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Aesthetic Evaluation of Chinese Calligraphy Using TabNet:
Interpretability and Novel Features for Improved Accuracy

Soh YOSHIDA ¥, Member, Nozomi YATOH', Nonmember, and Mitsuji MUNEYASU', Fellow

SUMMARY  The aesthetic evaluation of Chinese calligraphy, an art
form with deep cultural roots and subjective interpretations, poses sig-
nificant challenges in artificial intelligence. In this paper, we extend the
methodology introduced in previous work using TabNet, a deep learning
approach, to enhance the accuracy and interpretability of assessing the aes-
thetic qualities of Chinese calligraphy. Our study incorporates an expanded
feature set: we add 10 new characteristics to the previously established 22
global shape features. This comprehensive feature ensemble captures the
subtleties of Chinese calligraphy in accordance with its traditional artistic
standards. Using TabNet, well known for its interpretability within deep
learning frameworks, we aim to predict aesthetic scores with increased pre-
cision. We performed a rigorous evaluation using the Chinese Handwriting
Aesthetic Evaluation Database. Our approach improved accuracy and elu-
cidated the underlying reasoning behind the model’s predictions, thereby
enhancing transparency.
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1. Introduction

Chinese calligraphy, a significant cultural heritage with a
long history [1], is important in artistic research, education
[2], and the archaeological examination of ancient text [3].
However, assessing the aesthetic value of Chinese charac-
ters objectively, accurately, and interpretably using artificial
intelligence is challenging. Research on the aesthetic eval-
uation of images is aimed at scoring and predicting the im-
pressions they elicit. This field of research, which spans
photography [4], Western painting [5], ink painting [6], and
web design [7], often uses both handcrafted features and
deep learning methodologies [8]. By contrast, the study of
Chinese characters primarily relies on handcrafted features.
This preference stems from the belief that the aesthetic value
of these characters is deeply rooted in traditional Chinese
calligraphy principles [9], [10].

Sun et al. [11] introduced character features based
on these calligraphy principles by combining global shape
features and radical layout features to assess aesthetics us-
ing the Chinese Handwriting Aesthetic Evaluation Database
(CHAED), as illustrated in Fig. 1, and multi-layer percep-
tron (MLP). However, this approach encounters obstacles
in evaluation transparency and capturing fine character nu-
ances. The complexity of machine learning models makes
it difficult to discern the effect of specific features on predic-
tions, which limits their practical application. Additionally,
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Fig. 1: Examples of bad to good aesthetic qualities of the
same Chinese characters in CHAED.

global shape features mirror broad calligraphic rules and
may overlook subtle stylistic differences crucial to character
impressions.

In this paper, we propose an aesthetic evaluation method
that leverages TabNet, which is renowned for its inter-
pretability. By selecting key character features for prediction
using an attention-based deep learning approach, we aim to
enhance both accuracy and interpretability (Novelty 1). Fur-
thermore, we refine and introduce new global shape features,
thereby enriching the feature set to enable a more comprehen-
sive evaluation (Novelty 2). Through rigorous testing and
comparison with other regression models, we demonstrated
the effectiveness of our approach in evaluating the aesthetic
quality of handwritten Chinese characters and addressed the
limitations of existing methods.

2. Previous Aesthetic Evaluation Method [11]

In Sun’s method, character images are processed as black and
white binary images, from which 22 global shape features
are derived based on pixel information. Additionally, the
characters are divided into radicals and 10 radical layout fea-
tures are designed to quantify their positional relationships.
However, because radical layout features require calibration
based on dictionary lookup, they are less suited for process-
ing the diverse range of characters spanning from ancient
to modern times. Therefore, we focus on global shape fea-
tures. These features are established from three perspectives:
stability, distribution of whitespace, and density of strokes.

As Chinese characters are typically arranged vertically,
an appropriately aligned character must maintain stability
on both sides. Each image contains a single character, with
the bounding box (BBox) around the character defined by its
width W}, and height Hj,.

* f1 (Convex Hull Rectangularity): defined by the ratio
fi = P./Pp, where P, is the perimeter of the convex
hull (the smallest polygon enclosing all points of a char-
acter) and P}, is the perimeter of the character’s BBox.
A value of 1 indicates a perfect rectangle and lower
values suggest instability.
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* f>, f3 (Axis Slope and Intercept): the character’s axis is
modeled as aline y = kx +b. The slope k and intercept
b are determined using least squares regression, with k
representing the axis tilt (f> = k) and b normalized by
the BBox width (f3 = b/Wp).

* f4, f5 (Center of Gravity): the center of gravity (x4, y,)
is calculated using (x,4,y,) = 1/C Zl“:/’; 251:1 (xi,yj) X
I; j, where C is the total number of black pixels in the
character image and /; ; = 1 for black pixels. The nor-
malized coordinates are f3 = x4/Hyp, and f5 = y,/Wp,.

The distribution of the margins indicates whether the
black pixels in the image are dense.

* fe (Convexity): a classical measure for the distribution
of whitespace, calculated as fg = C/Aconvex, Where
Aconvex 18 the area of the convex hull and C is the total
count of black pixels.

¢ f7 (Convex Hull Cut Ratio): reflects the area ratio of the
left part of the convex hull when split by the character
axis, determined from f, and f5. It is calculated as
f7 = Aefi/ Aconvex, Where Ay denotes the area of the
left section post-cut.

¢ fs—f11 (Quadrant Pixel Distribution Ratio): the char-
acter’s convex hull is divided into four quadrants using
the center (x.,y.) as the origin. For each quadrant
i (i = 1,2,3,4), the ratio of pixel count C; to the
quadrant’s convex hull area Acppex(;) is computed as
Srvi = Ci/Aconvex(i)'

* fi2—f17 Mesh Layout): the mesh divides the black pix-
els of the character image evenly in both the horizontal
and vertical directions. A 4 x 4 mesh is used. The '

(i = 1,2,3) vertical line’s x-coordinate is x,z;u(;) and

the j’" (j = 1,2,3) horizontal line’s y-coordinate is

YnLine(j)- For normalization, the positions of the ver-

tical and horizontal lines are divided by H;, and Wj,

yielding fi1+i = XyLine(i)/Hp and fia+; = Yniine(j)/Wb»
respectively.

The density of the stroke count is an important feature of
Chinese characters, which are composed mainly of straight
lines.

* fis (Maximum Fill Ratio): designed based on shape
density analysis, this feature fills in the gaps within
characters by drawing lines between black pixels at
the edges of rows and columns. It describes the dis-
tance between strokes and achieves posture invariance
by rotating the character image once to fill gaps, cal-
culated as fi3 = maxq Coap(a)/(Coap(a) + C), Where
a = 1°,2°,...,90° denotes the rotation angle and
Coap() 18 the number of pixels that fill the gaps when
the image is rotated by a degrees.

* fio—f2o (Pixel Projection Variance): reflects the pres-
ence of the four most common types of strokes in Chi-
nese characters: horizontal, vertical, left oblique, and
right oblique. They are observed by projecting black
pixels onto the x-axis rotated by @ = 0°,45°,90°, 135°,
respectively. The variance of the distribution after
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projection, J,, defines these features: figy; = 04
(i=1,2,3,4).

These extracted features serve as inputs for training the
aesthetic evaluation model. A regression model using a four-
layer MLP, with f|—f>, as input features and the mean square
error (MSE) as the loss function, is constructed for aesthetic
evaluation. Note that radical layout features were added in
the original literature.

3. Proposed Method
3.1 Proposed Global Shape Features

In this study, we enhance our approach by refining four prin-
cipal global shape features from the original set of 22 using
conventional machine learning techniques: extra tree [12],
random forest [13], LightGBM [14], and XGBoost [15],
along with TabNet. The specifics of our experimental setup
are detailed in Section 4.1. Through ensemble evaluation,
the axis slope (f2) emerged as the most significant feature,
which highlights the critical role of bilateral symmetry in
aesthetic assessments. Next in importance, the convexity
measure (fg) underscored the substantial influence of stroke
density on overall impressions. The pixel projection variance
at 90° (f21) illuminated the contribution of stroke angle sta-
bility, inherent to Chinese characters, to creating a clean and
neat impression. Additionally, the center of gravity along the
x-axis (fs) stressed the importance of stability in aesthetic
judgment. Leveraging these insights, we introduce 10 new
features, as shown in Fig. 2, to provide a more nuanced
understanding of character aesthetics.

* f>»3 (Aspect Ratio): reflects the width to height ratio
of a character’s BBox, calculated as fo3 = Hp/W,,. It
indicates that well-balanced characters tend to have a
near-square BBox.

* fo4, fo5 (Convex Hull Centroid): represents the centroid
within a character’s convex hull and calculated from the
entire convex hull, including margins. After the hull’s
margins are replaced with black pixels, the centroid
(Xcg» Yeg) is computed using the same procedure as fi,
f5, and normalized by the BBox dimensions, yielding
Sz = xcg/Hba Sfoa = ycg/Wb~

* fre—f29 (Bisected Image Centroids): evaluate symme-
try by dividing the image along the character’s cen-
troid, and computing the centroids (Xgrighs, Ygrigh:) and
(Xgleft» Ygter) Tor the right and left halves, respectively.
These are normalized by the BBox dimensions to ob-
tain fo6 = Xeright/ Hp» 121 = Ygright/ W, f28 = Xgleft/ Hp,
129 = Ygies | Wp.

* f30, f31 (Stroke Angles): directly measure the horizon-
tality and verticality of strokes by thinning the charac-
ter image, detecting the longest vertical and horizontal
strokes, and calculating their angles relative to the hor-
izontal line as f3p and f3;. Characters that lack vertical
or horizontal strokes are assigned an initial value of
360°.
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Fig.2: Proposed global character shape features.

* f3, (Structure Category): classifies character structure
into six types based on radicals, thereby offering sim-
plified structural information without specific radical
positioning. Fig. 3 shows the structure categories: (a)
single-element characters, (b) characters divisible hori-
zontally with radicals, (c) vertically divisible characters
with crown or foot radicals, (d) characters with “hang-
ing” radicals that allow division around and within,
(e) characters with “enclosing” radicals distinguishable
around and within, and (f) characters with “embracing”
radicals distinguishable around and within.

X%&%& 'r‘jj;"lé—_‘ Ejl

(a) (b) (© (d) (e ®
Fig. 3: Proposed layout categorical feature: f3;.

3.2 Aesthetic Evaluation Using TabNet

The TabNet encoder consists of two types of transformers:
the feature transformer (FT) layer for feature determination
and the attentive transformer (AT) layer for selecting impor-
tant features. To enhance interpretability, an attention mask
(AM) layer calculates and aggregates feature contributions.
TabNet operates on sequential decision steps and selects fea-
tures for each i step (i = 1,.. ., Niieps) through masking,
therby aggregating processed feature representations for in-
terpretability. Ny, represents the total number of steps.
The encoding and learning processes from the input to the
output layer are detailed as follows:

Input layer: feature vector f € RB*P undergoes normaliza-
tion via a batch normalization (BN) layer before proceeding
to the FT layer, where B represents the batch size and D
(= 32) is the number of dimensions.

FT layer: comprises four blocks of fully connected (FC) lay-
ers, BN layers, and gated linear units (GLUs) [16], where the
GLU serves as the activation function that determines feature
passage. The first two blocks share weights across decision
steps, whereas the last two have independent weights for each
step. Each block’s output, normalized by V0.5, connects to
the next block’s input and output via skip connections. The
FT output splits into d[i] € RV and a[i] € RN+, where N
and N, represent each of the dimensions, and they are inputs
for the following layers’ (i + 1)!"* step, respectively. Note

that the FT layer connected after the input layer is used to
obtain the initial values, whose outputs are denoted by d[0]
and a[0]. Counting decision steps starts at the next AT layer.
AT layer: decides which features to select and which to
ignore. Following an FC layer and BN layer, a scale
is applied. A learnable mask M[i] € REXP at the i'"
decision step selects features of f as M[i] - f, where
Zle Mlilp,; = 1. M]i]p,; represents the (b, j) compo-
nent of M[i]. The scale P[i] € REXP reflects the empha-
sis placed on each feature in the previous steps, updated
as P[i] = [}, Plil(y - M[/]). Initially, P[0] = 15%P,
where v is a relaxation parameter. Mask M [i] is determined
by M [i] = sparsemax(P[i]-h;(ali—1])), where h; is a layer
that combines the FC and BN layers at step i. Sparsemax [17]
is an activation function that adds sparsity to outputs, similar
to softmax. The output of the AT layer is then forwarded to
the AM layer.

AM layer: for interpretability, the AT layer’s generated
mask calculates the feature contribution degrees, forming
an aggregated feature importance mask. If M[i], ; = 0,
the feature dimension j of instance b does not contribute
to the i" step. The contribution degree 7 [i] is calcu-
lated as np[i] = Zi‘il ReLU(d[i]p,.). The importance
mask for aggregated features is represented by M; % =

a
bj
NYYL’ DS o o NWL’ DS o o
S [i1My 5] [ S24 2557 10 [1Mp, 5111 The output

that passes through the AM layer is fed into the FT layer.
Output layer: the output d[i] from the FT layer at the
i'" step is aggregated using the ReLU activation func-
tion as d = ZZV:‘V]””“ ReLU(d[i{]). This aggregated out-
put passes through an FC layer to produce the predic-
tion. The proposed method defines the loss function as
the MSE, by comparing the actual aesthetic score with the
predicted score. Additionally, a regularization term L5 =
S s B 5D Mlilp,log(M[ilp.; +€)/ (Naeps - B) is
included with a regularization parameter Agpqs. to enhance
the sparsity of feature selection, where € is a small number
added to maintain numerical stability.

Tabular self-supervised learning: before TabNet is trained
for aesthetic score prediction, a self-supervised pre-training
phase is conducted to enhance predictive performance. In
this phase, the encoder’s output is processed by the FT
and FC layers. A binary mask S € RBZ*P based on
Bernoulli sampling, is applied to the input feature vector
f for reconstruction, where each S, ; € {0, 1} indicates
whether a feature is retained or masked. The reconstruc-
tion error is defined as Lecon = Zle Zj'):l I(fb,j = fo.))l -

So IS8 foj — 1/BEE fo. )12 where fy; and fi;
represent the predicted and input values of the feature vector
at position (b, j), respectively.

4. Experiments
4.1 Dataset and Experimental Setup

Dataset. CHAED reported in the literature [11] was used



to validate the effectiveness of the proposed method through
comparative experiments. CHAED comprises 100 types
of characters, each with 10 handwritten Chinese characters
representing different impressions. Each of 1,000 character
images is assigned an aesthetic impression score based on
surveys from 33 evaluators via crowdsourcing. After 10 un-
usable images were excluded, 990 images were processed to
extract global shape features, with 891 designated as training
data and 99 as test data.

Experimental condition. In accordance with the size of
the dataset and the dimensions of the proposed features, the
TabNet configuration included the settings of Ny = 8, N, =
16, Nyweps = 3, B =16, y = 1.5, and Agparse = 1.0 x 1073.
The Adam optimizer was used with an initial learning rate
of 0.02, which was decreased by 0.1 every 10 epochs if there
was no reduction in loss. The comparative methods were
linear regression [18], k—nearest neighbors (k—NN) [19],
support vector regression (SVR) [20], extra trees, random
forest, LightGBM, and XGBoost, with optimal parameters
determined through grid search. The mean absolute error
(MAE), which is the average absolute difference between
the predicted values and actual scores within the dataset,
was used as the evaluation metric.

4.2 Results

Table 1 shows the results, which indicate that TabNet, using
32 global shape features, achieved the lowest MAE. This
outcome suggests that the proposed method most accurately
reflects human subjective evaluations. Specifically, the ad-
dition of features improved the predictive accuracy of the
proposed method. However, accuracy declined for some
comparative methods. To analyze this, Fig. 4(a) illustrates
the strength of the relationship between two variables based
on Pearson’s correlation coefficient. Notably, features fq—
f29, designed based on insights from the existing 22 features,
showed significant correlations, which led to prediction in-
stability caused by multicollinearity [21]. By contrast, fea-
ture selection techniques such as TabNet and decision tree
variants proved effective when the proposed features were
added. Specifically, TabNet uses AT layers to select relevant
features at each decision step, which mitigates the effect of
multicollinearity. Decision tree-based methods such as ex-
tra tree and random forest make splitting decisions based on

Table 1: Comparison of MAE for various methods.

Method Feature Si=f2 | fi-f3
Linear regression 16.69 16.61

k—NN 17.62 18.72
SVR 16.59 15.89
Extra tree 15.91 15.33

Random forest 16.39 15.71

LightGBM 16.61 15.89
XGBoost 17.03 16.76
MLP (Sun et al.) [11] 17.85 19.96
TabNet (ours) [ 1258 [ 11.96
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Fig. 4: Statistical analysis.

individual features, which makes them less sensitive to cor-
relations between features. This explains why these meth-
ods improved performance when the expanded feature set
was used, whereas models such as linear regression, k-NN,
and MLP either maintained or decreased performance. Fig.
4(b) shows a comparison of the distribution of scoring errors
between previous methods and the proposed method, and
demonstrates the enhanced robustness with our approach
because median predictions were within a 10-point error
margin and the outliers are significantly suppressed.

Fig. 5 shows the character images %, along with the
corresponding scores and features that contributed to pre-
dictions, as identified by AM. The contributing features ( fs,
f12, f17, f21, fr4, fo7) focus on stroke density and the charac-
ter’s center of gravity, which indicates that character balance
influences the aesthetic impression. In this case study, we
indicated features fjo—f17 using red lines on the different
images to enable us to discuss character balance. We ana-
lyze three characters with low, medium, and high aesthetic
scores to provide a comprehensive view of how the model
evaluates characters across different quality levels and to
identify which features are consistently important or change
in importance based on the aesthetic score.

* The consistent importance of f>; (pixel projection vari-
ance, @ = 90°) and f>4 (x-coordinate of the convex
hull’s center of gravity) across all score ranges suggests
that they have a fundamental role in evaluating the struc-
ture of 2. It is likely that f>; assesses the arrangement
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Fig.5: Case study: the caption indicates the target score,

predicted score (bold), and contributing features.

“u

of vertical strokes in "™ and 2, whereas f>4 evaluates
the left-right balance. The prominence of fy4 indi-
cates that left-right symmetry and the balance between
m and Z significantly affect the aesthetic evaluation.
This feature is likely to reflect the balance between the
mesh-like structure of ™ and the asymmetrical shape
of %.

 For low and medium scores, fi7 (mesh layout of the
horizontal line) and f>7 (y-coordinate of the right half’s
center of gravity) appear to be important, which sug-
gests that they have role in identifying character imbal-
ance.

* For high scores, f5 (y-coordinate of the center of grav-
ity) and fj, (mesh layout of the vertical line) are sig-
nificant. Given that Chinese character strokes typically
progress from top-left to bottom-right, this suggests
that, to be aesthetically pleasing, % characters need to
have on overall vertical balance and appropriate left-
side arrangement. The well-structured ™ and harmo-
niously arranged 7 are likely to contribute to high
aesthetic evaluations.

This analysis also highlights a limitation of the proposed
method: its tendency to make conservative predictions, par-
ticularly at the score extremes. This means that the model
may lean toward the dataset’s average for very high or low
true scores, thereby leading to prediction errors. Address-
ing this limitation requires refining the model’s sensitivity to
features in future work, particularly for accurately handling
extreme cases.

5. Conclusions

In this paper, we presented a novel method to assess the aes-
thetic impressions of Chinese characters leveraging TabNet.
Our experimental findings underscore the proposed method’s
effectiveness by demonstrating notable performance and in-
terpretability.
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