins marketplace, where extensions can be found, which helps developers to simplify asynchronization

process.

Atom — lightweight code editor that supports great number of programming languages. There is no
built-in support for refactoring in the way traditional IDEs have. However, due to being highly extensible,
there are a number of packages that add support for refactoring. Also, there are few packages that help with

asynchronization process.

WebStorm — IDE created to support full-stack web development, so all main programming
languages and technologies are supported. WebStorm has strong refactoring support, and what is important,

that few refactoring options to asynchronization are provided.

Table 4. IDEs™ comparison.

Name Type Supported Refactoring support | Asynchronization Async  misuses
languages support detection

Visual IDE C#, F#, C++, | Full No No

Studio VB.Net

JetBrains Extension C# Full No No

ReSharper

JetBrains IDE C# Full No No

Rider

Visual CE Any With extensions With extensions No

Studio Code

Eclipse IDE | IDE Any Full No No

Atom CE Any With extensions With extensions No

WebStorm IDE Web Full Convert callbacks to | No

async/await

Table 4 summarizes information about the described tools. It is clearly visible that the refactoring
responsible for asynchronization has almost no support provided. Moreover, there is no async misuse
detection, so many issues might go unnoticed until unexpected behavior of applications is obtained after

release.
2.3. Main Results of the Second Section

Through a comprehensive literature review, it was defined that there are 5 main problems that
developers attempt to address through refactoring. Each solution for these problems is a complex task that
entails significant code transformations. Despite their different origins, all solutions ultimately lead to the
entire call stack being refactored for asynchrony. It is noteworthy that during the review, a common issue

was observed across all studied methods: none of them consider the analysis and modification of the entire
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call graph. Analyzing the entire graph is a crucial step, as some other call branches may contain code that
is incompatible with asynchrony. This highlights the importance of considering the entire call graph when
refactoring code for asynchrony to ensure compatibility and maintain the integrity of the codebase.

3. Proposed Method

This section provides a description of proposed method on asynchronous code refactoring. There

are described flow of the method and steps to automation.
3.1. Asynchronous Code Refactoring Method

This section describes the idea and main steps of the method to refactor asynchronous code. The

one consists of 4 main steps:

e Analyze code and find issues
e Fix issues (convert blocking calls to async one)
e Asynchronize all call stacks for each fixed issue

e On each method converted to asynchronous one, run whole process again

The actual schema of the process is provided on Figure 1.

Mo issues found—

Add entry point to
analysis queue

Get graph root to
analysis

Entry point
provided

Mo roof found

Issues found—

Add references to
asynchronization
queus

Get issue to fix Issue Fix issue Find all references

Mo issues in queue found

Get method to
asynchronize

Method
found

Add references to

Asynchronize method Find all references i
analysis queue

H
H

Mo methods in queuwe found

Figure 1. Asynchronous code refactoring process.
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3.1.1. Code Analysis and Issue Detection

Code analysis begins with getting an entry point to start with. The most convenient way is to analyze
the entire source code of a solution, however, in case of huge code base, this approach could be ineffective
and time consuming, which could lead to time loss for developer instead of work performance
improvements. Thus, entry point (method or class) should be provided by programmer based on problems

context.

The next step of the analysis is to build code representation. The most suitable type of representation
isan AST. One has complete information about used methods, expressions, etc. so allowing to analyze calls

and dependencies in an efficient way.

Finally, the issue detection step is performed. To detect the issues, the AST is completely examined,
what is done by usage of Visitor pattern. Using this technique, each AST node is processed, all expressions
are analyzed and compared with a predefined list of error patterns. As a result, a set of possible issues is

created.

The AST generation process, as well as the list of error patterns, are specific to the programming
language and technology, so ones will be described in the section with implementation of the algorithm.

3.1.2. Issue Fixes

As it is stated in Section 2.2.1 there are a lot of different types of issues to be detected. So, each one
has its own fixing logic. Moreover, the issue fixing process is highly dependent on problem context and
technologies stack selected. Therefore, the process will be explained in detail in the method implementation

section.
3.1.3. Call Stack Asynchronization

Converting synchronous call stack to asynchronous one plays a crucial role in the proposed solution.
However, the whole async process comes down to the following steps:

e Change method signature — update return type by wrapping original return type to
Promise/Task/etc. and update method name (ex. Add “Async” postfix) in case the last one
meets code style of the programming language

e Find all expressions where current method is called and rewrite call to asynchronous manner

e For each method containing the expression from the previous step, follow the steps starting

from “change method signature”

Following the presented algorithm, the entire call stack can be converted into an asynchronous

version, and the execution of the algorithm will be completed at the moment when no callers are found.
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3.1.4. Process Repeat

Every synchronous method converted to an asynchronous one means that previously correct
synchronous expressions might become invalid ones. Thus, every converted method should be added to the
processing queue and should be processed as soon as previous ones are examined and fixed. This implies
that the entire processing algorithm should operate iteratively and complete processing once the queue has

been processed entirely.

It is important to note that in case of highly coupled code base, there is high possibility of call stacks
being intersected, so the processing algorithm should take care of already processed methods and avoid

duplicate processing to provide better performance and faster response.

As soon as there are no nodes left to process, the algorithm ends its work, and it can be stated that

the entire call graph is asynchronized.
3.2. Method Automation

This section describes how the method provided above should be automated. Despite the fact that
the method itself is complete, automation requires few additional steps. The whole automated approach

provided on .

Developer

""""""""" > e B
P L
Built Code Issues
solution ; i graph ; ; : !
v v v ! ow

£ s > s ™ “
z
= - .| Build intermediate oo . o .
E;; Prepare solution representation | Find async issues - Propose fixes Apply changes
=
g Entry point - L. |T| v . |T| v L. |T| |T|
Pt selected
o

Source
code
repository

Figure 2. Automated tool working process.

As it is seen from the provided schema, automated method consists of 5 steps:

e Prepare solution

e Build intermediate representation
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Find async issues
Propose issue fixes to developer

Apply changes

Each step in detail is described in the next sections.

Even though the provided algorithm is universal and does not depend on the programming language,

for more detailed and accurate description of its steps and logic, the .Net (C#) stack is used.

3.2.1. Code Parsing Library

The first step to process with automation is to choose which parsing/analysis/editing library to use.

In moder .Net world there are two main technologies to work with source code: Antlr(Parr, 2013) and
Roslyn(Mukherjee, 2016).

Both of those technologies provide a wide range of supported functions, however, considering the

requirements and goals of this work, Roslyn has a number of fundamental advantages:

It provides a complete and accurate representation of C# code, including syntax trees, syntax
tables, and semantic information;

It is designed to support compiler-related tasks, such as code analysis, refactoring, and code
generation;

It allows you to perform deep semantic analysis of code, including type checking, and symbol
resolution;

It is the official platform provided by Microsoft, having deep integration with all technologies

provided by one, and is kept up with latest language version.

3.2.2. Solution Preparation

Solution preparation is processed in the next order:

Platform dependencies are loaded: The required platform dependencies are loaded in order to
provide basic functionality for the solution. These dependencies are crucial libraries and tools
that the solution needs.

External dependencies (NuGet packages) are installed (restored): The solution might
additionally require external dependencies in the form of NuGet packages in addition to the
platform dependencies. These external dependencies add pre-built libraries or utilities, which
improve the functionality of the solution.

Solution is built: Once the dependencies are loaded, the build process can be started. The process
of building a solution entails linking the required libraries, compiling the source code, and
creating build artifacts. Also, the built process ensures consistency of the source code and finds
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any compile-time errors. The built solution is not a prerequisite for the generation of AST,
however it is necessary for its more accurate construction and the potential for a thorough
analysis.

e AST is generated: After the solution is built, an AST is generated. AST shows the relationships
between all source code elements and their hierarchical structure in a tree-like representation.
This representation allows to perform deep analysis and make various modifications to the

source code.

All the steps described above are the starting point for processing the solution. Due to the tight
integration of Roslyn and the .Net environment, the developer only needs to write a small amount of code

to complete these steps. The required one is shown on Table 5.

Table 5. Solution preparation code using Roslyn.

using Microsoft.Build.Locator;

using Microsoft.CodeAnalysis;

using Microsoft.CodeAnalysis.CSharp.Syntax;
using Microsoft.CodeAnalysis. MSBuild;

class Program

{

static async Task Main()
{
/I Locate and register the default instance of MSBuild installed on this machine.
MSBuildLocator. RegisterDefaults();
/I Path to the solution file
string solutionPath = @"C:\Path\to\YourSolution.sIn";
/I Load the solution
MSBuildWorkspace? workspace = MSBuildWorkspace.Create();
Solution? solution = await workspace.OpenSolutionAsync(solutionPath);
/I Iterate over the projects in the solution
foreach (Project project in solution. Projects)
{
/I lterate over the documents in the project
foreach (var document in project. Documents)
{
/I Get the syntax root of the document
SyntaxNode? root = await document.GetSyntaxRootAsync();
if(root is null)

{

}
/I Generate the Abstract Syntax Tree (AST)

CompilationUnitSyntax? compilationUnit (CompilationUnitSyntax)root;
/I 'You can now work with the AST and perform various analyses or modifications

continue;
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3.2.3. Intermediate Representation

Considering the fact that the development environment has ready-made models for representing the
source code, however converting one to models and structures designed for the current case will greatly
speed up both development of a tool and its” execution. Therefore, the developed method uses the structures

provided on the class diagram (Figure 3).
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Figure 3. Class diagram of proposed solution.

According to Figure 3, MethodNode class takes the core role in the entire process, being responsible
both for representing and processing changes, while the remaining classes serve as support functions that

are required to project the solution.
3.2.4. Asynchronous Issue Detection

As it is described in Section 2.2.2 (Problems (RQ1)) there are bunch of different issues that
developers need to address while dealing with asynchronous code issues. However, all of them requires
completely different approach for detection. Thus, the primary objective of this work is to identify and fix

blocking code that could lead to deadlocks.
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Blocking code detection
According to (D. Fowler, 2023) there are plenty of incorrect asynchronous code usage patterns that
lead to blocking code. Main ones, that this work aims to detect and fix are shown on the next subsections.

Pattern 1

Table 6. Blocking code example. Pattern 1.

public string DoOperationBlocking()
{

}

return Task.Run(() => DoAsyncOperation()).Result;

The code shown on Table 6 blocks entire thread waiting for DoAsyncOperation execution is
completed. Despite the fact that the call is wrapped under Task.Run expression, it is still not executed in

asynchronous way, so accessing Result property leads to waiting for execution is ended.

In order to detect described issue during AST analysis, the expression shown on Figure 4 should be

found.

PN simpleMemberfccessExpression [250..291

4 |nvocationExpression [250..284)
4 SimpleMemberfccessExpression [250..258)
B ldentifierMame [230..254)
DotToken [254..255
4 |dentifierMame [235..258)
|dentifierToken [235..258)
4 ArgumentList [258..284)
OpenParenToken [258..259
4 Argurnent [259..283)
4 ParenthesizedlambdaExpression [259..283)
[ ParameterList [259..261)
P EqualsGreaterThanToken [262..264)
4 |nvocationExpression [265..283)
4 |dentifierMame [265..281)
|dentifierToken [265..281)
b Argumentlist [281..283)
CloseParenToken [283..284)
DotToken [284..285)
B ldentifierMame [285..291)

Figure 4. AST example for Pattern 1.

Pattern 2

Table 7. Blocking code example. Pattern 2.

public string DoOperationBlocking2()
{

}

return Task.Run(() => DoAsyncOperation()).GetAwaiter().GetResult();

The code shown on Table 7 blocks entire thread waiting for DoAsyncOperation execution is
completed. Despite the fact that the call is wrapped under Task.Run expression and then GetResult is called
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on TaskAwaiter, it is still not executed in asynchronous way, as getting result by calling method GetResult

still leads to waiting for execution is ended.

To detect described issue during AST analysis, the expression shown on Figure 5 should be found.

F U nvocationExpression [367..426)
4 SimpleMemberAccessExpression [367..424)
4 |nvocationExpression [367.414)
4 SimpleMemberfccessExpression [367.412)
4 |nvocationExpression [367.401)
4 SimpleMemberfccessExpression [367.375)
4 |dentifierMame [367..371)
IdentifierToken [367..371)
DotToken [371..372)
P ldentifierMame [372..373)
B Argumentlist [375..401)
DotToken [401..402)
4 |dentifierMame [402..412)
IdentifierToken [402..412)
b Argumentlist [412..414)
DotToken [414..415)
4 |dentifierMame [415..424)
|dentifierToken [415..424)
b Argumentlist [424..426)

Figure 5. AST example for Pattern 2.
Pattern 3

Table 8. Blocking code example. Pattern 3.

public string DoOperationBlocking3()
{

}

return Task.Run(() => DoAsyncOperation().Result).Result;

The code shown on Table 8 blocks entire thread by accessing Result of the task created by
Task.Run. Just because external task is blocked, there is no direct impact of blocking operation made by
call to Result of DoAsyncOperation.

In order to detect described issue during AST analysis, the expression shown on Figure 6 should be

found.

PN simpleMemberAccessExpression [302..550)
4 |nvocationExpression [502..543)
4 SimpleMemberfccessExpression [302..510)
4 |dentifierMame [302..506)
|dentifierToken [202..506)
DotToken [306..507)
B ldentifierMame [307..5310)
f+ ArgurnentList [310..543)
DotToken [543..544)
B ldentifierMame [344..5350)

Figure 6. AST example for Pattern 3.
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Pattern 4

Table 9. Blocking code example. Pattern 4.

public string DoOperationBlocking4()
{

return Task.Run(() =>
DoAsyncOperation().GetAwaiter(). GetResult()). GetAwaiter().GetResult();

The code shown on Table 9 blocks entire thread in the same way as one on Table 8 does, but the

only difference is accessing Result by calling GetResult.

To detect described issue during AST analysis, the expression shown on Figure 7 should be found.

4 |nvocationEx pression [626..710)
4 SimpleMemberfccessExpression [626..708)
4 |nvocationExpression [626..698)
4 SimpleMemberfccessExpression [626..696)
4 |nvocationExpression [626..683)
4 SimpleMemberAccessExpression [626..634)
B ldentifierMame [626..630)
DotToken [630..631)
B ldentifierfMame [631..634)
4 Argurnentlist [634..683)
OpenParenToken [634..635)
4 Argurnent [635..684)
4 ParenthesizedLambdaEx pression [635..684)
[ ParameterList [635..637)
P EqualsGreaterThanToken [638..640)
4 |nvocationExpression [641..684)
4 SimpleMemberfccessExpression [641..682)
4 |nvocationExpression [641..672)
4 SimpleMemberfccessExpression [641..670)
B InvocationExpression [B41..659)
DotToken [659..660)
A |dentifierMame [660..670)
|dentifierToken [660..670)
b ArgumentList [670..672)
DotToken [672..673)
B |dentifierMame [673..682)
B ArgurnentList [632..684)
CloseParenToken [684..6853)
DotToken [685..686)
B |ldentifierMame [686..696)
b ArgumentList [696..698)
DotToken [698..699)
B |dentifierMame [699..708)
B ArgurnentList [708..710)

Figure 7. AST example for Pattern 4.
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Pattern 5
Table 10. Blocking code example. Pattern 5.

public string DoOperationBlocking5()
{

}

return DoAsyncOperation().Result;

The code shown on Table 10 is the most common and obvious way to block entire thread. There is
no additional wraps for async function and execution result is accessed directly, so until result is calculated

the entire thread is blocked.

In order to detect described issue during AST analysis, the expression shown on Figure 8 should be
found.

i simpleMemberAccessExpression [736..811)
4 |nvocationExpression [786..804)
4 |dentifierMame [786..802)
|dentifierToken [726..802)
B ArgumentList [802,.804)
DotToken [804..805)
p ldentifierMame [803..811)

Figure 8. AST example for Pattern 5.

Pattern 6
Table 11. Blocking code example. Pattern 6.

public string DoOperationBlocking6()
{

}

return DoAsyncOperation().GetAwaiter().GetResult();

The code shown on Table 11 blocks entire thread in the same way as one on Table 10 does, but the

only difference is accessing Result by calling GetResult.

To detect described issue during AST analysis, the expression shown on Figure 9 should be found.

N nvocationExpression [887..930)
4 SimpleMemberfccessExpression [887..928)
4 |nvocationExpression [887..918)
4 SimpleMemberfccessExpression [887..916)
4 |nvocationExpression [887..903)
B ldentifiertlame [287..903)
b ArgumentList [903..905)
DotToken [905..906)
B Identifierfame [2060..816)
B ArgumentList [916..918)
DotToken [918..919)
B ldentifierflame [919..5928)
B Argumentlist [928..930)

Figure 9. AST example for Pattern 6.

28



Pattern 7
Table 12. Blocking code example. Pattern 7.

public string DoOperationBlocking7()
{
var task = DoAsyncOperation();
task.Wait();
return task.GetAwaiter().GetResult();

}

The code shown on Table 12 blocks the entire thread as the all examples above do. However, instead
of accessing Result of the execution directly on the first place, the Wait() function is called. One is still

blocking as it is executed in synchronous way.

In order to find such issue during AST analysis, the expression shown on Figure 10 should be
detected.

PRE ock [938..1105)

b OpenBraceToken [988..939)
4 |ocalDeclarationStatement [$99..1025)
4 VanableDeclaration [999..1028)
b ldentifierflame [$99..1002)
4 VanableDeclarator [1003..1028)
b IdentifierToken [1003..1007)
b EqualsValueClause [1008..1028)
P SemicolonToken [1028..1029)
4 ExpressionStatement [1039..1051)
4 |nvocationExpression [1039..1050)
4 SimpleMemberAccessExpression [1038..1048)
P IdentifierMame [1039..1043)
DotToken [1043..1044)
P Identifierfame [1044..1048)
b ArgumentList [1048.,1050)
P SemicolonToken [1050..1051)
4 ReturnStatement [1061..1098)
b ReturnKeyword [1061..1067)
4 |nvocationExpression [1068..1097)
4 SimpleMemberAccessExpression [1068..1085)
4 |nvocationExpression [1068..1085)
4 SimpleMemberAccessExpression [1068..1083)
b ldentifierMame [1008..1072)
DotToken [1072..1073)
b ldentifierMame [1073..1083)
b ArgumentList [1083..1085)
DotToken [1085..1086)
B Identifierfame [1086..1095)
b ArgumentList [1095..1097)
P SemicolonToken [1097..1098)
b CloseBraceToken [1104..1105)

Figure 10. AST example for Pattern 7.
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Deadlocks detection
Blocking constructions described above could lead to deadlocks when are used inside an
asynchronous context (de Boer et al., 2018; Santhiar & Kanade, 2017), so the aim is to detect such cases.

In order to achieve that the construction shown on Table 13 should be detected.

Table 13. Example of blocking code inside asynchronous context.

public async Task DoAsyncOperation()
{

}

DoAsyncOperation2().Wait()

However, the construction shown on Table 13 is the most straightforward case, while in more
general case there can be number of synchronous function calls between asynchronous function and

blocking code. Thus, in this case the construction shown on Table 14 should be found.

Table 14. Example of blocking code inside asynchronous context (general case).

public async Task DoAsyncOperation ()

{
DoSyncOperationl();

}
public void DoSyncOperationl ()

{
DoSyncOperation2();

}
public void DoSyncOperation2 ()
{

}
public void DoSyncOperationN_1()

{

..

DoSyncOperationN();

}
public void DoSyncOperationN()
{

}

DoAsyncOperation2().Wait(); //blocking code

Crucial part about fixing such kind of issues is that call stack asynchronization may result in
converting anti-patterns described in previous section to the deadlock possible code, so all called methods

should be checked again at each asynchronization level of the call stack.

Limitations of automatic asynchronization
Even though blocking code described above is considered misuse in any part of an application, there
are certain cases where automatic asynchronization is almost impossible due to the need to make

architectural decisions to change the structure of code. Those cases are listed below:

e Constructors - were intentionally designed to be lightweight and free of time-consuming
calculations, so they could not operate asynchronously. The asynchronous method should be
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moved to the factory method or a separate initialization method so the blocking code can be
eliminated here.

Properties — should be used to access or set up value of the backing field with little or no
additional calculations, however, it is possible to call asynchronous method in blocking manner
here. In order to fix this problem, the property should be replaced with corresponding methods,
or calculated before first access.

Methods that implement/override ones defined in external libraries — could be fixed by using
different APIs or by completely redesigning usage strategy.

On the other hand, there is a number of constructions that can be easily enough fixed without

requiring redesigning the structure of the code. Those constructions are listed below and may be fixed by

wrapping return type to Task and in some cases adding async modifier.

Functions and methods
Local functions
Lambda functions

Delegates

3.2.5. Fix Proposal

As soon as analysis of source code is ended, all fixes are found, and refactoring is planned, there is

need to user interaction. Such complex changes as entire call graph asynchronization require validation in

order to reduce possibility of newly introduced issues count.

Human validation is a crucial step as there is a huge amount of use cases, which could be skipped

or processed in incorrect way by an automation tool. Such cases as class constructors require different logic

of asynchronization, and do not fall under the definition of method asynchronization, as this require usage

of Builder or Factory design patterns. Also, methods used as commands could be asynchronous, but require

void return type, but it is tough to detect where method is a command, so validation is also required.
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Figure 11. Fix proposal class diagram.

To propose a refactoring solution for reviewing, the structure provided on Figure 11 is used. This structure
is intended to be used both to show affected methods on code graph, and show line by line comparison, so
developer could efficiently examine all expected changes and approve or discard ones.

3.2.6. Changes Application
In order to complete refactoring process 3 steps are required:

e Creating a new branch on VCS (ex. GIT checkout) — making changes on a separate branch helps
to reduce undesired conflicts and allows safe testing, also working on main/master branch is
considered to be a bad practice (Ferdinando Santacroce, 2016).

e Apply changes — until “apply changes” command is not invoked explicitly, there is no one
symbol changed under original source code location. So, in order changes take effect and
become available/visible for OS/GIT/etc. the “Save” function must be executed. Also, current
directory should be specified, so Roslyn could apply changes, and not to create copy of the entire
solution with applied changes.

e Commit message — the last thing refactoring tool need to complete is to create meaningful
commit message and stage changes under VCS. Meaningful commit message does not affect
code quality or development process directly, however, during feature changes review, it will

be easier to understand context of the changes.

Automation of the refactoring process could be complete by pushing changes to a remote VCS
server, but since no one automated system can guarantee 100% error-free operation, all changes must be

reviewed and one more time confirmed by the responsible developer.
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3.3. Supporting Tool

Clean Architecture(Martin, 2018) is a standard approach to developing the architecture of modern
applications, therefore, Figure 12 demonstrates the architectural design of the suggested tool in accordance

with its principles and practices.

ul | Core

Command5Set - —— == Manager IRule I5ymbolinfo
— - - - ~
- - ™
- s = CodeGraph ISymbolStore
DiffView GraphViewer ResultView

T

| A

I Domain :

Infrastructure |
W
Rules CodeGraphBuilder
CodeProvider ChangesApplier
-—— RuleApplier ChangesTracker
GraphBuidler VCSAdapter
SymbolStore

Figure 12. Architecture of logical components for supported tool.

The schema provided shows relations between components and the direction they are dependent on.
This schema lacks information about actual components required but demonstrates how responsibility is
divided between layers.

e Core layer — contains only base definitions (IRule, 1Symbolinfo,..) and core concepts
(CodeGraph).

e Domain layer — has everything to process code, detect issues and make changes inside internal
code representation.

e Infrastructure layer — relates to code processing on files level.

e Ul layer — integration into Visual Studio point, so developer could interact with the tool.
3.4. Main Results of the Third Section
Throughout this section, next goals were achieved:

1. A novel method to fix asynchronous code issues with the main focus on code graph

asynchronization was proposed.
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. Technologies and libraries were selected to automate proposed method and conduct the future

experiment.

3. Alist of issues to detect and fix was provided and described.

. An interaction plan between the automated solution and the user has been created.
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4. Method Validation

4.1. Implementation of the Tool

During the implementation process of the tool, test projects were created to validate the process of
identifying and resolving issues. While these projects are not vital for the experiment, they provide precise
insights into the tools approach to deals with certain type of issues.

The source code of the test projects is available wunder the next link:
https://studgit.vilniustech.It/20221561/V Tech-AsyncRefactoring-TestProjects.

4.1.1. Test Project 1

The first thing at any project is to make it work in a most basic case. So, the initial test project is
with only one issue and one method. The structure is shown on the Figure 13.

TestSolution

TestProject

Program TestClass

+ main(args): void F--calls Wait()------- » -+ AsyncMethod(): Task

Figure 13. Initial scheme of Test project 1.

According to the structure provided, one issue exists, so the only one method is expected to be
suggested for changes. As it is shown on Figure 14 changes should be applied to main method only and
include method asynchronization plus update of the way how AsyncMethod is called.

- TestProject

|=|-> Program.cs
|=|=|-> Program

|-|-|-]-|-> TestClass.AsyncMethod
|-]-|-> TestClass
|-|-1-|-> AsyncMethod

Figure 14. Changes suggestion for Test Project 1.
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Figure 15 shows the structure of the project after the changes were applied. Main method were

updated to return Task instead of void and AsyncMethod is called in asynchronous manner.

TestSolution

TestProject

Program TestClass

+ main(args): Task F--calls await------- -+ AsyncMethod(): Task

Figure 15. Scheme of Test project 1 after changes applied.
4.1.2. Test Project 2
The second test project provides more complex structure where multiple issues should be detected.

One more important difference that the structure of the solution contains more than one project. The scheme
is provided on Figure 16.

TestSolutiond
TestProject
Program TestClass
+ main{args): void F--calls Wait{)------- » + AsyncMethod(): Task
i TestSubProject
i
!
i TestClass2
calls . GetAwaiter(). GetResult)y--------- » + AzyncMethod2(): Task

Figure 16. Initial scheme of Test project 2.

According to the scheme there are 2 blocking call that should be fixed and as a result main method

should be asynchronized. Those changes are proposed by the tool and provided on Figure 17.
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- TestSubProject

|-|-> TestClass2.cs
|-|-]-> TestClass2
|=|=|-]-> AsyncMethod2
- TestProject

|-]1-> Program.cs

|=|-|-> Program

|=]-]-]-]-> TestClass.AsyncMethod
|-1-|-> TestClass
|-1-1-1-> AsyncMethod

Figure 17. Changes suggestion for Test Project 2.

After the proposed changes are applied, the structure of the project is changed as expected. One is
shown on Figure 18.

TestSolution1
TestProject
Program TestClass
+ main{args): Task F--calls await-------- » + AsyncMethod(): Task
i TestSubProject
i TestClass2
- ---calls await-----------------~- » + AsyncMethod2(). Task

Figure 18. Scheme of Test project 2 after changes applied.
4.1.3. Test Project 3

The third project evaluates the capability of the tool to handle errors that require multiple levels of
asynchronization in order to be fixed. Additionally, the project contains a synchronous call path that must
remain unchanged. The scheme is provided on Figure 19.
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TestSolution3

TestProject

Program

-1 + main{args): void

TestSubProject2

TestClass2

calls .Gethwaiter(). GetResuli()- -
.

+ AsyncMethod2(): Task

i
¥

+ TestMethod4(): void
+ AsyncMethod3(): Task

call

+ TestMethod 3(): void

TestSubProjectd TestSubProject3 TestSubProject
callls -
calls Wait() TestClass
TestClass4 TestClass3
calls Wait()==—=--""" » + AsyncMethod(): Task

Figure 19. Initial scheme of Test project 3.

As per the scheme provided, three blocking methods calls should be translated to asynchronous

ones. TestMethod3 should be asynchronized and renamed, and as a result should be called in async way

either. The same as in the previous examples main method should be asynchronized in the same manner.

TestMethod4 is fully synchronous and should not be updated. Those changes are suggested on Figure 20.

- TestSubProject2
|-|-> TestClass2.cs
|=]-|-> TestClass2
|-1-]1-1-> AsyncMethod2
- TestSubProject
|=]-> TestClass2.cs
|-1-1-> TestClass
|-1-1-1-> AsyncMethod
- TestSubProject3
|-|-> TestClass3.cs
|-|-]-> TestClass3

|-1-1-]-]-> TestClass.AsyncMethod
|-1-1-]1-]-> TestClass2.AsyncMethod2
- TestSubProjectu

|-]-> TestClassi.cs

|-|-]-> TestClassu

|-1-1-]-> TestMethodu

|-|-1-]-> AsyncMethod3

|-1-]-]-]-> TestClass3.TestMethod3
- TestProject

|-|-> Program.cs

|-1-]-> Program

|-1-1-1-]-> TestClassu.AsyncMethod3
|-1-1-1-]-> TestClassu.TestMethodu

Figure 20. Changes suggestion for Test Project 3.

The project's structure is altered as anticipated following the implementation of the suggested

modifications. The resulted scheme can be found in Figure 21.
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TestSolution3

TestProject TestSubProject2
Program TestClass2
-1 + main{args): Task T [ --calls await--------- » + AsyncMethod2(). Task
TestSubProjectd TestSubProject3 TestSubProject
callls -
calls await TestClass
TestClass4 TestClass3 \
calls await~~ """~ » + AsyncMethod(): Task
--» + TestMethod4(): void i » + TestMethod3Async(): Task - !
+ AsyncMethod3(): Task [€-- :
-~ calls await---------1----

Figure 21. Scheme of Test project 3 after changes applied.
4.1.4. Extension for Visual Studio IDE

Upon successfully testing the logic for handling issues using the test projects, the development of
an extension for Visual Studio IDE was successfully completed. The development of the extension was
executed according to the requirements formulated in section 3.2.

According to the start point of the workflow is a selected method. In order to select method or set
of methods, a developer needs to call the context menu on the desired method or class and select “Find and
Fix async issues” command (Figure 22).

FING MIATCAING LIONES IN 30IUTION

'?_:' Refresh Codelens Teamn Indicators

1% Find and Fix async issues |

ns Git g

Figure 22. Context menu with command.

After the execution of the command started the developer is able to choose whether the call graph

should be created for current method only, or for all methods within class/project/solution (Figure 23).
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Start method selection type
(@ All

) Project

() Document

) Selection

Apply

Cancel

Figure 23. Call graph creation scope.

On the next step, the suggested changes are presented to the developer (Figure 24). Within the

current form, the developer has the capability to review the suggested changes. Once the change has been

reviewed, the developer has the option to reject, approve or modify the change. The final confirmation leads

to changes being applied.
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Apply ‘ ‘ Cancel

Figure 24. Changes proposal.
After successfully applying the changes, Visual Studio IDE has the ability to demonstrate a
comparison of unmodified and modified source code using a built-in tool (Figure 25) highlighting exact

code blocks that have been changed.

= 29
] 3re s, - live:
[ public override e > BetAllPublications() 8 3 * public overrid nunerable<Remotelensp?] [GetALIPublicationsAsynd()
{ - 31 {
b L i G o i B B List<RemoteNers; cationsResult = new List<RemoteNews>(};
var address = §"{this.Baselrl}{this.NemsListUrl}"; 33 var address = his.Baselrl}{this.NemsListUrl}";
var parser = nem HtmlParser(); 34 var parser = new HtmlParser();
var httpClient = new HttpClient(); 35 var httpClient = new HttpClient();
for (var i = 1; i <= this.NewsListPagesCount; i++) 36 for (var i = 1; i <= this.NewsListPagesCount; i++)
37
B var response = httpClient.PostAsync( EE T var response = BWALT httpClient.PostAsync(
address, 39 address,
new FormUrlEncededContent( 49 new FormUrlEncededContent(
new List<KeyValuePair<string, strings> 41 new List<KeyValuePair<string, strings>
i 42 i
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naw KeyValuaPair<string, string=("page_size", "24"), a4 new KeyValuePair<string, string>("page_size", "24"),
| 1)) GetAmaiter().GetResult()); us B :
| | var content = response.Content.ReadAsStringhsync()[.GetAnaiter().GetResult(); u6 var content = fwaif Jresponse.Content.ReadAsStringAsync();
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var Links = document.QuerySelectorAll(this. NewsLinkSelector) u8 var Links = document.QuerySelectorAlL(this. NewsLinkSelector)
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54
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Figure 25. Applied changes preview of Visual Studio IDE.

The source code of the extension is available under the next link:
https://studgit.vilniustech.It/20221561/V Tech-AsyncRefactoring-Extension.

Also, the extension was published to the Visual Studio Marketplace and is available under the next link:
https://marketplace.visualstudio.com/items?itemName=BorisK.AsyncRefactoring.
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4.2. Experiment

4.2.1. Planning the Experiment
In order to conduct an experiment, the next plan is designed:

1. Select projects to evaluate the performance of the method designed
2. Create a survey for participants to validate the method

3. Collect the results
4

Compare the effort required for manual and automatic issue processing

Projects selection
When selecting projects, Github is used, being the most common repository of open-source projects.

Project filtering is based on two main criteria:

1. C# language should be used as the main one

2. .Wait(), .Result, .GetAwaiter(), .GetResult() constructions should exist within full-text search.

Despite the fact that the constructions listed above are not necessarily used within Task type, hence

such search helps to filter out projects that do not use TPL.

The third search criteria is the path inside the project where source code files are located. According
to conventional practice, the “src” folder is typically used to store those files. Excluding directories such as
“tests” and “build” helps to eliminate issue detection within secondary code.

An additional requirement is for a project to be active, meaning that if it has not been updated within
the past year, it is considered abandoned. The activity criteria are determined by the intention of
implementing modifications that would potentially assist other developers in fixing issues described in
Section 2.2.1.

Taking into account that participants of the experiment will be developers whose time is extremely

valuable and hardly available, specific requirements are raised:

e The size of the project should be as small as possible, so the experiment would not take more
than one hour. The possible number of source files should be less than 100.

e The project should be possible to build without the use of additional scripts and tools. In order
to achieve that, the project should use the current tech stack (at least .net 6) and there should not
be a folder or file named “build”.

e Changes made by developers while performing the experiment should be easily validated by
running the project. Whereas console or web applications are started easily, frameworks and
libraries cannot be checked in such a straightforward manner. So, projects with “Program.cs”
or “Startup.cs” files should be selected.

42



The next step is to perform an analysis of the projects that have been filtered previously, exclusively

choosing those that contain blocking code and meet previous requirements.

Development of the survey
Developers who participate in the experiment should be provided with projects to process and given
explicit instructions on specific types of issues that need to be identified and corresponding rules for

resolving them. In order to achieve that, a clear survey should be conducted.

At the first step, the survey should clearly state the reasons and aims of the experiment. Also, general
information about blocking code and its consequences should be provided. Besides this, system

requirements should be clearly stated.

The second step should involve collecting information both about system configuration and
professional experience. Each of these may have an impact on the results of the experiment, so the analysis

of the results should consider them.

The third section of the survey should provide clear instructions on how to get the source code of
the test project and how to build it. Also, in the case of a project with multiple solutions available, the exact
one should be outlined to be used.

The fourth part is about manual issue detection and fixing. This part describes exactly how manual
processing should be done. A precise check list should be provided with both instructions on what to

measure and how to measure it, along with information on where to save the results of the measurements.

The final part of the survey should contain the same instructions as the previous one, but for
automatic issue detection and fixing. A precise checklist should also be created. However, after the main
part is finished, some kind of feedback about the tool should be gathered, such as about performance,

usability, and overall satisfaction.

Collecting results
Once the developers have completed their tasks, all changes should be committed to VCS, and the

times taken to accomplish each task should be entered into the survey of the experiment.

In order for the process of collecting results to be more accurate, the survey should be available in
the form of an e-document with predefined fields to be filled.

Results processing
After all surveys are obtained, the final validation should be done. A comparison should be done

based on the next values:

e Difference between the number of issues detected manually and by tool

e Difference between time required for manual and automatic processing
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Based on the numbers calculated above, the final decision should be made if the tool developed is

more efficient than manual processing and the proposed method is efficient.

However, the time required to detect issues manually is related to the expertise of the developer, so
calculations should respect the level of expertise of the participants. Also, the time to automatically process
the project is directly proportional to the calculation power of the workstation where the experiment is

conducted.

Additionally, the feedback gathered should be examined to determine the pros and cons of the

proposed approach and tool.
4.2.2. Evaluation

The initial filtering of the projects available on Github resulted in 900 projects for the
“.GetAwaiter()” keyword and 800 for the “.Wait()” keyword. While combining those keywords resulted in
600 projects. Due to the huge number of projects containing “.Result” text, the rational decision to skip this

keyword was made.

Then the descriptions of the projects were reviewed. According to the previously developed plan,
all projects whose description indicated that they were frameworks or libraries were skipped. At this point,

there are 320 repositories left.

The next stage was performed manually under the strict guidance of a supervisor. The review of

each project included an analysis of:

e The description of the project
e The size of the project
e The type of the project

e The number and location of the blocking code inside the project

After the analysis was completed, “presscenters.com” project was selected as a perfect candidate to
perform the experiment on. This project has 10 blocking code constructions, and the process of

asynchronization requires dealing with implementations and overrides.

During scanning Github for projects to perform the experiment on, it was noticed that mostly all of
them require a deep understanding of project aims and structure. As a result, it may take too long to conduct
the experiment on them. Thus, it was decided to use a previously developed test project. This project has a
simple, mostly linear structure, so developers could focus on finding issues and fixing them without diving

into architectural questions.
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Right after projects were selected, surveys for the experiment were developed. Although the main
procedure is the same for both projects, there are certain differences. Both surveys are available in the

Annexes of this paper.
After conducting the experiment on the test project, the results presented in Table 15 were obtained.

Table 15. Test project experiment results.

Dev. 1 Dev. 2 Dev. 3 Dev. 4 Dev. 5

CPU Intel core i5 Intel core i5 | AMD Ryzen 5 | Intel core i7 | Intel core i7
13600KF 3600X 11800H 11800H

RAM 16 GB 48 GB 48 GB 32GB 64 GB
Expertise Middle Senior Senior Senior Lead
Time for manual | 20 min 3 min 3:30 min 5 min 3 min
processing
Time for | 6 min 30 sec 1 min 10 sec 15 sec
automatic
processing
Manually issues | 100 % 100 % 100 % 100 % 100 %
processed
Automatically 100 % 100 % 100 % 100 % 100 %
issues processed

According to the obtained results, there is a strong correlation between the level of the developer
and the time required to detect and fix issues manually. While developers at the senior level managed to

complete tasks in 4 minutes on average, for middle level developer 20 minutes were required.

Automatic processing was at least 3 times faster than manual processing. Again, senior level

developers managed to complete tasks at more than 5 times faster than middle-level one.

Table 16. Test project experiment feedback.

Dev. 1 Dev. 2 Dev. 3 Dev. 4 Dev. 5
Easy to use 5 5 5 5 5
Performance 5 5 5 5 5
Recommend 5 5 5 5 5
Overall 5 5 5 5 5
satisfaction

The feedback presented in Table 16 shows that developers were extremely satisfied with the method

and the tool proposed.
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Table 17. Presscenters.com project experiment results.

Dev. 1 Dev. 2 Dev. 3 Dev. 4 Dev. 5

CPU Intel core i5 Intel core i5| AMD Ryzen 5 | Intel core i7 | Intel core i7
13600KF 3600X 11800H 11800H

RAM 16 GB 48 GB 48 GB 32GB 64 GB
Expertise Middle Senior Senior Senior Lead
Time for manual | 40 min 60 min 90 min 60 min 50 min
processing
Time for | 3 min 5 min 3 min 2 min 2 min
automatic
processing
Manually issues | 10 % 100 % 100 % 100 % 100 %
processed
Automatically 95 % 95 % 95 % 95 % 95 %
issues processed

Table 17 presents the results obtained during the experiment processed on “Presscenters.com”
project. All senior-level developers managed to detect and fix all issues manually, with an average time
required of more than an hour. On the other side, the middle developer was not able to detect and fix all

issues within the 40-minute time limit.

For all levels of developers, automatic processing took no more than 5 minutes. However, the tool

proposed did not manage to fix all issues, so the required time includes manual processing.

Table 18. Presscenters.com project experiment feedback.

Dev. 1 Dev. 2 Dev. 3 Dev. 4 Dev. 5
Easy to use 5 5 5 4
Performance 5 5 5 5 5
Recommend 5 5 5 5 5
Overall 5 5 5 4 4
satisfaction

According to Table 18, the satisfaction rating of using the extension is lower for more complex
projects. Based on free-text comments provided by the participant, the tool lacks support for fixing lambdas
and should provide a dependency tree for proposed changes. However, it was mentioned that even with the
current implementation, it is an incredible improvement in performance when dealing with

asynchronization tasks.

Summarizing the research results, the proposed method, and the developed extension results in

significant performance improvements, even when dealing with small projects.
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4.3. Threats to Validity

This section addresses potential threats to the validity of the research results on the proposed

method.
4.3.1. Internal Validity
Several factors could affect the internal validity of the thesis:

Sample size and diversity: The experiment was conducted on 2 projects only. The small scope of
projects, especially those been selected as simple as possible, do not sufficiently capture the variety of .Net

applications, which could potentially introduce bias in the results.

Developer expertise: The limited number of developers who participated in the experiment might
not capture the full range of potential issues or benefits due to the limited differences in individual skills

when working with asynchronous code.
4.3.2. External Validity
The external validity of the research is limited by the scale of the experiment:

Generalizability: Testing on 2 projects within a single development environment limits the
generalizability of the results. Testing the proposed method on different types of projects may result in

different asynchronization requirements.

Tool applicability: The tool was developed to be used with the latest .Net version under the latest
release of Visual Studio IDE. Using the tool with the older versions may result in lower performance and/or

being completely unsuitable.
4.3.3. Construct Validity
Several factors could impact the construct validity of the research:

Practical application of blocking code: The tool was developed based on widely known examples
of blocking code. Nevertheless, there is a high possibility of uncommon or exceptional cases of blocking

code usage that were not investigated during the research.

Effectiveness metrics: The research evaluates only quantitative metrics, while qualitative metrics

like maintainability and readability are not studied.
4.3.4. Conclusion Validity

The validity of conclusions could be impacted by:
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Statistical power: With only 2 project and 5 participants, the sample size is small, limiting the
statistical power of the experiment. Large samples, both for project type and participants, are necessary to

provide more reliable conclusions.

Results interpretation: The obtained results might be influenced not only by the developed tool
and proposed method but also by other tools used by developers and/or their experience with asynchronous

programming principles.
4.4. Main Results of the Fourth Section

Throughout this section, several primary goals were successfully achieved. Every stage of
accomplishing them was carefully executed and accurately recorded.

The tool to validate the efficiency of the proposed method was developed using the previously
described architecture. In order to validate the correct behavior of the tool, test projects were created. The
tool was implemented as an extension for the Visual Studio IDE, allowing developers to utilize it in a

familiar manner.

The experiment was meticulously designed. The logic for selecting a project for the experiment, as
well as additional requirements for the project itself, were formulated. A set of requirements for the survey

of the experiment were created. Appropriate metrics to analyze the obtained results were selected.

The experiment was successfully executed in accordance with the previously developed plan.
Consequently, reliable and accurate results and feedback were acquired.

The data collected from the experiment was meticulously analyzed. The interpretation of the results

confirmed the efficiency of the proposed method and the value of the tool developed.
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5. Conclusions

1. After conducting the literature analysis, it was observed that there are 5 main problems that

developers address while refactoring synchronous code to asynchronous version, including
the evolution of programming languages, callbacks hell, blocked treads, performance issues,
and anti-patterns.

Research on methods and techniques for dealing with synchronous code issues stated that
each issue has its own way of fixing the core problem; however, the entire fixing process
includes asynchronization of the entire call graph. Although the research pointed out that no
previous research discussed the entire call graph asynchronization tasks. Moreover,
investigation of the available refactoring tools has shown that there is a lack of tools for
almost every type of asynchronization process.

Based on the previously detected problem, an improved method of asynchronization was
proposed. The main idea of the method is to check all child call graphs on each step of graph
asynchronization, thus processing all possible issues.

In order to validate the proposed method, a tool was created. The tool was implemented as
an extension to Visual Studio IDE. A number of tests were performed on common cases to
verify correct behavior of the developed tool. The experiment was conducted and resulted
in confirming that the proposed method is effective and may improve the efficiency of

developers work at least twice, and in some cases up to 10 times.

5.1. Further Works

Although the proposed method has demonstrated a significant improvement in developers

performance, additional research is required to broaden the study. Subsequent work should focus on:

Investigation of more complex and advanced blocking code constructions, that have not been
investigated in this work;
Investigation of transformations applied by developers in order to fix all studied issues;

Development of methods to select the most appropriate transformation in each situation.

The new knowledge obtained through further research might additionally improve the efficiency of

developers™ work while performing the refactoring task.
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7. Annexes

Annex 1. Survey of the Experiment for the Test Project

Survey - Test project

The goal of this survey i to conduct an experiment and verify method of detecting blodking code and comerting it to
asynchronous in Net environmens,

* Required

Issues description
There are several blocking constructs in the Net development environment:
< Systern. Threading Task= Result
< Systern. Threading. Task > Getdwarter() GetResult])
«<Systern Threading Task> Wait()
The use of these constructions is undesirable snce they are an anti-pattern that can result in both perfomance degradation
and desdlocks. To sobve this prablem, utilize the async/await construction and changs the entire call stack to asyrchronous

miade.

Pdare info hitpe Conbub com fdeeidfowlibspMerCoreDisgnoste s cernaros/bich/maserheneGudance md

Prerequisites

1. Make sure you have next tools installed on your PC *

Please sefect 3 options.

D Wisual Studa 2022 (minimal version 178

|_| Git with authentication to Github setup

[[] Extension hitestmarketplace visualstudio comyStemsitembame=Forst Async Refactoring
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Provide information about your PC

2. CPU*

3. RAM ¥

4. Drive type *
) sbo

() HOD

5. Wersion and Edition of Visual Studio *

Provide some professional information

&. Level of expertise
) lunier
() Middie
() Senior
() Lead
() Principal

7. Years of experience

8. Main tech stack

9. How often do you work with Met stack? *
() Everyday
() 1-2times per week
() Few times per morth
O Raaty

C:I Hever
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Workspace preparation

The praject used for the expesiment has been developed for the sole purpose of validating the extension. |8 has no practical
meaning; haweever, it contains all the main blocking code constructorns.

10. In order to prepare workspace, follow the next steps *

Please select 5 optiars.

D Provide your Github usemame to crganizer
I_I CTane githul: repo https:ffgithub comy/Barl s Tach. Asyne Refactaring TestProjects

| | Open salutian fle
WTech AsgncRefactoring TestProjects) Combined Third Partyhsymchiethods\Third Party Async Methods sin

O

Build the praject

Check the structure of the project

O

Manual issue detection and fixing

¥our goal is to find all Hlodking code corstrudtions and cormeert thern 1o nan-blodang ones. After all the trarsfarmations, the
project should be buddable.

11. Please follow the nest process *

Please select 9 optiars.

D Create new branch on git with name dev_<your_nick_or_alias=>_manual
I_I Checkout the newly oreated brarch

Opan the praject

Start the timer

Detect and fix issues

Build project

Stop the timer

Coemimit all changes

OO OooOooaoaad

Push the commit to remote repositony

12. How much time have you spent? *

13. What techniques hawe you used (manual, intellisence, Github Copilot, Resharper, etc)? *
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Automatic issue detection and fixing

Wour goal is to achieve the same results as in the previous part; however, the extension shouwld be used. Instructions on how to
use the extension: httpsgithub com/BorseTechdpmcRetactoring, Exension

14. Plzase follow the next process: *

Plemse select 9 opbors

D Create new brandh on git with name dev_<your_nick_or_alias>_auto
|_| Checkaut the newly oreated brarch

Open the project

Start the timer

Detect and fix isswes with the extension

Build the praject (in case of emoar, fx thern manually)

Stop the timer

Coarerit all changes

Push the commit o remote repository

O00o0oooad

15. How much time have you spent? *

16, How easy it was to use the extension? *

H$46 46464

17. How satisfied are you by the performance of the extension? *

LS L5

18, What is the likelihood that you will recommend the extension to your colleagues? *

L L6 L4854

19. What is your overall satisfaction rating with using the extension? *

HLHLH LD

20. Any comment on the extension
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Annex 2. Survey of the Experiment for the Presscenters.com Project

Survey 2 - News aggregator

The goal of this survey is to conduct an experiment and verify method of detecting blocking code and converting it to
asynchranous in _Met environment.

* Required

Issue description

There are several blocking constructs in the Met development environment:
«System. Threading Task> Result
= Systemn. Threading Task> GetAwaiter) GetResult])
< Systemn. Threading Task> Wait{)

The use of these constructions is undesirable since they are an anti-pattern that can resultin both perfarmance degradation
and deadlocks. To solve this problem, utilize the async/await construction and change the entire call stack to asynchronous
mode.

More info: hittpssfaithub comddavidfowlAspiietCore DiganosticScenaros/blob/master/AsyncGuidance md
Prerequisites

1. Make sure you have next tools installed on your PC *

Please select 3 options.

E Visual Studio 2022 (minimal version 17.9)
L Git with authentication to Github setup

[ Extension hups:fmarketplace visualstudio comyitems?itamMame=Borisk AsmcRefactoring

Provide information about your PC

2 CPU™

3. RAM *

4. Drive type *

() ssD

) HOD

5. Version and Edition of Visual Studio *
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Provide some professional information

6. Level of expertise
O Juniior
) Middle
C) Senior
) Lead

O Principal

7. Years of experience
8. Main tech stack

9. How often do you work with Net stack? *
C) Everyday
O 1-2 times per week
O Few times per month
() Rarely
O Newver

Workspace preparation

The project used for the experiment is Mews aggregator for the press releases of the Bulgarian govemment sites. This project
has great number of constructions that utilize blocking operations

10. In order to prepare workspace, follow the next steps *

Please select 5 options.

L Provide your Github username to organizer

[[] clone github repo hitps://aithub.com/Borlss /v Tech AsvncRefacioring, Tesi PressCenters com
E Open solution file MTech AsyncRefactoring, Test. Pre: mters.cos Ty mters.sln
[} Build the project
,_

Check the structure of the project



Manual issue detection and fixing

Your goal is to find as many blocking code constructions as possible and convert thems to non-blocking ones.

The project provided has a huge number of anti-pattems, so it's up 1o you to decide which ones 1o select.

The time cap is 40 minutas.

After the time is up, you need to finish the asynchronization process and make the project buildable withouwt new blocking
code constructions.

11. Please follow the next process *
Please select 9 options.

L Create new branch on git with name dev_<your_nick_or_alias>_manual
l__ Checkout the newly created branch

Open the project

Start the timer

Detect and fix issues

Stop the timer

Commit all changes

O
L
]
[ euid project
L]
[
C

Push the commit to remote repository

12. How much time have you spent? *

13. What technigues have you used (manual, intellisence, Github Copilot, Resharper, etc)? *
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Automatic issue detection and fixing

‘our goal is to find all blocking code constructions and convert them to non-blocking ones using the estersion provided.

Instructions on how to use the extension: hitpe Mgithub.com/Berl ssfy Tech AsyncRefactoring Extension

14. Please follow the next process: *
Please select 9 options.

L Create new branch on git with name dev_<your_nick_or_alias>_auto
[} Checkout the nawly created branch

Open the project

Start the timer

Detect and fix issues with the extension

Stop the timer
Commit all changes

Push the commit to remote repository

U
U
N
E Euild the project (in case of error, fix them manually)
U
N
U

15. How much time have you spent? *

16. How easy it was to use the extension? *

H 468684

17. How satisfied are you by the performance of the extension? *

5L L5

18. What is the likelihood that you will recommend the extension to your colleagues? *

HLH L6868

19. What is your overall satisfaction rating with using the extension? *

566868

20. Any comment on the extension
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