
1. Introduction

Production scheduling is an integral component 
of problems in different types of manufacturing com-
panies. In general, the production schedule means 
that n works must be allocated to m machines such 
that makespan costs of all production processes are 
minimized [1, 2]. Therefore, finding a suitable solu-

tion in a reasonable time is an important factor for 
manufacturing units. The production process of 
many industries requires achieving smaller segments 
by cutting larger objects or, equivalently, putting 
smaller parts in a larger element. In this operation, 
parts of a larger object are turned into segments that 
are not usable and are dealt with as waste materials 
[3]. However, the decrease of this waste plays a signif-
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icant role in the reduction of costs and, therefore, has 
attracted the attention of several researchers in the 
past half-century as one of the topics of operations 
research known as the cutting problem [4-7]. Gen-
erally, cutting problems or similar issues can be ob-
served in several industries, including auto body parts 
manufacturing, home appliances, building structures, 
shipbuilding, and aircraft, paper, clothing, leather, 
stone cutting, or in activities such as transportation, 
warehousing, packaging, and printing. On the other 
hand, a large trim loss will occur if the cutting process 
is carried out without the use of scientific methods, 
especially when the number and type of required 
pieces are high and variable [8-12]. This is mainly 
due to the extremely high number of patterns that 
can be developed, which makes the selection process 
difficult and experience-dependent. Accordingly, we 
need to present an algorithm that is able to propose 
an efficient technique for each combination of parts 
in a way that cutting based on the foregoing algorithm 
would guarantee the supply of required pieces while 
minimizing the waste percentage as much as possible. 

Typically, we frequently use the term “schedul-
ing” in our daily lives. However, the precise defini-
tion of the term and its role in achieving the goals 
of any activity are not completely tangible. In fact, 
any activity that starts with “when” and provides us 
with a sequence of tasks is defined as scheduling. In 
other words, scheduling means allocating limited re-
sources to activities that require those resources [13]. 
Scheduling models play important roles in many 
decision-making ways. Transportation and distribu-
tion, information process, and planning and schedul-
ing functions in a company depend on mathemati-
cal techniques and experimental methods to allocate 
limited resources to the activities that must be done. 
However, resource allocation must be carried out to 
achieve and optimize the company’s objectives.

On the other hand, reducing trim loss is unavoid-
able in industries such as metal sheets, carton sheets, 
paper rolls, and textiles, which practically deal with is-
sues such as cutting patterns. Accordingly, proposing 
a solution for a decrease in makespan and produc-
tion wastes has become necessary in the past decade 
due to the increase in production costs, especially in 
developing countries such as Iran. In any company, 
this issue is necessary in Enterprise Resource Plan-
ning (ERP), which links different decision-making 
points in the production system. 

An ERP is used in the mentioned system known as 
the solutions program, which includes all the plant's 
systematic processes, including inventory control and 
warehousing, accounting, management, and moni-

toring of manufacturing programs and product de-
livery. However, the missing link in this relationship 
is between different manufacturing units and produc-
tion schedules. Therefore, production planning and 
scheduling are mostly based on the scheduling unit 
for each unit in the plant separately. Nonetheless, a 
suitable scheduling result may not be achieved due 
to the high order number and combination of orders 
and their path. Accordingly, separate scheduling of 
each section might prevent the minimization of task 
makespan. Therefore, it is crucial to find a solution 
that guarantees the best manufacturing time and the 
plant's lowest trim loss. The cutting problem was 
first proposed by Kantorovich [14], who suggested a 
model for a single-dimension cutting problem with 
a demand that had to be solved through the iden-
tification of all cutting styles of a rod into required 
pieces. Meanwhile, this is only possible for extremely 
small-scale problems. Therefore, Gilmore and Go-
mory [15] presented a method entitled the column 
generation procedure, which is able to solve prob-
lems larger than that of Kantorovich. In this method, 
a mathematical model known as the general cutting 
model is formed by several primary cutting styles. Af-
terwards, a backpack model is formed to find a new 
and appropriate cutting style using shadow prices 
obtained from solving the mathematical model. Af-
ter solving the backpack model, the resultant cutting 
style is added to or replaces the cutting model. 

2. Literature Review

Sheet line machine produces carton sheets, which 
are produced from different types of paper sheets. 
The mentioned company is able to produce three and 
five-layer cartons and 10 different models of flute or 
corrugated sheets. The three-layer sheets with C, B, T, 
F flutes, which include three parts of external, internal 
and middle layers, and five-layer sheets with CB, CT, 
CE, BT, BE and TE flutes, which include two flute 
layers and a layer between the flutes in addition to the 
external and internal layers and shown in Figure 1. 

Figure 1. A schematic representation of three and five-layer 
cartons
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Conventional sheet line machines encompass sev-
eral sections, each playing a specific role in the carton 
sheet production process: 

1. Singer facers: a sheet line machine comprises 
two single facer sections, each being respon-
sible for the formation of flutes and a middle 
or an internal layer of a carton. In addition, 
every single facer encompasses several parts, 
the most important of which is corrugated 
rolls that lead to the formation of corrugated 
carton sheets, which can be replaced. Differ-
ent types of corrugated rolls or flute rolls are 
required to produce each sheet flute. 

2. Double facer: the sheets produced by single 
faces (an external layer and a flute or corru-
gated sheet) are stocked in the upper part of 
the device to enter the next part- i.e., double 
facer. Here, the external layer will be at-
tached to the sheets depending on the three 
or five-layer production of the carton sheet. 

3. Blanket: after this stage, since the layers are 
wet due to the use of glue, the manufactured 
sheets are heated by a set of heaters known 
as a blanket to create an integrated carton 
sheet.

4. Line to creases or cut-off blades: they are 
longitudinal and transverse cuts of carton 
sheets, and the line sheet machine existing 
in the plant is able to produce a maximum 
of six carton sheets next to each other. The 
machine has the ability to produce two si-
multaneous orders from the grid with each 
other. Combining two orders with each other 
creates complications for scheduling in the 
sheet line. In this respect, methods used in 
the modeling have been assessed. The fea-
ture of the cutting blades allows the machine 
to minimize trim loss with proper program-
ming and is shown in Figure 2.

Dyckhoff [16] focused on the typology of cutting 
and packing problems by dividing cutting problems 
into four types: single, two, three- and four-dimen-
sional cutting problems. The single-dimensional 
type is the most commonly used method, which is 
only able to cross-cut larger pages into smaller pages. 
Haessler et al. [17] proposed an integer model to 
solve a single-dimensional cutting problem. Howev-
er, one of the weaknesses of this method is employ-
ing only a certain width, which means that parts with 
other widths cannot be solved. Accordingly, attempts 
were made to eliminate the model’s weakness by us-
ing a binary variable. Since then, various industries 
have expanded and used the model depending on 
their needs. Since the formation of various cutting 
patterns leads to many model solution modes and 
based on research by Gradisar [18], the single-dimen-
sional cutting problem and formation of its patterns 
in paper roll industries have been recognized as NP-
hard problems, where achieving an exact solution in 
a short duration is not possible. Therefore, heuris-
tic approaches must be used to solve the model in 
a reasonable time. In this regard, an example would 
be the use of the greedy randomized adaptive search 
procedure by Varela [19] or the genetics algorithm by 
Wang et al. [20]. 

Carton sheet manufacturing lines include several 
parts. According to a study by Pindo [21], it could be 
regarded as a flow shop that consists of four machines 
linearly behind each other. In 1976, Garey et al. [22] 
proved that a three or higher-machine flow shop 
problem is of NP-hard type. Therefore, heuristic or 
metaheuristic algorithms must be used to achieve an 
optimal solution. To date, several metaheuristic al-
gorithms, such as simulated annealing (SA) and tabu 
search, have been used in this regard. The present 
study aims to propose an algorithm to achieve an op-
timal solution which is then compared with conven-
tional algorithms used in the plant. In this respect, 
the results obtained from the heuristic algorithm are 
compared to the results of the traditional method to 

Figure 2. A schematic presentation of cardboard packaging sheet line
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approve the efficiency of the desired method. Kawa-
guchi et al. [23] assessed the job-shop scheduling 
problem and presented a new improved algorithm to 
optimize it. The method considers optimal produc-
tion scheduling and the optimal operation of energy 
plants simultaneously to minimize secondary energy 
costs. Lee et al. [24] suggested a modular construc-
tion project scheduling modeling using a genetic al-
gorithm. The results show that implementing overall 
project processes and requirements is an efficient way 
to develop a modular construction project schedule.

Yue et al. [25] considered the uncertainty in the 
production optimization and proposed a robust op-
timization model by minimizing the maximum tar-
diness in the worst-case scenario overall jobs. Their 
model only needs the information on due date in-
tervals. The worst-case scenario for a given sequence 
that belongs to a set containing only n scenarios is 
proved, where n is the number of jobs. Lin et al. 
[26] provided a research paper that was aimed at the 
theory and method of automobile mixed-model as-
sembly line scheduling, analyzes its characteristics 
and difficulties, summarizes the related optimization 
objectives, and introduces the related algorithms, so 
as to make the scheduling problem of mixed model 
assembly line more clear. Perret et al. [27] argued 
that mass production is becoming increasingly in-
strumental for offering consumers individualized so-
lutions and that fashion suppliers have to look for 
more sophisticated solutions. With the deduction of 
a mathematical model derived from production se-
quencing, it became evident that sustainability can be 
associated with a level production schedule and that 
cost-based production optimization helps achieve 
holistic sustainability in the fashion industry. These 
researchers additionally deliver a cost-based optimi-
zation approach that fashion companies operating in 
a mass customization production layout can quickly 
implement without extensive know-how.

After completing the literature review, it can be 
concluded that the main contribution of this paper 
is to provide a mathematical model and approximate 
solution method to optimize mass production sched-
uling by considering the role of waste materials.

3. Problem Statement 

This study focuses on the optimization of the cut-
ting problem and proper scheduling for the sheet 
line to simultaneously reduce the amount of trim loss 
and the makespan of the last work in each time of 
using the model of minimum sequence-dependent 

preparation times. There are several customers in 
this problem, and each customer’s demand for each 
product is certain, and works are entered into the 
production program based on the delivery date. The 
whole research can be summarized as Figure 3.

All activities are divided into two Mo and Co cat-
egories in the first section. The first orders must be 
included in the sheet line plan for the next two days, 
and the second type of orders have a longer delivery 
time. First, all Mo activities are selected in the job 
selection model. The jobs will enter the next stage if 
they have a forecast time of 36 hours (three 12-hour 
production shifts). Otherwise, orders are taken care 
of one by one in case of the presence of Co orders 
so that the predicted time of the three shifts is com-
pleted. In the second section, the selected activities 
must be turned into specific patterns with minimum 
trim loss. This should be followed by performing a 
scheduling process on the set of jobs. Due to the sev-
eral limitations in this work, the problem is divided 
into two parts of pattern creation and cutting prob-
lem, and on the other hand, the scheduling model.

4. Methodology

Pattern creation and cutting planning model will 
lead to the production of cutting patterns and solving 
the cutting model to create a set of tasks to be en-
tered into the scheduling algorithm: in order to solve 
an ILP cutting model, cutting patterns should be 
generated first due to their role in the cutting model 

Figure 3. Order of activities in a period
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as input parameters. Cutting patterns will be justifi-
able when the number of sheets of each carton in 
each pattern and the minimum amount of trim loss 
do not exceed the roll width [30-34]. Therefore, this 
issue must be regarded in the written pseudocode. 
The minimum trim loss is used in carton sheet pro-
duction because the sides of sheet rolls may not be 
completely usable due to transportation or any other 
reason. Therefore, the edges of the sheet rolls must 
be neglected to a certain extent. In addition, the max-
imum trim loss is used in the pseudocode since the 
machine can output two orders side by side simulta-
neously. Therefore, when an order of a cutting pat-
tern exists, the waste parts could be used for another 
order with a smaller width [35]. The pseudocode is 
presented in Figure 4.

The pseudocode includes three steps:
Step 1: involves application limitations of the ma-

chine and expresses that the machine is able to only 
produce six cuts of each order, and this limitation is 
related to the cutting blade. The maximum number 
of cuts next to each other will be equal to six if the 
total number is higher than six. 

Step 2: for each category of similar orders and 
width of the existing rolls based on trim loss, a cutting 
pattern is created that includes only one order. 

Step 3: since the machine is able to simultane-
ously produce two orders of one type of sheet and 
flute combination, the combined patterns of the or-
ders must be created in a category. Therefore, the 
pseudocode focuses on the generation of these pat-
terns in step 3.

Each combination will be entered into the cutting 
modeling in the section of created patterns so that 
the least amount of waste is produced from the order 
patterns and production area of each type of design. 
Table 1 presents each element of the mathematical 
model.

The objective function guarantees minimum trim 
loss in the activated set of cutting patterns. The sheet 
line has some constraints: the length of implementa-
tion of a cutting pattern, which must be at least equal 
to 50 m. Constraints 2 express the need for an App 
to exhibit an auxiliary binary variable, which demon-
strates the activation of pattern p {0 if unactivated; 1, 
if activated}. This variable is required since all cutting 
patterns are not activated. when using such auxiliary 
variables, constraints must be considered in a way 
that the length of execution be zero in case of lack of 
activation of the cutting pattern. This is carried out by 
Constraints 3, which uses BigM parameter, in which 
the maximum length of implementation of a pattern 
must be smaller or equal to the BigM parameter. An-
other constraint is related to the implementation of 
sheet length with a certain width (mrlw). 

This length of use of each roll with a certain 
width must be greater than or equal to 200 m. Op-
erators will not have adequate time to change the 
paper rolls if the length of use of a paper width is 
less than 200 m, which leads to the discontinuation 
of the sheet production line. The APWw auxiliary 
binary variable is used in this constraint, which is ex-
pressed in constraint four and determines whether 
the w sheet width is active or not {0 in case of lack 
of activation; 1 in case of activation}. In addition, 
the same process used for App is implemented for 
the APW auxiliary binary variable. In addition, a 
BigM parameter is used in this regard. Moreover, 
the pwppw parameter is a binary variable that will 
be zero if the pattern is not of width w and one if 
the pattern is of width w. This is expressed in con-
straints 5. Finally, constraints 6 present the relation-
ship between the number of produced orders with 
activated pattern length, including order. In order to 
clarify the structure of the cutting algorithm, Figure 
5 is provided.

Figure 4. The pseudocode of the proposed algorithm
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Table 1. Indexes, variables and parameters in the model

Indexes

ci Same-grade jobs placed in a cutting pattern.

o Orders or jobs

p Cutting pattern numbers from 1 to i

w Width of rolls

o Order number from 1 to n

Parameters and Variables

RLPp Length of the pattern activated from p plan

mrlci Minimum activated length of each order pattern

mrlw Minimum activated length of each width roll

BigM Maximum activated length or maximum total length of activated patterns

slo Sheet length of order O

pnop,o The number of sheets placed next to each other of order O in p cutting pattern - expresses the 
number of cuts.

onocspo The number of output products of order o of each sheet – expresses the number in the mold.

pQo The number of output products of order O

rqo The number of the demanded product of O type

APp 1, in case of activation of p pattern – otherwise, 0.

APWw 1, in case of activation of roll with width w – otherwise, 0.

pwppw 1, in case of the p pattern is of a roll with width w – otherwise, 0.

Figure 5. Result of the cutting algorithm obtained from the set of solutions, which includes one or several cutting patterns for 
entrance into the scheduling algorithm

(1)

St:

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)
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4.1. Cutting Model and Pattern Formation 

In sheet line scheduling, the set of solutions ob-
tained in the previous stage is assumed to be imparti-
ble. Therefore, all jobs must be finished when a set is 
started. Accordingly, the algorithm developed based 
on the heuristic method is (scheduling assumptions): 

1. Machines are always available. 

2. The production time forecast file is a com-
putational file that provides us with an initial 
production time without considering down-
time to calculate the planning horizon based 
on the production conditions and three or 
five-layer products and their area (the men-
tioned file is part of the company’s confiden-
tial information). 

3. Orders are impartible and inseparable.

4. Cutting sets are impartible.

The schematic view of the algorithm is presented 
in Figure 6.

4.2. Algorithm for Sheet Line Scheduling

Due to a lack of different flutes, it is practically 
impossible to present scheduling that yields accurate 
outcomes in a suitable time in a sheet line scheduling. 
Therefore, the best solution is to use heuristic and 

metaheuristic algorithms in these situations. There 
are multiple instructions for the generation of heu-
ristic solutions, depending on the conditions of each 
company. In this regard, one of the best of these in-
structions, in case of having orders from all types of 
flutes, is as follows:

CB-C-CT-T-BT-B-BE-E-TE-CE+30MIN
As observed, the sheet line machine is able to pro-

duce six different flutes of five-layer and carton sheets 
and four different flutes of three-layer carton sheets. 
However, each flute replacement process takes 30 
minutes. Therefore, 30 minutes will be added to the 
total scheduling when changing the flute from TE to 
CE due to the need to change flute number two of the 
machine to replace flute T with flute C. That, how-
ever, is not always the case. There might not be or-
ders of all flute types in the daily schedule in the real 
world for any reason. In this situation, frequent flute 
change might be required, which leads to scheduling 
inefficiency. In this stage, the heuristic algorithm is 
proposed, as shown in Figure 7.

In this algorithm, the flutes are presented in pairs, 
with the exception of the first and second category 
flutes. In the case of the order of each flute catego-
ry, both flutes will be added to the scheduling plan. 
In the end, the shortage of ordered flutes leads to 
their removal from the order. This, in fact, is an in-
novation of the complete count method, the result 
of which has the best adaptation to the conditions in 
the factory. 

Figure 6. A schematic representation of the scheduling algorithm

Figure 7. Scheduling heuristic algorithm
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5. Computational Results

The proposed algorithm is programmed in PHP 
and the web. Given the lack of use of sample issues 
with cutting patterns in the studied plant, orders are 
selected for a 36-hour period to assess algorithm ef-
ficiency. In addition, the order pattern generation 
method and its output and the timing of a 12-hour 
shift are expressed to evaluate the efficiency of the 
solutions. The details of the examples are presented 
in Table 2 and Table 3.

To measure the efficiency of the order scheduling 
algorithm, a 12-hour shift is compared in two ways, one 
based on the company’s common method of having 
all orders from all types of flutes and the other based 
on the innovative algorithm provided in Table 4.

After solving a representation of cutting patterns 
using the proposed algorithm instead of conventional 
methods, which rely more on chance and experience, 

trim loss decreases by 27% after solving different cut-
ting patterns using the heuristic algorithm. Therefore, 
the use of the proposed algorithm can be considered 
a suitable solution to reduce trim loss, which is the 
result of the application of metaheuristic algorithms, 
including local search, genetics algorithm, and SA 
(due to the confidentiality of the information, disclo-
sure of the algorithm used is against the rules of the 
factory understudy). In terms of scheduling, the com-
pany seeks to reduce the completion time of the last 
job in each production period. Therefore, a method 
is required to evaluate all sorting modes and machine 
activity allocation in a short period. Accordingly, the 
heuristic algorithm is used, and its results are com-
pared to the conventional scheduling method. Based 
on the results, the proposed algorithm eliminates 
this issue and proposes the shortest production line 
scheduling period based on the conditions of the 
company. 

Table 2. An example of orders with a similar combination for the creation of a cutting pattern

Order Required Number Order Width (mm) Order Length (mm) Roll Width Proposed in the Indent (mm)

A 2100 400 12100 3500

B 1800 520 1270 3600

C 980 425 1090 3050

Table 3. A comparison of the common method and the proposed algorithm

Plan Number Roll Width (mm)
Number of Cuts

Plan Length (m) trim loss (mm) total trim loss (m)
A B C

1 2000 0 0 5 217 35 7.6

2 2400 4 2 0 98 46 4.5

3 2000 3 2 0 465 33 15.3

The plan made by the common method

Plan Number Roll Width (mm)
Number of Cuts

Plan Length (m) trim loss (mm) total trim loss (m)
A B C

1 2000 0 0 5 217 35 7.6

2 2400 5 1 0 358 62 22.2

3 2500 0 5 0 129 82 10.5

Table 4. A comparison between common and heuristic scheduling methods

Cutting patterns for a production shift

Type of flute CB CT CE BT BE TE C B T E Scheduling 
deviation rate (min)Number of cutting patterns 3 0 0 2 2 0 3 2 0 2

Innovative algorithm 
scheduling pattern CB+C+E+EB+B+BT+BT+B+EB+EC+CB+CB+C 0

Common scheduling pattern CB+C+30+BT+B+BE+E+E+BE+B+BT+30+C+BC+BC+B 60



143 Chetthamrongchai et al.

International Journal of Industrial Engineering and Management Vol 13 No 2 (2022)

6. Conclusion

In this paper, we evaluated a one-dimensional 
cutting problem with demand. Most researchers 
have addressed the cutting problem with the aim 
of reducing trim loss on the sheet separately, with-
out considering the demand for parts and different 
widths. Meanwhile, most real cutting problems are in 
the form of a cutting problem with the demand and 
width of different orders. However, since this prob-
lem was of NP-complete type, a heuristic algorithm 
was required to solve it practically. Therefore, a heu-
ristic algorithm directly solved a cutting problem with 
the demand and width of variable cuts, which were 
considered inputs of the scheduling problem. More-
over, since the scheduling problem is also an NP-
hard problem, heuristic and metaheuristic methods 
must be used to achieve an optimal solution. Given 
the significant importance of search of all solution 
space for the company, the presentation of an inno-
vative method based on searching the entire solution 
space and its analogy with the common scheduling 
method covered this weakness. 

Due to the prevailing market conditions, it is rec-
ommended that demand for each product be consid-
ered probabilistically, and then the proposed model 
be expanded to reach an optimal solution.
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