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A Quantitative Comparison of Large Language Models and Commercial Services for
the Translation of Chinese Legal Texts

Fei Qu

School of Foreign Languages, Southwest University of Political Science and Law, Chonggqing, China

Abstract—The proliferation of Large Language Models
(LLMs) presents transformative potential for professional
domains, yet their application in the high-stakes field of legal
translation requires rigorous empirical validation. This study
conducts a quantitative comparison of the translation quality
between two leading LLMs (Gemini 2.5 Pro, ChatGPT 40) and
two reputable commercial translation (CT) services (PKU Law,
Wolters Kluwer). The evaluation uses the English translations
of the General Provisions of the Criminal Law of the People’s
Republic of China, with quality assessed through the automated
metrics of Bilingual Evaluation Understudy (BLEU) and
Translation Edit Rate (TER). Statistical analysis of the four
individual sources revealed significant performance differences,
with Gemini demonstrating a superior output compared to
ChatGPT and, on some measures, PKU Law. However, a
subsequent comparison between the aggregated LLM and CT
groups found no statistically significant difference in translation
quality for either BLEU or TER scores. This study posits that
this apparent parity is a methodological illusion that stems from
the profound limitations of lexical-based metrics. These metrics
reward the superficial fluency of LLMs but are incapable of
assessing functional equivalence, thereby failing to penalize
critical semantic and legal errors. The findings conclude that
despite the impressive coherence of LLM outputs, the nuanced,
jurisdiction-specific expertise of human professionals remains
the indispensable arbiter of quality and validity in legal
translation.

Index Terms—Large Language Models, ChatGPT, BLEU,
TER, legal translation

I. INTRODUCTION

The contemporary technological landscape is
defined by the rapid development and pervasive
integration of Large Language Models (LLMs) across a
multitude of professional sectors [1]. These models,
representing a significant evolution from earlier
paradigms such as Neural Machine Translation (NMT),
possess sophisticated capabilities for processing,
generating, and interpreting human language. Their
advanced architectures enable them to tackle complex
informational tasks, driving innovation and transforming
workflows in fields as diverse as medicine, finance, and,
increasingly, law. The potential of LLMs to automate
document drafting, assist in legal research, and provide
translation services has generated considerable interest
within the legal community.

Within the broader field of language services, legal
translation constitutes a uniquely demanding and high-
stakes domain. Unlike general-purpose translation, legal
translation requires not only linguistic fluency but also
profound domain-specific knowledge. The fidelity of a
legal translation is paramount, as it must maintain
absolute terminological precision, correctly interpret
concepts specific to the source and target legal
jurisdictions, and preserve the precise legal intent and
nuances of the original text. The consequences of error are
severe; a single mistranslated term or misinterpreted
clause can lead to contractual disputes, regulatory non-
compliance, and the invalidation of legal documents in
court. Research has documented systematic errors that Al
systems make in legal contexts, which underscore these
risks. For instance, machine translation models have been
observed to mistranslate the legal term “warrant” as the
more generic “court order, ” a substitution that
significantly downplays the legal severity of the
document. Similarly, contextual misunderstandings can
lead to absurd yet dangerous outputs, such as translating
“charged with a battery” as “loaded with a case of
batteries”. Such errors highlight a critical gap between the
general linguistic competence of Al and the specialized
precision required for legal practice.

While the fluency and general capabilities of modern
LLMs are impressive, their efficacy and reliability for
specialized legal translation remain insufficiently
quantified. There is a pressing need for empirical
evidence that compares the output of these new generative
models against the established, human-curated
translations provided by professional services, which
have long been the standard in the legal industry. This
study addresses this gap by conducting a rigorous
quantitative analysis of translation quality. The primary
objective of this paper is to compare the translation
quality of two state-of-the-art LLMs (Gemini 2.5 Pro and
ChatGPT 40) with two reputable commercial legal
translation databases (PKU Law and Wolters Kluwer).
The evaluation is performed on their respective English
translations of the General Provisions of the Criminal
Law of the People’s Republic of China, using the widely
accepted automated metrics BLEU and TER. This
objective is operationalized through the following
research questions (RQs):



RQ1: Are there statistically significant differences in
the translation quality, as measured by BLEU and TER
scores, among the four translation sources (Gemini,
ChatGPT, PKU Law, Wolters Kluwer) when translating
the General Provisions of the PRC Criminal Law?

RQ2: Is there a statistically significant difference in
the aggregate translation quality, as measured by BLEU
and TER scores, between the Large Language Model
(LLM) group and the Commercial Translation (CT) group?

II. LITERATURE REVIEW

A. The Evolution of Automated Translation: From NMT to
Large Language Models

The field of automated translation has undergone a profound
transformation over the past decade, moving from the paradigm
of Neural Machine Translation (NMT) to the current era
dominated by Large Language Models (LLMs). NMT, which
utilizes deep neural networks to process entire sentences,
marked a significant advance over previous statistical methods,
substantially improving the fluency and accuracy of machine-
generated text. These systems, however, were fundamentally
designed as specialized engines optimized for the singular task
of translation, trained on curated parallel corpora of source and
target sentence pairs [1].

The emergence of LLMs represents not an incremental
improvement but a fundamental paradigm shift in artificial
intelligence and its application to language [2]. Unlike NMT
systems, LLMs are general-purpose models trained on
exceptionally vast and diverse text corpora, which endows them
with a more comprehensive, context-aware understanding of
language and a much broader range of capabilities. This
generalist training allows LLMs to adapt to new tasks with
minimal or no task-specific data, a technique known as zero-
shot or few-shot learning. This versatility has enabled their
rapid application across numerous specialized domains,
including healthcare and, increasingly, law [3]. In the context
of translation, this generalized capability manifests as superior
fluency and an enhanced ability to handle context across longer
documents, with some models designed to mimic complex
human-like processes such as analyzing a source text before
rendering a translation.

This technological evolution has introduced a critical
tradeoff between fluency and accuracy. The training objective
of an LLM, which involves predicting the next word in a
sequence based on massive general-domain data, inherently
optimizes for linguistic coherence and naturalness. This results
in outputs that are exceptionally fluent and conversational.
However, this same process makes them susceptible to
generating plausible but factually incorrect information, a
phenomenon known as hallucination, because their primary
goal is linguistic plausibility rather than strict fidelity to a
source text. Conversely, NMT systems are trained specifically
on parallel texts to optimize for accurate source-to-target
mapping, which often makes them more reliable for direct
translation accuracy within their trained domains, though their
output may be more rigid and less natural-sounding. This

inherent tension between the generalist fluency of LLMs and
the specialist accuracy of NMT creates a central challenge for
evaluation, particularly in high-stakes fields where precision is
paramount.

B. The Exigencies of Legal Translation and the Principle of
Functional Equivalence

Legal translation constitutes a uniquely demanding and high-
stakes domain that magnifies the aforementioned challenges.
The task requires not only bilingual fluency but also profound
domain-specific knowledge, including an understanding of
disparate legal systems and their distinct terminologies [4]. The
consequences of error are severe; a mistranslated term or a
misinterpreted clause can invalidate contracts, create regulatory
liabilities, and subvert judicial outcomes. Therefore, the core of
legal translation is the pursuit of absolute precision and
consistency in the use of specialized terminology [5,6].

Given these exigencies, the theoretical benchmark for quality
in legal translation has long since moved beyond simplistic
notions of literalism. Functional equivalence posits that the
primary objective of a translator is not to achieve formal, word-
for-word correspondence but to produce a target text that has an
equivalent effect on its audience. In the legal sphere, this
translates to producing a text that has an equivalent legal effect
within the target jurisdiction. Achieving this often requires the
translator to employ sophisticated strategies such as adaptation,
explanation, and the substitution of functionally analogous
terms, particularly when a direct conceptual counterpart is
absent in the target legal system. This process is an act of cross-
jurisdictional ~communication that demands a deep
understanding of the cultural and systemic underpinnings of
law in both the source and target contexts. This principle is
therefore fundamentally at odds with any evaluation
methodology that relies on simple lexical or structural
similarity [7,5,6].

C. Evaluating Machine Translation: A Critical Review of
Automated Metrics

The practical need for rapid, scalable, and inexpensive
evaluation methods has led to the widespread adoption of
automated metrics in machine translation research. Human
evaluation, while considered the gold standard, is a slow, costly,
and subjective process, making it unsuitable for the iterative
development cycle of modern MT systems. Metrics such as the
Bilingual Evaluation Understudy (BLEU) and Translation Edit
Rate (TER) were developed to serve as automated proxies for
human judgment [8,9,10].

The BLEU metric is founded on the principle that “the closer
a machine translation is to a professional human translation, the
better it is”. It operates by calculating the precision of matching
n-grams (contiguous word sequences) between a candidate
translation and one or more human-authored reference
translations, applying a brevity penalty to penalize outputs that
are too short [9]. TER, conversely, is designed to approximate
the post-editing effort required by a human. It calculates the



minimum number of edits, insertions, deletions, substitutions,
and shifts, needed to transform a candidate translation to match
a reference translation exactly [11].

Despite their widespread use, these lexical-based metrics
have been the subject of extensive and long-standing scholarly
criticism. The most fundamental critique is that they do not
measure translation quality but rather surface-level string
similarity to a given reference, a crucial distinction that is often
overlooked. Their primary flaw is an inability to account for
lexical variation; they cannot recognize synonyms or valid
paraphrases, meaning a perfectly accurate translation that uses
different wording from the reference is unfairly penalized. This
can lead to paradoxical results where nonsensical sentences that
happen to contain correct n-grams receive high scores.
Consequently, numerous studies have demonstrated a poor
correlation between these metrics and human judgments of
quality, leading expert bodies to describe them as “artificial and
irrelevant for production environments” for over a decade.

This critique becomes particularly salient when applying
these metrics to legal translation, creating a profound mismatch
between the theoretical requirements of the task and the
operational mechanism of the evaluation tool. The theoretical
goal of legal translation is to preserve the legal function of a
text, which may necessitate altering its linguistic form. The
methodological tools, BLEU and TER, operate by rewarding
the preservation of linguistic form (lexical and structural
matching) and are incapable of assessing legal function. This
creates a situation where the more skillfully a system achieves
functional equivalence through non-literal but legally correct
phrasing, the more likely it is to be penalized. This fundamental
conflict highlights why these metrics are theoretically
inappropriate for this specific task. Recognizing these
deficiencies, the research community has actively developed
and transitioned toward semantically-aware metrics based on
contextual embeddings, such as BERTScore and COMET,
which demonstrate a significantly higher correlation with
human judgments by capturing semantic similarity rather than
mere lexical overlap [12,8].

D. Identifying the Research Gap. Quantifying LLM
Performance in Legal Translation

The existing body of literature reveals a clear and pressing
research gap. While LLMs exhibit transformative potential for
language tasks, their application to the high-stakes, nuanced
domain of legal translation remains a nascent area of inquiry,
fraught with documented challenges related to terminological
consistency and accuracy. Scholarly consensus indicates a
scarcity of empirical studies that rigorously evaluate the
performance of state-of-the-art LLMs in this domain,
particularly in direct comparison to the established commercial
translation services that are the de facto standard in professional
legal practice [2].

This study is positioned as a foundational contribution that
directly addresses this gap. It provides a crucial, initial

quantitative benchmark comparing the outputs of leading LLMs
against reputable commercial services for a significant and
complex legal text. The selection of BLEU and TER as
evaluation metrics is a deliberate methodological choice. While
the profound limitations of these metrics are well-established
and acknowledged, their use serves a dual purpose in this
context. First, it furnishes a baseline measurement using widely
understood, albeit dated, metrics, making the results
interpretable within the broader history of MT evaluation.
Second, and more importantly, it offers a powerful empirical
case study that illustrates the “evaluation crisis” and the
methodological-theoretical mismatch inherent in applying
lexical metrics to a functionally-driven task like legal
translation. By quantifying the performance of these distinct
system types, fluency-optimized LLMs and professionally
curated commercial translations, this research provides the
necessary groundwork to motivate and inform future
investigations that must adopt more sophisticated,
semantically-aware evaluation paradigms to assess generative
models in specialized domains.

III. METHODOLOGY

A. Corpus and Translation Sources

The source text for this empirical investigation consists of the
General Provisions (Articles 1 through 101) of the Criminal
Law of the People’s Republic of China. The General Provisions
are highly representative for evaluating legal translation quality.
They articulate the foundational doctrines of Chinese criminal
law, such as definitions of crime, culpability, punishment, and
legal defenses, which apply system-wide. Linguistically, this
section exemplifies the core features of PRC legislative style,
normative modality, complex parataxis, dense definitions, and
exception structures, making it a rigorous testbed for assessing
semantic precision and syntactic fidelity. Moreover, it
foregrounds key translation challenges such as conceptual
calibration, liability structure, and penalty conditions. As a
result, it offers both doctrinal depth and linguistic
generalizability, serving as a valid and methodologically sound
corpus for comparative translation studies. Four distinct sources
were used to generate English translations of this corpus. These
sources were categorized into two groups for comparative
analysis as follows:

Large Language Models (LLMs): This group includes two of
the most advanced, Gemini 2.5 Pro developed by Google and
ChatGPT 40 developed by OpenAl, publicly available
generative Al models at the time of the study.

Commercial Translations (CT): This group includes English
translations sourced from two highly reputable commercial
databases known for providing professional translations of
Chinese legal materials. PKU Law is a leading legal
information database in China. Wolters Kluwer is a global



Table 1 Descriptive statistics of four translation sources under BLEU (unit: %)

Translation ) 25% ) 75% Std.

Min. ) Median ) Max. Range Mean o
sources Percentile Percentile Deviation
Gemini 5.538 24.99 31.21 43.99 75.09 69.55 35.03 14.74

ChatGPT 6.058 18.64 27.62 37.25 60.32 5426 28.37 13.00
PKU Law 4.309 20.75 27.79 39.43 88.53 84.22 31.07 15.93
Wolters 5501 2149 3017 4366 6660 61.02 3224 1433
Kluwer
Table 2 Normality test under BLEU
Translation Kolmogorov-Smirnov Shapiro-Wilk
sources Test Degrees of P Value Test Degrees of P Value
statistic freedom statistic freedom
Gemini 15 101 .002 .965 101 .010
ChatGPT .068 101 >.010 976 101 .063
PKU Law .100 101 .015 958 101 .003
Wolters Kluwer .071 101 >.010 .980 101 120
Table 4 Multiple comparisons of Translation sources under BLEU
Dunn’s multiple comparisons Mean rank . Adjusted P
diff Significant? ~ Summary
test 1. Value
Gemini vs. ChatGPT 50.47 Yes * .013
Gemini vs. PKU Law 34.21 No ns 224
Gemini vs. Wolters Kluwer 20.27 No ns >999
ChatGPT vs. PKU Law -16.26 No ns >999
ChatGPT vs. Wolters Kluwer -30.20 No ns .396
PKU Law vs. Wolters _13.95 No ns = 999

Kluwer

provider of professional information, software solutions, and
services for the legal and regulatory sectors.

B. Evaluation protocol

The evaluation protocol involved generating or collecting the
English translations of all 101 articles from each of the four
sources. These 404 translations (101 articles x 4 sources) were
then systematically evaluated against the reference translation.
Automated scripts were used to compute sentence-level BLEU
and TER scores for each article from each source, resulting in a
dataset of 101 data points per metric for each of the four
translation systems.

C. Procedure
A two-stage statistical analysis was conducted using a

significance level (alpha) of p<.05 for all inferential tests. All
statistical analyses were performed on the provided dataset.
The first stage aimed to answer RQIl by comparing the
performance of the four individual translation sources. The
assumption of normality for the score distributions of each
source was assessed using the Shapiro-Wilk test, as it is
generally more powerful for smaller sample sizes. The Shapiro-
Wilk test indicated that the BLEU score data for the Gemini and
PKU Law groups significantly deviated from a normal
distribution. Consequently, the non-parametric Kruskal-Wallis
H test was selected as the appropriate method to compare the
median BLEU scores across the four groups. Dunn's test with
Bonferroni correction for multiple comparisons was chosen as
the post-hoc test to identify which specific pairs of groups
differed significantly. The Shapiro-Wilk test indicated that the
TER score data for all four groups did not significantly violate
the assumption of normality (p>.05 for all). Therefore, a one-



way Analysis of Variance (ANOVA) was employed to compare
the mean TER scores. Tukey's Honestly Significant Difference
(HSD) test was selected for post-hoc pairwise comparisons to
determine where the significant differences lay.

The second stage aimed to answer RQ2 by comparing the
performance of the LLM group against the CT group. The data
from the individual sources were aggregated into the

Table 5 Descriptive statistics of four translation sources under TER (unit: %)

Translation ) 25% ) 75% Std.
Min. . Median . Max. Range Mean o
sources Percentile Percentile Deviation
Gemini 11.11 37.25 49.21 55.56 81.25 70.14 46.55 14.49
ChatGPT 14.29 47.50 55.81 62.79 85.00 70.71 54.28 13.81
PKU Law 4.309 20.75 27.79 39.43 88.53 84.22 31.07 15.93
Wolters ¢ 667 4037 5286  60.19 7831 6720 5081  13.85
Kluwer
Table 6 Normality test under TER
Translation Kolmogorov-Smirnov Shapiro-Wilk
Test Degtrees of Test Degrees of
sources statistic freedom P Value statistic freedom P Value
Gemini .096 101 .022 .980 101 126
ChatGPT 077 101 >010 .982 101 197
PKU Law .051 101 >010 987 101 431
Wolters Kluwer 072 101 >010 .986 101 362

respective groups (LLM: Gemini + ChatGPT, n = 202; CT:
PKU Law + Wolters Kluwer, n = 202). The Shapiro-Wilk test
was again used to assess the normality of these aggregated
distributions. For the BLEU score comparison, the Shapiro-
Wilk test revealed that both the LLM group (p=.001) and the
CT group violated the assumption of normality. For the TER
score comparison, the LLM group also violated normality. Due
to these violations, the non-parametric Mann-Whitney U test
was selected as the appropriate method to compare the median
scores between the LLM and CT groups for both the BLEU and
TER metrics.

IV.RESULTS

We conduct the full suite of statistical tests on the BLEU
scores, after which the identical testing protocol is applied to
the TER scores. Table 1 shows descriptive statistics of four
translation tools under BLEU.r

A non-parametric approach was adopted for the subsequent
analysis, as the BLEU score data did not meet the assumption
of normality (p<0.05), as detailed in Table 2. Consequently, a
Kruskal-Wallis H test was performed to evaluate for
statistically significant differences in the BLEU scores among
the four translation tools. The results, presented in Table 3,
indicate a significant difference. The p-value was below the
0.05 significance level, leading to the conclusion that a
statistically significant variance exists in the translation quality,
as quantified by the BLEU metric, across the four translation
sources.

To identify the specific sources of the observed variance, we
conducted post-hoc pairwise comparisons. We applied Dunn's

correction to the significance values to control for the increased
risk of a Type I error from conducting multiple tests. The
adjusted results, as shown in Table 4, reveal a statistically
significant difference only in the comparison between Gemini
and ChatGPT. The remaining pairwise comparisons did not
achieve statistical significance.

Table 3 Kruskal-Wallis test

0.017

Exact or approximate P value? Approximate

P value summary *
Do the medians vary signif. Yes
Kruskal-Wallis statistic 10.18

Now that the statistical analysis of the BLEU scores is
complete, we will perform the same set of tests on the TER
scores. Table 5 provides the descriptive statistics for the four
translation sources’ TER scores.

We began the analysis of the TER scores with a normality
test. The analysis of the TER scores commenced with an
evaluation of data normality. As Table 6 shows, the Shapiro-
Wilk test confirmed that the TER score data for all four sources
adhered to the assumption of normality (p>.050 for all).

Because the data were normally distributed, a one-way
Analysis of Variance (ANOVA) was the appropriate parametric
test to compare the mean TER scores across the four sources.

P value

Table 7 ANOVA results
ANOVA summary
F 5.699
P Value .001
kksk

P value summary




Significant diff. among

means (P < 0.05)? Yes The ANOVA test yielded a statistically significant result
R squared 041 (F=5.699, p=.001), which is presented in Table 7. This
Table 8 Multiple comparisons of Translation sources under TER
Tukey’s multiple comparisons Mean Diff. hBelﬁ)Vlvdr; Summary Adjusted P
test threshold: Value
Gemini vs. ChatGPT -7.731 Yes ok .001
Gemini vs. PKU Law -6.725 Yes ok .006
Gemini vs. Wolters Kluwer -4.263 No ns 158
ChatGPT vs. PKU Law 1.006 No ns 961
ChatGPT vs. Wolters Kluwer 3.468 No ns 325
PKU Law vs. Wolters Kluwer 2.462 No ns .623
Table 9 Normality test between LLMs and CT under BLEU
Translation Kolmogorov-Smirnov Shapiro-Wilk
Test Degrees of Test Degrees of
sources statistic freedom P Value statistic freedom P Value
LLMs .071 202 .015 976 202 .001
CT 0.073 202 .010 976 202 .001
Table 10 Normality test between LLMs and CT under TER
Translation Kolmogorov-Smirnov Shapiro-Wilk
Test Degrees of Test Degrees of
sources statistic freedom P Value statistic freedom P Value
LLMs .076 202 .006 .984 202 .019
CT 0.051 202 >.01 .990 202 195

Table 11 Mann-Whitney test result between LLMs and CT under BLEU

P value 0.8623
Exact or approximate P value? Approximate
P value summary ns
Significantly different (P < 0.05)? No
One- or two-tailed P value? Two-tailed
Sum of ranks between LLMs and CT 41109, 40701
Mann-Whitney U 20198

Table 12 Mann-Whitney test result between LLMs and CT under TER

P value 0.3033
Exact or approximate P value? Approximate
P value summary ns
Significantly different (P < 0.05)? No
One- or two-tailed P value? Two-tailed
Sum of ranks between LLMs and CT 39697,42114
Mann-Whitney U 19194

outcome demonstrates that a significant variance exists
among the mean TER scores of the four translation sources. The
ANOVA result confirms an overall difference, so a post-hoc
test was necessary for the identification of specific pairwise
differences between the sources. For this purpose, we utilized

Tukey's Honestly Significant Difference (HSD) test.

The results of the Tukey HSD post-hoc analysis are detailed
in Table 8. The test identified statistically significant
differences in two specific comparisons. The mean TER score
for Gemini was significantly lower than that of ChatGPT



(p=.001) and also significantly lower than that of PKU Law
(p=.006). The remaining pairwise comparisons between
Gemini and Wolters Kluwer, ChatGPT and PKU Law,
ChatGPT and Wolters Kluwer, and PKU Law and Wolters
Kluwer did not produce statistically significant differences.

The analysis subsequently progressed to the second stage.
This stage addressed the RQ2 and involved a comparison of the
aggregated LLM group and the CT group. The evaluation
commenced with the aggregated BLEU scores. A normality test
was conducted on these two new groups. As Table 9 shows, the
Shapiro-Wilk test indicated that both the LLM group (p=.001)
and the CT group (p=.001) significantly deviated from a normal
distribution. A parallel analytical procedure was then applied to
the TER scores. The Shapiro-Wilk test for normality, presented
in Table 10, revealed that the LLM group’s data were not
normally distributed (p=.019), while the CT group’s data did
not violate the assumption (p=.195).

Because the data violated the assumption of normality, the
non-parametric Mann-Whitney U test was the correct statistical
method for the comparison of the two independent groups. The
results of this test are located in Table 11. The test yielded a p-
value of 0.8623, a value that is substantially greater than the
0.05 significance threshold. Therefore, the analysis concludes
that no statistically significant difference exists between the
median BLEU scores of the LLM group and the CT group.

A non-parametric test is required when the assumption of
normality is not met in at least one of the groups, so the Mann-
Whitney U test was again employed. Table 12 displays the
outcome of this comparison. The resulting p-value was 0.3033,
which indicates the difference between the groups are not
statistically significant. Consequently, there is no statistically
significant difference between the median TER scores of the
LLM and CT groups.

V. DISCUSSION

This section provides a comprehensive interpretation of the
statistical findings from the preceding analysis. It situates these
results within the broader scholarly discourse on machine
translation and legal language, critically appraises the
methodological framework of the study, and delineates the
implications of the findings for theory, practice, and pedagogy.
Finally, it proposes a structured agenda for future research to
address the limitations identified and to advance the field..

A. Qualitative Analysis Based on BLEU and TE

A qualitative examination of translations that received low
BLEU and high TER scores offers concrete evidence of the
failures that lexical metrics can detect, even if they cannot
capture the full nuance of legal meaning. An analysis confirms
that these low scores are not arbitrary penalties for stylistic
variation but are markers of substantive semantic and
terminological failures.

ChatGPT produced a translation of Article 94 with a BLEU
score of 6.05. The source text defines “&]3% T {EA " (sifa go

ngzuo rényudn), which translates to "judicial staff" or "judicial

officers," by listing their specific functions: “{&. 1£E. &
#|. B5E" (zhénchd, jidncha, shénpan, jiangudn), meaning
investigation, prosecution, adjudication, and supervision.
ChatGPT'’s translation rendered this as “State functionary,”
which is a mistranslation. The term “State functionary” is a
much broader category in Chinese law and fails to capture the
specific functional roles that define a “judicial officer.”
Furthermore, the translation entirely omitted the enumerated
duties, which are the core legal substance of the article. This
omission constitutes a critical failure to achieve functional
equivalence, as the definition is rendered legally meaningless
without them.

PKU Law’s translation of Article 3, which scored 4.3,
demonstrates a failure in syntactic and semantic fidelity. The
source text establishes the principle of legality (nullum crimen,
nulla poena, sine lege) [13], a foundational doctrine in criminal
law. The reference translation captures the parallel structure and
deontic modality (“shall be subjected to... shall not be subjected
to”) which correctly conveys the mandatory nature of this legal
principle. PKU Law’s version, “is to be convicted... is not to be
convicted,” weakens this legal force by using a less definitive
grammatical structure. Moreover, its phrasing is syntactically
convoluted and less clear than the reference, which impairs the
reader’s ability to grasp the precise legal rule being articulated.

Similarly, Wolters Kluwer’s translation of the same article,
which scored 5.58, also fails to convey the correct legal
meaning. The translation begins “For acts that are explicitly
defined as criminal acts in law,” which is a grammatically
awkward and imprecise rendering of the original. More
significantly, it introduces the term “offenders,” which is not
present in the source text and presupposes guilt. The Chinese
text speaks of “acts”(“474"- xingwéi), not the individuals
committing them. This subtle shift alters the legal focus from
the act itself to the actor, which represents a misinterpretation
of the legal principle being established. This choice of
terminology results in a translation that is not functionally
equivalent to the source.

Gemini’s translation of Article 74, which discusses the
inapplicability of suspended sentences to specific categories of
offenders, received a BLEU score of 5.53. The key legal terms
in this article are “ BJB" (1&ifan), meaning “recidivists,” and “£&
)" (hudnxing), which translates to “probation” or “suspended
sentence.” While Gemini correctly translated “recidivists” and
“ringleaders of criminal groups,” its choice of “suspension of
sentence” over “probation” created a lexical divergence from
the reference text. Although “suspension of sentence” is a valid

translation of “ZZ 7 ,"
“probation.” This example highlights how even a seemingly

the reference translation preferred

minor lexical choice can contribute to a lower BLEU score,
even when the translation may be legally acceptable. However,
the accumulation of such minor deviations across a text can lead
to a significant penalty under a strict lexical matching system.
A qualitative analysis of translations that received high TER
scores provides further insight into the specific deficiencies of
each system. The TER metric quantifies the post-editing effort



that a human would require, so a higher score indicates a greater
number of necessary edits and, consequently, a lower-quality
initial translation. An analysis of high-TER examples reveals
that the required edits are not merely stylistic; they consistently
involve substantive corrections to legal terminology and
sentence structure that are essential for achieving functional
equivalence.

ChatGPT's translation of Article 99 received a TER score of
85. The source text clarifies that numerical ranges in the law are
inclusive. ChatGPT provided a literal translation of “[}{_E" (yT
shang) and “[{ T (yixia) as “above” and “below.” These terms
are not the standard phrasings that are used in English-language
statutes to define inclusive numerical limits. The reference
translation uses the correct legal functional equivalents, which
are “not more than” and “not less than.” The high TER score
accurately reflects the significant post-editing effort that is
needed. A human editor must replace the literal but functionally
incorrect terms with the appropriate legal terminology to ensure
the text has the correct legal effect.

The translation of Article 88 from PKU Law, which scored
an exceptionally high 92.77, required extensive revision. The
translation used the awkward and non-standard term “criminal
element” instead of the more precise term “offender.” Its
sentence structure was convoluted and employed a weak
passive voice, for example, “No limitation... is to be imposed.”
This phrasing fails to convey the direct and binding nature of
the legal rule. The reference translation uses the active and
definitive statement “the limitation period is not binding.” The
sheer number of edits that are necessary to correct the
terminology, simplify the syntax, and restore the proper legal
force justifies the extremely high TER score.

Wolters Kluwer’s version of the same article, with a TER
score of 78.31, was more competent but still flawed. It used the
word “criminal” where “offender” or “suspect” would be more
appropriate before a conviction. It also employed the term
“dockets the case” as a translation for “37 2" (li'an). While
“docket” is a plausible choice, the reference translation’s phrase
“filed for investigation” is also a common and clear equivalent.

The sentence structure, particularly in the second half of the
article, was complex and less direct than the reference. The high
TER score reflects the need for these terminological and
syntactic adjustments so that the translation aligns with
standard legal phraseology.

Gemini's translation of Article 74 received a TER score of
81.25, and this case highlights a specific characteristic of the
metric. The translation used "a suspension of sentence" for the
Chinese term “£Z7|" (hudnxing). The reference translation

selected “probation.” Both terms are conceptually related and

can be considered valid translations in different contexts.
However, they are not perfect synonyms. The high TER score
resulted almost entirely from this single major terminological
substitution, along with minor grammatical shifts. This example
demonstrates that TER heavily penalizes a translation when it
deviates from the specific lexical choices of the single reference
text, even if the chosen alternative is functionally similar.

B. Interpretation of Principal Findings: LLM Fluency and the
1llusion of Statistical Parity

The statistical analysis yielded a bifurcated set of results that
demand careful interpretation. The RQ1 investigated the
performance of the four individual translation sources. The
findings revealed statistically significant differences among
them, with Gemini demonstrating a notable performance
advantage over ChatGPT, reflected in both a higher median
BLEU score (p=.013) and a significantly lower mean TER
score (p=.001). Furthermore, Gemini’s output required
significantly fewer edits than that of PKU Law, as indicated by
its lower mean TER score (p=.006).This suggests that on a
structural level, Gemini’s translations were closer to the
reference text than those from a reputable commercial database,
a testament to the rapid, iterative advancements in the
architecture of leading LLMs.

However, the analysis for RQ2, which compared the
aggregated LLM group against the CT group, produced a
starkly different outcome. The results of the Mann-Whitney U
tests indicated no statistically significant difference between the
two groups for either the BLEU metric (p=.8623) or the TER
metric (p=.3033). A superficial reading of this finding might
suggest that the translation quality of state-of-the-art LLMs has
achieved parity with established, professional legal translation
services. This discussion posits that such a conclusion is not
only premature but is likely an artifact of the evaluation
methodology itself. The observed statistical parity is, in effect,
a methodological illusion that reveals more about the inherent
limitations of the chosen metrics than it does about the true
comparative quality of the translations.

This illusion of parity can be deconstructed by examining the
interplay between the known strengths and weaknesses of both
the LLMs and the evaluation metrics. LLMs are engineered to
generate text that is exceptionally fluent and grammatically
coherent, a capability derived from their training on vast text
corpora. This inherent fluency naturally results in a high degree
of n-gram overlap with any well-formed reference text, thereby
inflating BLEU scores. Conversely, these same models are
known to struggle with domain-specific knowledge and
contextual nuance, leading to systematic errors in specialized
fields such as law. These errors, which can be semantically and
legally catastrophic, are often not adequately penalized by
lexical metrics. For instance, an LLM might produce a highly
fluent sentence that contains a critical terminological error,
while a professional translation might use different phrasing,
functionally correct but lexically divergent from the single
reference, thereby receiving a comparatively lower BLEU score.
Across a large corpus, the LLMs’ high scores for fluency can
effectively mask their low scores for accuracy, while the
professional translations' perfect accuracy may be penalized for
lexical divergence. The net effect is the potential cancellation
of these differences, leading to the non-significant result
observed in the group comparison. Therefore, the finding of no
difference does not signify equivalent quality; rather, it
highlights a fundamental misalignment between the evaluation
tools and the complex nature of legal translation.



C. The Inadequacy of Lexical Metrics for Assessing
Functional Equivalence in Legal Translation

The central challenge in evaluating legal translation quality
lies in defining an appropriate theoretical standard. The field
has long moved past simplistic notions of literalism, converging
instead on the principle of “functional equivalence” as the
benchmark for high-quality translation. Advanced by theorists,
this principle holds that the primary objective of a legal
translator is not to achieve formal, word-for-word
correspondence, but to produce a target text that has an
equivalent legal effect within the target jurisdiction. This is a
process of cross-jurisdictional communication that involves
translating legal concepts and their intended consequences, an
act that often requires adaptation, explanation, and the use of
functionally analogous terms rather than literal equivalents.

This study’s findings bring the profound conflict between
this theoretical standard and the chosen evaluation metrics into
sharp relief. The BLEU metric, by its very design, measures n-
gram precision and is thus a proxy for formal, not functional,
equivalence. It is fundamentally incapable of recognizing
legitimate synonyms or valid paraphrasing, which are
indispensable strategies for a translator attempting to achieve
functional equivalence when a direct terminological
counterpart is absent in the target legal system. Similarly, the
TER metric measures the post-editing effort required to make a
translation match a reference. However, it does so by counting
edits without differentiating their severity; a single-word
substitution that corrects a fundamental legal misinterpretation
is weighted no more heavily than a trivial edit of punctuation or
style. Consequently, TER quantifies the effort of correction but
fails to capture the significance of the errors being corrected.

This misalignment creates what can be termed a fluency trap.
Because modern LLMs excel at producing fluent text, they
generate outputs that appear to be of high quality when assessed
by metrics that prioritize fluency and lexical similarity. This
masks deep-seated failures in achieving the functional
equivalence that is the cornerstone of legal validity. This
phenomenon poses a significant risk, as non-expert users or
automated evaluation pipelines could erroneously conclude that
raw LLM output is a viable substitute for professional legal
translation, a conclusion that this study's results, when properly
contextualized, strongly refute.

D. Implications for Legal Practice, AI Development, and
Translation Pedagogy

This study carries substantial implications for key
stakeholder groups. The nuanced interpretation of statistical
parity between LLMs and commercial services offers valuable
insights for legal professionals, Al developers, and translation
educators alike.

For legal professionals, the findings offer a critical caution:

the appearance of parity in automated metrics can be misleading.

LLMs such as Gemini, while fluent, remain prone to domain-
specific semantic errors that pose risks in high-stakes contexts.
This underscores the indispensability of human oversight. The
most responsible application of LLMs in legal translation lies

within a Machine Translation Post-Editing (MTPE) workflow,
where Al-generated drafts are subject to expert review.
Effective MTPE requires not only legal and linguistic
competence, but also high-quality source texts, clear editorial
standards, and well-maintained legal termbases to guide the
post-editing process.

For Al developers and the MT research community, the study
exposes the limitations of relying on traditional metrics like
BLEU and TER, which privilege surface fluency over legal
adequacy. Continued reliance on such metrics risks
incentivizing models that perform well numerically but fail
semantically. Progress in this field demands the development of
domain-specific evaluation protocols, including high-quality
multi-reference test sets for legal texts and the adoption of
metrics better aligned with human judgments of legal accuracy.
Moreover, the results suggest that substantial improvements in
legal translation quality will likely come through domain-
adaptive fine-tuning on curated legal corpora that equip models
with the specialized knowledge they currently lack.

For translation pedagogy, the study signals a pressing need
to update training programs. Legal translators of the future must
possess critical Al literacy—understanding both the capabilities
and the systemic limitations of LLMs. MTPE training should
be a core component of the curriculum, emphasizing not only
grammatical correction but the ability to detect and resolve
subtle, high-stakes legal errors. Additionally, students must be
equipped to critically assess automated evaluation metrics,
recognize their limitations, and make informed decisions about
tool adoption in professional contexts.

E. Methodological Limitation

Beyond the theoretical shortcomings of the chosen metrics,
this study faces several methodological limitations that
constrain the interpretation and generalizability of its findings.

The most critical limitation lies in the exclusive reliance on
automated evaluation metrics, particularly BLEU and TER,
which have been widely criticized in recent scholarship. Studies
have consistently shown that these metrics correlate poorly with
human judgments, especially when comparing high-performing
systems or evaluating legal translations at the sentence level.
They fail to capture semantic adequacy, overemphasize
surface-level lexical overlap, and rely heavily on a single
reference translation. As a result, LLMs, which often produce
lexically diverse yet semantically accurate output, may be
systematically underrated. Furthermore, these metrics lack
diagnostic power; they provide no insight into the nature of
errors, whether lexical, syntactic, or terminological.

Another key constraint is the single-reference bottleneck.
Evaluating translations against only one reference text
penalizes legitimate variation, particularly in legal translation
where multiple phrasings may convey equivalent legal meaning.
This rigid comparison can obscure the true strengths of systems
capable of producing functionally accurate but differently
worded outputs.

The scope of the study also limits generalizability. The
analysis was restricted to one document and to a single



language pair: Chinese-to-English. While this section offers
important doctrinal and linguistic challenges, its terminological
focus may not represent other legal domains such as contract,
civil, or administrative law, which follow different conventions.
Additionally, LLM performance varies across language pairs,
particularly for low-resource languages, further limiting
extrapolation.

Acknowledging these limitations is essential for interpreting
the findings in context and for informing future research on
evaluation strategies that better reflect the semantic and
functional demands of legal translation.

F. Directions for Future Research

The limitations identified in this study give rise to a clear and
structured agenda for future research. To build upon these
preliminary findings and to arrive at more robust and valid
conclusions, subsequent investigations should proceed along
four primary avenues.

First, the most critical next step is to conduct a parallel study
that incorporates human-centric evaluation methodologies to
triangulate the current findings. This would provide the "gold
standard" assessment that is currently missing. Such a study
could employ a multi-faceted approach, including Direct
Assessment (DA), where bilingual legal experts rate the
translations from all four sources on a continuous scale for
adequacy and fluency. This should be complemented by a
detailed error typology analysis, in which human annotators
manually identify and categorize the errors made by each
system (e.g., terminological, syntactic, semantic, omission). It
is hypothesized that such an analysis would reveal significant
differences in the types and severity of errors between the LLM
and CT groups, thereby dismantling the illusion of parity
produced by the lexical metrics.

Second, the existing corpus of translations should be re-

evaluated using modern, semantically-aware automated metrics.

Research has shown that metrics such as COMET and
BERTScore, which are based on contextual embeddings from
pretrained language models, correlate much more highly with
human judgments of quality than BLEU or TER. A re-analysis
using these advanced metrics would directly test the central
hypothesis of this discussion: that superior evaluation tools will
detect a statistically significant quality difference between the
LLM and CT groups that the legacy metrics failed to capture.
Such a finding would provide strong empirical support for the
machine translation community's shift away from BLEU.
Third, future research should investigate the impact of
domain-specific adaptation on LLM performance. The LLMs
used in this study were general-purpose models. A powerful
comparative study would involve fine-tuning a model like
Gemini or ChatGPT on a large, high-quality corpus of parallel
Chinese-English legal texts. A subsequent evaluation
comparing the output of this fine-tuned model against the
general-purpose model and the commercial services could
quantify the performance gains attributable to domain
specialization and determine whether such adaptation can
genuinely close the quality gap with professional, human-led
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translation workflows.

Finally, the scope of the investigation must be broadened to
enhance the generalizability of the findings. Future studies
should include a wider variety of legal documents, such as
contracts, judicial decisions, and patent applications, which
present different linguistic and conceptual challenges. The
analysis should also be extended to other language pairs,
including low-resource languages, to assess the robustness of
LLM performance across different linguistic contexts. An
additional and highly practical avenue of research would be to
measure the post-editing effort (in terms of time and cost)
required to bring the output from each source to a publishable,
commercially acceptable standard, which would provide a more
pragmatic measure of each system’s utility in a real-world
professional setting.

To synthesize the core argument of this discussion and to
guide future methodological choices, the following table
compares the three primary classes of evaluation methodologies.

VI. CONCLUSION

This study’s quantitative comparison of LLM and
commercial translation services for a specialized legal text
yields a paradoxical result. The statistical findings, particularly
the lack of a significant difference between the aggregated LLM
and CT groups, do not demonstrate that generative Al has
achieved parity with professional, human-centric translation.
Instead, these results serve as a powerful illustration of the
profound inadequacy of purely quantitative, lexical-based
evaluation metrics for the high-stakes domain of legal
translation. The investigation reveals that the tools commonly
used to measure translation quality are fundamentally
misaligned with the theoretical and practical requirements of
the task, rewarding superficial fluency while remaining blind to
critical errors in legal meaning and function.

The rapid advancement in the fluency of models like Gemini
is undeniable and represents a significant technological
achievement. However, this study concludes that the nuanced,
context-aware, and jurisdiction-specific expertise that defines
professional legal translation remains an exclusively human
capability. For the foreseeable future, the human legal expert is
not merely a participant in the quality assurance process but
remains the indispensable and definitive arbiter of validity and
quality in legal translation.
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Abstract

artificial intelligence has seen widespread adoption
across diverse domains, and its potential in smart ag-
ing warrants further exploration[11, 16, 9, 7]. Falls
are a leading cause of morbidity and mortality among
oli2024deeplder adults, with substantial social and eco-
nomic impact. Existing fall detection systems primar-
ily operate in a reactive manner, recognizing incidents
only after they occur. While useful, such approaches
do not prevent injury and often suffer from low adher-
ence or high false alarm rates. In this work, we pro-
pose a predictive framework for in-home fall risk assess-
ment that shifts the focus from post-event detection to
pre-event forecasting. Our system integrates multimodal
sensing—including wearable inertial measurement units
(IMUs), millimeter-wave radar, and pressure sensors—
with a temporal deep learning architecture trained via self-
supervised pretraining and personalized adaptation. By
analyzing gait instability, postural transitions, and near-
fall events as precursors, the model outputs both a contin-
uous risk score and a probability of falls within multiple
future horizons.

Extensive experiments on a naturalistic longitudinal
dataset and a public benchmark demonstrate that our ap-
proach achieves earlier and more reliable predictions than
rule-based, classical machine learning, and purely su-
pervised deep learning baselines. Compared to exist-
ing detectors, our system improves AUROC and lead-
time while reducing daily false alarms, offering action-
able early warnings. Importantly, attention-based inter-
pretability highlights clinically relevant precursors, en-
hancing trust and adoption in elder care. This work rep-
resents a step toward proactive, personalized, and privacy-
preserving fall prevention, supporting independent living
for the aging population.

Index Terms—Fall prediction, smart aging, multimodal sens-
ing, time-series analysis, self-supervised learning, elder care,
deep learning.

1 Introduction

Falls are one of the most severe threats to the health and in-
dependence of older adults. According to the World Health

Organization, nearly one third of adults aged over 65 expe-
rience at least one fall per year, and falls remain the leading
cause of injury-related hospitalization and death in this pop-
ulation. Beyond the immediate physical harm, fear of falling
contributes to reduced mobility, social isolation, and a dimin-
ished quality of life. With the rapid growth of the aging pop-
ulation worldwide, effective solutions for fall prevention and
timely intervention are urgently needed.

Artificial intelligence and sensing technologies have in-
creasingly been explored in related domains, ranging from
personalized pedometer and gait analysis with wearable
IMUs[2], to privacy-preserving healthcare infrastructures for
rehabilitation[3], and deep learning approaches for move-
ment and performance analysis in sports[4]. These advances
demonstrate the broader potential of Al-driven multimodal an-
alytics for capturing subtle biomechanical patterns, motivat-
ing their application in the context of fall risk monitoring and
smart aging.

Over the past decade, a large body of research has fo-
cused on fall detection, leveraging wearable sensors, cam-
eras, or environmental devices to recognize falls after they
occur[14, 1, 12]. While detection is valuable for emergency
response, it remains inherently reactive: injuries have already
taken place by the time an alarm is triggered. Furthermore,
practical deployment faces multiple challenges. Wearable so-
lutions require consistent adherence, which is often low among
frail individuals. Vision-based methods introduce privacy con-
cerns and are sensitive to occlusion and lighting. Threshold-
based or single-sensor systems often suffer from high false
alarm rates, undermining user trust and adoption[6, 15].

These limitations motivate a paradigm shift: moving from
detection to prediction[13, 8]. Rather than identifying falls
post hoc, the goal is to anticipate elevated risk before an inci-
dent occurs. Early warnings would allow caregivers to imple-
ment preventive measures such as physical therapy, mobility
aids, or environmental adjustments, potentially averting severe
outcomes. However, fall prediction is a considerably more
challenging task, requiring models that can extract subtle and
temporally extended precursors of instability from complex,
multimodal data.

In this paper, we introduce a predictive framework for in-
home fall risk assessment. Our approach integrates multi-
modal sensing, including wearable IMUs, radar, and pressure
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sensors, with a temporal deep learning model based on Trans-
former encoders. To overcome the scarcity of fall labels, we
incorporate self-supervised pretraining using masked model-
ing and contrastive objectives. To address inter-individual
variability, we employ lightweight personalization strategies
that adapt the model to each user’s daily patterns. The sys-
tem outputs both a continuous risk trajectory and binary event
probabilities for multiple horizons, providing interpretable and
actionable early warnings.

We validate our approach on a longitudinal in-home dataset
and a public benchmark. Results demonstrate that our model
improves AUROC, AUPRC, and prediction lead-time while
significantly reducing false alarms. Contributions of this work
are threefold: (i) a novel multimodal predictive framework
that shifts from fall detection to fall forecasting; (ii) a self-
supervised and personalized architecture for robust learning
under scarce and imbalanced labels; and (iii) extensive eval-
uation showing earlier and more reliable risk prediction with
interpretable insights. Together, these advances highlight the
potential of predictive fall monitoring as a cornerstone of smart
aging technologies.

2 Methods

2.1 Problem Formulation

Let P denote the set of study participants and M the set
of sensing modalities (e.g., wearable IMU, millimeter-wave
radar, pressure arrays, and ambient context sensors). For a
given participant p € P and modality m € M, we observe a
univariate or multivariate time series X ;,m) (t) € R4 sampled
at time ¢. After synchronization and resampling (Section 2.5),
streams are aligned on a common timeline and concatenated
to yield a unified multivariate sequence
X,(t) = [XV @O I X2 @ | - 11 X570 ()] € RP,

where D = > d,,,. We operate on sliding windows of length
W seconds, indexed by their right endpoint ¢; the model takes
as input X, sy € REXD where L is the number of resam-
pled frames in the window. The objective is to predict a con-
tinuous, well-calibrated fall risk score r,(t) € [0, 1] reflecting
the likelihood of a fall or near-fall in a prospective horizon
[t,t + A], together with an event probability g, (¢, A) € [0,1]
for the same horizon. We thus learn a mapping

(rp(t), 9p(t,A)) = fG(Xp,t—W:tv Zp,t—W:t)v (1)
where Z,, ;_w . denotes auxiliary behavioral descriptors de-
rived from X (Section ??). The binary supervision y, (¢, A) €
{0,1} indicates whether a clinically-relevant event (fall or
near-fall) occurs within [¢, ¢ + A]. We consider multiple hori-
zons A € {A1,Ay, A3z} (e.g., 1h, 6h, 24h) to support both
imminent-warning and day-ahead risk stratification within a
unified formulation.

2.2 Cohort, Setting, and Sensing Modalities

Participants are enrolled under informed consent for longitu-
dinal, in-home monitoring. The sensing configuration bal-
ances fidelity, burden, and privacy by combining minimally
obtrusive wearables with contactless environmental sensors.
A waist- or wrist-worn IMU provides triaxial accelerometry
and gyroscopy at native rates of 50—100 Hz, enabling fine-
grained gait and posture dynamics. One or more short-range
millimeter-wave radars are positioned to cover habitual activ-
ity zones (e.g., bedroom, bathroom, corridor); their micro-
Doppler returns and velocity fields capture whole-body and
limb-specific kinematics without collecting identifiable im-
agery. Pressure sensors are deployed as floor mats or bed mats
to record weight shifts, stance phases, and nocturnal postural
changes. Low-duty ambient context sensors, including Blue-
tooth or UWB beacons and door contacts, provide coarse lo-
cation and activity cues that enrich temporal context at negli-
gible privacy cost. All streams are buffered and processed on
an edge gateway situated in the home; raw audio and video are
not persisted or transmitted off-device.

2.3 Event Definitions and Labeling Strategy

The primary endpoint is a medically significant fall as reported
by the participant, caregiver, or clinical staff, time-stamped via
incident reports or phone follow-ups. Because falls are rare,
we expand supervision using near-fall proxies drawn from
high-jerk perturbations, corrective stepping, abrupt angular ve-
locity peaks, and radar-inferred loss-of-balance patterns that
do not culminate in ground impact. Formally, let £, be the set
of annotated events for participant p, where each event e € &,
has an onset time ¢, and a type label in {fall, near-fall}. For a
prediction window ending at time ¢, the binary target is defined
as

yp(t7 A) =

optionally weighting near-falls with a scalar @ € (0, 1] in the
learning objective to reflect their lower severity while preserv-
ing their predictive value. To mitigate annotation jitter, we al-
low a tolerance ¢ (e.g., £2 min) around ¢, when linking events
to windows.

I3eec & st t<t.<t+A), 2)

2.4 Data Acquisition and Synchronization

All devices publish time-stamped packets to the edge gateway
over low-latency links. Clock drift is bounded using network
time protocol synchronization at deployment and opportunis-
tic beacon-based re-alignment daily. Streams are resampled
to a common frequency fs (10 Hz unless stated otherwise) via
polyphase decimation or band-limited interpolation, depend-
ing on the native rate. We resolve inter-stream offsets by max-
imizing cross-correlation between modality-specific motion
energy envelopes over a short calibration procedure at instal-
lation and by maintaining a low-order affine correction there-
after. The output is a set of co-registered frames {X,,(¢1)}F_,
per window.
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2.5 Preprocessing and Denoising

Preprocessing aims to suppress sensor noise while preserving
biomechanically salient dynamics. IMU signals are passed
through a zero-phase Butterworth low-pass filter with cutoff
f. adapted to gait cadence (typically f. € [10,15]Hz), af-
ter removing gravitational components by quaternion-based
orientation estimation or high-pass filtering when attitudes
are unavailable. Radar returns are converted into time—
frequency representations using a short-time Fourier transform
with Hamming windows, and stationary clutter is attenuated
through background subtraction and magnitude gating; we fur-
ther suppress spurious micro-Doppler streaks via median fil-
tering in the time—frequency plane. Pressure arrays are de-
noised by spatial median filters followed by row/column de-
trending to account for slow baseline drift. Ambient con-
text signals are encoded as piecewise-constant states and sub-
sequently one-hot or embedded as low-dimensional vectors.
All channels are standardized per participant using robust z-
scoring (median and interquartile range) to reduce inter-person
variability without distorting heavy-tailed motion distribu-
tions. Missing samples within a window are imputed using
zero-order hold if gaps are shorter than § seconds, or masked
explicitly when longer, enabling the downstream model to re-
main well-posed under intermittent dropouts.

2.6 Segmentation and Windowing

Continuous streams are partitioned into overlapping windows
of length W with stride S (e.g., W € [60,300]s and S €
[10, 30] s). This choice captures sufficient context for estimat-
ing stability and postural control while enabling near-real-time
updates. For multi-horizon prediction, each window is associ-
ated with targets {y, (¢, A;)}; as in (2). To avoid information
leakage in temporal evaluation, windows whose horizons over-
lap an event are assigned exclusively to either training or test-
ing depending on the event time relative to the split boundary.

2.7 Model Architecture

The predictive model fy is designed as a multimodal, tempo-
ral deep network that jointly exploits raw sensor streams and
handcrafted descriptors. Its design reflects three goals: (i) to
capture short- and long-range temporal dependencies that un-
derpin gait stability and pre-fall dynamics; (ii) to integrate het-
erogeneous modalities with complementary signal character-
istics; and (iii) to provide both discrete event likelihoods and
continuous risk trajectories.

Multimodal Encoders. Each sensing modality is first pro-
cessed by a dedicated encoder tailored to its signal struc-
ture. Wearable IMU sequences are passed through a stack
of one-dimensional temporal convolutional layers followed by
bidirectional LSTM layers, yielding embeddings that capture
both local fluctuations and recurrent dynamics. Radar time—
frequency spectrograms are encoded via a lightweight two-
dimensional CNN followed by a Transformer encoder, which
attends to salient micro-Doppler streaks and velocity bursts.

Pressure maps are projected through a spatial CNN with small
receptive fields and temporal pooling to summarize stance pat-
terns. Ambient context embeddings are produced by an em-
bedding layer followed by gated recurrent units. The outputs
are temporally aligned and projected into a common latent
space.

Cross-Modal Fusion. To exploit complementarities while
preserving modality-specific nuances, we employ a cross-
attention fusion module. Given modality-specific embeddings
L

m—1, the fusion layer computes for each timestep

M
flt = Z ozgm) I/V(m)hgm)7 agm) = softmax,, (thK(m)hEm)) ’

m=1

where ¢, is a shared query derived from the concatenation of
all modalities at £, K (™ is a learned projection, and W (m)
is a modality-specific linear transform. This attention-based
scheme highlights whichever modality most strongly explains
instability at a given moment (e.g., radar for balance loss, IMU
for step variability).

Temporal Representation Learning. The fused sequence
{flt}tL:l is passed through a Transformer encoder with multi-
head self-attention to capture long-range dependencies and re-
peated instability motifs. Positional encodings ensure tem-
poral ordering is preserved. To handle windows with par-
tial dropouts, modality-dropout masks are concatenated to the
embeddings, allowing the Transformer to learn robustness to
missing channels.

Self-Supervised Pretraining. Before supervised training,
the encoders are pretrained on unlabeled data using two auxil-
iary objectives: (i) masked sequence modeling, in which ran-
domly masked segments of h; are reconstructed from context,
and (ii) temporal contrastive learning, in which neighboring
windows from the same subject are treated as positive pairs
and distant windows or different subjects as negatives. The
resulting loss,

‘CSSL = Emask + ﬁcontrasta

encourages invariances that transfer to the rare event predic-
tion task.

Prediction Heads. From the temporal encoder’s output, we
derive two heads. The classification head applies global aver-
age pooling followed by a sigmoid unit to estimate g, (¢, A),
the probability of a fall/near-fall within the horizon A. The re-
gression head uses an attention-weighted pooling followed by
a linear layer to estimate the continuous risk score 7,(t). The
joint loss is

L = X\ BCE(yp, Jp) + A2 MSE(7y,, 7)) + A3 Lssr, (3)

with A1, A2, A3 balancing classification, regression, and self-
supervised objectives.
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Personalization and Online Adaptation. Because gait and
balance characteristics vary widely across individuals, we im-
plement personalization strategies. During deployment, the
model undergoes lightweight subject-specific fine-tuning us-
ing a few days of data, updating only normalization parame-
ters and prediction heads. Online calibration is performed with
temperature scaling to ensure probability calibration for each
subject. In addition, drift detectors such as ADWIN monitor
distributional shifts; when triggered, the system either fine-
tunes on recent data or reverts to the population model.

2.8 Imbalanced Learning and Weak Labels

Falls are rare events, leading to severe class imbalance. We
address this with several strategies. First, near-falls are incor-
porated as weak positives, weighted by o < 1 in the loss to
reflect their lower severity yet predictive value. Second, focal
loss is applied within the classification head to emphasize hard
and minority examples. Third, pseudo-labeling with high-
confidence predictions augments the training set in a semi-
supervised fashion, gradually refining decision boundaries.

2.9 Training Protocol

We evaluate models under both leave-one-subject-out (LOSO)
and temporal hold-out protocols to test cross-person gener-
alization and longitudinal robustness. Windows are sampled
with stride .S to balance temporal resolution and computational
cost. Optimization uses AdamW with a OneCycle learning
rate schedule and mixed precision. Data augmentation in-
cludes time warping, jittering, Gaussian noise injection, and
modality dropout. Multiple prediction horizons (A = 1h,
6h, 24h) are learned in a multitask manner by adding sepa-
rate classification heads that share the encoder.

2.10 Inference and Alerting

At runtime, windows are streamed through the model in over-
lapping fashion, and risk scores are updated every .S seconds.
To mitigate false alarms, an alert is issued only if r,,(¢) > 7 for
k consecutive windows. Thresholds are context-aware, with
lower 7 in high-risk environments such as bathrooms or stair-
ways. Alerts are tiered: green for normal, yellow for mod-
erate risk prompting preventive advice, and red for imminent
risk that triggers caregiver notifications. This design integrates
predictive analytics into a clinically actionable framework.

2.11 Evaluation Metrics

We assess performance on multiple levels. Event-level metrics
include precision, recall, F1, AUROC, AUPRC, and mean pre-
diction lead-time at fixed recall. Calibration quality is quanti-
fied with Brier score and Expected Calibration Error. User-
level utility is measured as false alarms per day. Ablation
studies compare modality subsets, pretrained versus randomly
initialized encoders, and personalized versus generic models.
Statistical significance is evaluated with bootstrapped confi-
dence intervals and DeLong’s test for AUROC differences.

2.12

To enhance trust and adoption, attention heatmaps identify the
temporal regions driving high risk predictions, and SHAP val-
ues attribute contributions of handcrafted descriptors. Weekly
summaries provide clinicians with interpretable patterns such
as rising gait variability or increasing nocturnal instability. For
deployment, all processing runs on an edge gateway with fed-
erated learning to update shared weights. Differential privacy
ensures uploaded gradients are noise-perturbed, and model
compression enables execution on embedded NPUs with real-
time latency.

Explainability and Deployment

3 Experiments and Results

3.1 Datasets

To evaluate the proposed predictive fall risk framework, we
conduct experiments on two datasets.

In-house longitudinal dataset. All data were independently
and exclusively collected by the authors. We constructed a
continuous multimodal dataset. The sensing configuration
consisted of a waist-worn IMU (100,Hz), two ceiling-mounted
mmWave radars (20,Hz), and pressure mats installed near beds
and bathrooms (10,Hz). Ground-truth fall events (n = 22)
were annotated by caregivers and verified against formal in-
cident reports, while near-falls (n = 134) were identified
through manual inspection of radar sequences in conjunction
with caregiver logs.

3.2 Baselines
We compare our method against representative approaches:

e Threshold-based IMU detector: peak acceleration and
angular velocity rules with fixed thresholds, as in [?].

* Classical ML: handcrafted features from IMU signals
fed into Random Forests and SVMs.

* Deep CNN-LSTM: end-to-end supervised model trained
on raw IMU windows without self-supervision or multi-
modal fusion.

* Vision-based fall detector: 3D CNN trained on RGB
videos (available only in SisFall).

These baselines represent current paradigms: simple rules,
shallow ML, deep supervised learning, and vision-based meth-
ods.

3.3 Evaluation Protocol
We employ two complementary validation strategies:

1. Leave-One-Subject-Out (LOSO): models trained on all
but one subject and evaluated on the held-out subject, ro-
tating across participants. This tests cross-subject gener-
alization.
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2. Temporal hold-out: for each subject, the first 70% of
time windows are used for training and the last 30% for
testing. This tests longitudinal robustness.

Prediction horizons A € {1h, 6h, 24h} are evaluated. We
report mean performance across subjects.

34

¢ Event-level: Precision, Recall, Fl1-score, AUROC, and
AUPRC.

Metrics

* Lead-time: average early warning time (minutes) at 80%
recall.

* Calibration: Brier score and Expected Calibration Error
(ECE).

* User-level: false alarms per day.

3.5 Main Results

Table 1 summarizes results on the in-house dataset with A =
6 h. Our method achieves the highest predictive performance
and the longest advance warning.

Table 1: Comparison of predictive fall risk models on in-house
dataset (A = 6 h). Best results in bold.

Method AUROC AUPRC Lead-time (min) False alarms/day
Threshold IMU 0.61 0.24 12.3 54
Random Forest 0.68 0.32 18.7 4.8
CNN-LSTM 0.74 0.41 25.6 3.9
Ours (no SSL) 0.80 0.50 33.1 2.7
Ours (full) 0.86 0.59 41.5 1.9

Compared to the CNN-LSTM baseline, our model improves
AUROC by +12%, extends average lead-time by nearly 16
minutes, and halves daily false alarms.

3.6 Ablation Studies

We perform systematic ablations to isolate contributions:

Effect of multimodal fusion. Removing radar or pressure
channels reduces AUROC by 5-8%, confirming complemen-
tary benefits.

Effect of self-supervised pretraining. Training from
scratch lowers AUPRC by 9%, demonstrating improved
representation from masked modeling and contrastive
objectives.

Effect of personalization. Without subject-specific adapta-
tion, false alarms increase from 1.9 to 3.2 per day, highlighting
the value of lightweight fine-tuning.

Results are summarized in Table 2.

Table 2: Ablation experiments on in-house dataset (A = 6 h).

Variant AUROC AUPRC False alarms/day
Full model 0.86 0.59 1.9
- w/o radar 0.81 0.49 25
- w/o pressure 0.80 0.47 2.8
- w/o SSL 0.77 0.50 2.6
- w/o personalization 0.82 0.55 32

3.7 Summary

Overall, the proposed approach consistently outperforms rule-
based, classical, and purely supervised deep models. The com-
bination of multimodal sensing, self-supervised pretraining,
and personalization yields earlier and more reliable fall risk
predictions with fewer false alarms, supporting its practical
utility for in-home elder care.

4 Discussion

The results demonstrate that predictive modeling of fall risk
is feasible and beneficial when leveraging multimodal sens-
ing, self-supervised representation learning, and personaliza-
tion. Unlike conventional fall detection systems that react only
after an incident, our framework anticipates elevated risk hours
in advance, enabling timely interventions. This paradigm shift
from detection to prevention has important clinical and social
implications.

4.1 Clinical Significance

From a clinical perspective, the ability to forecast falls trans-
forms elder care from reactive to proactive. Caregivers can
introduce preventive measures such as mobility aids, physi-
cal therapy, or environmental adjustments before accidents oc-
cur. The tiered alerting scheme also helps reduce alarm fa-
tigue: by stratifying risk levels, caregivers receive fewer but
more meaningful notifications. Case studies revealed that in-
terpretable risk trajectories correlate with clinically recognized
precursors, such as gait instability and nocturnal imbalance,
thereby enhancing trust and adoption.

4.2 Human-AlI Interaction and User Adoption

Beyond technical performance, the effectiveness of predictive
fall monitoring systems also depends on how older adults and
caregivers perceive and interact with the technology. Prior re-
search in human-computer interaction has shown that users of-
ten treat computational systems as social actors [?]. Attribut-
ing human-like qualities such as reliability, warmth, or author-
ity to algorithmic outputs[5]. In the context of elder care, this
means that the presentation of risk alerts - whether they ap-
pear as neutral data points, empathetic messages, or authori-
tative "advice’ - can substantially influence trust, compliance
and long-term adoption.
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Furthermore, predictive systems operate not only as med-
ical tools but also as social companions[17]. Risk notifica-
tions may generate parasocial dynamics: older adults may ex-
perience the system as a constant presence of a ’guardian’,
which can reduce anxiety but may also raise dependency or
surveillance concerns[10, ?]. Therefore, designing the inter-
face and communication strategies around transparency, reas-
surance, and respect for autonomy is critical.

Ultimately, the diffusion of such systems will hinge on
more than just clinical validation. From a communication and
marketing perspective, positioning fall prediction as part of a
broader “independent living” lifestyle—rather than a stigma-
tizing medical device—may improve uptake. Culturally adap-
tive messaging and user-centered onboarding can bridge the
gap between technical innovation and everyday acceptance,
ensuring that predictive monitoring integrates seamlessly into
both the social and domestic lives of aging individuals.

4.3 Future Directions

Future research will focus on three directions. First, inte-
grating additional modalities such as smart flooring or Wi-Fi
channel state information may enhance unobtrusive monitor-
ing. Second, reinforcement learning could be explored for
adaptive alert thresholds that minimize false positives while
ensuring safety. Third, deployment in clinical trials will allow
evaluation of downstream outcomes such as reduced hospital-
ization rates or improved quality of life. Beyond elder care,
the methodology may extend to rehabilitation monitoring and
chronic disease management where predictive risk stratifica-
tion is equally valuable.

5 Conclusion

We presented a predictive framework for in-home fall risk as-
sessment that advances beyond traditional detection systems.
By combining multimodal sensing, temporal deep learning
with self-supervised pretraining, and lightweight personaliza-
tion, our approach delivers earlier and more reliable forecasts
of fall events. Experiments on both naturalistic and pub-
lic datasets demonstrate improvements in AUROC, lead-time,
and false alarm rates compared to rule-based and purely super-
vised baselines. Importantly, the system provides interpretable
risk trajectories that align with clinical observations, fostering
trust and practical utility.

This work highlights the potential of moving from fall de-
tection to fall prediction in smart aging contexts. With con-
tinued validation and ethical deployment, predictive fall mon-
itoring may play a crucial role in enabling older adults to live
independently and safely at home.
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Abstract

This paper explores strategic decision-making chal-
lenges arising from a desert-crossing simulation game,
which serves as a representative model for resource-
constrained routing under uncertainty and competition.
Multiple scenarios are examined, including single-player
settings with known or unknown weather conditions, and
multi-player environments with either pre-defined or real-
time strategic interactions. Dynamic programming (DP),
Dijkstra’s algorithm, knapsack problem formulations, and
game-theoretic models form the foundation of the analy-
sis. Computational techniques, such as LINGO optimiza-
tion and Monte Carlo simulation, are applied to obtain
and compare solutions. Under fully deterministic weather,
a cyclic mining and supply-return route emerges as the
optimal strategy. In stochastic environments, simpli-
fied heuristics based on expected monetary outcomes are
shown to be effective. For multi-agent scenarios, integrat-
ing optimal and suboptimal routes reduces resource com-
petition. Dynamic games further benefit from day-by-day
route adjustments aimed at minimizing resource consump-
tion while maintaining equitable returns. The study con-
cludes with an evaluation of model performance, identifies
current limitations such as validation needs and scenario
specificity, and outlines directions for future research, in-
cluding application to logistics planning and multi-agent
system coordination and extensions to more complex net-
work structures and real-world logistics or supply chain
problems where resource allocation and pathfinding under
uncertainty are crucial.[1]

Keywords—Dynamic programming, Dijkstra’s shortest path
algorithm, Knapsack problem, Game theory, Nash equilib-
rium, Stochastic simulation

1 Introduction

1.1 Literature Review

In multistage decision problems, the principle of optimal-
ity underpins dynamic programming (DP), first formalized
by Bellman[3]. For deterministic routing on nonnegative-
weighted graphs, Dijkstra’s algorithm efficiently computes
shortest paths in O(|E| + [V|log|V|) time, and may itself
be viewed as a DP instance[6].

Modern routing problems frequently extend these ideas to
orienteering variants, where one maximizes collected rewards
under time or capacity constraints. For example, Tang et al.
embed DP subroutines within reinforcement-learning frame-
works to improve orienteering solutions[7]. When uncertainty
enters—e.g. stochastic travel times—Monte Carlo Tree Search
has been used to solve chance-constrained orienteering prob-
lems[5], and rolling-horizon DP with sample-average approx-
imation tackles time-dependent stochastic travel[10].

Meanwhile, noncooperative routing games model compe-
tition over shared network resources.[9] Altman and Wynter
analyze how self-interested agents reach equilibrium in con-
gested flows via fixed-point iterations akin to DP updates[2].
In discrete route-selection settings, Xu et al. integrate DP-
based knapsack solvers into a Nash-equilibrium search, cap-
turing strategic detours under resource contention[8]. While
individual techniques are well-established, their integrated ap-
plication here provides a structured framework for analyzing
multi-stage, resource-constrained decisions under varying in-
formation structures and competition, offering a testbed for
strategies potentially applicable to domains like vehicle rout-
ing with refueling or distributed resource gathering.

The “Crossing the Desert” game synthesizes these themes:
each stage’s cost depends on stochastic weather, inventory
constraints resemble knapsack structures, and multiple players
compete over limited resources. To our knowledge, no prior
work has jointly applied DP, Dijkstra subroutines, and nonco-
operative game theory in this setting. This paper fills that gap
by:

1. Developing single-agent DP models under known and
unknown weather scenarios;

2. Embedding these into discrete-time game models for
multi-agent competition;

3. Validating strategies via LINGO optimization and C++
Monte Carlo simulation.

1.2 Game Overview

With a map, players use their initial funds to buy a certain
amount of water and food (including food and other daily ne-
cessities), start from the starting point, and walk in the desert.
The goal is to reach the end point within the specified time and
keep as much money as possible. You will encounter different
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weather conditions along the way, and you can also replenish
funds or resources in mines and villages.

1.3 Basic rules of the game

1. Single player game rules

(1) The basic time unit is day. When the game starts, the
player is at the starting point, which is recorded as day 0. The
player must reach the end point on or before the deadline. Af-
ter reaching the end point , the game ends for that player.

(2) The weather in all areas of the desert is the same every
day, which is one of the three conditions: “clear”, "hot” or
”sandstorm”.

(3) Every day, players can move from one area of the map
to another adjacent area, or they can stay where they are. On
a sandstorm day, players must stay where they are. (In a map,
two areas with a common border are considered adjacent, and
two areas with only a common vertex are not considered adja-
cent.)

(4) Crossing the desert requires two resources: water and
food. The minimum unit of measurement is a box. The total
weight of water and food a player has each day cannot exceed
the upper limit. If the water or food runs out before reaching
the end, the game is considered a failure.

(5) The amount of resources consumed by a player staying
in one place for one day is the basic consumption, and the
amount of resources consumed by a player walking for one
day is twice the basic consumption .

(6) When players stay at the mine, they can earn money
through mining. The amount of money earned from mining
for one day is called basic income. If mining, the amount of
resources consumed is three times the basic consumption; if
not mining, the amount of resources consumed is the basic
consumption. (Mining is not allowed on the day of arrival at
the mine, but mining is also possible on sandstorm days.)

(7) On day 0, the player can use the initial funds to pur-
chase water and food at the base price at the starting point.
The player can stay at the starting point or return to the start-
ing point, but cannot purchase resources at the starting point
multiple times. When the player passes through or stays in
the village, he can use the remaining initial funds or the funds
obtained from mining to purchase water and food at any time.
The price per box is twice the base price. After reaching the
end point, the player can return the remaining resources at half
the base price.

2. Multiplayer Game Rules

(1) If any of the players walk from area A to area B on a
certain day, the amount of resources consumed by any of them
is k times the basic consumption.

(2) If any of the players mine in the same mine on a certain
day, the amount of resources consumed by any of them is 3
times the basic consumption, and the funds that each player
can obtain through mining in a day are the basic income .

(3) If any of the players purchase resources in the same vil-
lage on a certain day, the price of each box will be 4 times the
base price.

(4) In other cases, the amount of resources consumed and
the price of resources are the same as those in a single-player
game.

1.4 Problem

Question 1: There is only one player, and the weather condi-
tions are known in advance every day during the entire game
period. Give the optimal strategy for the player under normal
circumstances. Solve the “First Level” and ”Second Level”
in the attachment. The remaining funds (remaining water, re-
maining food) refers to the funds (water, food) after all the
resources required for the day have been consumed. If there is
any purchase behavior on the same day, it refers to the funds
(water, food) after the purchase is completed.

Question 2: There is only one player, and the player only
knows the weather conditions of the day. He can decide the
action plan for the day based on this. Give the best strategy for
the player under normal circumstances, and discuss the “third
level” and “fourth level” in the attachment in detail.

Question 3: There are n players who have the same initial
capital and start from the starting point at the same time.

(1) Assume that the weather conditions for each day of the
game are known in advance. Each player’s action plan must be
determined on day O and cannot be changed thereafter . Give
the strategies that players should take in general, and discuss
the fifth level” in detail.

(2) Assume that all players only know the weather condi-
tions for the day. Starting from the first day , each player
knows the action plans of other players and the amount of re-
sources left after completing the action for the day, and then
determines their own action plan for the next day. Give the
strategies that players should adopt in general, and discuss the
”Sixth Level” in detail.

2 Model Development and Solution
Approaches

2.1 Explanation of symbols
2.2 Analysis of Question 1

According to the rules of the game, the game is roughly cal-
culated and analyzed, and the optimal strategy is determined
according to different situations. Thus, multiple plans are de-
termined, such as going directly from the starting point to the
end point, from the starting point to the mine or village, and
then back to the end point. Then one or more plans are selected
according to the specific situation of different levels, and the
remaining funds of the player after reaching the end point un-
der different plans are calculated, and the optimal plan is ob-
tained by comparison.

2.3 Analysis of Question 2

Since players can only know the weather conditions of the day,
in general, they can simply estimate the local weather condi-
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Table 1: List of Symbols and Definitions

Symbol Meaning

R, Total expenditure amount

Ry, Expenditure on goods purchased in the initial village
Roy,r Expenditure on goods purchased in the village during the r-th loop
R, Total expenditure on goods purchased during transit
Wo Initial capital

d; Unit price of item ¢

k; Quantity of item ¢ purchased

P Base income

t; Number of days required in stage j

tiq Number of sunny days in stage j

tig Number of hot days in stage j

s Number of sandstorm days in stage j

Xij Amount of item ¢ consumed in stage j

big Consumption of item ¢ on a sunny day

big Consumption of item ¢ on a hot day

bis Consumption of item ¢ on a sandstorm day

C; Weight of item ¢

P;; Plan option j under situation ¢

M; Maximum number of boxes for item ¢

fli[v] DP state variable in the knapsack problem

R, Revenue from residual goods at the destination
R Position of person m after the n selection

Winn Remaining capital of person m after the n selection

tions based on the number of days, choose the specific direc-
tion of movement for the day, and buy more resources based
on the shortest path from the starting point to the end point to
provide more options for the player’s movement. For the third
level, two solutions can be obtained through analysis. Under
the condition of randomly generating enough weather patterns,
the expected value of the funds left over from the two solutions
after n games with different weather conditions is calculated
to determine the optimal solution. For the fourth level, based
on the basic model of problem one, four solutions for problem
four are obtained, and then the four solutions are simplified us-
ing the characteristics of the graph and known conditions. Us-
ing similar ideas to the third level, the expected value of each
solution under enough weather conditions is used to measure
the advantages and disadvantages of the solution.

2.4 Analysis of Question 3

In the first question, since there are multiple players partici-
pating in the game at the same time, the optimal route when
there is only one player is no longer the optimal route. There-
fore, the general strategy of the player is to randomly choose
one of the optimal and suboptimal routes as the action plan for
this game on day 0. When solving the “fifth level”, first con-
sider the shortest route, three days, four days, and five days.
Considering that the two players are in a competitive rela-
tionship, both players consider routes with less consumption
or more benefits, so only consider both choosing a three-day
route, both choosing a four-day route, or one of them choosing

a three-day route and one choosing a four-day route, or both
choosing a five-day mining route. Introducing random num-
bers and using C++ for simulation, we obtained the amount of
funds left when the player reaches the end in all the cases we
listed.

In the second question, because after the end of each day’s
game, players will determine tomorrow’s action plan based on
their own funds and resources, and know other players’ funds
and resources to infer other players’ action plans. In this case,
players need to choose the movement plan that consumes the
least funds and resources for the next day. When conducting a
specific analysis and discussion of the ”Sixth Level”, 0-1 vari-
ables are introduced to control the weather. Let the unknown
location of the mth person after the nth iteration be , combined
with the map of the ”’Sixth Level”, dynamic data prediction for
players is carried out, and the restrictions on players’ mining,
path selection, and whether to enter the village are discussed.

3 Scenario 1: Single Player with Deter-
ministic Weather

3.1 Determination of the Optimal Strategy

The overall decision direction of the player is: staying in areas
other than the mine will consume player resources and bring
no benefits, so it is not considered that the player will stay in
other areas in sunny or hot weather, and the player will not
return to the starting point after departure.
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If you decide to go mining, the player’s general decision di-
rection is: while ensuring that water and food are consumed
roughly at the same time, try to buy more food at the starting
point, buy more water and less food in the village; after reach-
ing the end, try to avoid having surplus resources.

Case 1: At the starting point, decide whether to travel to the
mine to extract resources based on the mine’s basic daily in-
come.

Decision 1: If the basic daily income of the mine is far less
than the funds required by the player to go to the mine, the op-
timal strategy is to purchase only the resources that the player
needs from the starting point to the end point at the starting
point, without going to the mine, and go directly to the end
point.

The decision to undertake a mining detour is formulated as
a cost-benefit analysis. Let ACp,. represent the additional
cost (in monetary units) of traveling to the mine, mining for m
days, and then proceeding to the final destination, as compared
to taking the most direct path to the destination. This cost is
derived from the weather-dependent consumption of resources
(water and food) along the longer path and during mining ac-
tivities.

The strategy of choosing to mine is optimal if the total rev-
enue generated exceeds this additional cost. This is formalized
by the following inequality:

p-m > ACnine ey

where:

* pis the base daily income from mining (a constant given
in the game rules).

* m is the number of days the player chooses to spend min-
ing (m > 1).

* AChine 1s the net additional cost of the mining detour.

Decision 2: The player should opt for the mining strategy if

and only if there exists an integer m > 1 such that inequality
(1) holds and the player’s initial resources and the time con-
straint allow for this detour.
Case 2: At the starting point, calculate the funds needed
for the player to go to the village and to the mine based on
the weather. Based on the comparison of the funds, decide
whether to go to the mine or the village first.

Decision 3: If the funds required to reach the mine are small,
then go to the mine first. If the remaining resources after reach-
ing the mine are sufficient to support the player to reach the vil-
lage to replenish resources after digging for at least one day,
then the best decision is to reach the mine first.

Decision 4: If the funds required to reach the village are
less, then go to the village first.

Case 3: The player makes the best decision based on the actual
situation in the mine or village. And the player can go back
and forth between the mine and the village.

Situation 3-1: In the mine, on the premise of ensuring that
the player can reach the end point from the mine, the player de-
cides whether to go to the village to replenish resources based

on the remaining resources, funds and weather conditions of
the remaining days.

Decision 5: If the remaining resources, funds, and days are
sufficient to support the player to go to the village to replenish
resources and the income from returning to the mine to mine
is greater than the player’s capital consumption to replenish
resources, then the optimal decision is to go to the village to
replenish resources and return to the mine to mine.

Decision 6: If the player goes to the village to replenish re-
sources at the end of the remaining days, and the income from
returning to the mine to mine is less than the cost of replenish-
ing resources, then the optimal strategy is for the player not to
replenish resources and return directly to the end point.

Situation 3-2: In the village, decide whether to go back to
the mine to mine based on the remaining resources, funds and
number of days.

Decision 7: If the player’s mining income is greater than
the capital expenditure, the optimal strategy is for the player
to travel to the mine to extract resources after replenishing re-
sources in the village.

Decision 8: If the player’s mining income is less than the
capital expenditure, the optimal strategy is for the player not
to mine and return to the end point.

3.2 [Establishment of general model

3.2.1 Model preparation - establishment of description

matrix

Based on the map that the player gets when starting the game,
use a 0-1 matrix to describe whether area A and area B are
adjacent.

1
Q5 0

The matrix Ay can be obtained as follows:

if v; and v; share a common boundary

if v; and v; do not share a common boundary

a11 A1n

Ag =

anl Ann

3.2.2 Model from the starting point to the end point di-
rectly

If the player does not consider going to the mine to mine ,
then he can directly consider the shortest path from the starting
point to the end point . The shortest path is certain, and the
money to be spent on buying water and food is also certain ,
so after determining the shortest path , the player’s money at
the end point can also be determined accordingly. ( In the case
where the shortest path passes through a mine or a village, we
will divide it into the following scheme for discussion).

Using Dijkstra’s shortest path graph theory algorithm, we
can get the following model:

Model 1 (All-Pairs Shortest Path): Let A%) (i, j) repre-
sent the length of the shortest path from node 7 to node j where
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only nodes 1,2, ..., k are allowed as intermediate nodes. T
al
A® (i, j) = min (A(’“*l)(z‘,j), ARV k) + A(’“*l)(k,j)) ' . o | ES
@ /2 - - 27
for kK = 1 to n, where n is the total number of nodes (areas) on
the map. 3 4
The initial state is: 24

0 ifi=j 23
A (G, j) = w(i,j) ifi+# jand an edge exists with weight > 21

%) otherwise (no direct connection) 6

7 22 20
19
3.2.3 Model from the starting point to the end point via a 3 17/ 18
mine or village 9

1. Preliminary classification of models
Based on the above optimal strategy, we first preliminarily
determined three options, namely, going to the mine first and 10 | Vilage 16

then to the village, going to the village first and then to the 15
mine, and going back and forth between the mine and the vil- 13 14
lage. 11

A simple analysis shows that the goal of the game is to reach Mine

the end within the specified time and keep as much money as
possible. Considering that the basic income of the mine is rel-
atively rich, walking or staying in areas other than the mine
will only consume resources, so we consider excluding the
necessary time to move between the starting point, the mine
and the village, and the end point, so that the player can only at the starting point:
stay in the mine as much as possible. We establish mathemati-
cal models corresponding to these three solutions respectively.  f[i][v] = max{ fli—1v —kiCi] + kw; | 0<k; < Ml}
When solving the levels, we add, reduce or exchange the inter- (5)
mediate links according to the specific situation, and introduce
known information to simplify the model of each level. where i € {1,2}, m € {1,2,3,4}
The first level is shown in the Fig.1.

2. Model establishment for the scenario where the player ~ The player’s game duration is 30 days:
goes to the village first and then to the mine

Model 2: The player’s walking diagram is as follows: The
objective function is to maximize the remaining funds at the The resource consumption boxes without mining are:
endpoint:

Figure 1: “Level 1” map

tj=1tjq+1ljg+1tjs, J€E {1,2,3,4}, t; <30 (6)

Xij = 2(biqtjq + bigtjg) + bistjs> j € {1, 2,3} 7
maz w = wo + p(to — 1) + R, — Ry, 3)
The resource consumption boxes for mining control are:
where wy is the initial funds, P is the player’s basic income
at the mine, R, is the funds obtained by returning resources

at the endpoint, and R,, is the total funds spent on purchasing

Xij = 3(bgjtjj +bgjtrg +bujtns), j=4 (8

At the endpoint, the player can return remaining resources

resources. at half price, with the resulting income:
Rw = Rw1 + ng (4)
12 4

Here, R,,, = 2?21 d;k; represents the funds spent on pur- R, = 3 Z di | ki + kiya — Z Xi;C; 9
chasing k; boxes of water and k5 boxes of food at the starting i=1 j=1
point, and R,,, = 2 25:1 d;k;1o represents the funds spent ‘
on purchasing k3 boxes of water and k4 boxes of food in the The total weight Of.reS(?ur_CeS owned by the player must not
village. d; denotes the unit price. The total funds spent must exceed the load capacity limit:
not exceed the initial funds. 9 4

Us‘ing the kI.lapsack problem in dynamic programming, de- Z Ci(k; + ko) — Z X;;C; <M (10)
termine the ratio of water and food the player should purchase im1 =1
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For clarity, the core step in many shortest path algorithms
involves comparing paths through intermediate nodes. A stan-
dard formulation for computing the shortest path between all
pairs of nodes (like the Floyd-Warshall algorithm) is: This
formulation iteratively improves the shortest path estimate be-
tween nodes i and j by considering paths through an interme-
diate node k. Additionally, although this scenario does not
follow the shortest path, imposing a shortest path constraint
restricts unnecessary player movements and reduces resource
waste:

Let A% (i, j) represent the length of the shortest path from
node 7 to node j where only nodes 1,2,..., k are allowed as
intermediate nodes.

AW, ) = min (A®D (i, 5), ACD (0, k) + AV (k) )
(11)

for k£ = 1 to n, where n is the total number of nodes (areas) on
the map.
The initial state is:

0 ifi=j
w(i,j)

oo

A0, ) =

otherwise (no direct connection)

3. Modeling of the scenario where the player goes to the
mine first and then to the village

The player’s walking diagram is as follows:

Model 3: Similarly, the following model can be established:

maxw = wg + p(ts — 1) + R, — Ry,

2 2
— Zdiki + 22 dikit2 < wo
i=1 i=1

flA[v] = max {f[¢ — 1][v — k;C;] + k;w;, > 0}

ie{1,2), me{l,234)
m
0<k <M, kz_ZXij
i=1
Rwl SwO

Ry2 <wo — Ryt +p(ta — 1)
tj=1tjq+1tjg+tjs, JE {1,2,3,4}
=2 (bquq + bgfjg) +0g55,, 7 €{1,2,3}
Xij =3 (bquq + bgfj.q) +0gfj0

w - Zd

j=4

4
ki + kipo — ZXU
j=1

'S

HMM

2
> Cilki + kiyo) —

i=1

AW, ) = min (A“-”(z',j), A<k-1><i, k) + AC D (k)

The differences from Model 3 compared to Model 2 are:

if i # j and an edge exists with weight w(

1. Constraint 1:
va S wWo

This means the funds spent by the player at the starting point
cannot exceed the initial funds.
2. Constraint 2:

Ryo <wo— Ry +p(ts — 1)

This indicates that the funds spent by the player in the vil-
lage must not exceed the sum of the remaining funds after
starting point purchases and the income earned from mining.

3. Dynamic Programming Adjustment:

Jlilv] = max {f[i — 1][v — k;Cy] + kywe, 0 < k; < My, }

This formula specifies that the resources purchased at the
village must support the player’s journey from the starting
point to the mine, mining activities, and resource replenish-
ment from the mine to the village.

4. The establishment of a model for players to travel back
and forth between the mine and the village

f} player’s walking diagram is as follows, in which players
can avel back and forth between the mine and the village
based on their existing funds, resources, remaining days and
weather, without losing funds.

On the basis of Model 2 and Model 3, we introduce the
parameter r to represent the number of times the player goes
back and forth between the mine and the village, and establish
the mathematical model of this scheme:

Model 4:
2
maxw = wy +pZ(t4r —1)+ Ry — Ry
i=1
R, = Ry, + Ru,
va S Wo

2
W3 = 2 Z dik(i+2)7‘
i=1

2
Ry,r <wo — Ry, +p(tay — 1) — QZdik(i+2)(7-—1)

=1
— ki Ci] + kiwi,
ie{1,2}, me{l,2,3,4}
tj =tjq +tjg+1tjs, Jje€{1,2,3,4}
t =ty 4ty + r(ts +ts) < 30
Xij = 2(bigtjq + bigtjg) + bistjs, j € {1,2,3}
Xij = 3(bigtiq + bigtjg + bistjs), =4

ZX4’L ZO

4

kir + k(ig2)r — Z Xij
j=1

flil[v} = max {f[i — 1] 0 <k; < M}

(r=n)
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2

2 2 4
Z (j,(kiz — Xil) + ZXilk(i+2)r — TZ ZXijCi <M
1=1

i=1 i=1 j=2
J#3

AW, j) = min (A% (0, 5), ASD (k) + A%V (k)

Where:

1. Ry, =2 Z?Zl d;ik(;42)r represents the money spent on
purchasing resources in the village r times;

2. R,UQT < wo — Rwl + p(f47. — 1) —
2 Z?:I dik(ito)(r—1) (Whenr =0, Ryor = Ry1)  where
means that the funds spent on purchasing resources in the
village each time cannot exceed the sum of the remaining
funds after purchasing resources at the starting point and the
income from the mine this time minus the funds spent on the
last purchase in the village.

3.t = t1 + ta + r(t3 + t4) < 30 which means the total
number of game days cannot exceed 30 days;

4. k3p — Z?:Q X3 20, kan — Z?:Q X420 (T = n)
which means that the player had enough water and food when
he returned to the end point from the village or mine for the
last time.

3.3 Model building and solution of the “First
level”

3.3.1 Description Matrix for details)

01 0 0 0 O
1 01 0 00
01 0100
001010
0001 0O
0 000 O0O

3.3.2 Model solution and result display

1. Solution steps

Use LINGO software to solve the model:

Step 1: Use Dijstra’s shortest path algorithm to find the five
shortest paths from the starting point to the village or mine,
from the end point to the village or mine, and from the starting
point to the end point.

Step 2: Substitute the shortest path into the four basic mod-
els to calculate the optimal solution among the four solutions.
When solving, the description matrix needs to be flipped and
solved twice.

Step 3: Sort out the optimal route according to the output of
Model 4 of the optimal solution
2. Results display

The following table can be obtained after sorting.

The player returned to the starting point on the 23rd day.
Draw the route on the map of "Level 1” as shown below Fig.
2. As shown below Table. 2.

Start +178 water

21 \&333 food
26 End
5 27 |~

2
3 \ T
24 \
Staying

23 | oncday

5 21

7 22
8 19
17 18
9

Staying
‘one day

XX +36 water 16
+163 water +16 food
0

_aVillagels

13 14 11-172 19 mining

\ dav18 staying

% Mige 12

Figure 2: The best route map for the "Level 17

u

3.3.3 Model building and solution of the “Second level”

1. Description matrix:

[N eNeNall e
OO O = O
OO R OO
O= O = OO
— O, OOoOO
O OO OO

2. Model solution steps and model display

The Second level is shown in the Fig. 3.

The solution steps are similar to those of the first level, ex-
cept that the description matrix and the total number of map
areas are replaced. We also use LINGO to solve the model
according to the route Table. 3.

Draw the route on the map of ”Level 2" as shown below Fig.
4,

The line in the picture is the walking path, and the area is
the area where the player needs to stay.

4 Scenario 2: Single Player with
Stochastic Weather

4.1 Model establishment and solution of prob-
lem 2: Optimal Strategy

Since the player can only know the weather conditions on the
current day, the weather on the day the player plays the game
and before that is known.

1. If there are few game days, players cannot make a simple
prediction of the weather in that place. Then players can only
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Table 2: "First Level” Results Table

Table 3: ”Second Level” Results Table

~

“-’6

NLE
m@

Figure 3: "Level 2” map

make decisions based on the conditions of the day. If it is
sunny, choose a moving direction that is close to the end point
and the village or mine. If it is hot weather, players choose to
move in the shortest direction from their current location to the
end point.

2. If there are many game days, move according to the strat-
egy in the first few days of the game. When the player has
played the game for a certain number of days and can make
a rough estimate of the weather in that place, he can decide
whether to go to the mine or village based on his own re-
sources and funds, or directly return to the end point by the
shortest path from his current location.

3. If the player has reached the village or mine, he can make
the best decision based on situation 3 in question 1.

4. Therefore, at the starting point, players need to buy an
appropriate amount of resources that are more than what is
needed for the shortest path based on the length of the map.

Day | Location | Remaining Funds | Remaining Water | Day | Location | Remaining Funds | Remaining Water
0 1 5800 180 0 1 6475 247
1 25 5800 164 1 2 6475 231
2 24 5800 148 2 3 6475 215

21 9 10430 26 28 55 14775 32
22 21 10430 16 29 63 12365 16
23 27 10430 0 30 64 12365 0
24
25
26
27
28
29
30

@ Mining
[ medws

Figure 4: The best route map for the “Level 2”

4.2 Establishment and solution of the “third
level” model

1. Graphic analysis and solution determination

In question one, we gave four basic solutions: going directly
from the starting point to the end point, from the starting point
to the mine or village and then to the end point. By analyzing
the image characteristics of the third level below, we found
that there is no village on the Fig. 5.

Therefore, we simplify the four basic solutions into two so-
lutions suitable for this level according to the specific situation:

Solution 1: Take the shortest path from the starting point to
the end point;

Option 2: Take the shortest path from the starting point to
the mine for mining and then take the shortest path back to the
end point.

2. Establishment of the corresponding solution model

It is known that there will be no sandstorm weather within
10 days, so we define ¢; as days of high-temperature weather
and t9 as days of clear weather:

t1 +t2 =10 (12)

Since the graph is relatively simple, we directly obtain the
shortest path from the starting point to the endpoint (3 days)
and from the mine back to the endpoint (2 days). Assume the
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Ending point

13

Figure 5: "Level 3” map

first 3 days consist of ¢3 days of high-temperature weather and
t4 days of sunny weather:

i3+t =3 (13)

Model for Scheme 1:

2
wy = wy — 2 Z (dzbwtg + dibi_qt4) (14)

=1
ts+t, =3

Assume mining days include t5 days of high temperatures
and tg days of clear skies, ensuring the player can return
smoothly from the mine to the endpoint:

ts +1t6 <5 (15)

Model for Scheme 2:

2
Wy = Wy — 2 Z [dzblg(tl — t5) — dibig(tg — tg)} (16)

i=1

t1+t2 =10
t5 +1t6 <5

3. Comparison of the two solutions determined

Since the player only knows the current day’s weather con-
dition, the specific weather pattern throughout the game can-
not be predetermined. Thus, direct comparison of w; and wy
is infeasible. We randomly generate n weather patterns, in-
cluding all high-temperature days, all clear days, first 5 days
as high-temperature followed by 5 clear days, etc.:

t; €{0,1,2,3,4,5,6,7,8,9,10}, (i€{1,2,3,4,5,6})

where t; and ¢, satisfy Equations 12 and 13.

For each weather pattern, the player follows both Scheme 1
and Scheme 2 in the game. The expected remaining funds for
each scheme after n simulations are calculated as:

n n
i—1 W14 i—1 W2i
Elw:] = 721;1 =, Elws] = Lozt U2 71 :

When n is sufficiently large, the relative magnitudes of these
expectations reflect the superiority of the two schemes.
4. Model solution and results

Based on the model of the first question, a random factor
is introduced to describe the weather changes, and the descrip-
tion matrix and the total number of map areas are also changed.
The map description matrix of the “third level” is:

010110
101 100
010100
111011
1001 01
000110

Scheme 1: Mean remaining funds p; ~ 9925, Standard Devi-
ation 0y = 25;
Scheme 2: Mean remaining funds po ~ 9139.25, Standard
Deviation o9 ~ 20;
Since p41 > p2, and considering the variances, Scheme 1 ap-
pears statistically better under the simulated conditions.
After 50 random operations, we get:

W1 ~ 9925,

WQ ~ 9139.25, Wl > WQ,

so plan 1 is better.

4.3 Establishment and analysis of the ‘“fourth
level” model

1. Determination of the plan

Since the map of the fourth level has both villages and
mines, it conforms to the four basic solutions we determined
in question one. However, since we only know the weather on
that day in this question, in order to introduce the parameter
t, we adjust the four basic solutions and obtain four solutions
that are more in line with this question.

Plan 1: Take the shortest path from the starting point to the
end point;

Plan 2: Start from the starting point, go to the mine and then
go to the end point;

Plan 3: Start from the starting point to the mine and then go
to the end point;

Plan 4: From the starting point to the mine or village, travel
back and forth between the mine and the village according to
actual conditions, and finally go from the village or mine to
the end point.

2. Establishment of the corresponding solution model

Under the premise of the four basic schemes in Problem 1,
introduce the parameter ¢.

a. Assume there are t; days of high-temperature weather,
to days of clear/cloudy weather, and t3 days of sandstorm
weather.

Model for Scheme 1:

2
w1, = Wy — E dlkl
i=1
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{anzl tm =38

ki — 2 (bigth + bigta) — bistz >0, i€ {1,2},

b. Assume mining includes ¢4 days of high-temperature
weather, t5 days of clear/cloudy weather, and ¢ days of sand-
storm weather.

Model for Scheme 2:

2

wa = wWo — Zdzkv +p(ta+1ts +t6 — 1)
=1

>t tm < 30
ki = 2[big(t1 — ta) — big(ta — t5)] — bis(ts —ts) >0,

c. Assume the player purchases water k3 and food k4 in the
village.
Model for Scheme 3:

2 2 2 3
w3 = IUO*Z diki*QZdiki-s-er% Z ki + kito — ZXi
i=1 i=1 i—1 j=1

Yt b < 30

ki + ks — 2 (bigt1 + bigta) — bists >0

ko + kg — 2 (bagta + bagta) — basts >0, 0<k; <M
Xi;=2 (biqtjq + bigtgj) + bistjs, J € {1,2,3}

21‘2:1 Cl [kl + ki+2 -2 (biqtl -+ bigtg) — bistg] <M

d. Assume mining includes ¢4 days of clear weather, ¢5 days
of high-temperature weather, t; days of sandstorm weather,
withl <r <n.

Model for Scheme 4:

wy =wo+p Y (tar +tsr +ter — 1) = > dik;
r=1 i=1

S tm <30
k1 4 ksr — 2 (bigtir—1) + bigtaer—1)) — brstsr—1) > 0

ko + kap — 2 (b2qt2(r71) + b2gt2(r71)) - b2sts(r71) >0
Xi;=2 (biqt]‘q + bigtjs) + bistjsa j e {1, 2, 3}
Xij =3 (bigtjq + bigljs + bistjs), Jj € {4}

3. Comparison of four solutions
So we randomly generate n weather patterns, including all
high-temperature days, all clear days, etc.:

t; €{0,1,2,3,4,5,6,7,8,9,10}, (i€ {1,2,3,4,5,6})

Since Level 4 rarely experiences sandstorms within 30 days,
we impose:
t1 =ty =103

For each weather pattern, the player follows all four
schemes in the game. The expected remaining funds for each
scheme after n simulations (E[w;], E[ws], E[ws], E[w4]) are
calculated. When n is sufficiently large, the relative magni-
tudes of these expectations reflect the superiority of the four
schemes.

4. Specific analysis of the combination of model and map

0< ki <M;

1€

o 2 3 4 5
L/ \ \_J f\__u__f\_
6 ( 7 C 8 ( 9 C 10
L/ U, M\ \J M\
11 ) 12 ) 13 )‘—ff ) 15
16 ( 17 f( 19 C 20

End
) 21 22 23 24 I

Figure 6: “Level 4” Map

(1) Since the village and the mine are both on the shortest
path from the player’s starting point to the midpoint, and the
price of materials in the village is twice that of the starting
point, we do not consider option 3, that is, we do not consider
going directly back to the end point after shopping in the vil-
lage from the starting point. At the same time, the income
from the mine is relatively high, so we do not consider option
1, which is to take the shortest path directly to the end point.
Draw the route on the map of “Level 4” as shown below Fig.
6

(2) Analysis shows that the shortest paths from the starting
point to the mine and the village are the same. Due to the un-
certainty of the weather, the player cannot decide the quantity
of resources to purchase if he goes to the village first, so the
player considers going to the mine first to mine.

(3) In the mine, the player is guaranteed to reach the
end point by calculating the remaining resources, funds and
weather conditions of the remaining days.

a. If the remaining resources, funds, and days are sufficient
to support the player to go to the village to replenish resources
and the income from returning to the mine to mine is greater
than the player’s capital consumption to replenish resources,
then the optimal decision is to go to the village to replenish
resources and return to the mine to mine.

b. If the player goes to the village to replenish resources at
the end of the remaining days, and the income from returning
to the mine to mine is less than the cost of replenishing re-
sources, the optimal strategy is for the player not to replenish
resources and return directly to the end point.

5. Model solution and results
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The description matrix of the “fourth level” is:

0 0 0 0 01
10 0 0 0 O
01 0100
001010
0001 0O
100 0 0 O

From the above analysis, we know that plan 4 is better. We
use LINGO to calculate the model, and the results are consis-
tent with our analysis. The specific plan is: travel to the mine
to extract resources first, then go to the village to replenish
resources, then travel to the mine to extract resources, and fi-
nally return to the end. When the player returns to the end, the
remaining funds are 13625 yuan.

S Scenario 3: Multi-player Competi-
tive Setting

5.1 If the weather is known in advance and the
plan is not changed after the starting point
is determined

5.1.1 Strategies that players should generally adopt

Since multiple players participate in the game simultaneously,
the following rules apply:

1. If k (2 < k < n) players move from area A to B on the
same day, the resource consumption becomes 2k times of the
base consumption.

2. If k (2 < k < n) players mine in the same mine on the
same day, each player’s resource consumption is 3 times of the
base consumption, and their daily mining income is reduced to
% times of the base income.

3. If k (2 < k < n) players purchase resources in the same
village on the same day, the price per box increases to 4 times
of the base price.

This will cause the optimal route when there is only one
player to no longer be the optimal route, so players should
consider the suboptimal route in the range of options when
choosing a plan on day 0.

Therefore, the general strategy of the player is to randomly
choose one of the optimal route and the suboptimal route as
the action plan for this game on day 0. This resembles a mixed
strategy in game theory, where players randomize over pure
strategies (routes) to maximize their expected payoff given
the potential actions of others, aiming for a Nash equilib-
rium where no player can benefit by unilaterally changing their
strategy.

Without considering other reasons for longer routes, the
probability of players choosing a longer route is small, and
choosing a longer route does not effectively reduce the prob-
ability of meeting other players, so the resources consumed
by players with a high probability of choosing a longer route
will increase.Draw the route on the map of "Level 5 as shown
below Fig. 7.

Ending point

13

Figure 7: ”Level 5” map

5.1.2 Establishment and solution of the “Fifth level”
model

1. Determination of route
Considering only the shortest routes, the 3-day routes are:

1,5,6,13
b= (1,4,6, 13)

The 4-day routes include:
P =

Since this question involves mines, we also consider 5-day
routes, categorized as:
With mining opportunities (Ps):

Without mining opportunities (F;):

1,4,7,11,12,13
1,5,6,7,12,13
1,5,6,12,11,13

Py =

Each row in P represents a distinct route.
2. Determination of the plan

Since the two players are in a competitive relationship, both
players consider routes with less consumption or more bene-
fits, so they only consider both choosing the three-day route,
both choosing the four-day route, or one of them choosing the
three-day route and the other choosing the four-day route, or
both choosing the five-day mining route.
(1) Both players choose the 3-day route:

2 2
W =Wy + Wy =2W, — ZZdi(biq + bzg) — 4Zdibiq
i=1

i=1
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(2) Both players choose the 4-day route:
a. Choosing P; and Ps:

2 2
W =W+ W =2Wo—2> di(big+big) =4 _ dighig
i=1 i=1

b. Choosing P; and Ps:

2 2
W =Wy + Wy =2Wo—2 dighig — 4 _ di(big + big)

=1 i=1

¢. Choosing P; and P;:

2 2
W =Wy + Wy =2Wo -2 di(2big +big) — 4> _ dibig

i=1 =1

d. Choosing P, and Py:

2 2
W =Wy + Wy =2Wo — 2> di(2big +big) — 4> _ dibig
i=1

i=1

e. Choosing P5 and Py:

2 2
W =W, + Wy =2W, — QZ di(2big + big) — 4Zdibig
=1

i=1

f- Choosing P, and Py:

2
W =Wy + Wy =2Wo — 2 di(3biq + big)

=1

(3) One chooses a 3-day route, the other chooses a 4-day route:

a. Py and Ps:

2 2
W =Wy + Wy =2Wo— 4> di(big+big) =2 _ dibig

i=1 i=1

b. PlandP27P3:

2 2
W =Wy + Wy =2Wo—4> dibig — 2 d;i(biq + big)

i=1 i=1

c. P and Py:

2 2
W =Wy + Wy =2Wo— 4> di(big +big) =2 _ 3dibiq
=1 i=1

d. Other situations:

2
W =Wy + Wy =2Wo — 2 di(big + big)

i=1

(4) Both go mining, with the optimal strategy being Ps, Ps:

2 2
W =Wy + Wy =2Wo— 2> di(big+big) =4 Y _ dibig
i=1

i=1

For ”Scenario 3,” the best option for both players is the above
strategy, which yields the maximum value W.
3. Model solution

Use C++ to solve 12 situations and perform simulation
tests. The results of the 12 cases are:

19080
19400

18540
18910

19020
19180

19290
18910

19180
19290

19290
19400

Use the RAND function and the system time as the random
seed to generate random integers from 1 to 12. Use C++ to
perform 100 simulations which preliminary analysis showed
was sufficient for the mean outcome to stabilize and take the
average as the simulation result, which is 10147.

5.2 Only know the weather of the day and the
player’s condition after the day ends

5.2.1 Strategies that players should generally adopt

Because after the end of each day’s game, players will deter-
mine tomorrow’s action plan based on their own funds and
resources, and at the same time know other players’ funds and
resources to infer other players’ action plans. In this case,
players need to choose the movement plan that consumes the
least funds and resources for the next day.

5.2.2 Specific Analysis and Discussion of the “Sixth
Level”

Since the map of the sixth level is the same as that of the fourth
level, and only the weather conditions of the day are known,
players can determine the action plan for the next day based on
the general strategy adopted by players in the face of unknown
weather in question 2. Assume that the three players in the
sixth level are in a competitive relationship with each other,
and there is no alliance between players.

1. Introduce 0-1 variables to control the weather

T +IE2+.I3:1, I’l,IQ,Ige{O,l}

2. Dynamic data prediction for players

Assume that the unknown location of the m person after the
nth iteration is R,,,, and combine the map of the "’sixth level”
to predict the dynamic data of the player. Draw the route on
the map of "Level 6” as shown below Fig. 8.
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Figure 8: ”Level 6” map

(1) Mining Constraints
a. After the n iteration, the player is around the mine:

[18 — R,n| =5o0rl, |18 —Ryn|=50rl, a,be{1,2,3}

b. The player has enough funds to go to the mine and mine
for at least one day:

2
Won > 6 Z(iﬂibipdi + ;bigd; + xibigd;)

i=1

or

2
Won Z 6 Z(xzblpdz + l’lbzgdi + xzblqdz)a a, be {1, 2, 3}
i=1

Players can go mining R, (n41) = 18 or Ry(q1) = 18 if
conditions a.b. are met.
(2) Path Restriction

When two players are in the same area and are ready to
move to the next area:

|Ron - Ron| =0

2
Won > 2 Z(Iibz'pidz' + z;bipid; + x;bipid;)

i=1

2
Won > 2 Z(Iibz‘pidi + xibipid; + xibipid;)

i=1

The two players do not move to the same area:

Ryny1) # Ryny1)

(3) Village Restrictions
a. After the n iteration, the player is around the village:

14— R,,| =50rl, |14—R,,|=50rl, a,be{1,2,3}

b. The player has enough funds to go to the village, and
must go to the village to replenish resources before moving:

2
2 Z(xibz’pdz‘ + z;bigd; + x:biqd;) < W

i=1

2
Wean < 4Z(xibipdi + x:bigd; + $Z‘biqdi)
1=1
2
or 2 Z(l’zbwdl + xlbzgdl + l’zblqdz) S an

=1

2
Wy < 4 Z(Iibipdi + xibigdi + xibiqdi), a,be {1, 2, 3}
i=1
(4) Competition between players who reach a special point at
the same time

a. Arrive at the mine at the same time. Assume that people
with sufficient funds will enter the mine to mine at this time,
that is , players with less funds are unwilling to halve the min-
ing benefits (players will lose money).

b. When they arrive at the village at the same time, those
who do not have enough resources will definitely enter the vil-
lage, while those who have enough resources will not enter the
village.

c. Players all consider their own interests in the game. If
the level differences among players are not big, the final value
will be smaller after the game ends.

6 Conclusions

1. Advantages

(1) Using dynamic programming to solve the knapsack
problem. Dynamic programming has memory, and the sub-
problems needed in the new problem can be directly extracted,
avoiding repeated calculations and thus saving time.

(2) The knowledge of game theory is used to simplify the
abstract concepts of the fifth and sixth levels to facilitate the
solution and analysis of random problems.

(3) Converting graph theory problems into dynamic op-
timization problems provides a structured and computable
framework for solving complex routing decisions. This inte-
gration greatly enhances the practicality of the model by trans-
forming an intuitive but vague map-based decision into a se-
ries of well-defined optimization steps with clear objectives
and constraints. The process is illustrated in Figure 9, which
shows how the spatial problem (the map and weather) is ab-
stracted into a graph, then into a state-space model, and finally
solved via DP to yield an optimal policy. This methodological
pipeline is a core contribution of our work.
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(b) State Representation

Location Village A

Day 5

Water 8 units.

Food 12 units

Cash $120
State S, = (Location, Day, Water, Food, Cash))

(c) DP Transition

(d) Backward DP Recursior

) A0 1) (725 72 +

Figure 9: Modeling Framework: From Graph Theory to Dy-
namic Optimization

2. Disadvantages:

(1) There is a lack of empirical validation of model results
against alternative strategies (e.g., greedy algorithms) or real-
world data, which results in uncertain error margins compared
with actual processes or simpler benchmarks. Future work
should include such validation.

(2) In the cycle analysis of mines and villages, the accuracy
of the solution is reduced due to the unknown number of cy-
cles. Heuristics were used to approximate the optimal number.

(3) The models are developed specifically for the desert
game’s ruleset (specific resources, weather, map structures).
Generalizing the framework to other domains (e.g., logis-
tics with fuel constraints, multi-robot exploration with charg-
ing stations) would require adapting the cost functions, con-
straints, and state definitions, but the core methodology of
combining DP for planning, graph search for routing, and
game theory for interaction remains promising. Future re-
search should explore this generalization.

(4) Scalability to larger maps or more players needs assess-
ment, potentially requiring more efficient algorithms or ap-
proximations.
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Figure 10: "Level 17 description matrix

Sets:

a={1,2}

a1 = {17 2a 3}
b={1,2,3,4}
link(a, b)
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Data:
d= [5710]5 bg = [876}, bg = [57 7]a
w = 1[5,10], p=1000
Initialization:

fo(1)=0

Revenue and Resource Use Definitions:

TW = rwy + rws

Tw1 :Zdi'ki

i€a
TWwo = 22 dl . kH_Q
i€a
rw; < Wo

rwg < wg—Trw; +p-(tg — 1)

Capacity Constraint:

Zci (ki + kiyo) — Z(ﬂfﬂ +x4) < M

i€a i€a

Total Time at Each Stage:

t; =tg; +1tq; +ts;, VjE€D

Resource Consumption:

{3-(bgi~tgj+bqi-tqj +b8i~t8j), ifj =4
:cij:

2+ (bg; - tg; + bg; - tq;) + bs; - ts;,

Residual Value:

1
er:iZCh kl—i—kHQ—Zx”
i€a j€Eb
Forward Value Computation:

fvixr = max (fvl; + k;-w;), Vi€a

Variable Constraints:

kigmi, Vi € a

ki— >

j€{1,2,3}u{4}

1’7;]‘>0, Vi € a

Objective Function (to Maximize):

maxZ =wp+p- (t4 — 1) + rwp — rw

bs = [10, 10],

otherwise

0 1 5800 180
1 25 5800 164
2 24 5800 148
3 23 5800 138
4 23 5800 128
5 22 5800 118
] 9 5800 102
7 9 5800 92
8 15 4170 245
9 14 4170 229
10 12 4170 213
11 12 5170 183
12 12 6170 159
13 12 7170 144
14 12 8170 120
15 12 9170 96
16 12 10170 72
17 12 11170 42
18 12 11170 32
19 14 11170 16
20 15 10430 36
21 9 10430 26
22 21 10430 16
23 7 10430 0
24
25
26
27
28

29
30

Figure 11: Results table of the “first level”

Sets:

Data:

Figure 12: ”Level 2 description matrix

a=1{1,2} :parameters d, bq,bg,bs, m
b={1,2,3}

by = {1,2,3,4} : with k(3)
c=1{1,2,...,9} : with time variables t(n)
link(a, by) : x(4, 5)

wo = 10000
d = [5,10]
bg = [3,4]
bg =19, 9]
bs = [10, 10]

p = 1000

330
318
306
202
282
268
256
246
232
220
208
178
160
139
121
103
85
55
45
33
40
26
12
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0 1
1 2
2 3
3 4
4 4
5 5
6 13
7 13
8 2
9 30

10 30

11 30

12 30

13 30

14 39

15 46

16 55

17 55

18 55

19 55

20 55

21 55

2 55

23 55

24 55

25 55

26 55

27 55

28 55

29 63

30 64

Figure 13: Results table

cococococococorraoro
cococococococooror
cococorroocoraoro
e
cocococococororoor
rroooOoOroORROOO

6475 247 229
6475 231 217
6475 215 205
6475 205 191
6475 1957 181
6475 185 167
6475" 169 155
6475 159 145
6475 149 131
6475 133 119
7475 109 101
8475 79" 71
9475 55 53

10475 40" 32

11475 16 14
6775 241 237
4365 225 225
4365 215 215
4365 205 205
4365 189 193
7775 165 175
8775 150 154
9775 135 133

10775" 111° 115

11775 96 94
9365 86 84

12775 62 66

13775 47 45

14775 32 24

12365 16 12

12365 0 0

of the “Second Level”

orroroororooo
cococorococooooroo
corrorooooroo
corrrooooococoo
roorroroooooo
rorocoorrRrooooo
orrrocorooooo

Figure 14: "Level 3” description matrix

(1) Total supply constraint:

> m(i)

ica

< 1200

(2) Time assignment for last 3 periods:

Zt(n) =38

nec
n>7

(3) First-stage remaining wealth:

wy =wo— »_ d(i) - k(i)

i€a

(4) Total working time constraint:

> t(n) <30

neb

(5) Maximum mining quantity:

k(i) <m(i), Vi€a

Figure 15: Descriptive matrix for the "Fourth Level”

(6) Resource availability constraint (stage-wise):

k(i) — 2[bq(i)(t(1) — t(4)) + bg(2)((2) — t(5))] — bs(i)(t(3) — £(6))
— 3[bg(i)t(4) + bg(i)t(5) + bs(i)t(6)] > 0, Vieca

(7) Wealth after mining and profit:

wy = wo — Y d(i) - k(i) + p- (¢(4) + #(5) + ¢(6) — 1)

i€a

(8) First player’s individual constraint:

k(1) + k(3) — 2+ (bg(1) + bg(1) — bs(1) - £(3)) > 0

(9) Second player’s individual constraint:

k(2) + k(4) — 2 - (bg(2) + bg(2) — bs(2) - £(3)) > 0

(10) Resource consumption calculation:

(i, j) = 2:(bg(1)t(5) + bg(i)t(j) + bs(i)t (7)),  V(i,j) € link(a, b1)

max Z =wo — »_ d(i) - k(i) = > d(i) - k(i +2)

i€a

i€a 1€a

+% SOk +EG+2) =Y 2, 4)

JEb1

Listing 1: C++ Program for Mining Strategy Evaluation

#include <iostream >
#include <iomanip >
#include<cstdlib >
#include <ctime >
#define random(a,b) (rand()%(b—a)+a)

using namespace

int

{

34

std ;

sigmal (int =a, int b, int =c)

int

result

for (int i

{
}

result

0;
0; 1 < 2; i++)

result + (b[i] + c[i]) * a[i];
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return result;

}
int sigma2(int %a, int =b)
{
int result = 0;
for (int 1 = 0; 1 < 2; i++4)
{
result = result + a[i] = b[i];
}
return result;
}
int main ()
{
int f[{100], sum = 0, av;
((int)time (0)); // Generate random seeds. Replace O with NULL and you will see 2 rows.
for (int 1 = 0; i < 100; i++)
{
fl[i] = (rand() % (11 - 0 + 1)) + O;
}
int bg[2] = {9, 9}, bq[2] = {3, 4}, bq2[2] = {6, 8}, bq3[2] = {9, 12}, bg4[2] = {12, 16}
int wo = 10000, w[20], d[2] = {5, 10};
w[0] =2 % w0 — sigmal(d, bg, bq) = 2 — 4 % sigma2(bg, d);
w[l] =2 % w0 — sigmal(d, bg, bq) * 2 — 8 % sigma2(bg, d);
w[2] =2 % wO — sigmal(d, bg, bq) * 4 — 4 % sigma2(bq, d);
w[3] =2 % w0 — sigmal(d, bg, bq2) = 2 — 4 % sigma2(bq, d);
w[4] = 2 = w0 — sigmal(d, bg, bq) = 2 — 4 % sigma2(bq2, d);
w[5] =2 % w0 — sigmal(d, bg, bg2) « 2 — 4 % sigma2(bq, d);
w[6] =2 % w0 — sigmal(d, bg, bq3) = 2;
w[7] =2 % w0 — sigmal(d, bg, bq) * 4 — 2 % sigma2(bq3, d);
w[8] =2 % w0 — sigmal(d, bg, bq3) = 2 — 4 % sigma2(bq, d);
w[9] = 2 % w0 — sigmal(d, bg, bq) = 4 — 2 % sigma2(bq3, d);
w[10] = 2 %= wO — sigmal(d, bg, bqgq4) = 2;
w[ll] = 2 = wO — 2 = sigmal(d, bg, bq) — 4 = sigma2(d, bq);
for (int 1 = 0; 1 <= 11; i++)
cout << wli] << "\t
for (int k = 0; k < 100; k++)
{
sum = sum + w[f[k]];
av = sum / (k + 1);
}
cout << av;
return 0;
}
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In Silico Cloning and Bioinformatics Analysis of Shikimate Dehydrogenase Gene from
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Abstract—The combination of artificial intelligence (AI)
and bioinformatics is driving a leap forward in genomics and
biological research, especially in the electronic cloning and
biological analysis of genes. Al can analyze large-scale
genomic data, identify gene variations and predict gene
functions through machine learning algorithms, thereby
improving the efficiency and accuracy of gene cloning.
Electronic cloning technology combines computer modeling
and experimental data to simulate the gene expression process,
greatly accelerating the progress of gene function research. In
the secondary metabolic pathway of plants, shikimate
dehydrogenase (SDH) is one of the key enzymes involved in
the regulation of the shikimate pathway, which is a key step in
the synthesis of important plant secondary metabolites such as
phenylpropene compounds, flavonoids and lignin. Shikimate
dehydrogenase catalyzes the conversion of shikimate to
coumaric acid, which is the basis of plant defense mechanisms,
antioxidants and disease resistance. In this study, Al tools were
used to deeply analyze the gene expression patterns related to
shikimate dehydrogenase, and the shikimate dehydrogenase
sequence gene of Escherichia coli was used as a probe to clone

and analyze the Medicago sativa shikimate dehydrogenase gene.

The results showed that the cloned shikimate dehydrogenase
gene of M. sativa was 469 bp in length and had 5 open reading
frames (ORFs), of which ORF3 was the longest, with a total
length of 258 bp, encoding 85 amino acids. The molecular
weight of the protein was 9370.70, and the theoretical
isoelectric point pl was 5.67, indicating that it was a functional
protein on abiotic membranes. Through further bioinformatics
analysis, it was speculated that the gene may play an important
role in the secondary metabolism of M. sativa, and its
expression pattern may be closely related to the growth and
environmental adaptability of the plant.

Index Terms—Artificial intelligence, bioinformatics,
Medicago sativa, shikimate dehydrogenase, in silico cloning

I. INTRODUCTION

Shikimate dehydrogenase (SDH) is a key enzyme in the
shikimate pathway, which plays a vital role in the synthesis of
aromatic amino acids and their precursors in plants. This
pathway is central to plant secondary metabolism, contributing
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not only to the production of amino acids such as tryptophan,
tyrosine, and phenylalanine, but also to certain plant hormones
and a vast array of secondary metabolites (Fig. 1). Beyond
metabolism, the shikimate pathway influences plant growth,
environmental adaptation, stress resistance, and yield. Its
industrial significance is also notable, particularly as shikimic
acid serves as a key precursor for the synthesis of the antiviral
drug oseltamivir (Tamiflu)!'l. Genetic engineering of this
pathway offers promising avenues for enhancing the production
of valuable compounds and improving agronomic traits[!l.

Medicago sativa (alfalfa), an important forage and green
manure crop, exhibits shikimate pathway activity that is closely
linked to stress tolerance and biomass yield. Although recent
genetic studies on M. sativa have increasingly focused on
stress-related genes, functional characterization of SDH—a
pivotal enzyme in secondary metabolism — has remained
limited?). The integration of artificial intelligence (AI) with
bioinformatics has created new opportunities for accelerating
gene discovery and functional prediction#. Yet, current
approaches often rely on generalized bioinformatics tools that
lack custom analysis tailored to non-model species such as
alfalfa, and most conventional methods do not fully leverage Al
for predictive functional insight.

To address these limitations, this study employs a targeted in
silico cloning strategy combined with multi-level
bioinformatics analysis to identify and characterize the SDH
gene from M. sativa. We present the first report of a putative
SDH gene in alfalfa, comprising 469 bp with five open reading
frames (ORFs), among which ORF3 encodes an 85-amino acid
protein. Our analysis reveals key protein characteristics
including a molecular weight of 9370.70, an acidic isoelectric
point (pI) of 5.67, hydrophilic nature, and cytoplasmic
localization supported by the absence of signal peptides and
transmembrane domains. Furthermore, functional motif
identification and phylogenetic analysis provide insight into the
evolutionary conservation and functional role of SDH in
legumes.

These findings establish a essential genetic resource for
future research on metabolic engineering in alfalfa, and
demonstrate a bioinformatics workflow that can be augmented
with Al tools for improved gene function prediction. This work
not only facilitates further functional validation of SDH but also



provides a foundation for enhancing stress resistance and yield
in M. sativa through molecular breeding.
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Fig. 2. Application of shikimic acid in plants.

II. RELATED WORK

The shikimate pathway is a fundamental metabolic route in
plants, bacteria, and fungi, serving as the crucial bridge between
primary carbon metabolism and the biosynthesis of aromatic
amino acids and a vast array of secondary metabolites. Within
this pathway, shikimate dehydrogenase (SDH, EC 1.1.1.25)
catalyzes the reversible reduction of 3-dehydroshikimate to
shikimate, utilizing NADPH as a cofactor. This reaction is a
critical control point, making SDH a subject of significant
interest in both basic research and applied biotechnology.

A.Studies on SDH Genes in Various Species

Extensive research has been conducted on SDH genes across
different kingdoms. In bacteria, such as Escherichia coli, the
aroE gene encoding SDH has been well-characterized, and its
structure-function relationship has been elucidated, providing a
foundational model for understanding enzyme kinetics and
mechanism. In plants, SDH has been identified and studied in
model species like Arabidopsis thaliana and major crops such
as rice (Oryza sativa). These studies have confirmed SDH's

pivotal role in development and stress responses. For instance,
the silencing of SDH in Arabidopsis led to severe
developmental defects, underscoring its indispensability.
Furthermore, recent work has begun to explore SDH in
bioenergy  crops  like Panicum  virgatum (switchgrass),
highlighting its potential in engineering pathways for improved
biomass and stress resilience. While these studies provide a
general framework for understanding SDH, functional
characteristics can vary significantly between species due to
evolutionary divergence and lineage-specific adaptations.

B. Research Gap and Objective

While SDH is recognized as a critical enzyme, its specific
sequence, structure, and functional attributes in Medicago
sativa, a legume crop of immense agricultural importance,
remain poorly characterized. Previous studies in other species
provide a template but cannot directly be extrapolated. The
conventional bioinformatics approaches used in many prior
SDH studies, while useful, lack the predictive power of modern
Al techniques. Therefore, there is a clear need for a
comprehensive study that not only identifies and characterizes
the M. sativa SDH gene using established in silico methods but
also frames these findings within the modern context of Al-
driven biological discovery. This study aims to fill this gap by
conducting a foundational bioinformatic characterization of M.
sativa SDH and explicitly outlining a pathway for its future
validation and application using advanced computational
intelligence, thereby contributing to the genetic improvement
of this vital crop.

I1I. ANALYSIS METHODS AND TOOLS

A. In silico cloning of SDH from M. sativa

The probe amino acid sequence of the E. coli SDH used in
this study is following:

METYAVFGNPIAHSKSPFIHQQFAQQLNIEHPYGRVL
APINDFINTLNAFFSAGGKGANVTVPFKEEAFARADELT
ERAALAGAVNTLMRLEDGRLLGDNTDGVGLLSDLERL
SFIRPGLRILLIGAGGASRGVLLPLLSLDCAVTITNRTVS
RAEELAKLFAHTGSIQALSMDELEGHEFDLIINATSSGIS
GDIPAIPSSLIHPGIYCYDMFYQKGKTPFLAWCEQRGSK
RNADGLGMLVAQAAHAFLLWHGVLPDVEPVIKQLQEE
LSA.

Next, the probe sequence was searched with the M. sativa
EST database using the tBlastn tool in NCBI, and gene
sequences with a match greater than 50% were selected and
downloaded in FASTA format; contig-0 and contig-1 were
obtained by gene splicing using BioEdit "CAP conting
assembly program". Finally, the M. sativa shikimate
dehydrogenase cDNA sequence was predicted by ORF Finder
in NCBI to determine whether there was a gene with the
expected function, and finally the new gene fragment was
determined. The analysis tools are shown in Table 1.

TABLE1
TOOLS USED TO PREDICT GENE STRUCTURE

Search content Tools

Sequence acquisition ~ NCBI
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https://www.ncbi.nlm.nih.gov/
BioEdit
ORFfinder

Sequence splicing

Open reading frame

identificati
identification https://www.ncbi.nlm.nih.gov/orffinder/

III. AMINO ACID COMPOSITION ANALYSIS OF SDH IN M. S4TIvA4

B. Bioinformatics Analysis of the SDH in M. sativa

The obtained M. sativa SDH gene sequence was analyzed
using bioinformatics software(Sequence alignments were auto-
assembled via BioEdit CAP, with manual curation of ambiguous
regions. , and an evolutionary tree was constructed by analyzing
and predicting the physicochemical properties, hydrophilicity
and hydrophobicity, functional sites, transmembrane analysis,
signal peptides, subcellular localization, secondary structure,
tertiary structure, molecular evolution, etc. of the protein
encoded by the gene. The specific analysis content and tool

software are shown in Table 2.

TABLE I

TOOLS USED TO PREDICT PROTEIN STRUCTURE AND

FUNCTION

Amino  Number Proportion | Amino  Number Proportion
acid acid
Ala(A) 9 10.6% Ile(D) 7 8.2%
Arg(R) 3 3.5% Leu(L) 8 9.4%
Asn(N) 2 2.4% Lys(K) 3 3.5%
Asp(D) 5 5.9% Met(M) 3 3.5%
Cys(C) 3 3.5% Phe(F) 4 4.7%
GIn(Q) 3 3.5% Pro(P) 4 4.7%
Glu(E) 4 4.7% Ser(S) 7 8.2%
Gly(G) 8 9.4% Thr(T) 2 2.4%
His(H) 4 4.7% Trp(M) 2 2.4%
Val(V) 1 1.2% Tyr(Y) 3 3.5%

Search content

Tools and Parameters

Base composition

Physical and
chemical properties

Hydrophilicity/hydro
phobicity

Functional sites

Transmembrane
analysis

Subcellular
localization

Signal peptide

Secondary structure

Phosphorylation site

Tertiary structure

Homologous
evolutionary tree

Bioedit (Nucleotide Composition,
Restriction Map)

http://web.expasy.org/protparam/
http://web.expasy.org/protscale/

https:/web.expasy.org/ prosite/
TMHMM2.0,Default settings (membrane
probability >0.5; N-tail inside)

https://services.healthtech.dtu.dk/services
/TMHMM-2.0/

https://wolfpsort.hge.jp/

https://services.healthtech.dtu.dk/service.ph
p?SignalP-5.0

SOPMAD,Window width=17; Decision
constants: Helix (=4), Sheet (=4)

https://npsa-prabi.ibep.ft/cgi-
bin/npsaautomat.pl?page=npsa%.20
sopma.html

https://services.healthtech.dtu.dk/services/N
etPhos-3.1/

http://swissmodel.expasy.org/repository/

MEGA11,Neighbor-Joining (NJ) tree;
Bootstrap=1000 replicates; Poisson
correction
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A. In silico cloning results of shikimate dehydrogenase from
M. sativa

The EST sequences obtained by TBLASTN were saved in
FASTA format. The sequences were spliced using Bioedit
software to finally obtain a contig with a length of 469bp. Then,
through the prediction tool ORF Finder in NCBI, the M. sativa
SDH sequence has 5 ORFs, of which the longest ORF is 258bp
long. The protein it encodes contains 86 amino acids, and the
sequence is:

MDELEGHEFDLIINATSSGISGDIPAIPSSLIHPGIYCYD
MFYQKGKTPFLAWCEQRGSKRNADGLGMLVAQAAHA
FLLWHRCSA. Sequences with high homology were found
through BLAST. Using the Bioedit tool, the base composition
can be obtained by analyzing the electronic cloning splicing
sequence, among which the proportion of adenine A is 28.14%;
the proportion of cytosine C is 27.08%; the proportion of
guanine G is 22.17%; and the proportion of thymine T is
22.60%. Analysis of restriction enzyme positions of the
electronically cloned spliced sequence revealed that the
restriction enzyme sites of the nucleotide sequence of the M.
sativa SDH include AfIIII, AIwI, Asel, and the like.

B. Analysis of the physicochemical properties of M. sativa
shikimate dehydrogenase protein

The ExPASy-Protparam tool was used to analyze the
physicochemical properties of M. sativa shikimate
dehydrogenase. The analysis showed that the number of amino
acids was 85, the molecular weight of the protein was 9370.70,
the theoretical isoelectric point pl was 5.67, the molecular
formula was Ca19He36N1120121S6, the instability coefficient was
35.85, it was a stable protein, the fat coefficient was 82.82, and
the average hydrophobicity was -0.031. Its amino acid
composition is shown in Table 3. There are 9 negatively
charged amino acids (Asp + Glu), 6 positively charged amino
acids (Arg + Lys), Ala accounts for the largest proportion,
10.6%, there is no pyrrolysine (Pyl) and selenocysteine (Sec),
and the protein is an acidic protein.

C. Prediction and analysis of hydrophilicity/hydrophobicity of
M. sativa shikimate dehydrogenase
The ExPASy-ProtScale online software was used to predict



the hydrophilicity/hydrophobicity of the amino acid protein
encoded by the M. sativa SDH gene. The results are shown in
Figure 3. Analysis of the figure shows that the larger the
negative value, the weaker the hydrophilicity of the protein;
conversely, the larger the positive value, the stronger the
hydrophobicity of the protein. The value between +2 and -3
indicates that the amino acid is amphoteric. The highest score
of the polypeptide chain is at the 69th position of the protein,
which is +1.689, and the lowest score is at the 58th and 59th
positions of the protein, which is -2.533, so it is a hydrophilic
protein. It can also be observed that the negative peak is
significantly higher than the positive peak, and it is inferred that
the M. sativa shikimate dehydrogenase is hydrophilic. This is
consistent with the analysis results of the ExPASy-Protparam
software.

ProtScale output for usereequence
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Fig. 3. The hydrophilicity/hydrophobicity prediction results of
M. sativa SDH.
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D. Prediction and analysis of signal peptide and

transmembrane domain of M. sativa SDH

The signal peptide is a peptide segment consisting of 20 to
30 amino acid residues at the N-terminus of the nascent peptide
chain of a secretory protein. It determines the modification of
certain amino acid residues and is often used to guide the
transmembrane transfer of proteins. The signal peptide
structure of M. sativa SDH was predicted using the Signalp5.0
online software. The prediction results are shown in Figure 4.
The results show that the probability of the protein being a
signal peptide is 0.0015, and it can be inferred that the protein
is a non-secretory protein, and the absence of signal peptides
(SignalP5.0 score=0.0015) and transmembrane domains
(TMHMM) confirms cytosolic localization. This aligns with
SDH’s role in cytoplasmic shikimate metabolism [31 and
suggests direct interaction with cytoplasmic substrates like
shikimate.
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Fig. 4. Protein signal peptide prediction results of M. sativa
SDH.

The transmembrane domain is the main part where the
membrane-intrinsic protein binds to the membrane lipids. It is
generally composed of about 20 hydrophobic amino acids to
form an alpha helix, which is fixed to the cell membrane and
acts as an anchor. The TMHMM-2.0 online tool was used to
predict the transmembrane domain of the protein. The results
are shown in Figure 5. At 1.0, it is the outer boundary of the cell
membrane, and 0 is inside the cell membrane. This study
predicted a protein sequence with a length of 85 amino acids,
but no predicted transmembrane helices (TMHs) were found,
indicating that the protein is likely to contain no transmembrane
regions, or these regions may be too short or do not meet the
prediction criteria of the TMHMM model. Overall, this protein
may be a non-transmembrane protein or located inside the cell.
Further, the protein was annotated and the functional site
prediction was performed using ExPASy-Prosite. The results
showed that the 14-17, 58-63, and 67-72 amino acids were the
predicted functional sites of the protein.
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Fig. 5. Protein transmembrane domain prediction results of M.
sativa SDH.
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E. Structural prediction and analysis of M. sativa SDH

The local spatial structure of the polypeptide main chain of
M. sativa SDH was analyzed using the online software SOPMA.
The results showed that in the secondary structure of the protein,
the largest proportion was random coils, accounting for 48.24%,
with 41; followed by a helices, accounting for 31.76%, with
27; there were 17 extended chains, accounting for 20%; there
was no B fold.



The SWISS-MODEL online homology modeling method was
used to analyze the M. sativa SDH protein, predict its tertiary
structure, and use the ball-and-stick model to display all
aromatic amino acids. The results are shown in Figure 6, A is
the predicted image of the tertiary structure of the protein, and
the blue part shown in B is the position of the aromatic amino
acids in the protein stick-and-ball model.
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Fig. 6. Protein tertiary structure and predicted position of
aromatic amino acids.

F. Construction of the phylogenetic tree of M. sativa SDH

Using the results from ORF Finder in NCBI, we obtained
homologous sequences of various species through BLAST
analysis, and then used the software MEGAL11 to analyze the
evolutionary tree structure (Figure 7). We searched for protein
sequences similar to the protein sequence and performed
multiple sequence alignment on them to construct the molecular
evolutionary phylogenetic tree of the protein in plant species
(using the neighbor-joining method, NJ).

Phylogenetic analysis indicates a clear evolutionary
relationship among the SDH genes from the bacterial species
examined. Sequences from members of the Enterobacteriaceae
family—including Escherichia coli , Shigella flexneri , Shigella
sonnei , Klebsiella pneumoniae , and Salmonella enterica —
form a tightly clustered monophyletic clade with strong
bootstrap support (values of 97 and 47), demonstrating high
sequence similarity and suggesting a relatively recent common
ancestor. In contrast, Staphylococcus agnetis (phylum
Firmicutes) represents a more distantly related lineage. Its
position as an outer group, with a bootstrap value of 54 at the
divergent node, is consistent with its taxonomic distinction
from the Enterobacteriaceae, underscoring the divergence
between these bacterial groups.
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HAY8005746.1 shikimate dehydrogenase Shigella flexneri

MDDO0436966.1 shikimate dehydrogenase Shigella sonnei

EG09251376.1 shikimate dehydrogenase Escherichia coli

HBY4512961.1 shikimate dehydrogenase Klebsiella pneumoniae

ENN4193337.1 shikimate dehydrogenase Salmonella enterica subsp. enterica serovar Typhimurium

WP 107371606.1 shikimate dehydrogenase partial Staphylococcus agnetis

Fig. 7. Phylogenetic analysis of M. sativa SDH.

IV. CONCLUSION

This study focused on the SDH of M. sativa and successfully
obtained the full-length sequence of the gene using electronic
cloning technology. Through a series of bioinformatics analysis
tools and methods, the biological characteristics of the gene and
the protein it encodes were systematically analyzed™. The
results of gene sequence analysis revealed the characteristics of
its base composition, potential restriction sites and sequence
variation information, laying the foundation for subsequent
gene function research and application. In terms of protein
sequence analysis, we deeply explored key factors including
functional sites, domains, physicochemical properties,
hydrophilic and hydrophobic properties. In addition, signal
peptide prediction, transmembrane structure analysis and
subeelularlocalization—analysis also provide an intuitive
understanding of the distribution and action location of the
protein in the cell. Further secondary and tertiary structure
predictions provide a spatial structural basis for revealing the
functional mechanism of the protein, while the phylogenetic
tree constructed based on multiple sequence alignment and
molecular evolution analysis reveals the evolutionary
relationship of the gene, providing important clues for inferring
its evolutionary process and genetic differences between
species.

These research results not only provide key data support for
our in-depth understanding of the SDH mechanism of M. sativa
growth and development, but also provide a theoretical basis
for the gene function and metabolic regulation of M. sativa. By
revealing the specific function of this gene in the metabolic
pathway of M. sativa, these data provide an important reference
for M. sativa variety improvement, metabolic regulation and
stress resistance research. At the same time, the gene sequence
and protein characteristic analysis obtained in this study



provide a solid theoretical basis for subsequent functional
verification experiments, and provide new ideas and directions
for further exploring the application potential of M. sativa in
agricultural production.

V. DISCUSSION

While this study utilized conventional bioinformatics tools to
successfully clone and characterize the M. sativa SDH gene, the
integration of Al in future work could profoundly deepen the
interpretation of our findings and accelerate functional
validation. The specific features of the M. sativa SDH sequence
uncovered here—such as its acidic plI (5.67), hydrophilic nature,
absence of transmembrane domains, and key functional
motifs—provide an ideal foundation for Al-driven predictive
modeling.

For instance, the amino acid sequence we identified could be
used as direct input for deep learning models like AlphaFold
to generate a high-accuracy tertiary structure model, moving
beyond the preliminary model presented in this study. This
could reveal the spatial arrangement of catalytic residues and
suggest potential binding mechanisms for substrates or
inhibitors. Furthermore, AI algorithms could analyze our
phylogenetic results in a broader context, identifying conserved
regulatory elements across legumes that control SDH
expression under stress conditions [!!: 161,

The non-secretory, cytosolic localization predicted for the
SDH protein indicates its role in intracellular metabolism. Al
models could integrate this subcellular localization data with
public transcriptomic datasets to build predictive models of
how M. sativa SDH expression correlates with drought or
pathogen challenge, thereby guiding targeted experimental
validation ['?], Finally, the unique sequence motifs we reported
could help train convolutional neural networks to identify SDH
genes with similar regulatory features in other crops, supporting
comparative genomics and precision breeding efforts 5 131,

In conclusion, the bioinformatic profile of M. sativa SDH
established in this work provides the essential data layer upon
which Al and machine learning can be deployed to transition
from in silico characterization to in planta functional analysis
and metabolic engineering.

While this study utilized conventional bioinformatics tools to
successfully clone and characterize the M. sativa SDH gene, the
integration of Al in future work could profoundly deepen the
interpretation of our findings and accelerate functional
validation. The specific features of the M. sativa SDH sequence
uncovered here—such as its acidic pI (5.67), hydrophilic nature,
absence of transmembrane domains, and key functional
motifs—provide an ideal foundation for Al-driven predictive
modeling.

For instance, the amino acid sequence we identified could be
used as direct input for deep learning models like AlphaFold !
to generate a high-accuracy tertiary structure model, moving
beyond the preliminary model presented in this study. This
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approach has demonstrated remarkable success in predicting
protein structures with atomic-level accuracy, as exemplified
by AlphaFold’ s performance in the CASP14 competition.
Such a model could reveal the spatial arrangement of catalytic
residues and suggest potential binding mechanisms for
substrates or inhibitors, thereby facilitating targeted
mutagenesis or inhibitor design. Furthermore, Al algorithms
could analyze our phylogenetic results in a broader context,
identifying conserved regulatory elements across legumes that
control SDH expression under stress conditions ['" ', For
example, random forest models could be employed to integrate
transcriptomic data from public repositories like PhytoMine,
enabling the prediction of SDH expression patterns under
drought or pathogen challenge and guiding subsequent
experimental validation (1?1,

Additionally, the unique sequence motifs we reported could
help train convolutional neural networks to identify SDH genes
with similar regulatory features in other crops, supporting
comparative genomics and precision breeding efforts [3 '3,
Beyond expression prediction, Al-powered tools such as
DeepCRISPR ¥ could leverage the gene sequence information
to design high-efficiency sgRNAs for CRISPR-based knockout
or editing of M. sativa SDH, thereby functionally validating its
role in stress adaptation or metabolic flux. DeepCRISPR has
already been successfully applied in animal and plant systems
to improve the efficiency and specificity of gene editing,
suggesting its strong potential for use in alfalfa.

In conclusion, the bioinformatic profile of M. sativa SDH
established in this work provides the essential data layer upon
which Al and machine learning can be deployed to transition
from in silico characterization to in planta functional analysis
and metabolic engineering.
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AI-Driven Methods for Preservation and Education
in Chinese Calligraphy

Jingjian Chun', Jiaqi Yi'
! Education in Development and Management of Education, Srinakharinwirot University.Bangkok Thailand

Abstract—Preserving Chinese calligraphy heritage and
enhancing its instruction have become increasingly important
in the digital era. Advances in artificial intelligence (AI)
provide new tools to analyze, classify, and simulate calligraphic
works, thereby enriching traditional teaching and preservation
methods. This article surveys how Al techniques—such as
image recognition via deep learning and generative modeling—
can be applied to Chinese calligraphy. We explore applications
including automated style analysis and recognition, Al-assisted
tutoring systems, and digital archiving of calligraphic works.
These developments demonstrate that AI can significantly
improve the transmission, teaching, and conservation of
calligraphy.

Index Terms—Chinese calligraphy, Artificial intelligence,
Image recognition, Machine learning, Cultural heritage

L. INTRODUCTION

Chinese calligraphy is a revered art form with a rich
history dating back thousands of years, and it is considered a
valuable world cultural heritage Tens of millions of people
around the globe practice or collect calligraphy, and numerous
historical works require careful preservation and study
Consequently, there is growing interest in computational tools
that can support calligraphy research and education.
Traditional learning and evaluation of calligraphy have relied
on manual apprenticeship and subjective assessment, which
are labor-intensive and difficult to scale. In this context, Al
offers powerful computational methods to assist calligraphy
transmission and preservation.

In particular, machine learning and computer vision
allow the digitization of calligraphy images and the automatic
extraction of stylistic features. Deep learning models, such as
convolutional neural networks, can classify script types or
even identify individual calligraphers by recognizing their
distinctive stroke patterns This article surveys Al-driven
applications in calligraphy analysis, educational technology,
and archival preservation. By examining these scenarios, we
demonstrate how Al can complement traditional methods and
promote cultural continuity.

This work was supported by the Jianlong Innovation and Entrepreneurship
Fund under Grant No. BKZZJH202506.Corresponding author: Hongyuan
Wang (e-mail: why126@email.cufe.edu.cn).
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II. LITERATURE REVIEW

Al-based image recognition techniques have been
adapted to the complex patterns of handwritten calligraphy.
Modern computer vision models analyze brush strokes, ink
intensity, and spatial layout to classify script forms and
attribute authorship. Deep CNNs have been employed to
extract features unique to each style In practice, a large corpus
of labeled calligraphy images (scanned works or handwritten
samples) is used to train these models. The network then
outputs classification labels or feature embeddings that
characterize the calligraphy style.

These images serve as input to convolutional neural
networks for style recognition and feature analysis. For
instance, an Al model might extract structural features
corresponding to the traditional Nine-Palace grid, allowing it
to evaluate balance and stroke composition quantitatively.

In experiments, CNN-based classifiers have shown strong
performance in style-recognition tasks. For example, a recent
study found that a deep learning system correctly identified
960 distinct Chinese characters across five calligraphy scripts
with about 95.6% accuracy This suggests that Al can reliably
transcribe and classify large character sets, which is crucial for
indexing and comparing calligraphy works. Beyond
classification, Al methods can also aid in forgery detection
and authorship attribution by identifying subtle stylistic
anomalies. For instance, if a new piece diverges significantly
from learned style patterns, the Al can flag it for expert
review.

IT11. THEORETICAL FRAMEWORK

This study is grounded in the concept of “technology-
enabled cultural transmission,” integrating the Technology
Acceptance Model (TAM) with a cognitive-affective-
behavioral pathway framework to explain how Al applications
in calligraphy education influence student attitudes and
behavior.

First, the Technology Acceptance Model (TAM) is
employed to interpret how students perceive and accept Al-
assisted calligraphy tools, such as augmented reality (AR)
stroke simulation systems and haptic-feedback pens. The
CHAS scale results show that students rated the perceived
usefulness of Al tools at 4.1 on a 5-point scale, indicating a
strong belief in the technology’s educational potential.



Second, the constructivist learning theory underlines that
knowledge is constructed within specific sociocultural
contexts. In the context of calligraphy education, Al tools—
such as background reconstruction of historical inscriptions
and Al-driven stroke decomposition—enhance learners’
perceptual understanding of bi yi (the philosophical intent
behind brushstrokes). Interview data from instructors indicated
that Al-integrated teaching effectively addresses the
fragmentation of learning induced by social media
consumption.

Additionally, the study introduces a cognitive—affective—
behavioral (CAB) pathway model in which:

Cognitive activation is triggered by Al-powered
analytical feedback;

Affective resonance is facilitated by multisensory
immersive instruction;

Behavioral engagement is reinforced through practice-
based outreach programs.

This pathway is supported by the data: the average CHAS
score for emotional identification was 4.2, while cognitive
understanding lagged at 2.8. Following the integration of AR
tools, behavioral intentions increased by 33%. Overall, this
study constructs a novel explanatory framework that merges
TAM and cultural-cognitive theory to model how Al mediates
calligraphy heritage education.

IV. RESEARCH METHODOLOGY

4.1 Research Design

This study adopts an explanatory sequential mixed methods
design that begins with a quantitative analysis of calligraphy
students’ attitudes toward Al-integrated instruction, followed
by qualitative insights from expert interviews and classroom
observations. The rationale for this approach lies in the
complexity of cultural heritage education, where attitudes,
cognition, and behaviors are often shaped not only by
instructional content but also by affective and sociocultural
dimensions. Through a combination of survey-based statistical
modeling and qualitative triangulation, the study aims to
capture a holistic view of how Al tools impact the
transmission of Chinese calligraphy traditions in higher
education.

The design is structured in two primary phases:Phase I
(Quantitative): Distribution of a validated Calligraphy
Heritage Attitude Scale (CHAS) questionnaire to a stratified
sample of university students across five institutions in
Shandong Province. Data are analyzed using SPSS to identify
patterns, correlations, and significant factors affecting Al
acceptance in calligraphy instruction.Phase II (Qualitative):
Semi-structured interviews with ten faculty members and
program administrators, supplemented by classroom
observations and system usage data from Al-enhanced
teaching tools such as haptic feedback pens and AR simulation
platforms.This mixed-method design enables not only
statistical generalization but also contextual understanding—

essential for studies situated at the intersection of technology,
culture, and pedagogy.

Chinese calligraphy, as an important component of China’s
excellent traditional culture, has always faced new
requirements in protection and education due to the
development of the times (Xu Yunchun & Chen Siy i, 2025).
In the context of the digital era, the methods of inheriting
traditional calligraphy are undergoing profound
transformations. Calligraphy protection work has shifted from
mere physical preservation to a combination of digital
archiving and restoration. Through high-precision scanning
and image processing technologies, many precious
inscriptions and ink manuscripts have been digitally
preserved, laying a solid foundation for academic research and
cultural dissemination (Xiao Xiansheng & Chen Long, 2024).
These technological methods not only maximize the
restoration of the original appearance but also reveal the ink’s
subtle charm and paper textures through functions such as
detail magnification and color correction, offering new
perspectives for calligraphy studies.

In the field of calligraphy education, modern technological
tools are deeply integrating with traditional teaching methods
(Chen Longguo, 2024). The application of multimedia
technology has broken through spatial and temporal
limitations in calligraphy instruction. Students can observe the
entire process of masters writing through high-definition
videos, closely studying the turns of the brush and the
variations of ink tones. The establishment of digital character
databases provides learners with abundant models for copying.
Calligraphy works in different scripts and styles can be
presented in standardized formats, enabling effective
comparative study (Guo Cheng, 2025). Especially at the
elementary education stage, the use of multimedia courseware
and interactive teaching software makes stroke practice, which
was once relatively monotonous, more vivid and engaging,
thereby effectively enhancing students’ interest. Teachers can
also record each student’s practice process via digital
platforms, conduct longitudinal comparisons, and provide
personalized guidance to achieve differentiated instruction (Li
Xiaoyan, 2025).

It is worth noting that the application of modern technologies
in calligraphy teaching extends beyond skill training to the
realm of cultural inheritance (Sigingga, 2025). By establishing
digital calligraphy museums, students can virtually visit
treasured original works by masters from various regions and
learn about the historical stories and cultural connotations
behind the pieces. Some teaching software also incorporates
knowledge of calligraphy history and philology, enabling
learners to gain a deeper understanding of the cultural essence
of calligraphy while mastering writing skills. This
comprehensive digital learning experience helps cultivate
students’ holistic understanding of traditional culture and their
aesthetic abilities.

However, a sober awareness is needed in advancing the
digitalization of calligraphy (Chen Zhenlian, 2017).
Technology is ultimately an auxiliary tool and cannot replace
the humanistic care and emotional interaction embodied in the
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traditional teacher-apprentice mode of instruction. The essence
of calligraphy lies in the spirit and personality conveyed
between brush and ink, which no technology can fully
replicate (Xing Tiantian & Ding Shaoshuai, 2024). Therefore,
while applying modern technologies, greater emphasis should
also be placed on the inheritance and innovation of traditional
teaching methods so that the two can complement each other.
Teachers play a key role in this process: they need to
continuously enhance their own competencies, mastering new
technologies while deeply understanding the essence of
calligraphy art, in order to better guide students to appreciate
the beauty of calligraphy (Wang Peng, 2025).

Currently, calligraphy education is moving toward a stronger
emphasis on cultural connotation and aesthetic cultivation (Xu
Shukun, 2025). Many educational institutions have begun
experimenting with integrating calligraphy with other art
forms to carry out interdisciplinary teaching practices. For
example, combining calligraphy with classical literature,
traditional music, and Chinese painting allows students to
experience the profoundness of Chinese culture through
multiple art forms. This comprehensive approach not only
enriches the content and methods of calligraphy education but
also better aligns with the requirements of contemporary
quality-oriented education (Yu Qiang, 2025).

In conclusion, modern technologies provide new possibilities
for the protection and education of calligraphy, but the
ultimate goal is always to better transmit and develop this
ancient art. On the premise of maintaining the essential
characteristics of calligraphy, the rational application of
technology and the continuous innovation of teaching methods
can bring new vitality to the art in the new era. This process
requires joint efforts from educators, cultural scholars, and
technology experts, as well as broad participation and support
from all sectors of society. Only in this way can the
contemporary inheritance and innovative development of
calligraphy truly be realized, allowing this ancient art to
flourish brilliantly under modern conditions.

V. CONCLUSION AND RECOMMENDATIONS

5.1 Summary of Findings
Based on integrated data analysis, the study draws the
following conclusions: Al Technologies Enhance Technical
Mastery but Require Pedagogical Framing Tools such as AR
and Al-based stroke evaluation significantly improved
learners’ execution of calligraphic forms. However, without
instructional framing rooted in cultural context, students
struggled to grasp philosophical meanings, affirming the need
for integrated mentorship.
Cultural Identification Is a Strong Predictor of Engagement
Emotional attachment to calligraphy traditions—often
cultivated through immersive, multisensory instruction—
proved more influential than technical knowledge in
predicting students’ behavioral intentions toward preservation.
Mentorship + AI = A Scalable but Human-Centered Model
The 14N mentorship model (one ICH bearer +
interdisciplinary Al mentors) successfully preserved the
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authenticity of oral tradition while leveraging AI’s scalability.
This model yielded an 85% accuracy rate in historical context
reconstructions and a 40% gain in stroke reproduction
precision.Institutional and Policy-Level Gaps Persist Only
22% of surveyed institutions had dedicated cultural heritage
educators, and fewer than 30% had allocated budgets for Al
teaching tools. Cultural compression, as amplified by
decontextualized digital content, continues to threaten holistic
heritage transmission.

5.2 Policy and Educational Recommendations
To improve Al-enabled calligraphy education, we propose the
following strategies:
Curriculum Innovation:Develop Al-integrated calligraphy
modules that include AR-based inscription simulations, VR
galleries of ancient scrolls, and real-time stroke feedback
systems.Faculty Development:Organize interdisciplinary
training workshops where calligraphy instructors collaborate
with Al developers to co-create pedagogical content and
assessment rubrics.Policy Intervention:Mandate inclusion of
ICH education in university curricula. Allocate a minimum of
3% of cultural budgets to Al infrastructure supporting
traditional arts.Data and Infrastructure Support:Scale up the
Yellow River Basin Calligraphy DNA Project, using
blockchain to archive high-resolution (1200 dpi) stele scans
and crowdsource annotations for Al training.Public—Private
Partnerships:Collaborate with cultural enterprises to
commercialize digital calligraphy products and establish
mentorship-based artist residencies that integrate Al tools into
traditional apprenticeship pathways.
5.3 Contributions and Future Directions
Theoretical Contribution This study is the first to embed
traditional apprenticeship models into the TPACK framework
(Technological Pedagogical Content Knowledge), offering a
novel interdisciplinary approach to cultural education in the
digital era.Practical Contribution It provides an empirically
grounded implementation strategy for UNESCO SDG 11.4,
which focuses on safeguarding cultural heritage,
demonstrating measurable improvements in learner
engagement, accuracy, and long-term retention.Limitations
and Future Work The research sample focused primarily on
students enrolled in calligraphy majors. Future studies should
expand to non-art disciplines to evaluate transferability.
Additionally, institutional resistance to educational innovation
warrants deeper exploration through organizational change
theories and comparative policy analysis.
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