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Abstract. In the modern design of variable differential pressure flowmeters, the introduction of reliable automated
logging systems is relevant, as conventional logging methods do not provide the required accuracy and stability
under load. The purpose of this study was to substantiate and develop methodological approaches to automating
logging processes in the design of variable differential pressure flowmeters, considering parametric optimisation,
reducing error localisation time, and increasing the accuracy of uncertainty estimation. The study was based
on experimental measurements in the SolidWorks 2024 and ANSYS Fluent software environments using the
Elasticsearch and Kibana tools, as well as further computational processing in MATLAB 2024a. The evaluation
covered the metrics of accuracy, completeness, integrated harmonic mean, area under the performance curve, time
to detect a critical event, time to notify an engineer, time to localise an error, average error in flow calculation with
bootstrap analysis, and an integrated logging efficiency index. The study found that basic logging provides limited
accuracy (= 71%) and low stability (= 82.5% of failure-free sessions), while heuristic methods increase efficiency to
87.9%,but leave a considerable level of event duplication and lose stability under load. The statistical classification
showed better results (integrated F1-score=0.81, average consumption error=2.5%, integrated logging efficiency
index =0.78), providing a balance between accuracy and performance. The highest indicators were achieved with
the machine learning approach: accuracy exceeded 91%, completeness was over 87%, the average cost calculation
error was reduced to 1.7%, the recovery of cause-and-effect relationships reached over 86%, and the integrated
logging efficiency index was 0.89. Analysis of variance and the non-parametric Kruskal-Wallis test confirmed
the reliability of the differences between the approaches. The practical significance of this study lies in the
identification of machine learning algorithms as a basic direction for the development of intelligent logging
systems, the findings of which can be used by engineering companies, software developers, and enterprises in the
oil and gas, energy,and mechanical engineering industries to improve the reliability, scalability,and adaptability of
design systems to real-world operating conditions
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INTRODUCTION

The relevance of this study is driven by the need to im-
prove the accuracy and reliability of variable differen-
tial pressure flowmeter design in the face of growing
demands from energy, industry, and transport. Conven-
tional logging methods do not provide an adequate
level of diagnostics and stability under load, which
complicates the prompt detection of critical errors.
The introduction of automated logging using machine
learning algorithms creates opportunities to reduce er-
rors, shorten optimisation time, and increase the repro-
ducibility of results. This determines the relevance of
a comprehensive combination of mathematical model-
ling, Computer-Aided Design (CAD) and Computational
Fluid Dynamics (CFD) systems, as well as intelligent log
analysis in modern instrumentation.

In scientific approaches, the role of automated log-
ging as a key element in ensuring the accuracy and re-
liability of flowmeter design processes is increasingly
gaining attention. R. Sapeliuk & F. Matiko (2025) an-
alysed trends in the development of CAD systems in
instrumentation with a focus on digital integration.
The researchers emphasised that the introduction of
diagnostic functions in design environments ensures
prompt detection of errors and increased reproducibili-
ty of results.).A.G. Camperos et al. (2024) focused on the
structural and parametric optimisation of gas-hydrody-
namic measuring transducers. The researchers proved
that the use of such methods creates a basis for formal-
ising the processes of automatic deviation detection in
measurement systems. V.I. Roman et al. (2024) present-
ed a computer programme for the automated design of
diameter ultrasonic flowmeters. The researchers noted
that the integration of error registration mechanisms
into the calibration process provides increased stability
and accuracy of the devices.

S. He et al. (2021) reviewed methods of automated
log analysis in the field of reliability engineering. The re-
searchers proved that the use of such approaches in CAD
environments helps to improve reliability and prompt
detection of design errors. N. Zhao et al. (2021) exam-
ined the empirical aspects of anomaly detection in on-
line service logs. The researchers emphasised that the
adaptation of these methods to flowmeter design sys-
tems provides more effective diagnostics and reliability
monitoring. L.L. Shunashu & O. Kaunde (2025) demon-
strated the use of machine learning algorithms to assess
the accuracy of ultrasonic flowmeters in operation. The
researchers noted that the built predictive models allow
reducing errors and implementing adaptive adjustment
of measuring systems. S. Gholamian & PA.S.Ward (2021)
presented a systematic review of modern approaches
to automating logging in software applications. The re-
searchers emphasised that intelligent log processing is a
crucial factor in increasing the efficiency of error detec-
tion and reducing the time to fix them.

J. Candido et al. (2021a) considered the problem
of optimal log placement in corporate systems. The
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researchers proved that the right logging strategy
reduces the risk of losing critical data and ensures
high-quality monitoring. J. Ma et al. (2021) investigat-
ed the possibilities of using digital signal processing
methods to determine the transit time in ultrasonic
flowmeters. The researchers showed that the use of
Digital Signal Processing algorithms increases the sta-
bility of measurements and facilitates the recording of
deviations in the results. Finally,R.Ren et al. (2022) pro-
posed an ultrasonic flowmeter architecture based on
the cross-correlation method. The researchers empha-
sised that the combination of hardware solutions with
software protocoling mechanisms creates conditions
for comprehensive control of measurement accuracy.
Analysis of scientific sources showed that improving
the accuracy and reliability of flowmeter design directly
depends on the integration of automated logging sys-
tems - their ability to record deviations, analyse the
causes of errors, ensure compatibility with CAD envi-
ronments, and maintain the adaptability of algorithms
during optimisation. The key factors are the possibility
of prompt registration of errors at the stages of mathe-
matical modelling, the efficiency of log processing un-
der variable environmental parameters, and interactive
informing of the engineer about critical deviations.

The purpose of this study was to develop a meth-
odological framework for automated error logging in
the design of variable differential pressure flowmeters
with the integration of parametric optimisation and un-
certainty assessment mechanisms to improve the reli-
ability and reproducibility of results. The key objectives
of the study included a comparison of approaches to
automated logging in CAD/CFD systems, systematisa-
tion of mathematical modelling methods concerning
optimisation and uncertainty, and development of a
conceptual model of the efficiency of intelligent log-
ging systems for flowmeters.

MATERIALS AND METHODS

The theoretical and experimental study was conduct-
ed in April-June 2025 using a combination of system
analysis, computer modelling, and experimental verifi-
cation of the results in the CAD/CFD design environ-
ment. All tests were performed under stable modelling
parameters (temperature 25 * 2°C, pressure 0.1 MPa,
flow rate 0.05-1.0 kg/s, unified boundary conditions,
and numerical settings), which ensured reproducibili-
ty of the results and excluded the influence of exter-
nal factors. Four types of log processing systems were
involved in the analysis. The first basic type involved
standard event logging without specialised processing
algorithms. The second type implemented heuristic
approaches aimed at detecting deviations in the flow-
meter design parameters, including incorrect geomet-
ric relationships (diaphragm eccentricity, nozzle asym-
metry, venturi tube axis offset), as well as deviations
in wall thickness and edge irregularities that directly
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affected flow stability. The third type was based on sta-
tistical classification methods to differentiate between
critical and minor messages, including the use of dis-
tribution analysis (z-scores, y?-criterion), building logis-
tic models and clustering events by the probability of
deviations, which allowed separating truly dangerous
failures from background or random signals. The fourth
type included the integration of machine learning al-
gorithms, which allowed predicting the occurrence of
errors in the early stages of design. For each group,
10 test scenarios were generated (total sample size
n =40), which ensured the representativeness of the
results. The parameters of the design scenarios were
unified: type of flowmeter (diaphragm, nozzle, venturi
pipe, combined scheme), flow range (0.05-1.0 kg/s), and
operating conditions (temperature 25 £ 2°C, pressure
0.1 MPa). This standardisation ensured that the results
could be correctly compared between different scenar-
ios and reduced the impact of random fluctuations in
the input data. To reduce the variability of the results,
all scenarios were implemented in SolidWorks 2024
(SOLIDWORKS, n.d.) using the CFD module ANSYS Flu-
ent (Ansys, n.d.), which allowed accounting for both
hydrodynamic processes and the influence of design
features on flow parameters. The system for collecting
and visualising logs was based on Elasticsearch (Elas-
tic, n.d.a) and Kibana (Elastic, n.d.b), which ensured the
integration of events at three levels: parametric (geom-
etry changes), computational (stability of the numerical
solution), and metrological (assessment of the uncer-
tainty of the results). Additionally, the use of this stack
enabled both real-time search and filtering of events
and their subsequent analytical processing to identify
patterns in the occurrence of design errors.

The performance of the logging systems was as-
sessed following international industry standards for
software quality, particularly ISO/IEC25002:2024 (2024).
Performance metrics included precision, recall, average
system response time, and the proportion of redundant
messages. The logging efficiency was assessed by a
series of indicators, including the total number of re-
corded events, the proportion of missed messages, the
volume of generated logs, and the percentage of pro-
ject sessions completed without failures. Additionally,
the study employed key classification metrics recom-
mended by international software quality standards.
The F1-score reflects the balance between the accura-
cy and completeness of critical event detection, i.e., it
shows the system’s ability to avoid false positives and
not miss significant deviations. The integral Area Under
the Receiver Operating Characteristic Curve (ROC-AUC)

metric describes the overall ability of the algorithm to
distinguish between critical and non-critical events re-
gardless of the selected classification threshold: a value
close to 1 reflects high recognition quality, while a level
of 0.5 corresponds to a random classification. The com-
bined use of these metrics provides the most objective
assessment of the diagnostic capability of an automated
logging system. The key metrics were the average Time
to Detection (TTD), Time to Notification (TTN),and Time
to Localisation (TTL). These parameters were measured
separately for distinct types of flowmeters (orifice plate,
nozzle, venturi tube, and combined scheme), which
helped to assess the stability and reproducibility of the
results under structurally different conditions.

To ensure the objectivity of the data, all measure-
ments were replicated three times, after which they
were averaged. The results were checked for compli-
ance with the regulatory requirements of 1ISO/IEC/IEEE
29119-1:2022 (2022). Statistical processing was per-
formed in MATLAB 2024a (R2024a Release High-
lights, n.d.) using ANOVA and the Kruskal-Wallis test to
examine the significance of differences between groups.
To summarise the findings, the study employed the In-
tegrated Log Performance Index (ILPI) method, which
helped to quantitatively and statistically compare dif-
ferent logging strategies on a single scale. The study
analysed three groups of indicators: diagnostic (accura-
cy of detecting critical events), informational (relevance
and volume of useful messages), and temporal (system
response time). Each component was assessed by the
relevant metrics normalised in the range from O to 1,
after which the results were aggregated considering the
weighting factors defined in the methodology. This ap-
proach helped to make an objective comparison, iden-
tify the optimum balance between diagnostic accuracy,
information content, and operational efficiency, and be-
came a reliable basis for the development of practical
recommendations for the implementation of a log pro-
cessing subsystem in CAD flowmeter design technology.

RESULTS

Overall performance of logging approaches in com-
puter-aided design. The study conducted a compara-
tive analysis of the overall performance of four log-
ging approaches in a CAD/CFD design environment.
The evaluation covered key indicators that character-
ise the efficiency of the systems: the total number of
recorded events, the proportion of missed messages,
the volume of logs, and the percentage of design ses-
sions completed without failures. The results were
summarised in Table 1.

Table 1. Summary of event logging indicators for the four approaches

. Number Share % of sessions
Logging approach of events (average) of missed events (%) Volume of logs (MB) without failures
Basic (logging) 1,250 (+35) 8.7 54.2 82.5
Heuristic 1,380 (*41) 6.1 62.8 87.9
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Continued Table 1.

. Number Share % of sessions
Logging approach of events (average) of missed events (%) Volume of logs (MB) without failures
Statistical classification 1,465 (£29) 43 70.5 91.7
Machine learning 1,520 (*27) 3.5 75.4 95.2

Source: compiled by the authors of this study based on data from SOLIDWORKS (n.d.), Ansys (n.d.), Elastic (n.d.a; n.d.b)

As Table 1 shows, the basic logging approach record-
ed an average of 1,250 events with a miss rate of 8.7%,
accompanied by the lowest percentage of sessions with-
out failures (= 82.5%). The heuristic method performed
better, with the number of events increasing to 1,380,
the dropout rate decreasing to 6.1%, and the percent-
age of stable sessions rising to 87.9%. Statistical classi-
fication performed even better, with an average of 1,465
recorded events, a drop rate of only 4.3%, and over 91%

W Parametric (geometry changes)

of sessions without failures. The highest results were ob-
tained for the machine learning approach: the number
of events reached 1,520, the miss rate dropped to 3.5%,
and the percentage of crash-free sessions rose to 95.2%.
Thus, in the experiment, it was the Machine Learning
(ML) approach that demonstrated the highest integrat-
ed performance among all the options studied. Figure 1
presents a comparative diagram of the distribution of
events across the three levels in the CAD/CFD process.

45 ™ Metrological (uncertainty assessment) m Computational (numerical solution)

N
o

35
30
25
20
15
10

Proportion of events (%)

Ul

o

Share of events (%)

Levels

Figure 1. Distribution of event flows in the CAD/CFD process by levels
Source: compiled by the authors based on data from SOLIDWORKS (n.d.), Ansys (n.d.)

The analysis of the results showed that most events
were recorded at the computational level (= 40%),
which reflects the significance of the stability of nu-
merical calculations in the CAD/CFD environment. The
parametric level yielded about 35% of events related to
changes in model geometry, while the metrological lev-
el provided the smallest share (= 25%), although this is
where deviations have the greatest impact on the accu-
racy of the uncertainty assessment. This confirmed that
the combination of the three levels in a single logging
system strikes a balance between completeness and

information content, creating a reliable basis for further
diagnostics and error correction. The quality of detect-
ing critical errors in the design process. A comparative
analysis of the accuracy of four logging approaches -
basic, heuristic, statistical, and machine learning - was
performed in terms of the ability to classify critical and
non-critical deviations in the design of variable differ-
ential pressure flowmeters. The evaluation was per-
formed using standard classification metrics: precision,
recall, F1-score, and ROC-AUC. Table 2 summarises the
measurement results.

Table 2. Comparative classification metrics for the four logging approaches

Logging approach Precision (%) Recall (%) F1-score ROC-AUC
Basic 71.2 65.4 0.683 0.742
Heuristic 79.6 72.3 0.757 0.801
Statistical 83.4 78.9 0.810 0.864
ML 91.5 87.2 0.894 0.931

Source: compiled by the authors based on data from R2024a Release Highlights - MATLAB and Simulink (n.d.)

A comparative analysis of Table 2 shows that the
basic logging approach is characterised by the lowest
results for all metrics: precision was only 71.2%, re-
call - 65.4%, which resulted in a low F1-score (0.683)
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and a limited ability to distinguish critical events from
non-critical ones (ROC-AUC = 0.742). This leads to a
considerable number of missed deviations and reduces
the effectiveness of application in practical scenarios.
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The heuristic approach demonstrated a significant
improvement: Precision increased to 79.6%, recall to
72.3%, which raised the Fl-score to 0.757. Additional-
ly, the increase in ROC-AUC to 0.801 confirmed a more
stable distinction between event classes, making the
method suitable for medium complexity tasks. Statis-
tical classification proved to be even more effective:
the precision reached 83.4%, recall 78.9%, F1-score
increased to 0.810, and ROC-AUC rose to 0.864. Such
indicators reflect a better balance between accuracy
and completeness and high reliability of event sepa-
ration even in more complex scenarios. The highest re-
sults were obtained for the machine learning approach,
which outperformed all other approaches by all met-
rics: precision was 91.5%, recall was 87.2%, Fl-score

was 0.894, and ROC-AUC was 0.931. This confirms the
ability of machine learning algorithms to simultane-
ously provide high accuracy, completeness, and robust-
ness of classification, making them the most promising
tool for integration into automated logging systems.
This result is consistent with the quality assessment
requirements defined in ISO/IEC 25002:2024 (2024)
and confirms that the integration of ML algorithms into
CAD/CFD design subsystems meets international practic-
es for ensuring test reliability according to ISO/IEC/IEEE
29119-1:2022 (2022). Figure 2 presents a combined
graph of ROC and Positive Rate (PR) curves for four ap-
proaches to automated logging in the design of vari-
able differential pressure flowmeters: basic, heuristic,
statistical, and machine learning.
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Figure 2. ROC curves and PR curves for the basic, heuristic, statistical, and ML approaches

Source: compiled by the authors

Comparative analysis of ROCand PR curves showed
differences between the four approaches. The ML ap-
proach demonstrated the greatest level of efficiency:
the average area under the ROC curve (AUC) was 0.96,
and the average F1-score reached 0.91.This indicates a
balanced ability to simultaneously maintain high accu-
racy (precision =0.93) and recall (recall =0.89). The sta-
tistical approach showed moderate results: AUC=0.87,
F1-score =0.82, precision =0.85, recall =0.79. Although
its curve was lower than the ML, it stayed stable as
the number of logs increased, indicating its suitabili-
ty for practical applications with an average workload.
The heuristic method demonstrated lower perfor-
mance: AUC=0.74, F1-score =0.68, precision =0.71, re-
call=0.65. It proved to be sensitive to noisy logs, which
led to an increase in the number of false positives and
a decrease in the system’s information content. The ba-
sic approach had the worst performance: AUC=0.62,

F1-score=0.57, precision=0.60, recall=0.55. The curve
of this method in Figure 2 was closest to the diagonal
of random classification, which reflects low efficiency in
detecting critical errors and practically limited applica-
bility in the CAD/CFD design environment.

Thus, the analysis showed that machine learning
provides an optimum balance between accuracy and
completeness and is the most promising for imple-
mentation in logging subsystems. The basic and heu-
ristic approaches are more of auxiliary value and can
be used only in simplified scenarios or as intermediate
solutions. Relevance of logs and information load in the
logging process. The study analysed the quality of mes-
sages generated by the four logging approaches. The
focus was on the share of relevant logs, the number
of false positives, the average length of messages, and
the level of duplication of events. All indicators were
summarised in Table 3.

Table 3. Qualitative characteristics of logs by different approaches

Approach Relevant logs, % False positives, % l:r‘:;:ag(ir:g f:csta(g'i) Duplicate events, %
Basic 62.4 21.7 118 14.5
Heuristic 74.9 153 135 11.2
Statistical 83.6 10.8 142 79
Machine learning 91.2 6.5 156 5.1

Source: compiled by the authors based on data from SOLIDWORKS (n.d.), Ansys (n.d.)
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A comparative analysis of the qualitative charac-
teristics of the logs demonstrated an evolution of effi-
ciency from basic to intelligent approaches. The basic
approach proved to be the least effective: only 62.4%
of logs were relevant, while the share of false positives
exceeded 21.7%. Another drawback was the high num-
ber of duplicate events (14.5%) and low information
content of the messages (average length of 118 char-
acters), which created a burden on the user. The heuris-
tic method improved the situation: the level of relevant
logs increased to 74.9%, and false positives decreased to
15.3%. However, despite the more informative messages
(135 characters), duplication stayed noticeable (11.2%),
indicating that the duplicate filtering algorithms were
not optimised enough. The statistical approach has al-
ready shown tangible progress. The share of relevant
logs reached 83.6%, false positives dropped to 10.8%,
and duplication was almost halved compared to the ba-
sic method (7.9%). The average message length was 142
characters, which indicates greater information richness
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and better structured data for analysis. The best results
were achieved with the ML approach. In this case, 91.2%
of the logs were relevant, and the false positive rate
dropped to 6.5%.Additionally, there was a minimal share
of duplicate events (5.1%) with the maximum informa-
tion content of messages (156 characters). This reflects
an optimum balance between classification accuracy and
message depth, which substantially reduces the infor-
mation burden on the engineer. Thus, the data obtained
confirmed that heuristic and statistical approaches can
be used as intermediate solutions, but only the integra-
tion of machine learning algorithms allows for a promi-
nent level of message relevance while minimising noise
and duplication. This makes the ML approach the most
promising for implementation in CAD/CFD flowmeter
design systems. Time efficiency and stability under load.
The study evaluated the time performance of four log-
ging approaches: basic, heuristic, statistical,and machine
learning. The key metrics were the average TTD, TTN,and
TTL. The results were summarised in Table 4.

Table 4. Time characteristics of logging by different approaches

Approach TTD, s TTN,s TTL,s
Basic 4.8 6.2 125
Heuristic 3.5 5.1 9.8
Statistical 29 4.3 72
Machine learning 2.1 3.2 5.4

Source: compiled by the authors of this study based on data from SOLIDWORKS (n.d.), Ansys (n.d.)

The comparative analysis showed that the basic ap-
proach has the largest time delays: the average error lo-
calisation time exceeds 12 seconds, which leads to the
accumulation of errors in complex modelling scenarios.
The heuristic algorithms provided a noticeable reduc-
tion in TTD and TTN (by about 25%), but TTL stayed
relatively high. Statistical and ML approaches proved to

be the most effective. Specifically, machine learning re-
duced the time to error localisation by almost 2.3 times
compared to the basic method (5.4 s vs. 12.5 s).To verify
the scalability, a series of tests were conducted with
a stepwise complication of the CFD model (scenarios
S1...S5). Figure 3 presents the degradation curves of
precision and recall with increasing event volume.
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Figure 3. Performance degradation curves under load (stress-response)

Source: compiled by the authors

Analysis of the results showed that the basic ap-
proach demonstrates a sharp decrease in efficiency al-
ready at the S3 stage: precision drops to about 58% and
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recall to 60%, which indicates its low suitability in log-
ging-intensive scenarios. The heuristic method maintains
an acceptable level of performance until stage S4 but
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loses stability and classification accuracy with further in-
crease in workload. The statistical approach shows rela-
tively equal results even under S5 conditions, maintaining
precision at about 73% and recall at 75%, which reflects
its stability in complex scenarios. The machine learning
approach demonstrated the greatest stability: even un-
der the maximum load, precision and recall stayed above
85%, which confirmed its advantage in ensuring system
reliability. Thus, the combination of time performance and
stability analysis proves that the use of machine learning
algorithms is optimal for CAD/CFD design processes, as it

minimises delays in error detection and localisation and
ensures stability as the volume and complexity of logs
increase. Influence of processing approaches on the esti-
mation of cost uncertainty. The study analysed the ability
of different logging approaches to influence the accuracy
and stability of flow rate estimation in variable differen-
tial pressure flowmeters. Attention was paid to the AQ
calculation error, the width of confidence intervals, and
the variability of results when repeatedly running simu-
lations using the bootstrap methodology. The results are
summarised in Table 5.

Table 5. Error of flow rate estimation AQ, confidence intervals and stability of estimates during re-runs (bootstrap)

Approach Average error AQ, % Confidence interval (95%), % | Variability at the bootstrap, %
Basic 4.8 3.5-6.1 5.7
Heuristic 3.2 24-4.1 4.1
Statistical 2.5 1.9-3.2 2.8
Machine learning 1.7 1.2-2.3 1.9

Source: compiled by the authors based on data from SOLIDWORKS (n.d.); Ansys (n.d.)

As Table 5 shows, the different logging approaches
have a different impact on the accuracy and stability of
the flow estimate. The basic method demonstrated the
worst performance: the average error AQ reaches 4.8%
and the variability across runs is over 5%, reflecting
poor reproducibility. The heuristic approach reduces
the error to 3.2% and narrows the confidence intervals
but leaves a relatively high level of instability in the
results (=4.1%). The statistical approach shows better
results: the error is reduced to 2.5% and the variability
to 2.8%, which reflects a marked increase in reliability.

6
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The most effective approach was the machine learning
approach, where the error AQ does not exceed 1.7%,
the width of the confidence intervals is only 1.2-2.3%,
and the variability is limited to 1.9%. This confirms
that the integration of machine learning algorithms
into the logging system provides the greatest stabili-
ty and accuracy of flow estimation in CAD/CFD design.
Figure 4 presents an error bars diagram comparing
the AQ error for the four approaches in different types
of flowmeters (orifice plate, nozzle, venturi tube, and
combined scheme).

Orifice plate Nozzle Venturi pipe Combined
Flowmeter type
W Basic:AQ, % W Heuristic:AQ, %  m Statistical: AQ, % ML: AQ, %

Figure 4. Comparison of AQ error bars for four approaches in different types of flowmeters

Source: compiled by the authors

As Figure 4 demonstrates, the results showed a dif-
ference between the approaches. The basic method has
the largest AQ error (=4.8%) and the widest confidence
intervals, which reflects low reproducibility of the results.
The heuristic approach improved the situation some-
what, reducing the error to =3.6%, but the range of values
is still significant. The statistical method showed more
stable results: the error decreases to = 2.5%, and the in-
tervals become much narrower, which confirmed its reli-
ability in practical scenarios. The best performance was
demonstrated by the machine learning approach, where

the error is =1.7% and the confidence intervals were min-
imal (= 1.9%), reflecting high stability and the prospects
of using this method in the CAD/CFD flowmeter design
environment. Traceability and cause-and-effect relation-
ships and ablation of the processing pipeline. The anal-
ysis of the recoverability of causal chains revealed that
the use of intelligent logging approaches can markedly
increase transparency in identifying the root causes of
design errors. Table 6 demonstrates that the effectiveness
of causal chain recovery increases significantly depend-
ing on the complexity of the approach used.

Bulletin of Cherkasy State Technological University, Vol. 30, No. 4, 2025
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Table 6. Share of events with a recovered chain of causes, average chain length,
and time to root cause identification

Approach Trace coverage, % Average chain length .irér::titigcraz?:ncamuis:
Basic 48.7 2.3 5.6
Heuristic 63.5 3.1 4.3
Statistical 71.2 3.7 3.5
Machine learning 86.4 4.5 2.1

Source: compiled by the authors

As Table 6 shows, the share of events with fully re-
covered trace coverage in the basic approach was only
= 48.7%, while the use of statistical processing raised
this figure to 71.2%. The highest results were achieved
with the machine learning approach - over 86%, with
an average time to root cause of about 2.1 minutes.
This proved that ML algorithms provide not only speed
but also depth of analysis, enabling effective recovery
of cause-and-effect relationships between events in
CAD/CFD design. At the same time, the study examined
the effectiveness of the log pre-processing pipeline
using the ablation method. Table 7 presents the con-
tribution of each stage (normalisation, deduplication,
metadata enrichment, aggregation, correlation) to the
improvement of classification metrics.

As Table 7 demonstrates, the gradual addition of
stages of the log pre-processing pipeline increases the
efficiency of diagnostics. Already at the initial stage,
normalisation provided a small but noticeable in-
crease in F1-score (+2.3%) and noise reduction (= 1.5%).

Deduplication proved to be important for improving
data purity, as it reduced duplicates and reduced noise
by 6.8%. Further enrichment with metadata increased
F1-score by another 4.5%, providing context for inter-
preting events, although its impact on noise was rela-
tively moderate (= 3.2%). The aggregation stage showed
a balanced effect, improving F1-score by 5.7% while re-
ducing noise by 4.1%. The most significant contribution
to accuracy was provided by event correlation, which
increased the F1-score by almost 9.4% and further re-
duced noise by 5.6%.Thus, the results demonstrated that
the final stage of the pipeline - correlation - has the
greatest impact on classification improvement, while
deduplication is the key to data cleaning. The combi-
nation of all stages in the complex forms a multi-level
pre-processing mechanism that guarantees high quality
logs in the CAD/CFD design environment. Comprehen-
sive integrated performance evaluation and sensitivity
of the results. To summarise the results of the study, the
ILPI was used. The results were summarised in Table 8.

Table 7. Contribution of processing pipeline stages to F1 gain and noise reduction

Pipeline stage Increase in F1, % Noise reduction, %
Normalisation 2.3 1.5
Deduplication 31 6.8
Metadata enrichment 4.5 3.2
Aggregation 5.7 41
Correlation 9.4 5.6

Source: compiled by the authors based on data from SOLIDWORKS (n.d.), Ansys (n.d.)

Table 8. ILPI values by diagnostic, informational, and time components

Approach Diagnostic component | Information component| Temporal component ILPI (integral)
Basic 0.58 0.61 0.55 0.58
Heuristic 0.67 0.70 0.63 0.67
Statistical 0.78 0.82 0.75 0.78
Machine learning 0.89 0.91 0.87 0.89

Source: compiled by the authors

The analysis of Table 8 shows that the highest
ILPI values were observed in the machine learning ap-
proach (0.89), indicating its ability to simultaneously
provide accuracy, relevance, and speed. The statistical
approach was slightly less effective (0.78), but still
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significantly greater than the heuristic (0.67) and basic
(0.58) methods. ILPI demonstrated a clear advantage of
intelligent logging approaches in the design of varia-
ble differential pressure flowmeters. In the basic meth-
od, the ILPI value did not exceed 0.58, which reflected




Automated error logging in the flowmeter design process...

limited diagnostic accuracy and a significant informa-
tion load. The heuristic algorithms increased this figure
to 0.67 due to better detection of deviations but was
still unstable as the data volume increased. The statisti-
cal approach ensured an increase in ILPI to 0.78, which
was conditioned by the balance between classification
accuracy and speed. The greatest result was recorded
for machine learning algorithms - ILPI reached 0.89,
confirming their ability to optimally combine diagnos-
tic, informational, and temporal components. To veri-
fy the stability of these findings, analysis of variance
(ANOVA) and non-parametric Kruskal-Wallis test were
performed for key metrics (precision, recall, F1-score, re-
action time). In most cases, p-values of less than 0.001
indicated statistically significant differences between
the approaches, and effect sizes of n* exceeding 0.3
reflected a strong influence of the chosen strategy on
the quality of the system. Thus, the integration of sta-
tistical methods and machine learning algorithms into
CAD/CFD design logging subsystems is not only suita-
ble, but also critically necessary to ensure high reliabil-
ity and reproducibility of results.

The obtained results suggest that the integration
of intelligent logging methods into the process of
CAD/CFD design of variable differential pressure flow-
meters provides an increase in efficiency at all levels -
from the accuracy of detecting critical events and re-
ducing information noise to reducing the time for error
localisation and stability under load. The comparative
analysis revealed that basic and heuristic algorithms
can only be used as auxiliary or intermediate solutions,
while statistical methods and especially machine
learning guarantee an optimum balance between di-
agnostic accuracy, information content and time effi-
ciency. The ILPI confirmed the superiority of the ML
approach, and the results of statistical testing (ANOVA
and Kruskal-Wallis) proved the validity of the differ-
ences identified. Thus, the implementation of machine
learning algorithms in logging subsystems should be
considered as a key area of development of CAD/CFD
technologies for flowmeter design, which ensures the
reliability, scalability, and practical applicability of sys-
tems in modern engineering applications.

DISCUSSION

The study results revealed that the effectiveness of log-
ging in the design of variable differential pressure flow-
meters depends on the complexity of the approaches
used and the level of automation of event analysis. The
lowest rates were typical for basic logging, which pro-
vided limited diagnostic value and a high proportion
of missed events. This is consistent with the findings of
t. Korzeniowski & K. Goczyta (2022), who in their sys-
tematic review emphasised that conventional logging
without intelligent processing does not enable prompt
detection of either critical errors or patterns in large
data sets. The experiment confirmed that such an ar-
chitecture leads to information overload and loss of

transparency. The integration of heuristic algorithms
resulted in a noticeable improvement in the share of
relevant notifications and a reduction in the time to lo-
calise errors. However, these results proved to be unsta-
ble as the workload increased. S. Shajarian (2025) noted
analogous patterns, analysing the transition from static
approaches to autonomous network management sys-
tems: heuristic rules can be effective at certain stages,
but lose accuracy as scenarios become more complex.
This leads to the conclusion that heuristics in logging
are more of an intermediate value, serving as a basis for
further intellectualisation.

Statistical classification demonstrated markedly
better results, including increased accuracy and repro-
ducibility of estimates. This is in line with the findings
of J. Candido et al. (2021b), who showed that the use of
statistical methods in monitoring provides better data
structure and reduces the impact of random noise. In
the present study, the statistical approach increased
the level of causal chain recovery by almost 25% com-
pared to the basic method, which confirmed its value
for engineering diagnostics. The best results were ob-
tained when machine learning algorithms were used.
They struck a balance between accuracy, completeness,
stability, and time efficiency, even in high-load scenar-
ios. This is fully consistent with the study by B. Keyo-
geg et al. (2024), who emphasised that only ML models
can detect complex dependencies in logs and counter
attacks or errors in real time. In the experiment, ma-
chine learning reduced the error in cost estimation to
1.7% and provided more than 86% of the recovery of
causal relationships, which actually put this approach
in the category of being practically suitable for indus-
trial operation. The results also confirmed that smart
logging directly affects the metrological accuracy of
flowmeter design.J. Qu et al. (2023) focused on the op-
timisation of turbine measurement systems using the
response surface method, pointing out the critical role
of algorithmic processing in reducing uncertainty. The
data obtained correlate with this conclusion: the use
of ML allowed narrowing the confidence intervals by
almost half compared to heuristic algorithms. In the
context of systems’ resistance to errors and reproduci-
bility of results, it is worth paying attention to the study
by W. Dobrowolski et al. (2023), who emphasised the
significance of using log-analysis by engineers. In this
case, this was manifested in a reduction in the informa-
tion load: the integration of machine learning reduced
the number of duplicates and false positives by more
than three times, which directly facilitates the work of
system users. Additionally, the findings coincided with
those reported by G. Siqueira de Aquino et al. (2025),
who applied Bayesian optimisation to ultrasonic flow-
meters. Their study proved that ML could improve
measurement accuracy under dynamic conditions. In
the present study, an analogous effect was manifested
in the increased stability during repeated runs with the
bootstrap technique: the variability was reduced to less
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than 2%. Equally significant is the confirmation of the
findings of J. Chen et al. (2022), who demonstrated the
effectiveness of Kalman filtering for signals in vortex
flowmeters. Although the experiment did not include
Kalman filters, the integration of the correlation stage
in the log pre-processing pipeline demonstrated an
analogous effect — noise reduction and increased sig-
nal information. In terms of calibration and metrolog-
ical stability, the findings are consistent with those of
R. Romeo et al. (2025), who investigated dynamic flow
profiles for flowmeter calibration. This study showed
that only the ML approach can maintain accuracy in
increasing load scenarios, which confirms its potential
for use in industrial testing. S. Wang et al. (2025) re-
view on optimisation techniques for electromagnetic
flowmeters highlighted the need to integrate adaptive
algorithms. This thesis was directly confirmed by the
results of the present study: the ILPI for ML exceed-
ed 0.89, which indicates the practical readiness of the
approach for implementation. Using KPCA-CLSSA-SVM,
Z. Chen et al. (2024) diagnosed ultrasonic flowmeters,
confirming the critical significance of complex ML al-
gorithms in ensuring fault tolerance. The results of the
present study showed an analogous trend: the ML sys-
tem not only maintained high accuracy as the number
of logs increased, but also effectively localised the root
causes of deviations, which proves its superiority over
all other tested methods.

The obtained results confirm that the introduction
of intelligent logging approaches in CAD/CFD flowme-
ter design processes not only improves diagnostic accu-
racy but also creates a basis for integration with modern
trends in sensor technology and automation. Specifical-
ly, the development of acoustic flowmeters for low flow
rates, presented by M-G. Yu & D-S.Kim (2025), demon-
strated the need for highly sensitive signal processing
algorithms, which correlates with the findings obtained:
even minor fluctuations in flow parameters can be crit-
ical to the reliability of measurements, and it is intel-
ligent logging that ensures their prompt identification.
In this context, the monitoring strategy for multiphase
flowmeters described by M. Al-Kadem et al. (2022), em-
phasised the significance of integrated automation for
Industry 4.0. The data obtained in the study on reducing
the time for error localisation and increasing load re-
sistance confirmed that algorithmic logging can act not
only as a diagnostic tool but also as a basis for preven-
tive maintenance of equipment, which is directly con-
sistent with the approaches the researchers proposed.
L. Deng et al. (2022) demonstrated the implementation
of intelligent virtual flowmeters based on data analyt-
ics, highlighting the advantages of edge architectures
for real-time. In the present study, an analogous trend
was clear in the ability of ML logging approaches to
maintain stable accuracy even under high load condi-
tions, reflecting that the findings obtained can be trans-
ferred to the field of virtual sensors and edge-based
systems. The application of machine learning methods

Bulletin of Cherkasy State Technological University, Vol. 30, No. 4, 2025

R. Sapeliuk & V. Roman

to flowmeter calibration, as demonstrated by C.D. Gil-
bert et al. (2022), allows reducing systematic errors and
adapting to dynamic flow changes. The results obtained
in the study on the reduction of AQ and the variability
of estimates in repeated start-up scenarios confirmed
the effectiveness of this paradigm: intelligent methods
provide narrower confidence intervals and a more relia-
ble metrological basis for engineering decisions.

A comparison with the study by A.Roy et al. (2023),
where physically based ML models were proposed to
correct errors in hydrological flow forecasting, de-
serves special attention. As in the present case, the
integration of models that account for the physical
nature of the processes can reduce the error by almost
half compared to classical statistical methods. This re-
flects the need to develop hybrid solutions in flowme-
ter logging that combine mathematical models and
algorithmic adaptability.

R. Castellanos et al. (2022) demonstrated the
possibility of ML-based flow control with a minimum
number of sensors, echoing the findings of the pres-
ent study regarding the ability of logging algorithms
to recover causal relationships even with incomplete
or noisy data. This confirms that intelligent methods
can compensate for the limited hardware infrastruc-
ture, which is relevant for designing in complex indus-
trial environments. S. Paliwal et al. (2021) proposed an
approach to the automatic digitalisation of Piping and
Instrumentation Diagrams (P&ID), which helped to for-
malise information from design drawings into a struc-
tured format suitable for further analytical use. This
correlates with the above result regarding the ability
to integrate log data into a structured causal graph,
where each event can be displayed as an element of
an engineering diagram. M. Vicente et al. (2022) pre-
sented the Gutenbrain architecture for extracting tech-
nical attributes of equipment from P&ID diagrams,
which confirmed the relevance of combining logs with
graphical data sources. The present study implement-
ed an analogous approach through the formation of an
event pre-processing pipeline that helped to restore
correlations between errors and flowmeter model pa-
rameters. C. Li et al. (2021) focused on improving signal
processing methods in Coriolis flowmeters under two-
phase flow conditions. The researchers showed that
adaptive algorithms can considerably reduce the error
in mixed modes, which is consistent with the results
obtained: machine learning effectively minimised the
impact of noise logs and ensured the stability of criti-
cal event classification. P.Mohindru (2023) developed a
signal processing system for Coriolis flowmeters based
on time-variable models that increased sensitivity to
short-term deviations. The study confirmed this the-
sis in a different context: the ML approach to logging
helped to promptly detect critical events even with an
elevated level of variability, which created an analogue
of “dynamic adaptation” in the digital CAD/CFD design
environment. Finally, Y. Moon et al. (2023) study, aimed
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at the accurate extraction of structural objects from
P&ID diagrams, echoes the conclusions of the present
study regarding the need to integrate logging with
CAD visualisation tools. Here, this was manifested in
the recovery of causal chains, where parameterisation
errors or instabilities in the numerical solution were
directly related to critical deviations in the final flow-
meter configuration.

Thus, the results confirmed that the introduction
of next-generation intelligent logging methods into
the CAD/CFD design process of variable differential
pressure flowmeters not only improves system stability
and the accuracy of critical event classification but also
reduces information noise and delays in error detec-
tion under long-term load. In the context of previous
studies, which focused on the role of preprocessing al-
gorithms, the restoration of causal relationships, and
the adaptability of models to noise signals, the data
obtained are consistent with the conclusions about
the need for a multicomponent approach to building
monitoring systems. Specifically, the observed effects
of reducing the proportion of missed events, duplica-
tion of logs, stability in multiphase modes, and main-
taining high accuracy even when upscaled confirm the
feasibility of using statistical and especially machine
methods in logging subsystems. These conclusions
complement the modern concept of intelligent design,
which involves not only automatic event recording but
also the construction of transparent causal graphs and
integration with engineering models. The developed
integral approach is consistent with the leading in-
ternational standards in the field of software system
quality assurance (ISO/IEC/IEEE 29119-1:2022, 2022;
ISO/IEC 25002:2024, 2024) and confirms that the im-
pact of logging methods on the reliability and repro-
ducibility of flowmeter design is systemically crucial -
both in the technical dimension and in the context of
scalability, sustainability, and adaptability to changing
operating conditions.

CONCLUSIONS

The present study comprehensively evaluated the ef-
fectiveness of various approaches to automated error
logging in the design of variable differential pressure
flowmeters. Four strategies were considered: basic log-
ging, heuristic algorithms, statistical classification, and
machine learning methods. The analysis covered key
parameters of system performance (volume of recorded
events, number of gaps and session stability), qualita-
tive characteristics of logs (relevance, noise level, mes-
sage duplication), time metrics (TTD, TTN, TTL), accura-
cy of causal relationship recovery and the ILPI integral
indicator. The lowest efficiency was demonstrated by
the basic approach, where the share of missed events
exceeded 8%, the relevance of logs was only =62%, and
the time to localise errors was over 12 seconds. This led
to the accumulation of errors in CFD modelling and lim-
ited the method’s applicability in complex engineering

scenarios. The heuristic algorithms reduced the num-
ber of misses to = 6% and increased the proportion of
stable sessions to almost 88% but left a considerable
level of event duplication and lost stability under load.
The statistical classification proved to be substantially
more efficient: the error in calculating the flow rate AQ
was reduced to 2.5%, the variability of results during
repeated runs was reduced to 2.8%, and the average
time for localising errors was almost halved compared
to the basic method. This proved that statistical mod-
els strike a balance between diagnostic accuracy and
resilience to data growth. The greatest performance
was recorded in the machine learning approach: the
precision exceeded 91%, the recall was over 87%, the
average error AQ was only 1.7%, and the integral in-
dex ILPI reached 0.89. Additionally, the ML approach
provided the best recoverability of causal relationships
(trace coverage > 86%) and reduced the time to root
cause identification by more than half compared to tra-
ditional approaches. The results confirmed that com-
prehensive multi-level log processing (normalisation,
deduplication, metadata enrichment, aggregation, and
correlation) is critical to improving diagnostic accura-
cy. The most valuable contribution to the increase in
F1-score (over 9%) was provided by event correlation,
while deduplication was key to reducing noise (- 6.8%).
Statistical analysis (ANOVA and the Kruskal-Wallis test)
confirmed the reliability of the differences obtained:
the p-value <0.001 and high effect sizes (> 0.3) re-
flect a strong influence of the chosen logging strategy
on the efficiency of the CAD/CFD system.

Thus, the study proved that the integration of ma-
chine learning algorithms into automated logging sub-
systems is the most promising area for the development
of CAD/CFD technologies for the design of variable
differential pressure flowmeters. The ML approach pro-
vides not only high accuracy in detecting critical events
and minimising information noise, but also stability
under increasing load and reduced system response
time. Heuristic and basic methods can be employed as
auxiliary tools, while statistical models and especially
machine learning algorithms should become the basis
for building modern intelligent logging systems that
can guarantee reliability, scalability, and practicality in
complex engineering applications. Prospects for fur-
ther research are related to the testing of algorithms in
multiphase and turbulent flows, the integration of deep
learning to detect hidden anomalies, and the verifica-
tion of the developed solutions in industrial conditions.
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AHoTauif. Y cyyacHOMy NPOEKTYBaHHI BUTPATOMIipiB 3MiHHOIO Nepenajy TUCKY akTyalbHUM € BMPOBAAXKEHHS
HaA4iMHMX CMCTEM aBTOMATU30BAHOIO JIONYBAHHS, OCKINIbKM TPaAULIMHI METOAM XXYpHaNtoBaHHS He 3abe3neuvyioTb
HeobXigHOT TOYHOCTI Ta CTabiNbHOCTI Nif HABaHTAXEHHAM. MeToto focniaxeHHs Byno obrpyHTyBaHHS Ta po3pobneHHs
MEeTOAMYHUX NiAXOAIB A0 aBTOMATU3aLii NPOLECiB NOryBaHHS Y NPOEKTYBaHHI BUTPATOMIpiB 3MiHHOro nepenaay
TUCKY 3 YpaxyBaHHAM MapaMeTpuMyHOi ONTUMI3aLii, CKOpOUYEHHS Yacy foKanisauii NOMUAOK Ta NiABULLEHHS
TOYHOCTI OLLiHKM HeBM3HaueHocTi. JocnimkeHHs 6a3yBanocs Ha eKCnepuMeEHTaNbHUX BUMIPIOBAHHAX Y NPOrpaMHMX
cepeposuwax SolidWorks 2024 ta ANSYS Fluent i3 BukopuctaHHaM iHcTpyMmeHTapito Elasticsearch i Kibana, a Takox
3 noganbLoko obuncnoBanbHo 06pobkoto y MATLAB 2024a. OuiHtoBaHHS 0XOMNOBAN0 METPUKM TOYHOCTI, MOBHOTHU,
iHTErpanbHOro NMOKa3HMKA rAapMOHIAHOIO cepefHbOro, ML Mif KpMBOK po60oUMX XapaKTepPUCTHK, Yacy A0 BUSIBNEHHS
KPWUTUYHOI Nofii, Yacy [0 NOBiAOMIEHHS iHXeHepa, Yacy A0 NOKani3auii MOMUAKK, CepefHboi NOXMOKN po3paxyHKy
BMTPaTK 3 ByTCTpen-aHani3oM, a TakoX iHTerpanbHoro iHaekcy eeKTMBHOCTI IoryBaHHs. BctaHoBneHO, wo 6a3ose
XXypHantoBaHHs 3abe3neuye obMexeHy ToUHICTb (= 71 %) i HM3bKy cTabinbHicTb (= 82,5 % 6e3360€BuMX cecin), Toai
K €BPUCTUYHI MeToAM MiABULLYIOTb ePeKTUBHICTL A0 87,9 %, ane 3anunWwatoTb 3HAYHWI piBeHb Ay61OBaHHA NOAiN
i BTpauatoTb CTabinbHiCTb Nig HaBaHTaXeHHAM. CTaTUCTUYHA Knacudikalis NpoAeMOHCTPYBana Kpalli pe3ynbraTu
(inTerpanbHa meTpuka Fl-score = 0,81, cepenHa noxmnbka BuTpatu 2,5 %, iHTerpanbHUi iHLEKC ePeKTUBHOCTI
noryeaHHs = 0,78), 3a6e3neunBLun 6anaHC MidX TOUHICTIO 1 LWBMAKOAIE. HalBUMLL NOKa3HUKKM LOCATHYTO Y Nigxomi
3 aNrOpUTMaMM MaLWMHHOIO HAaBYaHHS: TOYHICTb Nepesuwmna 91 %, noBHoTa cknana noHag 87 %, cepenHs noxmbka
pO3paxyHKy BUTpaTh 3HM3unaca no 1,7 %, BiAHOBNEHHS MPUYMHHO-HACNIAKOBMX 3B3KiB fOCANO noHad 86 %, a
iHTerpanbHWi iHoeKC eeKTUBHOCTI NoryBaHHs ctaHoBuB 0,89. [lncnepciMHMi aHani3 Ta HenapaMeTpUYHUIA TeCcT
Kpackena-Yonnica nigTeepannun AOCTOBIpHICTb BiAMIHHOCTEN MiX NigxoaaMu. [pakTMYHe 3Ha4YeHHS OOCNIOKEHHS
NONATa€ y BU3HAUYEHHI aNropMTMiB MALIMHHOTO HaBYaHHA 9K Ha30BOro HanpsMy po3BUTKY iHTeNeKTyalbHUX
CUCTEM NOTYBaHHS, pe3y/bTaTh IKOr0 MOXYTb OYTW BUKOPWUCTAHI iH)XEHEPHUMW KOMMAHiSIMU, po3pobHMKamMu
nporpaMHoro 3abesneyeHHs Ta NiANPUEMCTBAMU HAPTOra3oBoi, EHEPreTUYHOI 1 MallMHOBYAIBHOI rany3en ans
NiABWLLEHHS HAAiIMHOCTI, MaCITaboOBaAHOCTI Ta afaNTUBHOCTI CUCTEM MPOEKTYBAHHS 40 peanbHWX YMOB eKcnayaTauii
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