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Abstract: The splicing technology of broken files is a very important and highly applicable technology,
which has important applications in the fields of judicial evidence restoration, historical document
restoration, and military intelligence acquisition. Traditionally, splicing and restoration work needs to
be completed manually, with high accuracy but low efficiency. Especially when the number of fragments
is huge, manual splicing is difficult to complete the task in a short period of time. In today's rapidly
developing computer technology, it is increasingly necessary to focus on developing automatic splicing
technology for shredded paper to improve the efficiency of splicing and restoration. This article delves
into this issue in depth, making full use of the powerful mathematical software Matlab . Ultimately, a
total of 5 pieces of shredded paper, including horizontal and vertical cutting, Chinese and English, and
single-sided and double-sided splicing and restoration work, were achieved for three major categories.
For shredding paper sheets (only vertically cut) of printed text files on the same page, considering the
small degree of paper fragmentation, the method of using software to obtain image data is not considered
for now, but the macro stitching method is prioritized. The so-called macro stitching method is based on
the cutting situation of each vertical cutting line on each line of text, and uses simple and effective
methods to solve problems from a macro perspective. Subsequently, the probability of occurrence of
concatenated duplicate codes in this method was provided to demonstrate its applicability.
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1. Introduction

The splicing of broken files has important applications in the fields of judicial evidence restoration,
historical document restoration, and military intelligence acquisition "). Traditionally, splicing and
restoration work needs to be completed manually, with high accuracy but low efficiency. Especially
when the number of fragments is huge, manual splicing is difficult to complete the task in a short period
of time. With the development of computer technology, people are trying to develop automatic splicing
technology for shredded paper to improve the efficiency of splicing and restoration!?!. This article mainly
establishes a model and algorithm for the splicing and restoration of shredded paper sheets (only
vertically cut) from the same printed text file in a shredder®]. The fragmented data of one page of Chinese
and one page of English files are spliced and restored. If the restoration process requires manual
intervention, study the intervention methods and time nodes. The restoration results are presented in the
form of images and tables. For the situation where the shredder cuts both vertically and horizontally,
design a model and algorithm for splicing and restoring shredded paper, and perform splicing and
restoration on the fragmented data of one page of Chinese and one page of English files.

The fragmented data provided in this article are all single-sided printed files. From a practical
perspective, there may also be issues with the splicing and restoration of shredded paper in double-sided
printed files that need to be addressed. Fragmented data for a double-sided printed document with one
page of English printed text. Design corresponding models and algorithms for splicing and restoring
shredded paper, and provide splicing and restoration results for fragmented data.
(https://www.mcm.edu.cn/problem/2013/2013.html)

2. Analysis of paper fragments from shredders of printed text files on the same page

For a given shredder that breaks paper sheets (only vertically) from the same printed text file,
considering the small degree of paper fragmentation, we do not consider using software to obtain image
data for now. Instead, we prioritize using the cutting situation of each vertical cutting line for each line
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of text as a basis, and solve the problem from a macro perspective using simple and effective methods.
And provide the probability of occurrence of concatenated duplicate codes in this method to demonstrate
its applicability. Due to the fact that this method obtains data from a macro perspective, it is temporarily
referred to as the macro stitching method.

In daily life and study, the following rules can be found to play a very important role in fragment
splicing and reorganization, and are also the main theoretical basis of the so-called macro splicing method:
if there are only a few missing first lines (especially two Chinese characters), and there are no punctuation
marks on the left side of the blank part, it is likely to be caused by the indentation of the first line; If there
are only a few words in the first line, it is likely due to special formatting issues (such as the title used
when writing a letter), and the other possibility is mainly the extension and remainder of the text on the
previous page; Excluding the space of the leftmost four characters (two Chinese characters), the more
lines there are on each piece of paper, the further left it was originally placed on the paper.

2.1 Model Establishment and Solution

As shown in Figure 1, for some Chinese fragmented data, two sets of vectors can be obtained, one
left and one right, based on whether more than one-third of the missing parts are due to cutting (in English,
whether the cut letters can be recognized and whether they affect recognition are used as standards). If
the degree of loss is not severe, it is marked as 1 if it has not been cut, otherwise it is marked as 0, and

spaces are marked as not cut. From this, we get two vectors, namely @, and bl. .

For English fragmented data, the same approach can be applied. By analyzing the cutting patterns
and the recognizability of letters, two sets of vectors are generated to represent the left and right edges
of each fragment. These vectors provide a foundation for matching fragments based on their
compatibility. To further enhance the accuracy of splicing, additional factors such as font size, line
spacing, and alignment are considered. The algorithm prioritizes fragments with higher similarity in their
vector representations, ensuring that the most compatible pieces are joined first. This step-by-step process
continues until all fragments are successfully reassembled or until manual intervention is required to
resolve ambiguities. Through this method, the efficiency and accuracy of document restoration can be
significantly improved, offering a practical solution for handling large-scale fragmented data in various
fields.

e om T o= T B M R I T o t TR
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= =8 FFroeg T y=20 < o=

Figure 1 Fragment diagram example

In this way, this article can obtain @, total of 19 pairs of vectors, a and b,(i =1,2,3,---19), to

describe 19 pieces of fragmented data. If the fragmented data labeled i, j can be concatenated, then ab
must hold true. Therefore, the algorithm process is as follows:

(1) Filter out a, whose elements are all 1 and mark the value of I, using this bar fragment as the

starting point at the left end;

(2) Using bi as the "paired gene chain", select the vector @ in a that is equal to bl. , mark the value
of j, and then the bar fragment with sequence number j can be pieced after the fragment data with

sequence number I ;

(3) Repeat the above two steps, and so on, until all elements of bi are 1, at which point the rightmost

end of the original paper has been reached.

By programming with Matlab software, the following results can be obtained, as shown in Figure
2 and Figure 3:
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Columns 1 through 12

8 14 12 15 3 10 2 16 1 4 5 ]

Columns 13 through 19

13 18 11 7 17 0 ]

Figure 2: Running Results of Chinese Longitudinal Fragment Data Recovery Software

Columns 1 through 12

Columns 13 through 18

10 8 12 14 17 16 4
Figure 3: Running Results of the English Longitudinal Fragment Data Recovery Software
2.2 Summary of solution results for longitudinal fragments

The final order of the restored Chinese and English longitudinal fragment numbers is summarized in
Table 1:

Table 1 Restoration order of longitudinal fragment numbers in Chinese and English

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Chinese 8 14 12 15 3 10 2 16 1 4 5 9 13 18 11 7 17 0 6
English 3 6 2 7 15 18 11 0 5 1 9 13 10 8 12 14 17 16 4

From the effect of restoring the image, it can be seen that the results obtained by macro stitching
method are completely accurate and do not require manual intervention. When there is a concatenation
of duplicate codes, it means that the right vector of one fragment has at least two left vectors of other
fragments that are equal to it. For 28 lines of Chinese text, the probability of occurrence of splicing

duplicate codes is F, = ?, while for 30 lines of English text, the probability of occurrence of splicing

duplicate codes is P, = F. Therefore, it can be seen that macro splicing is an ideal and effective

method for handling small sample splicing with light fragmentation.

3. Research on the degree of damage to fragments

Due to the high degree of damage to the fragments, the large number of fragments, and the small
number of rows contained in each fragment, the macro stitching method is no longer applicable. At the
same time, the method of converting images into data can only be used to read their pixels through
software, and Matlab is used to process the data. Considering that the characteristics of the obtained
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data are complex and large in quantity, but with a more detailed characterization of fragmented features,
even for the spliceable parts, the two vectors can only guarantee approximate equality and cannot
guarantee absolute equality.

If we consider the cutting line, the right vector of a certain fragment, and the left vector of the
undetermined piece that can be spliced, we will find that the necessary and sufficient condition for
determining whether the undetermined piece can be spliced is that the sum of the distances from the left
vector of the fragment and the right vector of the predetermined piece to the cutting line is minimized.
This links the stitching problem with the least squares method. Therefore, in solving problem two, the
core method selected in this article is the least squares model™,

In addition, observing the characteristics of the image, it can be seen that the horizontal cutting line
runs exactly between two lines of text without damaging the text, that is, two horizontal cutting lines
(with other horizontal cutting lines between them) cut the text into a complete strip. Therefore, in the
process of stitching and restoring, it is not possible to stitch all the fragments in one step, but rather to
first piece them into several strip-shaped texts. Then, through manual intervention, the internal logical
relationships of the text are analyzed to obtain a complete restored image!!.

3.1 Model Establishment and Solution

(1) Determination of initial position

To start the stitching work, the first step is to select the basic points, which means selecting a relatively
special fragment to fix it, and then starting to search for adjacent images. Due to the absence of text
damage on the left and upper ends of the fragments in the upper left corner, the fragment data in the
upper left corner is generally selected when selecting the basic point. However, this article takes into
account the effectiveness of the adopted method and intentionally avoids weakening the influence of
lateral cutting lines. Therefore, when selecting the basic points, the next best option is to choose the

fragment data that may appear at the leftmost end, which has the feature of @, =255¢ (a full 1 array

of the same dimension). Through Matlab implementation, the fragment number that may be located
at the far left of the search is:

A.Chinese text:7,14, 29,38,49,61,62,67,71,80,89,94,125,135,143,168;
B.English text:2,19,20,70, 81,86,132,146,149,159,171,191,201,202,208.
Next, we will conduct the first manual intervention in this article, as shown in Table 2:

Table 2 Explanation of the first manual intervention situation

Intervention time Intervention Intervention effect
node methods
Chinese left 5 fragments:
Determination of Manual 49 is above 61; 168 is above 38; 71 | Fragment not on the left
initial position splicing is above 14; end:62,67,
94 on top, 125 in the center, 29 on 80,135,143

the bottom; 7 is above 89

(2) Establishment of Splicing Model
According to the principle of least squares, @, concatenation model is established as follows:

assuming the basic point number is i, the right-hand vector b, can be obtained. If for the left-hand

vector a of the remaining fragment, there is:
X=b-a (1)
s.t.forvk # j,Alwayshave: |X| < ‘bj - ak‘ )

The number of the spliceable fragments to the right of index I is j and can be used as new basic

points, and so on.

(3) The generation and sorting of strip text
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When using Matlab implementation, what is obtained is not the final complete puzzle result, but
several strip-shaped texts. The following is an example of a Chinese file(For ease of reading, the content
has been translated into English):

a) The first strip-shaped text generated by MM, with 49 and 61 on the left, as shown in Figure 4:

postmanSoft fragrance, ripeness and arace—Prunk, her clond-like tresses droop
o'er either ear Much thawks to spring's ckilled powerThis wot the red of flowers,
but jade's pure red that glowsA cherry's bloom adorus her lips (like Fan Su's
fair)She cares wot for gold's bright alareBut ouly for love that lasts
forevermoreShe learns to draw the crow's-wing brows, yet vot half done—Her
brow's tip already kwits, with sorrow for spring's declivellear tears fall in
streaksHer tender heart seems snapped, inch by inch, with grief.She chides those
whe would asksTurving from the lamp, she secretly wipes away,Till all the traces
of her powder'd are goneSpring's affairs fade, fragrant grasses witherIn a
stranger's land, the scene passes—The Gingming Festival comes and goes
againAt dusk in the small conrtyard, she remembers farewells pastFallen red
blooms lie everywhere, and doves' cries fill Hhe air The year draws o its close—She
wust make plans soon, to get a browa fur coat Hometown lies a Hhousand wiles
awayWherever the scenery's fine, she lingers stillwhen T sing druwk, you join my
lazwhen drowk T fall, T veed you (+o tend me, night and day).

Figure 4: The first strip of text generated by Matlab
b) The second strip-shaped text generated by MM, with 168 and 38 on the left, as shown in Figure 5:

support me—ounly wine can chase sorrow away.Let Lin Xnande be, as he willwe lie
face to face atop the +all tower Bemember the west bank of west Lakewhere
the evening hills were at their finestVeiled in a mist of emerald green Truly, i+is
rare for poets o find such rapportAs you and T shareSomeday, when we <ail
eastward back to the <ea WMay you not stray from Xie An's noble ambition—Let us
keep that vowOwn the road fo XzlhowPo wet look back lLest your robes be
dampened with tears for me.The chilly spring wind sobers me from my drumkard’s
hazes faiwt cooluess i naersMet the slawting sumlight on the wountain peak
areets me sHllT look back at the place where T once wandered free.Now, T +urn
to go—No wind, ne rain, wo clearing sky, just peaceAlong the purple thoroughtare,
T qoto seek spring’s trace;The red dust brushes wy face as T comeEveryone says
they return from viewing flowers—But T see ouly a single sprig of
pomegranate,T+s new buds just beginming o bloowm.

Figure 5: The second strip-shaped text generated by Matlab
¢) The third strip of text generated by MM, with 71 and 14 on the left, as shown in Figure 6:
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The crescent woon unfolds i+s gentle grace to mawThree Stars shive at the
door, v'er tender bonds they stand Fragrance rises from mist-like <ilk, her softuess
pure fo scanScratching my head, T chant of homeward way—Wyself T find, for
fame and rank, more lazy, wore astrayIf you ask of this official's talewt and skill;
How may 7T claim but one taste of worldly simplicihyEast of the sea, where
mouwtains end,Since old, emphy rafts have come and govemnplawed The rafts
keep faith, to antumw's date they wend;The official goes, and ve'er returus
aaainFarewell wine T urge you—adrivk fill druwk, T pray;Clear and wild, like Fan An
(e fair), yet whose son-in-lawe are you todayTRemember the vew lucky foken o
your hairpin's ray—">Po ot pass it to the veighbor's son wext doorwayBy Kisai
Wountain, white egrets flyBeyond Sauhuna Tslet, a single sail dips, faint on
high.Feach blossoms dritt, mandarin fish grow plump n the stream wearly The
host chides for a +rivial sligh+—Eager +o lean on east wind, first fall druwk, out of
sight,

Figure 6: The third strip-shaped text generated by Matlab

d) The fourth strip of text generated by Matlab , with 94125 and 29 on the left, as shown in Figure
7:

it already belonas to you, my lord, Just wait for him wmore calmby, Way T have vo
gxpectations for the present world, and if T <Hll have awy, T <hould <eels Hhewm
from awciewt people. The pive and cypress tn the cold of winter would never fear
Attmn,

water wmerges with the sky, and wountains overlook +he city. This is +the
owetown of tlhe Two Shu of +he wWestern Han Pynasty, Newly gray hair, old
yellow gold, The kinduess and righteousness of old friends are deep. Who says
Ponayang has become hagaard? He still has the spirit as bright as lacauer dots.
The jade forest will abways ke <eparated from e worldly dust. Look, when e
wears the crave cloak, e is still a bavished immortal. Three times passing uader
the Fingshan Hall, in the sound of flicking fingers for half a life. T haven't seen
the old immortal for ten years, The dragons and suakes on the wall are flying. The
warm wind can't keep the flowers. Conwtless petals fall on people. Looking up frowm
the building, T watch spring go away. The fragrant grass confuses the way back.
Colns and jade fruits, The profits are equally shared amons the four seats. Many
flhanks for doing wothing. Hew did Hhis watter come o we? Tlhe Lawtern Festival
seews to be a time of joy. Woreover, there are few civil dispittes in the public conrt,
Ten thousand families go sightseeing on the spring platform, and the immortals in
+en i are lost v Hae <ea i<land,

Figure 7: The fourth strip-shaped text generated by Matlab
e) The third strip of text generated by Matlab , with 7 and 89 on the left, as shown in Figure 8:
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-
|

Ninety days of spring have all p/";f; ed; where +o hirry and seek pleasireTThree
parts of spring ”’Lr,ru bring one part of sorrowiBain tosses elm catldns like a
battle formeationWind wiirls willow catldns into balls Bal Xue's poetic phirases come
for+ln from the wertal world T love that you Wave both talevt and virtue The
scenery of a foreign land remains the same, however A round faw 1s only aood for
recalling past evewts,New silk threads can hardly +ie up travelers,

'-.-'-.-l-']r.,l-. the wine party is over, the taste ling feErs likze tle VKLIL Sprin r_j?"‘*l-*l]un aln
T have literary talewt, whio would be close +o me when T open '.-'Im_ WontlTiust ke
carefree and ewjpy life to the fullestwihen can T ao back awnd be an idle
personTracing a ither, a pot of wing, and a stream If Xiangru were net old,Liang
Hougy could ’-HII accompany the young Pont stir up idle worries.Just pick

Figure 8: The fifth strip-shaped text generated by Matlab

By analyzing the relationship between the five banded texts, it can be concluded that "When drunk I
fall, I need you (to tend me, night and day)-support me" is a whole sentence that cannot be separated, so
regions a and b are adjacent. "Qie Zhe" is seen in "Qie Zhe Shuang Rui Jin Yu Pei", and "Bian
You (postman) " is seen in "Shy to Ask Bian You". Therefore, ¢ is not before "a", and "a" can only be
used as the first banded text, while "e" can only be used as the last banded text. The strip-shaped text
after b should include the beginning of the paragraph, so the five strip-shaped order can be obtained as:
a, b, ¢, d, e. Furthermore, the serial numbers of the fragments restored in Attachment 3 can be obtained,
as shown in Table 3:

Table 3 Restoration numbers of single-sided horizontal and vertical cut Chinese fragments

049 | 054 | 065 | 143 | 186 | 002 | 057 |192 |178 118 | 190 | 095 | 011 [022 129 1028 091 | 188 | 141

061 | 019 | 078 | 067 | 069 | 099 | 162 096 [131 079 | 063 | 116 | 163 [072 006|177 020 | 052 | 036

168 | 100 | 076 | 062 | 142 | 030 | 041 (023  [147 191 | 050 | 179 | 120 [086 195 1026 001 | 087 | 018

038 | 148 | 046 | 161 | 024 | 035 | 081 |189 [122 103 | 130 | 193 | 088 [167 025 1008 009 | 105 | 074

071 | 156 | 083 | 132 | 200 | 017 | 080 033 [202 198 | 015 | 133 | 170 205 085 |152 165 | 027 | 060

014 | 128 | 003 | 159 | 082 | 199 | 135 012 |073 160 | 203 | 169 | 134 [039 031 (051 107 | 115 | 176

094 | 034 | 084 | 183 | 090 | 047 | 121 042 [124 144 | 077 | 112 | 149 [097 136|164 127 | 058 | 043

125 | 013 | 182 | 109 | 197 | 016 | 184 |110 [I87 066 | 106 | 150 | 021 173 157 181 204 | 139 | 145

029 | 064 | 111 | 201 | 005 | 092 | 180 [048 [37 75 55 44 | 206 |010 104 1098 172 | 171 | 059

007 | 208 | 138 | 158 | 126 | 068 | 175 1045 [174 000 | 137 | 053 | 056 [093 153 1070 166 | 032 | 196

089 | 146 | 102 | 154 | 114 | 040 | 151 207 |I55 140 | 185 | 108 | 117 |004 101 |113 194 | 119 | 123

Similarly, a list of restored sequence numbers for English fragmented documents can be obtained,
but due to the occurrence of overlapping codes, manual intervention is required. The time node for this
intervention is determined by the sequence number, and the intervention method is manual splicing.
Finally, the sequence number list of the restored English fragmented document is shown in Table 4:

Table 4 Restoration numbers of single-sided horizontal and vertical cut Chinese fragments

191 (075 011 154 | 190 | 184 | 002 |104 180 (064 [106 004 149 (032 [204 | 065 | 039 | 067 |147
201 (148 [170 [196 | 198 | 094 | 113 [164 078 [103 091 |080 |101 026 (100 | 006 | 017 | 028 [146
086 (051 |107 029 | 040 | 158 | 186 [098 024 (117 [150 005 059 (058 1092 | 030 | 037 | 046 |127
019 (194 1093 141 | 088 | 121 | 126 [105 155 (114 |[176 [182 151 (022 |057 | 202 | 071 | 165 |082
159 (139 1001 129 | 063 | 138 | 153 |053 |038 [123 [120 [175 085 (050 |160 | 187 | 097 | 203 031
020 (041 [108 |116 | 136 | 073 | 036 [207 135 (015 [076 (043 199 (045 [173 | 079 | 161 | 179 |143
208 (021 007 1049 | 061 | 119 | 033 [142 168 (062 [169 (054 192 [133 118 189 | 162 | 197 |112
070 (084 060 (014 | 068 | 174 | 137 [195 008 (049 [172 |I156 1096 023 099 | 122 | 090 | 185 [109
132 (181 1095 1069 | 167 | 163 | 166 |188 111 (144 06 [003 130 (034 |013 110 | 025 | 027 |178
171 [042 1066 205 | 010 | 157 | 074 |145 (083 [134 |055 018 056 (035 (016 | 009 | 183 | 152 044
081 077 |128 [200 | 131 | 052 | 125 [140 193 |087 [089 (048 072 [012 |177 124 | 000 | 102 |115

4. Conclusions

The shredded paper reconstruction problem discussed in this paper is primarily limited to horizontal
and vertical cuts. However, in real-world scenarios, achieving perfectly vertical or horizontal cuts is often
challenging. Therefore, based on the methodology presented here, the problem of reconstructing
diagonally cut shredded paper fragments could be considered. By performing operations such as
straightening the diagonal fragments, the problem can be transformed into the horizontal and vertical cut
shredded paper reconstruction scenario addressed in this study. Moreover, regarding the issue of
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reassembling fragments with double-sided printed content, this model exhibits an oversimplification that
leads to relatively significant errors and suboptimal applicability.

The shredded paper fragments in this study exhibit very clear residual text edges. However, in practical
applications, the edges of mechanically shredded paper fragments typically contain "burrs," which
significantly reduce the accuracy of identifying residual text edges. Thus, building upon the methods
presented in this paper, image denoising techniques could be implemented to handle more general cutting
conditions.
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