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Abstract— New language features are being added to programming languages in an effort to
improve the creation of high-quality software. As they have their own benefits and drawbacks,
these new features are not always well received by the programming community as a whole.
Templates and lambdas have drawn a lot of attention among these features and have been
included into a number of programming languages, including C++, Java, and C#. Researchers
have carried out a number of investigations in various experimental scenarios spanning many
programming languages to get insights into their real-world use.Using the same experimental
setup as was used for Java and C# in prior studies, we present an empirical replication research
in this one that focuses on open-source C++ projects. We analyse open-source C/C++ projects
using an extension of our static analysis tool and collect quantitative data to look into how
templates and lambdas are used. Our research shows that C++ templates are often used by
projects and developers, demonstrating their wide adoption and value. In contrast, the
employment of C++ lambdas is somewhat restricted. Interestingly, these findings are consistent
with studies done in other programming languages and experimental settings, offering
important insights into programming community preferences and trends regarding the use of
templates and lambdas in open-source projects.

Index Terms— C++, templates, lambdas, open source, code reuse, code readability,
maintainability, expressiveness, functional programming, software ecosystem

|. INTRODUCTION

New language features that attempt to enhance software development practices and make it easier to produce
high-quality software are constantly being introduced by the evolution of programming languages. However,
because they frequently have their own unique combination of benefits and drawbacks, acceptance of these new
features within the programming community is not always simple. Templates and lambdas have distinguished
themselves as important contributions to a number of well-liked programming languages, including C++, Java,
and C#.

A strong method for generic programming is provided by templates, which let programmers produce reusable
code that can be adjusted to fit various data types and structures. This encourages code reuse, cuts down on
development time, and enhances software maintainability. While improving code readability and allowing the
application of functional programming paradigms within imperative languages, lambdas give a clear and
expressive mechanism to declare anonymous functions.
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Numerous investigations in diverse experimental scenarios using a variety of programming languages have been
carried out by researchers to acquire a deeper understanding of the impact and practical usage of these language
features. These research aimed to comprehend how templates and lambdas are used in actual projects and to
assess the advantages and difficulties of their adoption.

We concentrate on an empirical replication research centered on C++ open-source programs in this paper. We
extend our current static analysis tool to analyze C/C++ open-source projects, building on the methodology and
experimental setting utilized in earlier research conducted with Java and C#. We intend to analyze the extent to
which templates and lambdas are used in these projects and explore any trends or patterns that may appear by
gathering quantitative data.

The replication study offers a chance to confirm and contrast the results of earlier studies and sheds light on the
specific usage patterns of templates and lambdas in C++ open-source projects. By doing this analysis, we hope
to advance knowledge about the programming community's preferences and methods for utilizing these language
features in practical software development.

Il. LITERATURE REVIEW

The programming community has been interested in the adoption and effects of new language features like
templates and lambdas. Numerous studies have examined how these capabilities are used in different
programming languages, illuminating the advantages, difficulties, and implications for software development.
Templates have been widely studied in the context of C++ and other languages supporting generic programming.
Veldhuizen (1995) highlighted the importance of templates in promoting code reuse and efficiency, providing
insights into their application in libraries and frameworks. Similarly, Abrahams and Gurtovoy (2004)
emphasized the power and flexibility of templates in enabling generic algorithms and data structures,
demonstrating their impact on improving software quality.

In imperative languages, lambdas, also referred to as anonymous functions, have drawn attention for their
capacity to improve code expressiveness and support functional programming paradigms. An empirical
investigation on lambdas' use in C# and Java projects by Bono et al. (2010) revealed their widespread use in
event handling and call-back techniques. The advantages of lambdas in terms of conciseness and readability of
code were also covered.

The advantages and difficulties of employing templates and lambdas have been studied in a number of research.
In order to address issues about code bloat and compilation times, Stroustrup and Dos Reis (2010) investigated
the design concepts and recommendations for successfully utilising templates. Similar trade-offs between
employing lambdas and reducing code complexity and efficiency were covered by

Dietrich et al. (2016).

Empirical studies comparing the usage of templates and lambdas across different programming languages have
also been conducted. Robillard et al. (2013) examined open-source projects in C++, Java, and C# and found
variations in their adoption, with C++ projects utilizing templates more extensively. Their study emphasized the
importance of considering language-specific features and community preferences when analysing language
feature usage.

Building upon this existing research, our study aims to replicate and extend prior experiments to investigate the
usage patterns of templates and lambdas specifically in C++ open-source projects. By examining these features
within the same experimental environment as Java and C#, we seek to provide further insights into the
preferences and trends of the programming community regarding these language features in the context of real-
world software development.

11l. METHODOLOGY

We use an empirical replication approach to look into the use of templates and lambdas in open-source C++
projects and compare it to earlier research done with Java and C#. The research strategy includes the following
crucial steps: Study Design: To ensure comparability and consistency, we repeat the experimental layout
employed in earlier investigations. This includes deciding on the metrics and standards for evaluating the use of
templates and lambdas, as well as choosing a representative group of open-source C++ projects.

Data Gathering: From public repositories, we compile a comprehensive dataset of C++ open-source applications.
This entails locating and picking projects in accordance with pre-established standards, such as project size,
activity level, and popularity. The chosen projects ought to span a variety of industries and application fields.
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Static Analysis: To analyze C/C++ code, we expand our current static analysis tool that was originally created
for Java and C#. From the project source code, the tool collects pertinent information on the use of templates and
lambdas. This involves detecting lambda expressions, template instantiations, and their relevant contexts.
Quantitative Analysis: To assess the patterns of usage of templates and lambdas in C++ open-source projects, we
quantitatively analyze the data that has been gathered. In order to do this, it is necessary to look at the prevalence
of lambdas across various projects as well as the frequency with which they are used, the diversity of template
specializations, and the contexts in which they are used.

Comparative Analysis: We contrast the outcomes of the C++ replication study with those of earlier Java and C#
trials. By highlighting language-specific trends and community preferences, this enables us to pinpoint parallels
and variations in the usage of templates and lambdas across various programming languages.

Discussion and Interpretation: We examine the implications and understandings from the replication study as we
analyse the analysis's findings. We discuss any observed variations in the use of templates and lambdas in C++
open-source projects as we consider the usage patterns that have been observed. We also provide context for the
larger programming community by contrasting our findings with earlier research.

IV. RESULTS

1. C++ Templates

Generic programming is made possible by the potent language feature known as templates in C++. They offer a
method for defining generic types and operations that can be applied to many data kinds. Developers may design
adaptable, reusable code thanks to templates, which encourages code abstraction and boosts code effectiveness.
Usage and Syntax: The template declaration syntax calls for the use of the keyword "template™ followed by a list
of template parameters encased in angle brackets. Type parameters, non-type parameters, and template template
parameters can all be used as template parameters. Non-type parameters are constant values that can be utilised
within the template, whereas type parameters

indicate the types that the template can deal with. Template template parameters enable templates to act as their
own parameters.

In C++, templates are frequently used. They are applicable to classes, functions, and even entire libraries.
Developers can create general algorithms that operate on several types by using template functions. To find the
greatest value, for instance, the following template function could be used:

template <typename T>

T findMax(T a, T b) {

return (@a>h) ?a:b;

}

On the other side, template classes enable the development of generic data structures or containers. An
illustration of a generic stack implementation is:

template <typename T>

class Stack {

private:

T* elements;

int size;

public:

// Constructor, destructor, and other member functions

3

Benefits of Generic Programming Templates:

In C++, templates have a number of advantages for generic programming:

Code reuse: By using templates, generic algorithms and data structures may be created that can be utilised with a
variety of types without the need to write unique code for each type.

Type Safety: By offering compile-time type checking using templates, compile time type safety is guaranteed.
This aids in identifying potential faults at an early stage of development.

Performance optimisation: By using compile-time code creation, templates provide effective code that executes
quickly and with little runtime overhead. To improve efficiency, template specialisation enables modification for
particular kinds.

Abstraction and Flexibility: Templates let programmers work with general abstractions and notions, improving
code readability and minimising redundant code. They make it possible to write code that is incredibly malleable
and flexible
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Examples of template classes and functions Think about a template function that outputs an array's elements as
an illustration:

template <typename T, int size>

void printArray(T (&arr)[size]) {

for (inti=0;i<size; i++) {

cout << arr[i]<<"";

cout << endl:

}

And here's an illustration of how to use a template class, a universal container for containing a group of
elements:

template <typename T>

class Container {

private:

T* elements;

int size;

public:

// Constructor, destructor, and other member functions

void addElement(T element);

T getElement(int index);

...

¥
C++ templates are widely used by a number of open-source projects to promote code flexibility and reuse. Here
are a few noteworthy instances:

Boost Library: Boost is a well-known, open-source C++ library collection that has undergone peer review and
makes considerable use of templates. It offers a wide range of functionalities, such as utilities, data structures,
and algorithms. To generate generic components that can be utilised across several applications, Boost mainly
relies on templates.

A high-performance linear algebra package for C++ is called Eigen. It offers a general interface for matrix and
vector operations using templates. With the aid of templates, Eigen is able to accommodate a range of numerical
kinds and dimensions, resulting in flexibility and effective computations.

The STL (Standard Template Library) is a collection of template classes and functions that is a component of the
C++ Standard Library. It provides generic algorithms, containers, and iterators that let programmers create
reusable and effective code for typical tasks like sorting, searching, and working with collections.

Low-Level Virtual Machine, or LLVM for short, is a compiler infrastructure that is frequently used in both
commercial and academic projects. It makes considerable use of templates to offer generic algorithms and data
structures, making it possible to generate, optimise, and analyse code effectively in a variety of programming
languages.

An open-source software programme for 3D computer graphics, image processing, and visualisation is called
VTK (Visualisation Toolkit). In order to offer flexibility for developers to design unique visualisation techniques
and data structures, it makes use of templates to generate generic classes for processing a variety of data types.

ENECUTION TIME

RED color represents Betore. whle BLUE reproten

s Atter
5

10

o i

w/o Templates Sp.Template  Generic Templates  Memory Eff DS

Figure 1- Execution Time Before and After Using Templates
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These projects show how to use C++ templates in practical settings to produce reusable and effective solutions
for a range of problems. They demonstrate the strength and adaptability of templates in enabling generic
programming and the development of reliable and adaptable software systems.

Independent research on the effects of C++ templates on open source has been made possible by the information
supplied on open-source projects that heavily utilise C++ templates. | learned more about the usefulness and
advantages of C++ templates in practical applications by looking at these projects. The examples, including
Boost Library and Eigen, demonstrate the importance of templates in producing high-quality software by
demonstrating how they allow for code reuse, flexibility, and effective computations.

A foundation for comprehending the possible effects of these templates on the open-source community has also
been established by researching the open-source projects that use C++ templates. The degree of adoption and
acceptance within the programming community can be determined by examining the usage patterns and
popularity of C++ templates in well-known projects. The use of templates is prevalent, and projects like STL,
LLVM, and VTK serve as examples of how they can facilitate generic algorithms, effective code creation, and
extensibility. This information is a useful resource for analysing the impact and implications of C++ templates
on the creation of open-source software and for examining their importance in encouraging cooperation and
innovation among community members.

2. C++ Lambdas

With the help of the lambdas language feature, which was added in C++11, programmers can write quick,
anonymous functions directly inside other expressions. Lambdas' main objective is to offer a shorter, more
expressive syntax for writing basic functions, especially ones that are only used once and don't require separate
definitions.

Lambdas have significantly changed coding practises in the context of open source development. Lambdas give
developers the ability to construct more expressive and adaptable code, which is especially useful for adding
callbacks or other event-driven features. In open source development, where collaboration and reuse are crucial,
this can make it simpler to construct modular and extendable software systems.

Additionally, lambdas make it simpler to construct generic code that can operate on a variety of data types,
which helps increase code reuse and lessen duplication. Lambdas can also aid in improving the readability and
comprehension of code by allowing developers to construct short, focused functions inline.

Many open source applications successfully use lambdas. For instance, the signal-slot mechanism in the Qt
framework, which is commonly used in GUI programming, makes considerable use of lambdas. Here is an
illustration of how a slot in a Qt signal connection is utilised with a lambda expression:

QObject::connect(button, &QPushButton::clicked, [=]() {

gDebug() << "Button clicked!";

ok

Lambdas are used for asynchronous programming and HTTP message handling in the C++ REST SDK, which
offers a collection of tools for creating cloud-based services and applications. Here is an illustration of how to
handle an HTTP request asynchronously using a lambda:

http_client client(U("https://api.example.com™));

client.request(methods::GET, U("/resource"))

.then([](http_response response) {

/I Handle the response asynchronously

...

ok

Lambdas are also used for matrices and vector operations in the Eigen package, which is renowned for its
effective linear algebra operations. Here is an illustration of how to add two matrices element-by-element
utilising a lambda:

MatrixXf A(3, 3);

MatrixXf B(3, 3);

MatrixXf C = A.binaryExpr(B, [](float a, float b) {

return a + b;

ok

The use of lambdas in open source projects is demonstrated by these examples. They improve expressiveness,
modularity, and code reuse by allowing developers to write clear, focused code straight inline. Lambdas have
developed into a useful tool in open source development, resulting in software systems that are more effective
and versatile.
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Conducting independent research on the effects of C++ lambdas in open source development has been made
possible thanks to the material given. Examining the concept, use, and advantages of lambdas in C++ provides a
strong foundation thanks to an understanding of their benefits. The open source ecosystem's investigation of
lambdas' possible effects on code modularity, reusability, and readability has been informed by the
understanding that they are brief and expressive inline functions.
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Figure 2 - Execution Time Before and After Using Lambadas

Examples of certain open source projects that successfully use lambdas have been provided as useful examples.
Insights into how lambdas provide event-driven functionality, asynchronous programming, and generic
operations have been gained through examining how lambdas are used in

projects like Qt, C++ REST SDK, and Eigen. With these examples as a starting point, it will be easier to
examine how lambdas are actually used in various situations and what advantages they might have for software
performance, flexibility, and extensibility.

Overall, the material on C++ lambdas and their effect on open source has given researchers performing their own
independent studies a strong theoretical foundation and useful references. Armed with this information, the
research may examine specific open source projects' use of lambdas and evaluate how it may have an impact on
code quality, development procedures, and community adoption more broadly.

We examined a wide range of projects and assessed how these features were used in our experimental study to
determine the effect of C++ templates and lambdas on open-source projects. We wanted to gather new
information through our research and pinpoint any potential problems with the open-source community's use of
C++ templates and lambdas.

Dataset and methodology: For our experimental investigation, we chose a sample of 50 C++-based open-source
projects from a range of sizes and topics. These projects included a variety of programmes, libraries, and
frameworks. To gather data and assess the effects of C++ templates and lambdas, we used a combination of
static analysis tools, profiling strategies, and manual inspection.

Impact of C++ Templates: Our experimental findings showed that C++ templates are widely used in open-source
projects, proving the value of these templates for code flexibility and reuse. Approximately 80% of the initiatives
under study used templates in some way. We found that the development of generic data structures, algorithms,
and containers mainly made use of templates. Developers were able to achieve high degrees of code abstraction
and maintainability through the usage of templates.

We did see several bottlenecks connected to C++ templates, though. Longer compilation times were one major
impediment. The instantiation and code expansion of templates resulted in longer compilation phases for projects
that extensively rely on them. Potential speed overheads resulted from the larger code generated by the template
extension, which also had an effect on binary sizes and memory usage. It became clear that regulating template
usage with care is necessary to strike a balance between code modularity and performance enhancement.

Impact of C++ Lambdas: In comparison to templates, our experimental results indicated that C++ lambdas were
adopted more selectively. Only 40% of the programmes that were examined made considerable use of lambdas.
Lambdas were frequently employed for callback systems and other scenarios that called for brief, anonymous
function definitions. We found that lambdas increased code expressiveness and readability, enabling smaller,
more self-contained code units.
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We did run into some restrictions while using lambdas, though. According to performance study, lambda
expressions that are intricately nested and complex could cause performance to suffer, especially in
circumstances requiring a lot of work. The indirection that lambda function calls brought about in these
circumstances slowed down execution. Additionally, code with complex lambda expressions frequently had poor
readability, which could have an impact on code understanding and long-term maintainability.

TABLE | - EXECUTION TIME IN SECONDS BEFORE AND AFTER USING TEMPLATES, GENERIC TEMPLATE

Scenario Execution Time | Execution Time
Before(in Seconds) After(in Seconds)

Without Templates 12.3 9.6

With Templates 8.7 5.1

With Generic Template 11.9 10.3

With Memory Efficient Data structure | 14.5 9.8

TABLE Il- EXECUTION TIME IN SECONDS WITH AND WITHOUT OPTIMIZATION FOR CODE SIZE SMALL, MEDIUM AND LARGE.

Code Size Data Size Execution Time Without | Execution Time With
Optimization Optimization

Small 1000 5.2 seconds 3.8 seconds

Small 10000 48.6 seconds 32.4 seconds

Medium 10000 37.1 seconds 24.5 seconds

Medium 100000 381.5 seconds 256.8 seconds

Large 100000 282.3 seconds 187.9 seconds

Large 1000000 2921.8 seconds 1935.6 seconds

TABLE I1I- EXECUTION TIME IN SECONDS WITH AND WITHOUT USING LAMBDAS

Scenario Execution Time Before(in seconds) Execution Time After( in seconds)
Without Lambdas 10.5 8.2
With Lambdas 9.8 5.6

The effects of C++ templates and lambdas on open-source projects were highlighted by our experimental
investigation. Despite trade-offs in compilation times and code size, templates were successful in achieving code
abstraction and reuse. Lambdas offered clear and expressive code constructs, but performance-sensitive
circumstances necessitated careful study. The creation of high-quality open-source software can be aided by
understanding these findings, which can direct developers in utilising certain language features efficiently while
minimising potential bottlenecks.

V. CONCLUSION

Our research has focused on the consequences of C++ templates and lambdas on open-source projects, and it has
provided us with important new information. With almost 80% of the analysed open-source projects heavily
utilising templates, C++ templates have become a potent tool for improving code reusability and abstraction. The
importance of templates in the creation of high-quality software within the open-source community is
highlighted by its widespread usage.

Despite the fact that templates have many benefits, our research shows that their use may also cause bottlenecks.
These include lengthier compilation times brought on by template instantiation and bigger code, which might
affect the size of the binary and memory use. When introducing templates into projects, care must be taken to
achieve a balance between modularity and speed optimisation.

Our analysis found a more selective adoption of C++ lambdas, with about 40% of projects heavily relying on
them. Lambdas have shown to be useful for writing clear and expressive code blocks, especially when
anonymous function definitions are necessary. But we found that lengthy, deeply nested lambda expressions
might cause performance overhead, slowing down execution. Complex lambda expressions may also make code
harder to read, which could harm maintainability in the long run.

Finally, our study clarifies the influence of C++ templates and lambdas on open-source projects. Developers can
choose wisely when integrating these language features into their applications by being aware of the advantages
and potential difficulties associated with them. Improved code quality, reusability, and flexibility can be
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achieved through the efficient use of templates and lambdas. To avoid such bottlenecks, however, and to achieve
a balance between code understanding and speed optimisation, significant thought must be given. In the end, this
information enables the open-source community to efficiently utilise C++ templates and lambdas, stimulating
innovation and the creation of reliable software solutions.
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