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The problems of production scheduling and sequencing refer to decision making regarding the desig-
nation of jobs to available resources and their subsequent order to optimize pre-defined performance
measures. From the early days of research in this area until this last decade, the publication of case studies
has been scarce, with their frequency only increasing very recently. This survey aims to highlight prac-
tical research and case studies published in the literature in the scheduling area, identifying the main
characteristics of the problems treated, trends in this research and also gaps showing potential areas for

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Production scheduling is one of the most important activities of
a company at the operational level for it to remain competitive in
demanding consumer markets. It is related to the optimization of
several performance measures, all aimed at the good functioning
of the system and customer satisfaction, such as: efficient use of
resources, delivery of products by given deadlines and reduction
of production costs. The relevance and potential of research and
application in this area is enormous for both manufacturing and
service companies, which has led researchers to address the prob-
lems of production scheduling from various perspectives over the
past decades.

It is well known that the first work in this area came in the
1950s, with Johnson’s research publication [37] addressing the flow
shop problem. Since then, many variations of the basic production
scheduling problem have been formulated using different machine
configurations, constraints, and optimization criteria (mono and
multi-criteria). Gupta and Stafford Jr. [31] edited a special issue
on flow shop problems commemorating the fiftieth anniversary of
Johnson’s work, stating that in this period more than 1200 stud-
ies have been published in many forms in the literature of the
Operational Research area.
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However, only in recent years, have here been a greater num-
ber of publications addressing practical cases of scheduling. In the
1990s, MacCarthy and Liu [52] stated that the use of the classical
theory of scheduling in many production environments was min-
imal. In many factories, production scheduling was done by the
production manager and in many departments it was delegated to
managers or team leaders. In most cases, the existence of a the-
oretical tool that could be used in the scheduling of jobs was not
valued. And, even worse, the strategic consequences of poor pro-
duction scheduling in the company’s overall performance were not
analyzed. These authors also exposed extensive research on the gap
between theory and practice of scheduling.

In the following decade, McKay et al. [56] discussed the weak
connection between research results and practice, pointing to the
fragility of theoretical research in the process of simplifying the
real problem, disregarding, for example, work release strategies,
load capacity, batch sizes, inventory levels, or mitigating situations
where human intervention is required. As they suggest, research
results could be much better applied, in the light of the increasing
use of computer systems in industry.

Despite the hundreds of published research studies in the area,
the reality of production systems is more complex, as observed by
Ruiz and Maroto [70], with the distance between theory and appli-
cation of existing methods being remarkable. Countering this trend
of emphasizing the theory, Yagmahan and Yenisey [87] presented
areview of the practice of scheduling and the recent development
of both flow shop and job shop systems. In the same year, Vila and
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Pascual [84] found that most studies still considered production
environments from a theoretical viewpoint, recognizing that there
was still a significant gap between theory and practice, and they
developed practical work addressing a hybrid flow shop problem
(detailed in Section 4).

This tendency to address theoretical problems emphasizes the
need to deepen the study of practical, real-life problems in order
to reduce the gap between theoretical results available over six
decades and their possible practical applications. The main objec-
tive of this work is to provide an in depth look at case studies
published in the literature in the scheduling area identifying pos-
sible gaps that require further research. This research extends the
work presented in Ref. [25].

The following sections present the theoretical basis of the work
(Section 2), the methodology applied (Section 3), the description of
the reviewed papers (Section 4) and the interpretation and anal-
ysis of the published articles considered (Section 5). Lastly, final
considerations of the study are presented (Section 6).

2. Theoretical framework about production scheduling

The activity known as scheduling refers to the allocation of
scarce resources to perform jobs on a time basis [8] and also to
this decision-making process in both production systems and pro-
cessing environments of information, transport and distribution
companies, and other types of industrial services, aiming to opti-
mize one or more objectives [60].

While it is common to give the name “sequencing problem”
to scheduling studies, some authors emphasize the difference
between these terms, arguing that “sequencing” is just one step
of scheduling. The sequencing refers to the ordering of jobs, that is,
the prioritization that establishes that one permutation of jobs is
better than another. In addition to sequencing, the scheduling con-
sists of the allocation step (or assignment of jobs to machines) and
the establishment of the timing (setting when jobs start and finish).
Moreover, in some systems, such as the permutation flow shop and
single machine, defining the permutation of jobs i.e., sequencing
the jobs corresponds exactly to the scheduling.

Morton and Pentico [58] argue that scheduling refers to the pro-
cess of organizing, choosing and scheduling the resources to do all
the activities necessary to meet customer demand. From this point
of view, scheduling has a strategic role in the company, in contrast
to many approaches that consider their importance restricted only
to the shop floor.

In scheduling problems, the optimization criterion is defined
in terms of one or more of several possible measures of perfor-
mance. The most common are: makespan (total time to complete
the schedule), flow time, earliness, tardiness, number of tardy jobs.
Basically, the problems in this area can be classified as follows: sin-
gle machine, parallel machines, flow shop, hybrid flow shop, job
shop and open shop. The definitions of each environment can be
found in Ref. [60].

In this study, the scope of the research was defined as only
those published papers addressing the problem of production
scheduling. However, in addition to the problems described in this
classification, there are other applications that can be modelled
as a scheduling problem, such as assignment problems (classes
to classrooms, employees to their shift, reservations for rental
agency cars), timetable problems (medical examinations, television
programs, conference presentations, sports tournaments), trans-
portation problems and project scheduling [60]. Applications also
arise in task scheduling on heterogeneous cluster computing sys-
tems (e.g. [92]).

There are also integrated problems that consider making two
or more simultaneous decisions, including associated scheduling

decisions. For example, there is a set of problems generally known
as lot-sizing and scheduling problems or simply lot-scheduling (e.g.
[61,2,23,4]). These problems deal with the simultaneous decision
of sizing production lots (lot sizing problem) and batch sequencing
(production scheduling).

In the literature, scheduling problems commonly have a three
field representation ||y, proposed in Ref. [29]. The first field, a,
represents the type of problem (single machine, parallel machines,
flow shop, etc.), the second, 3, indicates the properties or constraint
(setup time, release dates, etc.), and the third, vy, the performance
measure (makespan, flow time, etc.). New symbols can be added
when the details of the representation of the problem are not found.
More information on this notation can be found in Ref. [60].

3. Research methodology

Among the hundreds of articles published in the scheduling area
each year, most use experimental research methodology, generat-
ing simulated data for both the production environment (number of
stages and machines) and for the jobs (processing and setup times,
delivery time etc.), the major challenge in the compilation of the
articles analyzed was to identify those publications that referred to
case studies.

In general, the articles used the keywords to classify the problem
(such as flow shop, hybrid flow shop) and the solution technique
employed (such as meta-heuristic, genetic algorithm, local search),
which does not distinguish them from other research method-
ologies. The case studies often use more industry specific words
such as food, crude-oil, electronics, clothing, aircraft, textiles, chemi-
cals, pharmaceuticals, iron and steel, which makes a generic search
more difficult. In addition, the use of the word scheduling also refers
to research of integrated problems (project scheduling, lot schedul-
ing etc.) and other situations (crew scheduling, surgery scheduling,
timetable scheduling etc.) which are not the subject of this study,
as indicated in Section 2. Thus, just a keyword search was not suf-
ficient for data collection for this survey. A detailed and manual
analysis was necessary. The protocol used to define the sample is
described next.

From March 2014 to April 2017, searches were made at the
portal Science Direct (www.sciencedirect.com), with the following
criteria for inclusion and exclusion of articles in the sample:

1. Only studies reporting a scheduling problem applied to a real
case, identifying the industrial sector and enabling the classifi-
cation of the production environment (flow shop, job shop etc.)
were included.

2. Only papers from indexed journals and peer evaluated. Thus,
academic publications such as theses, dissertations and mono-
graphs, publications for scientific events, annals and abstracts
for conferences and congresses, and chapters of books were all
excluded.

3. Only papers written in English and with keywords in English
were considered.

The literature review methodology conducted can be summa-
rized in two stages. First, the keywords for searches were chosen,
used in isolation and combined: scheduling, case study, industry
and manufacturing. The first search returned thousands of articles,
most research outside of the scheduling area or not including cases
studies. Only the first 10 pages with 50 works per page were con-
sidered. The initial sample was formed with manual selection of
articles agreeing with the criteria 1-3 for inclusion and exclusion.
This step required reading the abstracts carefully and, often, it was
also necessary to consult the full text of the article.
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In the second stage of searches, the oldest element of the ini-
tial sample (the Ref. [74] published in 1992) was identified. New
attempts were made to find a case study published prior to that
date, but without success. This defined the period spanning the
publications: from 1992 to 2016. This timeline was organized into
five periods: articles published up to 2000, from 2001 to 2005, from
2006 to 2010, from 2011 to 2015 and 2016. To avoid the bias of
possible results of the searches ordered simply by the year of pub-
lication, the queries were redone for each of these established time
intervals and new articles were included in the final sample, which
comprises 46 papers. All 46 articles were read in full and tabulated
for subsequent analysis and identification of correlations, trends
and gaps indicative of potential study. The protocol adopted here
is similar to that proposed in Ref. [28] which led to a sample of 33
articles.

It is important to note that some of the publications looked at
in the initial search, mainly in the area of reduction of energy con-
sumption, such as Refs. [49,75,93], state that the results were tested
inreal cases but without describing the company that applied them.
The lack of information about the actual company means that there
is no basis for comparison with other case studies, therefore, these
articles were not included in the final sample now being consid-
ered.

This survey does not intend to provide an exhaustive review
of the literature in order to enumerate and exhaust all published
articles, but it does give an overview of the mapping of practical
research in the area by a sufficiently representative sample. For
example, in more general searches, one could find other works
(e.g. [91,89,42,5]) none of them were indexed case or case study.
Or find papers, like Ref. [55], that refers to case study in the title,
but conducted the experimental work without real data.

4. Description of the reviewed papers

According to some article reviews (e.g. [24,66,69,7,1,43,67,71])
most of the research carried out in the scheduling area are exper-
imental simulations, without the use of real data, both for the
production environment (data such as number of machines and
stages and flow precedence) and the products manufactured (pro-
cessing and preparation times, release times and deadlines). In
recent years there have been an increasing number of publica-
tions on practical work, as pointed out in Ref. [32], which provides
guidelines for reducing this theory-practice gap. The authors dis-
cuss the benefits and drawbacks of existing solution methods and
conclude that the available optimization tools can effectively sup-
port production systems, although there is still clear potential for
improvement, especially turning academic results into industrial
use.

The objective of this review is to provide an in depth look at the
publications presenting case studies. The 46 articles of the sam-
ple, selected according to the protocol defined in Section 3, were
organized in chronological order and their main characteristics are
summarized in Table 1. For each paper, the authors, year, industrial
sector, problem classification, the most relevant characteristics and
the techniques used to solve the problem are given. As can be seen
in this table, the oldest case study found in scheduling was the Ref.
[74], which addressed a textile factory in order to minimize the
maximum tardiness of jobs. A mixed integer linear programming
(MILP) model and heuristic methods were proposed. Guo et al. [30],
also in the textile industry, analyzed an apparel plant, proposing a
MILP model and a genetic algorithm to minimize the penalties of
earliness and tardiness of jobs.

The second oldest case study was by Tsubone et al. [82] in a
photographic film factory, considering hundreds of end products.
The performance measures considered were the ratio of setup to

processing times and also the WIP (work in process). Still in the
category of small items manufacture, there is the adhesive labels
factory [46]. The authors proposed heuristics to minimize the max-
imum weighted tardiness. Bozejko et al. [12] applied tabu search
algorithms for the makespan minimization in automated manufac-
turing lines of printed packaging.

Blomer and Giinther [10] analyzed the problem in a chemical
plant. The authors proposed a MILP model and also heuristics based
on linear relaxation. A shampoo factory was studied in Ref. [9],
which proposed several solution methods (heuristics and meta-
heuristics) to minimize the setup time and the maximum lateness.
A variable neighbourhood search algorithm was proposed to solve
a flexible flow shop problem with arrival of new jobs in a petro-
chemical industry [65].

One of the most researched sectors was the food industry.
Vila and Pascual [83] and Kopanos et al. [41] analyzed ice cream
factories. Both proposed MILP models. The first also used the meta-
heuristics GRASP and Simulated Annealing and the latter a linear
relaxation based heuristics. Boukef et al. [11] developed a genetic
algorithm for a generic agri-food factory. Parthanadee and Bud-
dhakulsomsiri [59] used a computational simulation model with
dynamic priority rules to minimize mean flow time and tardi-
ness measurements in a real application in a canned fruit factory.
Researchin the bread making industry is presented in Ref. [34,33]. A
MILP model was proposed in Ref. [81] to represent an optimization
problem in a dairy industry, including sequence-dependent setup
times, machine speed and capacity constraints.

The electronics industry was studied in five papers. In Ref. [36]
a genetic algorithm to minimize the makespan for a factory of
printed circuit boards is proposed; in Ref. [73] an artificial neu-
ral network and a multi-objective genetic algorithm to optimize
various performance criteria, including utilization rate, average
cycle time, waiting time and stock measurements, is proposed to a
semiconductor chip making factory; in Refs. [18,47] computational
simulation approaches are applied. A case study on production of
satellite components was conducted in Ref. [63]. Several heuristics
and meta-heuristics (genetic algorithm and quantum differential
evolutionary algorithm) are proposed to solve a flow shop problem
with position-dependent learning effect.

Four papers have addressed the furniture industry. Wilson et al.
[86] developed a genetic algorithm for the programming of cutting
and sawing operations. Vidal et al. [82] looked at a small producer
of custom-made furniture and proposed a multi-objective evolu-
tionary algorithm (makespan and total tardiness) and also neural
network techniques to solve the problem. Gawronski [26] pre-
sented a hierarchical strategy with priority rules for minimizing
setup time in a make-to-order furniture factory. Marichelvam et al.
[54] proposed an improved Cuckoo Search meta-heuristic to mini-
mize makespan in a leading furniture manufacturing company.

The pharmaceutical sector has been studied by several
researchers. Boukef et al. [11] used a genetic algorithm to mini-
mize the total cost of production. Kopanos et al. [40] propose two
MILP models and heuristics based on a linear relaxation model, both
methods being used to minimize the makespan and total weighted
lateness. Stefansson et al. [ 78] developed a MILP model to minimize
the total weighted tardiness.

Applications related to the steel industry were considered in
three papers. Kong et al. [39] and Yang et al. [90] developed MILP
models. Li et al. [45] proposed a Fruit Fly algorithm for schedul-
ing casting. Three studies dealt with the aeronautical industry
[76,77,44]. The first two proposed MILP models and considered
the adjacency constraints, which represent cases of impediment in
the execution of jobs in parallel. The last one developed a genetic
algorithm to the problem. Two recent papers focused on research
related to electrical energy. Chen et al. [16] proposed a MILP model
and meta-heuristics to minimize the makespan in a solar cell fac-



Table 1

(a) Summary of the case studies analyzed. (b) Summary of the case studies analyzed. (c) Summary of the case studies analyzed. (d) Summary of the case studies analyzed.(continued).

Author (Year) Industrial sector Problem classification Criteria Relevant features Solution techniques
Serafini and Esperanza Textile industry Flow shop Mono e Minimization of maximum tardiness e MILP
[74] e Minimization of makespan e Heuristic (LP relaxation)
Tsubone et al. [82] Photographic film industry Hybrid flow shop Multi (bi) e Minimization of setup/processing times rate and e Heuristic
(2 stages) work in process (WIP)
Blomer and Giinther [10] Chemical industry Hybrid flow shop Mono e Minimization of makespan e MILP
o Heuristic (LP relaxation)
Jinetal. [36] Electronics — Printed Hybrid flow shop Mono e Minimization of makespan e Genetic algorithm
circuits factory (3 stages)
Lin and Liao [46] Sticky labels factory Hybrid flow shop Mono e Minimization of maximum tardiness e Heuristics
(2 stages) e Sequence-dependent setup times (Stage 1)
o Eligible machines (Stage 2)
Wilson et al. [86] Furniture factory Hybrid flow shop Mono e Minimization of makespan e Genetic algorithm
(2 stages) o Identical parallel machines
o Setup for groups of jobs
Alavarez-Valdes et al. [3] Glass factory Flexible job shop Multi e Minimization of a compound function (based on due e Heuristics
dates)
o No-wait constraint
Guo et al. [30] Clothing factory Job shop Mono e Minimization of early and tardy penalties e MILP
o Genetic algorithm
Ruiz and Maroto [69] Ceramic tile factory Hybrid flow shop Mono e Minimization of makespan e Genetic algorithm
o Unrelated parallel machines
o Eligible machines
e Sequence-dependent setup times
Boukefatal. [11] Pharmaceutical and Flow shop Multi e Minimization of production costs e Genetic algorithm
Agro-food industry (2 stages)
Loukil et al. [50] Metal foundry Hybrid job shop Multi e Minimization of makespan, mean flow time, e Simulated annealing
maximum tardiness and mean tardiness
Vila and Pascual [84] Ice cream production Hybrid flow shop Multi e Maximization of a priority function e MILP
(3 stages) o No-wait restriction o GRASP
e Setup cost per batch e Simulated annealing
Kong et al. [39] Iron and steel industry Hybrid flow shop Multi e Minimization of production costs e MILP
Kopanos et al. [40] Pharmaceutical industry Hybrid flow shop Multi (bi) e Minimization of makespan and total weighted e MILP
(6 stages) lateness e Heuristic (MILP relaxation)
Parthanadee and Tinned fruit factory Flow shop Multi e Minimization of mean flow time, average number of o Computational simulation of priority
Buddhakulsomsiri [59] tardy jobs and mean tardiness rules
e Sequence-dependent setup times
Senties et al. [73] Semiconductor Job shop Multi e - Optimization of multicriteria (facility average e Artificial neural network
manufacturing utilization, average cycle time, waiting time, e Multi-objective Genetic Algorithm
number of batches and inventory level)
Choi et al. [18] Electronics (LCD screens) Hybrid flow shop Multi e Maximization of system utilization e Decision tree mechanism
(5 stages) e Minimization of mean flow time, mean tardiness o Computational simulation of priority

and number of tardy jobs
Reentrant flow

rules
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Stefansson et al. [78]

Silvaetal. [77]

Vidal et al. [83]

Belaid et al. [9]

Chenetal. [15]

Gawronski [26]

Kopanos et al. [40]

Bozejko et al. [12]

Chenetal. [16]

Zhang et al. [94]

Silva et al. [76]

Hecker et al. [34]

Lietal. [45]

Marichelvam et al. [54]

Pharmaceutical industry

Aeronautics industry

Furniture production

Shampoo factory

Arms factory

Furniture factory

Ice cream production

Automated manufacturing

lines (printed packages)
Solar cell production

Car factory

Aeronautics industry

Bread making

Steelmaking casting

Furniture factory

Hybrid flow shop
(4 stages)

Unrelated parallel

machines

Job shop

Flow shop
(2 stages)

Flexible job shop

Dynamic job shop
Hybrid flow shop
(3 stages)

Hybrid flow shop

Hybrid flow shop
(6 stages)

Job shop

Job shop

Permutation flow shop

Hybrid flow shop

(6 stages)

Hybrid flow shop

Mono

Mono

Multi (bi)

Multi (bi)

Multi

Mono

Mono

Mono

Mono

Multi

Multi (bi)

Multi (bi)

Mono

Mono

Minimization of total weighted tardiness
Sequence-dependent setup times

Minimization of makespan
Adjacent restrictions (constraint on jobs done in
parallel)

Minimization of makespan and total tardiness

Minimization of setup time and maximum lateness
Buffer with limited capacity (no-wait constraint)

Minimization of makespan, total tardiness and total
idle time
Reentrant flow

Minimization of setup time
Sequence-dependent setup times

Minimization of makespan
Sequence-dependent setup times

Minimization of makespan

Minimization of makespan

Eligible machines (Stage 1)

Identical parallel machines (Stages 2-4)

Setup independent (Stage 5) and dependent (Stage
6)

Minimization of a compound function of weighted
costs and tardiness

Minimization of makespan and amount of workers
Adjacency constraint (constraint on jobs done in
parallel)

Minimization of makespan and machine idle time

o No-wait constraint

Minimization of makespan

e Machine setup times and time of transfer between

stages

Minimization of makespan

MILP

MILP

Multi-objective Evolutionary
Algorithm

Neural networks

Greedy algorithm

Ant Colony Optimization with
Simulated Annealing

Heuristic based on an assignment
problem

Genetic Algorithm

Hierarchical strategy with priority
rules

MILP
Heurisitc (MILP relaxation)

Tabu Search Algorithm

MILP
Variable Neighbourhood Search

Genetic algorithm and local search

MILP

Genetic algorithm
Ant colony
Random search

Fruit Fly Algorithm

Cuckoo Search Algorithm
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Table 1 (Continued)

Author (Year) Industrial sector Problem classification Criteria Relevant features Solution techniques
Hastuti et al. [33] Bread making Flow shop Mono e Minimization of makespan o MILP
Jun and Park [38] Electricity Transformers Hybrid flow shop Mono e Minimization of total tardiness e Hybrid Genetic Algorithm
(2 stages) e Unrelated parallel machines
o Different release dates
Lin and Chen [47] Semiconductors Hybrid flow shop Mono o Minimization of flow time e Computational simulation
e Genetic Algorithm
Rahman et al. [64] Sanitary equipment Permutation flow shop Mono e Maximization of number of acceptable jobs e Genetic Algorithm
e Dynamic arrival of jobs
Rossi et al. [68] Bespoke tailoring Hybrid shop (flow shop Mono e Minimization of makespan e MILP
and open shop) o Constructive Algorithm
Yang et al. [90] Byproduct gas in steel plant Hybrid flow shop Mono e Minimization of penalty costs of gases emission, e MILP
gases deviation from normal amount, gasholder
levels and boilers
Cheetal. [14] Manufacturing plant of Single machine Mono e Minimization of total electricity cost e MILP
parts for metro e Greedy insertion heuristic
Eddaly et al. [21] Sanitary equipments Flow shop Mono e Minimization of makespan e Particle Swarm Optimization
o Blocking constraint
Gedik et al. [27] Inland waterways Unrelated parallel Mono e Maximization of total profit (each job has a profit e Constraint Programming
infrastructure maintenance machines and a cost of production) e Logic-based Benders Algorithm
e Sequence-dependent setup times
e Job availability intervals
Lietal. [44] Aero engine manufacturing Job shop Multi (bi) e Minimization of makespan and production costs o Genetic Algorithm
o Dual resource constrained
Qin et al. [63] Satellite production Permutation flow shop Mono o Minimization of makespan, total completion time, o Genetic Algorithm
total weighted completion time and maximum o Differential Evolutionary Algorithm
lateness
o Learning effect
e Group technology
Rahmani and Petrochemical industry Hybrid flow shop Multi e Minimization of total weighted tardiness e Variable Neighborhood Search
Ramezanian [65] e Maximization of stability of schedule and resistance
to change
e Arrival of new jobs
Touil et al. [81] Dairy industry Hybrid flow shop Mono e Minimization of makespan o MILP
e Sequence-dependent setup
e Machine speed
e Batch processing
Wang et al. [85] Glass manufacturing Single machine Multi (bi) e Minimization of makespan and total energy costs e MILP
company e Batch processing e Heuristics
Yan et al. [88] Machining center Hybrid flow shop Multi (bi) e Minimization of makespan and total energy e Genetic Algorithm

(4 stages)

consumption

1}34
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upto 2000  2001-2005

2006-2010

2011-2015 2016

Fig. 1. Number of papers by date.

tory. And Jun and Park [38] applied a hybrid genetic algorithm in
an energy transformer factory.

In the ceramic and glass sector, Ruiz and Maroto [70] devel-
oped a genetic algorithm to minimize the makespan in a ceramic
tile factory, considering various realistic constraints such as dif-
ferent resources working in parallel at various stages, eligibility of
machines and sequence-dependent setup times. For glass factories,
Alvarez-Valdes et al. [3] proposed a heuristic to minimize a multi-
objective lateness function and Wang et al. [85] formulated a MILP
model for a bi-objective single machine batch problem to minimize
makespan and total energy cost.

Manufacturing plants for machined items was addressed in
Ref. [14,88]. In Ref. [14], the manufacturer receives an order of
processing annular parts for a metro construction project. A new
continuous-time MILP model and an efficient greedy insertion
heurist were proposed. Yan et al. [88] employed a genetic algo-
rithm to optimize makespan and total energy consumption in a
machining center modelled as a flexible flow shop problem.

In the sector of sanitary equipments, Rahman et al. [64] applied a
genetic algorithm and Eddaly et al. [21] developed hybrid combina-
torial particle swarm optimization algorithm. Five more industrial
sectors are included in the sample with only one paper for each sec-
tor. Loukil et al. [50] developed a Simulated Annealing algorithm to
optimize a multi-objective problem considering makespan, mean
flow time, maximum tardiness and mean tardiness for a plant
specialized in brass product. A weapons factory was addressed
in Ref. [15] and the problem was solved by a genetic algorithm
minimizing the makespan, total tardiness and the total idle time.
Zhang et al. [94] also used meta-heuristics to solve the problem
of minimizing a function composed of production costs and tar-
diness in a car plant. Rossi et al. [68] developed a MILP model
and constructive heuristics for a high-fashion industry. Gedik et al.
[27] proposed a constraint programming model and logic-based
Benders algorithms to optimize the inland waterway infrastruc-
ture maintenance operations conducted by the U.S. Army Corps of
Engineers. They take into account constraints such as environmen-
tal windows, dredge resource cost and availability, and sequence
dependent travel times.

5. Interpretation and analysis of results

In a global quantitative analysis, Fig. 1 shows the distribution of
the number of papers analyzed divided into five time periods. The
46 articles considered span 25 years, from 1992 to 2016. From Fig. 1,
itis possible to clearly see the increasing proportion of publications
in case studies in the field of production planning, especially in
recent years.

The detail of the number of papers per year, with the respec-
tive frequency, is shown in Table 2. For better visualization, Table 2
shows only the years in which papers were published. For exam-

Table 2

Number of papers (and percentage) per year.
Year Number Percentage
1992 1 2.17
1993 1 217
1998 1 217
2002 1 2.17
2003 1 2.17
2004 1 217
2005 1 2.17
2006 2 435
2007 2 4.35
2009 1 217
2010 4 8.70
2011 4 8.70
2012 4 8.70
2013 3 6.52
2014 4 8.70
2015 6 13.04
2016 9 19.58
Total 46 100.00

Table 3

Number of papers per industrial sector (in descending order of frequency).
Sector Number Percentage
Food 7 14.90
Electronics 5 10.64
Furniture 4 8.51
Iron and steel 4 8.51
Pharmaceuticals 3 6.38
Printed items 3 6.38
Textiles and clothing 3 6.38
Chemical 3 6.38
Aeronautic 3 6.38
Ceramics and glass 3 6.38
Others 8 19.16
Total 47 100.00

ple, in the sample no papers were published in 1994, so this year is
omitted. A more detailed examination of Table 2 confirms the ear-
lier inference of the higher concentration of case study publications
in recent years when compared to earlier periods.

Another finding of this research is that many intermittent pro-
duction systems can be modelled and scheduled using optimization
methods from the production scheduling area. There are appli-
cations in basic industries, processing industries and assembling
industries [72,13]. Basic industries are companies or industrial sec-
tors that feed other companies or sectors, operating, for example,
in the extraction of minerals and in the production of electric
energy and steel. The latter was considered in Refs. [39,90]. Pro-
cessing industries refer to the raw material transformation sector
for goods, including capital goods such as machine tools and auto
parts, and consumer goods such as clothing and food. Examples of
case studies in processing industries are those described in Refs.
[82,86,84,59,41,34,54,33,14,21,81]. The assembling industries are
those companies or industrial sectors that carry out the final assem-
bly of a set of parts supplied by other factories, thus concluding
a manufacturing process that covers several production units, as
is the case in the production of aircraft, automobiles, electronic
devices, computers,amongst others, and these were studied in Refs.
[18,77,94,16,76,44,63].

Table 3 shows the numbers of published papers, in descending
order of frequency, according to different industrial sectors. The
total number of case studies is 47, higher than the number of papers
analyzed, because Ref.[11] addressed two industries from different
sectors. The most studied sector was food, with 14.90% of the cases
(seven published papers). Next came the electronics, with 10.64%
(five cases), and furniture and iron and steel sectors, with 8.51% of
the cases (four papers each). And then the sectors: pharmaceuti-
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Fig. 2. Number of papers by scheduling problem.

cals, printed items, textiles and clothing, chemical, aeronautic and
ceramic and glass, with 6.38% of papers (three cases each). Other
less representative sectors make up together 19.16%.

According to the classification of scheduling problems, the type
most discussed was the hybrid flow shop, in 22 cases or 47.83% of
the work, as can be seen in Fig. 2. Next, were the flow shop systems
in 9 cases or 19.57% of the papers, and job shop, in 7 cases, or 15.22%
of the total.

Considering together flow shop and hybrid flow shop, the per-
centage becomes 67.39% (29 cases), showing the high number of
manufacturing layouts following a unidirectional flow through the
production stages. Grouping job shop and flexible job shop, the
frequency reaches 21.74% (10 cases).

The problem of parallel machines with a single stage of pro-
duction was found in only two studies (4.35% of cases). This
environment is relatively frequent in experimental research, as can
be seen in the reviews [17,57]. According to the sample it has not
been fully explored in case studies, indicating potential for further
research. The most simple production system, the single machine
problem, also appeared in just two recent papers (4.35% of cases).
The hybrid shop problem is quite unusual in the scheduling liter-
ature. It is defined as the combination of flow shop and open shop
and it was found in only one case study analyzed here (2.17% of
cases).

With regard to the performance measures, as well as in exper-
imentally simulated research, the most used criterion was the
makespan or a related function, found in 54.35% of the papers.
Then came the measures related to tardiness in 26.09% of the sam-
ple. Less frequent measures were the ones related to production
costs (15.22%), minimizing the mean flow time (10.87%), lateness
(8.70%), total setup time (6.52%), electricity cost (6.52%) and idle
time (4.35%).

As expected, there are several papers addressing multiple crite-
ria optimization that best meet the objectives of the companies,
as they often seek to optimize more than one measure at the
same time. Fig. 3 shows the percentage of papers for each type
of problem. In the sample, the work with multi-criteria objective
functions (two or more measures) made up 43.48%. Separating the
data into three categories: mono-criterion, bi-criteria and multi-
criteria (with three or more measures), 56.52% of searches are
mono-criterion, studies with three or more criteria account for
23.91% and those with two performance measures are only 19.57%
of the sample.

Regarding the solution techniques that were used, Fig. 4 details
the respective numbers of papers for each kind of method used. As
there are papers that used more than one technique, the sum of the
column values exceeds the total of forty-eight articles. Separating
the methods by “exact” (in this case, only MILP) and “non-exact”

‘Multi-criteria
(3 or more)
23.91%

Bi-criteria
19.57%

Meta-heuristic

MILP

Heuristic

Fig. 4. Number of papers by solving technique.

Fig. 5. Percentage of papers by solution technique.

(heuristics and meta-heuristics) gives the pie chart with the per-
centages shown in Fig. 5.

As can be seen in Fig. 4, more than half of the papers (26 cases)
use meta-heuristics for solving the problem, i.e. 68.42% of the
papers. Then came the Mixed Integer Linear Programming mod-
els (17 cases), i.e. 44.74% of the studies, and heuristics (16 cases),
including computer simulations and priority rules, with 42.11%.
Besides the mathematical models (MILP), we found no case study
whose solution was obtained by another exact solution method,
such as a specific branch-and-bound method or using dynamic
programming.

In the 26 studies using meta-heuristics, 32 different algorithms
were used, as can be seen in Table 4. Almost half the applied meta-
heuristics opted for genetic algorithms (46.88% of cases), proving
their popularity and effectiveness also in the practical scheduling
problems. Then, however with a big difference in the frequency
of use, were the Simulated Annealing algorithm, with 9.38%. The
techniques Neural networks, Ant Colony, Evolutionary algorithm,
Variable Neighborhood Search and Particle Swarm Optimization,
all employed in two papers, represent 6.25%. The other meta-



H.Y. Fuchigami, S. Rangel / Journal of Computational Science 25 (2018) 425-436 433

Table 4

Number of papers using meta-heuristics (in decreasing order of frequency).
Meta-heuristics Amount Percentage
Genetic algorithm 15 46.88
Simulated Annealing 3 9.38
Neural networks 2 6.25
Ant Colony 2 6.25
Evolutionary algorithm 2 6.25
Variable Neighborhood Search 2 6.25
Particle Swarm Optimization 2 6.25
GRASP 1 3.13
Tabu search 1 3.13
Fruit Fly 1 3.13
Cuckoo search 1 3.13
Total 32 100.00

Table 5

Number of papers with explicit constraints on the problem (in decreasing order of
frequency).

Constraint Number Percentage
Setup times 14 42.42
No-wait 4 12.13
Eligible machines 3 9.09
Release/dynamical arrival 3 9.09
Batch processing 2 6.06
Re-entrant flow 2 6.06
Adjacency 2 6.06
Blocking 1 3.03
Job availability intervals 1 3.03
Learning effect 1 3.03
Total 33 100.00

heuristics — GRASP, Tabu search, Fruit Fly and Cuckoo search —
appeared in just one paper each (3.13%).

Given the considerable percentage difference between the exact
and non-exact methods, and the wide variety of heuristics and
meta-heuristics that have been used, there is, therefore, great
potential for more research on exact methods, whether it is MILP
models or other methods like branch-and-bound. It should be noted
that the same specific problem can be solved by both exact and
non-exact methods, which further underscores the possibility of
exploitation of different methods.

In general, because the papers considered in this review are case
studies, the authors clearly sought to incorporate very realistic fea-
tures of the work environment, object of the analysis. Particularly
interesting, for example, is the explicit treatment of setup times, i.e.
they are treated separately from the job processing times in quite
a number of studies [82,46,86,70,84,59,78,9,41,26,16,45,27,81].

When jobs are to be processed with no waiting between produc-
tion stages, a no-wait constraint is used, and this is present in the
studies [3,84,9,34]. The presence of eligible machines (resources
available in a production stage but that can only handle a spe-
cific set of jobs) was considered in [46,70,16]. Different release
date constraints and dynamic arrival of jobs was discussed in [38]
and in [64,65], respectively. Batch processing scheduling problems
appeared in [81,85]. The possibility of a processed job returning to a
previous stage (re-entrant flow) was found in [ 18,15]. The adjacent
constraint (i.e., the impediment of execution of jobs in parallel) is
presentin [77,76]. Blocking constraint (when intermediate storage
is not allowed) was considered in [21]. Presence of job availabilities
intervals (the times when job processing is permitted) was found
in [27]. The learning effect (when the processing time depends
on the job position in the sequence) was studied in [63]. Table 5
summarizes the number of studies that addressed each of these
outstanding constraints.

A complementary analysis can be done about the country of ori-
gin of the research through the information as declared by their
authors. Table 6 provides a geographical-temporal mapping of

researchers of the case studies involving production scheduling,
i.e., the distribution of researchers from each country per year, in
descending order of the total frequency. The numbers of the table
refer to the number of authors (not papers) and the country of
origin.

As can be seen in Table 6, of the 25 countries, the three of
them with the highest numbers of researchers were: China with
28 authors (by far, in the first place), Spain with 17 authors and
Taiwan with 13 authors. Brazil is in sixth place with 7 authors,
after France and USA (both with 10 authors) and drawing with Japan
(also with 7 authors). Most of the case studies were published more
recently, after 2005, as can be also seen in Table 2. Moreover, the
earliest research (pre 2005) was conducted by authors of only five
countries: Taiwan, Japan, Germany, Italy and USA.

Ahistorical survey, presented by Potts and Strusevich [62], of the
characteristics of research into production scheduling in each of the
five decades since the pioneering work of Johnson [37], shows that,
basically, only in the 1990s, case studies started appearing. How-
ever, they were still quite simple and shy. This was also observed
in this study. The case studies considering more realistic variables
emerged only from the year 2000 onwards, slowly evolving to
become more frequent in recent years.

All the studies analyzed here addressed industrial manufactur-
ing environments (with physical products), that is, no case study
papers for service companies were found. An application in service
can be exemplified in [79], an engineering consultancy firm is com-
pared to two parallel flow shops. However, it is not a case study and
therefore not considered in our sample.

Another research potential identified is the almost absence
of real case publications in the field of green scheduling, which
involves production planning problems aimed at minimizing
energy consumption in industries. The three papers included in
the sample Refs. [14,85,88] were all published in the year 2016.
Other examples of green scheduling (out of this sample) are: Refs.
[22,48,19,53] that consider the flow shop problem; Ref. [51] that
consider the hybrid flow shop problem; Refs. [49,95] that stud-
ies job shops; and Ref. [75] that models the problem as that of a
single machine. The aforementioned are experimental studies that
do not use real data nor do they mention any practical business
applications.

It came as a surprise that, although uncertainty is a common
feature in real life problems, all the case studies included in the
sample addressed the problem from a deterministic point of view.
This highlights another important gap that should be reduced in
future research. Recent papers, such as Refs. [35,6,20,80], treat
uncertainty under different points of views. Huang and Liao [35]
propose an agent-based multi-negotiation mechanism approach
to solve a parallel machines scheduling problem in the manufac-
turing processes of aluminum foil. Aydilek et al. [6] also address
uncertain processing times. The manufacturing environment con-
sists of a single machine and the optimization criterion is the
minimization of tardy jobs. Only lower and upper bounds for the
processing times of each job are considered known. Several ver-
sions of an algorithm, based on dominance relation, are proposed
to provide a solution that will perform well for any combination
of feasible realizations of processing times. Intervals for the job
processing times are also considered by Drwal and Rischke [20].
They study the computational complexity of the scheduling prob-
lem on parallel identical machines. To cope with the uncertainty,
they consider the maximum regret and prove that its minimiza-
tion is strongly NP-hard. Tchernykh et al. [80] discuss a variety
of types and sources of uncertainty associated with cloud com-
puting. Approaches for the optimization of related problems are
reviewed and aims at finding solutions that behave good and
insensitive to different uncertainties. Pinedo [60] presents several
issues related to stochastic models considering single machine,
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Table 6
Number of researchers by country and year (in decreasing order of frequency).

Country 1992 1993 1998 2002 2003 2004 2005 2006

2007 2009 2010 2011 2012 2013 2014 2015 2016 Total

China

Spain 5 2
Taiwan 2

France

USA 1 3

Brazil

Japan 4 3

Germany 2

Hong Kong 6
Italy 2

South Korea

Tunisia

Poland

Australia

Indonesia

Morocco

Belgium

Iceland

India

Iran

UK

Thailand

Argentina

Greece

Singapore

Total 2 4 2 4 2 3 5 8

4 2 3 4 15 28

IS

5 2 13

w
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parallel machines, flow shops, job shops and open shops environ-
ments.

All the features mentioned in this section were collected by
detailed analysis of the content of each paper because, of course,
there was no standardization in the research methodology used by
the researchers of the publications, even though they all deal specif-
ically with case studies. Some information was not explicit, such as
the number of stages of a hybrid flow shop system in some papers or
the time horizon considered when collecting research data. How-
ever, no omission compromised the analysis nor the contribution
made to this study.

This analysis showed the complexity of the problems and practi-
cal situations involving production scheduling as well as the variety
of possible solution methods. And, as expected, there is no single
method that solves all kinds of problems. Thus, to tackle industrial
problems, as pointed out in Ref. [32], it is crucial that compa-
nies make available real problems to the scientific community and
help evaluate the results according to the appropriate performance
indices. It is also important that researchers assess the applicability
of the methods to ensure fast solutions for large and complex prob-
lems and that both communities (industrial and researchers) unite
their projects to merge methodologies for collaborative solutions.

This study confirms these issues and endorses the argument that
they can shed light on the current challenges, thus reducing the gap
between theory and practice. It is strongly suggested, therefore, the
strengthening of relations and the joint work of business people
and academics, uniting efforts in the same direction to produce the
results and also products equally needed by both.

6. Final considerations

This work presents a mapping of publications in indexed jour-
nals of case studies in production scheduling. A sample of 46 papers
published between the years 1992-2016 was identified and ana-
lyzed. According to the classification of scheduling problems, the
most studied was the hybrid flow shop problem, followed by flow
shop and job shop systems. The problems of parallel machines,
quite common in experimental research, were little discussed in
case studies.

The 46 papers examined clearly show the applicability of
optimization techniques to scheduling problems, in basic indus-
tries, processing industries and final assembly ones. On the other
hand, there were no papers addressing service companies, such
as project consulting, for example. Also, no case studies were
found addressing uncertainty that is so common in real life prob-
lems. Few case studies were found following the current trend
to reduce energy consumption and the resulting carbon dioxide
emissions in the atmosphere, i.e. addressing the area called green
scheduling. And so these are gaps in the literature found by this
research.

Regarding the performance measures, the most widely used is
the makespan or a related function. Moreover, most studies only
consider one performance criterion, when in practice the compa-
nies are interested in several measures simultaneously. To solve
the problems, non-exact methods were the most commonly used
procedures and Mixed Integer Linear Programming models have
also been proposed. It was found that none of the studies used any
alternative exact solution technique, indicating a research gap.

On the main issue addressed in this work, which is the gap
between theory and practice in production scheduling, the fact that
the studies do not make reference to computer systems present in
the companies seems indicative of incipient use. Their greater use
could increase the practical application of the research results. On
the other hand, the implementation of computer and automated
systems can also be a limiting factor, as it depends on investment
and acquisition of computer equipment and software, as well as
training and technical support.

Finally, it appears that one of the main difficulties to reduce the
gap between theory and practice is the difference between the tim-
ing of research and business. The scientific focus is on evidence and
methodology, with subsequent publication subjected to rigorous
peer evaluation. Companies, on the other hand, require quick, often
empirical, solutions dispensing theoretical proof if the results are
satisfactory and on time. Also there are confidentiality restrictions
of data and the process itself.

In other words, the academics offer simulated solutions and
need problems to apply them to, and companies need the solu-
tions to the problems they face, but both in asynchronous rhythms.
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In this sense, more public interaction and partnership between
researchers and managers is urged.
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