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Abstract

Sex estimation of human skeletal remains is one of the fundamental steps in bioarchaeology and forensic
anthropology, providing crucial demographic information about past populations and assisting in forensic
identification cases. Traditional methods, such as the Buikstra-Ubelaker standard, offer valuable frameworks
but suffer from subjective interpretations, interobserver variability, and regional morphological differences.
To address these challenges, this study not only develops two fuzzy inference systems (FIS) designed to
estimate the sex of skeletal remains based on morphological features, but also aims to highlight the potential
of fuzzy logic in anthropological and archaeological studies. The first fuzzy system is constructed according
to the Buikstra-Ubelaker standard, treating selected cranial traits equally and using predefined feature weights.
The second system is developed based on empirical osteological data collected from 128 Iranian skeletal
samples, integrating both cranial and pelvic features. Fuzzy rules were extracted systematically using decision
tree modeling, enhancing the data-driven nature of the second system. Both fuzzy inference systems were
developed using a Mamdani-type architecture and implemented in the Python programming environment.
Validation of the models involved applying the first system to a dataset of 50 individuals and the second

system to a dataset of 19 individuals, all with sex estimations previously made by experts and confirmed
through DNA analysis. The Buikstra-Ubelaker-based system achieved an accuracy rate of 48%, whereas the
empirical-data-based system demonstrated 83% accuracy. Findings indicate that fuzzy inference systems, par-
ticularly those built on empirical, population-specific data, can provide more accurate and objective sex esti-
mations than standard-based methods. Further refinement in membership function design, feature weighting,
and dataset expansion is recommended to optimize performance and enhance the applicability of fuzzy sys-

tems in archaeological and forensic contexts.

Keywords: Fuzzy Inference System, Sex Estimation, Archaeological Anthropology, Forensic, Osteological
Data Analysis

Introduction

Sex estimation from human skeletal remains is a core aspect of
biological anthropology, archaeology, and forensic science. Deter-
mining the biological genderof skeletal individuals enables re-

searchers to reconstruct past demographics, understand social the most widely utilized.

Received: 2025/04/27
Revised: 2025/09/13
Accepted: 2025/09/23
Published: 2025/12/30

Copyright: ©2025 by the Authors. This
article is an open access article distributed
under the terms and conditions of the Cre-
ative Commons Attribution Noncommer-
cial 4.0 International (CC BY-NC 4.0 li-

cense)

censes/by-nc/4.0

structures, and aid legal investigations. Over the decades, numer-
ous morphological methods have been developed to estimate sex,

with the Buikstra-Ubelaker standard (1994) standing out as one of
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Despite its widespread application, traditional sex estimation
methods ate not without limitations. The subjective nature of
scoring morphological traits, observer bias, and varying expres-
sion of sexual dimorphism across populations all contribute to in-
consistencies and inaccuracies. Additionally, these methods often
do not account for the continuous variation present in human
skeletal morphology, simplifying complex biological realities into
binary categories.

Recent advances in computational methods, particularly artificial
intelligence and fuzzy logic, have opened new avenues for han-
dling uncertainty and imprecision inherent in skeletal sex estima-
tion. Fuzzy inference systems (FIS) provide a mathematical frame-
work capable of modeling degrees of membership rather than
rigid classifications, making them ideal for interpreting ambiguous
or intermediate morphological traits.

This study proposes the design and evaluation of two distinct
fuzzy inference systems aimed at estimating sex from skeletal re-
mains. The first system is developed based on traditional stand-
ards, specifically the Buikstra-Ubelaker method, and treats all mor-
phological features with equal significance. The second system is
constructed using empirical data collected from Iranian skeletal
samples, thereby aiming to develop rules that are tailored to spe-
cific population characteristics.

Through this research, we seek to assess the efficacy of fuzzy logic
in skeletal sex estimation and explore how data-driven approaches

compare to traditional standards in terms of accuracy and reliabil-
ity.

Methodology

The study followed a structured methodological framework in-
volving the following key phases:

1. Data Preparation

For the standard-based system, five cranial features (nuchal crest,
mastoid process, supraorbital margin, glabella, and mental emi-
nence) were selected in accordance with the Buikstra-Ubelaker
scoring guidelines. Fach trait was scored on a five-point ordinal
scale, with 1 indicating a strongly feminine trait and 5 indicating a

strongly masculine trait.

Results

The standard-based fuzzy inference system, constructed on Buiks-
tra-Ubelaker guidelines, achieved a classification accuracy of 48%.
While it demonstrated some success in distinguishing clear cases
of male or female morphology, it struggled with intermediate

forms and ambiguous features.

For the empirical-data-based system, a dataset consisting of 128
Iranian skeletal samples was utilized. This dataset included both
cranial and pelvic features, scored similarly on a five-point scale.
Only individuals with sex confirmed by DNA testing were in-
cluded to ensure ground truth reliability.
2. Rule Extraction and Selection
For the first system, rules were manually defined based on stand-
ard descriptions, assuming equal importance for all features.
For the second system, fuzzy if-then rules were extracted using
decision tree algorithms, enabling the identification of complex
interactions among features. This approach allowed for the crea-
tion of more nuanced and realistic rules that better captured the
biological variability in the population.
3. Fuzzy System Design
Both systems were implemented using Mamdani-type fuzzy infer-
ence architecture, consisting of:

e Input fuzzification: Mapping crisp feature scores to

"

fuzzy sets (e.g., " high possibility female," “possibly fe-

m " " <

male”, "indeterminate”, “possibly male”, " high possibil-
ity male ");
e Rule evaluation: Applying fuzzy operators (minimum)
to combine antecedents;
e Aggregation: Combining multiple rule outputs into a
single fuzzy set;
e  Defuzzification: Converting the aggregated fuzzy out-
put into a crisp value representing the sex estimation.
Triangular membership functions were employed for input fuzzi-
fication based on the range and distribution of feature scores.
4. System Implementation and Testing
The fuzzy systems were coded in Python, utilizing libraries such
as scikit-fuzzy. Validation was carried out by applying the first sys-
tem to a test set consisting of 50 individuals and the second system
to a separated test set of 19 individuals.
The performance of each system was evaluated based on overall
accuracy (percentage of correct classifications), along with addi-

tional analyses focusing on false positive and false negative rates.

The empirical-data-based fuzzy inference system significantly out-
performed the first system, achieving an accuracy rate of 83%.
This system showed a higher capacity to handle cases with inter-
mediate scores and demonstrated better alignment with verified

sex classifications.
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An in-depth error analysis revealed that the standard-based system
frequently misclassified individuals with ambiguous morphologi-
cal traits, due to its equal weighting of all features and its inability
to capture population-specific trait vatiations.

Conversely, the data-driven system benefited from its rules being
tailored to the specific morphological patterns observed in the Ira-
nian skeletal sample. This allowed it to assign appropriate weights
and interactions among features, resulting in improved classifica-

tion performance.

Discussion

The results clearly highlight the advantages of using empirical,
population-specific data for constructing fuzzy inference systems
for sex estimation. The standard-based system’s limited perfor-
mance underscores the risks of applying uniform standards across
diverse populations without accounting for regional variation in
skeletal morphology.

Several factors contributed to the superior performance of the
empirical-data-based system:

e  Feature Weighting: Not all morphological traits con-
tribute equally to sex differentiation. The decision tree
modeling process enabled the system to assign greater
importance to more discriminative features;

e  Population Specificity: Morphological expressions of
sex-related traits can differ significantly across popula-
tions due to genetic and environmental factors. Tailoring
the rules to the specific sample improved accuracy;

¢ Data-Driven Rule Formation: Instead of relying solely
on expert descriptions, empirical patterns were extracted
directly from the dataset, leading to more realistic and
comprehensive rules.

However, certain limitations remain. The empirical dataset, while
richer than predefined standards, was still relatively small and re-
gion-specific. Expanding datasets to include broader geographical
and racial diversity would further enhance model generalizability.
Additionally, improvements in the design of membership func-
tions, such as the use of adaptive or data-driven membership func-
tions, could yield further gains in performance. Future research
can focus on incorporating weighted fuzzy rules based on feature
importance, exploring ensemble approaches that combine multi-
ple fuzzy systems, applying fuzzy inference models to other skel-
etal elements beyond the cranium and pelvis, and investigating
scalability of systems for large-scale archaeological or forensic da-

tabases.

Conclusion
This study explored the potential of fuzzy inference systems (FIS)

for sex estimation based on skeletal morphology. Two systems
were designed and compared: one based on the Buikstra-Ubelaker
standard and the other built from empirical data collected from
Iranian skeletal remains. The results showed that while the stand-
ard-based system struggled with ambiguous cases and achieved
limited accuracy (48%), the empirical-data-based system per-
formed significantly better (83%) by accounting for population-
specific patterns and weighting features more effectively.

Opverall, the findings support the idea that fuzzy logic, especially
when combined with real data, can provide a more flexible and
accurate approach to handling uncertainty in sex estimation. In-
stead of forcing binary decisions, fuzzy systems allow for degrees
of membership and better reflect the complexity of human varia-
tion. Further improvements, such as expanding the dataset, refin-
ing membership functions, and combining multiple systems, can
help make these tools even more useful for archaeological and fo-

rensic applications.
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Table 1. If-then rules based on Buikstra-Ubelaker standard

Principle

If Nuchal Crest is 2, then sex is “possibly female”
If Nuchal Crest is 3, then sex is “indeterminate”
If Nuchal Crest is 4, then sex is “possibly male”

If Mastoid Process is 2, then sex is “possibly female”
If Mastoid Process is 3, then sex is “indeterminate”
If Mastoid Process is 4, then sex is “possibly male”

=
e R = RS I SN ST R SR Y
g

—_ e, =
BN

If Supraorbital Margin is 4, then sex is “possibly male”

NN DN — = = =
N — O O 0o 3 U;

If Mental Eminence is 2, then sex is “possibly female”

N
(S8}

If Mental Eminence is 3, then sex is “indeterminate”

24 If Mental Eminence is 4, then sex is “possibly male”

If Nuchal Crest is 1, then sex is “high possibility female”

If Nuchal Crest is 5, then sex is “high possibility male”

If Mastoid Process is 5, then sex is “high possibility male”

If Supraorbital Margin is 2, then sex is “possibly female”
If Supraorbital Margin is 3, then sex is “indeterminate”

If Mastoid Process is 1, then sex is “high possibility female”

If Supraorbital Margin is 1, then sex is “high possibility female”

If Supraorbital Margin is 5, then sex is “high possibility male”

If Supraorbital Ridge/Glabella is 1, then sex is “high possibility female”
If Supraorbital Ridge/Glabella is 2, then sex is “possibly female”

If Supraorbital Ridge/Glabella is 3, then sex is “indeterminate”

If Supraorbital Ridge/Glabella is 4, then sex is “possibly male”

If Supraorbital Ridge/Glabella is 5, then sex is “high possibility male”
If Mental Eminence is 1, then sex is “high possibility female”

25If Mental Eminence is 5, then sex is “high possibility male”
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Table 2. Frequency distribution of sex estimation in the case study set
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Table 3. Constructed rules
Row Principle
1 If Prominence_of_glabella is 3 and flexion_of_ramus is 2, then the sex is possible_female
2 If Prominence_of_glabella is 3 and flexion_of_ramus is 3, then the sex is possible_male
3 If Prominence_of_glabella is 4 and sacrum is 3 and flexion_of_ramus is 4, then the sex is possible_male
4 If Prominence_of_glabella 4 and sacrum is 3 and flexion_of_ramus is 5, then the sex is high_possible_male
5 If Prominence_of_glabella is 4 and sacrum is 4, then the sex is high_possible_male
6 If mandiblis 4 and mastoid_process is 2, then the is sex is possible_female
7 If mastoid_process is 3 and Prominence_of_glabella is 4 and mandible is 3 and supraorbial_margin is 2, then the is sex possible_male
8  If mastoid_process is 3 and Prominence_of_glabella is 4 and mandible is 3 and supraorbial_margin is 3, then the sex is neutral
9 If mastoid_process is 3 and Prominence_of_glabella is 4 and mandible is 4 and nuchal_crest 4,then the sex is possible_male
10 If mastoid_process is 3 and Prominence_of_glabella is 4 and mandible is 4 and nuchal_crest is 5, then the sex is neutral
11 If mandible is 4 and mastoid_process is 3 and Prominence_of_glabella is 5, then the sex is possible_male
12 If mandible is 5, then the sex is high_possible_male
13 If flexion_of_ramus is 3 and pubis is 2, then the sex is possible_female
14 If flexion_of_ramus is 3 and pubis is 4, then the sex is possible_male
15 If flexion_of_ramus is 4 and sacrum is 3, then the sex is possible_male
16 If sacrum is 3 and flexion_of_ramus is 5, then the sex is high_possible_male
17 If flexion_of_ramus is 4 and sacrum is 4, then the sexis high_possible_male

013483l aslsh € Jgda
Table 4. Added rules
Row Principle
1 Ifnuchal crestis 2 and mastoid_process is 2 and supraorbial margin is 2 and Prominence_of_glabella is 2 and mandible is 2 and
flexion_of_ramus is 2 and pubis is 2 and sacrum is 2, then the is sex possible_female
2 If nuchal_crest is 4 and mastoid_process is 4 and supraorbial_margin is 4 and Prominence_of_glabella is 4 and mandible is 4 and
flexion_of_ramus is 4 and pubis is 5 and sacrum is 5, then the sex is high_possible_male
3 Ifnuchal_crestis 5 and mastoid_process is 4 and supraorbial_margin is 4 and Prominence_of_glabella is 4 and mandible is 4 and
flexion_of_ramus is 4 and pubis is 5 and sacrum is 5, then the sex is high_possible_male
4 If nuchal crestis 5 and mastoid_process is 5 and supraorbial_margin is 5 and Prominence_of_glabella is 5 and mandible is 4 and
flexion_of_ramus is 4 and pubis is 5 and sacrum is 5, then the sex is high_possible_male
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