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ABSTRACT

Today, the sustainability and resilience of web data extraction codes are one of
the main challenges in software engineering and data mining, particularly when
target websites use dynamic structures. Selenium, as one of the most widely used
libraries for web scraping, is utilized in many industrial and research projects;
however, its high sensitivity to changes in web page elements often results in
errors, system interruptions, and the need for frequent code modifications. This
research presents a novel method that combines “dynamic selectors” with an Al-
based decision-making layer to provide a functional, reliable, and flexible
approach for strengthening Selenium-based code. In this study, data were
collected from the Digikala website over a two-year period with weekly intervals.
The proposed method analyzes the behavior of page elements, automatically
replaces the appropriate selectors, and applies multiple intelligent fallback
strategies in case of failure. This approach increases the stability and reliability of
selenium execution against website changes and can serve as an efficient model
for web data collection systems operating in dynamic environments. Experimental
results showed that when the proposed method was used for automatic and
intelligent selection of HTML elements, all data extraction operations were
completed without errors and without requiring manual code modifications.
However, when the method was not applied, 67 extraction attempts required direct
selector corrections by the developer. This performance difference demonstrates
that the presented model significantly reduces maintenance costs, development
time, and the risk of extraction process failure.
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EXTENDED ABSTRACT

Introduction

The robustness of web scraping systems against structural changes in web pages remains a
major challenge. Selenium-based solutions are highly vulnerable because they depend on fixed
selectors. Existing robustness approaches often suffer from high computational costs or low
reliability. To address this gap, this paper proposes an Al-based self-healing approach that
dynamically analyzes element behavior and automatically selects the most suitable alternative
selector, enabling continuous and reliable data extraction without manual intervention.

Literature Review

The studies by Kirinuki et al. (2019), Nass et al. (2023), and Coppola et al. (2025) propose
alternative selectors to improve the reliability of web data extraction code using various cues.
However, these methods exhibit relatively high error rates and are not suitable for pages with
significant structural changes or elements with similar attributes. Although the use of large
language models was proposed by Nass et al. (2024) to improve these methods and sometimes
reduce errors, it raises privacy concerns and increases computational costs. In contrast, the
present paper proposes a method that not only reduces errors but is also effective for pages with
major structural changes while avoiding privacy and computational cost issues.

The works of Degaki et al. (2022), Khaliq et al. (2023), and Daneshvar and Wang (2024)
propose using computer vision to predict elements on web pages. However, computer vision
techniques show low accuracy in detection and prediction when the target information is
limited, and they also involve high computational and time costs. In contrast, the present paper
introduces a method that retrieves precise information while minimizing computational and
time costs.

Taghizadeh et al. (2024) present a mechanism for time management and improving the
accuracy of information retrieval from web platforms using Selenium. However, their method
only identifies the location of errors and returns erroneous values as null, without providing a
solution for code robustness. In contrast, the present paper builds on the method proposed by
Taghizadeh et al. (2024) as a baseline for web data extraction and offers a solution for code
robustness and automatic extraction of target values with the highest possible accuracy.

Saarathy et al. (2024) conducted a systematic review of existing studies on Selenium code
robustness but did not propose a robustness model for web data extraction. In contrast, the
present paper reviews existing studies and models and proposes a dedicated robustness model
for Selenium code.

Healenium (2025) stores successful Selenium element information for future use but still
requires manual intervention when errors occur. In contrast, the present paper automatically
identifies alternative scripts using Al algorithms, reducing recovery time and human
involvement.

Kluge and Stocco (2025) concluded that robust web scraping requires hybrid methods and
automated validation, but they did not propose a new model. In contrast, the present paper
introduces a model designed to overcome the limitations of existing approaches.
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Methodology

This research presents an automated and robust framework for sustainable web data extraction
(web scraping) that aims to overcome the inherent fragility of tools such as Selenium when
facing structural changes in web pages. The proposed method is a hybrid system that integrates
a relational database (SQL), Python and Selenium scripts, and artificial intelligence algorithms
(particularly time-series models) to automatically identify and replace faulty selectors
(XPath/CSS).

1. Data Infrastructure Design and Collection

Database: A SQL database was designed for structured storage, consisting of three main
components:

o Products table: stores extracted product information (name, price, discount, rating, image,
label, and date).

e HTML Tags table: records the complete tree structure (parent—child relationships) of
HTML tags from the target website’s product pages (e.g., Digikala). This table includes the
XPath (XML Path Language) of each tag, the extraction date, and a Boolean flag called
“used”, which indicates whether a given XPath has previously been used successfully to
extract a target element (e.g., a product name).

e Tag Count View (virtual table): calculates the frequency of each unique XPath in the
HTML tags table. This view enables the algorithm to prioritize XPaths that appear an
expected number of times (e.g., 20 times on a 20-product page) as candidates for repeated
elements (such as product names).

2. Extraction and Retrieval Engine

Primary Extraction Script (Selenium): A Selenium-based script was implemented to extract
product information from target web pages using initially defined fixed selectors.

Structure Retrieval and Analysis Module: If the primary script encounters an error or returns
empty results, this indicates a possible structural change in the page. In such cases, a backend
script is triggered that:

¢ Reads the full HTML structure of the page and processes it after removing static sections
(e.g., headers and footers).

e Uses regular-expression (Regex) algorithms to extract the full XPath of all tags and stores
them in the HTML tags table.

3. Intelligent Decision-Making and Automatic Repair Layer

Al Models (Time Series): The core of the repair system is a predictive model that applies time-
series algorithms (such as LSTM) to analyze the historical behavior of the “used” flag for each
XPath. The model was trained on six months of historical data initially collected and labeled
through manual supervision.

Iterative Repair Process: When an error occurs:

e The model predicts and proposes replacement XPaths with a high probability of being
marked as “used” in the future.

e Candidate XPaths are inserted into the Selenium script in priority order, and the script is re-
executed.
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e If execution succeeds, the corresponding flag is updated in the database. If it fails,
unsuccessful candidates are discarded and the process continues with the next options.

¢ If no solution is found, the system falls back to a full rule-based traversal of the tags table.
4. Validation and Output Quality Control

To ensure the accuracy of data extracted using alternative selectors, the system incorporates
validation rules:

o Quantitative validation: The number of extracted items for repeated elements (e.g.,
product names) must match the expected count (e.g., 20).

o Qualitative validation (data patterns): Extracted data must conform to predefined
patterns (e.g., product names as strings within a maximum length, discount percentages as
numbers followed by a % sign, and labels from predefined categories).

Experimental Evaluation

The system was evaluated on the Digikala website over a two-year period with weekly intervals.
Evaluation metrics included extraction success rate, requirement for manual intervention,
execution time, and prediction model accuracy. Results indicate that the proposed system
achieved near-complete stability, eliminated the need for manual correction, and reduced the
worst-case average execution time to approximately 9 minutes for 60 products, demonstrating
significantly higher efficiency compared to alternative methods (e.g., image-based approaches).
The LSTM model achieved very high accuracy in predicting correct selectors in many cases.

Conclusion

This study presents an automated, Al-based approach for robust web scraping. By analyzing
the HTML structure, systematically extracting XPaths, and employing intelligent decision-
making algorithms (such as LSTM) to dynamically select alternative selectors, the inherent
fragility of tools such as Selenium is mitigated. The results demonstrate that this method can
significantly reduce the data extraction failure rate and eliminate the need for manual
intervention. The proposed system, by learning from historical data, evolves into a semi-
autonomous web crawler that ensures the sustainability of knowledge and data retrieval systems
in organizational and research applications.
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from selenium import webdriver
from webdriver_manager.firefox import GeckoDriverManager
from selenium.webdriver.firefox.service import Serwvice
from selenium.webdriver.firefox.options import Options
from bs4 import BeautifulSoup
import time
URL = "https://www.digikala.com/search/category-nutritional-supplements/?page=1"
def fetch full html with_divs(url):
opticons = Options()
opticns.add_argument(”--headless")
options.add_argument("--disable-gpu™)
service = Service(GeckoDriverManager().install(})
driver = webdriver.Firefox(service=service, options=options)
try:
driver.get(url)
time.slesp(5)
last_height = driver.execute_script(“return document.body.scrollHeight")
while True:
driver.execute script("window.scrollTo{®, document.body.scrollHeight);")
time.sleep(5)
new_height = driver.execute script("return document.body.scrollHeight™)
if new_height == last_height:
break
last_height = new_height
html = driver.page source
soup = BeautifulSoup(html, "html.parser™)
div_count = len(soup.find_all({"div"))
print(f"ds d=i diveaie b {div_count}™)
return html
finally:
driver.guit()
html_content = fetch_full _html_with_divs(URL)
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import re
from cellecticns import defaultdict
tag_pattern = re.compile(r'<{/?}(\w+)[*>]¥>"}

paths = [] # Wuwe olpi s
stack [1 # Laded pesuo
child_counters_stack = []

# pubb e pd Oliied oo plooud

pos = @
while pos < len{html_cuntentjﬂ
match = tag_pattern.search{html_content, pos)
if mot match:
break
is_closing, tag_mame = match.groups()
pos = match.end()

if nmot is_closing:
stack.append(tag_name)
child_counters_stack.append{defaultdict{int))
else: # al.w
if stack:
# allg o vl Wi eaviplooud
parent_counter = child_counters_stack[-1]
parent_counter[tag_name] += 1
index = '' if parent_counter[tag_name] ==

# jly A5

# s ool jl LolS o ol

full_path_parts = []

for i, t in enumerate(stack):
if 1 < len{stack)-1:

1 else f'[{parent_counter[tag_name]}]’

# allg mbar o arludo Olwijd siued | ooy

cnt = child_counters_stack[i][t]

part = t if cnt <= 1 else F"{t}[{cnt}]"

else:
# alud Al LU g
part = t + index
full_path_parts.append(part)
full_path = */'.join(full_path_parts)
paths.append{full_path)
stack.pop()
child ccunters stack.pop(}
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