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Abstract

Objective: To address the current lack of standardized tools for evaluating hair
appearance in the beauty industry, this study presents a robust and accessible
method for objectively quantifying hair fibre orientation using two-dimensional
discrete Fourier transform (2D-DFT).

Methods: We analysed hair images of 120 Japanese women using 2D-DFT and
extracted the principal orientation angle and anisotropy index by fitting an ellipse
to the directional Fourier spectrum. The robustness of the method at the image
scale was tested by evaluating its performance across various image resolutions.
Results: The proposed method accurately quantified hair orientation and showed
consistent performance across differing image scales provided that individual
hair fibres were visually distinguishable. As the method requires only standard
digital images and basic computational processing, it is well suited for practical
applications.

Conclusion: Our 2D-DFT-based approach offers a simple yet robust framework
for analysing overall hair orientation. Although further validation is required
for different hair types and local orientation analyses, this method provides a
foundation for objective evaluation of hair appearance in cosmetic diagnostics

and hair science research.

KEYWORDS
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Résumé

Objectif: Afin de pallier I'absence d'outils standardisés pour évaluer l'apparence
des cheveux dans lindustrie cosmétique, cette étude propose une méthode
robuste et accessible permettant de quantifier objectivement l'orientation des
fibres capillaires a 1'aide de la transformée de Fourier discrete bidimensionnelle
(2D-DFT).

Méthodes: Des images capillaires de 120 femmes japonaises ont été analysées
par 2D-DFT. L'angle d'orientation principal et l'indice d'anisotropie ont été
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extraits en ajustant une ellipse au spectre directionnel de Fourier. La robustesse
de la méthode a été évaluée en fonction de la résolution des images.

Résultats: Laméthode proposée permet une quantification précise del'orientation
capillaire et montre une performance constante a travers différentes échelles
d'image, a condition que les fibres capillaires soient visuellement discernables.
Etant donné qu'elle ne nécessite que des images numériques standards et un
traitement informatique de base, cette approche est bien adaptée aux applications
pratiques.

Conclusion: Notre approche basée sur la 2D-DFT offre un cadre simple
mais robuste pour l'analyse de l'orientation globale des cheveux. Bien qu'une
validation supplémentaire soit nécessaire pour différents types de cheveux et
pour des analyses locales, cette méthode constitue une base solide pour une
évaluation objective de 1'apparence capillaire dans les diagnostics cosmétiques et

INTRODUCTION

Scalp hair not only serves biological functions, such as
protecting the head from heat, cold and physical impacts,
but also plays important social and psychological roles
[1]. Culturally, hair appearance historically reflects sex,
age, occupation and personal values [2]. Psychologically,
this relationship is closely related to self-expression
and perceived attractiveness [3]. Acknowledging these
roles, people have long paid close attention to their hair,
engaging in various beauty practices and treatments to
maintain or modify their appearance. These practices
include haircuts to adjust length and texture, blow-drying
and hot ironing to alter volume and curl and colouring or
perming to change colour and shape.

Despite their widespread use, these beauty treatments
often result in adverse effects, including hair breakage,
frizz and hair loss [4-6]. Hair appearance changes nat-
urally with age, resulting in greying, thinning and loss
of hair [7, 8]. These undesirable changes are a common
source of frustration and have driven significant efforts in
the beauty industry to develop products and treatments to
address these concerns.

Hair orientation is a key factor that influences the
overall appearance and aesthetic perception of hair.
Hair orientation is determined by two main aspects: the
morphological structure of individual hair fibres and
the alignment of multiple fibres. The first aspect, the
morphological structure, determines whether a single
hair fibre is straight, wavy, curly or coily. Quantitative
evaluation methods, such as those used to assess curli-
ness and waviness, have effectively captured the global
diversity of hair fibre morphology, offering valuable

la recherche en science capillaire.

insights into hair characteristics across different popu-
lations [9, 10].

Hair fibre alignment refers to whether neighbouring
fibres are uniformly orientated in the same direction.
Because the visual appearance of hair is determined by the
collective behaviour of approximately 100000 individual
strands [11], fibre alignment plays a critical role in shap-
ing hair perception. Despite the significance of this aspect,
quantitative methods for analysing hair alignment remain
poorly developed. This limitation presents a major chal-
lenge as it hinders the comprehensive evaluation of hair
appearance. Addressing this gap is essential for advancing
our understanding of hair aesthetics and developing re-
liable techniques to assess and improve fibre alignment.

Image-based measurement and analysis techniques offer
promising approaches for characterizing hair appearance.
To date, three representative methods have been proposed
for the quantitative evaluation of hair orientation.

The first involves image acquisition using a near-
infrared polarized light source, which enables visual-
ization and quantification of hair fibre orientation by
exploiting the anisotropic properties of the internal hair
structure [12]. This method provides a highly precise eval-
uation of individual fibre orientations and is robust against
variations in hair colour. However, its application is lim-
ited owing to the requirement for specialized equipment.

Second, the histogram of oriented gradients (HOG)
method, which calculates image gradients, has been applied
to analyse the orientation of hair bundles [13, 14]. This ap-
proach quantifies the effects of hair care products on bundle
alignment. However, it has notable limitations. Most angu-
lar information is lost because of the quantization of orien-
tations into only eight bins during histogram construction.
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McMullen et al. applied a two-dimensional discrete
Fourier transform (2D-DFT) to analyse hair fibre orienta-
tion [15]. This technique is widely used to assess the orien-
tation of fibrous materials [16-18]. In their study, 2D-DFT
was employed to quantitatively evaluate the straighten-
ing effects of relaxer treatments on African hair, which
is characterized by a tightly coiled morphology. However,
the applicability of this method to other hair types, partic-
ularly those with different morphological structures or co-
lours, has not been examined. Consequently, the broader
potential for analysing hair orientation remains largely
unexplored.

Despite the various methods proposed to date, there
is a lack of a standardized approach for hair orientation
analysis. Previous studies identified three essential cri-
teria for establishing a widely accessible method: accu-
racy, robustness and simplicity. In image analysis, major
advances have often been driven by techniques that are
robust to environmental factors, such as image scale, ro-
tation, noise and variations in lighting conditions [13, 19].
Among these criteria, simplicity is particularly important
for ensuring broad usability and accessibility. Diagnostic
systems for evaluating hair conditions based on hair ori-
entation analysis are increasingly being sought as practi-
cal tools in the beauty industry. For widespread adoption,
such systems must be user-friendly and require mini-
mal technical expertise and no specialized knowledge.
However, the development of a method that combines ro-
bustness and ease of use remains challenging.

In this study, we propose a hair orientation analysis
method based on the 2D-DFT. The method was designed
to operate with simple equipment while maintaining ro-
bustness at the image scale, making it suitable for practi-
cal applications. The following sections describe the data
set used, outline the procedure for analysing hair images
and assess the scale robustness of the proposed approach.
We then present the results obtained by applying this
method to hair images and demonstrate its consistency
and reliability. Finally, we discuss the implications of our
findings, acknowledge the limitations of the method and
suggest directions for future research.

DATA AND METHODS
Hair image data

Our data set consisted of 120 samples collected from
Japanese females aged 20-69years, with a mean age
of 42.1years and a standard deviation of 12.2years.
To evaluate hair in its natural state, participants were
instructed to avoid using hair cosmetics or undergoing
cosmetic treatment on the day of the study.

All participants were informed of the purpose and
methodology of the study, and written informed consent
was obtained before data collection. Ethical approval was
granted by the Brain Care Clinic Institutional Review
Board (IRB) under protocol number 20171211 and man-
agement number BCC241003-5.

Photographs of the back of each participant's head were
captured using a NIKON D5300 camera under controlled
lighting on a consistent scale. The original images had a res-
olution of 2000 x 2992 pixels and a depth of 24 bits. The pixel
size was approximately 0.1 mm/pixel, which is slightly larger
than the diameter of individual hair fibres (0.06-0.1 mm)
[8, 20]. To isolate the hair region, images were cropped to
512x 512 pixels. Figure 1 shows representative examples of
the cropped hair images included in the data set.

The data set captured variations in coloration and mor-
phology. The colour ranges from black to pale yellow, in-
cluding natural grey and artificially dyed hair, with colours
often varying along individual strands and across different
areas of the scalp. Morphologically, the fibres range from
straight to wavy and exhibit diverse orientation patterns
and crimp structures. Although the data set was limited to
Japanese females, it included substantial intra- and inter-
individual variations, providing a robust foundation for
subsequent analysis.

Image pre-processing

Most hair images in the data set exhibited straight or wavy
textures with colours ranging from black to yellow. These
images were converted to grayscale using the OpenCV
algorithm: Y =0.299R+0.587 G+ 0.114B, where R,
G and B represent the red, green and blue channels,
respectively, and Y denotes the grayscale value [21]. To
prepare for the orientation analysis, the mean intensity of
each grayscale image was normalized to zero.

Fundamental principles of fibre
orientation analysis

First, we describe the fundamental principles of fibre
orientation analysis using the 2D-DFT, as illustrated in
Figure 2. The 2D-DFT is a mathematical operation that
transforms an image from the spatial domain to the fre-
quency domain, known as the Fourier spectrum. It repre-
sents an image as a linear combination of sinusoidal plane
waves, each defined by a specific spatial frequency, orien-
tation angle and amplitude. As shown in Figure 2a,b, if an
image contains only a single sinusoidal plane wave, the
2D-DFT produces two point-symmetric peaks in the fre-
quency domain. The radial distance of these peaks from
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FIGURE 1 Representative examples of 512 % 512 pixel-cropped hair images collected from participants, illustrating the diversity of

colour and texture present in the data set.

the origin corresponded to the frequency, their angular
positions indicated the orientation, and the peak intensi-
ties reflected the contribution of the waves to the image.

In real-world images, a spectrum comprises multiple
wave components, resulting in a distributed spectral pat-
tern. When the fibres are nearly parallel (Figure 2c), their
spectral distribution is concentrated within a narrow an-
gular sector, indicating that the images comprise waves
with similar orientations. By contrast, a broader angular
distribution in the spectrum suggests more varied fibre
directions (Figure 2d). By quantifying this angular disper-
sion, for example, using the ratio of the total amplitude of
the Fourier spectrum across the angles, we can obtain a
quantitative measure of the orientation distribution. This
enables the extraction of both the principal orientation
angle and its variability, offering a comprehensive analysis
of hair fibre orientation.

Procedure of hair fibre orientation analysis

A digital image of size N X N pixels is represented as a 2D
matrix of pixel values z(x,y), where N denotes an even
number, and x,y are spatial coordinates. The 2D-DFT of
z(x,y) is defined as

N-1N-1

F(k,l) = Z Zz(x,y)exp{ —2ﬂi(£x+£y>}, 1)

x=0 y=0

where i= \/—_1 and k,le{0,1, --- ,N —1} represent
the frequency indices mapped to spatial frequency domain
along the x and y axes, respectively. These spatial frequen-
cies are defined as

1 k 1, 1

fe=3tybh=3ty @

The Fourier spectrum S,4,,(k, ) is then calculated as
the magnitude of the F(k, ) raised to the power of g:

Sortho(ks ) =F(k, 1)|%. 3)

This spectrum is converted into polar coordinates,
Spolar(r, 1), where r = Vk? + [2 denotes the index of radial
frequency and n = tan™! (é) represents the orientation
angle. The spectrum is then resampled onto a uniform
polar grid, as follows:

{0 ={ (525 } @

where r and n represent integers satisfying0 < r < N /2 and
0 < n <360, respectively. Resampling was performed by
bilinear interpolation, and the resampled radial spectrum
Spolar (fr» 0 ) Was obtained [18].

The orientation distribution P(0) is then calculated by
summing the resampled spectrum Spo (f,,6,) for each
directional angle over all radial frequencies satisfying
Jfmin <f»» and then normalizing such that P(0) = 1. This is
expressed as follows:
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FIGURE 2 Schematic illustration of fibre orientation analysis based on the two-dimensional discrete Fourier transform (2D-DFT).
The top row shows how sinusoidal plane waves are transformed into their corresponding Fourier spectra in the spatial frequency domain

( e fy) (a) Low-frequency wave aligned along the x-axis and (b) higher frequency wave oriented diagonally. The subsequent rows depict

the orientation analysis workflow. (c) From left to right: An image of highly aligned fibres; its corresponding Fourier spectrum; spectral

decomposition into constituent sinusoidal components; and the resulting sharp orientation distribution, where radial distance indicates the

summed amplitude for each orientation angle. (d) Contrasting image with less aligned fibres yielding a more diffuse spectrum and a broader

orientation distribution.

N
2
Z Spolar( re an)
r=[Nfmin|
P®)= ,

359 %V (5)
Z Z Spolar( r 9n>

1=0 r=[Nfuin]

where[ - ] denotes the ceiling function. In particular, [Nf;,
provides the smallest integer index such that the corre-
sponding spatial frequency exceeds f,;,- The choice of f;,
is crucial because it sets the lower bound of the spatial fre-
quencies included in the orientation distribution. A higher
Jmin Dot only excludes low-frequency components, such as
those caused by nonuniformity in hair colour or large arte-
facts due to finite-size effects, but may also discard import-
ant orientation details. Conversely, a lower f;,, retains more

details regarding the risk of introducing bias from these low-
frequency components.

Feature extraction from the orientation distribution
P(0) was achieved by fitting an ellipse function P(®) to the
distribution, as described in Equation (6). The parameters
of the ellipse, including the major and minor axes lengths
a and b, and the angle ¢ between the major axis and the x-
axis, were estimated by minimizing the least-squares error
between P(0) and 13(9).

a’b?

PO)=
©) a?sin® (6 + ¢) + b? cos? (0 + ¢) ©®)

The orientation features of the hair fibres were then
defined as the principal orientation angle ¢ and the

85U8017 SUOWIIOD 381 3(geolidde 8y Ag peussnob afe se[oNe VO ‘88N JO s8N 1oy Afiq1T8UlUQ A8]I/MW UO (SUOTHPUOD-PUE-SLLBY WO A8 | 1M AlRIq | U [UO//SANY) SUORIPUOD PUe Swis 1 8y} 89S *[620z/ZT/2z] Uo Ariqiauliuo /8| Bxeso JO AiseAlun ay L Aq 25002 SOYTTTT OT/I0p/W0 A8 | im Ariqiul|uoy/sdny wouy papeojumod ‘0 ‘6289 T



International Journal of
6 | Cosmetic Science

SOCIETE FRANGAISE DE %

FIBRE ORIENTATION ANALYSIS OF HAIR

anisotropy index A =1-b/a. The anisotropy index A
ranges from 0 < 4 < 1, where values closer to 1 indicate
greater anisotropy and values closer to 0 indicate greater
isotropy. The closeness of fit of the elliptical approxima-
tion to the orientation distribution was evaluated using
the coefficient of determination R2.

Hair fibre orientation analysis was applied to the prepro-
cessed images. To evaluate the natural 2D-DFT spectrum of
the hair images, the parameter q in Equation (3) was set to
one, and f,;, in Equation (5) was set to 0.08 pixel ™, demon-
strating the best performance in our scale robustness study
described in the next section. The applicability of the pro-
posed method was evaluated by applying it to all images in
the data set and calculating the directional features ¢, 4 and
R?. Furthermore, the effect of hair fibre orientation on the
analysis accuracy was evaluated by calculating the Pearson
correlation coefficient for 4 and R

Scale robustness study

To assess the scale robustness of the proposed method, we
conducted a series of experiments to simulate the changes
in the image scale by reducing the image resolution. The
objective was to evaluate how effectively the method main-
tained its performance at various resolutions. In computer
vision, reducing image resolution is a widely accepted ap-
proach to simulate a decrease in image scale [19].

Sorno(k, 1)/10*

-0.50

200 400 —-0.50-0.25 0 0.25 050
x [pixel] fv [pixel™]

Specifically, the original data set images were downs-
ampled to 1/2, 1/4 and 1/8 of their original resolutions
using bilinear interpolation. Considering that the origi-
nal image resolution is 0.1 mm/pixel, these downsampled
images correspond to resolutions of 0.2, 0.4 and 0.8 mm/
pixel, respectively, effectively simulating the appearance
of objects at smaller scales. The orientation features were
then calculated for both original and scaled images. The
means and standard deviations of the differences in the
orientation features (A¢ and AA) were computed to quan-
tify the method's robustness.

RESULTS AND DISCUSSION

Examples of the proposed method's
application

Typical examples of the results obtained using this proce-
dure are shown in Figure 3. Figure 3a illustrates the case
of highly aligned hair. The Fourier spectrum S, (k, [) ex-
hibited a sharp signal perpendicular to the hair direction.
Consequently, the summation of the resampled spectrum
Spotar (fr» 0, ) across directions produced a distinct ellipse-
like shape. The elliptical approximation using the least-
squares method yielded a principal orientation angle ¢,
high anisotropy index A = 0.95 and the coefficient of de-
termination R? = 0.99.

270°
$=—-3.8", 1=095, R2=0.99

Souno(k, 1)/10*

(b) 5

200 400 —0.50-0.25 0
x [pixel] fv [pixel™]

: 180"
~0.25 .
-0.50 0

$=—-50°, 1=0.74, R2=0.97

90°

315°
FIGURE 3 Representative results of

fibre orientation analysis for (a) highly

270°

Souno(k, [)/10*

200 400
x [pixel] fv [pixel™] )

-0.50-025 0 025 0.50

10.0
: 50 1807
-025
-0.50 0.0

90° aligned, (b) moderately aligned and (c)
002 poorly aligned hair. Each row presents,

from left to right: The original hair image,
its Fourier spectrum S, (k, 1), and

0° the orientation distribution P(0) (black
dots) overlaid with the fitted elliptical
model P(0) (red line). In the Fourier
spectra, black regions indicate low-

270° frequency components excluded from the

summation in Equation (5).
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Figure 3b shows the results for the less aligned hair. In
this case, Sy, (k, ) displayed a more diffuse signal, result-
ing in a broader ellipse-like orientation distribution, with
A=0.74and R* =0.97.

Figure 3c shows the case with the poorest fit to the
elliptical model (R? = 0.85). This image shows wavy hair
in two dominant orientations. Consequently, both the
Fourier spectrum and orientation distribution revealed
two directional peaks. The elliptical approximation re-
turns a value of ¢ that reflects the average of the two di-
rections and a lower anisotropy index A. For hair images
with multiple prominent orientation components, a more
accurate characterization may require fitting multiple el-
lipses or employing more advanced modelling techniques,
which remains a topic for future work.

Data set-wide evaluation of orientation
features

We applied the proposed method to all images in our data
set and calculated the orientation features ¢, A and R% As
shown in Figure 4, the minimum R? value of 0.85 suggests
that the elliptical approximation fits the orientation
distribution well and is a reliable approach for analysing
hair fibre orientation, except in a few cases with multiple
principal directions, as mentioned above.

In addition, we observed a positive correlation between
R?and A (p =0.57, p <0.001), indicating that lower fibre
alignment tends to reduce the accuracy of the elliptical
fit. Based on these findings, the R? value is expected to
decrease further for hair types, such as Caucasian and
African, which exhibit greater curliness and waviness
than Japanese hair.

To extend the applicability of the proposed method be-
yond the Japanese female cohort and better accommodate
complex or multimodal orientation patterns, it is neces-
sary to validate its performance on a broader range of hair
types and pursue further methodological improvements.

1.00- o am.
<38 ;b?-
° g ©, °
0.95 L X
2 ° 00® °
< ° °
0.90 1 °
0.85 °, :
0.70 0.80 0.90 1.00
A

FIGURE 4 Distribution of anisotropy index 4 and coefficient
of determination R? derived from the elliptical approximation of
orientation distributions across the entire data set.

Scale robustness

We evaluated the scale robustness of the proposed method
by analysing the orientation features from the data set
images at varying resolutions and f,;, values. Tables 1
and 2 present the results for the orientation angle ¢ and
the anisotropy index 4, respectively, at scales of1/2,1/4
and 1/8, with f,;, = 0.02, 0.04, 0.08 and 0.16.

At the 1/2 scale, the mean differences in orientation
angle (A¢) relative to the original resolution were nearly
0.3°, and the standard deviations ranged from 0.3° to 0.5°
across all f,;, values. Mean differences in the anisotropy
index (A1) were also negligible. These results indicate that
the orientation features remained largely unchanged at
this scale, demonstrating robustness.

However, at scales of 1/4 and 1/8, both the mean and
standard deviation of A¢ increased, indicating growing
bias and uncertainty in orientation angle estimation.
Simultaneously, the mean of A4 became increasingly neg-
ative, which suggested a systematic underestimation of
anisotropy. The corresponding rise in the standard devi-
ation of A4 also reflects decreased reliability in the mea-
surement at lower resolutions.

Regarding the effect of f,;,, the results show that
changes in this parameter had a relatively minor impact
on A¢ across all scales. At each scale level, the mean
differences remained stable, regardless of f;,, and the
standard deviations showed only a slight variation. This
suggests that the estimation of the principal orientation
angle was relatively robust to the choice of f;,.

In contrast, A4 exhibited greater sensitivity to f;,. At
lower scales, particularly at 1/8, increasing f,,;, reduced
the magnitude of the negative bias in A4 and slightly de-
creased its standard deviation. This trend indicates that
higher f,;, values help preserve anisotropic features by
filtering out low-frequency components that may obscure
the directional structure. Therefore, although the orienta-
tion angle estimation is stable across f,;, values, a higher
[fmin Setting is beneficial for the anisotropy estimation, par-
ticularly at lower image resolutions.

The individual examples shown in Figure 5 pro-
vide further insight into the effects of scale variation.
Figure 5a displays the original image and the corre-
sponding analysis. At a high resolution of 0.1 mm/pixel,

TABLE 1 Differences in the principal orientation angle A¢
(degrees) between the original-scale image and scaled images.

Scale fonin =0.02  foun =0.04 foo =0.08 f,. =0.16

1/2 0.1+04 0.1+0.3 0.1+0.3 0.2+0.5
1/4 0.3+0.9 03+1.0 03+1.0 0.5+14
1/8 0.6 +21 0.7 +2.0 0.6 +2.1 0.6 +2.6

Note: Values are presented as mean +standard deviation.
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TABLE 2 Differences in the
Scale Jmin = 0.02 Jmin = 0.04 Jmin = 0.08 Jmin = 0-16 anisotropy index A4 between the original-
1/2 —0.00 +0.00 —0.00+0.01 —0.00 +0.01 —0.00 +0.02 scale image and scaled images.
1/4 —0.05+0.02 —0.04 +0.02 —0.04 +0.02 —0.04 +£0.03
1/8 —0.20 +0.08 —0.17 + 0.06 —0.15+0.06 —0.14 + 0.08

Note: Values are presented as mean +standard deviation.
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FIGURE 5 Representative results of fibre orientation analysis for (a) the original image and the downsampled images at (b) 1/2, (c) 1/4

and (d) 1/8 of the original resolution. Each row shows, from left to right: The hair image, its corresponding Fourier spectrum S, (k, ) and
the orientation distribution P(0) (black dots) overlaid with the fitted elliptical model ﬁ(e) (red line). In the Fourier spectra, black regions
indicate low-frequency components excluded from the summation in Equation (5).

individual hair fibres are resolved, allowing for accurate
extraction of orientation features. Figure 5b shows an
image at half scale (0.2 mm/pixel), where hair fibres re-
main visible and the orientation distribution closely re-
sembles that of the original. In contrast, Figure 5c (1/4
scale, 0.4 mm/pixel) reveals a loss of clarity in individ-
ual fibres, resulting in a broader orientation distribution
and underestimation of both ¢ and A. At the 1/8 scale

(0.8 mm/pixel), shown in Figure 5d, individual fibres
are no longer discernible, resulting in an inaccurate es-
timation of orientation features.

These findings suggest that the clear visibility of in-
dividual hair fibres is essential for reliable orientation
analysis. Within the range in which the fibres remain dis-
cernible, the proposed method demonstrates robustness
to scale variations.
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General discussion

Building on these results, this section explores the broader
significance, limitations and future directions of the pro-
posed method. We present a streamlined and robust ap-
proach for quantifying hair fibre orientation using the
2D-DFT, enabling the extraction of two key directional
features: the principal orientation angle (¢) and anisotropy
index (A). The primary advantage of this method lies in
its computational simplicity and robustness to the image
scale, allowing its application to standard digital images
without requiring specialized equipment. These features
make it a promising tool for hair science research and for
practical diagnostic applications in the beauty industry.

A key contribution of this study is the demonstration
of the robustness of the scale of the method, a critical
requirement for its practical deployment in real-world
scenarios where the image resolution may vary. This ro-
bustness can be primarily attributed to the analysis pro-
cedure design, which is computed by aggregating the
spectral amplitudes across directions. This process is in-
herently independent of the spatial frequency magnitude.
Consequently, in principle, changes in image magnifica-
tion do not affect the extracted orientation features.

However, to maintain robustness, individual hair fi-
bres must be sufficiently resolved in the image. When
the resolution drops to the point where the fibres appear
blurred (e.g. Figure 5c,d), the high-frequency components
that constitute the directional information are lost. This
degradation in the signal quality reduces the clarity of the
orientation distribution, resulting in less reliable feature
extraction (Tables 1 and 2). Therefore, a practical require-
ment for applying this method is that the image resolution
must be sufficiently high to distinguish individual fibres,
and our results suggest a resolution of approximately
0.2 mm/pixel or higher.

Despite its strengths, this study has several limita-
tions. First, the data set was limited to Japanese females,
whose hair predominantly exhibited a straight or wavy
texture. Validation in a more diverse population spanning
a broader range of ethnicities and hair types is necessary
to assess the generalizability of the method.

Second, although the method is assumed to be insensi-
tive to hair colour owing to its reliance on structural rather
than chromatic features, this assumption has not been
empirically validated. In practice, grey or locally bleached
hair may introduce intensity variations that could amplify
the directional bias in the orientation distribution, poten-
tially skewing the results.

A more substantial limitation arises from the funda-
mental assumption of a unimodal orientation distribu-
tion that underlies the use of a single elliptical model.
As shown in our analysis of wavy hair (Figure 3c), this

assumption breaks down for hair with complex structures,
such as multiple dominant orientations. In such cases, the
method fits a single ellipse to a multimodal distribution,
resulting in a principal orientation angle (¢) that reflects
an ambiguous average, and an anisotropy index (4) that
fails to distinguish between random noise and structured,
multi-directional patterns. This ambiguity limits the in-
terpretability of the extracted features. Consequently, the
current global approach cannot fully capture the struc-
tural complexity of textured hair, which reduces its effec-
tiveness for wavy, curly and intricately styled hair.

These limitations suggest several directions for future
research. A key priority is to validate the method using
a broader range of hair types and ethnic groups to con-
firm its general applicability. To address the challenge of
analysing complex hairstyles, incorporating a local anal-
ysis framework, such as the sliding window approach, is
a critical next step. This enables the detection of spatially
varying orientation patterns, providing a more detailed
and nuanced representation of the hair structure than
that achievable with a single global estimate.

In addition to extending its applicability, the core
methodology offers opportunities for refinement. A prom-
ising direction involves the role of the exponent q in com-
puting the Fourier spectrum. While this study used g =1
to reflect the amplitude, alternative settings, such as g = 2
(power) [18] or other real-valued exponents, may empha-
size different structural components. A systematic explo-
ration of g would allow researchers to tune the sensitivity
of the method to either dominant or subtle directional
features. This line of investigation could result in a more
flexible and generalized framework for analysing the rich
diversity of hair textures, and thus represents a compel-
ling direction for future research.

CONCLUSION

In this study, we proposed a simple and robust method
for quantifying hair orientation based on the 2D-DFT. The
technique enables direct extraction of the principal orien-
tation angle (¢p) and the anisotropy index (4) from standard
digital images, without requiring specialized equipment.
This method is also robust to changes in image scale,
which is an essential requirement for practical deploy-
ment across diverse imaging environments.

Although further validation of a broader variety of hair
types and the integration of local analysis to handle mul-
tiple orientation components are required, the proposed
method overcomes the major limitations of existing tech-
niques in terms of accessibility and broad applicability.
Overall, this approach provides a solid foundation for ob-
jective hair appearance analysis, with strong potential for
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applications in both hair science research and as diagnos-
tic tools within the beauty industry.
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