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Abstract

Bamboo and wooden slips were the primary writing materials in China for more than
800 years, carrying valuable historical records. However, due to the lengthy corrosion
and/or weathering effects over a period of two millennia, texts on the ancient bamboo
(and wooden) slips typically suffer from severe degradation problems, such as ink dete-
rioration and text blur, which render the binarization of severely degraded Bamboo Slips
manuscripts a very challenging task. Due to the scarcity of benchmark dataset in this
direction, in this work we aim to build HanBamboo, a specialized Bamboo Slips dataset
with pixel-level annotations for research on binarization of severely degraded ancient
manuscripts. HanBamboo comprises 1,000 infrared Bamboo Slips images displaying
varying levels of ink degradation and text blur. Among them, Bamboo Slips exhibiting
low-contrast ink traces characterized by significant fading and diminished visibility re-
quires remarkably greater time in pixel-level annotation, indicating the inherent difficulty
in binarizing these Bamboo Slips. As a technical baseline, we also propose a baseline ap-
proach MRA-Net, which is an Mamba-based Encoder-Decoder framework for degraded
Bamboo Slips binarization that devises additional multi-scale discrete wavelet transform
and adaptive reweighting attention mechanisms to capture and enhance the stroke de-
tails of the texts and suppress background noise during binarization. Comprehensive
experiments on both HanBamboo and public document binarization benchmark datasets
DIBCO 2017 and 2018 demonstrate the effectiveness of our baseline. Our dataset and
code are available at: https://github.com/cszhangL MU/MRA-Net.

© 2025. The copyright of this document resides with its authors.
It may be distributed unchanged freely in print or electronic forms.
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1 Introduction

As the primary writing materials in ancient China from the 4th century BC to the 4th century
AD, before paper became widely adopted, bamboo (and wooden) slips preserve crucial doc-
umentary evidence for ancient Chinese history and civilization. To date, over 300,000 pieces
of Bamboo Slips have been unearthed. However, after two millennia of exposure to corro-
sion, and oxidation or weathering, the inscriptions on the Bamboo Slips often suffer from
severe degradation problems, as demonstrated in Figure 1, which significantly compromise
the readability of the ancient texts, creating substantial obstacles for Bamboo Slips stud-
ies, especially for the new Bamboo Slips that are being continuously excavated, for which
domain experts have to manually check, understand, and transcribe the texts from scratch.

As an important document preprocessing technique, binarization is essential for separat-
ing inscriptions from the background, removing noise interference and enhancing the clarity
and legibility of the texts. The binarization of Bamboo Slips will also be beneficial for poten-
tial tasks such as ink enhancement, text inpainting and recognition, writing style verification,
and fragments rejoining. However, little research has been conducted in this direction, pri-
marily due to the scarcity of a specialized pixel-level annotated Bamboo Slips dataset—a
prerequisite for this task, which is prohibitively expensive and time-consuming to curate.

On the other hand, although existing document image binarization methods such as
Encoder-Decoder based approaches/architectures [2, 28] and Generative approaches [21, 27]
have made substantial advances on common/standard document binarization benchmark
datasets such as DIBCO [14], they encounter new challenges when applied to Bamboo Slips
images that exhibit unique degradation pattern, including text degradation, blurred character
strokes, and low contrast between text and background, as shown in Figure 1.

To address the above problems, in this work we

oo i
aim to curate a specialized Bamboo Slips dataset {15 ";\“' ' ‘; ;
with pixel-level annotations for severely degraded T % i 9
ancient manuscript binarization research, referred ) 3 ‘7;
to as HanBamboo, based on a large collection of ( _‘} i
Xuanguan Bamboo Slips [20] written by the bor- i &
der guards stationed in the northwestern regions of i & %4

China during the Han Dynasty, approximately two
millennia ago. Our dataset consists of 1000 infrared
images of Bamboo Slips, with varying degrees of
ink degradation and text blur. For each infrared
Bamboo Slips image, we create pixel-level anno-
tations for the characters and their strokes in the
Bamboo Slips, during which we observed that Bam-
boo Slips exhibiting low-contrast ink traces charac-
terized by significant fading and diminished visibil-
ity demands substantially greater manual annotation
time. This motivates us to further divide the dataset
into four subsets based on the degradation degree and estimated annotation difficulty level.
We will also show that, the overall noise and entropy metric scores of the Bamboo Slips in
different subsets exhibit a consistent positive correlation with the overall degradation degree
of the subset.

As a technical baseline, we also propose a baseline approach MRA-Net, which is an
end-to-end document binarization architecture for Bamboo Slips. It incorporates a Visual

Figure 1: Four severely degraded an-
cient Bamboo Slips, with challenges
such as uneven ink distribution, corro-
sion of the slip surface, ink bleeding,
and fading of the inscriptions.


Citation
Citation
{Calvo-Zaragoza and Gallego} 2019

Citation
Citation
{Yang, Liu, Xiong, and Wu} 2024

Citation
Citation
{Souibgui and Kessentini} 2020

Citation
Citation
{Yang, Liu, Xxiong, Yi, Wu, Tang, Liu, Zhou, and Zhang} 2023

Citation
Citation
{Pratikakis, Zagoris, Karagiannis, Tsochatzidis, Mondal, and Marthot-Santaniello} 2019

Citation
Citation
{Silk Road Editorial Office} 2023


CHONGSHENG ZHANG: BINARIZING SEVERELY DEGRADED ANCIENT BAMBOO SLIPS 3

State Space (VSS) block to leverage Mamba’s global modeling capabilities [6, 11] to en-
hance the feature extraction of ink traces. Moreover, it devises a Multi-scale Wavelet Feature
Fusion block (MSWF) which employs frequency-domain decoupling mechanism to further
improve the localization and representation of the stroke details. It also contains an Adaptive
Reweighting Attention block (ARA) to suppress background noise and enhance text details.

To validate the effectiveness of our baseline, we conduct comprehensive experiments on
both HanBamboo and document binarization benchmark datasets DIBCO 2017 and 2018,
which demonstrate the outstanding document binarization performance of our baseline, par-
ticularly on our HanBamboo dataset, where MRA-Net outperforms existing method across
all the evaluation metrics, which are F-Measure (FM), pseudo F-Measure (pFM), Peak
Signal-to-Noise Ratio (PSNR), and Distance Reciprocal Distortion metric (DRD).

In summary, the main contributions of this paper are as follows:

* We build a pixel-level annotated Bamboo Slips dataset with 1000 infrared images for
promoting research in severely degraded ancient manuscript binarization.

* We propose MRA-Net, a baseline method which can preserve text details and reduce
complex background interference during degraded Bamboo Slips binarization.

* On our dataset, the proposed baseline outperforms latest document binarization ap-
proaches by 0.74% and 0.68% in terms of FM and pFM, and 0.17 and 0.29 in terms of
PSNR and DRD, confirming its effectiveness in degraded documents binarization.

2 Related Work

In recent years, Al-empowered interdisciplinary ancient manuscript research [29, 30] started
attracting attention from both the Bamboo Slips research community and the Computer Sci-
ence/Artificial Intelligence community. Several preliminary efforts have been devoted to
Bamboo Slips-related tasks, including ancient character detection and recognition [9, 10, 31],
and ancient language understanding [3], etc. While manuscript and documentary image bi-
narization has been a long-standing research focus [24], the binarization of low-quality an-
cient Bamboo Slips has received limited attention, despite being a real-world problem with
significant challenges.

2.1 Document Binarization Datasets

In the field of document image binarization, several publicly available datasets have been re-
leased. Among them, the most representative ones are the DIBCO benchmark series [5, 14],
each edition of DIBCO has provided a new small-scale but high-quality dataset which typi-
cally containing 10 to 20 images with various forms of degradation. The ICFHR 2016 com-
petition on the analysis of handwritten text in images of Balinese Palm Leaf manuscripts [1]
addresses the unique challenges of these ancient documents. A key sub-task is binarization,
aimed at enhancing the readability of the manuscripts. In addition, specialized datasets such
as LS-HDIB [16] focus on different cultural backgrounds and document formats, offering
rich resources for expanding document binarization algorithms across diverse scenarios.

In latest years, preliminary explorations into Al-enabled Bamboo Slips research have
emerged [3, 9, 10], with a primary focus on text spotting tasks. Nonetheless, to the best of
our knowledge, little attention has been paid to the binarization of severely degraded Bamboo
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Slips, primarily due to the lack of a pixel-level annotated Bamboo Slips dataset, which is
essential for this task but is prohibitively expensive and time-demanding to construct. To
bridge this gap, in this work we present the HanBamboo dataset, aiming to establish it as a
benchmark dataset for advancing research in binarizing severely degraded Bamboo Slips.

2.2 Document Binarization Techniques

Document binarization methods can be divided into traditional thresholding methods [13]
and deep learning-based approaches [8], the latter can be further categorized into Encoder-
Decoder based architectures/approaches [2, 28] and Generative approaches [21, 23, 27].
Methods in the former subcategory formulate document binarization as a supervised seman-
tic segmentation task, but require pixel-level annotations, which are thus often challenged by
limited amount of annotated documents. The latter subcategory treats document binarization
as a generative task, consisting of both supervised GAN and unsupervised image-to-image
translation approaches.

Recently, researchers have explored using Vision Transformers (ViT) for document bina-
rization task [22, 26]. There are also attempts that also apply diffusion models to document
image binarization [17], yielding promising preliminary results.

3 Dataset Construction

3.1 Data Collection

We obtain the original Bamboo Slips from domain experts in Bamboo Slips studies, which
come from Xuanquan Han Slips I~11I [20], unearthed at the Xuanqguan guard post of Gansu
province in northwestern China, close to 7,000 Bamboo Slips were discovered in total. Both
color and infrared images were provided, but given that infrared Bamboo Slips images can
better reflect ink strokes and text details, as illustrated in Figure 2, they are thus adopted as
the main research materials by domain experts in their manual transcription process.

Out of these 7,000 Bamboo Slips, we select 1,000 infrared images, based on different
levels of ink/text degradation, reflecting varying degrees of legibility (from easy to hard) of
the texts present in the Bamboo Slips. Upon this, we divide our dataset into 4 subsets, shown
in Table 1, which are minor, moderate, severe and extreme degradation groups. For each
subgroup of Bamboo Slips, we equally (and randomly) split it into the training and test sets.
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Figure 3: Comparison between auto-

mated annotation results and manu-
ally labeling results.

Figure 2: Comparison between color and
infrared Bamboo Slips images in text leg-
ibility.
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3.2 Dataset Annotation

In order to preserve the original text details in the Bamboo Slips, our annotation process is
primarily manual, with the support of annotation tool. In this process, we adopt a differ-
entiated annotation strategy for speeding up the labeling process. In specific, for infrared
Bamboo Slips in the minor degradation group (A), we first utilize automated annotation
software to produce the initial labeling results, then we check and manually correct a small
portion of inaccurate annotations. But for other groups, existing automated software/model
yields unsatisfactory annotation results. As shown in Figure 3, challenges such as strong
background noise, faint ink, low-contrast between text and background in low-quality Bam-
boo Slips images cannot be effectively handled by automated annotation software. So we
have to label the images from scratch for the remaining groups. In total, one of our team
members has spent 6 months in the pixel-level annotation for all the infrared images in our
dataset.

3.3 Dataset Statistics and Characteristics

Bamboo Slips present extremely low aspect ratios, since they are characterized by a very
narrow (e.g., only 1 cm) but relatively long shape (e.g., 23 cm), as shown in Figure 1. In
Table 1, we present the number of images in the four subgroups. In Figure 4, we calculate
the averaged noise levels and entropy values for Bamboo Slips in these subgroups, in which
the last two subgroups C and D have higher noise interference and complexity, indicating a
gradual increase in both noise and entropy with respect to the degradation degrees.

Noise Trend Entropy Trend
Category Train Test Total . :Z
A:Minor Degradation 269 269 538 9 * E:Z
o3 =3
B:Moderate Degradation 145 145 290 c . 52355
2.50
C:Severe Degradation 59 59 118 3 245
D:Extreme Degradation 27 27 54 A 8 ¢ o A 8 ¢ °
Category Category

Table 1: HanBamboo is divided into four Figure 4: Overall noise and entropy levels for
subgroups based on degradation degree. Bamboo Slips images in different subgroups.

Our dataset presents distinctive characteristics, including: (i) low image quality; (ii) low
inscription quality, with severely degraded inks and blur texts; (iii) low contrast between the
texts and background; (iv) varying degrees of noise and complexity in the images. Such char-
acteristics pose unique challenges, making our dataset a valuable benchmark for advancing
research on the binarization of severely degraded, low-quality ancient manuscripts.

4 Baseline Method

4.1 Overall Framework

In Figure 5, we present our Mamba based binaRization Architecture MRA-Net, which
adopts an Encoder-Decoder framework. In the encoder, it first extracts the initial convo-
lutional features, then adopts hierarchical residual layers that progressively capture semantic
context, in which it incorporates Visual State Space (VSS) and Adaptive Reweighting At-
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Figure 5: Overall architecture of MRA-Net.

tention (ARA) blocks to enhance feature representation of ink traces. In the decoder, it
restores the spatial resolution via pixel shuffling [19] based up-sampling; more importantly,
it combines Multi-Scale Wavelet Feature Fusion (MSWF) and VSS to separate texts from
background noises and improve the recovery of fine-details of texts in degraded texts.

4.2 Visual State Space Block

In each VSS block, input features first pass through a linear embedding layer and then split
into two branches. The first branch is essentially a fully connected layer with activation; the
second branch sequentially applies linear transformation, depthwise separable convolution,
and 2D Selective Scanning (SS2D) operations. The outputs from both branches are then
integrated as the final output of the VSS block.

4.3 Adaptive Reweighting Attention Block

To address the challenges of complex background noise and severe ink degradation in Bam-
boo Slips images, we introduce the ARA block to capture and enhance the text details. It
involves a MPAC module which utilizes directional perception feature modeling mechanism
to capture spatial variations along both height and width dimensions. Additionally, Squeeze-
and-Excitation (SE) and cross-dimensional attention gating mechanisms are introduced to
adaptively model the importance of features across the channel, height, and width dimen-
sions, enhancing the model’s focus on the stroke details of degraded texts.
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4.4 Multi-scale Wavelet Feature Fusion Block

The MSWF block first applies convolutional kernels of varying scales to extract spatial fea-
tures, then apply Discrete Wavelet Transform (DWT) [12] to decompose the features into
one low-frequency and three high-frequency components to capture the structural informa-
tion and directional details of the texts. Overall, by integrating spatial-domain multi-scale
convolution with frequency-domain wavelet-based modulation, the MSWF module signifi-
cantly enhances the model’s ability in capturing character/stroke details.

4.5 Loss Function

To preserve stroke details while suppressing background noise interference, we adopt a com-
prehensive loss function that integrates Binary Cross Entropy, Soft Dice loss, and Mean Ab-
solute Error, to balance between pixel-level classification accuracy and structural restoration.

S Experiments

We conduct comprehensive experiments on both HanBamboo and public document bina-
rization benchmark datasets DIBCO 2017 and H-DIBCO 2018 (DIBCO 2017/2018 in short)
to compare the performance of different algorithms. We adopt four standard metrics: (1)
F-Measure (FM); (2) pseudo F-Measure (pFM); (3) Peak Signal-to-Noise Ratio (PSNR);
and (4) Distance Reciprocal Distortion Metric (DRD). We consistently use the same official
protocol when calculating the metrics in all the evaluations.

5.1 Comparative Experiments

We first compare our proposed baseline with both traditional and deep learning-based docu-
ment binarization techniques on the Hanbamboo dataset.
As shown in Table 2, the pro-

posed baseline achieves the best _ Method FMT  pFMT PSNRT DRDJ
performance across all four eval- Otsu [13] 69.52 70.16 13.72 3091
uation metrics, demonstrating its ~ Sauvola [18] 6877 69.63 13.65  24.96
superiority in degraded Bamboo  Gatos [4] 7312 73.60 1449 16.79
Slips image binarization. Specif- ~ Suh[23] 83.94 8278 1727 586
ically, our proposed baseline out- ~ DP-LinkNet [25] 83.96 83.89  17.84  4.81
performs latest document bina- ~ ¢GANs[32] 83.14 8326 17.53 5.04
rization methods FourBi [15] by Zhao [33] 81.84 8152 1725 6.48
0.74% and 0.68% in terms of DocEnTr [22] 83.30 83.55 1643 6.11
FM and pFM, respectively, and FourBi [15] 84.13 84.48 17.81 4.62

achieves improvements of 0.17 Proposed (ours) 84.87 85.16 17.98 4.33
and 0.29 in PSNR and DRD. In
particular, the DRD value is fur-
ther reduced to 4.33 by our base-
line, indicating a notable advan-
tage in text structure/strokes preservation.

In Tables 3 and 4, we respectively report the specific binarization results on the severely
and extremely degraded Bamboo Slips (categories C and D in Table 1). We can see that, there

Table 2: Comparison results of different methods
on the HanBamboo dataset.
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Method FM{ pFM{ PSNRT DRDJ Method FM? pFM? PSNRT DRD|
Otsu [13] 6031 60.56 11.81  59.34 Otsu [13] 5625 56.68 9.68  51.72
Sauvola [18] 6498 65.14 1290 29.25 Sauvola [18] 63.83 63.82 1135 2477
Gatos [4] 67.67 67.52 1354 2248 Gatos [4] 65.80 6545 11.80 2057
Suh [23] 81.68 8141 17.02 467 Suh [23] 79.14 7845 1487  6.56
DP-LinkNet [25] 81.89 81.79 17.08  4.55 DP-LinkNet [25] 79.26 78.82 15.04 5.16
cGANs [32] 81.14 81.56 16.88  4.82 cGANs [32] 78.14 7819 1493 578
Zhao [33] 80.06 80.22 1638  5.48 Zhao [33] 7624 7605 1467 7.23
DocEnTr[22]  81.38 81.52 16.63  4.35 DocEnTr[22]  77.21 7682 1433  7.11
FourBi [15] 82.03 8198 1698 4.32 FourBi [15] 79.65 7927 1508 5.12
Proposed (ours) 82.34 8249 17.24 4.16 Proposed (ours) 79.97 79.86 15.16 4.78
Table 3: Specific binarization results on Table 4: Specific binarization results on
category C (Severe degradation). category D (Extreme degradation).
Method DIBCO 2017 H-DIBCO 2018
FMT pFEMT PSNRT DRD|/ FMT pFM{ PSNRT DRDJ
Otsu [13] 7773 77.89 13.85 15.54 5145 53.05 9.74 59.07
Sauvola [18] 77.11 8410  14.25 8.85 67.81 7408 13.78 17.69
Howe [7] 90.10  90.95 18.52 5.12 80.84  82.85 16.67 11.96
c¢GANs [32] 90.73  92.58 17.83 3.58 87.73  90.60 18.37 4.58
Suh [23] 90.95 94.65 18.40 2.93 91.86  96.25 20.03 2.60
GDB [28] 94.32  96.58 20.04 1.79 91.09 94.57 19.92 3.07
DocEnTr [22] 92.53 95.15 19.11 2.37 90.59 93.97 19.46 3.35
FourBi [15] 93.81 96.57 19.66 2.03 93.16 98.40  20.92 2.23
D?BFormer [26]  93.52  95.09 19.35 2.12 88.84 9342 18.91 3.99
Proposed 94.59 96.87  20.12 1.98 93.89 95.87  20.12 2.47

Table 5: Comparison of MRA-Net on the DIBCO 2017 and H-DIBCO 2018 datasets.

is substantial performance drop in these two categories, indicating the increased challenge
and difficulty in binarizing such severely degraded Bamboo Slips.

To further evaluate the performance of our proposed baseline method, we also conduct
comparative experiments on the DIBCO 2017/2018 benchmark datasets. In Table 5, we
see that it obtains superior or comparable performance than latest binarization algorithms,
demonstrating its applicability across various document types and domains.

On the other hand, when cross-comparing the evaluation scores between HanBamboo
and DIBCO 2017/2018, we see that HanBamboo is significantly more difficult than DIBCO,
and there remains a large room for further performance improvements on our dataset.

5.2 Ablation Study

In Table 6 and 7, we carry out comprehensive ablation studies on both HanBamboo and
H-DIBCO 2018 to assess the contributions of the VSS, ARA, and MSWF blocks to the
overall model performance. In Table 6, we see that on the HanBamboo dataset, the VSS
block enhances global modeling capabilities. The introduction of ARA leads to a notable
increase in PSNR, indicating its effectiveness in preservation of fine details of texts in the
ancient document. When MSWF is further integrated, pFM has been significantly improved,
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highlighting its capability in fine-detail capturing and preservation of critical text structural
information such as subtle stroke characteristics, which is also beneficial for texts with faded
inks. Similar observations also hold on the H-DIBCO 2018 dataset, as can be seen from
Table 7.

ARA MSWF VSS FM{ pFMT PSNRT DRDJ ARA MSWF VSS FM? pFM{ PSNRT DRDJ

v 8320 8350 16.56  5.81 v 9262 9435 1731 421

v 8299 8289 1689 521 v 9246 9397 17.09 434

v 8340 8337 17.12 538 v 9248 9457 1754 438

v v 8456 8453 1745 475 v v 9302 9485 1842  2.89

v v 8442 8437 1791 4.62 v v 9323 9511 1952 3.12

v v 84.15 84.64 1755 4.64 v v 9285 94.61 1855 3.64

v v v 8487 8516 1798 4.33 v v v 9389 9587 2012 247

Table 6: Ablation results on the Han- Table 7: Ablation results on the H-
Bamboo dataset. DIBCO 2018 dataset.

5.3 Visual Comparisons

We provide visual analysis of the binarization results on the HanBamboo dataset to further
demonstrate the effectiveness of the proposed MRA-Net baseline method for binarizing de-
graded Bamboo Slips images. In Figure 6, we provide two original Bamboo Slips images,
their corresponding ground-truth annotations (GT), and the visualized document binariza-
tion results of representative methods. These two images are representative infrared Bamboo
Slips images that exhibit typical degradation problems, including faded ink and background
noise interference, and low distinction and contrast between the inscriptions and background.
From Figure 6, we observe that traditional methods such as Otsu struggle to suppress
background noise, and often introduce false contours, while existing deep learning-based
document binarization methods can retain main text regions but are less effective in distin-
guishing strokes from noises on Bamboo Slips with severely faded inks, as can be observed
from the top figure. In contrast, MRA-Net can effectively preserves stroke edges and char-
acter structures for severely degraded Bamboo Slips, while suppressing background noise.

6 Conclusion

In this work, we present HanBamboo, a specialized Bamboo Slips dataset with high-quality
pixel-level annotations, which enables research in severely degraded Bamboo Slips binariza-
tion and lays the foundation for relevant tasks in the domain such as ink enhancement, text
restoration, writing style verification and fragments rejoining. As a technical baseline, we
propose a baseline method MRA-Net, a binarization network architecture tailored for de-
graded Bamboo Slips, which can effectively separate texts from background noise, and pre-
serve fine-details and critical text structural information during binarization. Experimental
results on the constructed HanBamboo dataset as well as public DIBCO 2017/2018 bench-
mark datasets validate the effectiveness and applicability of MRA-Net.
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Figure 6: Visual comparisons between MRA-Net and existing methods on HanBamboo.
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