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Abstract

This study proposes a novel approach to optimizing individual work schedules
for book digitization using mixed-integer programming (MIP). By leveraging
the power of MIP solvers, we aimed to minimize the overall digitization time
while considering various constraints and process dependencies. The book
digitization process involves three key steps: cutting, scanning, and binding.
Each step has specific requirements and limitations such as the number of
pages that can be processed simultaneously and potential bottlenecks. To ad-
dress these complexities, we formulate the problem as a one-machine job shop
scheduling problem with additional constraints to capture the unique charac-
teristics of book digitization. We conducted a series of experiments to evaluate
the performance of our proposed approach. By comparing the optimized
schedules with the baseline approach, we demonstrated significant reductions
in the overall processing time. In addition, we analyzed the impact of different
weighting schemes on the optimization results, highlighting the importance
of identifying and prioritizing critical processes. Our findings suggest that
MIP-based optimization can be a valuable tool for improving the efficiency of
individual work schedules, even in seemingly simple tasks, such as book dig-
itization. By carefully considering specific constraints and objectives, we can
save time and leverage resources by carefully considering specific constraints
and objectives.

Keywords

Mixed Integer Programming, Scheduling Optimization, Work Planning,
Book Scanning, Gantt Chart

1. Introduction

Mixed Integer Programming (MIP) solvers are advanced software tools designed
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to solve complex optimization problems involving integer and continuous varia-
bles [1]. These solvers have been applied to a variety of real-world optimization
problems, such as operational planning and scheduling problems, and have be-
come indispensable tools in areas such as operational research and supply chain
management [2]. Research on MIP solvers dates back to the 1960s, but in recent
years, machine-learning techniques and their integration with machine learning
have attracted much attention [3]. For example, studies using neural networks to
improve the key subtasks of MIP solvers have shown very high performance com-
pared to conventional MIP solvers [4]. The application of MIP solvers to real-
world problems has resulted in various benefits. For example, they have been used
in the automotive industry to optimize large-scale vehicle production sequences
[5]. In the energy industry, MIP solvers are used to optimize power plant sched-
ules, helping reduce costs and environmental impacts [6]. Current MIP solver re-
search addresses a wide range of issues, including increased scalability for larger
and more complex problems, further integration with machine learning, and im-
proved parallel and distributed computing capabilities [7]-[9]. Research is also
being conducted on the use and integration of large language models (LLMs),
which have received considerable attention in recent years [10] [11]. There are
many research cases in which the MIP solver has been used to optimize work
planning, including in the medical field, manufacturing, logistics, and distribution
operations. In the medical field, MIP solver is used to optimize shift planning and
task allocation for doctors and nurses [12]-[14]. In the manufacturing industry, it
optimizes the work schedules of workers and equipment operations [15]-[17]. In
the logistics field, it plans for efficient execution of tasks by specific delivery per-
sonnel [18]-[20]. To the best of our knowledge, no case studies have been reported
in recent years on the application of an MIP Solver to individual work planning.

To expand the potential of MIP solvers, it is important for the development of
the field to apply and evaluate MIP solvers, even on a small scale, in areas where
MIP solvers have not been tried before. Therefore, in this study, we will optimize
individual work schedules using MIP solvers.

In recent years, small and low-cost tablet devices have been offered by many
companies, and the number of users who enjoy gathering information and read-
ing books on such devices has increased [21] [22]. Some tablet users not only use
commercially available e-books but also digitize their own paper books and read
them on their tablets [23]. Under these circumstances, image scanners specialized
for digitizing paper documents and books have been offered at low prices for sev-
eral years, and their sales are increasing [24] [25]. Although image scanners that
can be used by individuals have been around for a long time, the models offered
in recent years have been improved with an auto-feed function that automatically
reads multiple sheets of paper as a standard feature, making it easier to digitize
books and other documents with many pages. In this article, these image scanners
are referred to as book-scanners. There are several methods for digitizing books,

and one of them, the destructive method, is used here [23]. This method consists
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of three steps: cutting the book, scanning the pages, and binding the cut pages.
None of these processes is difficult, but if many books are to be digitized, the time
required for the work will be longer, and several processes will be performed in
parallel. Because the work of digitizing books is an individual task, there is no
specific deadline. However, because all processes are monotonous tasks, the work
should be completed in as short a time as possible.

In this paper, we propose a method of preplanning using a MIP solver to solve
these problems [26]. We evaluated the efficiency of digitizing books by following
the work plan through experiments using numerical simulations. To develop the
work plan, we used Gurobi Optimizer, a MIP solver provided by Gurobi Optimi-
zation Inc [27]. The remainder of this paper is organized as follows. Section 2
defines the book digitization work planning problem, and Section 3 describes the
preliminary experiments conducted to obtain the lead-time for each step of the
book digitization process. Section 4 describes the simulation experiments using a
MIP solver based on the results of the preliminary experiments. Section 5 dis-
cusses the differences in the results of the simulation experiments depending on
the optimization strategy. Section 6 describes the limitations of this study. Finally,

Section 7 concludes the study.

2. Book Digitization Work Planning Problem (BDWPP)

2.1. Process Description

The book digitization work to be optimized in this study is described. The work
process is presented in Table 1. There are three processes involved: cutting, scan-

ning, and binding. The following is a description of each process.

Table 1. Book digitization workflow.

Processes Equipment Work descriptions

e The paper was cut to a thickness that could
be cut using a cutting machine.
Cutting Cutting machine e Cut the glued spine on the cutting machine.
e Separate the book into BPs so that they can
be set in the book scanner.

. Place the BPs on the book scanner and press the
Scanning Book scanner
scan start button.

e Punch the BP with a punch machine.

Bindi Punch hi
naing U MACHNE ¢ Bind the BPs together with binding bands.

Cutting: This is the process of cutting the spine of a book, where each page is
glued to the spine using a cutting machine. In this paper, a piece of paper after
cutting is called a book piece (BP). Because there is a limit to the thickness of a
piece of paper that can be cut simultaneously, a book with many pages must be

cut into pieces using a box cutter. The book scanner also has an upper limit on the

DOI: 10.4236/0jmsi.2025.131003

53 Open Journal of Modelling and Simulation


https://doi.org/10.4236/ojmsi.2025.131003

K. Takahashi

number of sheets of paper that can be set at one time, so the BPs divided for cut-
ting need to be further divided. This process also includes removing the front and
back covers from the book and finding and separating pages that still have glue
on them from the BPs so that they will not interfere with the scanning process.

Scanning: This is the process in which BPs cut in Cutting are placed on the
book scanner and scanned in page order. Paper jams may occur during scanning,
but they occur stochastically, depending on the nature of the book paper and its
conditions; this handling process is ignored.

Binding: This is the process of binding the BPs to restore them to readability as
a paper book after all the BPs have been scanned. There are various methods for
book binding, but here, we use a binding band as one of the simplest methods.
Each BP was punched (two holes) with a punching machine, and the BPs were

bound together with plastic binding bands.

2.2. Mathematical Model

This section defines a mathematical model for planning book digitization work.
In this paper, we refer to this problem as the book digitization work planning
problem (BDWPP). The smallest unit of work to process a book is called a Job. A
Job has a start time and a work duration. Although there are three processes in
book digitization work, it can be called a flow-shop type scheduling problem be-
cause the order of the processes to process books is the same for all books [28].
The objective of this study was to digitize books within the shortest possible time.
This can be achieved by changing the order of the work within each process.
Therefore, it is necessary to allow Jobs to overtake each other in each process. In
addition, it is difficult to apply the formulation of the permutation flow storage
problem to the scanning process because a Job must be processed multiple times
[29]. Therefore, we focus on the fact that not all processes can be started without
a worker and formulate the problem as a one-machine job shop scheduling prob-
lem, where the worker is considered a machine. Only one worker was included in
this study. In addition, it is necessary to consider that the worker can perform
other tasks because the process is automatic after the BPs are placed in the book
scanner. Based on these constraints, we formulated the system as follows [30]:

Variables:

s; Start time of Job /.

p; Work duration of Job /.

q; Work-inhibit duration after Job /is completed.

x; A variable that is set to 1 when Job j precedes another Job kand 0 other-
wise.

a; Process name of Job i

Objective function:
DS 2D, 1)
J= j=1

Constraint conditions:
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sj+pj+qj—M(l—xjk)Ssk(Vj;tk,aj:ak), ()
Sj+pj—M(l—xjk)Ssk(Vj¢k,ajiak), 3)
sj—sj_Iij_l+qj_1(Vj,ajial), 4)

x, +x, =1(Vj <k), (5)

x, €{0,1}(Vj#k). (6)

The objective function is the sum of the completion times of all Jobs. Equations
(2) and (3) are the disjunctive constraints. Equation (2) is a constraint if the pro-
cess names of Jobs jand k are the same, and Equation (3) is a constraint if the
process names are different. This constraint formula considers the fact that there
are two operations in the scanning process: placement of the BPs and automatic
scanning by the book scanner. If Job j precedes Job k and they are in the same
process, Job k can start after p;+¢, has elapsed since Job j starts. If the pro-
cesses for Jobs jand k are different, only p; is considered. Equation (4) repre-
sents the process-order constraint. This order constraint is applied when the pro-

cess name of Job jis after the second process, that is, after the scanning process.

3. Preliminary Experiment
3.1. Method

To evaluate the work plan resulting from Gurobi Optimizer calculation, we first
recorded the real Job start time and work duration when the subject processed
freely selected books without consideration. The books were processed in the or-
der in which they were cut during Cutting and in subsequent processes. Table 2
and Table 3 list the specifications of the books and equipment used in this exper-
iment. The number of pages in both books differed from the original because Jap-
anese translations were used. Note that the subject of this experiment was the au-

thor himself, and the number of trials was one.

Table 2. Specifications of books used in the experiment.

Title of books Pages
Decompiling Java 156
Textbook for agile development 160
Five core metrics: the intelligence behind 182

Table 3. Specifications of machines used in the experiment.

Machines Specifications
Cutter Cutting capacity: 180 sheets of PPC paper

Scanning speed: 20 sheets/minute

Book
ook scanner Number of sheets loaded: 50

Paper punch Drilling capacity: 180 sheets of PPC paper
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3.2. Result

The Gantt chart shows the start and elapsed times for each Job recorded during
the experiment (Figure 1). In Section 2.1, there were three steps in the book dig-
itization process. Let Scanning 1 be the manual process of setting BPs and Scan-
ning 2 be the process of automatically scanning the BPs with a book scanner.
Compared to the other processes, Scanning 2 took more time. In other words,
Scanning 2 is the bottleneck in the entire process, and it can be predicted that
increasing the utilization rate of Scanning 2 will contribute to improving the effi-

ciency of the work plan.

cuns | | [
st | [ ] 1

Scanning 2

Binding -

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 1. Work start time and work duration when BPs are processed in the order in which
they are cut.

4. Evaluation for Optimizing Preliminary Experiment
4.1. Method

Table 4. Weight coefficient wfor each experimental condition.

Experimental conditions Weight coefficient w
1A Set w of all processes to 1
1C Set w of Cutting to 2 and the others to 1
1S Set w of Scanning to 2 and the others to 1

The experiment aimed to verify whether work scheduling could be made more
efficient. The work duration of each Job obtained from preliminary experiments
was applied to the MIP solver. Gurobi Optimizer provided by Gurobi Optimiza-
tion Inc. was used as the MIP solver under an academic license. Figure 1 shows
that there are a total of 26 tasks in the preliminary experiment. These work dura-
tions are given to Gurobi Optimizer, which adjusts the work start time for each
task to optimize the objective function. Simulation experiments were conducted
under the three conditions listed in Table 4. w represents the weight coefficient
in Equation (1). Because a larger value of w contributes to a larger value of the

start time s; of aJob in this process to increase Equation (1), Gurobi Optimizer
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calculates the work duration p; of a Job in this process to be smaller. The PC
used for the computation was Intel Core i7 (1.7 GHz) with 8 GB of memory. This

PC was used in subsequent experiments.

4.2. Results

The optimal solutions obtained by the simulation calculations under the three
conditions are shown in Figure 2 and Figure 3. The same optimal solutions were
obtained under conditions 1A and 1S. The result of condition 1C was similar to
the other conditions, except that the order of the Job started in Cutting. In both
conditions, the order of starting the Job was different from that in the preliminary

experiment.

1C—3
2 KX |
3 EEEE

- |
i

0 200 400 600 800 1000 1200 1400
Time (s)

Cutting

Scanning 1

Scanning 2

Binding -

Figure 2. Optimal solution for conditions 1A and 18.

1C—/
2 KX
3 R

5 _
e

0 200 400 600 800 1000 1200 1400
Time (s)

Cutting

Scanning 1

Scanning 2

Binding |-

Figure 3. Optimal solution for condition 1C.

4.3. Data Analysis

The objective function and maximum completion time (makespan) of the optimal
solution for each condition are listed in Table 5. The makespan is the end time at
which the work is completed last among all tasks and is one of the typical schedule
evaluation indices in scheduling problems. Table 5 shows that the makespan of
the optimal solution using Gurobi Optimizer was 13 s shorter than that in the
preliminary experiment under all conditions. Although 13 s is only 1% of the

makespan, it confirms that Gurobi Optimizer can improve the work plan. The
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objective function value for condition 1A was 1046 s lower than that in the pre-
liminary experiment. The results indicate that work on many Jobs completed
ahead of the preliminary experiments. Note that the objective function values for
conditions 1C and 1S cannot be compared because the weight coefficients are dif-

ferent from those in the preliminary experiment.

Table 5. Objective function and makespan of the optimal solution for each condition.

Experimental conditions Objective function (s) Makespan (s)

Preliminary experiment 11,261 1486
Condition 1A 10,215 1473
Condition 1C 10,734 1473
Condition 1S 16,694 1473

5. Analysis of BDWPP
5.1. Method

The results in Section 4 indicate that work planning using Gurobi Optimizer can
improve the efficiency of the book digitization process. To further analyze
BDWPP, we conducted simulation experiments by varying the number of books
and BPs from 1 to 5. As in the experiments described in Section 4, the calculations
were performed under the three conditions listed in Table 6. The work duration
for each process is given by the average value obtained in the preliminary experi-
ment. This implies that the work duration for all Jobs in the same process is the
same. The upper limit of the computation time was set to 600 s because the com-

putation time increased as the number of Jobs increased.

Table 6. Weight coefficient wfor each experimental condition.

Experimental conditions Weight coefficient w
2A Set w of all processes to 1
2C Set w of Cutting to 2 and the others to 1
28 Set w of Scanning to 2 and the others to 1
5.2. Results

Simulation calculations were performed using Gurobi Optimizer under three con-
ditions based on the number of books and BPs. The makespan for the optimal
solutions obtained for each condition is listed in Table 7. The small brackets in
the table indicate the solutions for which the search was aborted because the com-
putation time of Gurobi Optimizer reached its upper limit. The red and under-
lined numbers indicate that different results were obtained under the three con-
ditions. In the next section, we analyze the factors that led to the different results
for optimal solutions (A) to (C) in Table 7.
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Table 7. Makespansks used in the experiment.

Makespan (s)

Book Count BP Count

2A 2C 2S
1 1 326 326 326
1 2 458 458 458
1 3 590 590 590
1 4 722 722 722
1 5 854 854 854
2 1 474 474 474
2 2 738 738 738
2 3 1002 1002 1002
2 4 1266 1266 1266
2 5 1530 1530 1530
3 1 651 651 651
3 2 1018 1018 1018
3 3 1414 1414 1414
3 4 1810 1810 1810
3 5 2206 2206 2206
4 1 ses £ s DT> 908
4 2 1298 w-(C)-7 1327 1298
4 3 1826 1826 1826
4 4 (2354) (2354) 2354
4 5 (2882) (2882) 2882
5 1 1085 1085 1085
> 2 (1607) e _UO0D)__ (p)-=7 1378
5 3 (2238) (2267) 2238
5 4 (2898) (2898) 2898
5 5 (3558) (3558) 3558

5.3. Schedule Analysis

Case (A): In the condition with five books and two BPs in Table 7, the Job
completion time of the optimal solution for condition 2S was earlier than that of

the other conditions. Gantt charts for conditions 2A and 2S are shown in Figure
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4 and Figure 5, respectively. Note that all work durations within the same process
were the same; therefore, the difference in Job IDs had no meaning. Comparing
the results from this perspective, there was no significant difference in work plan.
Focusing on Scanning 2, the bottleneck process, we see that downtime (red arrow
in Figure 4) is likely caused by the delayed start of Job 1, as condition 2A opti-
mized the start time of the entire cut Job. On the other hand, Scanning 2 was pri-
oritized under condition 28, resulting in Job 1 being prioritized and downtime
being reduced. This difference influenced the subsequent process, reducing the
makespan for condition 2S. From this result, it is expected that a better work plan

can be obtained by prioritizing Scanning.

T T T

Cutting

V1
]

Scanning 1

Scanning 2

Binding -

| | |

0 200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 4. Optimal solution for condition 2A (number of books 5, number of BPs 2).
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Figure 5. Optimal solution for condition 2S (number of books 5, number of BPs 2).

Case (B): In the condition with four books and one BP in Table 7, the makespan
for condition 2S was longer than those for the other conditions, the opposite of
case (A). Gantt charts for conditions 2A and 2S are shown in Figure 6 and Figure
7, respectively. In condition 2A, the book scanner was paused because Job 1 of
Scanning 2 could not be started (red arrow in Figure 6) because Job 2 of Binding
had priority (boxed area in Figure 6). On the other hand, in condition 28, Job 4
was processed in Scanning 2 during this period (boxed area in Figure 7). This may
have caused Jobs 4, 2, and 3 in the Binding to be unprocessed, thus increasing the

maximum completion time. While pausing the bottleneck process (Scanning) in
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condition 2A might seem inefficient, it can actually minimize the overall comple-

tion time, depending on the specific processing times.

T T 1 T
Cutting 2 B
3
4
Scanning 1 - l [
Scanning 2
B' d — 000000:::
e " RSRRRR
1 1 |1° om om dw wm
0 100 200 300 400 500 600 700 800
Time (s)

Figure 6. Optimal solution for condition 2A (number of books 4, number of BPs 1).

T T T T

Cutting

Scanning 1

Scanning 2

Binding

0 100 200 300 400 500 600 700 800 900
Time (s)

Figure 7. Optimal solution for condition 2S (number of books 4, number of book frag-
ments 1).

Case (C): In the condition with four books and two BPs in Table 7, the
makespan for condition 2C was longer than that for the other conditions. Gantt
charts for conditions 2A and 2C are shown in Figure 8 and Figure 9, respectively.
Because condition 2C prioritizes Cutting, Job 3 (boxed area in Figure 9) of Cut-
ting was prioritized, and there was a pause in Scanning 2 (red arrow in Figure 9),

which increased the makespan for Condition 2C.

oo 1 E W
st ] 1 8§ 1 1 1
ZEEN

0 200 400 600 800 1000 1200
Time (s)

Scanning 2

Binding -

Figure 8. Optimal solution for condition 2A (number of books 4, number of BPs 1).
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Figure 9. Optimal solution for condition 2C (number of books 4, number of BPs 1).

6. Limitations

The proposed model does not consider paper jams, variations in book conditions,
or operator fatigue. Because the number of trials in the preliminary experiment is
one, different results may be obtained if the number of trials is increased. In ad-
dition, the simulation experiments assume the same lead time for all processes;
therefore, variations in the size of the BPs may change the calculation results. De-
spite these limitations of the results in this paper, we believe that the cost of model
construction and maintenance should be more important than the proof of statis-
tical robustness in general MIP studies, since the modeling targets are individual
work plans. The purpose of this study is to disseminate the methods and possibil-

ities of applying MIP to individual work.

7. Conclusions

In this paper, we investigate through a simulation experiment whether the work
plan can be improved by planning the work for book digitization using a MIP
solver, an integer programming Gurobi optimizer. The experiment demonstrated
that the makespan could be reduced by 13 s by planning the work in advance. In
addition, the results of the experiment with different numbers of books and BPs
showed that prioritizing certain processes can reduce work time, but it can also
increase work time.

In the future, we plan to develop a book digitization work plan scheduler based
on the results of this study and to verify its effectiveness. In addition, we plan to
revise the model to reduce the computation time, study the effects of paper jams

and other problems, and learn how to deal with them.
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