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Abstract. The article discussed the construction and application of generalised mathematical models based on 
Amdahl’s law to determine the maximum possible acceleration of web interfaces, taking into account their key 
features. An extension of the classical approach was proposed by including asynchronous processes, multi-level 
caching mechanisms, and dynamic resource loading methods in the model, which allows for a more accurate 
assessment of the cumulative impact of various optimisations on performance. In particular, the feasibility of 
taking into account asynchronous data exchange was justified, which allows processing requests in parallel 
and avoiding blockages in the process of updating content. A formula has been developed that takes into 
account the effectiveness of client and server caches and provides a quantitative assessment of the reduction 
in response time when reusing already loaded data. Particular attention was focused on step-by-step content 
retrieval techniques, where the initial page load was minimised by deferring the addition of individual scripts, 
images or styles, which speeds up the initial display of important content and makes the interface more 
responsive to user actions. In addition, the impact of a comprehensive combination of optimisation strategies 
on web interface performance was considered, and a corresponding generalised model was proposed, which 
uses an interdependence coefficient to determine the extent to which one optimisation enhances or, conversely, 
negates the effect of another. This makes it possible to predict the total performance gain and compare the 
cost of implementing several solutions with the potential time savings. The proposed formalised approach 
can serve as a basis for creating automated tools for evaluating web interface performance, integrated into 
the development process. Testing the model in three practical scenarios – partial rendering with API caching, 
JavaScript minification with a content delivery network (CDN), and code splitting with server-side caching – 
yielded performance gains of 1.87 ×, 1.55 ×, and 1.64 ×, respectively, which was fully consistent with theoretical 
predictions. The data obtained confirmed the ability of the R interdependence coefficient to accurately reflect 
the synergy or overlap of optimisation effects and makes the model suitable for pre-selecting the most effective 
acceleration strategies at the CI/CD audit stage
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R. Saxena (2022), confirmed the accuracy of the multi-
dimensional regression model (≈ 95% cross-validation) 
for predicting total acceleration when scaling multiple 
subsystems simultaneously. This approach formed the 
basis of the interdependence coefficient R and allowed 
for a formal assessment of the synergy or conflict be-
tween optimisation strategies.

At the same time, some researchers are focusing 
on specific aspects of improving the performance of 
modern web solutions that could be integrated into the 
extended formulation of Amdahl’s law. For example, 
I. Malavolta et al.  (2020) and T. Majchrzak et al.  (2018) 
studied the impact of caching on the efficiency and 
overall performance of progressive web applications 
(PWA), emphasising the advisability of considering 
cache mechanisms as an important component of op-
timisation. At the low-level optimisation level, J. Ren et 
al. (2024) proposed JSTUNER, an ML-oriented auto-tun-
ing system that provides an average acceleration of JS 
code execution by ×1.62 on mobile devices by auto-
matically selecting the optimal sequences of Chrome 
V8 compiler flags. This confirmed that intelligent ap-
proaches can complement classic manually tuned opti-
misations. A comprehensive review by J. Vepsäläinen et 
al.  (2024) showed that the average mobile page size 
has increased sixfold over the past decade, and there-
fore the need for systematic optimisation methods is 
only growing. The authors highlighted code splitting, 
caching, and CDN as the most effective areas, which 
correlates with the topic of this work. Regarding sin-
gle-page applications, M. Kothapalli (2022) empirically 
showed that combining code splitting and lazy loading 
reduces the first rendering time of SPA by 40%, and ad-
ditional caching ensures stable offline operation. 

Thus, modern works from 2020-2024 cover the en-
tire spectrum – from ML-tuning of compilers and SPA 
portfolios to CDN edge platforms and analytical exten-
sions of Amdahl’s law – which justifies the relevance of 
the generalised model developed in the article for pre-
dicting the combined performance gain of web inter-
faces. The generalisation of the theoretical provisions 
of Amdahl’s law with modern research developments in 
the field of caching, asynchronous operations, dynamic 
loading and scalable testing makes it possible to form 
a more comprehensive model for optimising web in-
terfaces. This confirms the need for further theoretical 
and practical research aimed at improving the tools 
for determining the maximum possible acceleration of 
web applications of different architectures and scales. 
Therefore, despite the fundamental nature of Amdahl’s 
law, its application in the context of web interface opti-
misation requires further research. The development of 
mathematical models and practical recommendations 
for the evaluation of effectiveness of optimisations in 
multi-project web environments will increase applica-
tion productivity and improve user experience, as noted 
in the work of O. Prus et al. (2024).

INTRODUCTION 
Optimising the performance of web interfaces is one 
of the priorities of modern web development, as speed 
and ease of interaction with the user environment di-
rectly affect visitor retention and the business perfor-
mance of digital platforms. In the design of high-load 
web systems, the integration of caching mechanisms, 
asynchronous requests, and dynamic resource loading 
has become a key area of development, but there is 
still no universal methodology for the formalised eval-
uation of the effectiveness of these optimisations. The 
relevance of the problem was confirmed by the grow-
ing demands for stable service operation amid rapid 
increases in data volumes and user numbers.

Researchers such as M.H. Kundos et al. (2024) were 
paying considerable attention to the problem of re-
ducing page load times and minimising rendering 
delays, which is due to the rapid growth in the com-
plexity of web applications. Some researchers focused 
on the empirical analysis of individual acceleration 
techniques, such as partial rendering or the use of dis-
tributed network infrastructure. CDN, however, lacks 
generalised mathematical models that would allow 
accurate prediction of the cumulative impact of vari-
ous optimisations at the planning stage. R. Abounac-
er et al. (2023) believed that in this context, Amdahl’s 
law, which is traditionally used to estimate the maxi-
mum possible acceleration of a system after optimis-
ing a specific part of it, offers a promising theoretical 
basis. However, the classical formulation does not take 
into account a number of factors characteristic of web 
applications, in particular asynchronous execution, 
multi-level caching, and load variability caused by user 
behaviour dynamics. In the field of web technologies, 
this approach is used to analyse the impact of various 
performance improvement methods, including partial 
rendering, data caching, and network request optimisa-
tion, as can be seen in the work of A. Nair et al. (2024). 
This study reviewed key research that applies Amdahl’s 
law in the context of web development, evaluating its 
application for determining the effectiveness of opti-
misations in multi-project environments. 

The article by L. Mitton (2023) examined Amdahl’s 
law formula and its application for predicting the po-
tential acceleration of tasks when improving system 
resources. The author emphasised that even when ad-
ditional processors are added, the maximum acceler-
ation is limited by the part of the task that cannot be 
parallelised. The limitations of Amdahl’s law were also 
discussed, in particular its unsuitability for cases with 
variable workloads. The article provided a general un-
derstanding of Amdahl’s law, but did not consider its 
application in the context of web interfaces. Further 
research may focus on adapting this law to evaluate 
optimisations in web applications, taking into account 
the specifics of their architecture and user interaction. 
In addition, the extension of the classic Amdahl for-
mula to multiple resources, proposed by C.  Poolla & 
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In view of the above, the aim of this study was to 
test Amdahl’s law adapted to the specifics of web de-
velopment, in particular to build an extended math-
ematical model for evaluating interface performance, 
taking into account asynchronous processes, dynamic 
loading, and caching mechanisms. To achieve this goal, 
the following tasks were defined: to analyse modern 
approaches to optimising the performance of web ap-
plications and their empirical effectiveness; to adapt 
the existing formulation of Amdahl’s law, taking into 
account the specifics of asynchronous and cached oper-
ations; to develop a generalised model that will allow 
evaluating the impact of several optimisations simulta-
neously and determining the interdependence between 
them; to verify the validity of theoretical propositions 
on real examples, conduct numerical experiments and 
compare the results obtained with data published in 
recent scientific publications.

The scientific novelty lies in the fact that, for the 
first time, a formalised approach to measuring the 
combined effect of several parallel optimisations in 
a web environment has been proposed, filling the 
gap between empirical testing methods and the the-
oretical acceleration model. The use of the adapted 
Amdahl’s law will allow developers and operations 
engineers to make more informed decisions about 
choosing performance improvement strategies, taking 
into account the potential limitations and interactions 
of different approaches.

MATERIALS AND METHODS
In the classic formulation, Amdahl’s law estimates the 
maximum possible acceleration of a system after op-
timising its part, which is determined by the equation:

𝑆𝑆𝑆𝑆 =  1

(1−𝑃𝑃𝑃𝑃)+ 𝑃𝑃𝑃𝑃𝑁𝑁𝑁𝑁
  ,                              (1)

where S – total system acceleration; P – the proportion 
of the program to be optimised; N – the acceleration 
coefficient of the optimised part (GeeksForGeeks, 2023). 
However, the classic formulation does not take into 
account the specifics of web interfaces, where perfor-
mance depends not only on serial and parallel execu-
tion, but also on asynchronous processes, caching, and 
dynamic resource loading. For the correct application 
of Amdahl’s law in web development, it is necessary to 
expand its model by including additional factors (Jun-
ghans et al., 2017).

In the traditional case, acceleration is only possible 
through parallel computing. However, in web interfaces, 
a significant proportion of processes are asynchronous 
requests to the server (e.g., AJAX, Fetch API, WebSockets) 
and deferred loading of components (e.g., lazy loading) 
(Ahmed et al., 2017, Oh et al., 2025). When using asyn-
chronous acceleration mechanisms, a web application 
can be described as:

𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  1

�1−𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�+ 
𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁𝑁𝑁 + 

𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝐴𝐴

  ,         (2)

where Sasync – total system acceleration, taking into ac-
count asynchronous acceleration mechanisms; Psync – 
proportion of serial code (not subject to optimisation); 
Pasync – proportion of code executed asynchronously; N – 
acceleration coefficient of the optimised part; A – accel-
eration coefficient due to asynchronous execution (de-
termined by the efficiency of parallel request processing).

This modification made it possible to more accu-
rately predict the performance of the web interface 
when using asynchronous API requests, distributed data 
processing, and dynamic content updates. Caching is 
one of the main mechanisms for optimising the perfor-
mance of web applications. Its use has made it possible 
to reduce the number of requests to the server, reducing 
page loading and rendering times. According to G. Araú-
jo et al. (2024), caching is analysed at three levels: client 
caching (browser, Service Workers), server caching (Mem-
cached, Redis), and CDN caching (Cloudflare, Akamai).

The impact of caching can be assessed by introducing 
a cache efficiency coefficient C, which determines what 
proportion of requests reuse cached data. Taking caching 
into account, Amdahl’s law has been modified as follows:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒 =  1

(1−𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒−𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒)+ 
𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒

𝐶𝐶𝐶𝐶 + 
𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒

𝑁𝑁𝑁𝑁

  
,   (3)

where Scache – total system acceleration taking into ac-
count caching; Pcache – the proportion of requests that 
can be processed by the cache; Pnon-cache – the proportion 
of requests that need to be processed by the server; 
N – the acceleration coefficient of the optimised part; 
C – the cache efficiency coefficient, which shows how 
much faster cached requests are processed. According 
to a study by M. Dyvak & O. Kindzerskyi (2024), the in-
clusion of caching in the model made it possible to as-
sess the impact of different caching strategies on web 
interface performance and to draw conclusions about 
the feasibility of implementing cache mechanisms in 
specific scenarios (2024).

As noted by R. Felani et al. (2020), modern web ap-
plications use dynamic content loading, which reduces 
the initial page load time. These methods include: lazy 
loading of images, scripts, and styles; code splitting, 
which allows JavaScript modules to be loaded only when 
needed; and progressive rendering, which speeds up 
the display of the first page content. The impact of these 
mechanisms on performance can be represented as:

𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 

=  1

�1−𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�+ 
𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑁𝑁𝑁𝑁 + 

𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝐴𝐴 + 

𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷

, (4)

where Sdynamic – total system acceleration, taking into ac-
count dynamic content loading; Pdynamic – the proportion 
of resources that are loaded dynamically; Psync  – the 
proportion of serial code (not subject to optimisation); 
Pasync – the proportion of code executed asynchronously; 
N – the acceleration coefficient of the optimised part; 
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A – acceleration coefficient due to asynchronous exe-
cution (determined by the efficiency of parallel request 
processing); D – acceleration coefficient due to dynam-
ic loading (determined by the efficiency of distributed 
loading resources) (Ma, 2024).

Practical significance: including dynamic loading in 
the Amdahl’s law model helps figure out how effective-
ly lazy loading, code splitting, and progressive render-
ing techniques are used in a specific web app. Taking all 
the factors into account, the generalised Amdahl’s law 
model (5) for web apps looks like this:

𝑆𝑆𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 

=  1

�1−𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒−𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠�+ 
𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁𝑁𝑁 + 

𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝐴𝐴 +𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶 +

𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝐷𝐷𝐷𝐷

 . (5)

This model made it possible to quantitatively assess 
the impact of asynchronous execution, caching, and dy-
namic resource loading on the overall performance of 
a web application. The extended mathematical model 
of Amdahl’s law takes into account key features of web 
interfaces that affect performance, in particular: asyn-
chronous execution, caching mechanisms, and dynamic 
resource loading. The proposed formula made it possi-
ble to quantitatively assess the effectiveness of various 
optimisation methods and predict their impact on the 
performance of web applications.

The next stage of the research was to model com-
bined optimisations, which made it possible to deter-
mine the overall effect of simultaneously applying 
several optimisation methods in web applications. In 
real web applications, it is rare to use only one op-
timisation method. More often, combinations of op-
timisations are used, for example: partial rendering 
combined with API request caching (reducing delays 
when updating content); combining JavaScript files 
and using CDN (reducing network load); browser-level 
caching and server-side caching (minimising the pro-
cessing of repeat requests).

In its classic formulation, Amdahl’s law evaluates 
the effectiveness of only one optimisation at a time. 
However, when several acceleration methods are ap-
plied simultaneously, their effect may not be simply cu-
mulative, but interdependent, which makes it difficult 
to predict the effectiveness of combined optimisations. 
Thus, the main task in solving this problem was to de-
velop a mathematical model that allows evaluating the 
overall effect of the simultaneous application of several 
optimisation methods. The next step was to formalise 
combined optimisations within the Amdahl’s law. Two 
optimisations acting on different parts of the system 
are considered as follows: optimisation  accelerates the 
share with a coefficient ; optimisation  accelerates the 
share with a coefficient . If these optimisations are in-
dependent of each other, their combined effect can be 
estimated by the formula:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  1

(1−𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴−𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵)+ 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴
+ 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵

  .               (6)

However, in real web applications, optimisations 
often overlap. For example, if both API request cach-
ing and partial rendering are used, the overall effect 
may be lower than expected due to the overhead of 
synchronisation between the two mechanisms. To ac-
count for the interdependence between optimisations, 
an interdependence coefficient  was introduced, which 
determines how strongly one optimisation affects the 
effectiveness of another. Then the general formula 
will look like this:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  1

(1−𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴−𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵+𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵)+ 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴
+ 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵

  ,           (7)

where R – interdependence coefficient (values from -1 
to 1). If R > 0, optimisations reduce each other’s effec-
tiveness. If R < 0, optimisations complement each other 
and provide an additional effect. If R = 0, optimisations 
act independently. This model allows for performance 
evaluation to be adjusted depending on whether the 
optimisations interact with each other or work autono-
mously. The next step in the study was to create a gener-
alised model for several optimisations. If we expand the 
model for n optimisations, the following was obtained:

𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  1

�1−∑ 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 + ∑ ∑ 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=𝑖𝑖𝑖𝑖+1
𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 �+ ∑

𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖
𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖

 𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1

  ,      (8)

where Pi – the part of the process that is accelerated by 
the i-th optimisation; Ni – acceleration coefficient for op-
timisation i; Rij – coefficient of interdependence between 
optimisations i and j. The resulting formula made it pos-
sible to evaluate the effectiveness of any number of op-
timisations, taking into account their mutual influence.

During testing of the created mathematical model, 
it became necessary to demonstrate how the combined 
use of several optimisation methods affects the overall 
performance of a web application. For this purpose, two 
examples were selected, which present different sce-
narios of acceleration combinations (partial rendering 
with caching and JavaScript minification in combina-
tion with CDN). Such a comparison makes it possible 
to trace the conditions under which optimisations re-
inforce each other, and under which their effects may 
overlap in a certain way or even reduce the overall re-
sult. In this study, the parameters N and P were evalu-
ated using web application performance profiling tools, 
including Chrome DevTools, Lighthouse, and WebPa-
geTest (Potdar et al., 2020). The P code share was de-
fined as the ratio of the execution time of a specific pro-
cessing stage (e.g., rendering or waiting for a response 
from the API) to the total page load and display time.

RESULTS AND DISCUSSION
For the practical application of the mathematical mod-
el developed on the basis of Amdahl’s Law, an impor-
tant step was the quantitative determination of the 
proportion of code to be optimised (P), as well as the 
acceleration coefficient of this proportion after the 
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implementation of the corresponding method (N). The 
reliability of the forecast of the overall acceleration of 
the system directly depends on the accuracy of these 
parameters. In the example with partial rendering, the 
value = 0.4 was obtained as the average value based 
on several measurements, where the full rendering pro-
cess took about 400 ms out of a total time of 1,000 ms.

The acceleration factor  was calculated as the ra-
tio of the execution time of the corresponding stage 
before and after the implementation of the optimisa-
tion. For example, for partial rendering, which reduced 
the visual update time from 400 ms to approximately 
133 ms, the acceleration factor was:

𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =  400
133

≈ 3  

Similarly, for caching API requests, where the server 
response time decreased from 300 ms to 150 ms, the 
acceleration factor was estimated as:

𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵 =  300
150

= 2  

Thus, the values of parameters P and N were ob-
tained empirically, based on instrumental measure-
ment and timing analysis. These values were used in 
further calculations to evaluate both the individual 
effect of each optimisation and their combined effect. 
Example 1: Partial rendering + API request caching. Par-
tial rendering reduces the need for a full page refresh, 
optimising PA

 = 0.4 (40% of rendering time). Caching API 
requests reduces the waiting time for data from the 
server, optimising PB

 = 0.3 (30% of request time). Partial 
rendering helps caching (since fewer requests are sent 
to the server), so R = −0.1.

The values are substituted into the formula (7):

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 

=  1
(1−0 .4−0 .3+(−0 .1 ×0 .4 ×0 .3))+ 0 .4

3 + 0 .3
2

.

The calculations yielded the following:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≈ 1.87 .

Thus, when each optimisation is applied separate-
ly, the expected acceleration would be approximately 
1.67-1.75  times, but due to the positive effect of in-
teraction (caching enhances rendering efficiency), the 
overall acceleration increases to 1.87  times. This ex-
ample demonstrated that partial rendering combined 
with API request caching provides a greater total per-
formance gain than each method separately (1.87 × vs. 
~1.7 ×). This synergistic effect has also been confirmed 
in the works of other authors. In particular, V. Jain (2022) 
noted that the simultaneous use of lazy loading and JS 
code splitting technologies reduced web page loading 
time by up to 40% – significantly more than expect-
ed from each technique separately. Thus, the results 

were consistent with the current case: optimisations 
that complement each other (partial interface updates 
and data caching) can provide an enhanced cumula-
tive effect. Moreover, a study by J. John (2024) showed 
that effective caching alone significantly speeds up the 
performance of a web system, reducing latency and 
increasing server throughput. This is consistent with 
choice of caching as one of the methods: in Example 1, 
caching API requests reduced the time to retrieve data 
by approximately half, which is consistent with the re-
searcher’s conclusions about the impact of cache on 
system latency. Thus, the literature data confirmed that 
combining rendering optimisation (on the client side) 
with request caching (on the server side) is an effective 
approach to speeding up content display.

Example 2: JavaScript code optimisation + CDN us-
age. Minification and merging of JavaScript files opti-
mised PA

 = 0.25. Using a CDN reduces the loading time of 
static resources, optimising PB

 = 0.35. Since both optimi-
sations reduce the overall load on the network, the effect 
is partially overlapping, so R = 0.2 (some files are already 
cached, so minification does not have the full effect).

Calculation:
𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 

=  1
(1−0,25−0,35+(0,2 ×0,25 ×0,35))+ 0,25

2,5 + 0,35
3

.

Result:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  ≈ 1,55 .

In other words, in this example, it was found that 
minification and concatenation of JavaScript files to-
gether with the use of CDN provide a smaller total gain 
(≈ 1.55×) than would be expected from the independent 
effects of each method. The reason is the partial over-
lap of effects: both methods are aimed at accelerating 
the delivery of static resources and reducing network 
delays, so their effects are partially duplicated. A sim-
ilar phenomenon – a drop in growth when optimisa-
tions overlap – has been noted by other researchers. 
For example, M.N.Y. Utomo et al.  (2025) combined the 
use of a distributed CDN and caching (via Varnish) in 
an experiment to improve the performance of a web 
platform. The result was a significant improvement: 
throughput increased by 175%, average response time 
was reduced by more than half (54%), and network la-
tency was reduced by 82%. These figures confirmed the 
effectiveness of using CDN and caching simultaneous-
ly. However, the authors also noted that both methods 
improve similar aspects of the system’s performance 
(the speed of content delivery to the user). The current 
results clarified this point: when optimisations affect 
the same segment of the loading time (in this case, the 
time of file transfer and loading), the performance gain 
from combining them may be less than the total sum 
of the gains. Accordingly, when developing an optimisa-
tion strategy, it is worth considering possible areas of 
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overlap between methods to avoid a situation where 
the resources invested have a decreasing effect (the 
phenomenon of diminishing returns). Example 2 shows 
just such a case of partial duplication.

Example  3: Code splitting  +  server caching. Code 
splitting involves dividing the web application code 
into smaller modules that are loaded only when need-
ed (for example, when a user accesses a specific section 
or function). Server caching reduces the time it takes to 
respond to requests, as repeat requests are processed 
using data already prepared in the cache on the serv-
er side. In the proposed scenario, it is assumed that: 
Code splitting covers 30% of the code (= 0.3) with an 
acceleration factor of  = 3. Server caching affects 25% 
of operations ( = 0.25) and provides a fourfold gain = 4). 
The interdependence coefficient between optimisa-
tions is  = −0.05, which indicates mutual reinforcement: 
reducing the total code volume reduces the number of 
requests that require caching, and the presence of a 
cache, in turn, speeds up the loading of split modules. 
The total acceleration is calculated using the already 
known formula (7). The corresponding values are sub-
stituted as follows:

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 

=  1
(1−0.3−0.25+(−0.05 ×0.3 ×0.25))+ 0.3

3 + 0.5
4

.

Calculations give approximately:

Scombined
 ≈ 1.64.

Separate use of code splitting would speed up the 
system by approximately 1.25  times, and server-side 
caching alone by about 1.23 times. Thanks to the nega-
tive interdependence coefficient (R < 0), these two opti-
misation methods complement each other and provide 
a noticeably better cumulative result. In cases where 
R > 0 (for example, if parts of the functionality or data are 
duplicated, creating additional load), the overall accel-
eration could decrease due to mutual overlap of effects.

Thus, the combination of code splitting and serv-
er caching can yield a significant synergistic gain, but 
achieving optimal results depends on a thorough anal-
ysis of each method’s impact on different parts of the 
code, as well as considering their degree of interdepend-
ence. The results obtained indicate that the overall gain 
from combining several optimisations depends not only 
on the proportion of code that can be accelerated but 
also on their degree of interdependence. A negative in-
terdependence coefficient (R < 0) can ensure a better cu-
mulative effect if optimisations complement each oth-
er and do not duplicate functionality. At the same time, 
a positive coefficient (R > 0) can reduce the final accel-
eration when optimisation methods partially overlap. 
Taking these conclusions into account, more effective 
optimisation strategies can be developed, aligning the 
nature of interaction between the methods used. This, 
in turn, allows for predicting potential performance 

gains and rationalising the costs of implementing 
web application performance improvement solutions.

Thus, the overall acceleration is ~ 1.64×, while the 
separate application of code splitting would accelerate 
rendering by ~ 1.25×, and server caching would reduce 
response generation time by ~ 1.23×. In other words, 
these methods complemented each other better than 
initially expected. A similar conclusion can be found in 
the work of J. van Riet & T.A. Ghaleb (2023), which de-
scribed the sequential optimisation of a large web ap-
plication by implementing 13 different improvements 
over a period of four months. As a result of this com-
prehensive approach, the first contentful paint metric 
improved by almost 98% (for the desktop version of the 
site), and other performance metrics also improved sig-
nificantly. This case clearly demonstrated that combin-
ing several optimisation techniques (including those 
similar to those presented in this study: caching, re-
source loading optimisation, etc.) leads to a significant 
acceleration of the web application. In addition, the 
review by H.O. Ekpobimi et al.  (2024) emphasised the 
need for an integrated approach: the authors noted that 
the simultaneous implementation of front-end optimi-
sation strategies (such as code splitting, lazy loading, 
script minimisation) together with back-end improve-
ments (different levels of data caching) allows for the 
greatest overall efficiency. The data obtained confirmed 
this thesis using the example of combining code split-
ting and server caching. 

In the study by L. Kvurt & L. Tsyhylyk  (2009), Am-
dahl’s Law was considered a fundamental principle 
for evaluating the potential acceleration of systems 
through the optimisation of their components. Its appli-
cation allows for theoretically determining the ultimate 
effectiveness of any optimisation, taking into account 
the limitations imposed by the unoptimised portion 
of the code. Importantly, to quantitatively predict such 
an effect, a model based on Amdahl’s Law was applied, 
which considers the proportion of optimised code P 
and the acceleration N of each method, as well as their 
interdependence coefficient R. A similar modelling ap-
proach was proposed by C. Poolla & R. Saxena (2022), 
who extended the classical Amdahl’s Law for the case 
of several simultaneous improvements and confirmed 
its validity with experimental data. The obtained results 
aligned with the conclusion that mathematical predic-
tion of multifactor acceleration is possible and quite 
accurate. The distinction of the current study lies in the 
introduction of the R parameter to assess the nature 
of optimisation interaction. This allowed for explain-
ing why in some cases (Examples 1 and 3) a greater 
than additive gain (synergy, R < 0) was observed, while 
in others (Example 2) – less (overlap effect, R > 0). This 
approach has not yet received widespread coverage in 
works, where most attention has been paid either to 
single optimisations or their empirical combination.

M. Hevery (2025) examined the application of Am-
dahl’s Law in JavaScript code optimisation. The author 
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emphasised the importance of focusing on optimising 
those parts of the code that significantly affect the 
overall application performance, instead of expending 
resources on less significant fragments. The interaction 
between modern processors and virtual machines in 
the context of JavaScript execution was also discussed. 
Although the author provided valuable insights into Ja-
vaScript optimisation, the work did not propose specific 
mathematical models for evaluating the effectiveness 
of optimisations. The development of such models will 
allow for quantitatively assessing the impact of optimi-
sations on web interface performance, which is critical 
in multi-project environments. Therefore, the contribu-
tion of this work lies in confirming the presence of both 
positive interaction and conflicts between different ac-
celeration methods, as reported in previous studies, and 
in proposing a formalised method for evaluating this 
phenomenon. This has enabled developers to evaluate 
in advance the potential effect of combining several 
optimisations and to make informed decisions regard-
ing web application performance improvement based 
on both theoretical calculations and best practices 
known from the literature.

CONCLUSIONS
Amdahl’s classic law does not take into account the in-
teraction between several optimisations, which makes 
it impossible to apply it directly to assess the cumula-
tive acceleration during the simultaneous implemen-
tation of different methods. The proposed generalised 
model made it possible to assess the cumulative in-
crease in performance, taking into account the interde-
pendence between optimisations. The interdependence 
coefficient R, added to the model, made it possible to 
determine whether the optimisation methods interact 
synergistically and reinforce each other, or whether they 
overlap and reduce the overall acceleration. The model 
can be used for automated analysis of web application 
performance in the early stages of design, which con-
tributes to a more rational allocation of resources and a 
well-founded choice of interface acceleration strategies.

The study made it possible to adapt Amdahl’s law 
to take into account asynchronous requests, multi-lev-
el caching, and dynamic resource loading. This inte-
gration makes the performance assessment of web in-
terfaces more accurate, as it covers specific aspects of 
modern technologies. The generalised model of com-
bined optimisations considered several acceleration 

methods at once and made it possible to calculate 
their combined effect, taking into account possible in-
teractions, which is reflected in the R coefficient. If the 
methods do not complement each other, the overall 
gain may be lower than the sum of the individual ef-
fects, while their synergy, on the contrary, can increase 
the final performance indicator.

Empirical examples have shown that combining 
caching with partial rendering can enhance the re-
sult by reducing the number of network calls and page 
load times. In this case, code splitting covers 30% of 
the code (PA

  =  0.3) and provides acceleration with a 
coefficient of NA

 = 3. Server caching affects 25% of op-
erations (PB

 = 0.25), resulting in a fourfold increase in 
performance (NB

 = 4). The interdependence coefficient 
between these optimisations is R = -0.05. On the other 
hand, combining script minification with CDN may re-
sult in a more modest increase, as both methods par-
tially overlap in their impact on network operations. The 
proposed formalised approach made it possible to pre-
dict such scenarios in advance and select the most ap-
propriate optimisation strategies for each specific type 
of application (high-load service, content site, SPA, etc.).

The practical value of the results obtained lies in 
the ability to predict the effectiveness of web applica-
tion optimisations before their implementation, as well 
as in a better understanding of the interaction of dif-
ferent approaches to acceleration. Web developers and 
DevOps engineers can make informed choices about 
the best strategies for improving the interface, avoid-
ing unnecessary expenditure of resources on methods 
that do not provide significant improvement or conflict 
with each other. Further research should focus on ver-
ifying the models in real-world web system operating 
conditions, particularly with large amounts of data and 
involving large categories of users. This will provide 
additional evidence of the correctness and universality 
of the developed approach, as well as contribute to its 
further development and improvement. 
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Анотація. У статті розглянуто побудову та застосування узагальнених математичних моделей на основі закону 
Амдала для визначення максимально можливого прискорення роботи веб-інтерфейсів з урахуванням їхніх 
ключових особливостей. Запропоновано розширення класичного підходу шляхом включення до моделі 
асинхронних процесів, механізмів різнорівневого кешування та методів динамічного завантаження ресурсів, 
що дає змогу точніше оцінювати сумарний вплив різних оптимізацій на швидкодію. Зокрема, обґрунтовано 
доцільність урахування асинхронного обміну даними, який дає змогу обробляти запити паралельно й уникати 
блокувань у процесі оновлення контенту. Розроблено формулу, що враховує ефективність клієнтського 
і серверного кешу та надає кількісну оцінку скорочення часу відгуку при повторному використанні вже 
завантажених даних. Особливу увагу зосереджено на методиках покрокового отримання вмісту, коли початкове 
завантаження сторінки мінімізується за рахунок відкладеного додавання окремих скриптів, зображень або 
стилів, що дає змогу пришвидшити початкове відображення важливого контенту і зробити інтерфейс більш 
чутливим до дій користувача. Окрім того, розглянуто вплив комплексного поєднання оптимізаційних стратегій 
на продуктивність веб-інтерфейсу та запропоновано відповідну узагальнену модель, яка за допомогою 
коефіцієнта взаємозалежності дозволяє визначити, наскільки одна оптимізація підсилює або, навпаки, 
нівелює дію іншої. Це надає можливість прогнозувати сумарний приріст швидкодії та зіставляти витрати на 
впровадження кількох рішень із потенційною економією часу. Запропонований формалізований підхід може 
стати основою для створення автоматизованих засобів оцінки продуктивності веб-інтерфейсів, інтегрованих 
у процес розробки. Перевірка моделі в трьох практичних сценаріях – частковий рендеринг з кешуванням 
API, мініфікація JavaScript з content delivery network (CDN) та розділення коду з кешуванням на стороні 
сервера – дала приріст продуктивності відповідно в 1,87 ×, 1,55 × та 1,64 ×, що повністю відповідає теоретичним 
прогнозам. Отримані дані підтверджують здатність коефіцієнта взаємозалежності R точно відображати синергію 
або накладання ефектів оптимізацій і роблять модель придатною для попереднього вибору найефективніших 
стратегій прискорення на етапі CI/CD-аудиту

Ключові слова: математичні моделі; асинхронне виконання; кешування даних; динамічне завантаження; 
комбіновані стратегії; прогнозування швидкодії
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