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Abstract. The study's relevance is due to the growing performance requirements of modern web
applications that process significant amounts of data and provide a high user experience. Under these
conditions, lazy loading is considered an effective approach to optimise resource utilisation, reduce
response times and reduce the load on network and computing resources. At the same time, it has been
established that, despite the obvious advantages, there are limitations associated with implementing this
technology that require a detailed analysis.

The study's purpose is to assess the impact of lazy loading on key performance indicators of web
applications, identify its advantages and limitations, and develop recommendations for the effective
implementation of this technology.

The study applied the methodology of experimental modelling of web applications in different
scenarios. Two versions of the application were developed: one without lazy loading and the other with
its implementation. The experiments were conducted in networks with different bandwidths (4G, 3G), and
performance was evaluated based on indicators such as page load time, RAM consumption, and network
resources.

The study found that lazy loading significantly reduces loading time (up to 50% on a 4G network) and
reduces the amount of data transferred by almost 3.5 times. This significantly improves the user experience
and optimises the use of server resources. At the same time, a number of limitations have been identified,
such as dependence on the stability of the network connection, complexity of implementation, and potential
problems with SEO indexing of dynamic content.

The conclusions emphasise the need to consider the application's specifics and users' needs when
implementing lazy loading. In particular, it is important to ensure compatibility with search engines, adapt to
weak network conditions, and consider accessibility requirements for users with disabilities.

Prospects for further research are identified in the development of approaches to optimise SEQO indexing
of dynamic content, ensure accessibility for all user categories, and integrate lazy loading into systems that
handle critical data. Another interesting area is the analysis of device power consumption when using this
technology.

Key words: lazy loading; web applications; performance; optimization; dynamic loading; loading time;
memory consumption; network resources; SEQ; accessibility.
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AHomauiss. AkmyaribHicmb 00CniO)eHHs1 3ymoeneHa ece binbwumu eumoz2amu 0o rpodyKmugHocmi
cy4yacHuUx eeb3acmocyHkis, sIKi onpaybo8yrome 3Ha4YHi 06csieu OaHux | 3abe3neyyromb 8UCOKUU Pi6EHb KO-
pucmysaubkoz2o 0oceidy. Y yux ymosax sukopucmaHHs lazy loading posansadaemscs sik dieguli ridxid 0o
onmumi3aujii 3a8aHmaxeHHs1 PeCypci8, CKOPOYEHHS Yacy 8i02yKy ma 3HUXEHHST HagaHMa)eHHs Ha Mepe-
XKeesi U obyucrirosarnbHi pecypcu. BoOHouyac ycmaHoeneHo, w0, nornpu o4es8udHi nepesaau, yrnpoeadKeHHs
uiei mexHornoeii Mae HU3KYy 0BMeXXeHb, sIKi mompebyrome 0emaribHO20 aHarlisy.

Memoto pobomu € ouiHoeaHHs ennusy lazy loading Ha kmr0408i MokasHUKU fMpodykmusHocmi eeb3a-
CMOCYHKi8, 8U3Ha4YeHHs 1020 repegaz ma 0bMexXeHb, a MaKox po3pobreHHs pekomeHdauil wo0do eek-
MmuBHO20 8rpoBadKeHHs uiei mexHorioair.

HocnidxeHHs npoeodursiocs i3 3acmocysaHHIM Memo0osIo2ii eKcriepuMeHmarbHo20 MOOETH8aHHS Po-
b6omu 8eb3acmocyHKi8 y pisHUx cueHapisx. CmeopeHo 08i 8epcii 3acmoCyHKy: 00Hy — 6e3 8UKOpUCMaHHS
lazy loading, a iHwy — 3 U020 8rnposadxeHHsIM. EKcriepumMeHmu rnpogoousiu 3a yMo8 MEPEX i3 Pi3HOH
rponyckHor 30amuicmio (4G, 3G), a npodyKkmueHIiCmb OUiHI08aIu Ha OCHO8I MaKkux MOKa3HUKI8, sIK Jac
3agaHMa)XeHHs1 CMOPIHOK, BUKOPUCMAaHHS oriepamueHOi nam’smi ma CrioxueaHHsi Mepexesux pecypcis.

Y pesynbmami docnidxeHHs ecmaHoeneHo, wo lazy loading 3abesneuye 3Ha4He CKOPOYEHHS Yacy 3a-
8aHmMaxeHHs1 cmopiHoK (00 50% y Mepexi 4G) i 3veHweHHs obcsey nepedaHux 0aHux matxe 8 3,5 pasa.
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Lle 3Ha4yHO nokpauw,ye KkopucmysaubKuli 0oceid, OMMUMI3ye 8UKOPUCMaHHS cepeepHUX pecypcie. BodHo-
4yac eusierieHo HU3KYy obMmexeHb, ceped SKUX — 3anexHicmb 8i0 cmabinbHOCmi Mepexeeoz2o 3’€dHaHHS,
cknadHicmb peanizauii ma nomeryitiHi mpydHouwli i3 SEO-iHOekcaujero OUHaMiYHO20 KOHMeHmy.

Y 8UCHOBKax Ha2ormoWeHO Ha 8aXJ/1u8oCcmi 8paxysaHHs crieyugiku 3acmocyHKy U nompeb kopucmyea-
yig nid 4Yac ynpoeadxeHHs1 lazy loading. 3okpema, 3Hadywum € 3abe3riedeHHs1 CyMiCHOCMI 3 MOWwyKO8UMU
cucmemamu, aBanmauis 00 ymos crnabkux mMepex i epaxysaHHs sumoa docmyrnHocmi Onsi Kopucmyesadie
3 06MEXEeHUMU MOXITUBOCMSMU.

lMepcrnekmusu nodanbwux AocnidXeHb 8Ko4Yaromb pPo3pobreHHs nidxodige Ons onmumizayii SEO-iH-
Oekcauji OuHamMiYHHO20 KOHmMeHMmy, 3abesrnedyeHHs1 docmyrnHocmi 01151 8Cix Kamez2opill kKopucmysadie ma iH-
meepauji lazy loading y cucmemu, wo npauyrrme i3 KpumuYyHUMU OaHUMU. TakoX 8axXugumM HarpsIMoM €
aHarsi3 eHep20CroXusaHHs MpUCmMpoi8 nid Yac eUKOPUCMaHHS ujei mexHornoeii,

Knroyoei cnoea: lazy loading; eeb3acmocyHKuU; npodykmueHicmb, onmumisauisi; OUHaMiYHe 3agaHma-
JKEHHS; Yac 3a8aHMaXeHHs1; CrioxueaHHs nam’smi; mepexesi pecypcu; SEO, docmyrnHicme.

Introduction

Web applications that serve many users face the challenge of efficiently managing resources, lowering
page loading speeds, and providing a quality user experience. As the amount of data loaded initially
increases, difficulties arise due to long response times, network congestion, and low performance of users'
devices. One of the most promising approaches to solving these problems is using lazy loading technology,
which allows you to optimize the downloading process by delaying its loading.

This problem is of great scientific importance, as it requires research into the impact of different loading
strategies on the performance of web applications, considering the specifics of modern frameworks, browsers,
and network protocols. The practical significance lies in increasing the efficiency of web applications,
reducing the load on servers, and improving the user experience, which is critical for developers, online
service providers, and end users.

The topic of researching the impact of lazy loading on web application performance is actively developing.
Many scientific works focus on analyzing the principles of this technology, evaluating its effectiveness, and
practical approaches to implementation.

The works of R.-M. Béara, C. A. Boiangiu, and C. Tudose investigate the impact of lazy loading on key
performance indicators of web applications, including page load time and memory usage. The authors
consider implementation scenarios and offer recommendations for their optimization [1]. Similar aspects are
analyzed by S. Turcotte, Gokhale, and F. Tip, who studied how lazy loading can increase the responsiveness
of real-time web applications by reducing delays [2].

In their work, E. Mjelde and A. L. Opdahl investigate methods for reducing the loading time of web
applications on different devices, focusing on devices with limited resources. Their analysis covers lazy
loading as one of the key elements of web application performance [3]. S. K. Shivakumar takes a closer
look at the optimization of mobile web applications, particularly the impact of lazy loading on saving network
resources and reducing data volume [4].

The study by F. Yan, Z. Xu, and their colleagues aims to optimise front-end development performance.
The authors propose a solution to improve the efficiency of dynamic web applications using lazy loading
[5]. Wickham M. focuses on the practical aspects of implementing lazy loading for images, which is critical
for reducing the loading time of large pages [6].

I. Shvedov investigates the feasibility of using lazy loading in web applications, emphasising its role in
improving speed and reducing computing resources [7]. |. Khlysta and A. Bondarchuk consider the problem
of partial content updating in SPA applications, using lazy loading as a key approach [8].

A. V. Antonenko and his colleagues describe innovative methods of implementing this technology in
their work. The authors analyze the peculiarities of displaying information in web browsers and the role of
lazy loading in reducing server load [9].

M. Hajian studies the use of lazy loading in the performance of Angular applications, focusing on
improving the performance of large dynamic systems [10]. O. Kostenko and V. Furashev investigate the
regulatory aspects of web space development, including technological challenges and their impact on
users [11].

K. Chyzhmar and his co-authors analyse information security in the context of web application
development, paying attention to the role of optimisation, in particular lazy loading [12]. F. Al-Hawari, in
his work, considers design patterns for data management in web systems, highlighting lazy loading as an
element of big data management [13].

In his book about progressive web applications, S. Domes demonstrates practical cases of using lazy
loading in React applications to achieve loading speed and interactivity [14].

Thus, the analyzed studies demonstrate significant interest in implementing lazy loading as a key tool
for optimizing web applications.

Despite studying the principles of lazy loading and its impact on performance, several key aspects still
need to be solved. The conditions for using this technology in real-world web applications with complex
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architectures require further research, especially in cases with high server loads or poor network quality (for
example, in 3G networks). A limited number of studies analyze in detail how lazy loading affects the power
consumption of mobile devices or performance in multimodule systems.

Special attention is drawn to the problems of SEO indexing dynamic content. Search engines are often
unable to fully index pages with delayed loading, which can negatively affect websites' visibility in search
results. Approaches to ensuring the accessibility of dynamic content for users with disabilities are also
insufficiently developed, which is critical in terms of meeting modern standards of inclusiveness.

The proposed research will contribute to solving these problems. Experimental analysis will allow us to
assess the impact of lazy loading in complex practical scenarios, particularly in conditions of low network
speeds. It will also develop recommendations for optimizing SEO indexing of dynamic content and ensuring
accessibility, which will help adapt the technology to modern web development needs. This will not only
broaden the understanding of lazy loading capabilities but also help eliminate existing limitations for its
effective implementation.

The article aims to investigate the impact of lazy loading technology on web application performance,
identify its advantages and limitations, and provide practical recommendations for implementation to
optimize the user experience and resource efficiency.

Obijectives of the article:

1. To investigate the principles of lazy loading and assess its impact on the performance of web
applications, including page load time, memory, and network resource consumption.

2. To conduct an experimental study of the implementation of lazy loading in various web application
scenarios to identify the main advantages and limitations of its use in practical conditions.

3. To develop recommendations for the effective implementation of lazy loading in web applications
based on the analysis of the results obtained and the identified limitations.

Research results

Lazy loading is an important approach in web development that allows you to optimize application
performance by loading resources only when needed. The main principle of this technology is to reduce the
initial load on the system by deferring the loading of modules, images, videos, or other components that are
needed only at a specific moment of the user's work. This approach aims to improve page loading speeds,
reduce network resource use, and optimize RAM consumption. In web applications that often contain large
data or have a complex structure, lazy loading is a key tool for ensuring high performance (Table 1).

In today's environment, lazy loading is widely used to solve several problems related to the performance
of web applications. For example, multi-page websites like e-commerce platforms avoid loading all pages
simultaneously. Only those pages that the user accesses are loaded during the session. Also, delayed
loading significantly reduces system response time on media platforms with a lot of video content.

Using attributes such as loading=‘lazy’ allows the browser to control the loading process automatically.
For example, in static websites, images or iframes are loaded only when they are in the user's visible area.
This significantly reduces the consumption of network resources, especially on mobile devices.

Table 1
Basic principles of lazy loading in web applications
How it works Explanation

Modules are loaded dynamically only when the user goes to a specific
section or page.

Upload images on demand Images are loaded only when the user scrolls to the appropriate area.
The loading=‘lazy’ HTML attribute allows the browser to automatically
implement delayed image loading.

Dynamically connect scripts The download is performed using JavaScript depending
and styles on the user's actions.

Deferred loading of modules

Using special attributes

In frameworks such as Angular, the lazy loading principle is implemented through modular connection
mechanisms. This means that instead of loading the entire application on the first visit, only those modules
that correspond to the functionality selected by the user are loaded. In React, similar functionality is achieved
using libraries such as React-lazy and Suspense, which simplify the implementation of deferred component
loading. As a result, the user gets faster access to content, load times are reduced, and developers ensure
more efficient use of server resources. This approach is ideal for optimizing multifunctional platforms and
websites that target a global audience.

As an approach to optimizing web applications, lazy loading affects key performance indicators,
including page load time, RAM consumption, and network resource usage. This method reduces the load
on the system by delaying the loading of content or modules only when needed. As a result, resources are
optimized, the user experience is improved, and load times are reduced. Page load time is a critical metric
because it affects the first impression of the user, as well as the overall performance of the application.
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Using lazy loading allows you to download only the necessary data, significantly reducing the amount of
traffic, especially in conditions of weak network connections (Table 2).

Today, lazy loading is proving to be effective in various industries, such as e-commerce, education, media,
and entertainment. For example, in e-commerce, stores that use lazy loading of product images ensure that
the first screen is displayed quickly, even if the catalog contains thousands of items. The user sees relevant
content without delay, which increases conversion and reduces bounce rates [2]. In educational platforms
that include interactive tasks or multimedia content, lazy loading allows you to load only active modules.
This provides quick access to learning materials, reducing memory and time consumption. For example,
video tutorials in eLearning platforms load only when the corresponding module is opened.

In media applications that focus on streaming video or displaying galleries, delayed loading allows you
to optimize your traffic consumption. This is critical for mobile users with limited data. It allows consumers
to get quick access to the content they need, avoiding network or device overload.

Table 2
Impact of lazy loading on key web application performance indicators
Performance indicator Explanation of the irr_mpact without Expla_nation of the impact
Lazy Loading with Lazy Loading
All resources are loaded simultaneously, | Only the necessary elements are loaded
Page load time which leads to longer loading times, at the time of use, which significantly
9 especially with large amounts of content reduces loading time, especially for the
and multimedia data. first screen and on weak devices.

Only the data that is needed at a
particular moment is transmitted,
reducing server load and traffic

The need to load all resources (images,
Amount of data transferred videos, modules) regardless of their
relevance to the current user session.

consumption.
High memory requirements due to the Reduced load due to gradual data
RAM usage simultaneous loading of all modules, loading, which optimises memory usage
which can cause delays or crashes on low and reduces the risk of overloading
performance devices. devices.
Significant delays due to the transfer
of large amounts of data in a single Optimised loading reduces latency,
Network performance session, which is especially problematic improving the user experience even on
for low-speed networks or limited mobile low-bandwidth networks.
connection resources.
Power consumption of Increased power consumptipn due to high thional energy consumptiqn by
devices processor and memory requirements, which | reducing the amount of computing and
reduces the battery life of mobile devices. optimising the use of resources.

Lazy loading is becoming an important tool in improving the performance of web applications, allowing
not only to adapt the operation of applications to the needs of users, but also to ensure the efficient use of
computing and network resources. Its implementation is strategically important for modern developments
focused on interactivity and a high level of user experience [1].

An experimental study of the implementation of lazy loading in web applications was conducted to
assess its impact on key performance indicators in various scenarios. The main goal of the experiment
was to analyze the loading time, RAM, and network resource efficiency in a web application environment,
particularly in the example of multi-page websites built on the Angular framework.

The experimental conditions included simulation of a web application with 10 pages, where the probability
of visiting all pages during one session is low. For comparison, two versions of the application were created:
without using lazy loading and with its implementation. The metrics used were the initial amount of data
downloaded, the time to first page display, and resource consumption under different network conditions
(4G and 3G).

The use of lazy loading in this experiment was implemented through the mechanism of dynamic module
loading using Angular. The code for routing was as follows: export const routes: Routes = [{ path: 'user’,
loadChildren: () => import('./pages/user/user.module').then(m => m.UserModule) } I;

This approach allows you to download only those modules the user needs at a particular moment,
avoiding system overload (Table 3).

The analysis of the results showed that lazy loading significantly reduces the time it takes to load the
first screen and optimizes RAM consumption. For example, in a 4G environment, an application with lazy
loading achieved a load time of 1 second, while without this approach, the time was about 3 seconds. On a
3G network, the results were even more impressive, showing a reduction in time from 5 to 1.5 seconds. In
addition, the amount of downloaded data was reduced by almost 3.5 times, which helped reduce the server
and network infrastructure load.
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The experiment's practical results prove that lazy loading is an effective tool for optimising multi-page
web applications. It provides faster access to content for users with different levels of access to resources,
increasing the system's overall efficiency and adaptability. This approach is recommended for use in
applications targeting a global audience, especially in a mobile environment with limited capabilities [10].

Table 3
Comparison of web application performance with and without lazy loading
Scenario of use No Lazy Loading With Lazy Loading
The initial volume of data ~2.5MB ~700 KB
Download time (4G) ~3 seconds ~1 second
Download time (3G) ~5 seconds ~1.5 seconds
RAM usage High due to simultaneous loading Low due to the step-by-step loading
process
User experience Low due to long waiting times High due to quick access

Lazy loading is a key web application optimization tool that provides significant performance benefits.
However, its implementation is accompanied by several limitations that must be considered when
implementing it in practice. This technology helps to improve the efficiency of web applications, especially
multi-page platforms, by dynamically loading modules, resources, or content only when needed. This
reduces the server load and optimizes the speed of displaying the first screens.

Among the main limitations of lazy loading is the increased complexity of implementation. To integrate the
technology, developers must adapt the application architecture, ensuring the correct routing and management
of dynamic module loading [6]. This can increase development time and costs, especially in large-scale
projects with many components. There may also be difficulties in ensuring technology compatibility with
different frameworks or third-party libraries, which requires additional resources for testing and debugging.

Another important limitation is the dependence on the stability of the network connection. Although lazy
loading optimizes traffic consumption, real-time resource loading can create delays if the user's connection
is slow or unstable. This is especially true for multimedia content, such as videos or large images, where
delays can negatively impact the user experience.

Another limitation is the risk of deteriorating SEO (search engine optimization) performance [14]. Since
most search engines index the content of pages during the first load, lazy loading can result in some
dynamic content remaining unavailable for indexing. This can affect your site's search engine rankings,
especially if the content is key to driving traffic.

You should also consider potential accessibility issues for users with disabilities. For example, dynamic
loading may not consider specific requirements such as keyboard navigation or screen readers. This can
create additional barriers for such users, reducing the accessibility of the web application.

Effective implementation of lazy loading in real-world web projects requires careful planning and
adherence to several practical recommendations to ensure maximum performance and user experience.
One key aspect is a preliminary analysis of the web application architecture to determine the most
resource-intensive modules or components that should be loaded dynamically. This requires testing with
performance monitoring tools, such as Lighthouse or WebPageTest, to identify bottlenecks in the content
loading process.

An important step is to properly organize the routing. In multi-page applications, modules should be
structured in such a way that only the necessary components are loaded according to the route selected by
the user. This can be implemented through modern frameworks, such as Angular or React, which support
dynamic import mechanisms. In particular, it is useful for Angular to use a modular loading mechanism,
where each module is connected only when the corresponding route is activated. This approach minimizes
the initial amount of uploaded data and reduces the server load.

To optimize multimedia content, such as images or videos, it is recommended to use built-in browser
attributes, such as loading=‘lazy”” which allow you to automate the process of delayed loading. This is
especially effective in cases where a significant part of the page contains large files that can affect the
first rendering time. Additionally, for interactive elements such as videos or iframes, you need to take into
account their impact on the loading time and ensure that they load only after user interaction.

Particular attention should be paid to optimisation for mobile devices that have limited resources. In this
case, it is necessary to test the performance of lazy loading on low-speed networks, such as 3G, to ensure
stable and fast loading even under difficult connection conditions. It is also recommended that backup
loading mechanisms be implemented in the event of a failure of the main scenario [3].

An additional factor in successful implementation is ensuring compatibility with search engines. To do
this, it is necessary to adhere to standards that guarantee the correct indexing of dynamic content. One of
these approaches is the use of server-side rendering (SSR) [11], which ensures that the underlying content
is loaded on the server, making it available to search engines even before lazy loading is activated.
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To summarise, the effective implementation of lazy loading depends on the balance between performance,
user experience, and technical capabilities of the application. It requires taking into account the architectural
features of the project, testing in real conditions, and integrating modern performance monitoring tools.
With the right approach, lazy loading becomes a powerful tool for optimizing web applications, ensuring
their adaptability to various use cases.

Conclusions

The study of lazy loading's impact on web application performance has revealed its significant
advantages, including optimizing page loading time, reducing the number of resources used, and improving
the user experience. This technology is particularly effective for multi-page applications and applications
that operate with large amounts of multimedia content, allowing for adaptability to different network
environments. Experiments have confirmed that delayed loading reduces the amount of data required for
the initial download and reduces the load on servers.

At the same time, several problems have been identified that limit the implementation of lazy loading
in practical conditions. The main ones are the increased complexity of the technology implementation,
dependence on the stability of the network connection, and potential risks of deterioration of SEO
optimization due to dynamic content. In addition, the article identifies accessibility issues for users with
disabilities that arise due to dynamic loading of resources.

Recommendations for implementing lazy loading in real projects include a thorough analysis of the
application architecture, using modern frameworks for dynamic module connection, and adapting the
technology to the conditions of low-speed networks. An important component is to ensure compatibility with
search engines using techniques such as server-side rendering. To minimize risks, comprehensive testing
at all stages of development is recommended.

Prospects for further research include a deeper analysis of methods for ensuring accessibility for all
categories of users, the development of adaptive approaches to SEO indexing of dynamic content, and the
study of the cost-effectiveness of implementing lazy loading in projects of different scales and specifics.
Particular attention should be paid to integrating this technology into systems that handle critical data and
analyzing its impact on the power consumption of modern mobile devices.
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