ﬂ buildings

Review

Research Topic Identification and Trend Forecasting of
Blockchain in the Construction Industry: Based on LDA-ARIMA
Combined Method

Yongshun Xu 1@, Zhongyuan Zhang !, Cen-Ying Lee 7, Heap-Yih Chong 3*{0 and Mengyuan Cheng *

W) Check for updates

Academic Editor: Ahmed Senouci

Received: 2 December 2025

Revised: 31 December 2025
Accepted: 5 January 2026

Published: 7 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Civil Engineering and Architecture, Hainan University, Haikou 570228, China;
xys8023cm@163.com (Y.X.); 17670451872@163.com (Z.Z.)

Faculty of Society and Design, Bond University, Gold Coast 4229, Australia; celee@bond.edu.au

School of Engineering Audit, Nanjing Audit University, Nanjing 211815, China

School of Management, Xi’an University of Science and Technology, Xi’an 710054, China; cmy@xust.edu.cn
*  Correspondence: 270002@nau.edu.cn

W N

Abstract

Driven by the urgent need for industrial transformation and emerging technologies, the con-
struction engineering market is rapidly evolving toward intelligent building systems. This
study employs latent Dirichlet allocation (LDA) methodology to analyze 474 blockchain-
related research abstracts from Web of Science and Scopus databases, identifying eight
key research topics: (1) industry adoption and implementation challenges; (2) smart con-
tracts and payment mechanisms; (3) emerging technologies and digital transformation;
(4) construction supply chain integration and optimization; (5) building modeling and
technology integration; (6) modular integrated construction (MIC) applications; (7) project
data and security management; and (8) construction industry sustainability and circular
economy (CE). Using the autoregressive integrated moving average (ARIMA) model, the
study forecasts trends for the top three research topics over the next 36 months. The results
indicate strong positive growth trajectories for industry adoption and implementation
challenges (Topic 1) and project data and security management (Topic 7), while emerging
technologies and digital transformation (Topic 3) demonstrate sustained growth. This
study offers a thorough examination of the present landscape and emerging research trends
of blockchain in construction, and establishes an overall framework to comprehensively
summarize its research and application in the construction industry. The results provide ac-
tionable insights for both practitioners and researchers, facilitating a deeper understanding
of blockchain’s evolution and implementation prospects, and supporting the advancement
of innovation within the industry.

Keywords: blockchain; topic identification; trend forecasting; construction industry; latent
Dirichlet allocation (LDA); auto-regressive integrated moving average (ARIMA)

1. Introduction

The construction industry acts as a cornerstone of the global economy, permeating all
societal sectors, serving as a key pillar in supporting social and economic development.
Following a phase of rapid growth, the construction industry is transitioning into a new
era of high-quality development, marked by increasing digitalization and the adoption
of intelligent technologies. Simultaneously, the industry is actively exploring solutions to
cope with the current challenges of inefficiency and high costs [1].
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Blockchain has garnered significant interest in the construction industry for its de-
centralized nature, resistance to tampering, and ability to provide traceable records [2].
Kim et al. [3] pointed out that blockchain can reshape the construction industry by funda-
mentally transforming its operational infrastructure from traditional fragmented systems
into a decentralized and transparent ecosystem. Many scholars are studying its immense
potential in this field [4], for example, blockchain can address long-standing problems in
traditional construction systems, such as information silos, lack of trust, and inefficient
collaboration [5]. Comprehensive research on blockchain in construction can enhance the
organization of industry data, increase transparency and trustworthiness throughout the
construction process, and accelerate the digital transformation of sustainable building sys-
tems. These analytical projections could illuminate emerging impediments to blockchain
adoption, simultaneously establishing an empirical framework for construction industry
standardization. Such insights carry profound foundational implications—both conceptual
and applied—for steering the sector’s progressive evolution. In the field of construction,
the application of text mining technology has made significant progress. Its core value
lies in efficiently extracting key information from massive research literature [6]. By ap-
plying topic modeling and evolution tracking to a vast collection of academic literature
on construction blockchain, this approach can precisely identify key themes, research
hotspots, and emerging trends within the construction industry. This, in turn, provides a
scientific basis to guide the development of construction blockchain systems and to build a
foundational knowledge map of their theoretical evolution.

Latent Dirichlet allocation (LDA), first proposed by Blei et al. in 2003, is recognized
as a seminal probabilistic technique in text mining [7]. Its significance lies in its ability to
model documents as mixtures of latent topics, enabling the efficient discovery of semantic
structures within massive unstructured text corpora. It has since become the most widely
adopted unsupervised topic modeling technique. LDA employs a probabilistic generative
model to analyze a corpus, based on the core assumption that documents are produced
from a mixture of multiple latent topics, with each topic represented as a probability dis-
tribution over a specific set of words. Unlike traditional subjective classification methods,
LDA uses a score assignment mechanism that allows a single document to be associated
with multiple topics in a probabilistic manner. For example, a paper on building blockchain
may cover topics such as “smart contract payment” and “modular traceability”. This
approach better reflects the real-world scenario of cross-integration of technologies and
effectively avoids the inherent errors of subjective topic classification [8]. In addition, the
dynamic assignment characteristics of LDA support tracking topic evolution from a dual
perspective: it can both analyze the changes in topic intensity across years at a macro level
and examine the similarities between topics at a micro level [9]. Given these advantages,
LDA has been extensively applied across various research areas within the construction
field, such as building safety [10], construction policy [11], and construction technology [12].
These applications demonstrate the versatility and effectiveness of LDA in revealing the un-
derlying topic structure and evolutionary patterns in complex text data, thereby promoting
deeper insights and informed decision-making in the construction industry.

However, the document-topic distribution generated by traditional LDA models
exhibits static cross-sectional characteristics, making it challenging to uncover the dynamic
evolutionary patterns within research domains. To overcome this limitation, one can
integrate the topic probability distributions output by LDA with time series methods. This
integrative approach facilitates tracing topic evolution, capturing the research domain’s
temporal trajectory. Therefore, combining topic probability assignment with temporal trend
analysis has become a key investigative method aimed at revealing patterns of progress
and development trajectories in the field.
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This study establishes a synergistic framework integrating LDA and auto-regressive
integrated moving average (ARIMA) to establish a multi-faceted collaborative analysis and
prediction framework. LDA is a major topic extraction technique in text analysis, which
can derive topic distribution from a large document base in a probabilistic manner. This
helps to identify and integrate groundbreaking research topics in academic publications.
Complementary to it, ARIMA constitutes a robust time series analysis paradigm that is
good at capturing and predicting trends in serialized data structures. This study integrates
the LDA and ARIMA frameworks to synthesize static and dynamic analysis perspectives.
This approach enables a thorough evaluation and forecasting of the development of re-
search topics. This dynamic analytical approach enables researchers to identify bottlenecks
in technology diffusion, thereby helping to develop targeted strategies to accelerate the
construction industry’s transformation to a digital system. Consequently, this study em-
ploys an integrated LDA-ARIMA framework to extract topic features and forecast future
trends. Unlike traditional qualitative reviews that rely on subjective manual classifica-
tion [13], or static bibliometric analyses that offer only retrospective snapshots [14], this
hybrid approach enables both the objective identification of latent semantic structures and
the quantitative prediction of their future evolutionary trajectories. Therefore, this study
not only provides a detailed clarification of the current state of blockchain applications
in the construction sector but also forecasts potential future directions, thereby establish-
ing a foundation for strategic planning and technological innovation within the industry.
This comprehensive approach helps to fully understand the status and development of
blockchain in the construction field.

2. Research Method

This study used academic literature as the primary data source and constructs an
effective framework. The framework aims to summarize the current research status of
construction blockchain, predict future trends, and evaluate the future development of
blockchain research in the construction industry. Figure 1 outlines the research design.

/ @ Data collection @ LDA model training ARIMA model training
and preprocessing and parameter selection and parameter selection
ara
Ve fSe S ases. e

industry

sinart project

payment

Figure 1. Outline of research design.

2.1. Data Collection and Preprocessing

The dataset for this study was derived from the Web of Science (WoS) Core Collection
and the Scopus database. To ensure the reproducibility of the research, the search strat-
egy employed specific Boolean operators targeting the “Topic” field (title, abstract, and
keywords). The exact search strings used were: TS = ((“blockchain” OR “blockchain tech-
nology”) AND (“construction”)) in the WoS database, and TITLE-ABS-KEY ((“blockchain”
OR “blockchain technology”) AND (“construction”)) in the Scopus database. The literature
search was conducted on 31 October 2025. The retrieved dataset covers the period from
February 2019 to October 2025, ensuring that the analysis reflects the latest developments
in the field. The initial search yielded 2553 documents. This study utilizes a computa-
tional framework based on the Python 3.10 programming language. The data processing
workflow used the Pandas library for structured management and algorithmic dedupli-
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cation, removing 236 duplicate records. Subsequently, a rigorous two-stage screening
process was conducted, excluding 1860 irrelevant studies. For the remaining 474 valid
documents, advanced text preprocessing was performed using the NLTK library. This step
included tokenization, stop word removal (including domain-specific academic terms),
and WordNet-based lemmatization to ensure semantic consistency for subsequent analysis.
Finally, the Scikit-learn library was initialized for topic modeling, and the statsmodels
library was prepared for time series forecasting.

2.2. LDA Model-Based Research Topic Identification

LDA is a probabilistic generative model that identifies latent thematic structures within
textual data. Following the data preprocessing described in Section 2.1, the structured
text data was vectorized using the CountVectorizer algorithm. This process converted the
corpus into a document-term matrix, filtering out extreme features to retain meaningful
domain-specific vocabulary.

2.2.1. Determining the Optimal Number of Topics

Perplexity is a fundamental metric for evaluating the accuracy of statistical models
in describing text datasets. Lower perplexity values generally indicate better predictive
performance of the model [15]. This study employs a dual validation strategy combining
perplexity analysis and topic clustering visualization to determine the optimal number
of topics. First, this study uses perplexity as a quantitative indicator to evaluate the
predictive performance of the model. As shown in Figure 2, the perplexity score gradually
decreases with the increase in the number of topics, and a clear inflection point (elbow)
appears. Second, to address the potential overfitting problem caused by purely statistical
indicators, we used the pyLDAuvis tool to visually inspect the semantic separation of
topics. As shown in Figure 3, when K = 8, the spatial distribution of topic clusters is
optimal, with minimal overlap, indicating that the topics have high distinctiveness and
interpretability. While strictly lower perplexity scores might exist at other K values, this
often leads to “overfitting,” resulting in fragmented topics with poor semantic coherence. In
this study, the choice of K = 8 is based on prioritizing semantic interpretability over purely
statistical minimization. Visual inspection using pyLDAvis confirms that K = 8 provides
the best balance, with each topic corresponding to a clear logical domain. Furthermore, this
interactive visualization effectively reveals the semantic meaning between word frequency
distribution and topics, helping to understand the distribution and importance of words
within topics, thus providing a deeper understanding of the LDA output [15]. Figure 2
shows the calculation results of perplexity, which is calculated using the following formula:

M
Perplexity(D) = exp{_%gp(wd)} 1)
Yg—1 Na
Perplexity Score vs Number of Topics
215.0
2125
210.0
5207.5
ngos.o
2025
200.0
197.5
0 5 10 I o

Number of Topics

Figure 2. The perplexity of the LDA model for different numbers of topics. The red dot corresponds
to the optimal number of topics.
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Figure 3. Topic clustering visualization.

2.2.2. Fitting the LDA Model
To empirically estimate the underlying topic structure, the preprocessed text corpus
was first transformed into a quantitative document-term matrix (DTM) using the CountVec-
torizer algorithm. During vectorization, a frequency-based filtering strategy was employed:
terms appearing in fewer than 2 documents were removed to eliminate noise, while terms
appearing in more than 85% of documents were excluded to filter out common vocabulary,
thus retaining only meaningful domain-specific terminology. Subsequently, the LDA model
was initialized using the latent dirichlet allocation module from the Scikit-learn library.
Unlike the traditional Gibbs sampling method, this study employed the online variational
bayes (VB) algorithm for parameter estimation [16]. The VB method was chosen for its
superior computational efficiency and scalability when dealing with high-dimensional
academic corpora, allowing for iterative approximation of the posterior distribution. Hy-
perparameter configuration is crucial for balancing model sensitivity and generalization
ability. As described in the literature, the Dirichlet prior parameter o controls the sparsity
of the document-topic distribution [17], while 3 controls the topic-word distribution [12].
Lower « values generally yield clearer, more specific topic assignments but risk overfitting;
conversely, higher values promote smoothing but may blur distinct topic boundaries. Sim-
ilarly, the parameter 3 determines the granularity of the vocabulary distribution within
topics. Considering these theoretical trade-offs and empirical stability tests, this study
set the document-topic prior parameter « to 0.1 and the topic-word prior parameter 3
to 0.01. These sparse priors were chosen to encourage the model to identify distinct, non-
overlapping research topics. The number of training iterations was set to 300 to ensure full
convergence of the log-likelihood function, guaranteeing the stability and reproducibility

of the topic model.

2.3. Calculating Topic Strength

Topic intensity refers to the activity of a research topic within a specific time frame, and
its value is positively correlated with the proportion of documents belonging to the topic.
Where 92 signifies document d’s topic assignment likelihood to z (P(d€z)), and D! denotes
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the temporal document cohort, the prevalence magnitude of topic z within temporal frame
tis quantified by Formula (2):

Dt
07 =Y of @)

d=1
The literature corpus is arranged in chronological order by publication date to con-
struct a time series dataset. Formula (2) is used to calculate the topic intensity of each time
interval, thereby indicating the academic attention paid to different topics in consecutive

periods. On this basis, Formula (3) calculates the cumulative topic intensity of topic z since
2019. The results of the topic intensity analysis are shown in Table 1.

&= Z 6 (©)
d=1

Table 1. The popularity index and topic ranking of the topic.

Topic Topic Intensity Ranking
Topic 1 130.33 1
Topic 2 40.27 4
Topic 3 54.18 3
Topic 4 15.65 8
Topic 5 35.62 5
Topic 6 33.14 6
Topic 7 111.40 2
Topic 8 27.41 7

The analysis of topic intensity shows that Topic 1, Topic 7 and Topic 3 are the three
most popular topics (arranged in descending order of intensity value). Based on this
ranking result, this study uses ARIMA to analyze the changes in the above three topics
over time.

2.4. Applying the ARIMA Model to Forecast the Development Trends of Blockchain in
Construction Projects

As one of the widely used time series forecasting methods, the ARIMA model inte-
grates autoregression, moving average and difference to stabilize non-stationary series [17].
In this study, the stationarity of the time series was initially assessed using the Augmented
Dickey—Fuller (ADF) test. If non-stationarity was detected, the difference transforma-
tion was performed until the stationarity assumption is met. Subsequently, the (p, d, q)
hyperparameters of the ARIMA framework were preliminarily determined through com-
prehensive evaluation of the autocorrelation and partial autocorrelation function plots.
Subsequent model evaluation employed Akaike (AIC) and Bayesian (BIC) information
indices to assess the fitness of parameter permutations, where the minimum AIC configura-
tion determined the ideal solution choice [18]. Then the model parameters are determined
and the residual diagnosis is performed to confirm the validity of the model by verifying
the white noise characteristics in the model error. The validated ARIMA framework ul-
timately helped to dynamically predict the trajectory of topic intensity over 36 months
forecast period, providing valuable insights into understanding the temporal evolution
pattern of topics.

2.4.1. Time Series Difference Processing and Test

This study employed the ADF test to assess the stationarity of the time series data.
If a unit root was detected, the sequence was considered non-stationary. Such data did
not meet the statistical prerequisites for ARIMA modeling and needs to be stabilized by
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differential processing before model fitting and prediction can be performed. The test
results are presented in Table 2.

Table 2. Time series unit root test results.

Difference Topics Topic 1 Topic 7 Topic 3
d=0 ADF_statistic —6.8806
p-value <0.01
d=1 ADF_statistic —2.0922 —0.6685
p-value <0.01 <0.01

The study also visualized the heat values of the top three topics, as illustrated in
Figure 4. It can be seen that Topic 1 and Topic 7 show an upward fluctuation trend, which
indicates that further differentiation is required to make the data suitable for the ARIMA
model. Topic 3 seems to be stationary from Figure 4, so no additional differentiation is
required. The ADF test was conducted using the adfuller package to examine the presence
of a unit root in the heat index. The results are shown in Table 2. Obviously, for Topic
1 and Topic 7, the p-value is significant when d = 1 (first difference). These findings
indicate that the first-differenced dataset achieves stationarity and meets the ARIMA
modeling requirements. Crucially, this stage determines the order of differencing for the
ARIMA model.

Top 3 Topics Popularity Over Time

Topic 1 Topic 7 Topic 3

Popularity

~

2019 2020 2021 2022 2023 2024 2025
Period

Figure 4. Time series of the heat index of three blockchains in construction engineering research topics.

2.4.2. Optimal Parameter Combinations and Model Validation

In the standard ARIMA framework, the parameters (p, d, q) represent the autore-
gressive order, the difference order, and the moving average order, respectively. Having
determined the differencing order d, it is necessary to further determine p and 4. This
study employed statistical tests and model selection techniques, particularly AIC and
BIC [19]. Typically, the parameters that minimize AIC or BIC were chosen within the range
of 0 < p <2and 0 < g < 2. The Ljung-Box Q test with a p-value greater than 0.1 was
then used to confirm the optimal parameter combination for each topic’s ARIMA model
training. The results are shown in Table 3.
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Table 3. The results of ARIMA model optimal parameter setting and Ljung—Box testing.

Topic ARIMA (p, d, q) AIC BIC Ljung-Box
Topic 1 ARIMA (2,1, 2) 217.7241 230.6774 0.5912>0.1
Topic 7 ARIMA (2,1, 2) 208.4277 221.381 0.3255 > 0.1
Topic 3 ARIMA (2,0, 2) 136.9691 150.0154 0.9411 > 0.1

3. Results

3.1. Trend in Research Quantity

As shown in Figure 5, the publication of literature in the collected dataset is shown.
Analysis of the dataset’s literature sources reveals that Automation in Construction leads
with 67 papers, followed by Buildings (46 papers) and Engineering, Construction and

Architectural Management (29 papers).

20
26
29

10 20 30 40
m Journal of Building Engineering

Frontiers of Engineering Management
Journal of Management in Engineering
Journal of Construction Engineering and Management

Buildings

Figure 5. Journal article statistics.

3.2. Identification of Research Topics

46

67

50 60 70 80
Smart and Sustainable Built Environment
Sustainability
Construction Innovation
Engineering, Construction and Architectural Management

Automation in Construction

This study utilized perplexity metrics and topic cluster visualization to highlight
various research areas, spanning from blockchain applications to building management
systems. Eight major topic areas were identified: (1) industry adoption and implementa-
tion challenges; (2) smart contracts and payment mechanisms; (3) emerging technologies
and digital transformation; (4) construction supply chain integration and optimization;
(5) building information modeling and technology integration; (6) modular integrated
building applications; (7) project data and security management; and (8) building sustain-
ability and circular economy. Figure 6 visually represents the topic-lexicon relationship
through word clouds, each of which depicts the twenty most prominent terms in each topic
cluster. In the word clouds, term size is proportional to its probability distribution within
the specific topic. The topic essence is interpretively embedded in the constituent words of

each graphical structure.
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These words are closely associated with research in the field of construction blockchain;

therefore, 32 topics were identified as subfields of construction blockchain research based

on the semantic relationships of the words. For example, topic 1 contains words such

as stakeholder, project, stage, etc., which are related to multi-party collaborative imple-

mentation. Similarly to this topic, all word clouds have been defined by topic, as shown

in Figure 7. From these topics and words, this study found that words such as manage-

ment, project, model, information, etc., frequently appear in multiple topics. This indicates

that these words are closely connected to the core research areas within the construction

blockchain field, providing valuable guidance to new researchers entering this interdisci-
plinary domain and helping them quickly gain a better understanding of the subject.
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Figure 7. Subfield division of the field of blockchain in construction.

3.3. Research Topic Popularity Analysis

Based on perplexity and topic visualization clustering, this study screened out eight
research topics on construction blockchain and calculated the popularity index and ranking
of each topic. Industry adoption and implementation challenges (Topic 1), project data
and security management (Topic 7) and emerging technologies and digital transformation
(Topic 3) are the top three topics in the popularity index.

Topic 1: Industry adoption and implementation challenges. This theme highlights the
critical stages that blockchain must navigate when applied to the construction industry,
emphasizing its adaptability within the industry. The theme keywords “technology”,
“adoption”, “application”, “identification” and “stakeholders” indicate that the game
between blockchain and the construction industry needs to be explained from multiple
dimensions. This study explores the connection between blockchain technology and
the construction industry, establishing a core theoretical framework that explains how
blockchain influences the industry’s evolution and transformation. It also helps to formulate
more scientific and rigorous relevant rules.

Topic 7: Project data and security management. This theme focuses on the value of
blockchain in reconstructing the core data assets of the construction industry. It aims to
reshape trust through the characteristics of blockchain such as immutability and distribu-
tion, in order to solve the data silos and trust crisis caused by multi-party participation
and system heterogeneity in the previous life cycle. The keywords ‘security’, ‘traceability’,
and ‘decentralize’ reveal the core path of technology implementation. Studying the deep
coupling of blockchain and industry pain points will help build a new trust foundation.

Topic 3: Emerging technologies and digital transformation. The characteristics of
blockchain enable it to build new operating systems to maintain its application in the
construction industry. But it can also improve technologies that are already in use, using
its advantages to make up for the shortcomings of these technologies. Similarly, existing
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technologies can also play their existing strong basic practices in the construction industry
to promote the improvement of blockchain. Creating a “blockchain-based” or “blockchain-
integrated” model will generate a synergistic effect that exceeds the sum of individual
technologies. Studying the integrated application of blockchain and emerging technologies
will help us understand how the advantages of each other can complement each other and
broaden the development direction of blockchain.

3.4. Topic Trend Prediction

Using data from the first 81 periods (February 2019 to October 2025), an ARIMA model
was constructed to predict the development trend of the blockchain research topic in the
construction industry from October 2025 to October 2028 (36 periods in total). As shown
in Figure 8, the results show a clear segmentation in the 81st period (October 2025). The
left-hand plot shows a high degree of agreement between the model’s fit and historical
data, indicating a good model fit. The right-hand plot illustrates the predicted trend. The
shaded area represents the 95% confidence interval, quantifying the potential variation and
uncertainty in the prediction.

ARIMA(2,1,2) 3-Year Forecast for Topic_1

I Observed Predicted UCL/LCL(95%)
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Figure 8. ARIMA trend forecast chart.

https:/ /doi.org/10.3390/buildings16020254


https://doi.org/10.3390/buildings16020254

Buildings 2026, 16, 254

12 of 24

The ARIMA model forecast shows that (October 2025-October 2028) topic 1 shows a
continuous upward trend after a short period of fluctuation and adjustment, and continues
to strengthen in the long term; topic 7 maintains a stable upward trend after a short
period of volatile growth; topic 3 continues to develop in the long term after the initial
growth correction.

4. Discussion

4.1. LDA Research Topic Analysis
4.1.1. Industry Adoption and Implementation Challenges

The construction sector is grappling with deep-seated developmental bottlenecks,
necessitating a paradigm shift toward digital innovation. Within this context, blockchain
is increasingly viewed as a transformative tool. By leveraging its inherent features—
transparency, immutability, and decentralization—blockchain offers a pathway to recon-
struct trust and improve operational efficacy [5]. Despite its immense potential, the indus-
try’s slow adoption of emerging technologies poses a significant challenge to blockchain
deployment, primarily due to a lack of interoperability between traditional systems, or-
ganizational resistance to transparent data sharing, and the absence of a standardized
regulatory framework [20]. Therefore, extensive research has been dedicated to exploring
the obstacles to the widespread adoption of blockchain technology, particularly focusing on
the structural mismatch between the characteristics of blockchain and the practices of the
construction industry [21]. Building upon this, earlier studies, such as those by Xu et al. [20]
and Khuc et al. [22], systematically enumerated these obstacles and categorized them into
different organizational, social, and technological domains. Building on this foundation,
Wu et al. [5] further isolated 13 specific obstacles, identifying technical, organizational, and
environmental factors as the most critical hurdles hindering the industry-wide adoption
of blockchain.

Regarding organizational barriers, a primary impediment lies in the cognitive ambi-
guity among senior management concerning blockchain’s value proposition, operational
mechanisms, and return on investment [23]. This lack of strategic clarity often precipitates
a reluctance to adopt the technology. Compounding this issue is the construction industry’s
deep-rooted institutional inertia, which fosters a conservative approach toward innovation
investment. Consequently, the substantial upfront capital required for blockchain deploy-
ment becomes a prohibitive concern, particularly for small and medium-sized enterprises
operating under tight resource constraints [24]. Furthermore, effective implementation
necessitates a paradigm shift in organizational structures, workflows, and collaborative
governance—a transformation frequently met with significant internal resistance. This
challenge is further exacerbated by a critical shortage of human capital, specifically the
scarcity of interdisciplinary professionals capable of managing blockchain development
and operations [25].

In terms of technical barriers, blockchain deployment is fundamentally constrained by
the “Scalability Trilemma,” which posits the inherent trade-off between decentralization,
security, and scalability [5]. While public blockchains offer high levels of decentralization
and security, they are plagued by low throughput and high latency, rendering them ill-
suited for the high-frequency data processing required in large-scale engineering projects.
Conversely, while private or consortium chains enhance performance, they often do so
at the expense of decentralization. More critically, the industry suffers from a lack of
unified technical standards and protocol specifications. This fragmentation leads to severe
interoperability issues, creating data silos both between disparate blockchain platforms and
between blockchain and legacy systems [26]. Furthermore, despite the security afforded
by distributed ledgers and cryptography, the technology’s immutability can become a
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double-edged sword. As noted by [27], the deterministic nature of blockchain may be
incompatible with the highly complex and stochastic nature of construction projects, where
flexibility is essential to manage unforeseen contingencies.

In terms of social and environmental barriers, the traditional construction industry
has information islands and lack of trust, and stakeholders are accustomed to protecting
their own information advantages [28], while the high transparency and multi-party col-
laboration required by blockchain conflict with the existing industry culture. In addition,
blockchain applications face the dilemma of unclear laws and regulations and lack of
industry standards. Regulatory uncertainty increases the compliance risk of construction
companies [14,29]. Implementing blockchain in the construction industry encounters a
range of interconnected challenges spanning organizational, technical, social, and environ-
mental aspects. These obstacles primarily stem from the industry’s inherent complexity,
resistance to adopting new technologies, and difficulties in integrating the existing ecosys-
tem with the blockchain framework.

4.1.2. Project Data and Security Management

The application of blockchain in construction data governance is progressively ma-
turing into a systematic framework. Its core value is derived from the intrinsic properties
of distributed ledger technology (DLT)—namely transparency, immutability, decentral-
ization, and traceability. Fundamentally, DLT dismantles the information silos inherent
in traditional centralized storage models [30] and eliminates reliance on a single central
authority for data validation [13]. In the context of collaborative work, blockchain-based
access control mechanisms facilitate secure, synchronized editing and version traceability
within BIM environments. This not only enhances multi-party collaboration efficiency [31]
but also safeguards intellectual property rights [32] and data sovereignty [33]. In addition,
the blockchain consensus mechanism empowers all certified participants to have equal
access to engineering site data and interactive information [13], significantly suppressing
the risk of disputes arising from information asymmetry [34]. First, the anti-tampering
feature secures key data via hash chains, rendering unauthorized modifications computa-
tionally infeasible [35]. Second, the full lifecycle traceability creates an immutable audit
trail, effectively forming a verifiable “digital chain of responsibility” for all operational
actions [36]. Finally, addressing the challenges of volume and heterogeneity in construction
data, blockchain adopts a hierarchical storage architecture (e.g., on-chain validation with
off-chain storage). This design optimizes data redundancy [37], eliminates single points of
failure [38] and strikes a critical balance between the efficiency of data exchange and the
rigor of security [39].

4.1.3. Emerging Technologies and Digital Transformation

The digital transformation of the construction industry represents an irreversible
imperative, with blockchain technology emerging as a pivotal enabler in this paradigm shift.
Blockchain functions as a catalyst for substantial productivity enhancements, accelerating
industry modernization through critical application scenarios such as automated payment
administration, supply chain procurement transparency, and BIM-enabled intelligent asset
management [40]. In addition, blockchain addresses long-standing problems in the industry,
particularly fragmented processes, service silos, and the long-standing disconnect between
design and construction. This fundamentally reshapes the operational landscape. By
establishing open and transparent transaction mechanisms, it fosters a more integrated
environment, ultimately ensuring high-quality, sustainable asset delivery throughout the
entire project lifecycle [41].
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Recent research indicates that combining blockchain with emerging technologies like
BIM, digital twins, artificial intelligence, the Internet of Things, and cloud computing can
effectively address challenges in building engineering applications and is fundamentally
reshaping the digital engineering landscape in construction [42]. The combination of
blockchain and BIM facilitates the automation and digitalization of progress payment work-
flows [43] and improves the cost efficiency of green building renovation [44]; blockchain
and digital twin integration realizes dynamic building life cycle sustainable assessment [45]
and sustainable building energy management [46], and blockchain and the Internet of
Things are integrated to monitor and manage cross-border construction logistics clearance
processes [47]. By applying these innovative technologies, many challenges previously
faced by the construction industry can also be solved. For example, through technol-
ogy integration paths such as automation of repetitive tasks, promotion of collaborative
governance, empowerment of information sharing, and strengthening of multi-party col-
laboration, the accuracy and efficiency of construction projects have achieved a significant
leap [48]. The integration of emerging technologies will drive the construction industry to
no longer simply use emerging technologies to improve the status quo, but to incorporate
them into its own system to form a sustainable, adaptive, intelligent system.

4.1.4. Smart Contracts and Payment Mechanisms

Smart contracts generated by blockchain are widely used with the development
of digital transformation in the construction industry. As a programmable transaction
protocol, it has the functions of automatic writing, verification and execution, and drives
industry transformation by improving the level of automation, ensuring information
security and optimizing the digital ecosystem [49]. Smart contracts have seven major
advantages: (1) improve financial management, (2) eliminate payment problems, (3) reduce
bid amounts, (4) improve project performance, (5) reduce prepayments, (6) improve trust,
and (7) enhance motivation [50]. Smart contracts leverage collected data to automate
interactions and processes among stakeholders. Existing studies primarily concentrate on
their applications in financial management [51] and supply chain operations [52].

Elghaish et al. [53] introduced an integrated financial management framework built
on the Hyperledger architecture and chaincode technology, allowing all project participants
to initiate transactions throughout the project’s life cycle. Blockchain-based smart contracts
enable real-time, data-driven management across the construction supply chain, demon-
strating strong potential for applications in procurement, dynamic resource tracking, and
audit processes [54]. In addition, smart contracts can also solve the problem of power imbal-
ance in construction payments [55]; determine the responsibility for delays in construction
projects [56] and solve the challenges of writing and automating construction business pro-
cesses [57]. Smart contracts are gradually replacing traditional contracts [51,54]. However,
there are obstacles to the implementation of smart contracts. The five major barriers to
the application of smart contracts in the construction industry are: insufficient industry
knowledge reserves, lack of industry-specific standards, limited technical observability,
organizational inertia, and limited codability of contract terms [58]. Future studies should
focus on overcoming these challenges to advance the adoption of smart contracts within
the construction industry.

4.1.5. Architectural Model and Technology Integrated Application

Under the “Construction 4.0” framework, numerous emerging technologies have
been introduced into the construction industry; however, BIM remains the leading tech-
nology to date [59]. Serving as the central driver of digital transformation across the
entire architecture, engineering, construction, and operations lifecycle, BIM offers a founda-
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tional approach for managing the growing volume of information generated throughout
a construction project’s life cycle [60]. The technical integration of blockchain and BIM is
reflected in data, processes and collaboration. Blockchain provides encryption authentica-
tion for BIM model iteration, solves version conflicts in multi-party collaboration [61] and
blockchain-based automated processes, through the real-time comparison of construction
status and digital constraint adjustment through the Internet of Things—BIM model, and
eliminates manual intervention delays [62]; it realizes the sharing of building data among
owners, designers and contractors, and reconstructs the trust system of the three parties
in the traditional construction industry [34]. Existing research indicates that integrating
blockchain with BIM significantly enhances information traceability and security across
the construction project life cycle [63]. For instance, during the design phase, blockchain
enhances the efficiency of tracking and managing BIM design changes [64] and reduces
intellectual property risks [31], and in the project construction stage, creating a digital pass-
port for building materials helps to evaluate the recyclability, reusability and recyclability
of materials [65]. Yu et al. [63] advocated that the integration of blockchain and BIM needs
to evolve in three dimensions: process, technology, and environment, and emphasized the
necessity of interdisciplinary collaboration focusing on construction industry scenarios.

4.1.6. Modular Integrated Construction Applications

MIC addresses key challenges associated with traditional construction methods, in-
cluding issues related to quality, productivity, and coordination. It plays a vital role in
promoting the overall advancement and sustainability of the construction industry and
has emerged as one of the most widely adopted modern construction approaches [66].
Its core feature is to decompose buildings into standardized prefabricated modules and
achieve efficient construction through factory manufacturing and on-site assembly. The
distributed ledger, smart contracts and encryption algorithms of blockchain are highly
consistent with the collaborative management needs of MIC. The tamper-proof nature
of blockchain ensures that the data of the entire process from design, manufacturing to
assembly is authentic and reliable. Each module has a unique digital identity to record
key information such as material source, production process, quality inspection, etc. [67];
real-time data sharing supported by blockchain can optimize the transportation manage-
ment of modules and reduce resource waste [68]; blockchain-based automatic payment
logic can reduce human intervention and improve the collaboration efficiency of multiple
participants [69], etc. In addition, blockchain records the maintenance records and energy
consumption data of MIC, providing a basis for decision-making for subsequent renova-
tion or demolition [70]. Blockchain provides a decentralized, highly reliable collaborative
management framework for modular buildings. Its core value lies in ensuring construction
quality and responsibility traceability through data immutability; optimizing processes
and reducing costs; and building a multi-party collaborative network to promote efficient
resource allocation.

4.1.7. Sustainability and Circular Economy in the Construction Industry

As a focus of the global sustainable agenda, the circular economy (CE) gives the
construction industry a unique potential to create large-scale circular value in a closed loop
of resources throughout the entire life cycle [71]. Digital technology is essential for circular
solutions and sustainable development of buildings [72], as it provides the necessary
data infrastructure to track material flows, quantify environmental impacts, and optimize
resource allocation across the fragmented supply chain. Blockchain can fully record carbon
emission data from mining, production to transportation of building materials through
tamper-proof distributed ledger technology. Each building component is embedded with a
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blockchain digital identity to record its carbon footprint throughout its life cycle, achieving
transparent management of environmental impact [73]; energy consumption during the
construction phase is uploaded to the chain in real time through IoT devices, automatically
calculating carbon quotas and triggering emission reduction measures [74]. Elghaish
et al. [75] showed that blockchain can record the type, quantity and treatment of waste
generated during the demolition phase, enabling practitioners to make informed decisions
on demolition construction early in the project. The proposed solution allows designers and
asset owners to collaboratively plan for maintenance and demolition, thereby maximizing
the recovery of reusable components and recyclable materials within buildings. In addition,
blockchain enables project participants to share data on the chain, reducing information lags
and errors caused by paper documents and shortening the waste disposal decision-making
cycle [76]. Blockchain builds a trusted execution framework for building sustainability and
circular economy through “data immutability + process automation”.

4.1.8. Construction Supply Chain Integration and Optimization Management

The construction supply chain faces five core challenges: sustainable governance
and management of green supply chains, collaborative integration of stakeholders, bar-
riers to information sharing, material logistics traceability, and fraud risks [77]. Among
them, the economic performance generated by cooperative emission reduction promoted
by blockchain [78] and the shared values and incentives for improving sustainable pro-
cesses [79] can continuously improve the sustainability of the construction supply chain.
Blockchain gives the construction supply chain transparency, and its distributed ledger
enables full-process traceability of building materials from production to construction site,
promoting a visual management and control paradigm for the entire chain [52]. Further-
more, blockchain-driven automation significantly reduces settlement times and streamlines
workflows, while its data-sharing framework enhances collaboration efficiency [38], collec-
tively transforming the operational performance of blockchain in construction. Additionally,
blockchain offers robust safeguards for supply chain stakeholders through the automatic
enforcement of smart contracts and immutable records [80], effectively mitigating the
risks and costs associated with opportunistic behavior and fostering greater trust among
participants. By enabling decentralized trust, process automation, and cross-chain data
integration, blockchain supports the development of a closed-loop construction supply
chain, advancing both sustainability and operational efficiency.

4.2. ARIMA-Based Topic Forecasting and Analysis
4.2.1. Industry Adoption and Implementation Challenges Topic Forecast and Analysis

ARIMA forecasting indicates that Topic 1, concerning industry adoption and imple-
mentation challenges, will continue to rise. This trend highlights the persistent systemic
challenges hindering the integration of blockchain technology in the construction indus-
try. The Gartner Hype Cycle provides a theoretical framework for understanding this
trajectory [81]. As blockchain technology moves from the “peak of inflated expectations”
to the “trough of disillusionment,” the industry’s focus shifts accordingly. Stakeholders
are moving their attention from theoretical potential to a deeper analysis of practical ob-
stacles. The continued focus on this topic suggests that the industry is currently in a
critical transitional period. The goal now is to find pragmatic solutions that can lead to
mainstream productivity. The LDA word cloud (Figure 6) provides empirical support for
this observation. High-frequency keywords such as “stakeholders,” “risks,” “barriers,”
and “adoption” are particularly prominent in this cluster. The repeated appearance of
these words indicates a critical issue: despite the maturity of the technology, the industry
still faces significant socio-technical friction. This reveals a fundamental contradiction.
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The industry actively seeks technological innovation but struggles to break free from
deeply ingrained traditional systems, facing four major challenges: technological, systemic,
organizational, and cognitive.

At the technical level, a key issue lies in the mismatch between blockchain’s rigid
consensus mechanisms and the construction industry’s need for flexibility. Perera et al. [82]
noted that many of the risks associated with blockchain stem from consensus models
like Proof of Work (PoW) and Proof of Stake (PoS). Developing a consensus mechanism
tailored to the specific needs of the construction industry could mitigate these risks and
potentially boost industry adoption. Additionally, questions remain about the compatibility
of blockchain systems with existing construction practices and infrastructure [83].

At the institutional level, the application of blockchain in the construction industry has
always struggled with the tension between institutional legitimacy and technological dis-
ruption. This tension is reflected in three contradictions: policy lag, failure of cross-regional
governance and lack of industry standards. The government’s regulatory framework lags
behind technological development. The government has not played a leading role in this
emerging technology, neither explicitly prohibiting it nor providing clear guidance, which
will cause many construction managers to navigate a precarious situation between compli-
ance and innovation. Stakeholders exhibit a dichotomous attitude: desiring the competitive
advantages of early adoption while being deterred by the inherent uncertainties behind
the attempt. This uncertainty of the government amplifies the avoidance behavior of
construction managers and hinders technological innovation and specific implementation.
They usually choose to wait and see rather than actively explore. The construction industry
is a huge industry involving multiple regulatory topics (land, housing and construction, fi-
nancial departments, etc.). Their responsibilities are intertwined and complex, which easily
forms a “regulatory maze”, impeding the formulation of a holistic regulatory framework.
The cross-regional nature of blockchain will further exacerbate this governance fragmenta-
tion, such as the automatic payment function based on blockchain directly conflicts with
the traditional financial regulatory system. In addition, the construction industry lacks
unified standards for blockchain applications, resulting in each group building its own
closed system. This kind of “isolated innovation” is very different from the essence of
blockchain interoperability. It not only fails to promote collaboration, but also increases the
cost of collaboration. The actual application of blockchain requires the reconstruction of the
institutional environment and the establishment of an “adaptive supervision” mechanism
to allow local trial and error, and then gradually form flexible rules that everyone agrees on.

At the organizational level, the inherent fragmented structure and adversarial rela-
tionships in the construction industry constitute deep organizational barriers to the imple-
mentation of blockchain. The implementation of blockchain relies on the collaboration of
multiple organizations, but the subcontracting model in the construction industry breeds a
game relationship between each other. The trust deficit between general contractors and
subcontractors has greatly hindered the basic consensus on data sharing. Stakeholders are
more inclined to maintain the advantages of information asymmetry rather than actively
embrace transparent collaboration. In addition, the distributed nature of blockchain is also
reshaping the power structure of the construction industry. Project managers apprehend
that technological transparency may erode their discretionary authority the transparency
of technology will weaken their decision-making and control rights, while basic project
personnel are afraid that the powerful functions of blockchain will have a devaluing con-
sequence on their skills. This two-way anxiety breeds negative attitudes and resistance,
which seriously affects the implementation of blockchain.

At the cognitive level, the development of blockchain in the construction industry may
be hindered by the cognitive inertia and inherent engineering mindset of the construction
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industry. The public often equates blockchain with speculative cryptocurrency, ignoring its
value in building trust. Coupled with the powerful functions of current network technology,
this deviation may be amplified by the media, leading to Party A’s resistance to blockchain
and not wanting to increase the cost of trial and error. Another is the gap in professional
culture. Some managers on project sites value existing knowledge and their own practical
experience and are skeptical of the abstract concepts of new technologies. Managers with
blockchain implementation capabilities believe that blockchain can bring practical and
huge benefits, while managers without blockchain implementation capabilities stick to the
old methods. Finally, there may be cognitive errors. Traditional risk management is mostly
resolved after the fact, while blockchain advocates pre-emptive prevention and control.
This paradigm shifts before and after may be misunderstood as “shirking responsibility”. In
conclusion, the promotion of blockchain in construction is not merely a technical upgrade
but a complex process of embedding emerging technologies into existing social relationship
networks. Its success depends less on the superiority of algorithms and more on its ability
to reconstruct the relational ecology of the construction industry.

4.2.2. Project Data and Safety Management Topic Forecasting and Analysis

The robust upward trend in ARIMA forecasts for project data and safety management
(Topic 7) marks a significant shift in research focus. The semantic structure of Topic 7
(Figure 6) supports this quantitative prediction. It now emphasizes governance-related

e

terms, such as “security,” “traceability,” and “decentralization.” This evidence indicates
that the field is evolving. It is moving beyond simple technical implementation to address
complex socio-technical dynamics. Key issues now include institutional dilemmas, organi-
zational behavior, and the restructuring of power. Foremost among these challenges is the
institutional ambiguity regarding data sovereignty, where the distributed storage of BIM
models on the blockchain triggers conflicting ownership claims among design institutes,
clients, and contractors, a friction significantly exacerbated by traditional contracts that
lack clear provisions for digital assets. Concurrent with this legal ambiguity is a profound
compliance gap characterized by the industry’s reliance on analog verification protocols,
such as paper-based signing processes, which stands in fundamental conflict with the
automated execution mechanisms of smart contracts. These institutional voids inevitably
precipitate strategic gaming behaviors within the organization, motivating subcontractors
to engage in strategic opacity by deliberately concealing process parameters to maintain
technical leverage. Simultaneously, facing the digital permanency of the blockchain, on-site
managers often resort to data sanitization by selectively uploading only low-risk data to
evade lifelong accountability, effectively pitting the capabilities of emerging technologies
against entrenched traditional experiences. Such behavioral resistance is symptomatic of
a deeper structural apprehension regarding power reconstruction, as the introduction of
new permission mechanisms threatens to erode traditional discretionary authority. This
erosion is exemplified by smart contracts that automatically trigger progress payments,
effectively stripping project managers of their financial decision-making power. Moreover,
a technocratic shift is emerging where individuals proficient in blockchain logic supersede
the authority traditionally held by senior management, creating a palpable tension between
human agency, such as a general contractor’s scheduling rights or a supervisor’s quality
veto, and the algorithmic truth generated by IoT sensors. Ultimately, the intrinsic value
of blockchain lies not in its tamper-proof technicalities but in its potential to reconstruct
industry relationships, necessitating a paradigm shift from forced sharing to a model
driven by active contribution incentives and flexible compliance frameworks that balance
transparency with privacy.

https:/ /doi.org/10.3390/buildings16020254


https://doi.org/10.3390/buildings16020254

Buildings 2026, 16, 254

19 of 24

4.2.3. Forecast and Analysis of Emerging Technologies and Digital Transformation Topic

The continuous rise in ARIMA forecasts for Topic 3 highlights an urgent need for
institutional restructuring. This topic focuses on emerging technologies and digital transfor-
mation. As shown in Figure 7, keywords such as “integration” and “model” are prominent.
This suggests that the industry no longer views blockchain in isolation. Instead, it serves
as a foundational component of a broader digital ecosystem. This shift reveals a critical
gap: technological progress often advances faster than the governance structures meant to
manage it. In the institutional dimension, the rapid deployment of Al and digital twins has
exposed significant regulatory lacunae and a deficit of standardized protocols, typified by
the potential for algorithmic opacity in Al-driven decision-making to generate inaccurate
construction period estimates due to subtle computational variances. This technological
uncertainty is compounded by policy adaptation difficulties, where geopolitical constraints
such as the EU Digital Sovereignty Act restrict the cross-border flow of BIM data, thereby
creating jurisdictional friction that hinders international collaboration. Parallel to these
institutional challenges are profound organizational disruptions characterized by a di-
chotomous workforce structure that exacerbates internal stratification. On one hand, the
premium placed on digital competencies has led to severe wage polarization, where engi-
neers mastering Al modeling command significantly higher compensation than traditional
technicians, fostering internal equity fissures. On the other hand, the industry grapples
with a demographic crisis as an aging frontline workforce, often characterized by lower
technology acceptance, faces the imminent threat of technological disenfranchisement and
displacement. This potential exclusion of experienced practitioners threatens to precipitate
acute labor shortages, necessitating the emergence of a novel project management paradigm
where digital transformation functions not as a mechanism of elimination but as a carrier
for the inheritance of tacit knowledge, effectively synthesizing the computational power
of the digital elite with the practical wisdom of the grassroots workforce to mitigate their
respective limitations and achieve a synergistic evolution.

4.3. Comparison with Previous Bibliometric Studies

To further validate our findings, this study compared the identified thematic structures
and trends with previous bibliometric studies on digital construction. Regarding thematic
structure, the identification of “Industry adoption and implementation challenges” (Topic 1)
as a major thematic cluster aligns with the systematic review results of Xu et al. [20] and
Khuc et al. [22]. This consistency confirms a crucial fact: despite technological maturity,
socio-technical resistance remains a major bottleneck in the architecture, engineering, and
construction (AEC) industry. However, the results of this study differ from previous classi-
fications. Earlier studies typically categorized security under the general category of smart
contract applications [51]. In contrast, this study’s LDA model identifies “Project Data and
Security Management” (Topic 7) as a distinct and high-intensity research area. This distinc-
tion highlights a theoretical evolution. The research focus in this field is shifting from the
functional utility of blockchain to the governance of digital assets. In terms of trend patterns,
the ARIMA-based dynamic forecasting contrasts with the static analysis of Gartoumi [14]
et al. Static studies typically only provide retrospective snapshots. Furthermore, while
general “Construction 4.0” reviews often predict synchronous growth across all digital
technologies, this study’s results show divergence. Socio-technical themes (Topics 1 and 7)
exhibit an accelerating upward trend. This contrasts with the linear growth of general
“Emerging Technologies” (Topic 3). This specific pattern suggests that the research frontier
is shifting from a conceptual “hype” phase to a practical problem-solving phase.
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5. Conclusions and Limitations

This study was based on 474 abstracts of architectural blockchain literature from
the Web of Science and Scopus databases, and used the LDA topic modeling method to
extract eight core research topics. The top three research topics are industry adoption and
implementation challenges (Topic 1), project data and security management (Topic 7), and
emerging technologies and digital transformation (Topic 3). The ARIMA model was used
to predict the trends of these three topics from October 2025 to October 2028 (36 months).
Industry adoption and implementation challenges (Topic 1) and project data and security
management (Topic 7) show a positive growth trajectory, while emerging technologies and
digital transformation (Topic 3) show sustained growth.

This study integrated the dual perspectives of bibliometric analysis and time series
forecasting, and systematically analyzes the development of blockchain in the construction
industry through the quantitative method collaboration of LDA topic modeling and ARIMA
trend forecasting. This study explains the research hotspots and future development trends
of blockchain in the construction industry, provides the academic community with coor-
dinates for cutting-edge research directions, and promotes the digital transformation of
the construction industry. Beyond its immediate sectoral application, the methodological
framework constructed herein exhibits significant potential for disciplinary transferabil-
ity, offering an innovative paradigm that transcends the siloed application scenarios of
construction engineering to radiate into diverse domains such as data modeling in informa-
tion science and the architecture of trust mechanisms in supply chain finance. Ultimately,
this interdisciplinary research perspective empowers scholars to synthesize the demands
of multiple fields, collaboratively deconstruct complex propositions within architectural
blockchain research, and drive the evolution of holistic solutions that effectively dissolve
traditional disciplinary boundaries.

However, this study also has some limitations. First, the rapid iteration of blockchain
technology and the continuous growth of relevant literature may lead to probabilistic
deviations. Second, the ARIMA model relies on the stationarity of historical data and pri-
marily predicts ‘academic attention momentum’ based on current development trajectories.
Therefore, it may not fully capture non-linear changes caused by sudden technological
breakthroughs or paradigm shifts. To alleviate these temporal constraints and enhance
the robustness of the method, an adaptive dynamic update mechanism can be developed
that can automatically ingest real-time data periodically, thereby ensuring the continued
effectiveness and relevance of trend analysis. Furthermore, by integrating advanced deep
learning paradigms, the prediction framework can be effectively enhanced, thereby more
effectively capturing complex nonlinear patterns and ultimately improving the accuracy of
long-term predictions in volatile technological environments.
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