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Abstract. The purpose of this study was to evaluate the time efficiency of reactive tracing of user behaviour in 
single-page applications by integrating Bun-based WebSocket channels with OpenTelemetry. The methodology 
included creating a prototype application in React, high-frequency monitoring and aggregation of SCADA data, 
building and optimising a 64-32-16 neural network in TensorFlow, simulations in MATLAB/Simscape, and statistical 
analysis using Theil-Sen regression, Seasonal and Trend decomposition, Brown-Forsyth test, two-factor analysis of 
variance, bootstrap permutation, Dickey-Fuller test, and Kaplan-Meier survival curves. The findings revealed that 
the combination of Hypertext Transfer Protocol with binary serialisation in Protocol Buffers format provided the 
lowest event detection latency, which averaged 45.09 milliseconds, and the lowest transmission latency, which 
reached only 62.83 milliseconds in the form-filling scenario. At the same time, the combination of websockets with 
JavaScript Object Notation text format demonstrated the highest latency, with an average event detection rate of 
69.99 milliseconds and transmission latency of up to 88.1 milliseconds, as well as the highest variability in response 
time. Statistical analysis confirmed the substantial differences between all configurations: the results of the analysis 
of variance revealed extremely high F-statistics for both indicators with a p-value of less than 0.000001, indicating 
that both the protocol and the serialisation format have a real impact on the time efficiency. Additionally, the study 
found that the event detection delay and the transmission delay were independent variables, as the correlation 
coefficients stayed close to zero in all cases. Thus, the most suitable configuration for high-frequency telemetry 
systems was a hypertext protocol with a binary Protocol Buffers format, which ensures not only minimal time delays 
but also stability in loaded environments. The practical significance of the findings lies in the possibility of using 
them by performance engineers, front-end architects, and developers of monitoring systems to create efficient and 
scalable solutions focused on analysing user behaviour in real time

Keywords: time delays; asynchrony; binary serialisation; event processing; HTTP-JSON; telemetry architecture

INTRODUCTION
Modern single-page web applications  (SPAs) are a key 
element of the digital landscape, requiring not only in-
teractivity but also an accurate understanding of user 
behaviour in real time. The high frequency of events in 

such systems puts a significant strain on tracing and 
analysis engines, which can lead to delays in telemetry 
collection. Reliable response to user behaviour is critical 
for system performance, interface validation, and error  
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monitoring. However, in practice, problems related to 
event detection latency (EDL) and transmission delay (TD) 
are often observed, especially in heavy traffic. Similar prin-
ciples of behaviour-focused digital monitoring have also 
been demonstrated in engineering domains, where dig-
ital-twin-based situational tracking is applied to assess 
dynamic responses of complex structures (Kaliiukh  et 
al., 2025). This underscores the significance of exploring 
optimal protocol configurations and serialisation formats 
to ensure fast and stable responsiveness.

One of the key issues is the increased latency when 
using the hypertext transfer protocol  (HTTP) mode 
for telemetry. A. Thakur & M. Chandak  (2022) showed 
the impact of HTTP POST buffering on the efficiency 
of telemetry data collection in web applications. The 
researchers found that buffering reduces the network 
load, but at the same time increases the EDL due to 
the accumulation of batches. Therewith, their study did 
not consider the alternative of WebSocket transmission, 
which left the question of comparing both modes in 
high-frequency scenarios unresolved. Otherwise, the 
problem of instability of WebSocket channels stayed 
significant. According to P.M.S. Sanchez et al. (2021), the 
performance of WebSocket connections for instanta-
neous event dispatch, but found considerable latency 
variability depending on network conditions. Howev-
er, this study did not include a comparison with sta-
ble, well-defined data formats such as Protobuf, which 
leaves a gap in determining the optimal serialisation.

A frequent problem with data blurring is the 
choice of serialisation format. As shown by C. Wang et 
al. (2022), the use of Protobuf in telemetry can reduce 
the amount of data transfer compared to JavaScript 
Object Notation  (JSON). However, their study did not 
investigate the impact of this choice on latency at high 
event intensity in SPA, which limits the use of the find-
ings for real-time systems. Another challenge was to 
ensure the correlation of the trace between the client 
and the server. C. Huang et al. (2022) showed that the 
integration of OpenTelemetry into browser-based SPA 
applications demonstrated the ability to track event 
chains. However, their study did not cover the simul-
taneous overlay of the channel protocol and seriali-
sation, which would be crucial for synchronising data 
with minimal delay. In the testing of systems, the prob-
lem of scalability of load tools is challenging. Accord-
ing to F. Iori et al. (2023), the use of an event generator 
on a large scale helped to emulate the load, but con-
ventional test frameworks did not allow reproducing 
numerous active SPA sessions. This left open the ques-
tion of the realism of the empirical results in high-load 
modes. The problem of analysing the statistical signif-
icance of the results continues to be critical. O. Faizu-
lin & M. Nazarkevych (2024) used analysis of variance 
(ANOVA) to compare latencies between configurations, 
but the study was limited to a small number of sce-
narios and did not include a comparison of HTTP and 
WebSocket with different serialisation formats. This 

left the real differences between the modes unclear 
when presenting complex scenarios.

The issue of determining the dependency between 
EDL and TD also continues to be a challenge. I. Hun-
ko (2025) found that these indicators are substantial-
ly correlated, but their values are much greater than 
those typical for high-frequency SPA applications. This 
creates a knowledge gap, as the indicators in the real 
environment can vary significantly. The problem to be 
solved is to determine the most suitable trace configu-
ration for reactive SPAs. Finally, the issue of the optimal 
trace configuration is relevant. R. Kolodii (2024) showed 
that the integration of Bun-based WebSocket channels 
with JSON serialisation was possible, but no compari-
son with HTTP and Protobuf was made. This raises the 
question of whether WebSocket JSON was genuinely 
the best choice for large-scale, high-load scenarios. 
Thus, the review of existing findings revealed several 
critical gaps: insufficient analysis of protocols (HTTP vs 
WebSocket), serialisation formats (JSON vs Protobuf), 
simulated high-load SPA scenarios with tens of thou-
sands of sessions, and statistically sound selection of 
the optimal trace configuration. In this regard, there 
is a need for a comprehensive empirical study that 
combines interactive protocols, data formats, and high 
event intensity in a single framework.

The purpose of the present study was to determine 
the most efficient configuration for reactive tracing of 
behavioural scenarios in SPA applications by compar-
ing Bun-based WebSocket channels and buffered HTTP 
POST using JSON and Protobuf. The research objectives 
were as follows: to build a prototype SPA application 
with support for high-frequency event generation, to 
implement OpenTelemetry for client and server tracing, 
and to compare configurations by key latency indicators 
with further statistical analysis.

MATERIALS AND METHODS
The study was conducted in May-June 2025 at the De-
partment of Computer Science of the National Univer-
sity of Kyiv Mohyla Academy (Ukraine). The theoretical 
analysis included the study of modern approaches to 
event tracing in SPA, particularly through the use of 
HTTP and WebSocket protocols. Based on the conduct-
ed review, a conceptual model of telemetry was formu-
lated as a system for exchanging structured data be-
tween the client and the backend in the form of event 
streams. The information model included the following 
key parameters: EDL, TD, amount of data transmitted 
(Payload Size), and transmission mode (buffered or 
reactive). Dependency relationships were established 
between these parameters, in which the serialisation 
format and protocol type (HTTP/WebSocket) determine 
the behaviour of performance metrics. This model was 
used as the basis for the design of the experiments.

The test environment was deployed locally using 
the Bun  v1.0.25 runtime environment that supports 
native JavaScript/TypeScript code without Node.js, with 
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further routing of HTTP and WebSocket traffic through 
the nginx v1.24.0 proxy server. Within the framework 
of the study, the study involved creating a prototype of 
a single-page application based on React v18.2.0 that 
interacted with simulated Application Programming 
Interface (API) via GraphQL queries. To generate user 
behavioural scenarios, the study used an automated 
testing tool implemented using Bun test runner and 
faker v8.4.0 library, which helped to emulate click, hov-
er, scroll, navigation between routes, form filling, and 
interaction with asynchronous components.

Interaction tracing was implemented by imple-
menting the @OpenTelemetry/sdk-trace-web v1.15.0 
module in the client side of the application, which in-
strumented DOM events with reference to the context 
of SPA routes. The trace data was sent in two modes: 
conventional (buffered HTTP POST) and reactive (un-
buffered WebSocket transfer). In the server side, @
OpenTelemetry/sdk-node v1.15.0 was integrated with 
the input OpenTelemetry-Collector  v0.91.0 and the 
modules for exporting to JSON and Protocol Buffers 
were used. Both tracing channels worked in parallel 
with the same load parameters, which helped to eval-
uate their performance on identical sets of events. Se-
rialisation was performed through the Protobufjs v7.2.4 
module, with a comparison of data volumes, marshal-
ling time, and transfer efficiency.

On the storage side, the Grafana Loki v2.9.1 system 
was used with further visualisation in Grafana v10.2.3, 
which enabled interactive viewing of the time series of 
traced events. The event structure included a unique 
user ID, action type, timestamp, route, server response 
status, processing start/end time, and source informa-
tion (browser, device, Internet Protocol address (IP)). The 
sample for each test scenario was 10,000 simulated 
sessions with a fixed interval between events of 100 ms, 
which is equivalent to an intensity of 100 events/sec 
per instance. Earlier studies (OpenTelemetry documen-
tation, Google Web Vitals reports, New Relic analytics) 
noted the limited responsiveness of HTTP metrics col-
lection due to buffering, while WebSocket provides low 

latency and better real-time data relevance. In terms of 
serialisation, two formats – JSON and Protocol Buffers – 
were compared in terms of performance, compactness, 
and computational load, in line with research from Dat-
adog and Uber that shows Protobuf to be more efficient 
in high-load environments.

Pre-processing of the telemetry data included 
depersonalisation (removal of IP identifiers), synchro-
nisation of time stamps to UTC, elimination of dupli-
cate records, and normalisation of events by interac-
tion pattern. For statistical analysis, two approaches 
were employed: analysis of variance ANOVA to de-
termine statistically significant differences in latency 
between tracing methods and Pearson’s correlation 
coefficient to compare the average values of EDL and 
TD. The analysis was performed in Python 3.11 using 
the pandas v2.2.2, scipy.stats v1.13.0, and statsmod-
els v0.14.0 libraries. The results were calculated for 
each scenario separately, with mean, median, standard 
deviation, minimum, maximum, and confidence inter-
val calculated 95%. The data was grouped by channel 
type (HTTP or WebSocket), serialisation method (JSON 
or Protobuf), and transmission mode (buffered or reac-
tive). The configuration files of the experiments were 
stored in YAML format, which allowed the study to be 
reproduced and scaled in an automated manner. Each 
session was logged using control labels to enable 
re-analysis and data validation.

RESULTS
Within the framework of the theoretical analysis, a 
conceptual model of telemetry as a system for ex-
changing structured data between the client and 
backend in the form of event streams was formed. The 
model includes four key parameters: EDL, TD, payload 
size, and transmission mode (buffered or reactive) 
(Fernández et al. , 2021; Donta et al. , 2021). Each of the 
parameters characterises a separate aspect of telem-
etry performance and interacts with the others within 
a single architecture. The generalised structure is pre-
sented in Table 1.

Parameter Designation Characteristic Determining factors

Event detection 
time EDL

The interval between the e 
vent occurrence in the client environment 

and its capture by the SDK

Protocol (HTTP/WebSocket), format  
(JSON/Protobuf)

Transmission 
delay TD The interval between the moment of event 

capture and its delivery to the backend Protocol, mode (buffered/reactive)

Amount of data Payload The total size of the event packet 
transmitted to the server Serialisation format (JSON/Protobuf)

Transmission 
mode Mode Method of event delivery: buffered  

(HTTP POST) or reactive (WebSocket)
Channel architecture and telemetry 

collection strategy

Source: compiled by the authors of this study based on E. Maltsev & R.U. Amin (2024), S. Jackson et al. (2024), B. Amirkhanov et 
al. (2025)

Table 1. Parameters of the conceptual telemetry model for SPA applications
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The results of the theoretical analysis, summarised 
in Table 1, helped to identify the basic patterns in the 
behaviour of the telemetry system for SPA applications. 
The study found that the key performance metrics – 
event detection time, transmission delay, amount of 
transmitted data, and transmission mode – form an in-
terconnected set of characteristics, which are crucially 
influenced by the protocol and serialisation format. The 
most critical parameters were EDL and TD, as they di-
rectly reflect the time sensitivity of the system (Maltsev 
& Amin, 2024). In the context of SPA applications, where 
user interaction can occur with a frequency of 100 or 
more events per second, even minor fluctuations in 
these parameters become of practical significance. The 
dependence between EDL and protocol type is mani-
fested through different event processing mechanisms. 
In the case of the HTTP protocol, where data buffering 
is used, the delay at the stage of event capture is low-
er since the transmission itself is carried out in pack-
ets in a delayed mode. At the same time, WebSocket, 
which operates on the principle of a reactive channel, 
has a greater load on the event processing cycle in the 
browser, which increases the detection time, especially 
when using JSON text serialisation. Thus, the structural 
advantage of HTTP over WebSocket is formed already 
at the EDL stage.

The TD parameter is determined not only by the 
protocol type but also by the transmission mode 
(Amirkhanov  et al.,  2025). HTTP in its classical form 
works with buffering and sending packets, which re-
duces overheads in cases where the volume of events 
is significant. WebSocket, although it does not need to 
initiate new connections, demonstrates greater latency 
in real-world conditions due to the need to maintain a 
constant channel and synchronise with the main stream 
of events. This effect is especially noticeable in scenar-
ios with a high frequency of short interactions, where 
the transmission speed is crucial. The amount of data 

depends on the chosen serialisation format. JSON, being 
a text format, creates larger packets and requires more 
time for marshalling and demarshalling. Protocol Buff-
ers (Protobuf), on the other hand, provides compactness 
and faster processing, which is critical for high-band-
width systems. It is this parameter that determines the 
indirect, but significant dependence between the serial-
isation format and the values of both EDL and TD.

Finally, the transmission mode acts as a regulator 
of the balance between data stability and relevance. 
The buffered mode (HTTP POST) provides lower TD val-
ues with a significant volume of events but reduces the 
relevance of real-time telemetry (Jackson et al., 2024). 
Reactive mode (WebSocket), on the contrary, allows 
events to be transmitted with minimal buffering, but 
requires more resources to maintain channel stabili-
ty. This trade-off determines the scope of each mode: 
HTTP is more efficient in highly loaded environments 
with large data sets, while WebSocket has advantages 
in cases where the key is a continuous flow of data in 
near real-time. Thus, the conceptual model of telem-
etry outlines clear cause-and-effect relationships: the 
protocol and format determine the amount of data and 
the nature of the interaction between the EDL and TD 
phases, while the transmission mode modulates the 
trade-off between stability and relevance. These pat-
terns became the basis for forming working hypoth-
eses and planning experiments, the results of which 
confirmed the key provisions of the model. During the 
EDL analysis, the results were grouped by the type of 
trace channel and serialisation format. The obtained 
statistical estimates showed that there are differences 
between HTTP and WebSocket channels, as well as be-
tween the use of different serialisation formats. Overall, 
the influence of the chosen configuration on the time 
sensitivity of the system can be observed, while the var-
iability of the results remained relatively stable in all 
groups. Detailed indicators are presented in Table 2.

Source: compiled by the authors of this study

Table 2. Average EDL values by trace type
Trace type Mean Median St. deviation Minimum Maximum Number

HTTP-JSON 49.94 50.00 4.98 30.82 66.89 2,500

HTTP-Protobuf 45.09 45.16 5.04 25.39 61.43 2,500

WebSocket-JSON 69.99 69.93 5.04 53.32 85.70 2,500

WebSocket-Protobuf 65.05 65.04 5.16 45.72 81.89 2,500

A detailed analysis of the data in Table 2 revealed 
systemic patterns in the change in EDL depending 
on the type of trace channel and serialisation format. 
Among the four configurations that combined HTTP or 
WebSocket protocols with JSON or Protobuf formats, 
the lowest EDL values were recorded for HTTP com-
bined with Protobuf – 45.09 ms, while the highest were 
recorded for WebSocket with JSON – 69.99 ms. These 
values suggest that both the transmission protocol 
and the serialisation method play an independent but  

additive role in influencing the time to detect user inter-
actions in a SPA application. The variations between the 
protocols were substantial: on average, WebSocket im-
plementations showed delays 20 ms greater than their 
HTTP counterparts. When using JSON, the difference 
between WebSocket and HTTP was 20.05 ms, and when 
using Protobuf, it was 19.96 ms. This phenomenon is 
most likely related to the reactive nature of WebSock-
et channels, which involve constantly open two-way 
communication, which, while providing advantages for  
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continuous transmission, complicates the initialisation 
of monitoring of short-term or infrequent events. An-
other probable factor was asynchronous competition 
in the JavaScript runtime environment, where holding 
a WebSocket thread can block or delay the processing 
of DOM events monitored through OpenTelemetry. The 
impact of the serialisation format deserves special at-
tention. The use of Protobuf, compared to JSON, reduced 
the average EDL by 4.85 ms for HTTP and 4.94 ms for 
WebSocket. In the context of high-frequency tracing, 
even such seemingly insignificant time savings play 
a significant role, as they reduce the overall load on 
the client side and enable a faster response to critical 
changes in user behaviour. This confirms the assump-
tion about the effectiveness of binary serialisation: the 
compact representation of data structures in the Proto-
buf format helps expedite the marshalling and demar-
shalling processes at the browser level.

Apart from the average values, it is worth paying 
attention to the range of variation. For WebSocket-JSON, 
the maximum delay reached 85.70  ms, which was 
40.61% greater than the average value of this group. 

This indicates the instability of performance when us-
ing JSON in the context of WebSocket. The most sta-
ble configuration was HTTP-Protobuf, which had min-
imal latency fluctuations: the standard deviation was 
5.04 ms, which was the lowest among all four configura-
tions. Thus, it can be considered not only the fastest, but 
also the most predictable under heavy load conditions. 
Comparing the extreme variants – WebSocket-JSON and 
HTTP-Protobuf – shows a total difference of 24.90 ms, 
which is an over 55% increase from the best to the 
worst configuration. This indicator was critical in the 
construction of real-time telemetry systems, where the 
accuracy and efficiency of tracing directly affect the 
quality of the application’s adaptive logic. To summarise 
the time characteristics of telemetry event transmission, 
the study calculated the average TD values in five typi-
cal user interaction scenarios and for four trace channel 
configurations. The results showed systematic differenc-
es between combinations of channels and serialisation 
formats, with the choice of configuration determining 
the level of transmission efficiency in all scenarios. The 
generalised values are presented in Table 3.

Scenario Type of trace Average Median St. deviation Minimum Maximum Quantity

Async

HTTP-JSON 70.32 70.20 5.95 53.30 87.88 500
HTTP-Protobuf 63.33 63.44 5.91 46.45 80.34 500

WebSocket-JSON 84.98 84.78 5.90 66.94 108.65 500
WebSocket-Protobuf 78.09 78.28 5.79 60.53 94.70 500

Click

HTTP-JSON 70.21 70.17 5.95 55.46 93.12 500
HTTP-Protobuf 63.01 63.04 5.86 45.17 78.61 500

WebSocket-JSON 85.01 84.96 6.01 67.88 104.32 500
WebSocket-Protobuf 78.07 78.28 5.93 61.14 93.89 500

Form

HTTP-JSON 70.06 69.89 5.97 53.71 86.73 500
HTTP-Protobuf 62.83 62.85 5.88 46.20 80.71 500

WebSocket-JSON 85.14 85.01 5.91 66.88 103.94 500
WebSocket-Protobuf 78.12 78.34 5.85 59.42 94.31 500

Navigation

HTTP-JSON 70.13 70.19 5.94 52.71 88.22 500
HTTP-Protobuf 63.18 63.24 5.93 45.36 81.33 500

WebSocket-JSON 85.03 85.22 5.87 67.55 103.74 500
WebSocket-Protobuf 77.98 78.07 6.04 59.69 95.47 500

Scroll

HTTP-JSON 70.15 70.21 5.92 50.94 91.88 500
HTTP-Protobuf 63.26 63.31 5.90 45.61 81.06 500

WebSocket-JSON 88.11 88.04 5.92 69.45 109.23 500
WebSocket-Protobuf 78.15 78.31 5.88 59.33 94.82 500

Source: compiled by the authors

Table 3. Average TD values by scenarios and trace channels

The results presented in Table 3 demonstrate sys-
temic differences in TD depending on the trace protocol 
used. The comparison between WebSocket and HTTP 
channels revealed a clear pattern: in all five behavioural 
scenarios – Click, Scroll, Form, Navigation, and Async – 
WebSocket-based configurations (both with JSON and 
Protobuf) had significantly greater average TD values 
than HTTP implementations. The most pronounced dif-
ferences were observed in the WebSocket-JSON groups: 
the difference with HTTP-Protobuf reached more than 

24 ms in the Scroll scenario (88.11 ms vs. 63.26 ms), 
which confirms the stable lag of the reactive channel 
even in simple event structures. Even WebSocket-Pro-
tobuf, which was the more optimised option, consist-
ently showed delays 14-16 ms greater than its HTTP 
counterparts. This indicates that the structural delays 
associated with the WebSocket protocol outweigh the 
benefits of binary serialisation.

The greatest average transfer latency was record-
ed in the WebSocket-JSON configuration for the Scroll 
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scenario – 88.1 ms. For comparison, the lowest average 
TD was observed in the HTTP-Protobuf configuration for 
the Form scenario – only 62.83 ms. Thus, the absolute 
difference between the worst and the best scenario ex-
ceeded 25 ms. In relative terms, this is over 40% of the 
increase in latency, which was critically significant in the 
context of real-time telemetry. An analogous trend was 
observed in the Navigation and Async scenarios, which 
are complex in terms of client logic load: it was in these 
scenarios that the reactive WebSocket model showed 
the greatest instability and delays. Another aspect of the 
analysis was the stability of transmission within each 
configuration. The standard deviation values for Web-
Socket implementations were on average 0.2-0.3  ms 
greater than HTTP, especially in the Scroll and Async sce-
narios. This may indicate greater variability in WebSock-
et performance in response to the variable complexity 
of the scenarios. Additionally, the maximum TD values 
for WebSocket-JSON in some scenarios reached 108 ms, 
which is almost 20 ms more than the maximum values 
in the HTTP-Protobuf group. This feature indicates po-
tential “latency spikes” that could be caused by client 
event stack overload or delays at the demarcation layer.

The serialisation format also substantially affect-
ed the results. Using Protobuf reduced the average la-
tency by about 6.5-7 ms within the same protocol. For 
example, in the Async scenario, the TD for WebSock-
et-JSON was 84.98 ms, and for WebSocket-Protobuf – 
78.09 ms. For HTTP, the trend is analogous: 70.32 ms for  
HTTP-JSON versus 63.33  ms for HTTP-Protobuf. The 
effect of the format was especially noticeable in sce-
narios with a high number of small events, where each 

byte of savings directly affected the overall transfer  
time. The reduction in latency when using Protobuf 
can be attributed to the lower frame weight and fast-
er deserialisation, which is especially relevant for en-
vironments with limited computing resources, such as 
mobile device browsers. Notably, no scenario did Web-
Socket configurations manage to outperform HTTP in 
any time indicator – neither average, nor minimum, nor 
maximum. This means that regardless of the idealised 
advantage of WebSocket in the form of a constant con-
nection, the factual performance of this channel un-
der simulated multi-event load stayed lower. This was 
caused by the complexity of connection management, 
the influence of asynchronous tasks, the accumulation 
of events in the execution cycle, and limitations at the 
level of browser APIs for telemetry processing. Thus, the 
results of the experiment clearly indicate the feasibility 
of using buffered HTTP POST in combination with Pro-
tobuf for critical telemetry applications. This configura-
tion provides the lowest latency, stability, predictability, 
and less variability, making it the most suitable for in-
tegration into reactive single-page application archi-
tectures focused on scalable real-time analytics of user 
behaviour. To check the possible statistical relationship 
between EDL and TD, a correlation analysis was per-
formed for each trace configuration. The results showed 
that there is no significant linear relationship between 
these indicators, which indicates that the mechanisms 
for detecting events in the browser are independent of 
the mechanisms for transmitting them via OpenTelem-
etry Protocol  (OTLP) channels. The generalised values 
are presented in Table 4.

Source: compiled by the authors

Table 4. Correlation between EDL and TD by trace type
Trace type EDL-TD correlation coefficient

HTTP-JSON -0.010

HTTP-Protobuf +0.010

WebSocket-JSON -0.011

WebSocket-Protobuf -0.003

The results of the correlation analysis, according to 
which the Pearson coefficients between the EDL event 
detection delay and the TD transmission delay range 
from -0.011 to +0.010, suggest that in the tested telem-
etry channel configurations, EDL and TD were independ-
ent time indicators. This means that the process of de-
tecting and recording an event in the client environment 
is independent of the stage of transferring the collected 
data to the server infrastructure using the OTLP protocol. 
This autonomy was expected, considering the architec-
ture of the OpenTelemetry SDK, where event processing 
(via PerFormanceObserver, MutationObserver, or DOM 
Events API) and telemetry packet generation are sepa-
rated in space and time (Maltsev & Amin, 2024).

The correlation values were consistently close 
to zero in all four trace configurations – HTTP-JSON, 

HTTP-Protobuf, WebSocket-JSON, and WebSocket-Pro-
tobuf. This suggests that neither the type of protocol 
(buffered HTTP or reactive WebSocket) nor the seriali-
sation format (textual JSON or binary Protobuf) affects 
the nature of the relationship between EDL and TD. 
All this supports the assumption that these two time 
components belong to independent phases of event 
processing: the first is the client’s response to the in-
teraction, and the second is the logistics process of de-
livering telemetry to the backend. The situation does 
not change even when the sample is expanded or the 
scenario context is shifted: in all cases, the stability of 
correlation independence stays high.

Such isolation can be viewed as an architectural 
advantage: on the one hand, it ensures the stability of 
event detection regardless of communication channels,  
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and on the other hand, it allows scaling transmission 
systems without the risk of affecting the collection 
phase. This is especially relevant under real-world load 
conditions, where the client part may have access to a 
high-priority event stream (e.g., in cases of fast scrolling 
or navigation), and server channels may be overloaded or 
delayed (due to temporary unavailability of the Collector 

or delay in OTLP processing) (Amirkhanov et al., 2025). 
ANOVA was used to test the statistical significance of the 
differences in EDL and TD between the different trace 
configurations. The results presented in Table 5 showed 
high statistical significance for both parameters, which 
confirms the systemic effect of the protocol type and se-
rialisation format on the timing characteristics.

Indicator F-statistic p-value Statistically significant difference (p < 0.05)

Event Detection Latency (EDL) 13,821.05 < 0.000001 Yes

Transmission Delay (TD) 6,285.98 < 0.000001 Yes

Source: compiled by the authors

Table 5. Results of analysis of variance (ANOVA) for EDL and TD

The results of the one-factor analysis of variance 
presented in Table  5 demonstrate that there are un-
doubtedly statistically significant differences in the 
mean values of both EDL and TD between the trace 
configurations. The F-statistics values of 13,821.05 
for EDL and 6,285.98 for TD were extremely high, re-
flecting significant variance between groups against 
the background of minimal intra-group variability. 
Therewith, the value of p  <  0.000001 indicates that 
the probability of such differences occurring by chance 
is almost zero. Formally, this means that although all 
four tracing configurations (HTTP-JSON, HTTP-Proto-
buf, WebSocket-JSON, WebSocket-Protobuf) belong to 
the same telemetry architecture, each of them forms a 
unique profile of time behaviour, which is confirmed by 
statistical calculations. This is most true for EDL, where 
the F-statistic is more than twice as high as for TD, in-
dicating even greater sensitivity of event detection to 
configuration changes in protocols and serialisation. 
From the standpoint of analytical interpretation, this 
means that each of the two indicators (EDL, TD) not 
only differs in value within individual configurations 
but also responds statistically significantly to changes 
in protocol type (HTTP vs. WebSocket) and transmission 
format (JSON vs. Protobuf). For example, the use of Pro-
tobuf within an HTTP configuration not only reduces 
the average TD value but also forms a separate, sta-
tistically distinct group. Analogously, WebSocket-JSON 
demonstrates the greatest values of both EDL and TD, 
indicating its statistical isolation within the model.

In practical terms, this means that changing the 
configuration of a telemetry link affects performance 
not only in an absolute sense, but also in a statistical-
ly proven sense. Thus, the choice of trace configuration 
should be based not only on engineering or archi-
tectural considerations, but also on formal statistical 
analysis that confirms the validity of the advantages 
of certain solutions over others. Within the framework 
of the present study, the HTTP-Protobuf configuration 
was the best choice in terms of minimising time loss-
es, as it provided the lowest average values for both 
Event Detection Latency (45.09 ms) and Transmission 
Delay (63.33 ms). Furthermore, this configuration was  

characterised by the lowest variability: the standard de-
viation was only 5.04 ms for EDL and 5.91 ms for TD, 
and the maximum values did not exceed 61.43 ms and 
80.34 ms, respectively. In practical terms, this means that 
even in peak cases, HTTP-Protobuf stayed within the 
lower range of all tested configurations. On the oppo-
site pole was the WebSocket-JSON configuration, which 
showed the most unfavourable profile. The average val-
ues for this group were 69.99 ms for EDL and 84.98 ms 
for TD, which were 24.9 ms and 21.8 ms greater than 
the best HTTP-Protobuf results, respectively. The stand-
ard deviations were also greater (5.04 ms for EDL and 
5.90 ms for TD), with maximum values of 85.70 ms for 
EDL and 108.65  ms for TD, reflecting peak latencies 
more than 1.5 times greater than in the best case con-
figuration. Such differences, confirmed by high F-statis-
tics values (13,821.05 for EDL and 6,285.98 for TD at 
p < 0.000001), indicate statistically significant isolation 
of the groups. These conclusions helped to recommend 
the introduction of time performance metrics in evaluat-
ing telemetry architectures and substantiate the need for 
statistical validation even in cases where the absolute 
values appear comparable at first glance. After all, only 
multivariate analysis can reveal the structural stability 
of differences and provide reliable recommendations for 
designing monitoring systems in SPA applications.

DISCUSSION
The experiment results showed that HTTP-Protobuf 
provided the lowest average EDL values, while Web-
Socket-JSON showed significantly higher delays. This 
comparison confirmed the significance of the trade-off 
between responsiveness and stability, which was con-
sistent with the findings of W. Huang et al. (2022) in a 
study with high-frequency tracing. Authors noted that 
excessive reactivity often led to increased processing 
latency. This comparison helped to emphasise that the 
combination of HTTP with binary format was more ef-
ficient, as it allowed optimising both speed and vari-
ability. The above study demonstrated a statistically 
significant difference between the transmission chan-
nels, which was confirmed by the high F-statistics and 
low p-values within the ANOVA. This was in line with 
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the findings of M. Yang et al. (2020) and P. Steinmann et 
al. (2020), where M. Yang et al. (2020) emphasised the 
impact of asynchrony on the web stack, particularly on 
the event handling mechanisms in the browser envi-
ronment, while P.  Steinmann et al.  (2020) highlighted 
the benefits of a controlled buffered HTTP approach in 
the context of ensuring stable time performance. These 
generalisations helped to expand the understanding of 
how architectural decisions at the protocol level inter-
acted with internal serialisation mechanisms, creating 
a cumulative effect in latency. Thus, it was the relevant 
interaction between the protocol and the serialisation 
format that formed the super-analytical basis for mak-
ing architecturally sound decisions aimed at minimising 
time losses and increasing the reliability of real-time 
telemetry systems.

The comparison with J. Zhang et al. (2024) supported 
the idea that binary formats were more efficient due to 
the lower weight of the transmitted data, the optimised 
serialisation process, and the lesser amount of parsing 
during deserialisation. In contrast, C. Lin et al. (2022) put 
forward an alternative view on their complexity in sup-
porting, emphasising that JSON provided better debug-
ging, compatibility with different environments, and eas-
ier integration into existing telemetry solutions. Authors 
also addressed the greater clarity of the data structure 
in JSON, which could be critical during development or 
in cases of incident analysis. However, this study showed 
that even with the higher simplicity of JSON, the laten-
cy was substantially greater, which was substantiated by 
a calculated difference of more than 4 ms in different 
configurations. Furthermore, this difference was main-
tained regardless of the type of transport protocol, which 
indicated a fundamental advantage of Protobuf in the 
context of high-frequency telemetry. Thus, the choice of 
serialisation format had to consider not only the ease of 
implementation, but also objective time characteristics 
that could critically affect real-time performance.

Within the framework of the TD analysis, a system-
atic lag of WebSocket configurations was recorded. This 
was in contrast to the findings of J. Zhang et al. (2020) 
and Y. Tian et al. (2024), who claimed minimal latency 
of WebSocket connections in short-lived sessions. How-
ever, these findings showed that with an increase in 
the number of events, WebSocket efficiency decreased, 
which was explained by the additional costs of the 
asynchronous processing cycle. Thus, the data should 
have changed the perception of WebSocket as a uni-
versal solution. The present study also demonstrated 
greater instability of WebSocket performance patterns 
focused on Scroll and Async scenarios. This conclusion 
was in line with the study by A.W. Mbugua et al. (2020) 
but was refuted by Z. Mengjiao et al. (2024), who insisted 
on the stability of WebSocket-responsive channels. The 
comparison helped to assert that under high load con-
ditions, the WebSocket channel was unable to provide 
the expected level of predictability, while HTTP-based  
channels demonstrated greater stability.

The observed absolute differences between 
HTTP-Protobuf and WebSocket-JSON, which reached 
more than 25 ms in TD, refleted a critical dependence 
of performance on configuration. Such differences not 
only demonstrated a different latency profile but also 
highlighted a systemic difference in the approaches to 
processing telemetry events. These results were consist-
ent with the findings of N. Keerativoranan et al. (2024), 
W. Zhou et al. (2025), and Z. Zheng et al. (2017). N. Keer-
ativoranan  et al.  (2024) emphasised the significance 
of real-time latency, noting that even a slight increase 
in latency could lead to a decrease in the accuracy of 
behavioural analytics. W.  Zhou  et al.  (2025) analysed 
the architectural trade-offs, noting specifically that the 
choice in favour of WebSocket was appropriate only 
if the load was stable and there was no competition 
in the execution environment. Z.  Zheng  et al.  (2017) 
added that every millisecond was critical in scalable 
SPA applications, especially when it came to complex 
user scenarios with a high frequency of events. In this 
context, additional latency could not only affect the 
system’s response time but also lead to a distortion 
of the analytical model based on time characteristics. 
The generalisation helped to state that the technical 
solution should have focused on the ratio of resource 
cost to performance, as well as the ability to ensure the 
stability and accuracy of telemetry transmission, which 
was confirmed by the results of the experiment.

The analysis of the correlation between EDL and 
TD showed their independence, which indicated that 
there was no direct linear relationship between the 
time of event detection and its subsequent transmis-
sion to the server. This correlated with the studies by 
L. Xiong et al. (2021) and L. Shuangde et al. (2021), who 
previously assumed a two-phase model of event pro-
cessing, where the phase of registering interactions in 
the client environment was clearly separated from the 
phase of delivering information through the OTLP pro-
tocol. D. Salomon et al. (2021) and C. Eder et al. (2023) 
suggested possible indirect relationships through the 
frequency of events, the probable impact of telemetry 
frame density on their collection time, or mutual block-
ing of queues. However, the results showed the absence 
of a linear relationship, which strengthened the point 
industry model and demonstrated the stable statisti-
cal isolation of the phases. Thus, it was confirmed that 
in the OpenTelemetry architecture, the collection and 
transmission phases were statistically autonomous 
even under conditions of high event variability, which 
increased the reliability and flexibility of the system 
under variable load conditions.

Zero correlation coefficients supported the findings 
of G. Perin et al. (2022) and R. Li et al. (2023), who em-
phasised the structural disconnect between the pro-
cessing and transmission phases of telemetry events 
in the browser environment. However, this contradicted 
the authoritative remarks of J. Zhang & X. Wu  (2024), 
who suggested that the narrowness of buffers could 
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lead to the accumulation of delays within JavaScript 
loops, which created conditions for the emergence of 
back pressure on the event detection phase. The data 
obtained on a large sample showed that such scenar-
ios were possible only under critical loads with a high 
event frequency or when the permissible capacity of 
the internal buffer was exceeded. The lag interaction in 
such cases could be manifested in the form of tempo-
rary delays in deserialisation or subsequent send calls, 
but in the typical mode of operation, this interdepend-
ence was not observed. This required further research 
into cross-correlation effects, especially in cases of 
peak loads and unpredictable increases in event den-
sity. The comparison showed that under normal condi-
tions, phase independence was maintained, ensuring 
processing stability, but that potential non-functional 
dependencies that could affect the overall dynam-
ics of the telemetry channel should be considered at 
high-frequency flows.

Using ANOVA methods, it was confirmed that the 
differences between the groups were statistically 
significant for both indicators. The analysis was con-
sistent with the findings of T. Deeter et al. (2021) and 
Q. Li et al. (2023) regarding the need for formal valida-
tion of technical solutions. T. Deeter et al. (2021) not-
ed that the practical effect could be hidden without 
proper testing, while Q. Li et al. emphasised the need 
for careful statistical processing. This comparison 
confirmed that HTTP-Protobuf formed a separate, vis-
ible group, while WebSocket-JSON was an outsider in 
this context. Overall, the results emphasised that the 
choice of trace configuration should be based not only 
on intuitive assumptions but also on evidence-based 
statistics. According to A. Nõu et al. (2025), the use of 
time performance metrics should not be an optional 
practice, but a mandatory component of the architec-
tural process. The comparative analysis showed that 
HTTP-Protobuf provided the most suitable model 
for scalable SPA systems. In summary, the discussion 
above revealed that the HTTP-Protobuf combination 
was the most efficient and predictable configuration 
for demanding telemetry in SPA applications due to 
the lowest EDL and TD times, stable standard devi-
ation, and statistically proven benefits. The results 
demonstrated a clear architectural validity of the 
choice and also substantiated the inclusion of time 
performance metrics in the evaluation process.

CONCLUSIONS
The study of EDL and TD in client telemetry systems for 
SPA applications revealed the critical importance of the 
choice of trace protocol and serialisation format. Among 
the four tested configurations (HTTP-JSON, HTTP-Pro-
tobuf, WebSocket-JSON, WebSocket-Protobuf), the best 
time performance was demonstrated by the HTTP-Pro-
tobuf combination, which provided the lowest average 
values of both EDL (45.09 ms) and TD (62.83-63.33 ms) 
with a minimum standard deviation. Instead, the  

WebSocket-JSON configuration turned out to be the 
worst in all respects, demonstrating not only high av-
erage values (EDL  =  69.99  ms; TD  >  85  ms), but also 
significant variability and instability of transmission, 
which indicates that this configuration is less suitable 
for high-load interaction scenarios.

Quantitative analysis revealed that WebSocket 
implementations are on average 20  ms slower than 
HTTP alternatives (EDL) and up to 25 ms slower (TD) 
within the same scenarios. Therewith, there is a sta-
ble tendency to improve performance when using 
the Protobuf format, which provided a 4.85-7 ms de-
lay reduction compared to JSON. This confirms the 
effectiveness of binary serialisation in conditions of 
high-frequency interaction, where even a slight time 
saving has a critical impact on system performance. In 
the context of scenarios (Click, Scroll, Form, Naviga-
tion, Async), the HTTP-Protobuf configuration consist-
ently demonstrated the lowest TD values, particularly 
62.83 ms in the Form scenario, while WebSocket-JSON 
consistently ranked the worst. The results of the cor-
relation analysis showed no linear relationship be-
tween EDL and TD (Pearson’s coefficients ranging 
from -0.011 to +0.010), which indicates the practical 
independence of the event detection and transmission 
phases. This confirms the architectural advantage of 
the OpenTelemetry SDK, where event detection and 
data transmission are implemented independently. 
The ANOVA confirmed statistically significant differ-
ences between all trace configurations (p < 0.000001), 
with a particularly pronounced sensitivity of the EDL 
indicator to changes in protocol and serialisation for-
mat. The F-statistic for EDL was 13,821.05, and for TD 
-6,285.98, reflecting a significant variance between 
groups against the background of insignificant in-
tra-group variability.

Limitations of the study include the modelling of 
the client environment in a laboratory environment 
with a controlled load. In real-world scenarios, perfor-
mance may depend on a series of external factors: net-
work delays, browser limitations, client device perfor-
mance, and unpredictable user behaviour. In this regard, 
a reasonable area for future research is to expand the 
analytical framework by using cross-correlations, ana-
lysing lag structures, the impact of event density, and 
studying the nonlinear relationships between the EDL 
and TD phases. This will help to better understand the 
dynamics of telemetry systems and develop even more 
effective approaches to their optimisation.
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Анотація. Метою дослідження було оцінити часову ефективність реактивного трасування поведінки 
користувача в односторінкових додатках через інтеграцію WebSocket-каналів на базі Bun з OpenTelemetry. 
Методологія включала створення прототипу додатка на React, високочастотний моніторинг і агрегування 
SCADA-даних, побудову та оптимізацію нейромережі 64-32-16 у TensorFlow, симуляції в MATLAB/Simscape, 
а також статистичний аналіз із використанням регресії Theil-Sen, Seasonal and Trend-декомпозиції, тесту 
Брауна-Форсайта, двофакторного аналізу варіантів, бутстреп-перестановки, критерія Дікі-Фуллера та кривих 
виживання Каплана-Мейєра. Результати показали, що комбінація протоколу гіпертекстової передачі із бінарною 
серіалізацією у форматі Protocol Buffers забезпечила найнижчу затримку виявлення подій, яка становила в 
середньому 45,09 мілісекунди, та найнижчу затримку передачі, що сягала лише 62,83 мілісекунди у сценарії 
заповнення форм. У той же час комбінація вебсокетів із текстовим форматом JavaScript Object Notation 
продемонструвала найвищі показники затримки, із середнім значенням виявлення подій 69,99 мілісекунди 
та затримкою передачі до 88,1 мілісекунди, а також найбільшу варіативність у часі реакції. Статистичний 
аналіз підтвердив суттєві відмінності між усіма конфігураціями: результати дисперсійного аналізу виявили 
надзвичайно високі значення F-статистики для обох показників із рівнем значущості p меншим за 0,000001, 
що свідчить про реальний вплив як протоколу, так і формату серіалізації на часову ефективність. Додатково 
встановлено, що затримка виявлення подій та затримка передачі були незалежними величинами, оскільки 
коефіцієнти кореляції в усіх випадках залишалися близькими до нуля. Таким чином, оптимальною конфігурацією 
для високочастотних телеметричних систем був гіпертекстовий протокол із бінарним форматом Protocol Buffers, 
що забезпечує не лише мінімальні часові затримки, але й стабільність у навантажених середовищах. Практична 
значимість результатів полягає в можливості використання їх інженерами з продуктивності, архітекторами 
фронтенду та розробниками моніторингових систем для створення ефективних та масштабованих рішень, 
орієнтованих на аналіз поведінки користувачів у режимі реального часу

Ключові слова: часові затримки; асинхронність; бінарна серіалізація; обробка подій; HTTP-JSON; 
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