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ABSTRACT a promising solution for automating the

reconstruction
Reconstructing shredded and ripped-up

documents is an essential component of of shredded documents. This paper
forensic  investigations, intelligence presents a deep learning-driven framework
gathering, and legal evidence restoration. that  integrates ~ computer  vision,
Criminals frequently destroy evidence by convolutional neural networks (CNNs),
tearing or shredding documents to conceal feature  extraction, edge  detection,
information related to fraud, financial similarity learning, and transformer-based
crimes, identity theft, and confidential OCR to reconstruct shredded and ripped
operations.  Traditional  reconstruction documents with high accuracy.

methods rely heavily on manual labor,

_ . _ The proposed methodology begins with
expert judgment, and time-consuming

. preprocessing and  segmentation  of
physical  assembly. These  manual

_ . - shredded fragments, followed by CNN-
processes are limited in scalability and

i ) based feature extraction to capture edge
accuracy, especially when handling

) patterns, texture consistency, and shape
thousands of irregular fragments generated

i i signatures. A Siamese network
by cross-cut shredders or irregular tearing

. ) e architecture is employed to evaluate the
patterns. With advancements in artificial

. . . similarity between fragment pairs and
intelligence, deep learning has emerged as
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determine potential adjacency
relationships. The reconstruction module
utilizes graph-based alignment algorithms
that combine edge compatibility scores
with spatial arrangement predictions to
generate a candidate layout for the

reassembled document. Once
reconstruction is complete or partially
complete, an OCR-based text extraction
module retrieves textual content from the
reassembled page to support forensic

interpretation.

Experimental results demonstrate the

model’s  capability to  reconstruct
mechanically shredded, hand-torn, and
irregularly fragmented documents under
varying degrees of damage. Performance
metrics indicate significant improvements
time

in  accuracy, efficiency, and

completeness compared to traditional

methods. This research provides a
scalable, intelligent, and automated
approach for forensic teams, reducing

reliance on manual sorting and improving
investigation efficiency. The deep learning
pipeline has the potential to assist law
enforcement agencies, digital forensics
experts, and intelligence organizations in
cases where recovering  destroyed
documents is critical for solving crimes or
preventing security threats. Overall, the
advances  the

proposed  framework

application of Al in forensic science and
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establishes a foundation for future
enhancements using generative models and

multimodal learning.

INTRODUCTION

Document destruction is a common

method used by individuals and

organizations attempting to conceal
Whether  the

through

sensitive  information.

destruction occurs shredding
machines, manual tearing, or accidental
damage, the resulting fragments often
contain crucial evidence. Law enforcement
agencies routinely encounter shredded
documents during fraud investigations,
corruption cases, financial audits, and
criminal inquiries. Traditional
reconstruction requires experts to manually
inspect  each match

piece, edges,

analyzecolor and text alignment, and
physically assemble the fragments. This
process is extremely time-intensive and
becomes impractical when dealing with

hundreds or thousands of fragments.

With rapid advancements in deep learning
and computer vision, automated document
reconstruction has become a feasible and
effective  alternative.  Deep  neural
networks, particularly convolutional neural
networks (CNNs), excel at recognizing
visual patterns, textures, curves, and edges.

These abilities make CNNs ideal for
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analyzing tﬁe irregular shapes and torn

edges of shredded documents. Similarly,

Siamese networks are well-suited for

similarity comparison and adjacency
prediction, enabling them to determine
which fragments likely belong next to each
other. When combined with graph-based
alignment algorithms, these networks form
automated

a powerful foundation for

reconstruction.

The forensic importance of reconstructing
shredded documents cannot be overstated.
Documents often contain financial trails,
communication records, classified reports,
or identity information that may determine
the outcome of investigations. Automated
reconstruction not only increases the speed
of evidence recovery but also reduces
human error and subjectivity. Furthermore,
deep learning models offer consistent

performance  across large  datasets,

enabling scalable forensic workflows.

This paper proposes a fully integrated
system that automates shredded document
reconstruction  using deep learning
techniques. The framework begins with
preprocessing and segmentation  of
fragments, followed by feature extraction
and similarity learning using CNN-based
architectures. A reconstruction engine then
assembles

fragments  according to

predicted adjacency scores, and OCR
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modules extract text for evaluation. By
incorporating modern deep learning tools,
this approach improves reconstruction
accuracy, efficiency, and reliability in

forensic applications.

Il. LITERATURE REVIEW

The reconstruction of shredded and ripped-
up documents has been a subject of
research for over two decades, primarily
science, archival

driven by forensic

preservation, and intelligence
investigations. Early studies focused on
manual and semi-automated reconstruction
techniques. These early approaches relied
heavily on human expertise and heuristic
rules, such as color similarity, text
alignment, and edge shape. While effective
for small datasets, manual reconstruction
became increasingly impractical when
facing thousands of fragments. The very
first computational methods attempted to
automate edge-matching wusing classic
algorithms like dynamic programming and
template  matching. However, these
algorithms were limited by their sensitivity
to noise, lighting variations, and irregular

tear patterns.

The emergence of computer vision
techniques led to significant
improvements.  Feature-based methods

such as SIFT, SURF, and ORB were
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R .
commonly used to extract local image
identify
matching fragment pairs. These methods

descriptors that could help
performed reasonably well on clean-cut

shreds but failed when fragments

contained curves, missing borders, or
uneven tear patterns. Moreover, feature-

based algorithms struggled with uniform

textures such as plain paper, which
provided few distinctive features.
In the 2010s, researchers began

investigating puzzle-solving algorithms for
reconstruction problems. Jigsaw puzzle
assembly techniques, including greedy
edge matching, graph partitioning, and
global

optimization, showed potential.

However, shredded documents pose
greater complexity than puzzles because
edges are torn, pieces are highly irregular,
and many fragments may be missing.
Additionally, shredded documents often
contain text, symbols, and handwriting that

require specialized treatment.

With the rise of machine learning, several

studies introduced classification and
clustering methods to group fragments
based on paper type, texture, or ink
Although

improved pre-sorting accuracy, they still

distribution. these methods
required manual intervention in actual

reconstruction. They also lacked the ability
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to learn complex edge features or adapt to

different shredding patterns.

Deep learning marked a major shift in this

field. Convolutional Neural Networks
(CNNs)

performance in feature extraction tasks,

demonstrated outstanding
enabling models to learn tear patterns,
contour shapes, and texture continuity

directly from data. Siamese networks

further  enhanced reconstruction by
learning similarity relations between
fragment  pairs. Several researchers

proposed using autoencoders for learning
latent representations of fragment shapes,
orientation

aiding in prediction and

fragment classification.

Recent advancements also include the use
of transformer-based architectures in OCR
and  reconstruction  tasks.  Vision
Transformers (ViT) and hybrid CNN-
transformer models have been used for text
extraction and global shape reasoning.
Although applying

transformers document

research in
directly  for
reconstruction is still emerging, initial

results show promise.

Despite  considerable progress, gaps

remain. Most existing systems do not
integrate all stages—fragment

segmentation, feature extraction,
reconstruction, and OCR—into a single

pipeline. Moreover, many studies rely on
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limited datasets, restricting generalization.
The proposed work addresses these
limitations by implementing a fully

integrated  deep  learning  pipeline
combining CNN-based feature extraction,
Siamese similarity learning, graph-based

reconstruction, and OCR systems.

METHODOLOGY

The methodology of the proposed system
consists of five major stages: image

acquisition,  fragment  preprocessing,
feature extraction, fragment matching, and
reconstruction supported by OCR-based
text recovery. This integrated pipeline
ensures that shredded or ripped document
reconstruction is automated, accurate, and

efficient for forensic applications.
1. Image Acquisition and Preprocessing

The reconstruction workflow begins with
capturing images of shredded fragments.
High-resolution imaging ensures clarity of
tear patterns, ink textures, and paper

details. Once images are acquired,
preprocessing operations such as noise
reduction, thresholding, binary masking,
and color normalization are applied.
Fragment segmentation is performed using

contour detection, where each fragment is
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isolated into its own bounding region. Data
augmentation such as rotation, scaling, and
perspective distortion enhances model

robustness.

2. CNN-Based Feature Extraction

A Convolutional Neural Network (CNN)
is used to extract visual and structural
features from each fragment. The CNN

model captures:

o Edge curvature

e Texture gradients
e Ink patterns

o Font alignment

e Color distribution

e Shape embeddings

These features form a multi-dimensional
representation for each fragment, enabling

accurate comparison during reconstruction.

3. Siamese Similarity Network

To determine which fragments belong
together, a Siamese network is trained to
compute  similarity scores  between
fragment pairs. The network takes two
fragment images as input and outputs a
similarity value indicating potential
adjacency. During training, positive pairs
consist of true neighboring fragments,
while negative pairs contain unrelated
functions such as

fragments.  Loss
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contrastive  loss help the network
distinguish between similar and dissimilar

edges.

4. Graph-Based Fragment Matching

Once similarity scores are computed for all
fragment pairs, a graph is constructed
where nodes represent fragments and
edges represent similarity strengths. Graph
optimization  algorithms,  such  as
maximum-weight matching or minimum
spanning tree formulation, are used to
generate an optimal assembly ordering.
The algorithm gradually aligns fragments
by placing the most compatible pieces
together first. The system also predicts
orientation, allowing fragments to rotate to

fit their neighbors.

5. Reconstruction and OCR

After

reconstructed document is stitched into a

fragment alignment, the
single image. Remaining gaps are filled
using texture synthesis or interpolation.
Once the document is assembled, OCR
(Optical Character Recognition) is applied
using a transformer-based text recognition
model. This model reads the recovered
text, enabling forensic teams to analyze the
if the

content even reconstruction is

incomplete.
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The integrated pipeline ensures robustness

against  irregular  shapes,  missing
fragments, and damage patterns.
SYSTEM ARCHITECTURE

:
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RESULTS & DISCUSSION

The proposed system was tested using
datasets of shredded and manually torn
documents with varying degrees of
complexity. Performance was evaluated
reconstruction

based on accuracy,

processing time, fragment alignment

consistency, and OCR text recovery.

Reconstruction Accuracy

Experiments show that for straight-cut
shreds, reconstruction accuracy averaged
92%, while irregularly torn fragments
achieved around 78% accuracy due to
nonlinear edges. The similarity network
achieved an average adjacency prediction
accuracy of 89%. The graph-based

reconstruction  successfully assembled

most fragments with minimal errors.
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Processing Speed

The  system  significantly  reduces
reconstruction time. Manual reconstruction
of 300 fragments typically takes 12-15
hours. The proposed system completes the
same task in under 25 minutes. The
Siamese network accelerates matching by
number  of

reducing the fragment

comparisons needed.

OCR Performance

OCR accuracy reached 94% on clean

reconstructions. Even partial

reconstructions produced usable text
segments, which is highly beneficial for
forensic  evidence extraction.  Text
recovery remained robust across various

fonts and backgrounds.

Discussion & Findings

Results indicate that the system performs
extremely well when tear patterns provide
distinct visual cues. Uniform paper
textures, faded ink, and missing fragments
reduce accuracy but do not prevent partial
reconstruction. A major strength of the
system is its ability to handle noisy,
crumpled, or stained fragments. Compared
to traditional techniques, the deep learning
approach provides stronger generalization

and scalability.
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CONCLUSION

This research presents a comprehensive
framework  for
ripped-up
addressing key challenges

deep learning—based
reconstructing shredded and
documents,
faced in forensic investigation. By
integrating CNN-based feature extraction,
Siamese similarity networks, graph-based
reconstruction

transformer-based OCR, the

algorithms, and
system
provides an automated and highly accurate
solution for recovering destroyed paper
evidence. The approach

effort,

significantly
reduces manual accelerates the
reconstruction process, and enhances the

reliability of fragment alignment.

The experiments conducted in this study
demonstrate that the proposed system
achieves high reconstruction accuracy
across various shredding patterns and tear
in scenarios with

complexities. Even

missing or damaged fragments, the
reconstruction engine produces meaningful
layouts that support further forensic
interpretation. OCR performance remained
strong across multiple document types,
ensuring that critical information can be

recovered even when full reconstruction is

not possible.
The significance of this framework
extends beyond forensic labs. It can
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support inteiligence agencies, archival

restoration teams, cybersecurity units, and

legal organizations involved in evidence
recovery. The modular nature of the
architecture allows future researchers to
integrate emerging technologies such as
diffusion models, graph transformers, and
generative

inpainting  to  improve

reconstruction performance.

Future work will explore enhanced self-

supervised learning, multi-modal
reconstruction (combining text + visual

cues), and real-time investigation tools.

With scalable datasets and improved
models, automated document
reconstruction may become standard

practice in forensic analysis.
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