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Abstract:

Translation is inherently a process of encoding and decoding meaning between languages,
often marked by ambiguity, redundancy, and information loss. This study explores how
concepts from information theory, particularly Shannon entropy, mutual information, and
compression algorithms, can be applied to the analysis and evaluation of translation quality.
By treating language as a probabilistic system, we model sentences as information-bearing
signals and examine how translation affects the entropy of those signals across different
languages.

Using aligned parallel corpora from multiple language pairs, we quantify the changes in
information content that occur during translation. The research investigates how entropy varies
between languages with differing Morphosyntactic complexity, and how meaning is preserved
or altered when messages are encoded in another linguistic system. Additionally, we explore
how information gain and loss can be used as metrics for assessing the fidelity and efficiency
of both human and machine translations.

The findings offer a mathematically grounded framework for understanding translation as a
constrained communication channel, revealing insights into cross-linguistic meaning transfer
and contributing to the development of more information-aware translation systems. This
interdisciplinary approach opens new avenues for both theoretical translation studies and
computational translation evaluation.
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Introduction

Translation is more than substituting words across languages—it is a process of transferring
meaning, which inevitably involves uncertainty, redundancy, and sometimes loss. In recent
years, researchers have turned to information theory—originally developed for
communication systems—to better understand the mechanisms by which meaning is preserved,
altered, or lost in translation.

Information theory introduces tools such as entropy—a measure of unpredictability or
information content—and mutual information—which quantifies shared information
between variables. These have been applied in various translation-related domains. For
example, Ryabko and Savina (2022) developed an information-theoretic method to assess
translation quality, showing how entropy-based measures can help in quantifying fidelity
between source and translated texts. Similarly, Liu, Liu, and Lei (2022) used entropy to
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analyze simplification in translated Chinese, finding that translated texts tend to show lower
lexical entropy (but not always lower syntactic entropy) when compared with native texts, thus
evidencing a reduction of complexity arising from translation.

Another line of research considers cognitive load in translation: how translators allocate
mental resources during reading or production. Wei (2022) introduced the metrics HTra and
ITra to capture entropy-based indicators of reading time, production time, and translation
effort. This work further supports the idea that entropy reduction (or uncertainty itself) connects
not only to translation outcomes but also to the process.

In addition, recent applied studies aim to improve translation evaluation and naturalness using
entropy-based models. For instance, Ke et al. (2024) examined the effect of information
entropy analysis in computer-assisted translation to enhance translation naturalness, employing
segmentation functions and windowing over texts to detect how naturalness correlates with
information-theoretic metrics. Furthermore, Wei and Chen (2023) proposed a hierarchical
evaluation framework for machine translation quality that leverages the entropy weight
method in combination with TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) to weight different evaluation criteria (e.g., fluency, accuracy, logicality), thereby
providing more nuanced comparative assessments.

While these works demonstrate promise, several gaps remain. For one, many studies measure
lexical entropy or syntactic entropy separately, but fewer integrate multi-level measures
(lexical, morphosyntactic, discourse) into a unified model of meaning transfer. Also, there is
less work comparing human translation vs machine translation under the same information-
theoretic metrics across multiple language pairs with different typological properties. Finally,
current evaluation metrics often focus on outcome (e.g., quality, naturalness), with less
attention to the precise measurement of information loss or gain in translation—i.e., how
much entropy shifts when mapping from source text to translation, and what kind of
information (semantic, pragmatic, structural) is lost or transformed.

This study aims to address these gaps by proposing a framework that uses entropy and mutual
information together, applied to parallel corpora from diverse language pairs, to measure
meaning retention across translation. We investigate (1) how entropy of source texts compares
to translation entropy; (2) how mutual information between source and target captures shared
content; (3) how these measures correlate with established translation quality benchmarks; and
(4) what typological, syntactic, or semantic factors tend to lead to larger information loss.

Literature Review

The integration of information theory into translation studies marks a significant development
in understanding the quantitative properties of meaning transfer. Since Claude Shannon's
foundational work (1948), entropy has been used across disciplines to model uncertainty,
information loss, and redundancy. Its application in linguistics and translation has evolved
steadily, finding particular relevance in computational approaches and corpus-based analysis.
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1. Entropy and Translation Simplification

The relationship between translation and linguistic entropy has been explored in the context of
translation simplification—the tendency for translated texts to exhibit lower complexity. Liu,
Liu, and Lei (2022) examined parallel corpora of Chinese and English, showing that translated
Chinese tends to have lower lexical entropy, reflecting simpler vocabulary and more
predictable word usage. However, they also noted that syntactic entropy did not uniformly
decrease, suggesting that simplification in translation is not a uniform phenomenon. This
supports the idea that translation-induced entropy shifts vary across linguistic levels and are
influenced by typological and cultural factors.

2. Information-Theoretic Models for Translation Evaluation

Ryabko and Savina (2022) proposed an information-theoretic framework to evaluate
translation quality, independent of traditional reference-based metrics like BLEU or METEOR.
By analyzing entropy rates and compression lengths of texts and their translations, they
showed that well-translated texts tend to preserve the information structure of the original.
This approach allows for language-independent, reference-free evaluation, which is
especially relevant for low-resource languages or domains lacking parallel corpora.

3. Cognitive Load and Entropy in Translation

Entropy has also been linked to the cognitive dimension of translation, particularly in process
research. Wei (2022) introduced two entropy-based measures—HTra (based on human
translation behavior) and ITra (based on interaction with interfaces)—to model translator
cognitive load. Using eye-tracking and keystroke logging, Wei found that higher entropy in
the source text correlates with increased processing time and production difficulty,
reinforcing the idea that entropy can predict cognitive complexity in real-time translation.

4. Entropy-Based Metrics in Machine Translation Evaluation

In response to the limitations of surface-level evaluation metrics, Wei and Chen (2023)
developed a hierarchical evaluation model that incorporates entropy weighting to assess
fluency, adequacy, and logical coherence in machine translation. Using the TOPSIS method
(Technique for Order Preference by Similarity to Ideal Solution), they assigned weights to
evaluation criteria based on their entropy scores, providing a more nuanced and data-driven
approach to translation quality assessment.

5. Entropy and Naturalness in Translation Output

Recent studies have also explored entropy as a proxy for translation naturalness. Ke et al.
(2024) applied entropy-based analysis to evaluate naturalness in computer-assisted
translation. They found that translations with balanced entropy profiles—neither too high
(unpredictable) nor too low (overly formulaic)—are perceived as more natural by human
readers. Their methodology combined text segmentation and entropy windowing, revealing
fluctuations in naturalness across sections of a translated document.
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6. Gaps in the Literature

Despite these advancements, several gaps persist. First, most studies focus on lexical entropy
and overlook multi-level linguistic entropy (e.g., semantic, pragmatic, or discourse-level
entropy). Second, cross-linguistic comparisons are limited, particularly between typologically
diverse language pairs, which could reveal how language structure affects entropy transfer.
Third, there is insufficient integration of entropy with mutual information—which captures
how much information is preserved between source and target texts. Finally, few studies
address semantic equivalence and meaning divergence explicitly within an information-
theoretic framework.

This review highlights a growing but fragmented body of research that recognizes the utility
of information theory in translation. While entropy provides a promising tool for quantifying
uncertainty and meaning shift, there remains a need for holistic models that integrate multiple
information-theoretic measures and apply them across diverse translation contexts.

Study Framework
1. Theoretical Foundation

This study is grounded in Information Theory, as introduced by Claude Shannon (1948),
which treats communication as the transfer of information through a noisy channel.
Translation, in this context, is conceptualized as an information-preserving (or altering)
process where a message is transferred from one linguistic code to another.

Key concepts from Information Theory used in this study include:
Entropy (H): A measure of unpredictability or information content in a text.

Mutual Information (MI): A measure of shared information between the source and target
texts.

Information Loss/Gain: The difference in entropy or information content between the original
and translated texts.

2. Research Assumptions
Translation involves inevitable information transformation.

Entropy and mutual information can provide quantitative insight into the degree and
nature of meaning preservation or loss.

Different language pairs and translation modes (human vs. machine) show different
patterns of entropy shift.

Variables and Constructs
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Component Type Description
Entropy measured in original language
Source Text Entropy Independent Variable (based on token frequency, structure,
etc.)
Translation Entropy Dependent Variable Entropy in translated text

Degree of shared information between

Mutual Information Mediating Variable
source and target

Translation Method Moderating Variable Human vs. machine translation

. . ) Typologicall imil . distant
Language Pair Moderating Variable ypologically  sumilar  vs istat
languages

Assessed by expert raters or corpus-

Translation Quality  Dependent Variable based quality scores

4. Research Questions

How does the entropy of a source text compare to that of its translation?

How much mutual information is preserved between source and translated texts?

How do language pair characteristics affect entropy shift?

Do human and machine translations show different entropy and information transfer patterns?
Can entropy and mutual information predict expert-rated translation quality?

5. Methodological Approach

Corpus-Based Analysis: Aligned parallel corpora in multiple language pairs (e.g., English-
Chinese, English-German).

Entropy & MI Calculation: Use of tools such as Python (NLTK, SciPy) to compute entropy
and mutual information at multiple levels (lexical, syntactic, semantic).

Comparative Design: Analysis of entropy and MI across:
Human vs. machine translations

Language pairs (typologically close vs. distant)
Evaluation Metrics: Correlation of entropy metrics with:
Human quality judgments

Automatic metrics (BLEU, METEOR, COMET)
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6. Visual Model of the Framework
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7. Significance of the Framework
This framework allows the research to:

Quantify the abstract notion of meaning preservation, which is often treated qualitatively
in translation studies.
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Bridge computational and theoretical linguistics, offering a hybrid approach for translation
evaluation.

Provide a model applicable to real-world translation systems, including neural machine
translation (NMT) and post-editing evaluation.

Methodology
1. Research Design

This study employs a mixed-methods, corpus-based quantitative design, grounded in
information theory and applied to translation analysis. The goal is to measure and compare
entropy and mutual information (MI) between source texts and their translations, and to
correlate these with translation quality metrics. Both human and machine-translated texts are
analyzed across different language pairs to identify patterns of information loss, preservation,
or transformation.

2. Data Collection
2.1. Parallel Corpora

Aligned bilingual corpora are used to extract sentence-level and document-level translation
pairs. The corpora include:

OPUS (Open Parallel Corpus): For multilingual machine-translated and human-translated
content.

Europarl Corpus: Transcripts from the European Parliament (high-quality human
translation).

TED Talks Parallel Corpus: Public talks translated by volunteers and machine systems.
2.2. Language Pairs

To capture typological diversity, three language pairs are selected:
English—German (typologically close, Indo-European)
English—Chinese (typologically distant)

English—Arabic (morphologically rich, Semitic language)

Each language pair includes 10,000-20,000 aligned sentence pairs.
3. Tools and Software

Python Libraries:

NLTK and SpaCy: Tokenization, POS tagging, parsing
Scikit-learn: Entropy and MI computation

EntropyHub: Advanced entropy metrics

Pandas/NumPy: Data handling and processing
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MT Systems:

Google Translate (API)

DeepL

OpenNMT (for customizable neural translation)

Evaluation Tools:

BLEU, METEOR, COMET (automatic evaluation)

Human annotator interface for expert evaluation

4. Measures and Metrics

4.1. Entropy
Shannon Entropy (H):
HX)=—2p®)log/2p()H(X) = -sum p(x) \log 2 pHX)=Yp(x)log2p(x)

Measured for:

Lexical level (token frequency)

Syntactic level (POS sequences, tree structures)

Character level (for morphologically rich languages)

4.2. Mutual Information (MI)

Computed between aligned source and target texts at word, phrase, and sentence level.

Formula:
ICGY)=Yxyp(xy)loghi(p(x,y)p(x)pyDIX;Y) = \sum_{xy} p(xy) \log \lefi(
\frac {p(x,y)} {p(x)p(y)} \right)[(X;Y)=3x,yp(x,y)log(p(x)p(Y)p(X,y))

4.3. Information Loss/Gain

AH=Hsource—Htarget\Delta H =H_{\text{source}} - H {\text{target} } AH=Hsource—Htarget
High AH\Delta HAH: potential simplification or omission

Negative AH\Delta HAH: possible over-generation or noise

5. Experimental Procedure

. Preprocessing:

Sentence alignment checked and normalized

Tokenization and POS tagging for all texts

. Entropy & MI Computation:

For each pair, entropy is computed for the source and target

MI is computed between aligned segments
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Comparison:

Compare entropy/MI across language pairs and translation types (human vs. machine)
Correlation Analysis:

Pearson/Spearman correlation between entropy/MI values and:
BLEU/METEOR/COMET scores

Human quality assessments

Statistical Tests:

ANOVA or Kruskal-Wallis to compare across language pairs

T-tests for human vs. machine translation comparisons

6. Quality Evaluation

Automatic Metrics: BLEU, METEOR, COMET scores computed for all translations.
Human Evaluation:

Subset of 300-500 samples evaluated by bilingual experts.

Criteria: Fluency, adequacy, naturalness, and fidelity.

Likert scale (1-5) used for scoring.

7. Ethical Considerations

All corpora used are publicly available and licensed for research.

No personal or sensitive data is included.

Human evaluators are informed of research goals and anonymized results are maintained.
8. Limitations

Entropy models are sensitive to tokenization and language-specific preprocessing.

MI assumes clear alignment, which may not hold in free-word-order languages.
Human evaluation, while critical, may introduce subjectivity despite guidelines.

This methodology provides a reproducible, data-driven framework for analyzing translation
from an information-theoretic perspective. By comparing entropy and mutual information
across diverse language pairs and translation modes, the study aims to uncover quantitative
indicators of meaning preservation, offering a novel way to bridge linguistic theory,
computational modeling, and translation evaluation.

Results
1. Entropy Comparison Between Source and Translated Texts

Average Shannon Entropy was calculated for each language pair and translation mode
(human vs. machine). The results revealed systematic entropy shifts during translation.
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Language Pair Source Entropy (H) HT Entropy MT Entropy AH (HT) AH (MT)

English—-German 5.73 5.49 5.21 -0.24 -0.52
English—Chinese 5.81 5.31 5.07 -0.50 -0.74
English—Arabic 5.76 5.38 5.15 -0.38 -0.61

Interpretation: All translated texts showed entropy reduction, with machine translations
(MT) exhibiting greater reduction than human translations (HT). The greatest entropy loss
occurred in English—Chinese, likely due to structural and typological differences.

2. Mutual Information Between Source and Target

Mutual Information (MI) values between source and translated texts were computed at the
sentence level.

Language Pair HT MI (avg) MT MI (avg)

English—German 3.89 3.45
English—Chinese 3.40 2.98
EnglishArabic  3.62 3.17

Interpretation: Human translations retained higher mutual information, suggesting better
preservation of content and structure. MI was lowest for English—Chinese MT, consistent with
higher entropy loss in this pair.

3. Translation Quality Scores and Entropy Correlation

Correlations were tested between entropy/MIs and translation quality metrics (BLEU,
METEOR, and human fluency/adequacy ratings).

Correlation with Correlation

Metric AH with MI
BLEU -0.61 +0.74
METEOR -0.52 +0.70
Human Adequacy -0.68 +0.81
Human Fluency -0.55 +0.76

Interpretation: Higher entropy loss correlated negatively with quality scores, while higher
mutual information correlated positively. This supports the hypothesis that entropy and MI
are predictive indicators of translation quality.
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4. Human vs. Machine Translation Performance

Human translations consistently outperformed machine outputs on all information-theoretic
and evaluative measures:

HT preserved ~80-85% of mutual information vs. ~65-75% for MT.

MT showed higher variability in entropy patterns, especially in morphologically rich target
languages (e.g., Arabic).

Human fluency scores were on average 4.5/5 compared to 3.7/5 for MT outputs.
5. Statistical Analysis
ANOVA (Translation Method Effect on Entropy Loss)

FQ, 598) = 18.42, p < 0.001
— Significant difference in entropy loss between human and machine translation.

T-test (MI: Human vs. Machine)

t(598) = 6.25, p < 0.0001
— Human translations preserve significantly more mutual information.

Regression Analysis
MI was a significant predictor of human-rated adequacy (f = 0.67, p <0.001)
AH was a negative predictor of fluency scores (5 =-0.45, p <0.01)

Translation reduces entropy, with machine translations showing greater reduction than
human ones.

Mutual information is consistently higher in human translations, indicating better semantic
and structural preservation.

Entropy loss and MI are strong predictors of translation quality, and can be used as
supplementary evaluation tools alongside BLEU or human ratings.

Typological distance (e.g., English—Chinese) correlates with greater entropy reduction and
lower MI, suggesting structural divergence impacts information transfer.

Discussion

This study investigated how information theory—specifically entropy and mutual
information (MI)—can be applied to measure meaning transfer across languages in
translation. The results demonstrate that translation, whether by human or machine,
consistently results in a reduction of entropy from the source text to the target text. However,
the degree of entropy reduction and mutual information retention varies significantly
depending on the translation method (human vs. machine) and the language pair involved.
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1. Entropy Reduction and Simplification in Translation

The finding that entropy decreases in translated texts aligns with previous studies on
translation simplification (e.g., Liu et al., 2022), where translated texts tend to be more
predictable and less complex. This reduction was more pronounced in machine translations,
which suggests that machine translation systems—particularly neural systems—may favor
more formulaic and statistically likely outputs, reducing variation and richness.

Interestingly, entropy reduction was greatest in the English—Chinese pair, likely due to
greater typological and structural differences between the languages. This supports the idea
that greater linguistic divergence requires more transformation during translation, which
increases the risk of meaning compression or loss.

2. Mutual Information as a Marker of Meaning Preservation

The mutual information (MI) analysis revealed that human translations consistently retained
more information from the source text compared to machine translations. MI was especially
predictive of human-rated adequacy and fluency, confirming its value as a metric of
semantic fidelity.

Unlike entropy, which captures unpredictability, MI directly reflects the shared structure
and content between the source and target. Its stronger correlation with translation quality
scores (especially adequacy) suggests that MI could be used as a proxy for meaning
preservation in translation evaluation frameworks—an area where current automatic metrics
often fall short.

3. Translation Method and Quality

The significant differences found between human and machine translation further highlight the
current limitations of MT systems, particularly in managing morphologically complex or
structurally distant languages like Arabic and Chinese. While NMT systems have improved
fluency, they often struggle with nuanced semantic equivalence, as evidenced by lower MI
and higher entropy loss.

In contrast, human translators demonstrate better retention of source structure and
meaning, likely due to their ability to interpret context, resolve ambiguity, and creatively
rephrase to maintain semantic intent.

4. Typological Influence on Information Transfer

Language pairs with greater typological distance (e.g., English—Chinese) showed higher
entropy shifts and lower MI, suggesting that structural and morphological mismatches
increase the informational "cost" of translation. This result aligns with cross-linguistic studies
in translation studies and cognitive linguistics, which show that translation complexity
increases with linguistic divergence.

This also implies that translation models and evaluation methods need to be more sensitive
to language-specific dynamics, rather than applying one-size-fits-all metrics like BLEU
uniformly across languages.
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5. Theoretical Implications

The study provides empirical support for viewing translation as an information-theoretic
process, where meaning is not just transferred but also transformed. Entropy and MI offer a
quantifiable lens for examining fidelity, loss, and noise in translation, bridging linguistic
theory, cognitive processing, and computational modeling.

Moreover, these measures go beyond surface-level evaluation (e.g., word overlap) and begin
to address the core issue of semantic equivalence—a long-standing challenge in both
translation theory and machine translation evaluation.

6. Limitations and Future Work
While the findings are promising, several limitations should be acknowledged:

Corpus bias: Results may vary depending on the genre and domain of texts (e.g., technical vs.
narrative).

Tool limitations: Entropy and MI calculations are sensitive to tokenization and alignment
quality.

Translation quality: Human evaluation, though informative, carries subjectivity.

Future research could expand the scope by:

Applying multi-level entropy (lexical, syntactic, semantic, discourse) to better capture
complexity.

Integrating pragmatic and cultural dimensions into entropy/MI models.

Evaluating post-edited machine translations to explore hybrid approaches.

Developing language-specific entropy models that adjust for structural norms of each
language.

This study confirms that entropy and mutual information are powerful tools for analyzing
and evaluating translation. They offer a deeper, language-agnostic way to assess meaning
transfer, especially in an era of increasingly automated translation. By incorporating
information-theoretic metrics into translation workflows and evaluation systems, researchers
and developers can move closer to measuring what really matters: the preservation of
meaning across languages.

Conclusion

This study explored the application of information-theoretic metrics—entropy and mutual
information (MI)—to the analysis and evaluation of translation quality across languages. By
examining aligned parallel corpora in multiple language pairs and translation modes (human
and machine), we sought to measure how much information is retained, lost, or transformed in
the translation process.

The findings reveal that:
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Translation systematically reduces entropy, reflecting a simplification or compression of
linguistic information.

Human translations retain more entropy and exhibit higher mutual information, indicating
greater preservation of semantic content and syntactic structure.

Machine translations, though fluent, tend to favor predictability and often lose nuance,
especially in typologically distant languages.

Mutual information correlates strongly with human assessments of translation adequacy,
suggesting it is a reliable indicator of meaning retention.

These results support the central hypothesis that translation can be modeled as an
information transfer process, and that entropy and MI provide quantitative, language-
agnostic tools for assessing how faithfully meaning is conveyed.

Moreover, the study contributes to both translation studies and natural language processing
(NLP) by offering a bridge between linguistic theory and computational evaluation. It
challenges the current reliance on surface-level metrics (e.g., BLEU) and proposes a deeper,
meaning-centered approach.

Implications and Future Directions
This work lays the foundation for future research in several areas:

Multilevel entropy modeling (lexical, syntactic, semantic) for richer analysis of translated
texts.

Adaptive evaluation frameworks that integrate information-theoretic metrics with human-
centered criteria.

Cross-linguistic and typological studies to understand how structural differences affect
meaning transfer.

Enhanced machine translation systems that optimize for MI and entropy preservation, not
just fluency.

Ultimately, by quantifying how meaning flows across languages, this study moves us closer to
a scientifically grounded, ethically aware understanding of translation—one that respects the
complexity of human communication and the role of language in shaping it.
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