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Preface

Operations management may be defined as the efficient transformation of inputs 
to outputs, carried out according to customer needs and considering the limitations 
present in the process. It, therefore, involves process optimization, from design to 
future requirements, the management of materials and products, production, and 
such other areas as maintenance and quality control. The products may be considered 
goods or services, while the inputs may be human resources, financial support, 
information, materials, energy, and so on. 

Industry uses a large amount of data which, with appropriate analytics, provides more 
information and leads to an increase in the efficiency of operations management. 
In the various disciplines such as forecasting, capacity planning, location, layout, 
and integration of activities, new methods are constantly evolving to solve problems 
related to operations management, for example, dynamic analysis, computational 
techniques, probabilistic methods, and mathematical optimization techniques. Most 
of these new methods are based on artificial intelligence, for example, machine learn-
ing, deep learning, natural language processing, expert systems, data mining, support 
vector machines, and so on. Heuristics and metaheuristics algorithms are often found 
in optimization problems, for example, genetic algorithms, colony optimization, 
cuckoo search optimization, greedy randomized adaptive search procedure, particle 
swarm optimization, etc. Hybrid algorithms that combine several methods are being 
used today to improve solutions or to solve complex and robust problems that cannot 
be solved in another way.

This book introduces the main concepts and theoretical frameworks in operations 
management, as well as the latest empirical research findings from around the world. 
It also presents case studies from several industries, in which standard and novel 
algorithms are used to solve problems. Finally, future applications, trends and future 
work are suggested to improve the solutions presented.

Fausto Pedro García Márquez
Ingenium Research Group, 

University of Castilla-La Mancha, 
Ciudad Real, Spain
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Chapter 1

Differences between  
Universal-Deterministic and 
Probabilistic Hypotheses 
in Operations Management  
Research
Roberto Sarmiento

Abstract

Very few papers in the operations management (OM) field have taken the 
themes of universal-deterministic (UD) and probabilistic hypotheses as their 
main topics of investigation and discussion. Our investigation continues a recent 
line of research that focuses on a better understanding of these critical issues. 
Specifically, we attempt to respond to some pointed criticisms that experts in the 
field have made when the topic UD and probabilistic hypotheses have emerged in 
academic settings/discussions. A detailed analysis of those criticisms shows that 
they lack merit, thereby reinforcing our argument that it is most important to 
distinguish between the two types of scientific hypotheses in order to advance in 
the rigor of OM theoretical and empirical research. Ideas for future research are 
outlined.

Keywords: universal-deterministic hypotheses, probabilistic hypotheses, case study 
research, quantitative studies, qualitative studies

1. Introduction

Previous investigations (e.g., [1, 2]) have attempted to provide a better  
understanding and awareness vis-à-vis the two types of hypotheses that exist in 
all fields of empirical science: universal-deterministic (UD) and probabilistic. In 
particular, those papers emphasize the potential problems of not acknowledging the 
theoretical/empirical differences between these two types of scientific propositions. 
Continuing with this line of research, our paper deals with some objections that have 
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been made by experts in the operations management (OM) field1. More specifically, 
our paper discusses why those criticisms are not justified. This article strengthens the 
argument about the importance of acknowledging the distinct characteristics that UD 
and probabilistic hypotheses possess. This topic is important, not only in operations 
management research, but in all areas of empirical science.

In sections 2, 3, and 4, we present the aforementioned criticisms and explain 
why those objections lack justification. In Section 5, we further explore (based on 
Popperian logic and methodology) how falsified hypotheses can still be of practical 
use. Section 6 offers some concluding remarks.

2.  Criticism (a): “measurement variability messes up deterministic 
hypotheses. This problem turns a deterministic relationship into a 
probabilistic one”

There is no question that variability in the measurement of individual observa-
tions is an important issue in the empirical sciences. Nevertheless, it is not accurate to 
say that measurement variability transforms a UD hypothesis into a probabilistic one. 
These are two separate issues: 1) the problems with the measurement of empirical 
evidence (e.g., individual observations) when testing a hypothesis of interest, and 2) 
the logical form and implications of UD hypotheses.

Popper (e.g., [7], p. 63) acknowledges the potential problems that exist with 
respect to measurement variability. His recommendation is that there should be 
“methodological rules” by which decisions regarding empirical evidence in support 
of or against a given hypothesis may be agreed upon: “… Inter-subjectively testable 
experiments are either to be accepted, or to be rejected in the light of counter-experi-
ments.” Or as Dienes ([8], p. 20, his italics) puts it,

1 Ross [3] says “[I]t is often stated that, unlike classical physics, Quantum Physics is not deterministic. This 
statement is not really correct …”. With this assertion, Ross begins a detailed explanation of a concept that 
he calls “probabilistic determinism.” Later in his treatise, Ross writes that “[T]his means we do indeed have 
determinism, but only determinism of probability distributions of positions and momentum, as opposed 
to determinism of their exact values…”. “Thus, although Quantum Physics does not allow us to determine 
where a particular photon will land, it does allow us to determine where we will find dense and sparse 
regions – and in this sense it is deterministic,” Ross concludes. To reinforce his point, Ross explains that 
“probabilistic determination” is a viewpoint/approach that is tacitly/implicitly accepted/used in other dis-
ciplines, such as the Social Sciences. In the process of publishing OM papers that deal with the topics of UD 
and probabilistic hypotheses, we have received criticisms from anonymous referees that are similar to Ross’ 
arguments, e.g., “the probabilistic versus deterministic distinction is basically a red herring,” “something 
that is impossible according to a deterministic hypothesis is basically the same as something that has a one-
in-a-billion chance of happening according to a probabilistic hypothesis.” Referees are supposed to have 
considerable expertise on the subjects that are presented in the investigations they evaluate. Therefore, it is 
reasonable to conclude that if expert reviewers are not aware of the differences between UD and probabi-
listic hypotheses, then it is possible that the rest of the field is also unaware of these themes. We also note 
that highly influential works that offer guidance about case study research methodology (e.g., [4–6]) do 
not offer a detailed discussion of the differences between UD and probabilistic hypotheses. Moreover, when 
these topics have been brought up in informal gatherings and discussions with colleagues in other areas 
of business management research, a lack of awareness/understanding of these types of scientific proposi-
tions has also been identified. We argue that these situations justify our investigation. We are quoting or 
paraphrasing the objections that are dealt with in the paper.
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According to Popper, observation statements are finally accepted only by 
decision or agreement. Finally, there comes a point where everyone concerned 
feels the observation statement is sufficiently motivated that no one wishes to 
deny it. Considerable work may be needed to reach that point; and even then 
the decision to accept an observation may be overturned by new considerations. 
[…] In the end we must decide which observation statements we will accept. The 
decision is fallible and amounts to tentatively accepting a low-level empirical 
hypothesis which describes the effect: For example, accepting an observation 
statement amounts to accepting a hypothesis that “Peter is an extrovert”, or “This 
extrovert was asleep at 7 am” and so on.

To illustrate Popper’s point, we recall the story of the experiments and events 
that corroborated Einstein’s general theory of relativity. According to Folsing, 
([9], p. 443),

The numerical values obtained were 1.98 ± 0.12 seconds of arc for the Sobral 
pictures and 1.61 ± 0.30 seconds of arc for the pictures from Principe (which 
had been impaired by clouds). Both results ruled out the “Newtonian” value; 
their mean value was almost exactly equal to Einstein’s prediction of 1.74 
seconds of arc.

This famous episode in the history of science shows that irrespective of the 
variability/errors that sometimes are inevitable when measuring empirical evidence, 
scientists can still develop methodological rules/agreements in order to judge whether 
the predictions/implications of a UD hypothesis have been corroborated or refuted. 
Put differently, the variability in the measurement of empirical evidence does not 
turn a UD hypothesis (e.g., Einstein’s) into a probabilistic one.

We now offer a more recent example. Overbye [10] reported that in September of 
2011, a group of scientists announced that they had measured a batch of subatomic 
particles (neutrinos) traveling faster than the speed of light. This appeared to falsify 
the UD law that negates that specific occurrence (“no object can travel faster than 
the speed of light”). However, Overbye then quoted a scientist as saying that “[T]he 
evidence is beginning to point toward the (results showing falsifying evidence of the 
UD law) being an artifact of the measurement” (see also [11] for more reports about 
the same episode).

The neutrinos story was very interesting to follow because the whole  
process – from the initial claims of falsification to the conclusion that errors had 
been made during the experiments – was consistent with the logic and methodol-
ogy that Popper proposed in order to test a UD law. It also serves to illustrate once 
more that regardless of the different potential difficulties that can be present 
when testing a UD hypothesis, scientists can still come to the conclusion (based 
on methodological rules/conventions) that a given UD proposition has been 
refuted or corroborated. This helps us to affirm that the different difficulties 
that might appear when testing a UD hypothesis do not turn it into a probabi-
listic one.

Response to criticism (a): potential measurement problems that exist when testing 
the implications of UD hypotheses do not turn them into probabilistic ones. Instead, 
scientists can/should arrive at methodological rules/agreements upon which deci-
sions should be made about empirical evidence that appear to corroborate or refute a 
hypothesis of interest.
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3.  Criticism (b): “the probabilistic versus deterministic distinction is 
basically a red herring,” “something that is impossible according to a 
deterministic hypothesis is basically the same as something that has 
a one-in-a-billion chance of happening according to a probabilistic 
hypothesis”

These criticisms arguably reflect the prevalent thinking among scientists that are 
familiar with the frequentist approach to probability and statistical hypothesis test-
ing2. For the sake of argument, we will assume that this approach is an adequate way 
to apply Popperian falsificationism when testing a probabilistic hypothesis3. In this 
approach, researchers usually have to formulate a null hypothesis (Ho) and an alter-
native hypothesis (H1). We will use these assumptions and conventions to explain one 
of the theoretical/empirical differences between UD and probabilistic hypotheses.

We first discuss a situation where researchers are interested in testing whether a 
variable “A” (the cause) has an effect on variable “B”. We model this relationship using 
the usual principles and assumptions of standard linear regression analysis. We state 
Ho as a general proposition: “A has no noticeable effect on B” (e.g., Ho: β1 = 0). We 
also establish H1 as “A has a noticeable effect (e.g., “statistically significant”) on B” 
(e.g., β1 ≠ 0). Let us also suppose that two different investigations are performed: one 
to test a probabilistic relationship between A and B, and the other one to test its UD 
version. To be clear that we are dealing with two different and separate situations, 
we will rename the variables as Ap/Bp in the case of a probabilistic relationship and 
Ad/Bd to model its UD version. We can now restate both H1’s as “Ap is likely to have 
a positive and significant effect on Bp,” and “the effect of Ad on Bd is positive and 
linear,” respectively. Figures 1 and 2 illustrate the results of the hypothetical investi-
gations of the probabilistic and UD relationships:

These figures show evidence supporting the alternative hypothesis (e.g., H1: “A has 
a noticeable and positive effect on B”) in both its probabilistic and UD forms. Based 
on this, the assertion that there are no practical differences between these two types of 
hypotheses would appear to be true. Put differently, since Figures 1 and 2 support the 
idea that Ho (“A has no noticeable effect on B”) in its probabilistic and UD forms has 
been “practically falsified” and “falsified,” respectively, it does seem as if arguing that 
UD and probabilistic hypotheses are different in nature is indeed a red herring.

We now proceed to explain that, in spite of what was discussed previously, there 
are clear theoretical/empirical differences between UD and probabilistic hypotheses. 
To accomplish our objective, we again model a causal relationship between two differ-
ent variables: C (“the cause”) and D (“the effect”). We make the same assumptions 
as before, with only one difference: we now suppose that there is prior corroborating 
evidence showing a noticeable and positive effect of C on D. We state the probabilistic 
version of this relationship as “Cp is likely to have a positive and noticeable effect on 
Dp” (i.e., Ho: β1 ≠ 0). The UD form of this relationship could be phrased along the 
lines of “Cd has a linear and positive effect on Dd” (e.g., Ho β1 = 1). This is a different 
situation to the one that was analyzed in the previous paragraphs (Ho: β1 = 0). Let 

2 For a more technical discussion on those topics, we recommend Popper [7] and Miller [12].
3 Popper ([7], p. 183n) affirms that due to their logical form, probabilistic hypotheses are not directly 
falsifiable. However, he also says that scientists can arrive at “…the adoption of a methodological rule…, 
which makes probability hypotheses falsifiable.” In this way, probabilistic hypotheses can attain a scientific 
status, because once a methodological rule has been adopted, their implications can be tested empirically 
(i.e., their predictions can be contradicted by empirical evidence).
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us also suppose that two investigations are run to examine these two relationships. 
Figures 3 and 4 show the results of these hypothetical investigations.

These illustrations show one of the theoretical/empirical differences between UD 
and probabilistic hypotheses. Figure 3 shows evidence that the probabilistic relationship 

Figure 2. 
Evidence supporting a UD relationship between Ad and Bd.

Figure 1. 
Evidence supporting a probabilistic relationship between Ap and Bp.
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between Cp and Dp has been “practically falsified.” Likewise, Figure 4 shows evidence 
that the UD relationship between Cd and Dd has been falsified (logically and strictly). In 
short, Ho for both the probabilistic and UD forms of the causal relationship between C 
and D has been “practically falsified” and “falsified,” respectively.

While it is true that in both cases there appears to be undermining/falsifying 
evidence against Ho (when Ho establishes a noticeable and positive relationship between 

Figure 3. 
Evidence that “practically falsifies” a probabilistic relationship between Cp and Dp.

Figure 4. 
Evidence that falsifies (logically and strictly) a UD relationship between Cd and Dd.
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the variables), it is obvious that in theoretical/empirical terms, researchers finding 
evidence that “practically falsifies” a probabilistic hypothesis cannot continue to affirm 
that there is a noticeable and positive effect of Cp on Dp. Figure 3 shows evidence of 
this non-relationship. Therefore, for all practical and theoretical purposes, researchers 
should be inclined to conclude that there is no evidence of a relationship between Cp 
and Dp. On the other hand, researchers who find falsifying evidence of the UD rela-
tionship between Cd and Dd should be inclined to say that even though the UD rela-
tionship has been (logically and strictly) falsified, there still appears to be a noticeable 
and positive relationship between Cd and Dd. In other words, the relationship between 
these two variables, for all practical and theoretical purposes, can still be considered as 
positive and noticeable. In short, the falsified UD relationship can now be stated as a 
probabilistic one: Cd is likely to have a noticeable and positive effect on Dd.

To complement the current discussion, we now offer an example of a relationship 
where the dependent and independent variables can be present or absent. To avoid 
repetition, now we will only model the situation where Ho states a prior noticeable 
effect of E (the cause) on F (the effect). The probabilistic form of this relationship 
can be phrased along the lines of “if E occurs/is present, then F is more likely to 
occur/be present than not.” Its UD form can be stated as “If E occurs/is present, then 
F will always occur/be present.” Once more we utilize Ep and Fp for a probabilistic 
relationship, and Ed and Fd for a UD one.

Let us suppose that we collect two different samples to test the two distinct 
hypotheses. In the case of the probabilistic relationship, let us assume that we found 
two cases where Ep and Fp are present, and three cases where Ep is present but Fp is 
absent. Figure 5 illustrates these scenarios.

In the case of a UD hypothesis, let us suppose that we found four cases where Ed 
and Fd are present, and one case where Ed is present but Fd is absent.

Similar to the scenario disused before, it can be seen again that when researchers find 
evidence that “practically falsifies” a hypothesis stating that “if Ep occurs/is present, 
then Fp is more likely to occur/be present than not,” for all pragmatic purposes, such a 
hypothesis should be discarded, as the evidence in Figure 5 shows that in most cases, it 
does not hold. Therefore, researchers should be inclined to conclude that there is no evi-
dence supporting the assertion that Ep and Fp are in some way associated. On the other 
hand, Figure 6 shows that although the UD relationship “If Ed occurs/is present, then Fd 
will always occur/be present” has been logically and strictly falsified (i.e., one observa-
tion falsified this hypothesis), for all practical and theoretical purposes, researchers 
could still affirm that Ed is likely to be a causal agent for Fd, as the evidence shows that in 
most cases (four to one), the expected relationship does hold. Therefore, the falsified UD 
hypothesis between Ed and Fd can now be restated as a probabilistic hypothesis: “if Ed 
occurs/is present, then Fd is more likely to occur/be present than not.”

The previous discussions show a clear difference between UD and probabilistic 
hypotheses: a “practically falsified” probabilistic hypothesis (when Ho establishes a 
noticeable and positive relationship between the variables) has no theoretical/empirical 
utility. On the other hand, a (strictly and logically) “falsified” UD hypothesis could 
still have pragmatic/empirical utility. In Section 5, we elaborate on the potential utility 
of hypotheses that have been falsified.

Response to criticism (b): a “practically falsified” probabilistic hypothesis (when Ho 
establishes a noticeable and positive relationship between the variables), for all theoretical/
practical purposes, does not have predictive power/utility. On the other hand, a falsified 
UD hypothesis can still have predictive power/practical utility. Therefore, it is not a red 
herring to say that UD and probabilistic hypotheses are different in nature.
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Figure 6. 
Evidence that falsifies (logically and strictly) a UD relationship between Ed and Fd.

Figure 5. 
Evidence that practically falsifies a probabilistic relationship between Ep and Fp.
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4.  Criticism (c): “Few interesting relationships in operations management 
can be formulated as deterministic hypotheses”

The Cambridge Dictionary online4 defines the word “interesting” as:

Someone or something that is interesting keeps your attention because he, she, 
or it is unusual, exciting, or has a lot of ideas:

It could be validly argued that a UD relationship (e.g., something that always 
occurs) is far more interesting that something that takes place, for example, in most 
cases (e.g., a probabilistic relationship). Nonetheless, irrespective of why a researcher 
may deem a causal relationship interesting, we think that all scientists should be 
knowledgeable about the theoretical/empirical differences between UD and proba-
bilistic hypotheses. This is important in order to avoid inaccuracies/omissions when 
hypothesis-testing and also when offering advice about research methodology (see [2] 
for a more detailed discussion about these issues in OM research).

Furthermore, while it is clear that the OM field (and arguably most of Social 
Sciences5) has been dominated by what could be called as “significance testing” [13], 
recently some scientists have also attempted to emphasize the importance and utility 
of UD hypotheses, for example, in the Business/Operations Management field [1, 14]. 
Likewise, Dienes ([8], p. 26, his italics) affirms that.

Maybe many theories in psychology could effectively be written in the form, “In 
certain contexts, people always use this mechanism”: “When my experimental 
procedure is set up in this way, all learning involves this sort of neural network.”

Therefore, if UD hypotheses are to become more prominent in the Social Sciences, 
then it follows that scientists should be aware of their differences vis-à-vis probabilis-
tic hypotheses, regardless of whether scientists (in their subjective views) think them 
interesting or not.

Response to criticism (c): whether a scientific proposition appears to be interesting or 
not, it is important for all scientists to be knowledgeable vis-à-vis the differences in the 
logical form and theoretical/empirical implications of UD and probabilistic hypotheses.

5. To be clear false theories can still be of use!

In Section 3, we explained that when a probabilistic hypothesis has been “practi-
cally falsified,” researchers should be inclined to conclude that there is no evidence at 
all of a causal relationship between an independent and a dependent variable. We also 
explained that when a UD hypothesis has been logically and strictly falsified, it could 
still be of practical use, as a noticeable causal relationship between two variables 
could still be identified (see Figures 4 and 6).

It is not possible to be certain regarding the reasons that explain why expert research-
ers (see footnote 1) still opine that the differences between UD and probabilistic hypoth-
eses are just a red herring and unimportant. Nevertheless, we think that a contributing 
factor might be the lack of awareness about the fact that falsified hypotheses can still be 

4 See https://dictionary.cambridge.org/dictionary/english/interesting [accessed 20 May 2022].
5 See for example Hartmann and Sprenger [13] for a more detailed discussion on what they call “the 
mathematization of the social sciences.”



Operations Management and Management Science

10

of practical utility. It would appear as if researchers tend to equate the terms “falsified/
false” with “useless,” “meaningless” or “pointless.” To support our contention that falsi-
fied hypotheses can still be of use, we quote Popper ([15], p. 74):

… false theories often serve well enough: most formulae used in engineering or 
navigation are known to be false, although they may be excellent approximations 
and easy to handle; and they are used with confidence by people who know them 
to be false.

Even though Newtonian physics have been “recognized as literally false”  
([8], p. 5), “… scientists needed nothing more than Newton’s equations to plot the 
course of the rocket that landed men on the moon” [16].

More specifically, in the OM field, the influential strategic trade-offs model [17] 
was put forward as a UD theory [2]. Even if empirical evidence were to falsify – logi-
cally and strictly – this proposition in the future, it would be difficult for researchers to 
affirm that Skinner’s core argument (“no product/service can be the best at everything”) 
does not reflect phenomena that occurs in the marketplace6. In short, even if Skinner’s 
model were to be falsified, we argue that it would still be useful/have practical utility 
in the understanding – at least in some circumstances/situations – of the differences 
observed in the features/performance between pairs of rival products/services.

The fact that strictly and logically false/falsified (UD) hypotheses can still be of 
practical/empirical use should serve to strengthen our argument about the impor-
tance of acknowledging the differences that exist between UD and probabilistic 
hypotheses in empirical science.

6. Some concluding remarks

Investigations that deal directly with the topics of universal-deterministic and 
probabilistic hypotheses are not common in business management research in general, 
and operations management science in particular. Our hope is that this paper can 
contribute to a better understanding of the theoretical/empirical differences that exist 
between these two types of hypotheses.
6 See [18] for a detailed discussion of strategic trade-offs between two competing products. Moreover, 
some authors (e.g., [19]) claim that in practice, the trade-offs model is not used. Sarmiento et al. [20] 
provide a detailed response to Singh et al.’s assertion.
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Chapter 2

Design and Planning Robust and
Competitive Supply Chains
Kotomichi Matsuno, Jiahua Weng, Noriyuki Hosokawa
and Takahiro Ohno

Abstract

In recent years, supply chains in the manufacturing industry have become more
and more complicated, and many cases of supply chain disruptions due to natural
disasters have been confirmed. It is necessary for manufacturers to build a system that
can help them alleviate losses and shorten recovery periods due to supply chain
disruptions. Supplier diversification, as well as supplier evaluation and selection, are
discussed as risk aversion measures in many papers. However, even if the procure-
ment source has been evaluated enough, there are problems, such as opportunity loss
during recovery periods and soaring procurement costs during normal periods. In this
chapter, to help Japanese manufacturers to alleviate opportunity loss under compo-
nent procurement disruption situations and keep cost competitiveness in normal
periods, decision-making models of supply chain structure assessment, supplier
selection, procurement allocation, and trading contracts are designed and verified.

Keywords: supply chain disruption, supply chain structure, supplier selection,
procurement allocation, contract

1. Introduction

The supply chain structure in the manufacturing industry is getting more and
more complex due to the acceleration of globalization. It makes the impact of disrup-
tions on the whole supply chain greater than ever before. Many natural and man-
made disasters, such as Hurricane Katrina 2005, Great East Japan Earthquake 2011,
Thailand Flood 2011, Kumamoto Earthquake 2016, COVID-19 2019, and the recent
Russia-Ukraine war 2022, have resulted in large-scale supply chain disruptions. Man-
ufacturers had a large amount of opportunity losses due to production interruptions
caused by the shortage of components. Moreover, a number of manufacturers were
unable to get survived anymore due to component procurement disruptions.

In the past, how to reduce procurement costs, shorten procurement lead time, and
maintain good relationships with suppliers are considered the most important matters
when manufacturers make their decisions on procurement. Since the Great East Japan
Earthquake of 2011, the development of an effective business continuity plan (BCP)
has been considered one of the most important matters to Japanese manufacturers. As
a part of BCP development, sourcing decision-making with consideration of supply
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chain disruption risks is becoming the most important process. In the increasingly
competitive global environment, manufacturers should not only focus on the effi-
ciency of their own production and logistics operations but also take measures, such as
understanding the location of risks in the supply chain and diversifying procurement
sources to reduce the risks of procurement shortages due to supply chain
disruptions [1].

As known to all, BCP defines the activities for business continuity. It should be
carried out under both normal and emergency situations to enable the business con-
tinuation or early recovery of core business operations in the event of natural disas-
ters, major fires, terrorist attacks, or other emergency situations. With the aim of
increasing the development rate of BCP in Japan, the Small and Medium Enterprise
Agency has published a BCP development manual on its website, which explains how
to develop a BCP for each business in detail. The process of BCP development is
shown in Figure 1 [2].

There are five steps for BDP development and operation, including (1) understand
business operations, (2) consider BCP preparations and prior measures, (3) formulate
BCP, (4) establish BCP culture, and (5) test, maintain, and update BCP. Step 2 and step
3 are considered the most important and difficult steps among all the five steps. The
significance of BCP and its economic effects are mentioned to show that BCP should be
a system that also could generate economic effects even in normal periods compared to
conventional disaster prevention measures [3]. However, many manufacturers are
stuck between step 2 and step 3. Lacking visibility of benefits under normal situations

Figure 1.
BCP development and operation cycle.
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and lacking mitigation effects against losses due to supply chain disruptions are cited as
the main reasons for lacking progress in BCP development.

To help manufacturers to make their decision-making on risk mitigation measures
creation as well as effectiveness evaluation, research on supply chain disruption risk
management (SCDRM) to deal with supply chain disruptions has been attracting much
attention and the number of papers has been increasing rapidly in recent 10 years.
Proposals of these papers could be broadly divided into two types which are pre-
measures and post-measures. Risk assessment of supply chain structures, supplier eval-
uation, and procurement allocation is considered the pre-measures. On the other hand,
switching to alternative components and switching procurement sources are considered
the post-measures. In addition, since most of the post-measures are ineffective without
any pre-measures, pre-measures can be considered as plans for post-measures.

Based on the levels of decision-making, risk mitigation measures could be divided
into strategic level, tactical level, and operational level. Assessing supply chain risks
and determining what kind of supply chain structure should be built is considered the
strategic level of decision-making. As a part of supply chain building, evaluating and
selecting suppliers based on the decided supply chain structure is also considered the
strategic level of decision-making. Concluding risk-hedging trading contracts, includ-
ing procurement agreements, supply and penalty terms between upstream and
downstream companies are considered the tactical level of decision-making. How to
make post-measures more efficient is considered an operational level of decision-
making. Figure 2 shows the risk mitigation measures by different decision-making
levels. In this chapter, decision-making models of risk mitigation measures at the
strategic level and tactical level are mainly discussed.

The remainder of this chapter is organized as follows. Section 2 provides an intro-
duction to the risk assessment of supply chain structures. Section 3 provides a study
on the decision-making of manufacturers on suppliers selection and procurement
allocation based on the risk assessment of supply chain structures. Section 4 presents a
robust and competitive contract model for manufacturers. The chapter is concluded
in Section 5.

Figure 2.
Risk mitigation measures at different decision-making levels.
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2. Risk assessment of supply chain structure

This section presents literature reviews and a previous study about risk assessment
of supply chain structures [4].

The economic impact of supply chain disruptions immediately after the Great East
Japan Earthquake was examined and the amount of production losses caused by the
supply chain disruptions to at least 0.35% of the GDP was estimated in [5]. In ref. [6],
the responses of Japanese manufacturing firms to natural disasters, such as earth-
quake, tsunami, and nuclear disasters, were discussed. Based on case studies, several
supply-chain recovery processes after natural disasters as well as humanitarian dis-
ruptions were discussed and reflection points in terms of disaster planning, and
recovery responses were summarized. In ref. [7], several supply-chain structural
models were built and the tradeoff relation between supply-chain efficiency and
robustness under supply-chain disruption risks was discussed. Countermeasures
for mitigating supply-chain disruption risks in terms of redundancy, robustness,
and flexibility were discussed after the research work on supply-chain visualization in
ref. [8].

As typical natural disasters, earthquakes cause significant damage to supply chains.
Since earthquakes occur frequently in Japan, procurement disruptions due to earth-
quakes also occur frequently. Occurrence probability, as well as impact, are two main
evaluation indicators of earthquakes. In this study, the recovery period of the supply
chain from the earthquake is considered as the earthquake impact. A model of pro-
curement disruptions due to earthquakes is developed to clarify the loss difference
among different supply-chain structures in Japan.

2.1 Model of procurement disruptions due to natural disasters

Although the probability of an earthquake cannot be expressed accurately, as a
general thought, occurrence probability could be estimated based on historical data on
earthquakes. Since earthquakes less than seismic intensity 7 only have little impact on
production and procurement activities, only earthquakes with a seismic intensity of 7
or over are considered in this study.

Table 1 shows the data about earthquakes over seismic intensity 7 in the last
10 years (2011–2021) which was collected from the website of the Japan Weather
Association [9]. With the data in Table 1, the average annual probability of an
earthquake which seismic intensity is 7 could be estimated. Since seismic intensity 7
earthquakes occurred 4 times in 11 years including 2021, the average annual
occurrence probability is 0.36 and the average monthly occurrence probability
should be 0.03.

Date and time Epicenter Magnitude Max seismic intensity

2018/9/6 3:08 Eastern Iburi of Hokkaido M6.7 7

2016/4/16 1:25 Kumamoto region of Kumamoto M7.3 7

2016/4/14 21:26 Kumamoto region of Kumamoto M6.5 7

2011/3/11 14:46 Sanriku offshore M7.9 7

Table 1.
Earthquakes over seismic intensity 7 in the last 10 years (2011–2021) in Japan.
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In addition, the number of related areas is an important attribute of the supply
chain when discussing the probability of supply-chain disruptions. In general, the
larger the number of related areas of a supply chain, the higher the probability of
disruption will be. Japan is divided into seven regions which are used for statistical by
government officials. They are Hokkaido, Tohoku, Kanto, Chubu, Kinki, Chugoku-
Shikoku, and Kyushu-Okinawa. In this study, the relation between a number of
related areas of component procurement activities and the probability of disruptions
is focused to verify the disruption impact. Table 2 shows the disruption probability
according to the number of related areas of a supply chain. It is calculated with a
number of regions and the average monthly occurrence probability of earthquakes
over seismic intensity 7.

The recovery period of the supply chain from the earthquake could also be esti-
mated based on past earthquake occurrences. Generally, the recovery period from
earthquakes depends on industry types; it is necessary to estimate the recovery period
with the data which should be collected from the manufacturing industry. Table 3
shows the recovery periods of several electronic device manufacturers after the
Kumamoto earthquake on April 16, 2016 [10].

The date of partial recovery in the table is the date when production activities are
restarted partially. The date of full recovery in the table is the date when production
activities recovered as the same as the production capacity planned beforehand. It is
difficult to show the recovery of production capacity over time without the informa-
tion on the recovery speed. Furthermore, it is also difficult to collect information on
the recovery speed of production capacity since it is considered confidential informa-
tion to manufacturers. To simplify this problem, in this study, only two conditions
which are “recovered” and “not recovered” are taken into consideration, and then the
average period of partial and full recovery of all manufacturers according to Table 3 is
set as the estimated recovery period. With the results of the calculation, the estimated
recovery period should be 36.6 days, nearly 1 month after the earthquake.

Related areas 1 2 3 4 5 6 7

Disruption probability 0.004 0.009 0.013 0.017 0.022 0.026 0.030

Table 2.
Disruption probability by related areas of supply chain.

Business office Location Date of partial
recovery

Date of full
recovery

Renesas Semicond. Manuf. Co., Ltd., Kawashiri
factory

Kumamoto-
shi

Apr. 22 May 22

FUJIFILM Kyusyu Co.,Ltd. Kikuyomachi Apr. 23 May 23

Mitsubishi Electric Corp. Power Device Works
Kumamoto

Koushi-shi May 9 May 31

Tokyo Electron Kyushu Ltd. Koushi-shi Apr. 25 End of June

Sony Semicond. Manuf. Co., Ltd., Kumamoto
Tech. Ctr.

Kikuyomachi May 9 End of July

Table 3.
Recovery dates of electronic device manufacturers after Kumamoto earthquake 2016.
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2.2 Supply chain structure models

How to build and maintain competitive supply chains is the most important task
for manufacturers. In particular, manufacturers whose products are in the competi-
tion period, such as smartphones in Japan market in the 2010s, LCD TV and PC in
Japan market in 2000s.

In general, manufacturers adjust their suppliers and procurement terms for the
next year annually based on their strategies and evaluation results of performances in
the last year. In the past, procurement plans were decided by manufacturers based on
an overall evaluation of procurement cost, quality of the component, and delivery
time. In most cases, the minimum number of suppliers at the lowest procurement
costs was decided as the procurement plan for next year. Figure 3 shows a basic
supply chain structure which is a one-supplier-one-manufacturer structure. It is con-
sidered an extreme model of a few sources supply chain. In an electronic products
supply chain, such as LCD TV and smartphone, comparing with the order receiving
cycle of finished products, the procurement lead time of electronic components such
as LCD panel is much longer. With reference to many LCD TV and smartphone
assembly manufacturers, in this supply-chain model, the order receiving cycle of
products from retailers is set to 1 month, lead time of component procurement from
the supplier is set to 3 months.

To analyze the impact of components procurement disruptions on the supply-chain
structure, profit of the manufacturer should be the most important indicator. Eq. (1)
shows the profit function of manufacturer. It is the difference between sales amount
and costs including component procurement cost, inventory cost, and production cost.

πm ¼
XN
n¼1

�
pp � min qp:n, In�1

� �
� βncproc: qc:n � cinv: In�1 þ βnqc:n � qp:n

� �
(1)

� cf þ cv � min qp:n, In�1

� �h i�

pp: Product price.
qp:n: Volume of product orders from the retailer.

Figure 3.
A simple centralized procurement structure.
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In: Inventory level of components.
cproc:: Component procurement cost/per unit.
qc:n: Volume of component procurement.
cinv:: Inventory cost/per unit.
cf : Fixed cost of production.
cv: Variable cost of production.
N: Period (Month).
βn: If there is no procurement disruption, βn ¼ 1. Otherwise βn ¼ 0:

Such centralized procurement structures can help manufacturers to reduce pro-
curement costs in normal periods. However, manufacturers are not able to achieve
components in the recovery periods when a supply chain disruption occurs. It makes
manufacturers a huge opportunity loss due to production stoppages. As a general
robust countermeasure for hedging disruption risks, multiple sourcing has been used
widely. Figure 4 shows a simplified robust procurement structure with one more
supplier adding to Figure 3. If one of the procurement channels gets disrupted, the
manufacturer can receive part of the total components from another supplier at least.
The with this procurement structure. The manufacturer is able to keep its production
facility utilization to a certain degree and avoid some opportunity losses. The profit of
the manufacturer in this structure is shown in Eq. (2).

πm ¼
XN
n¼1

pp � min qp:n, In�1

� �
� γncproc: qc1:n þ qc2:n

� �n

�cinv: In�1 � qp:n þ γn qc1:n þ qc2:n
� �h i

� cf þ cv � min qp:n, In�1

� �h io (2)

qp:n : Volume of product orders from the retailer
qc1:n: Volume of component procurement from supplier 1
qc2:n: Volume of component procurement from supplier 2
γn: If there is no procurement disruption, γn ¼ 1. Otherwise γn ¼ k
k: If component procurement from supplier 2 is disrupted k ¼ qc1:n=qp:n, If

component procurement from supplier 1 is disrupted k ¼ qc2:n=qp:n. If component

Figure 4.
A simple decentralized procurement structure.
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procurement from both suppliers is disrupted k ¼ 0, since the probability of such a
case is extremely low, it is not considered in the experiment of this study.

In general, costs such as supplier management fees, contract fees, and ordering
costs increase with the number of suppliers increasing. Although this decentralized
procurement structure can be expected to reduce opportunity losses in the event of
supply chain disruptions, the cost competitiveness of the supply chain is also
decreased due to higher operating costs during normal periods.

2.3 Numerical experiment and results

Attributes of the supply chain, including related areas of procurement, are
discussed to analyze the profit of manufacturer to clarify the difference between
centralized procurement structure and decentralized procurement structure. The
period of experiments is set to 3 years, and data for experiments is shown below.

Estimated product demand/month: 1000
Component procurement cost: 10,000
Component order lot size: 3000
Production cost (fixed): 10,000,000
Production cost (variable): 1000
Component procurement lead time: 3 months
Actual product demand/month: N 1000, 2002� �
Product price: 35,000
Inventory cost/month: 200

Figure 5 shows the total profit of the manufacturer which is the average value of
50 simulation runs with the number of related areas from 1 to 5. The vertical axis of

Figure 5.
Total profit of manufacturer by different related areas.
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the graph is the ratio of profit to maximum profit which could be achieved in a
centralized procurement structure without any procurement disruptions in 3 years.
From Figure 5, we can find that in more related areas of component procurement,
lower profits for manufacturers in both centralized and decentralized procurement
structures would be. However, comparing with a centralized structure, no significant
profit reduction with increasing in related areas with a decentralized procurement
structure. The effect of opportunity loss avoidance of a decentralized procurement
structure is confirmed. The peak profit difference between the two structures could be
confirmed in Figure 5 with the trend of increase and decrease.

3. Supplier selection and procurement allocation

Supplier selection and procurement allocation are considered one of the most
important strategy level decisions to manufacturers in planning component procure-
ment. Generally, the decision-making of supplier evaluation and selection is based on
the determined supply-chain structure. This section presents literature reviews and
previous work on supplier selection and procurement allocation [11].

The procurement evaluation problem which was dealt with as a multi-objective
function optimization problem with randomly varying weights of cost, quality, deliv-
ery, as well as economic risks was discussed in ref. [12]. Supplier selection from all
candidate suppliers by comprehensive scale assessment, including procurement risks
and costs is shown in ref. [13]. In ref. [14], the problem of an optimal number of
suppliers selection by considering the component inventory level under procurement
lead-time uncertainty is discussed. In [15], a supplier selection method for the purpose
of minimizing both procurement costs and opportunity losses was proposed. The
method is based on the assumption that the component procurement price of each
supplier is the same, and the order volume from each supplier is also the same.
Reference [16] focused on the decoupling of recurrent supply risks and disruption
risks during sourcing decisions and procurement allocation.

As decision-making of supplier selection and procurement allocation based on the
decentralized procurement structure, minimum total procurement costs, including
management cost, purchasing cost, transportation cost, and the opportunity cost with
considering procurement disruption should be set as the objective function.

3.1 Objective functions and constraints

An optimization method for supplier selection and procurement allocation based
on a one-manufacturer-multiple-suppliers supply-chain structure is proposed in this
study. It is the decision-making of the manufacturer on where and how many com-
ponents to procure from candidate component suppliers whose basic attributes, such
as quality and delivery could meet the requirements of the manufacturer for the next
period. Therefore, decision variables are set as below.

n : Number of suppliers
ZXs: If components are sourced from the supplier s, ZXs ¼ 1. Otherwise ZXs ¼ 0.
Qis : Procurement volumes of components i from supplier s

Objective function

PCmin ¼ Mgmt:Costþ Pur:Costþ Trans:Costþ Oppty:Loss (3)
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As discussed before, minimum total procurement costs, including management cost,
purchasing cost, transportation cost, and the opportunity cost with considering procure-
ment disruption, are considered as the objective function. Management cost is the cost
involved in managing supplier activities and contracts. It increases or decreases
depending on the number of suppliers. The purchasing cost is the total cost of purchasing
components from all suppliers. Transportation costs can be calculated by multiplying the
unit transportation cost of each component from one supplier to the manufacturer by
transportation quantity which is the same as purchasing quantity.

Fixed Management Cost ¼
XS
s¼1

XI
i¼1

ZXs �Ms (4)

Purchasing Cost ¼
XS
s¼1

XI
i¼1

Pis �Qis (5)

Transportation Cost ¼
XS
s¼1

XI
i¼1

Transis � Qis (6)

Eq. (7) shows the amount of opportunity loss due to any n procurement channels
getting disrupted. Eq. (8) shows the expected total opportunity cost which is the sum
of Eq. (7)

Cn ¼
XI
i¼1

Li �
X

Di � min Di,
XB

b¼1

Qmax
ib

 !" #
�

Y
a∈An

θa �
Y
b∈Bn

1� θbð Þ
" #( )

(7)

Oppotunity Loss ¼
XS
n¼1

Cn (8)

Constraints
Equations from Eq. (9) to Eq. (11) are considered as the constraints for decision-

making, including total demand for components, procurement volume from each
supplier, and the number of suppliers. Eq. (9) shows the constraint of component
demand. The total volume of component i that could be procured from all selected
suppliers should be the same as the demand for component i. Eq. (10) shows the
constraint of component volume. The volume of component i that could be procured
from supplier s should not be less than the minimum volume and not more than the
maximum volume which is decided by supplier s. Eq. (11) shows the constraint of the
number of suppliers available for selection. It should not exceed the number of all
candidate suppliers.

XS
s¼1

Qis ¼ Di∀i (9)

Qmin
is ≤Qis ≤Qmax

is ∀i, s (10)

n≤ S (11)

s : Supplier ID (s ¼ 1, 2, 3, … , S)
i : ID of component types (i ¼ 1, 2, 3, … , I)
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Di : Demand for component i
Ms : Management cost of supplier s
Pis : Price of component i from supplier s (per unit)
Qmin

is : Minimum procurement volume of components i from supplier s
Qmax

is : Maximum procurement volume of components i from supplier s
Li : Opportunity loss of components i (per unit)
Transis : Transportation cost of components i from supplier s (per unit)
θs : Disruption probability of supplier s (%)
a : ID of interrupted suppliers among selected suppliers (a ¼ 1, 2, 3, … ,A)
b : ID of among selected suppliers (b ¼ 1, 2, 3, … ,B)
An : The interrupted supplier group (Ex. A1 indicates the group of anyone

interrupted supplier)
Bn : The uninterrupted supplier group (Ex. B1 indicates the group of uninterrupted

suppliers when any supplier is interrupted)
Qmax

ib : Maximum procurement volume of components i from uninterrupted
suppliers

3.2 Tabu-search based decision-making

In many cases, procurement plans are decided based on the discussion in a pro-
curement strategy meeting. As a support tool for management decisions, create and
re-create supplier selection and procurement allocation plans in a short time are
important. The effectiveness of Tabu-Search (TS) has been confirmed by numerous
previous studies on a lot of classical optimization problems as well as practical prob-
lems. Comparing with other meta-heuristics, it is expected to search more neighbor-
hood solutions with fewer search times. Since prohibitions are introduced to
discourage search from coming back to previous-visited solutions. With considering
of the applicability, a TS-based decision-making is proposed. There are five steps to
decide the optimal supplier combination and procurement volume from each supplier.
In this study, the average procurement cost of the supplier combination is considered
as the evaluation index.

Step 1: Generate and check the initial supplier combination
Initial supplier combination according to the tentatively determined numbers of

suppliers is generated randomly. The procurement amount of each component from
each supplier in the initial supplier combination is set randomly based on the con-
straint Eq. (10).

Step 2: Check and generate neighbor solutions
Check whether or not the solution could be improved according to the evaluation

index. If it could be improved, create new supplier combinations by selecting the
unselected suppliers in all candidate suppliers to replace the supplier with the highest
procurement cost in the supplier combination after checking the constraints as well as
the Tabu list. Otherwise, proceed to Step 4.

Step 3: Update the Tabu list
Update the Tabu list by adding the supplier combination with the lowest unit cost

from supplier combinations generated by Step 2.
Step 4: Adjust procurement allocation
Adjust the component volume from the supplier with the highest procurement cost to

the supplier with the lowest component procurement cost by minimum adjustment unit.
Step 5: Update execution times
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If the execution time n is less than the total search time N, proceed to Step 2.
Otherwise, end the execution.

3.3 Numerical experiment and results

The effectiveness of the proposed TS-based decision-making is discussed in this
subsection. The data for the numerical experiment is shown below.

Number of candidate suppliers: 8
Type of components: 3
Demand for each component type: 400, 300, 200
Range of management cost: 1500–2500
Minimum procurement volume range of each component type: 60–100, 45–75, 30–50
Maximum procurement volume range of each component type: 100–180, 80–150,

60–100
Component price range of each component type/per unit: 35–52, 40–62, 49–72
Transportation cost range of each component type/per unit: 3–7, 3–7, 3–7
Disruption probability of candidate suppliers: 18–27%
Figure 6 shows an example of the performance of TS-based decision-making

against a random search in the terms of three suppliers. Comparing with random
search, TS-based decision-making could reach a more accurate solution with much
less search times. It could support managers to discuss and make a procurement plan
efficiently in a management strategy meeting.

4. Design robust and competitive contract under disruption risks

With the results of risk assessment of supply-chain structures, as well as the results
of supplier selection and procurement allocation, a trading contract between

Figure 6.
Total procurement cost search with random search and TS-based decision-making based on three suppliers.
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manufacturer and suppliers in which component procurement details are determined,
should be discussed. In general, the procurement allocation determines the reference
procurement volume of each component from each supplier. A trading contract that is
concluded between manufacturer and supplier determines the terms of component
trading. The manufacturer procures components from the supplier based on the
estimated demand for a decided period. According to the example of LCD TV and
smartphone assembly industry mentioned in Section 2, if the order-receiving cycle of
products from retailers is 1 month and the lead time of component procurement from
the supplier is 3 months, the manufacturer should place an order to the supplier with
considering of the estimated demand for one month after the next 3 months and its
component inventory.

Risk assessment of supply-chain structures and supplier selection and procurement
allocation with risk evaluation can help manufacturers to reduce their procurement
risks, but they could not help manufacturers to alleviate their losses in the event of a
supply disruption. A robust and competitive procurement contract with post-
measures execution consideration is also necessary for manufacturers. Many previous
studies discussed the effectiveness of options contracts in managing supply-chain
disruption risks. In ref. [17], a model for a three-echelon supply chain including two
different manufacturers, one distributer and one retailer, to analyze the effect of the
combination of option and buyback contracts under supply-disruption risk was cre-
ated. In ref. [18], a supply-chain problem where a buyer receives a product from a
cheap but unreliable main supplier and signs an option contract with a perfectly
reliable backup supplier to share supply and demand uncertainty was discussed. A
mechanism was developed to maximize system efficiency and a win–win relationship
between supplier and buyer based on an optimization problem with option contracts.
Reference [19] focused on a supply chain including a manufacturer who faces sto-
chastic demand, an overseas module supplier, and two local module suppliers. The
overseas supplier offers high-quality products while being susceptible to disruption
risks. Though local suppliers have high reliability, it may decrease sharply if they offer
products of lower quality. Optimal order volume and reservation volume of the
manufacturer based on capacity reservation contract were derived.

The purpose of the contracts discussed above is to give procurement volume an
adjustable range to avoid loss caused by uncertainties including supply disruptions. If
this adjustable range is large enough, manufacturers can procure the necessary quan-
tity of parts based on fluctuations in demand, and part of the loss caused by disruption
can be covered by procuring the maximum level of the adjustable range from other
suppliers.

4.1 Robust and competitive contract model

To realize such an adjustable range for procurement, it is necessary for manufac-
turers to make a lump-sum payment to suppliers to determine the upper limit of
procurement volume in advance. On the other hand, the higher the upper limit of the
procurement volume range is, the supplier has to bear more inventory risk. Generally,
the lump-sum amount is decided by the supplier with considering the inventory risk
based on the upper limit of procurement volume.

Figure 7 shows the structure of trading volume and price with the upper limit
of procurement volume that is dependent on the amount of lump-sum payment. Qref :

is the reference volume decided by the manufacturer due to the decision on procure-
ment allocation. Qmax is an upper limit of procurement volume. PC qð Þ is the total
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value of the lump-sum payment amount and cproc: which is the procurement amount
with procurement volume q.

Eq. (12) shows the profit of the manufacturer with this contract structure based on
the simple decentralized procurement structure, as shown in Figure 4. It is similar to
Eq. (2). With the lump-sum payment ls1 and ls2 to supplier 1 and supplier 2, the
manufacturer can make the decision on procurement volume with a wider adjustable
range each time.

πm ¼
XN
n¼1

pp � min qp:n, In�1

� �
� ls1 þ ls2ð Þ � γncproc: qc1:n þ qc2:n

� �n

�cinv: In�1 � qp:n þ γn qc1:n þ qc2:n
� �h i

� cf þ cv � min qp:n, In�1

� �h io (12)

ls1 : Lump-sum payment to supplier 1.
ls2 : Lump-sum payment to supplier 2.

The contract structure shown in Figure 7 with an adjustable range for procure-
ment could be considered a robust method, however, the lump-sum payment makes
the manufacturer cost extra expenses when the required volume of components is less
than the reference volume or no procurement disruptions occur. The determination of
procurement volume by lump-sum payments makes the price competitiveness of the
manufacturer lower. To improve the problem, a structure of 2-stage procurement cost
without lump-sum payments is proposed in this study. Figure 8 shows the concept of
the contract structure.

Instead of lump-sum payments, the manufacturer should procure components at a
higher unit price than the normal procurement price when the procurement volume is

Figure 7.
Structure of trading volume and price with the lump-sum payment.
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more than the reference procurement volume according to the result of procurement
allocation. PC qð Þ is the total value of Qref :with normal procurement price and procure-
ment price to the additional volume of ðq�Qref :Þ. Moreover, the upper limit of pro-
curement volume is determined by the supplier considering the unit price of the
additional procurement volume. The higher the price of the additional procurement
volume is the incentive of the supplier for setting a higher upper limit would be higher.

Eq. (13) shows the profit of the manufacturer with this contract structure while
qc:n ≤Qref :. Eq. (14) shows the profit of the manufacturer with this contract structure
while Qref : < qc:n ≤Qmax.

πm ¼
XN
n¼1

pp � min qp:n, In�1

� �
� γncproc: qc1:n þ qc2:n

� �n

� cinv: In�1 � qp:n þ γn qc1:n þ qc2:n
� �h i

� cf þ cv � min qp:n, In�1

� �h io (13)

πm ¼
XN
n¼1

�
pp � min qp:n, In�1

� �
� γncproc: Qref :1 þQref :2

� �
(14)

� γnc0proc: qc1:n þ qc2:n �Qref :1 � Qref :2

� �
� cinv: In�1 � qp:n þ γn qc1:n þ qc2:n

� �h i

� cf þ cv � min qp:n, In�1

� �h i�

Qref :1: Reference procurement volume of supplier 1.
Qref :2: Reference procurement volume of supplier 2.
cproc: : Normal component procurement unit cost.
c0proc:: Component procurement unit cost for additional volume

Figure 8.
Structure of 2-stage procurement cost.

27

Design and Planning Robust and Competitive Supply Chains
DOI: http://dx.doi.org/10.5772/intechopen.1000208



It is considered that the competitiveness of the contract structure which is shown
in Figure 7 should be higher than the contract structure which is shown in Figure 8
when product demand is in an expanding trend with high fluctuation. On the other
hand, when product demand is in a stable trend with low fluctuation, it is considered
that the competitiveness of the contract structure which is shown in Figure 8 should
be higher than the contract structure which is shown in Figure 7.

As shown in Figure 9, it is a combination structure of lump-sum payments and 2-
stage procurement cost. The amount of lump-sum payments and procurement price
to the additional volume are adjusted by the manufacturer with considering the
features of product demand. The supplier should guarantee its supply volume by or
over Qmin according to the amounts of lump-sum payments. It helps manufacturers to
expand the range of procurement volume that can be procured reliably. Moreover, the
2-stage procurement cost gives the supplier the incentive to set its maximum compo-
nent supply volume.

Profit of manufacturer with this contract structure could be expressed by Eq. (12)
while qc:n ≤Q min :. Eq. (15) shows the profit of the manufacturer with this contract
structure while Qmin < qc:n ≤Qmax.

πm ¼
XN
n¼1

�
pp � min qp:n, In�1

� �
� ls1 þ ls2ð Þ � γncproc: Q min :1 þQ min :2ð Þ (15)

� γnc0proc: qc1:n þ qc2:n � Q min :1 �Q min :2
� �� cinv: In�1 � qp:n þ γn qc1:n þ qc2:n

� �h i

� cf þ cv � min qp:n, In�1

� �h i�

Figure 9.
Structure of lump-sum payment and 2-stage procurement cost.
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4.2 Numerical experiment and results

The experiment environment is set as the same as in Section 2.3. It is considered
that there are no differences in lump-sum payment, procurement volume and Qmin
between two suppliers. Besides the experiment data in Section 2.3, Qmin is set to 10%
more than the component order lot size, lump-sum payment is set as the component
inventory cost of the difference between Qmin and order lot size. Figure 10 shows an
example of a numerical experiment result.

The vertical and horizontal axes of Figure 10 are set as the same as in Figure 5. The
results in Figure 10 are also the average value of 50 simulation runs. The normal trading
model is the model in which the manufacturer places an order to the supplier based on
the estimated product demand, and the supplier supplies components according to the
order at a pre-determined trading price. On the other hand, the proposed contract
model is the contract structure of lump-sum payment and 2-stage procurement cost.
From Figure 10, it could be found that with the proposed contract model, there is no
significant reduction in profit with increasing in related areas.

5. Conclusions

As discussed in Section 1, many manufacturers are stuck between step 2 and step 3
of the BDP development and operation cycle. Lack of visibility of benefits under
normal situations as well as mitigation effects against losses due to supply chain
disruptions is considered the main reasons. Figure 11 shows the detail of Figure 2
which is the summary of prior measures discussion and design. In this chapter, except
for the process of execution based on contract terms, the hierarchy of prior measures

Figure 10.
Total profit of manufacturer by different related areas with normal trading model and proposed contract model.
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and ideas on specific measures, including risk assessment of supply-chain structures,
supplier selection, procurement allocation, and risk-hedging contracts conclusion, is
proposed. The effectiveness of these proposed measures is confirmed by numerical
experiments.

In Section 2, the profit of manufacturers with a centralized procurement structure
model and decentralized procurement structure model is confirmed under supply-
chain disruption risks due to earthquakes in Japan. The loss aversion effect of a
decentralized procurement structure is confirmed quantitatively. In Section 3, a
decision-making method for a decentralized procurement structure is proposed based
on Tabu Search. It is confirmed that it could help decision-makers to make more
accurate solutions effectively in supplier selection and procurement allocation. In
Section 4, the lump-sum payment and 2-stage procurement cost structure contract
model based on the selected suppliers and the results of procurement allocation is
proposed. It could help manufacturers to solve the problem of securing procurement
volume while falling in procurement disruptions and the problem of keeping pro-
curement at low cost even in normal periods.

Market power and cooperation level between upstream and downstream compa-
nies are necessary to be considered in designing and planning supply chains. Further-
more, all of the analyses and proposals in this chapter are from the perspective of the
manufacturer. Actually, a robust and competitive supply chain could not be built and
kept without cooperation from suppliers. Therefore, analysis from the perspective of
the supplier to clarify the conditions for realizing a win–win relationship is also an
important task.

Figure 11.
Summary of prior measures discussion and design.
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Nomenclature list

pp Product price
qp:n Volume of product orders from the retailer
In Inventory level of components
cproc: Component procurement cost/per unit
qc:n Volume of component procurement
cinv: Inventory cost/per unit
cf Fixed cost of production
cv Variable cost of production
N Period (Month)
qp:n Volume of product orders from the retailer
qc1:n Volume of component procurement from supplier 1
qc2:n Volume of component procurement from supplier 2
βn If there is no procurement disruption, βn ¼ 1. Otherwise βn ¼ 0
γn If there is no procurement disruption, γn ¼ 1. Otherwise γn ¼ k, If compo-

nent procurement from supplier 2 is disrupted k ¼ qc1:n=qp:n, and if com-
ponent procurement from supplier 1 is disrupted k ¼ qc2:n=qp:n. Otherwise,
k ¼ 0 since the probability of such a case is extremely low, it is not
considered in the experiment of this study.

n Number of suppliers
ZXs If components are sourced from the supplier s, ZXs ¼ 1. Otherwise ZXs ¼

0.
Qis Procurement volumes of components i from supplier s
s Supplier ID (s ¼ 1, 2, 3, … , S)
i ID of component types (i ¼ 1, 2, 3, … , I)
Di Demand for component i
Ms Management cost of supplier s
Pis Price of component i from supplier s (per unit)
Qmin

is Minimum procurement volume of components i from supplier s
Qmax

is Maximum procurement volume of components i from supplier s
Li Opportunity loss of components i (per unit)
Transis Transportation cost of components i from supplier s (per unit)
θs Disruption probability of supplier s (%)
a ID of interrupted suppliers among selected suppliers (a ¼ 1, 2, 3, … ,A)
b ID of among selected suppliers (b ¼ 1, 2, 3, … ,B)
An The interrupted supplier group (Ex. A1 indicates the group of anyone

interrupted supplier)
Bn The uninterrupted supplier group (Ex. B1 indicates the group of

uninterrupted suppliers when any supplier is interrupted)
Qmax

ib Maximum procurement volume of components i from uninterrupted sup-
pliers

Cn The amount of opportunity loss due to any n procurement channels getting
disrupted

Qmax Upper limit of procurement volume determined by the supplier according
to the unit price of the additional procurement volume

ls1 Lump-sum payment to supplier 1
ls2 Lump-sum payment to supplier 2

31

Design and Planning Robust and Competitive Supply Chains
DOI: http://dx.doi.org/10.5772/intechopen.1000208



pp Product price
qp:n Volume of product orders from the retailer
In Inventory level of components
cproc: Component procurement cost/per unit
cinv: Inventory cost/per unit
cf Fixed cost of production
cv Variable cost of production
N Period (Month)
Qref :1 Reference procurement volume of supplier 1
Qref :2 Reference procurement volume of supplier 2
c0proc: Component procurement unit cost for additional volume
qc:n Volume of component procurement
qc1:n Volume of component procurement from supplier 1
qc2:n Volume of component procurement from supplier 2
Q min :1 Upper limit of procurement volume from supplier 1 according to the

amounts of lump-sum payments to supplier 1
Q min :2 Upper limit of procurement volume from supplier 2 according to the

amounts of lump-sum payments to supplier 2
Qmax Upper limit of procurement volume determined by the supplier according

to the unit price of the additional procurement volume
γn If there is no procurement disruption, γn ¼ 1. Otherwise γn ¼ k, If compo-

nent procurement from supplier 2 is disrupted k ¼ qc1:n=qp:n, and if com-
ponent procurement from supplier 1 is disrupted k ¼ qc2:n=qp:n. Otherwise,
k ¼ 0 since the probability of such a case is extremely low, it is not
considered in the experiment of this study.
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Chapter 3

Facility Location
Nneoma Benita Amos and Edafe Bawa Dogo

Abstract

The location of the production, distribution and storage facilities of organizations,
remains one of the most important strategic decision production and operations
managers have to make. Minimizing total cost and distance traveled is the
fundamental objective in deciding the location of facilities in order to maximize total
profit. There are several quantitative methods for solving facility location problems
and deciding on the most optimal decision to reach as it regards locating a facility
or assigning workers to their most optimal location or tasks. The Linear Assignment
model with particular emphasis on the Hungarian and Branch and Bound technique
under minimization and maximization situations are deterministic approaches to
solving facility location problems and have been discussed in this chapter.

Keywords: facility location, Hungarian, branch and bound, linear assignment model,
optimality

1. Introduction

Facility Location is an important factor in the supply chain that significantly
impacts on the efficiency and effectiveness of many supply networks and the
organization at large. Location decisions are strategic in character, long-term in
nature, and non-repetitive in nature. Without good and thorough site planning from
the start, the new facilities may have ongoing operational issues in the future. Poor
Location decision not only affects the growth of the firm but impedes on the growth
and development of the nation. The location decision should be made with great care,
as any error that results in a poor location can be a constant source of higher costs,
higher investment, difficult marketing and transportation, dissatisfied and frustrated
employees and consumers, frequent interruptions of production, abnormal wastages,
delays, and substandard quality, among other things.

Facility location significantly impacts on revenue, costs, and service levels to
customers. It is thus a classical optimization problem for determining the sites for
factories, service outlets and warehouses. Facility location decision is made by
selecting the best option among a set of possible sites depending on the nature
or type of business. The choice of facility location is strategically guided by
profit maximization or minimization of all costs associated with the choice of
location.
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2. Facility location planning

Facility location is connected with capacity decisions. Capacity expansion
considerations instantly raises the twin issue of where to expand in order to tie
in effectively with the distribution network of facility location. Facility location of
operations is a long-term capacity decision which involves huge and long
term commitment about the geographically fixed factors that affects business
organizations. The selection of location is therefore a key-decision of production
and operations managers as large investment is made in building plant and
machinery.

Cambridge dictionary defined a facility as “a place, especially including buildings,
where a particular activity happens”. Facility extends beyond a place or a building, it
includes structures, equipment, or people. It also includes hospitals, food production
plants, and gas stations among others. Adeleke and Olukanmi [1] suggested that
facility location issues seeks to determine how to locate a number of facilities from a
set of potential facilities that will serve a number of customers. Alenezy [2] added that
the cost-effective site is to be chosen from the potential locations in which to place
new facilities or retain existing ones.

Facility location can therefore be defined as the siting of facilities which could be
structures, men, material, machines in such a manner that yields an optimum ben-
efit to the firm and its stakeholders. There are two major location decisions or
problems faced by managers, they are internal and external location problems.
Internal location problems are concerned with decisions on where to locate facilities
inside the plant. A good example of an internal location decision is where to place a
new machine or storage room within the existing facility. Internal facility location
decision deals with the assignment or location of facility whose space constraint is
equal to or smaller than the available space existing within the facility. An external
location decision on the other hand deals with the problem of where to site a new
manufacturing plant, warehouse, building, or a new branch within an agreed
geographical area [3–7].

The following circumstances may necessitate facility location decisions:

1.Upon the commencement of a new business or gaining entrance

2.When an established company outgrows its existing facility and expansion is no
longer feasible, a new location decision is made.

3.Expansion of current firm or market size that demands the opening of new
branches.

4. Insecurity issues

5.Creation/development of a new product.

6.Government policies.

7.When a lease ends without being renewed by the landlord.

8.Social or financial considerations
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When expansion is inevitable three options are open to an organization

• Expand on the current location of land/facilities available

• Look for a new space and use it as an extension of the other office

• Look for a large portion of land that can accommodate both the existing business
and the new line of business

3. Importance of location decision

i. Location study helps to find the optimal location of organization facility or
plant that will result in the greatest advantage to the organization.

ii. Location plays a huge role in attracting and retaining the best employees, that
gives a competitive edge over the firm’s rival

iii. A good location decision helps in avoiding waste of all the investments made
in plant and machinery equipment.

iv. A good location decision helps to optimize performance of the firm by
minimizing its total cost of production.

v. It also ensures safety for its workforce

vi. Locating a facility in the right place can give access to customers and also
enable the firm enjoy incentives provided by government

4. Factors to consider when taking a location decision

There are several factors that must be critically analyzed when considering
locating a facility. These factors can be grouped into two categories: controllable and
uncontrollable factors.

4.1 Controllable factors

i. Availability of Inputs: This is a major decision guiding facility location
problems. Manufacturing companies that use heavy, bulky or perishable
products as raw materials or factor inputs have to be located near the
source of these raw materials or inputs, this is to ensure regular and timely
supply of raw materials as well as reduce the cost of transporting and storing
them. A good example are food processing companies, the major farm
product used in processing those goods need to be in close range to ensure
steady supply of these products. Similarly, most wood processing companies
are located close to the supply of quality timber. Generally, the cost of
transportation or shipping of these raw material is to be weighed. Perishable
products may be lost or damaged in transit if the distance to the plant is
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far, thus the closer the facility is to the source of its inputs determines its
ability to cut costs.

ii. Market/Customer Proximity: Goods are produces to be sold to the
identified markets or customers, therefore the proximity of a facility to the
market or customers is of grave importance to the organization. Proximity
helps to reduce transportation costs and time of delivery.

iii. Integration with Other Parts of the Organization: It is of significant benefit
to keep a new plant or subsidiary plant close to the parent facility. This makes
it easier for them to share resources and thus reduce total cost.

iv. Availability of Labor and Skills: Education, experience and skill of available
labour is an important factor that affects location decision. It is always
preferable to locate the plant in an area where skilled, semi-skilled and
unskilled labour are available. This reduces costs of training and hiring
experts from abroad

v. Availability of Amenities: Good roads, hospitals, school’s churches, parks
and residential area are necessary amenities that make living conditions for
worker’s desirable.

vi. Availability of Transportation Facilities: Good transportation facilities
makes the plants accessible for easy movement of raw materials as well as
finished products, thereby reducing costs.

vii. Availability of Services: The availability of basic support services needed by
the facility to make their operations smooth should be considered. This
decision affects to total cost of operation, where such services are not readily
available or at a high cost, the organization will have to spend more in
providing such services, or attracting them at a higher cost.

viii. Room for Expansion: The possibility of increasing future production
capacity occasioned by increase in product demand is a critical factor in
location decisions. There should be adequate space for future expansion or
diversification of the facility as the need arises.

ix. Safety: The safety of employees as well as the facility needs to be taken into
consideration when making location decisions. If the location is not safe, it
may detract employees and even potential customers from patronizing the
facility. Also, the probability of loss of property, or damage of the machines
increases when safety of the environment or location is poor.

4.2 Uncontrollable factors

i. Community and labour attitude: Communities that are interested in
attracting new plants may offer reduced prices or no cost sites to companies
as a way of growing their communities. The cost of land and attitude of labour
to work is a major factor to consider when making location decisions.
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ii. Suitability of Land and Climate: Due consideration should be given to the
suitability of the land and climate for the nature of the products and the type
of machines used in production. If the climate in a given geographical location
does not support the product type it may lead to wastage in the long run,
hence due consideration should be given to this factor.

iii. Regional Regulations: The regulations in certain regions do not support the
production of certain types of products or services, organizations should
investigate the regulations of the desired region before going ahead to site
their plants or facility.

iv. Political, Cultural and Economic Situation: The political, cultural and
economic situation of the location should be well considered. Areas notable
for political unrest, may not favor the facility as protests and other activities
may lead to the damage of the facility. Also, some cultures are noted for
certain behaviors that may not be compatible with the activities of the plant.
Lastly, economic situation in a given location may stall the growth of the
organization in the short and long run.

v. Power supply: Cost and quality of power supply is a high importance in the
location of a plant. Cost of power supply is usually cheaper at rural locations
than the urban areas. Some companies generate their own power. The overall
cost of power supply should be taken into consideration when making facility
location decisions.

vi. Regional Taxes, Special Grants and Import/Export Barrier: The kind
and amount of taxes levied by a state should be considered in locating a
plant/facility. Investigation should be made on the type of taxes and
the biases for which they are fixed. Some places have special grants
given to attract investors to such area. Similarly, import/export barriers
should be duly considered as this affects the total cost of doing business.

vii. Government Policies: The policies of the state governments and local bodies
concerning labor laws, building codes, safety, etc., are the factors that
demand attention. In order to have a balanced regional growth of industries,
both central and state governments in our country offer the package of
incentives to entrepreneurs in particular locations. The incentive package
may be in the form of exemption from a sales tax and excise duties for a
specific period, soft loan from financial institutions, subsidy in electricity
charges and investment subsidy. Some of these incentives may tempt to
locate the plant to avail these facilities offered.

5. Solution methods for location problem

There are various approaches for solving location problems such as:

i. The Dimensional Analysis approach

ii. The Simple ranking of alternative site approach
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iii. The Linear Assignment model

iv. The Linear Transportation model

v. The Quadratic Assignment model

vi. The Heuristic solution procedure

The solution method we shall focus on is the Linear Assignment model.

6. Linear assignment model

Linear assignment model (LAM) is a deterministic mathematical model applied
when the management decides to make an optimum use of its capacity. It is referred
to as being linear because there is always a straight line relationship between the
variable involved. There are two major objectives which linear assignment model can
seek to achieve;

i. Maximization of profit

ii. Minimization of cost

There are two major methods for solving linear assignment model

1.Hungarian method

2.Branch and Bound technique

6.1 Hungarian method

The Hungarian method is one of the many algorithms that have been devised to
solve linear assignment problem.

To solve identified problem, the number of assignment must be equal to the
number of people or machines to do the job. However, if there is a shortfall in either in
the available job or persons/machines to do the job. A dummy row or column is
created before carrying out the various iterations to solve the problem.

6.1.1 Procedures for solving minimization problems

When dealing with minimization objective under the Hungarian method, it is
critical to ensure that the scenario in the case is a minimization situation. If the
question focusses on cost, risk, distance covered etcetera then it is a minimization
question and the following ten simple steps can be applied.

Step 1: Write out the initial matrix and check whether the number of row is equal
to the number of columns. Create a dummy row or column where necessary.

Step 2: Perform row reduction by identifying the smallest element in each row
and deduct the identified element from the other element in the row. Do same for all
the rows.
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Step 3: Perform a column reduction by identifying the smallest element in each
column and deducting it from all other element. Apply to all columns. Please note this
is to be done on the most recent matrix after the row reduction and not on the initial
matrix.

Step 4: identify the number of unique zero’s in each selected row and column.
Step 5: Apply the minimum number of possible lines on the unique zero’s starting

with either the row or column with the highest number of unique zero’s. Where there
are ties, they are broken arbitrarily. Note: do not cover any unique zero twice.

Step 6: Count the number of minimum possible lines and compare with the num-
ber of assignment to be performed i.e. M = N = Minimum number of lines ruled (//).

Where M = Persons or machines to be assigned the task.
N = Assigned task.
Step 7: If M = N= // (optimality had been attained). Jobs can then be assigned to

workstations or locations but if M 6¼ N 6¼//or if M = N 6¼// (optimality is not attained).
The iteration process should be continued.

Step 8: If optimality is not attained then identify the smallest uncovered element in
the matrix and deduct same from other uncovered elements in the matrix, but add the
identified smallest uncovered element to the elements at the point of intersection of
the straight lines.

Step 9: Repeat steps 4, 5, 6 above until optimality is attained (i.e M = N= //).
Step 10: Assign jobs starting with the row with a single unique zero and pick the

corresponding value in the initial matrix.
Example 1
A Plant manager has four subordinates and four tasks to be performed. The sub-

ordinates differ in efficiency and the tasks differ in their intrinsic difficulty. The
estimate of the time each man would take to perform each task is given in the
effectiveness matrix below. The objective is to assign men to jobs in such a way that
the total time taken to complete an assignment is minimized (see Table 1).

Solution:
(see Tables 2–5).

Subordinates T1 T2 T3 T4

Sands 8 26 17 11

Armstrong 13 28 4 26

Luke 38 19 18 15

Waters 19 26 24 10

Table 1.
Cost matrix.

Subordinates T1 T2 T3 T4 Smallest element in a row

Sands 8 26 17 11 8

Armstrong 13 28 4 26 4

Luke 38 19 18 15 15

Waters 19 26 24 10 10

Table 2.
Initial tableau.
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Test for optimality
M = N = No of lines
4 = 4 = 4
From the table above, all the zeros in the rows and columns have been covered by

four straight lines. Hence, the optimal solution has been reached and we can now
make an optimal assignment following the pattern of unique zeros (see Table 6).

Subordinates T1 T2 T3 T4

Sands 0 18 9 3

Armstrong 9 24 0 22

Luke 23 4 3 0

Waters 9 16 14 0

Smallest element in a column 0 4 0 0

Table 3.
Row reduction matrix.

Subordinates T1 T2 T3 T4

Sands 0 14 9 3

Armstrong 9 20 0 22

Luke 23 0 3 0

Waters 9 12 14 0

Table 4.
Column reduction matrix.

Table 5.
Straight line tableau.

Subordinates Possible tasks Assigned tasks Time

Sands T1 T1 8

Armstrong T3 T3 4

Luke T2; T4 T2 19

Waters T4 T4 10

41 HOURS
(OPTIMAL)

Table 6.
Assignment table.
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The assignment should begin with the subordinate with only one possible task
based on the number of unique zeros on each row. From the straight line table we can
see that Sands, Armstrong and Waters have one unique zero on their respective rows,
hence we assign Sands to Task 1, Armstrong to T3 and Waters to T4. Luke has two
unique zeros on the row indicating two possible assignments (T2 and T4) since T4 has
already been assigned to Waters (being the only possible assignment to Waters) we
can no longer assign it to another subordinate, we then assign T2 to Luke. The
summary of our assignment is shown above.

Example 2
The management of Cadbury Plc is interested in assigning her newly employed

operations managers to her newly established branches in four different locations in
Africa (Nigeria, Ghana, South Africa and Kenya). The cost implication and profit are
of interest to the firm. However, the management desires to focus on cost (see
Table 7).

Assist the management to assign the newly employed managers to an appropriate
location in the most optimal order and calculate the total cost of the operations per
quarter using the information in the matrix above.

Solution: From the above Number of location = No of directors so no need for a
dummy.

(See Tables 8–10).

Managers/Location Nigeria Ghana SA Kenya

Mike 950 610 980 360

Sultan 960 760 890 1040

Emmanuel 600 940 670 850

Fisher 750 650 1140 750

Table 7.
Allocation cost per month.

Managers/Location Nigeria Ghana SA Kenya

Mike 950 610 980 360

Sultan 960 760 890 1040

Emmanuel 600 940 670 850

Fisher 750 650 1140 750

Table 8.
Initial matrix.

Managers/Location Nigeria Ghana SA Kenya Smallest element in each row

Mike 950 610 980 360 360

Sultan 960 760 890 1040 760

Emmanuel 600 940 670 850 600

Fisher 750 650 1140 750 650

Table 9.
Row reduction table.
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Identify the smallest element on the first column and deduct that value from other
values in the column, do this for all the columns (see Table 11).

Identify the number of unique zeros in each row and column and start applying
straight lines across the zeros starting from the column or row with the highest
number of zeros until all the unique zeros are covered.

From the above table the number of rows is equal to the number of columns but not
equal to the number of straight lines that is M = N 6¼ // Optimality has not been attained.

We then proceed to identify the smallest uncovered element from the table.
The smallest uncovered element = 60.
Subtract 60 from all other uncovered elements but add it to the values in the cells at

the point of intersection this will produce a new matrix table (see Tables 12 and 13).
M = N = // (Number of lines ruled) Optimality has been attained because the

number of minimum possible lines is equal the assigned task (see Table 13).
The optimal assignment table (Table 14) shows that following the rule of assigning

we have a total cost per month of 2,500,000. To obtain the total cost per quarter
multiply the cost per month by three months that make up a quarter as shown below.

Total Cost per quarter ¼ N2, 500, 000X3 ¼ N7, 500, 000:

Managers/Location Nigeria Ghana SA Kenya

Mike 590 250 550 0

Sultan 200 0 60 280

Emmanuel 0 340 0 250

Fisher 100 0 420 100

Table 10.
Column reduction table.

Managers/Location Nigeria Ghana SA Kenya Number of unique
zero’s in each row

Mike 590 250 550 0 1

Sultan 200 0 60 280 1

Emmanuel 0 340 0 250 2

Fisher 100 0 420 100 1

Number of unique zero’s in each column 1 2 1 1

Table 11.
Applying the straight line rule.

Managers/Location Nigeria Ghana SA Kenya

Mike 590 310 550 0

Sultan 140 0 0 220

Emmanuel 0 400 0 250

Fisher 40 0 360 40

Table 12.
New matrix.
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Example 3
A company wishing to supply its products to a region with five major areas has five

trucks to accomplish this task. The matric table below shows the time in hours it will
take each of these trucks to service an area. Assuming a truck can service only one
area, make an assignment of trucks to areas in a way that will minimize available time
(see Table 15).

Solution.
Step I:
(See Table 16).
Step II:
(See Table 17).
Step III:
(See Table 18).
Step VI: identify the number of unique zeros in each row and column.
Step V.
(See Table 19).

Managers/Location Nigeria Ghana SA Kenya Number of unique
zero’s in each row

Mike 590 310 550 0 1

Sultan 140 0 0 220 2

Emmanuel 0 400 0 250 2

Fisher 40 0 360 40 1

Number of unique zero’s in each column 1 2 2 1

Table 13.
Applying the straight line rules.

Managers Possible Locations Assigned Location Cost (N)

Mike Kenya Kenya 360,000

Sultan Ghana /SA SA 650,000

Emmanuel Nigeria/ SA Nigeria 890,000

Fisher Ghana Ghana 600,000

2,500,000

Table 14.
Optimal assignment table.

Trucks\Area I II III IV V

A 8 32 24 17 50

B 12 42 32 23 60

C 10 30 15 9 30

D 50 60 10 11 15

E 24 40 50 16 17

Table 15.
Truck time matrix.
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Trucks\Area I II III IV V Smallest element on each row

A 8 32 24 17 50 8

B 12 42 32 23 60 12

C 10 30 15 9 30 9

D 50 60 10 11 15 10

E 24 40 50 16 17 16

Table 16.
Initial matrix.

Trucks\Area I II III IV V

A 0 24 16 9 42

B 0 30 20 11 48

C 1 21 6 0 21

D 40 50 0 1 5

E 8 24 34 0 1

Smallest element on each
column

0 21 0 0 1

Table 17.
Row reduction table.

Trucks\Area I II III IV V

A 0 3 16 9 41

B 0 9 20 11 47

C 1 0 6 0 20

D 40 29 0 1 4

E 8 3 34 0 0

Table 18.
Column reduction table.

Trucks\Area I II III IV V

A 0 3 16 9 41

B 0 9 20 11 47

C 1 0 6 0 20

D 40 29 0 1 4

E 8 3 34 0 0

Table 19.
Straight line table.
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Step VI: Optimality Check.
M = 5, N = 5, Number of straight lines equals 4.
Therefore optimality has not been attained so we carry out step VII.
Step VII: the least uncovered element is 3, we subtract it from all uncovered ele-

ments and add it to the point of intersection, the new table we obtain is shown below.
(See Table 20).
Repeat from step IV to step VI.
Step IV: Identify the number of unique zeros in each row and column.
Step V:
(See Table 21.)
Step VI: Optimality Check.
M = 5, N = 5, Number of straight lines equals 5.
Therefore optimality has been attained since M = N = \\.
(See Table 22).
Advice

Trucks\Area I II III IV V

A 0 0 13 6 38

B 0 6 17 8 44

C 4 0 6 0 20

D 43 29 0 1 4

E 11 3 34 0 0

Table 20.
New matrix.

Trucks\Area I II III IV V

A 0 0 13 6 38

B 0 6 17 8 44

C 4 0 6 0 20

D 43 29 0 1 4

E 11 3 34 0 0

Table 21.
Straight line table.

Trucks Possible assignment Assigned area Cost

A I, II II 32

B I I 12

C II, IV IV 9

D III III 10

E IV, V V 17

80

Table 22.
Assignment table.
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From the assignment table above truck A should be assigned to area II, truck B to
area I, C to IV, D to III and truck E to area V in this case the total time it will take the
five trucks to complete the assignment will be 80 hours.

6.1.2 Procedures for solving maximization problem

There are two alternatives that can be used in solving a maximization problem.
This labeled as Alternative A approach and Alternative B approach as a means of
differentiating the two methods (see Table 23).

Example 1
First Bank Nigeria Plc has just completed a recruitment exercise and wants to

assign her newly trained accountants to the location that will enhance the efficiency of
the bank. Assuming that the matrix below represents the efficiency score of the
accountants (see Table 24).

As an operation manager assign the newly trained accountants to the most optimal
location and estimate the efficiency score.

Solution;
Using Alternative A Approach.
(See Table 25).
Convert the matrix values to relative cost by subtracting all values in the matrix

from the highest values in the matrix.
(See Tables 26–29).
M = N = Number of straight lines ruled (optimality had been attained).

Steps Alternative A Alternative B

1 Write out the initial matrix Write out the initial matrix

2 Identify the highest figure in the
matrix and deduct other elements from it

Identify the highest element in each
selected row and deduct other
element in each row from it

3 Perform row reduction operation using
minimisation methods

Perform column reduction operation
using minimisation methods

4 Perform column reduction as explained in
the minimisation procedure

5 Repeat steps 4–8 as done in the
minimisations objective procedure

Repeat steps 4–8 as done in the
minimisations objective procedure

Table 23.
Procedures for solving maximization problem.

Accountants/Location Location I Location II Location III Location IV

Peter 225 120 255 180

Osha 245 100 190 315

Rose 105 215 170 175

Lamark 190 110 129 200

Table 24.
Efficiency matrix table.
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(See Table 30).
The total efficiency score from the optimal assignment table above is 975.
Using Alternative B Approach
(See Tables 31–34).
M = N = Number of Straight lines ruled (optimality is attained).

Accountants/Location Location I Location II Location III Location IV

Peter 225 120 255 180

Osha 245 100 190

Rose 105 215 170 175

Lamark 190 110 129 200

Table 25.
Initial matrix.

Accountants/Location Location I Location II Location III Location IV Lowest in each row

Peter 90 195 60 135 60

Osha 70 215 125 0 0

Rose 210 100 145 140 100

Lamark 125 205 186 115 115

Table 26.
Conversion to cost matrix table.

Accountants/Location Location I Location II Location III Location IV

Peter 30 135 0 75

Osha 70 215 125 0

Rose 110 0 45 40

Lamark 10 90 71 0

Smallest in each column 10 0 0 0

Table 27.
Row reduction.

Accountants/Location Location I Location II Location III Location IV

Peter 20 135 0 75

Osha 60 215 125 0

Rose 100 0 45 40

Lamark 0 90 71 0

Table 28.
Column reduction.
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(See Table 35).
The total efficiency score from the optimal assignment table above is 975.
NOTE: The same answer will be arrived at no matter the method adopted.

Accountants/Location Location I Location II Location III Location IV Number of
Unique Zero’s

Peter 20 135 0 75 1

Osha 60 215 125 0 1

Rose 100 0 45 40 1

Lamark 0 90 71 0 2

No of unique zero 1 1 1 2 2

Table 29.
Applying the straight line rules.

Accountant Possible Branches Assigned Branches Efficiency Score

Peter Location III Location III 255

Osha Location IV Location IV 315

Rose Location II Location II 215

Lamark Location I/Location IV Location I 190

Total Score 975

Table 30.
Optimal assignment table.

Location/ Accountants Location I Location II Location III Location IV Highest element
in each row

Peter 225 120 255 180 255

Osha 245 100 190 315 315

Rose 105 215 170 175 215

Lamark 190 110 129 200 200

Table 31.
Initial matrix.

Location/ Accountants Location I Location II Location III Location IV

Peter 30 135 0 75

Osha 70 215 125 0

Rose 110 0 45 40

Lamark 10 90 71 0

Least in Column 10 0 0 0

Table 32.
Row reduction.
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6.2 The branch and bound technique

This method uses an iterative approach to find an optimal assignment of facilities
to the available locations. The method tries to use an approach similar to the decision
tree method where one branches out from the most promising or lucrative point at
each stage until the final solution is reached.

Procedure
Step 1: write out the initial matrix and determine whether it is a cost or profit

matrix.
Step 2: if it is a cost matrix, you need to get the least bound cost by identifying the

least element in each column and adding them up.
If it is a profit matrix, get the higher bound of the profit by summing up the

highest value in each column.
Step 3: Draw the branch and bound diagram and assign each personnel/task/job to

the first machine/location/job and add identified least or highest element as the case
may be in each selected column without repeating elements on the same row.

Location/ Accountants Location I Location II Location III Location IV

Peter 20 135 0 75

Osha 60 215 125 0

Rose 100 0 45 40

Lamark 0 90 71 0

Table 33.
Column reduction table.

Location/ Accountants Location I Location II Location III Location IV Number of
unique zero

Adidas 20 135 0 75 1

Osha 60 215 125 0 1

Rose 100 0 45 40 1

Lamark 0 90 71 0 2

Number of unique zeros 1 1 1 2

Table 34.
Apply the straight line rule.

Accountant Possible Branches Assigned Branches Efficiency Score

Peter Location III Location III 255

Osha Location IV Location IV 315

Rose Location II Location II 215

Lamark Location I/Location IV Location I 190

Total Score 975

Table 35.
Optimal assignment table.
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Step 4: repeat steps 2 & 3 until all jobs and machines have been daily assigned.
Example 1
Delight meals fast foods is planning to site four new service outlets at the four

choice cities in the state, as the production and operations manager you have been
given the matrix table below showing the cost of siting the service outlet in each city.
Determine the most appropriate location decision for each service outlet using the
branch and bound technique (see Table 36).

Solution.
The table shows the cost matrix so we calculate the lower bound of the total cost by

adding lowest values in each column.
Hence, the lower bound of the total cost from the table above = 48+ 30+ 32 + 24 = 134.
Check and see if you can get a feasible solution from this.
Service outlet D assigned to C1 = N48.
Service outlet B assigned to C2 = N30.
Service outlet D assigned to C3 = N32.
Service outlet D assigned to C4 = N24.
From this, a feasible solution is not attained because service outlet D has been

assigned to three different cities while A and C have not been assigned at all.
Therefore we have to proceed by finding a better assignment which entails

branching out from our lower bound cost of 134 (see Figure 1).
Calculate the cost of assigning jobs to C1.
Assignment to C1
If Service outlet A is assigned to C1 == 84 + 30 + 32 + 24 = 170.
If Job B is assigned to C1 === 60 + 40 + 32 + 24 = 156.
If Job C is assigned to C1 === 60 + 30 + 32 + 24 = 146.
If Job D is assigned to C1 === 48+ 30 + 40 + 30 = 148.

Service Outlets/ Cities C1 C2 C3 C4

A 84 70 56 42

B 60 30 40 30

C 60 50 40 30

D 48 40 32 24

Table 36.
Assignment of service outlet to C1.

Figure 1.
Lower bound.
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From the assignment above the least cost of assignment is 146 so we assign Service
Outlet C to C1 (see Figure 2).

Allocate each of the remaining service outlets to C2 to determine the most optimal.
Assignment to C2
If Service outlet A is on C2 ) (60) + 70 + 32 + 24 = 186.
If Service outlet B is on C2 ) (60) + 30 + 32 + 24 = 146.
If Service outlet D is on C2 ) (60) + 40 + 40 + 30 = 170.
The least cost of assignment to C2 is 146, therefore we assign Service Outlet B to

City 2 (see Figure 3).
At this point only two cities are left C3 and C4 we can either put service outlet A on

C3 and service outlet D on C4 or we can put service outlet A on C3 and A on C4. We
obtain the lower bound cost for these remaining assignments as shown below. Note
that service outlets C and B are already on C1 and C2 respectively.

Figure 2.
Assignment of service outlet C to city 1.

Figure 3.
Assignment of service outlet B to city 2.
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Assignment of Service outlets to C3 & C4
Put Service outlet A on C3 and Service outlet D on C4) (60 + 30) + 56 + 24 = 170.
Put Service outlet D on C3 and Service outlet A on C4) (60 + 30) + 32 + 42 = 164.
Service outlet D is assigned to C3 and Service outlet A to C2.
(See Figure 4).

Assignment Total

Assign Service outlet C to City 1 60,000

Assign Service outlet B to City 2 30,000

Assign Service outlet D to City 3 32,000

Assign Service outlet A to City 4 42,000

Total Cost 164,000

Hence the optimal assignment of Service Outlets to Cities is as shown above.
Example 2

Figure 4.
Assignment of service outlets a and C.

Jobs/Machine 1 2 3 4

A 28 42 21 35

B 20 30 12 25

C 16 30 15 25

D 20 24 15 20

Table 37.
Cost matrix.
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Suppose as an operations manager, the cost matrix shown above is given to you
and you are required to assign the four jobs to the machines in an optional manner
using the Branch and Bound method (see Table 37).

Solution.
Calculate for lower bound for the total cost of the assignment.
Lower bound cost = 16 + 24 + 12 + 20 = 72.
Job C is best assigned to machine 1.
Job D is best assigned to machine 2.
Job B is best assigned to machine 3.
Job D is best assigned to machine 4.
From this calculation job A is left unassigned to any machine while job D has been

assigned to two machines, this is not a feasible assignment because there are multiple
assignments of job D. We proceed by branching off from this lower bound cost to
determine the best assignment for each machine.

Start by allocating each job in turn to machine 1 to determine the best assignment
for machine 1.

Assignment on m1
(See Figure 5).
Put A on 1 = 28 + 24 + 12 + 20 = 84.
Put B on 1 = 20 + 24 + 12 + 20 = 79.
Put C on 1 = 16 + 24 + 12 + 20 = 72.
Put D on 1 = 20 + 30 + 12 + 25 = 87.
Therefore Job C is best assignment to machine 1.
(See Figure 6).
Assignment on m2

Job A on m2 = (16) + 42 + 12 + 20 = 90.
Job B on m2 = (16) + 30 + 15 + 20 = 81.
Job D on m2 = (16) + 24 + 12 + 25 = 77.
(See Figure 7).
Having the lowest cost of 77, job D is best assigned to m2.
Assignment on m3 and m4
Job A on 3, B on 4 = (16 + 24) + 21 + 25 = 86.
Job B on 3, A on 4 = (16 + 24) + 12 + 35 = 87.
(See Figure 8).
Put job A on m3 and job B on m4.
Hence, the optional assignment of the four jobs to machine that will result in the

least cost assignment is as follows.

Figure 5.
Lower bound.
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Figure 6.
Assignment of job C to machine 1.

Figure 7.
Assignment of job D to machine 2.

Figure 8.
Assignment of job a and B.
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Assign job C to machine 1 = 16.
Assign job D to machine 2 = 24.
Assign job A to machine 3 = 21.
Assign job B to machine 4 = 25.
Total = 86.
3. Suncity a mobile phone company wishes to allocate its critical tasks to its best

four operators and the cost of assigning each task to a particular operator has been
provided in the table below, as the company’s operations manager, advice the
company on the best assignment that will maximize its total profit.

(See Table 38).

Solution.
In a maximization situation the higher bound of the given matrix is calculated by

adding the highest value in each column, from this value we can then branch off to
determine the most feasible assignment. It can be observed that all the subsequent
profit values after the higher bound is obtained are either equal to, or lower than the
higher bound.

Higher bound = 280 + 310 + 300 + 400 = 1290.
The initial assignment will be.
Assign task B to Operator 1.
Assign task B to Operator 2.
Assign task B to Operator 3.
Assign task C to Operator 4.

Task/Operators 1 2 3 4

A 130 190 280 200

B 280 310 300 150

C 170 200 210 400

D 120 260 280 210

Table 38.
Profit matrix.

Figure 9.
Lower bound.
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This is not a feasible assignment because we have task B assigned to operator 1, 2
and 3, task C to operator 4, while task A and D have not been assigned to any operator.
Hence we branch off from the highest bound to determine the optimal assignment to
each operator (see Figure 9).

Assignment of task to Operator 1
Assign task A to operator 1 = = 130 + 310 + 300 + 400 = 1140.
Assign task B to operator 1 = = 280 + 260 + 280 + 400 = 1220.
Assign task C to operator 1 = = 170 + 310 + 300 + 210 = 990.
Assign task D to operator 1 = = 120 + 310 + 300 + 400 = 1130.
Therefore, we will assign task B to operator 1 because it yields the highest profit

of 1220 (see Figure 10).
Assignment of task to operator 2
Assign task A to operator 2 = = (280) + 190 + 280 + 400 = 1150.
Assign task C to operator 2 = = (280) + 200 + 280 + 210 = 970.
Assign task D to operator 2 = = (280) + 260 + 280 + 400 = 1220.
Therefore assign task D to operator 2 (see Figure 11).
Assignment of task to operator 3 and 4
Assign task A to operator 3 and task C to operator

4 = (280 + 260) + 280 + 400 = 1220.

Figure 10.
Assignment of task B to operator 1.

Figure 11.
Assignment of task D to operator 2.
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Assign task C to operator 3 and task A to operator
4 = (280 + 260) + 210 + 200 = 950.

Hence we assign task A to operator 3 and task C to operator 4 (see Figure 12 and
Table 39).

7. Conclusion

Facility location is an important aspect of production and operations
management. Where to locate a new plant or facility is an expensive decision that is not
frequently made. Therefore, caution must be made not to site facilities in non-attractive
or less optimal locations, as this will affect the efficiency levels of the production and
distribution system of any organization, and in-turn its survival. In determining an
optimal facility location, it is observed that the least cost or highest profit may not
always be feasible, this is because in real life situations, there are some limitations to
choosing the most appropriate allocation. Due to such challenges, there may be need for
trade-offs. Hence, the optimal assignment represents the most feasible situation where
all the facilities have been suitably assigned locations. The Hungarian and branch and
bound method are most suitable approaches to solving location problems.

Practice Questions

1.Given the cost matrix show below, you are required to assign the four Engineers
to the four sites in an optimal manner using branch and bound method of liner
assignment (see Table 40).

Figure 12.
Assignment of task a and C to operator 3 and 4 respectively.

Optimal Assignment of Task to Operator Profit

Assign task B to operator 1 280

Assign task D to operator 2 260

Assign task A to operator 3 280

Assign task C to operator 4 400

Total Profit 1220

Table 39.
Assignment table.
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2.Given the profit matrix below assign the operators to the machines in such a way
that will maximize the total profit (see Table 41).

Nomenclature list

M denotes rows
N denotes columns
// number of straight lines drawn on a matrix
= equal to
6¼ not equal to
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Machine/ Jobs 1 2 3 4

A 28 41 18 15

B 42 31 32 38

C 7 41 40 50

D 58 35 19 16

Table 40.
Cost matrix.

Machine/ Jobs 1 2 3 4

A 100 130 150 180

B 140 140 180 100

C 170 80 70 160

D 180 160 110 90

Table 41.
Profit matrix.
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Chapter 4

Forecasting Techniques and 
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Abstract

This study examined forecasting techniques and accuracy of sales performance 
of a grocery store. The survey and ex-post facto research designs were employed. The 
study employed Naive, exponential smoothing, least square, moving average, multi-
plicative decomposition and additive decomposition methods to forecast sales using 
sales data generated from January, 2017 to August, 2018 while the forecast accuracy 
was evaluated. The outputs of the methods were compared to determine the optimal 
forecasts and the demand for the next 14 months using the multiplicative and addi-
tive methods. The MAPE for Naïve, Exponential smoothing, Least square, Moving 
average, Multiplicative and Additive decomposition are 10.9, 10.2, 8.6, 11.9, 7.64, 
and 7.66%. By comparison, it was observed that multiplicative decomposition is the 
best technique because it generates the optimal forecast accuracy of 7.64%. Thus, the 
study recommends that the grocery outlet should maintain effective and reliable sales 
records for accurate forecasts.

Keywords: forecasting techniques, forecast accuracy, sales performance and grocery

1. Introduction

One of the major functions of management is to make decisions that will bring 
about a brighter future for the organization. The future can be predicted using 
past data or the formation of opinion [1]. Chao et al., [2] assert that an important 
role in the business planning process has led to extensive research as far as fore-
casting is concerned. Forecasting is defined as the art and science of predicting 
future events. It may involve the use of hard data (historical or past data) and/
or soft data (experience, intuition, personal value, and judgment) in projecting 
into the future with some sort of mathematical model [3]. Ayers and Odegaard [4] 
posit forecasts play a crucial role in business management and strategic planning. 
The management decisions taken at every level of a business are either directly or 
indirectly related to the forecasts it has made. Without useful predictions, planning 
and control activities cannot be accomplished effectively. Forecasting is of great 
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significance for organizations including grocery/retail companies because all firms 
will want to minimize the capital tied in their stocks [5], and meet customers’ 
demands, hence, profitability.

In the present turbulent market environment, forecasting the right volume of 
demand and the future development has an irreplaceable role in the management of 
every retail business [6]. The objective of groceries/retailers worldwide is to provide 
the right products at the right time and maintaining a healthy stock [7]. Retailers 
considering investing in advanced solutions should get acquainted with forecast accu-
racy [8]. Kumar and Dalgobind [9], viewed forecasting as an important part of retail 
decision-making. Forecasting helps to improve the customer experience through 
shorter delivery times, and it also allows the company to find better ways to use 
inventory-bound funds [10]. Paták et al. [11] posit that accurate demand forecasting 
is a prerequisite for efficient and effective customer satisfaction. It makes it possible 
to efficiently use resources and reduce costs associated with excess, or lack of goods 
within the supply chain. Accurate forecasting of future retail sales can contribute to 
gains in the efficiency and efficacy of operations carried out in retail businesses and 
supply chains [4].

Groceries have been confronting high customers’ demands, overstock, and 
stock out of inventory for years. This is getting worst with newer non-traditional 
channels like phoning and online purchase and delivery apps fueling the growth 
of grocery retailers, traditional stores must adapt or be left behind [12]. Due to 
the hyper-competitive industry of grocery, customer loyalty is dying, so expe-
riencing stock-outs might lead to losing customers. Corsten and Gruen, [13] 
found that customers whom we once believed to either purchase substitutes or 
delay purchases when their preferred products are out of stock are more likely 
to switch stores and never come back. Stock-outs cause a direct loss of potential 
sales and lead to dissatisfied customers. The stock-out of individual items not 
only has a negative impact on its sales but also on the sales of the whole product 
category. In preventing stock-outs, retailers often have large safety stocks [14] 
which substantially increases costs and reduces profit. In some cases, despite the 
safety stocks, the chance of a stock-out is huge, with potentially a big impact on 
customer satisfaction and sales [15, 16]. The best preparation for the dilemma is 
to emphasize accurate demand forecast so they can carry the right supply for each 
product. Accurate forecast helps the Grocers to resolve the cost and service trade-
off by balancing the loss due to stock-outs and the cost of safety stocks. Despite the 
importance of accurate demand forecasts compare to demand forecasts which are 
mostly wrong and misleading, forecast accuracy in the retail sector has not been 
adequately covered in the literature and by practitioners which is the basis behind 
this study. Also, the study used real and accurate sales data (sales history) against 
randomly generated demand data [17]. The more real and valid the data to be used 
for forecast, the more accurate is the outcome (demand forecast) [18].

Another issue confronting the practitioners or management is which forecast-
ing techniques can generate reliable sale forecasts. Most grocery retailers in Nigeria 
hardly do forecast and the few ones use qualitative techniques; where experiences, 
opinions, and judgments of sales are largely used to determine a sales forecast. Even 
when quantitative forecasting was employed, the Naïve forecasting method is the 
most commonly used by grocery retailers. The reasons are that most managers are not 
conversant with quantitative forecasting techniques or do not want to put effort or 
do not see the benefits of quantitative techniques; using historical sales to determine 
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sales forecasts. Moon et al. [19] cited by Orrebrant and Hill [20] mentions that it can 
be both costly and time-consuming to rely only on quantitative techniques when 
forecasting. He further advised that companies should therefore evaluate how to 
adopt different forecasting techniques to increase the sales forecast accuracy. Based 
on these premises and given the essential role of grocery retailing and the relevance 
of accurate demand forecast, this study adopted quantitative forecasting methods 
such as Naive, Exponential Smoothing, Least Square, Moving Average, Multiplicative, 
Decomposition, and Additive Decomposition Methods to determine demand forecast 
from actual sales history for a given period. Also, the demand forecast accuracy was 
determined using Mean Absolute Deviation (MAD), Mean Squared Error (MSE), and 
Mean Absolute Percentage Error (MAPE).

2. Literature review

2.1 Conceptual framework

Forecasting is a tool that helps decision-makers to cope with the uncertainties of 
the future through prediction. Forecasting techniques can be divided into qualita-
tive and quantitative. The qualitative forecasting technique uses soft information 
such as personal experience, value, intuition, and judgment to predict future sales. 
This technique is assumed to be subjective and biased owing to a lack of scientific 
proof. Some commonly used qualitative forecasting methods are; Delphi, jury of 
executives, consumers’ survey, and sales force opinions. Kumar and Dalgobind 
[9] gave the account of the circumstances where qualitative forecasting methods 
are preferable to quantitative ones as when data are not available or insufficient or 
are known to be unreliable, when it is not possible to construct a suitable numeri-
cal model and when the time is insufficient to initiate and operate a quantitative 
analysis.

The quantitative forecasting model uses hard data (historical data) to estimate 
future demands with some sort of mathematical model [21]. Quantitative forecasting 
method is appropriate when past data are available, sufficient, reliable and when it is 
possible to use mathematical models. This forecasting method involves trend projec-
tion using naïve method, sales trend analysis, causal, time series, moving average, 
exponential smoothing, and least square method. Generally, the forecast is usually 
classified by the time duration and uses. Short-term forecast which is the responsibil-
ity of first-level managers covers a period of up to one year involving daily operating 
activities. A medium-term forecast addresses cash budgeting, production and aggre-
gate demand planning aggregate which is carried out by middle level manager for a 
period of one to three years. Long-run forecast involves taking strategic decisions that 
affect organizational strategic objectives, strategies, and policies. This is mostly the 
responsibility of top management.

2.2 Empirical studies

Some studies addressed the grocery retailing and maintaining healthy inventory 
through accurate demand forecasting involving different products in several coun-
tries [4, 10–12, 14, 20] using different simple and advanced forecasting methods 
(either qualitative, quantitative and hybrid) to model sales data in order to predict 
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the future demand which is essential for the planning process. Aras et al. [22] used 
state space models, ARIMA and ARFIMA models, neural networks, and Adaptive 
Network-based Fuzzy Inference System (ANFIS) to determine sales forecasts for a 
global furniture retailer operating. The findings revealed that the single model in 
isolation did not outperform all the others across all the time series investigated. 
However, most of the combined forecasts examined could achieve statistically 
significant increases in forecasting accuracy compared with individual models and 
with the forecasts generated by the company’s current system. Chu and Peter [23] 
compared linear and nonlinear models for retail sales forecasting and established 
that nonlinear models are able to outperform their linear counterparts. Sapirstein 
[24] adopted Brown’s exponential smoothing method to improve the sale of phar-
maceutical products, taking into account the fact that Romania is and will continue 
to be a market of high potential in selling pharmaceutical goods. The study advised 
that the managers of health care institutions should use the new information and 
communication technologies in order to plan the activities that will contribute to 
reaching their proposed objectives, based on accurate forecasting patterns. Lee 
et al., [17] concluded that the overall best model in their study was the neural 
network built on deseasonalized time series data. Sahu and Kumar [25] study 
on forecasting models and their applications for sales forecasting of sterilized 
flavored milk in Chhattisgarh. The study adopted naϊve model, moving average, 
double moving average, simple exponential smoothing; and semi average method 
to analyze weekly data spreading over October 2011 to October 2012, on the sales 
of sterilized milk, and the accuracy of the forecasting method was measured using 
mean Forecast Error (MFE), Mean Absolute Deviation (MAD), Mean Square Error 
(MSE), root mean square error (RMSE).

3. Materials and methods

This study used a survey and ex-post facto research design. The Secondary data of 
sales history from the Grocery Bazaar Akesan branch for 20 months was used. Various 
quantitative forecasting techniques such as Naive, Exponential Smoothing, Least 
Square, Moving Average, Multiplicative Decomposition, and Additive Decomposition 
Method were employed to analyze twenty months of data (from January 2017 
to August 2018) collected to predict the demand forecasts for 14 months from 
September 2018 to October 2019. The demand forecasts were subjected to accuracy 
tests to identify errors made. This study compares the Mean Absolute Deviation 
(MAD), the mean absolute percentage error (MAPE), and the mean square error 
(MSE) to evaluate the performance of the forecasting methods and identify the 
least error among the methods. The data generated were analyzed using operations 
research software (POM QM).

3.1 Data presentation

Data used in this study consist of actual sales and product details from the 
chosen company (Grocery, Bazaar). The company has more than 80 brands. Sales 
data for twenty months (20) from 1st January, 2017 to 31st August 2018 were col-
lected. Raw sales data of different brands (such as bakery, baking supplies, bever-
ages, cosmetics, cleaning supplies, dairy, frozen food, meat and fish, ready-made 
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meals, sweets, snacks, and so on), were computed (see Table 1) and subjected to 
various forecasting techniques.

4. Data analysis

The six (6) forecasting methods (Naive, exponential smoothing, least square, 
moving average, multiplicative decomposition, and additive decomposition method) 
were used to determine sales forecasts from September 2018 to October 2019. The 
performance of the forecasting methods was evaluated with forecast accuracy 
measures (MAD, MAPE, and MSE). This study dwelled more on forecasting using six 
techniques and 20 Months sales history. This research is an extension of studies con-
ducted by Sahu and Kumar [25] and Obamiro [26]. Obamiro’s [26] study predicted 
and evaluated demand forecast accuracy for twelve months using three quantitative 
forecasting methods (see Table 2).

Figures 1–3 depict the results obtained from the use of naive, exponential smooth-
ing, and moving average methods of the forecast models. The MAPE for the three 
methods are 10.93%, 10.7%, and 11.91% respectively and this makes exponential 
smoothing the best method with minimum sales of N82, 171,270 (see Tables 3 and 4).

S/N Year Quarter Months (x) Actual Sales (y) (N)

1 2017 1st January 90,513,640

2 February 85,809,019

3 March 91,651,973

4 2nd April 104,616,584

5 May 92,348,534

6 June 89,874,755

7 3rd July 86,988,783

8 August 82,364,715

9 September 82,067,415

10 4th October 74,056,416

11 November 71,515,133

12 December 119,649,394

13 2018 1st January 78,872,065

14 February 70,656,413

15 March 84,965,677

16 2nd April 84,404,820

17 May 82,307,423

18 June 80,003,438

19 3rd July 75,715,781

20 August 85,783,239

Source: Company’s sales, January 2017–August 2018.

Table 1. 
20 months sales’ figure for the retail outlet.
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5. Discussions

The analysis reveals the MAD, MSE, and MAPE of the six methods employed. 
MAPE for Naïve, Exponential Smoothing, Least Square, Moving Average, 
Multiplicative and Additive Decomposition is 10.9%, 10.2%, 8.6%, 11.9%, 7.64%, and 
7.66% respectively. By comparison, it was observed that multiplicative decomposi-
tion seems to be preferable among the six techniques. This is because it generates the 
optimal forecast accuracy of 7.64%. This is contrary to the works of Sahu and Kumar 
[25] and Obamiro, [26] which recommended exponential smoothing as the best 
forecasting technique. Forecasts for the next period which is September 2018 sales, 
Naïve shows 85,783,240, Exponential Smoothing gave 82,171,270, Least Square has 

Figure 1. 
Graph of naive method. Source: Field work, 2018.

Figure 2. 
Graph of exponential smoothing. Source: Field work, 2018.
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Figure 3. 
Graph of moving average method. Source: Field work, 2018.

Measure Value Future 
Period

Unadjusted 
Forecast

Seasonal 
Factor

Adjusted
Forecast

Error Measures 21 78,798,730 .971 76,533,570

Bias (Mean Error) 7451.2 22 78,099,960 1.019 79,571,400

MAD (Mean 
Absolute Deviation)

6,710,237 23 77,401,200 .971 75,176,210

MSE (Mean Squared 
Error)

100,779,100,000,000 24 76,702,430 1.019 78,147,540

Standard Error 
(denom = n-2-2 = 16)

11,223,810 25 76,003,670 .971 73,818,860

MAPE (Mean 
Absolute Percent 

Error)

7.641% 26 75,304,910 1.019 76,723,690

Regression line 
(unadjusted 

forecast)

27 74,606,140 .971 72,461,500

Sales(y) = 93,472,760 28 73,907,380 1.019 75,299,820

−698763.6 * time 29 73,208,620 .971 71,104,140

Statistics 30 72,509,860 1.019 73,875,980

Correlation 
coefficient

.406 31 71,811,090 .971 69,746,790

Coefficient of 
determination (r^2)

.165 32 71,112,330 1.019 72,452,110

33 70,413,560 .971 68,389,440

34 69,714,800 1.019 71,028,260
Source: Field work, 2018.

Table 3. 
Result for multiplicative composition method.
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85,708,270, Moving Average shows 80,749,510, and Multiplicative has 76,533,570, 
while Additive Decomposition is 76,109,460. This shows that additive decomposition 
is optimal in terms of forecast accuracy.

6. Conclusion

Kumar and Dalgobind [9] gave situations where qualitative methods are prefer-
able to quantitative ones and they are when data are insufficient or are known to be 
unreliable, when it is not possible to construct a suitable numerical model and when 
the time is insufficient to initiate and operate a quantitative analysis. In groceries, 
comprehensive historical data (past sales) can be obtained by proper documenta-
tion of daily sales and this makes quantitative techniques more appropriate. Data 
used for this study were obtained from the grocery on the assumption that the sale 

Measure Value Future 
Period

Unadjusted 
Forecast

Seasonal 
Factor

Adjusted
Forecast

Error Measures 21 78,608,890 −2499435.0 76,109,460

Bias (Mean Error) 1.2 22 77,913,220 2089101.0 80,002,320

MAD (Mean 
Absolute 

Deviation)

6,725,763 23 77,217,550 −2499435.0 74,718,120

MSE (Mean 
Squared Error)

100,542,500,000,000 24 76,521,880 2089101.0 78,610,980

Standard Error 
(denom = 
n-2 = 18)

10,569,480 25 75,826,210 −2499435.0 73,326,780

MAPE (Mean 
Absolute Percent 

Error)

7.663% 26 75,130,540 2089101.0 77,219,640

Regression line 
(unadjusted 

forecast)

27 74,434,860 −2499435.0 71,935,430

Sales(y) = 
93,217,960

28 73,739,200 2089101.0 75,828,300

−695670.1 * time 29 73,043,530 −2499435.0 70,544,100

Statistics 30 72,347,860 2089101.0 74,436,960

Correlation 
coefficient

.408 31 71,652,190 −2499435.0 69,152,760

Coefficient of 
determination 

(r^2)

.166 32 70,956,520 2089101.0 73,045,620

33 70,260,850 −2499435.0 67,761,420

34 69,565,180 2089101.0 71,654,280

Source: Field Work, 2018.

Table 4. 
Result for additive composition method.
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figures were properly recorded. The performance of the forecasting methods (Naïve, 
exponential smoothing, least square, moving average, multiplicative, and additive 
decomposition method) in terms of accuracy of sales forecasts using MAD, MSE, and 
MAPE were determined. The findings reveal that the multiplicative method has the 
least forecast error and is hence more accurate. One of the limitations of this study is 
that the analysis was limited to chosen forecasting methods ignoring the complex and 
sophistication methods. This limitation has no effect on the reliability and validity 
of the demand forecast and its accuracy. Therefore, it is recommended that retail 
outlets should maintain regular sales and inventory records. This becomes easier if 
the operating system can be computerized but it could be expensive to operate. Also, 
the operators should determine demand forecast scientifically with multiplicative 
decomposition method (quantitative) forecasting techniques with past data instead 
of guessing estimates from using qualitative forecasting techniques which rely on soft 
information such as personal experience, intuition, values, and opinions.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 5

Performance Measurement
Using Deterministic and
Stochastic Multiplicative
Directional Distance Functions
Yu Zhao

Abstract

Performance measurement is essential for fostering continuous improvement of the
production and operation management in a firm or organization. We consider a deter-
ministic scenario based on a flexible structure of production technology and establish a
multiplicative relationship between the generalized multiplicative directional distance
function (GMDDF) and geometric distance function (GDF). We also introduce a sto-
chastic multiplicative directional distance function (SMDDF). Based on a stochastic
scenario, the SMDDF can be estimated by the method of convex nonparametric least
squares. As an illustrative application, we investigate the productive performance of
Japanese life insurance companies using a panel dataset spanning 2016 to 2020.

Keywords: performance measurement, stochastic multiplicative directional distance
function, data envelopment analysis, convex nonparametric least squares, Japanese
life insurance companies

1. Introduction

The purpose of this study is to establish the relationship between the generalized
multiplicative directional distance function (GMDDF, [1]) and the geometric distance
function (GDF, [2]), and to develop a stochastic multiplicative directional distance
function (SMDDF) for performance measurement. The GMDDF and GDF are
commonly measured by data envelopment analysis (DEA, [3]), a deterministic non-
parametric method applicable to multiple-input and multiple-output production
technologies. Although the GMDDF and GDF have a multiplicative nature, the
original GDF is measured based on a convex production possibility set, whereas the
GMDDF is developed with a non-convex production possibility set. From a practical
perspective, the convexity assumption may be strong if significant degrees of increas-
ing returns exist. To address a flexible structure of production technology, previous
studies in DEA also studied a non-convex production possibility set based on a geo-
metric convexity assumption [1, 4]. The methodology of this study is based on a
geometric convex production possibility set, which implicitly models a piecewise
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log-linear technology. Moreover, it is well known that a one-to-one correspondence
relationship exists between the piecewise log-linear technology and the conventional
piecewise linear technology. This makes it possible to apply the conventional DEA
methods to approach the multiplicative models developed for a geometric convex
production possibility set. Therefore, measuring the multiplicative type distance
functions is of practical and theoretical interest.

It is also well known that DEA commonly discounts stochastic noise, suggesting
that any deviations from the frontier (e.g., gauging the distance to the boundary of the
production technology) can be considered a measure of pure inefficiency. By contrast,
stochastic frontier analysis (SFA, [5]), a general stochastic parametric approach,
accounts for stochastic noise by treating all deviations from the frontier as aggrega-
tions of both inefficiency and noise. However, compared with the flexibility of non-
parametric measurements, because SFA is a parametric methodology, it relies heavily
on an accurately prespecified functional form for production technology. Recently,
stochastic nonparametric envelopment of data (StoNED) has been introduced in the
literature on efficiency analysis. The StoNED approach relies on the method of convex
nonparametric least squares (CNLS), which is a nonparametric regression
technique [6]. Both SFA and StoNED are based on a convex production possibility set.
This study introduces a stochastic multiplicative directional distance function
(SMDDF) based on the geometric convex production possibility set and further pro-
poses an estimation model using CNLS.

The methodology of this study consists of two basic scenarios: deterministic and
stochastic. These are performed simultaneously to analyze the productive perfor-
mance of Japanese life insurance companies. The application demonstrates the
advantage of using a combination of GMDDF/GDF and SMDDF, enabling compre-
hensive understanding of the Japanese life insurance industry.

2. Preliminaries

Consider a sample of n decision-making unitis (DMUs). Denote x j ¼
x1j, … , xmj
� �T ∈m

þþ and y j ¼ y1j, … , ysj
� �T

∈s
þþ as positive input and output vectors

of DMUj (j ¼ 1, … , n), respectively. The superscript T stands for a vector transpose. A
production technology that transforms inputs into outputs can be defined by the
following production possibility set:

P≔ x, y
� �

∈m
þþ � s

þþjx can producey
� �

,

where P contains the input and output vectors x j, y j

� �
for all j ¼ 1, … , n. The

conventional DEA-based production technology assumes that P is a closed, bounded,
and convex set that satisfies free disposability (see, e.g., [7, 8]). In particular, the
ordinary convexity assumption, which is described as below,

A1½ � If x1, y1
� �

∈P and x2, y2
� �

∈P, then λx1 þ 1� λð Þx2, λy1 þ 1� λð Þy2
� �

∈P
for all λ∈ 0, 1½ �

requires the marginal products to be nonincreasing. However, this cannot be used
to understand productive performances characterized by significant degrees of
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increasing returns so that the marginal products of inputs may be low with a small-
scale economy and may increase sharply as the scale expands beyond a threshold (see,
e.g., [9]). To allow a flexible structure of production technology, previous studies
[1, 4] postulated a geometric convexity assumption, as below:

A10½ � If x1, y1
� �

∈P and x2, y2
� �

∈P, then x1, y1
� �λ ⊗ x2, y2

� �1�λ ∈P
for all λ∈ 0, 1½ �,

where ⊗ stands for the element-wise multiplication of vectors. By replacing A1
with A10, P is not restricted to be concave (e.g., the underlying production function
can be S-shaped) and is capable of capturing the potential existence of increasing,
constant, or decreasing marginal products. For empirical studies that use a non-
concave production technology, see [10, 11], among others.

In this study, we proceed with the performance measurement using P that satisfies
closedness, boundedness, geometric convexity, and free disposability. Based on a
given P, the generalized multiplicative directional distance function (GMDDF, [1]) is
defined as

M x, y;�g�, gþ
� �

≔ sup
Ym
i¼1

αi

 ! 1
m

�
Ys
r¼1

βr

 !1
r

α�g�x, βg
þ
y

� �
∈P,α≥ 1m, β≥ 1s

���
8<
:

9=
;,

(1)

where g≔ �g�, gþð Þ∈ �m
þ

� �� s
þ is a prespecified direction vector and

α�g� ≔
α
�g�1
1 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ α

�g�m
m

2
64

3
75 and βg

þ
≔

β
gþ1
1 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ β

gþs
s

2
64

3
75:

According to definition (1), both inputs and outputs are changed simultaneously
along with a given direction g and are eventually projected onto the frontier (bound-
ary) of P. Denote the points on the frontier of P as x ∗, y ∗� �

. We hereby list the main
properties of M x, y;�g�, gþ

� �
used in this study, as below (See [1] for details on the

proofs):
P1: M x, y;�g�, gþ

� �
≥ 1 if and only if x, y

� �
∈P.

P2: M x ∗, y ∗;�g�, gþ
� � ¼ 1 for any given �g�, gþð Þ∈ �m

þ
� �� s

þ.
P3: logM x, y;�g�, gþ

� �
is concave on logP,

where logP≔ logx, log y
� �

∈m � sj xð , yÞ∈P
� �

.
The property P1 means that M x, y;�g�, gþ

� �
is a functional representation of P,

that is

P ¼ x, y
� �

∈m
þþ � s

þþjM x, y; � g�, gþ
� �

≥ 1
� �

for any given �g�, gþð Þ∈ �m
þ

� �� s
þ:

We first consider a deterministic scenario, in which all producible input-output
vectors are only affected by inefficiencies.

Proposition 1.1. Let δxi ≤ 1 for all i ¼ 1, … ,m and δyr ≥ 1 for all r ¼ 1, … , s. Assume
that a projection point x ∗, y ∗� �

for the DMU x, y
� �

is achieved by improving x, y
� �

at
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exponential changes of a vector δx, 1
δy

� �
by the power of a given vector

g�,�gþð Þ∈m
þ � �s

þ
� �

. Specifically,

x ∗, y ∗� � ¼ δg
�
x x,

1
δy

� ��gþ

y

 !
, (2)

where

δg
�

x ≔
δ
g�1
x1 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ δ

g�m
xm

2
64

3
75 and

1
δy

� ��gþ

≔

1
δy1

� ��gþ1 ⋯ 0

⋮ ⋱ ⋮

0 ⋯ 1
δys

� ��gþs

2
6664

3
7775:

Then, the value of M x, y;�g�, gþ
� �

for the observed DMU x, y
� �

satisifies

M x, y;�g�, gþ
� � ¼ u, (3)

where

u≔
Ym
i¼1

1
δxi

 ! 1
m Ys

r¼1

δyr

 !1
s

: (4)

Proof: According to the definition (1), we have

M δg
�

x x,
1
δy

� ��gþ

y; � g�, gþ
 !

¼ sup
Ym
i¼1

αi

 ! 1
m

�
Ys
r¼1

βr

 !1
r
����� α�g� ⊗ δg

�
x x, βg

þ
⊗

1
δy

� ��gþ

y

 !
∈P,α≥ 1m,

8<
: β≥ 1s

9=
;

¼
Ym
i¼1

δxi

 ! 1
m Ys

r¼1

1
δyr

 !1
s

sup
Ym
i¼1

αi
δxi

 ! 1
m

8>><
>>:

�
Ys
r¼1

βrδyr

 !1
r
�����

α�g� ⊗ δg
�

x x, βg
þ
⊗ 1

δy

� ��gþ

y
� �

∈P,

α⊘ δx ≥ 1m, β⊗ δy ≥ 1s

9>>=
>>;

¼
Ym
i¼1

δxi

 ! 1
m Ys

r¼1

1
δyr

 !1
s

M x, y; � g�, gþ
� �

:

Note that ⊘ denotes the element-wise division of vectors. Due to the assumption
(2), we obtain

M x ∗, y ∗;�g�, gþ
� � ¼ M δg

�
x x,

1
δy

� ��gþ

y;�g�, gþ
 !

¼
Ym
i¼1

δxi

 ! 1
m Ys

r¼1

1
δyr

 !1
s

M x, y;�g�, gþ
� �

:
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Because of P2, we obtain

M x, y;�g�, gþ
� � ¼

Ym
i¼1

1
δxi

 ! 1
m Ys

r¼1

δyr

 !1
s

:

It is worthnoting that Eq. (4) is equal to the reciprocal of the geometric distance
function (GDF) introduced by [2]:

ϕ≔
Ym
i¼1

δxi

 ! 1
m Ys

r¼1

1
δyr

 !1
s

,

which is a non-oriented efficiency measure that incorporates both input contrac-
tion and output expansion toward the projection points. Note that the original GDF is
developed based on the ordinary convexity assumption. However, it is possible to
reformulate the GDF on a given P (that satisfies geometric convexity). In such a case,
the GDF can be considered a specific case of the GMDDF with �g�, gþð Þ ¼ �1m, 1sð Þ,
that is, M x, y;�1m, 1s

� �
. In the scenario described in Proposition 1, the relationship

between the GMDDF and GDF can be stated as

M x ∗, y ∗;�g�, gþ
� � ¼ M x, y;�1m, 1s

� ��M x, y;�g�, gþ
� �

¼ ϕ�M x, y;�g�, gþ
� �

:

Consequently, u ¼ 1=ϕð Þ can be used as an inefficiency measure with a range of
1,∞½ Þ.

3. A stochastic multiplicative directional distance function

In this section, we further consider a stochastic scenario in which all observations

(i.e., x j, y j

� �
,∀j ¼ 1, … , n) in P are random variables and have their unique

deterministic projection point (efficient point) on the frontier of P (i.e., x ∗
j , y

∗
j

� �
,

∀j ¼ 1, … , n). We assume that the difference between the observation point and the
projection point is not only caused by the inefficiency term but also by random noise.
Since the generalized multiplicative directional distance function ranges from 1 to ∞,
it does not have a straightforward representation to describe the stochastic setting.
Therefore, we introduce a stochatsic multiplicative directional distance function
(SMDDF), which is defined as follows:

~M x, y;�g�, gþ
� �

≔ sup
Ym
i¼1

αi

 ! 1
m

�
Ys
r¼1

βr

 !1
r

α�g�x, βg
þ
y

� �
∈P,α>0m, β>0s

���
8<
:

9=
;,

(5)

where x and y are random variables.
Some properties of ~M x, y;�g�, gþ

� �
are described as below:

P1’: ~M x, y;�g�, gþ
� �

>0 if and only if x, y
� �

∈P.
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P2’: ~M x ∗, y ∗;�g�, gþ
� � ¼ 1 for any given �g�, gþð Þ∈ �m

þ
� �� s

þ.
P3’: log ~M x, y;�g�, gþ

� �
is concave on logP,

where logP≔ logx, log y
� �

∈m � sj xð , yÞ∈P
� �

.
The property P1’ is evident from the definition (5). P2’ holds because the frontier

containing all of the projection points x ∗, y ∗� �
is assumed to be deterministic. P3’ can

be proved in a similar way with P3 (see [1] for further details). Furthermore,
~M x, y;�g�, gþ
� �

has the following translation property:
Proposition 1.2. For any positive vector θ, ηð Þ∈mþs

þþ ,

log ~M θ�g�x, ηg
þ
y;�g�, gþ

� �
¼ log ~M x, y;�g�, gþ

� �� 1
m

Xm
i¼1

log θi þ 1
s

Xs
r¼1

log ηr

 !

holds.
Proof: From the definition (5), we obtain

log ~M x, y;�g�, gþ
� � ¼ log sup

Ym
i¼1

αi

 ! 1
m

�
Ys
r¼1

βr

 !1
r α�g�x, βg

þ
y

� �
∈P,

α>0m, β>0s

������

8<
:

9=
;

0
@

1
A

¼ sup
1
m

Xm
i¼1

log αi þ 1
s

Xs
r¼1

log βr
log x� g� ⊗ logα, log yþ gþ ⊗ log β
� �

∈ logP,

logα : free, log β : free

�����

( )
:

Therefore, for any positive vector θ, ηð Þ∈mþs
þþ , we obtain

log ~M θ�g�x, ηg
þ
y;�g�, gþ

� �
¼ sup

1
m

Xm
i¼1

log αi þ 1
s

Xs
r¼1

log βr

�����

(

log x� g� ⊗ log θ� g� ⊗ logα, log yþ gþ ⊗ log ηþ gþ ⊗ log β
� �

∈ logP,

)

logα : free, log β : free

¼ � 1
m

Xm
i¼1

log θi þ 1
s

Xs
r¼1

log ηr

 !

þsup
1
m

Xm
i¼1

log αi þ 1
s

Xs
r¼1

log βr þ
1
m

Xm
i¼1

log θi þ 1
s

Xs
r¼1

log ηr

 !( �����
logx� g� ⊗ logαþ log θð Þ, log yþ gþ ⊗ log βþ log ηð Þ� �

∈ logP,

logαþ log θ : free, log βþ log η : free

)

¼ log ~M x, y;�g�, gþ
� �� 1

m

Xm
i¼1

log θi þ 1
s

Xs
r¼1

log ηr

 !
:

It is worth noting that the proposed ~M x, y;�g�, gþ
� �

precisely reveals a
multiplicative data-generating process. To help inform intuition regarding this type of
data-generating process, let ϵxi >0 for all i ¼ 1, … ,m and ϵyr >0 for all r ¼ 1, … , s be
the element-specific composite errors for inputs and outputs, respectively. Since x and
y are random variables that are subject to both inefficiencies and noises, we assume
that E ϵxið Þ ¼ μxi >0, Var ϵxið Þ<∞ and E ϵyi

� � ¼ μyi >0, Var ϵyi
� �

<∞. Suppose that
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x, y
� � ¼ ϵg

�
x x ∗, ϵ�gþ

y y ∗
� �

: (6)

Then, it follows from Proposition 1.2 and property P2’ that

log ~M x, y;�g�, gþ
� � ¼ 1

m

Xm
i¼1

log ϵxi þ
1
s

Xs
r¼1

log ϵyr , (7)

which is equivalent to

~M x, y;�g�, gþ
� � ¼

Ym
i¼1

ϵxi

 ! 1
m

�
Ys
r¼1

ϵyr

 !1
r

:

To simplify the notation, we define ϵ≔
Qm

i¼1ϵxi
� � 1

m � Qs
r¼1ϵyr

� �1
r. Then,

~M x, y;�g�, gþ
� � ¼ ϵ:

Therefore, ~M x, y;�g�, gþ
� �

can be interpreted as a composite error term that is
constructed with ϵxi ∀ið Þ and ϵyr ∀rð Þ. Moreover, from the linearity of expectation and
Jensen’s inequality, we also have 0< μ≔E log ϵð Þ ¼ E 1

m

Pm
i¼1 log ϵxi þ 1

s

Ps
r¼1 log ϵyr

� �
≤

1
m

Pm
i¼1 log μxi þ 1

s

Ps
r¼1 log μyr .

To estimate the inefficiency for the observed DMU j (j ¼ 1, … , n) as well as the

SMDDF, we apply Proposition 1.2 and set θ j, η j

� �
¼ x j, y j

� �
to obtain the following

equality:

log eM xg�

j xj, y
�gþ

j yj;�g�, gþ
� �

¼ log ~M xj, yj;�g�, gþ
� �

þ 1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj

 !
:

Using Eq. (7), we further obtain

1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj ¼ log ~M xg�

j xj, y
�gþ

j yj;�g�, gþ
� �

� log ~M xj, yj;�g�, gþ
� �

¼ log ~M xg�

j xj, y
�gþ

j yj;�g�, gþ
� �

� log ϵ j:

Let ~x j ¼ x j
� �g�x j and ~y j ¼ y j

� ��gþ

y j. Then,

M ~xj, ~yj;�g�, gþ
� �

≔E log ~M ~xj, ~yj;�g�, gþ
� �� �

� E log ϵ j
� �

¼ log ~M ~xj, ~yj;�g�, gþ
� �

� μ

It follows from P3 that ~M ~x j, ~y j;�g�, gþ
� �

is a concave function. Moreover,

M ~x j, ~y j;�g�, gþ
� �

could be seen as the conditional expectation function of

1
m

Pm
i¼1 log xij þ 1

s

Ps
r¼1 log yrj

� �
. That is,
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1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj ¼ M ~xj, ~yj;�g�, gþ
� �

� ξ j,

where ξ j ¼ log u j þ v j � μ and u j is a DMU-specific inefficiency term that satisfies
E log u j
� � ¼ μ, Var log u j

� �
<∞, and v j is a noise term that satisfies E v j

� � ¼ 0,
Var v j

� �
<∞.

To estimate M ~x j, ~y j;�g�, gþ
� �

as well as the average level of inefficiencies, we

apply the method of convex nonparametric least squares (CNLS, [6]), which is a
nonparametric regression approach with a least-square objective subject to monoto-
nicity and convexity/concavity constraints. However, the definition of SMDDF
requires additional conditions that Proposition 1.2 should hold, contrary to constraints
of the ordinary CNLS problem. Therefore, we formulate the CNLS problem as the
following quadratic programming (QP) problem:

min
Xn
j¼1

ξ2j (8)

s:t:
1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj ¼ υ j þ
Xm
i¼1

ζij log ~xij �
Xs
r¼1

γrj log~yrj � ξ j, ∀j (9)

υ j þ
Xm
i¼1

ζij log ~xij �
Xs
r¼1

γrj log~yrj ≤ υh þ
Xm
i¼1

ζih log ~xij �
Xs
r¼1

γrh log~yrj, ∀j, h and j 6¼ h

(10)
Xm
i¼1

ζijg
�
ij log xij þ

Xs
r¼1

γrjg
þ
rj log yrj ¼

1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj, ∀j (11)

ζij ≥0, γrj ≥0,∀i, r, j: (12)

The objective function (8) and the constraint (9) fit a linear equation for each DMUj,

where 1
m

Pm
i¼1 log xij þ 1

s

Ps
r¼1 log yrj is the dependent variable and ~x j,�~y j

� �
is the

independent variable. The second constraint (10) further imposes Afrait’s theorem [12],

which ensures global concavity of the estimated M ~x j, ~y j;�g�, gþ
� �

. The third con-

straint (11) ensures the translation property as described in Proposition 1.2. The last two
constraints in (12) impose monotonicity relative to all transformed inputs ~x j and
outputs ~y j. Using the translation property, the above problem can be reformulated as

min
Xn
j¼1

ξ2j (13)

s:t:
Xs
r¼1

γrj log yrj ¼ υ j þ
Xm
i¼1

ζij log xij � ξ j, ∀j (14)

υ j þ
Xm
i¼1

ζij log xij �
Xs
r¼1

γrj log yrj ≤ υh þ
Xm
i¼1

ζih log xij �
Xs
r¼1

γrh log yrj, ∀j, h and j 6¼ h

(15)
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Xm
i¼1

ζijg
�
ij log xij þ

Xs
r¼1

γrjg
þ
rj log yrj ¼

1
m

Xm
i¼1

log xij þ 1
s

Xs
r¼1

log yrj, ∀j (16)

ζij ≥0, γrj ≥0, ∀i, r, j, (17)

where the constraint (14) now is a linear equation of inputs and outputs for each

DMUj. Since the problems (13)–(17) estimate M ~x j, ~y j;�g�, gþ
� �

as a concave func-

tion, the coefficients υ j, ζij, γrj, ∀i, r characterize a tangent hyperplane of the estimated

M ~x j, ~y j;�g�, gþ
� �

for each DMUj.

After solving the problem (13)–(17), it is possible to derive the expected value of
the logarithm of inefficiencies (i.e., μ) based on the skewness of the estimated resid-
uals. For example, μ can be measured using the method of moments [5] (Note that
alternative approaches such as quasi-likelihood estimation and nonparametric kernel
deconvolution are available. See, e.g., [13] for a detailed discussion).

4. Application to Japanese life insurance companies

In this section, we investigate the productive performance of Japanese life insur-
ance companies by considering both deterministic and stochastic scenarios. The sam-
ple consisted of 41 member companies of the Life Insurance Association of Japan
(LIAJ). We considered the sample years 2011–2020. The data were drawn from the
financial statements of all companies or the Summary of Life Insurance Business 2021 as
published by LIAJ.

Figure 1.
Trends in individual life insurance business (source: Life Insurance Association of Japan (LIAJ)).
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Life insurance companies play an essential role in the financial and loan markets in
Japan [14]. Many of them have relied predominantly on face-to-face sales for a long
period. However, since the beginning of the COVID-19 pandemic, Japanese life
insurance companies were forced to temporarily suspend their face-to-face sales
channels due to the nationwide declaration of a state of emergency. As shown in
Figure 1, domestic sales of new policies have declined significantly since (fiscal year)
2018. According to the Life Insurance Factbook 2019 published by LIAJ, the decrease in
2019 was primarily due to lower sales of foreign currency-denominated insurance. In
2020, the conditions of domestic sales in new policies became even worse because
insurance agents could not meet new customers directly. According to the monthly
statistics of LIAJ, the number of new businesses reduced by 34.4% in April and 68.5%
in May, on a year-on-year basis during the period of the first declaration of a state of
emergency from 2020/4/7 to 2020/5/25. Moreover, even though Japanese life insur-
ance companies resumed face-to-face sales after the state of emergency was lifted, the
year-on-year decline in 2020 continued until August (14.3%).

Japanese life insurance companies have changed their distribution channels over
the past 10 years. It can be seen from Figure 2 that the numbers of individual and
corporate agencies have been decreasing gradually in recent years. This trend should
not be taken as proof that the scale of the life insurance industry has shrunk. In fact,
Japanese life insurance companies have become more diversified in their sales chan-
nels due to diversifying insurance products and consumer needs and a recently
increasing presence of non-traditional sales channels, such as Internet sales. Consid-
ering that life insurance companies must refrain from face-to-face sales to prevent the
spread of COVID-19, a significant diversion of sales channels may lead to better
performance, such as shifting from the traditional business model of face-to-face sales
to online sales channels. However, sales representatives in agencies remained the
primary sales channel of life insurance in 2020 [15].

Japanese life insurance companies also play a critical role as stable institutional
investors in the capital market as they hold a certain level of listed shares for a long
period. Figure 3 shows the breakdown of listed shares by type of shareholder. It can be
seen that the amount of listed shares held by insurance companies (insurance and
pension funds) has been increasing over the past 10 years. Thus, measuring the behav-
ior of insurance companies makes economic sense. In addition, it has been widely
recognized that the current solvency margin ratio regulation introduced in 1996 does

Figure 2.
Distribution channels (source: Life Insurance Association of Japan (LIAJ)).
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not adequately assess the valuation of liabilities and the amount of risk. This issue is
expected to be solved by introducing economic value-based solvency regulations.
According to the report on the economic value-based solvency framework released by
the Financial Services Agency (FSA) of Japan in June 2020, the economic value-based
solvency regulation will be enforced from April 2025. Since new regulations may change
the business environment of Japanese life insurance companies and affect their behav-
ior, it makes practical sense to study the past and present productive performance of
Japanese life insurance companies to better prepare for the arrival of new regulations.

4.1 Inputs and outputs

To characterize the inputs and outputs of Japanese life insurance companies, we
applied a value-added approach that has been commonly used in previous studies
(see, e.g., [16] for a detailed discussion of the value-added approach). We considered
three inputs and two outputs. The inputs were “office workers (x1),” “total share-
holders’ equity (x2),” and “operating expenses (x3).” The first two variables, office
workers and total shareholders’ equity, were proxy variables for labor and capital,
respectively. The operating expenses included various cost items required to operate
the life insurance business, such as the selling cost, management/maintenance-related
cost, and others. In contrast, the outputs were “ordinary income (y1)” and “total
payment of insurance benefits (y2).” Ordinary predominately derives from the insur-
ance business, such as premium income and investment-related business, the latter of
which includes interest and dividend income. To account for the risk-pooling and
risk-bearing capabilities of Japanese life insurance companies, we also considered the
total payment of insurance benefits as a proxy output variable.

The descriptive statistics of inputs and outputs are summarized in Table 1.

Figure 3.
Breakdown of listed shares by type of shareholder (source: Bank of Japan).
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4.2 Deterministic scenarios

In previous studies, the geometric distance function (GDF) was measured a
posteriori after the projection points were computed due to its nonlinearity [2, 17]. In
Section 2, we showed that for a certain deterministic scenario (see, Proposition 1.1),
the value of generalized multiplicative directional distance function M x, y;�g�, gþ

� �
is equal to the reciprocal of GDF. In this section, we calculated the GDP for each
Japanese insurance company using the function M x, y;�g�, gþ

� �
.

For any 1
δx
, δy

� �
≥ 1m, 1sð Þ, the function M x, y;�g�, gþ

� �
can be measured by the

following nonlinear programming (NLP) problem:

Years Statisticsa x1 x2 x3 y1 y2

2020

mean 2780.76 3036.88 1118.93 7350.61 11960.23

st. dev. 4148.45 4580.88 1371.91 11467.07 15925.40

min 58.00 7.48 18.41 25.09 86.06

max 21117.00 18952.08 5752.23 58660.91 67862.10

2019

mean 2727.00 2799.84 1147.76 7206.73 11418.84

st. dev. 3952.85 4297.92 1429.95 11701.79 16192.90

min 31.00 12.68 9.66 21.10 61.08

max 19425.00 17544.31 5987.46 61913.69 72114.03

2018

mean 2708.49 2873.19 1190.10 7021.15 11835.05

st. dev. 3950.21 4343.64 1463.74 12403.06 17165.93

min 31.00 17.49 9.59 17.43 50.25

max 19392.00 17851.78 6119.73 68688.93 79166.54

2017

mean 2659.93 2754.62 1158.89 7059.29 11528.79

st. dev. 3969.84 4287.69 1478.26 12414.73 16958.81

min 34.00 9.21 9.88 13.18 42.84

max 19515.00 18012.51 6005.71 68900.20 79529.49

2016

mean 2643.37 2605.89 1152.84 7076.60 11649.00

st. dev. 4000.73 4174.32 1486.14 13265.85 18130.89

min 33.00 10.69 9.29 12.90 36.72

max 19747.00 17412.86 5721.59 75503.23 86594.42
aUnits of x2, x3, y1, y2: trillion yen; the unit of x1: person.

Table 1.
Descriptive statistics of inputs and outputs.
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max
Ym
i¼1

1
δxi

 ! 1
m Ys

r¼1

δyr

 !1
s

s:t:
Yn
j¼1

xλ j

ij ≤
1
δxi

� ��g�i
xio, i ¼ 1, … ,m

Yn
j¼1

yλ j

rj ≥ δg
þ
r
yr
yro, r ¼ 1, … , s

Xn
j¼1

λ j ¼ 1

0< δxi ≤ 1, δyr ≥ 1, λ j ≥0, ∀i, r, j:

Because of P3, the above problem can be equivalently reformulated as

max
1
s

Xn
j¼1

log δyr �
1
m

Xn
j¼1

log δxi

s:t:
Xn
j¼1

λ j log xij ≤ log xio þ g�i log δxi , i ¼ 1, … ,m

Xn
j¼1

λ j log yrj ≥ log yro þ gþr log δyr , r ¼ 1, … , s

Xn
j¼1

λ j ¼ 1

log δxi ≤0, log δyr ≥0, λ j ≥0, ∀i, r, j:

Let δ ∗
xi , δ

∗
yr
, λ ∗

j

� �
,∀i, r, j be an optimal solution to the above model. Then, the GDF

can be computed by

ϕ ∗ ¼
Ym
i¼1

δ ∗
xi

 ! 1
m Ys

r¼1

1
δ ∗
yr

 !1
s

:

From a theoretical perspective, an exogenously given direction vector g�, gþð Þ is
preferred for the determination of projection points. However, from a computational
perspective, the direction vector in the above model can be chosen arbitrarily. In
practice, the decision-makers may choose proper direction vectors depending on
their purpose of performance benchmarking, or alternatively, use the direction
vectors that lead to unit-invariant efficiency measures (See, e.g., [1] for detailed

discussion on selecting direction vectors). In this study, we adopted g�i , g
þ
r

� � ¼
log xio � min j∈ 1,… ,nf g log xij, max j∈ 1,… ,jf g log yrj � log yro
� �

,∀i, r to derive the unit-

invariant GDF efficiencies.
The estimated GDF efficiencies are reported in Table 2. There were three efficient

companies over the fiscal years 2016–2020: DMU05 (AEON Allianz Life Insurance
Co., Ltd.), DMU18 (The Dai-ichi Frontier Life Insurance Co., Ltd.), and DMU41
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DMUsa 2020 2019 2018 2017 2016

DMU01 0.501 0.486 0.6 0.61 0.677

DMU02 1 1 1 0.3 0.3

DMU03 0.433 0.449 0.557 0.538 0.588

DMU04 0.437 0.44 0.504 0.519 0.557

DMU05 1 1 1 1 1

DMU06 0.438 0.418 0.342 0.471 0.759

DMU07 0.638 0.619 0.966 1 0.451

DMU08 0.618 0.555 0.692 0.815 0.876

DMU09 0.475 0.45 0.57 0.616 0.705

DMU10 0.486 0.551 0.448 0.621 0.628

DMU11 1 0.779 0.38 1 1

DMU12 0.512 0.516 0.652 0.628 0.673

DMU13 0.467 0.446 0.52 0.504 0.548

DMU14 0.5 0.496 0.584 0.567 0.6

DMU15 0.591 1 0.621 0.828 1

DMU16 0.453 0.456 0.582 0.574 0.602

DMU17 0.594 0.531 0.659 0.635 0.728

DMU18 1 1 1 1 1

DMU19 0.472 0.485 0.604 0.599 0.637

DMU20 0.468 0.482 0.598 0.57 0.618

DMU21 0.492 0.501 0.656 0.61 0.684

DMU22 1 1 1 0.6 0.613

DMU23 0.736 0.672 0.616 0.767 1

DMU24 0.493 0.506 0.66 0.674 0.749

DMU25 0.662 0.668 0.74 0.343 0.344

DMU26 0.336 0.343 0.343 0.382 0.303

DMU27 0.587 1 0.544 0.589 0.641

DMU28 0.462 0.479 0.604 0.624 0.661

DMU29 0.811 0.709 0.601 0.696 0.759

DMU30 0.554 0.558 0.722 0.777 0.87

DMU31 0.59 0.588 0.738 0.786 0.821

DMU32 0.695 0.605 1 1 1

DMU33 0.447 0.46 0.566 0.543 0.584

DMU34 1 0.708 0.907 1 0.926

DMU35 0.401 0.398 0.305 0.313 0.309

DMU36 0.396 0.423 0.491 0.492 0.523

DMU37 0.553 0.55 0.716 0.663 0.824

DMU38 0.413 0.45 0.346 0.419 0.4
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(Rakuten Life Insurance Co., Ltd.). These companies can be seen as adopting best
practices that were sustainable given the challenges of a changing business environ-
ment over the whole period. In addition, we also found that the Japanese life insurance
industry is experiencing a downturn in performance, as the average efficiency score
declined from 2016 to 2020.

The average values of δ ∗
x ,

1
δ ∗
y

� �
are summarized in Table 3. The parameters δ ∗

x and
1
δ ∗
y
can be interpreted as the element-specific efficiencies for inputs and outputs,

respectively. It can be seen from Table 3 that the input “total shareholders’ equity
(x2)” had the highest average efficiency score versus the other inputs and outputs
over the period 2016–2020 (the mean of δ ∗

x2 was 0.861). The second highest average
efficiency score was achieved by “operating expenses (x3)” (the mean of δ ∗

x3 was
0.808). This indicates that Japanese life insurance companies have good performance
in funding-related inputs. By contrast, the input “office workers (x1)” had the lowest
average efficiency score (the mean of δ ∗

x1 was 0.67), which implies that Japanese life
insurance companies have relatively poor performance in human resources. This
may be due to the paradigm shift in the face of an increasing number of new sales
channels. Additionally, since Japanese life insurance companies could not meet new
customers directly in order to prevent the spread of COVID-19 in 2020, the decreased
efficiency score in 2020 compared to 2019 may due to the impact of the nationwide
declaration of a state of emergency. However, further investigations are needed
regarding this issue.

DMUsa 2020 2019 2018 2017 2016

DMU39 0.404 0.438 0.309 0.324 0.321

DMU40 0.419 0.456 0.421 0.539 0.5

DMU41 1 1 1 1 1

mean 0.598 0.602 0.638 0.647 0.678

st. dev 0.208 0.204 0.208 0.206 0.215
aThe number of DMUs follows the order of the member companies of the Life Insurance Association of Japan (LIAJ), as
released on November 2, 2021. We excluded HANASAKU LIFE INSURANCE Co., Ltd. from the sample because it is a
new member as of April 1, 2019.

Table 2.
Results of GDF efficiencies.

Year δ∗
x1 δ∗

x2 δ∗
x3

1
δ∗
y1

1
δ∗
y2

2020 0.667 0.925 0.751 0.661 0.73

2019 0.704 0.867 0.85 0.65 0.699

2018 0.648 0.85 0.803 0.794 0.77

2017 0.651 0.833 0.815 0.782 0.78

2016 0.681 0.828 0.819 0.798 0.821

mean 0.67 0.861 0.808 0.737 0.76

Table 3.
Results of the estimated δ ∗

x ,
1
δy

∗
� �

.
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4.3 Stochastic scenarios

Compared with the generalized multiplicative directional distance function
M x, y;�g�, gþ
� �

, the proposed stochastic multiplicative directional distance function
(SMDDF) ~M x, y;�g�, gþ

� �
is capable of capturing the statistical variation present in

the observed data. To facilitate comparison, we applied the same direction vector used
in Section 4.2 to estimate the SMDDF. The estimated coefficients characterizing the
tangent hyperplanes of the concave SMDDF for all DMUs are summarized in Table 4.

From Table 4, it is clear that the estimated coefficients exhibited significant
variance over the period 2016–2020. However, few DMUs had extremely large or
extremely small coefficients, and the estimated coefficients of most of the observed
DMUs were in the range 0 to 1. This can be intuitively understood, for example, from
the box plot of the intercepts υ ∗ excluding the extreme values, as shown in Figure 4.
We also report the DMUs with extreme values of estimated coefficients for each year

Years Statisticsa υ∗ ζ ∗
1 ζ ∗

2 ζ ∗
3 γ ∗

1 γ ∗
2

2020

mean �595.781 719.704 324.489 858.349 424.36 24.15

st. dev. 23506.536 4604.907 2075.796 3837.448 2714.835 118.149

min �56133.412 0.001 0.015 0 0.001 0

max 121722.234 29486.327 13291.882 17161.857 17383.801 591.261

†DMU02 �38155.613 2.357 13291.882 1.082 0.139 0.14

†DMU05 �56133.412 7.441 0.453 17161.857 0.193 0.193

†DMU11 �51901.156 29486.327 0.44 1.423 0.19 0.202

†DMU41 121722.234 0.455 0.166 0.286 17383.801 591.261

2019

mean �191.393 461.661 792.405 200.862 232.605 378.179

st. dev. 25869.435 2954.279 4945.889 851.021 1486.929 1850.085

min �95754.967 0.002 0 0 0.002 0

max 126825.46 18916.892 30887.494 3610.85 9521.375 9064.062

†DMU02 �95754.967 1.197 30887.494 0.618 0.125 0.126

†DMU05 �38947.375 18916.892 0.652 3610.85 0.221 0.22

†DMU41 126825.46 0.393 0.187 0.241 9521.375 9064.062

2018

mean �1174.219 221.483 822.733 286.871 165.586 173.732

st. dev. 20711.798 1416.317 5001.333 1281.837 1058.141 932.863

min �98572.938 0.002 0 0 0.005 0

max 81008.126 9069.146 30422.438 5732.792 6775.741 5024.123

†DMU02 �98572.938 1.303 30422.438 0.712 0.122 0.119

†DMU05 �30606.077 9069.146 3.194 5732.792 0.222 0.226

†DMU41 81008.126 0.419 0.2 0.25 6775.741 5024.123
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Years Statisticsa υ∗ ζ ∗
1 ζ ∗

2 ζ ∗
3 γ ∗

1 γ ∗
2

2017

mean 2470.9 117.05 286.855 338.048 397.955 277.471

st. dev. 27075.687 747.405 1742.883 1547.98 2545.768 1412.526

min �59913.335 0.004 0 0 0.004 0

max 161196.848 4786.051 10601.869 7093.989 16301.242 7202.949

†DMU05 �59913.335 4786.051 10601.869 7093.989 0.262 0.267

†DMU41 161196.848 0.394 0.172 0.232 16301.242 7202.949

2016

mean 1543.176 350.93 112.891 35.068 299.912 113.54

st. dev. 15406.705 1717.644 694.418 222.124 1641.759 714.694

min �29985.44 0 0 0.01 0 0

max 93237.186 8415.021 4280.92 1422.665 8992.456 4520.656

†DMU05 �29985.44 8415.021 4280.92 1422.665 0.269 0.279

†DMU41 93237.186 0.414 0.192 0.244 8992.456 4520.656
a† represents the DMU with extremely large or extremely small coefficients.

Table 4.
Descriptive statistics of the estimated coefficients.

Figure 4.
Box plot of the intercepts υ ∗.
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in Table 4. Since the coefficients characterize the tangent hyperplane of the concave
SMDDF of each DMU, DMUs with extreme values of the estimated coefficients may
affect the shape of the estimated concave SMDDF and be identified as efficient DMUs.
Indeed, all DMUs with extreme estimated coefficients are also evaluated as efficient
DMUs in the deterministic scenario, as shown in Table 2. Moreover, we found that
DMU02 is efficient in the deterministic scenario for the period 2018–2020. This
observation is consistent with the results of the stochastic scenario. From Table 4, the
period when DMU02 had extreme values of the estimated coefficients was also 2018–
2020. However, the same is not true for DMU11. DMU11 was efficient in the deter-
ministic scenario in 2016, 2017, and 2020, whereas its estimated coefficients were
extreme only in 2020. However, this does not mean that DMU11 is not efficient,
because technically, we cannot exclude the possibility that DMUs without extreme
estimated coefficients cannot affect the shape of the estimated concave SMDDF.
Regarding the efficient DMUs without extreme estimated coefficients in Table 2, they
may be overestimated because the deterministic model ignored the impact of random
errors.

The results of the deterministic scenario show that the Japanese life insurance
industry exhibited worse performance between 2016 and 2020. By contrast, the
results of the stochastic scenario in Table 5 show that the estimated average ineffi-
ciency μ ∗ increased from 2016 to 2019 and then decreased, which implies that the
Japanese life insurance industry likely performed better in 2020 than in 2019. Since
the efficiency scores in 2020 exhibited slightly more variation than those in 2019, as
shown in Table 2, the difference in the average performance between the determin-
istic and stochastic scenarios may be due to the impact of random error. Nevertheless,
considering that both approaches have a small range of variation in the average (in)
efficiencies (i.e., the deterministic scenario: 0:004, 0:08½ �; the stochastic scenario:
0:009, 0:056½ �), we conclude that the Japanese insurance industry exhibited relatively
stable performance during 2016–2020.

5. Conclusions

This study considers a flexible structure of production technology that is
constructed based on geometric convexity assumption. We investigated the relation-
ship between the generalized multiplicative directional distance function (GMDDF)
and geometric distance function (GDF) based on a given geometric convex produc-
tion possibility set. We show that, given a deterministic scenario, the multiplication of
GMDDF and GDF for the observed DMUs has the same value as the GMDDF calcu-
lated for the projection points. Based on this relationship, the GDF efficiencies can be
easily measured by a DEA methodology. We also proposed a stochastic multiplicative
directional distance function (SMDDF) in which all inputs and outputs are considered
random variables. Given a stochastic scenario, we show that the SMDDF can be
formulated as a CNLS problem. The productive performance of Japanese life

2020 2019 2018 2017 2016

μ ∗ 0.144 0.166 0.15 0.119 0.11

Table 5.
Results of the estimated expected value of the logarithm of inefficiencies μ ∗.
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insurance companies was investigated. Several companies were identified as efficient
DMUs from both the results of the deterministic and stochastic scenarios. These
companies can be used as projections for improving inefficiencies. Moreover, it seems
that Japanese life insurance companies have a good performance in funding-related
inputs since “total shareholders’ equity” and “operating expenses”were more efficient
than were other inputs and outputs. By contrast, many of the Japanese life insurance
companies may have suffered from poor performance in human resources. Further-
more, both the deterministic and stochastic scenarios suggest a decline in the average
performance of the whole life insurance industry during 2016-2019. However, since
the variations of average (in)efficiencies over the years are small, it is reasonable to
conclude that the Japanese life insurance industry achieved relatively stable perfor-
mance in the previous five years.
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DEA data envelopment analysis
DMU decision-making unit
FSA financial services agency
GDF geometric distance function
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Chapter 6

Managing Large-scale Societal 
Change
Yiannis Laouris

Abstract

In this chapter, we discuss three decisive parameters for successful large-scale societal 
interventions: 1. The selection of the most representative and relevant stakeholders; 2. 
The application of an appropriate systemic problem-structuring methodology; and 3. The 
process used to convert the results of a structured deliberation into a clear strategy accom-
panied by a roadmap consisting of the most effective actions. We claim that the structured 
democratic dialog process emerges as an excellent tool for managing diverse types of 
societal interventions. Two models of intervention for large-scale societal reforms are 
briefly presented and discussed. The first is based on a quasi-synchronous process using 
the same intervention delivered at multiple localities. The second starts with one intense 
focal intervention and a process design that allows it to replicate and expand by creating 
spin-off agents or communities of change. The chapter concludes with recommendations.

Keywords: societal reforms, structured democratic dialog, problem structuring 
methods, community operations research, collective intelligence, collective wisdom

1. Introduction

As our world is constantly evolving, it will, of course, always be in need of changes and 
reforms. However, the increasing rate of change in combination with the rapidly increas-
ing complexity renders the need for effective large-scale reforms a pressing emergency 
[1–3]. International bodies such as the UN, the EU, the G7/20, etc., as well as scientists, 
philosophers, and activists, alert us to the need for positive change in virtually all aspects 
of our lives. Reforms are especially critical in (global- and local scale) governance, peace, 
education, economy, and health. However, we still lack solid scientific models on how 
to plan and successfully implement large-scale reforms. Also, the number of successful 
and scientifically validated large-scale interventions is still small. On the other hand, the 
advances in technology and especially social media render changes previously thought as 
unachievable entirely feasible. The question is, however, whether we, as a society, must 
passively welcome changes just because of their feasibility? Does the fact that they are 
possible mean that they are also desirable or inevitable? Although not the focus of this 
chapter, humanity is at a point from which it could design and construct positive futures 
in the realm of what we call conscious evolution [4, 5]. To be able to achieve this, we 
need visionary leaders but, more importantly, appropriate science, methods, and tools. 
Effective leaders engaging in large-scale reforms rely on the triad, will, ideas, and execu-
tion for guidance [6, 7]. Clear, quantifiable, and ambitious vision and goals are crucial to 
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building will. Those leading should express confidence in their people’s creative potential 
and goodwill and know when and how to celebrate success. They should put systems and 
procedures in place to empower those whose lives will be influenced by any reforms to 
offer their ideas without fear of criticism. They should also allow them to hear or experi-
ence others’ innovations and success stories. The execution, vis-à-vis, implementation, 
requires strategy, roadmaps, continuous attendance to processes, and willingness to adapt 
to new situations. Finally, the encouragement of cooperation and dialog among groups 
pursuing similar or identical goals increases the speed and quality of the change process.

In practice, there are many approaches to implementing a desired change. The 
first is by executive order coming from a gifted leader or from the management/
government. Such interventions do not need the “acceptance” of the public, nor do 
they require lengthy approval processes. They are typical in hierarchical organizations 
and in emergency situations, such as the recent COVID-19 pandemic, and are often 
temporary or serve a short-term purpose. Sometimes, they are unwelcome and might 
even create societal unrest.

The most typical scenarios of societal change are through some form of policies 
or legislation, which could take place with or without the participation of all relevant 
stakeholders. In the latter case, the path can be rough (see next section). In this 
chapter, we are concerned with the case when relevant stakeholders are invited to 
define the problem collectively but also deliberate to come up with a consensus as to 
what actions are required to move forward. Thus, the first challenge is the selection of 
the most representative and relevant stakeholders.

The second challenge for achieving positive change is the availability and applica-
tion of an appropriate systemic problem-structuring methodology and relevant tools. And 
the third and probably greatest challenge is how to convert the results of any process 
of deliberation into a clear strategy accompanied by a roadmap consisting of the 
most effective actions. We claim that the structured democratic dialog (SDD) process 
emerges as an excellent tool for addressing these three challenges and  successfully 
managing diverse types of societal interventions.

In this chapter, we present and discuss two models of intervention for large-scale 
societal reforms. The first is based on a quasi-synchronous process using the same inter-
vention delivered at multiple places. The second starts with one intense focal intervention 
and a process design that allows it to replicate and expand by creating spin-off agents or 
communities of change. The chapter concludes with recommendations.

1.1 Stakeholder participation: authenticity, diversity, and equity

Researchers [8] have identified factors that impact large-scale change already in 
the 90s and they mostly point to human factors. The lack of support by the top man-
agement, their attempt to force change, inconsistent actions, unrealistic expectations, 
absence of meaningful participation, poor communication, unclear purpose, and 
misplacement of responsibility were found to have a highly negative impact. Factors 
with a highly positive impact include the management’s tangible and visible support 
and commitment, good preparation, encouragement of stakeholder participation, 
a high degree of communication, a reward system, etc. Methods for stakeholder 
identification and engagement have been well described by Gregory et al. [9]. All of 
the above boil down to what we call authentic participation. Indeed, the law of requi-
site action [10] of the science of SDD1 predicts that “action plans to redesign complex 

1 For a brief introduction to the first six laws see [23].
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socio-technical systems without the authentic and true engagement of those whose 
futures will be influenced by the change are bound to fail.” One can think of countless 
empirical examples.

In many cases reported in the literature, the “type” of stakeholders engaged 
was not made explicit, and their role was not specified [11]. Also, certain (possibly 
marginalized) groups might be excluded for justified or unjustified reasons [12]. A 
diversity of stakeholders is imperative if all perspectives are to be considered, in line 
with the law of requisite variety [10, 13–15].

In sum, the effective, democratic, and equal participation (i.e., equity criterion) of all 
those who have a stake has the great advantage that assuming consensus is reached, the 
great majority backs up the decisions for change. Consequently, the change has a higher 
chance of surviving for extended periods. Some ways by which the application of the SDD 
methodology guarantees the above are briefly explained in the next sections.

1.2 Choosing an effective problem structuring methodology

The management of complex social problems requires the application of a systemic 
problem-structuring method (PSM). Matching an appropriate PSM and tools to a specific 
system is of paramount importance [16]. Polls, surveys, interviews, focus groups, etc. 
might be appropriate to access the “general attitudes” of the stakeholders or the wider 
public. If, however, the aim is to enable them to exchange points of view, increase trust 
between conflicting groups, attempt an in-depth analysis of the issue or challenge at 
hand, deliberate, consider pros and cons of different solutions, and make choices or 
informed decisions, then participatory methods, such as world cafés, citizens assemblies, 
operation research and management science (OR/MS) methods, SDD, etc. become a 
must. In most cases, different methods and tools need to be used in different phases of the 
process. Operation research scientists [17] argue that OR/MS methods and tools are often 
used not so much because of their effectiveness but more for “prestige.” They observe that 
there is an inverse relationship between the importance of social reforms and the use of 
OR/MS techniques for their management. Those in charge of change prefer to use political 
tools (which also serve their “masters”) to avoid addressing the real conflicts, or dealing 
with the low degrees of bureaucratization. In this chapter, we argue that the structured 
democratic dialog process has emerged as an excellent PSM capable of managing any 
type of large-scale socio-technical reforms, exactly, because on the one hand, it relies on 
well-founded and repetitively validated tools and processes, and on the other hand, it is 
particularly effective in interconnecting different points of view and positionalities, thus 
resolving multiple conflicts of purpose and values and generating consensus [18, 24].

1.3 Converting strategies and roadmaps to tangible change

Probably the most significant challenge toward achieving an envisioned societal (or 
any other type of) positive future is that strategies and plans fail to produce the desired 
results. The problem lies in what we could call the conversion of a vision and associated 
strategy and individual steps of action toward achieving the desired goals into a coherent 
and effective sequence. The orderly (typically timewise) arrangement of sub-actions is 
called roadmaps, i.e., plans that articulate a specific course of action [19]. In our context, 
roadmaps could be orderly sequences consisting of goals, phases, processes, or mile-
stones, collectively referred to as steps, each supporting the subsequent ones. A roadmap 
can also be defined as the compilation of views of a group of stakeholders as to what to 
do, when, who, and how to get where they want to go [20]. A plan must be supported 
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and backed up by all stakeholders to be effective. In this paper, we argue that interpretive 
structural modeling (ISM) [21] in connection with the multi-parameter evaluation [22] 
of impact, feasibility, and probability of happening without intervention serves to help 
organize the most effective ordering of a roadmap’s steps.

2. Models of intervention

We present two models of large-scale interventions. In the first (Figure 1 left), 
the same type of intervention is delivered more or less synchronously to multiple 
groups that are distributed. The term distributed refers to either spatial (i.e., 
similar stakeholders but in different geographic locations) or contextual (i.e., 
stakeholders in different communities/sectors or with different perspectives or 
group interests). In the second model (Figure 1 right), the process begins with 
one intense focal intervention and a process design that allows it to replicate and 
expand by creating spin-off agents or communities of change. The premise of 
both models is that the will, ideas, and pragmatics of implementing the change are 
generated (or facilitated vis-à-vis “implanted”) and allowed to grow at multiple 
(spatial or contextual) localities. Awareness, perceptions, identified challenges, 
visions, and actions grow around each locality and assuming they are strong 
enough, they gradually connect to each other and eventually embrace the wider 
community of stakeholders. The approach resembles the metaphor of multiple 
forest fires (in our example in a positive sense) in which independent fires join 
forces to form an unstoppable fire. In the next sections, we present examples for 
both models from our own experience.

3. The SDD methodology

The methodology and process of implementing either a single SDD or an 
array of parallel or sequential processes have been described elsewhere [14, 23]; 
for arrays of SDDs see [24, 25]. Here we provide a brief overview just sufficient 
to acquaint our audience with the key steps of a single SDD (Figure 2) or an 
array (for examples see Figures 3 and 4) of SDDs.

Figure 1. 
Models of intervention for large-scale social changes.
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The first step of any SDD (Figure 2) is the generation of observations concerning 
the problematic situation in response to a triggering question (TQ ). Each participant 
is invited in a round-robin manner to contribute only one response at a time in the 
form of a single statement, which should contain only one2 specific observation. 
Contributions are numbered and their authors are registered. Giving individuals 
space to generate their ideas without criticism from others helps to counter group-
think and clanthink [27]. This approach satisfies not only the equity criterion (see 1.1) 
but also facilitates active listening and learning.

In a second step each participant clarifies her idea. This can be conducted through 
synchronous (f2f or virtual) processes, or asynchronously using the IdeaPrism3 (or 
equivalent) app to record short videos, or through a collaboratively developed cloud-
based document where everyone can edit, comment, or ask for further clarifications. 
During the clarification process, others can ask questions about meaning, but no 
judgment is allowed. This facilitation technique is intended to protect the autonomy 
and authenticity of participants so that no participant is discouraged, and no idea is 
prematurely evaluated and/or rejected. The so-called law of requisite autonomy in 
distinction making guarantees that “during the dialogue, the autonomy and authentic-
ity of each person contributing ideas are protected” [28].

The next step involves the categorization of observations using a bottom-up 
approach. This process takes much longer than top-down clustering methods because it 
encourages discussion. Evolutionary learning takes place as the participants are encour-
aged to explore how specific aspects of their ideas might make them similar to other 
ideas; a process that forces them to draw further distinctions. The Law of Requisite 
Evolution of Observations asserts that “The elemental observations made by stakehold-
ers in the context of a complex design situation, are interdependent” [10, 14, 23]. During 
the above steps, the participants are invited to reconsider the importance they assign to 
various observations. While the authors are liberated to clarify their observations with 
even inventing their own language and collectively searching for similarities in their 
effort to create categories, they better understand each other’s positions. Only after this, 

2 This is important because, when observations are examined for similarity between them or influence on 
one another, if one statement contains several ideas or is too general, the process is compromised.
3 IdeaPrism is a free app available in app stores.

Figure 2. 
Steps of a typical single SDDP implementation.
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individual participants are requested to choose typically five out of the total set of ideas 
according to their perceived importance. Known as Boulding’s [29; see also 8, 10, 14] 
law of requisite saliency, the law refers to the range of importance that people assign to 
observations relative to other observations. The relative importance of an idea can be 
understood only when it is compared with the ideas of others (it is rare for people to 
choose only their own ideas as most important). All the ideas that receive a threshold 
number of votes (i.e., those that participants consider the most important) enter the ISM 
process, which comes next. The threshold number of votes is determined as as a function 
of the amount of time available to conduct the ISM.

In ISM, participants are confronted with two ideas at a time (to reduce cogni-
tive load in recognition of our human limitations; i.e., Miller’s Law of Requisite 
Parsimony; [30]) and are requested to decide whether one influences the other. In a 
synchronous implementation, they are invited to present arguments pro or against a 
relationship and engage in discussion. In our newly developed asynchronous models 
[31] participants may conduct parts of this process individually.

A relation is established only when it is supported by a large majority (typically 
75%) following the constructive deliberation. The application of Warfield’s [21] ISM 
algorithm reduces the number of questions that the software will ask. The binary con-
nections that are established by the group are used to build up an influence map (see 
the example in Figure 3). Meaning and wisdom are produced only when the partici-
pants begin to understand the relationships (such as similarity, priority, influence, 
etc.) among their different ideas. The influence map reflects the shared understand-
ing and the consensus of the participants.

Since challenges at the bottom of the structure correspond to the root causes 
of the problem, the method is also referred to as “root cause mapping.” When the 
SDD is about exploring actions, the factors at the root are referred to as “deep 
drivers.” The factors that end up at the root of the map are the ones with the great-
est influence.

Participants engage in further discussions on how to resolve the obstacles at the 
root, and as these influence all the problems further up the structure, the idea is that 
addressing the root causes should have positive knock-on effects throughout the 
interlinked system of issues that the participants want to tackle. Analogously, factors 
at the root of an actions’ SDD should be given priority when developing action plans. 
This form of problem structuring helps to minimize the erroneous priorities (first 
observed by Kevin Dye; see [24]) effect, which comes into play when strategic actions 
are targeted at isolated aspects of the problematic situation without their inter-
connections being considered.

Our team has applied the SDD in more than 100 different contexts, including 
peace and conflict resolution [32–34]; government and societal challenges (e.g., 
“Wine Villages” [25] and “Merging of taxation systems,” conducted by CAPA [35]); 
discovering and collectively agreeing on research agenda priorities, thus influencing 
European Commission funding [36]; the support and capacity building of youth and 
civil society [37]; Uniting for Citizenship and Participation [38]; envisioning and 
designing new educational systems (Reinventing Education, [39]); and reinventing 
democracy [18, 26, 40]. For a complete list of Future Worlds SDDP applications, see 
Footnote.4

4 https://www.futureworlds.eu/wiki/Chronological_List_of_SDDPs_by_Future_Worlds_Center_and_
Associates
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4. Real-world examples of large-scale interventions

In the following sections, we briefly introduce two examples, one international 
and one national, for each type of intervention.

4.1 Quasi-synchronous, spatially distributed interventions

4.1.1 Reinventing democracy bottom-up

The “Reinventing Democracy in the Digital Era” project [18, 26, 40] was a global 
project funded by the UN Democracy Fund. The aim was to identify shortcomings of 
our current systems of governance that could be improved through technology, and 
come up with concrete actions, policies, etc. capable of alleviating them. The process 
engaged about 1000 youth, from about 50 countries, in structured, face-to-face as 
well as virtual deliberations (Figure 3).

Selection of participants: Eleven weighted criteria were applied to the evaluation 
of a few hundred applicants in order to choose ca 20 Core Participants per region 
(i.e., five regions: Africa, Europe, Latin America, MENA, and Australasian; a total of 
100). Gender (weight .2) and age (.15; young people 18–30 years old) had the largest 
weights. Four (i.e., anti-discrimination criteria; years of relevant experience or/and 
prior relevant activities; potential for organizing follow-up activities; availability of 
sponsors) had a weight of .1, and the remaining five (i.e., belonging to associations 
with wide networks; communication skills; reliability/commitment; country of ori-
gin/nationality; uninterrupted access to social networking) were weighted with .05.

Figure 3. 
Reprinted from reinvent democracy manifesto [26].
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Each core participant had to use similar criteria to invite 10 so-called shadow 
participants (who contributed throughout the 2-year period virtually), thus bringing 
their number to ca. 1000.

Methodology: Five identical interventions have taken place in the five different 
regions over a period of two years with the core participants. Week-long sessions 
followed the same format: Two days were spent on a critical systemic examination of 
shortcomings, with a view to considering the potential for improving democracy in 
the digital age. Then two days were spent on developing a collective understanding 
of the “deep drivers for change,” which could serve as an inspiration for significant 
action to be pursued (by the participants or by others inspired by the maps), which 
were later made accessible on the internet via a Manifesto [26]. On the fifth day, 
participants formed groups to create action plans for themselves to pursue, springing 
from the collective work in locating leverage points for significant types of action 
while working on the second TQ. The last day was reserved for exploration of the city 
and joint activities to facilitate bonding.

Action: To compile the hundreds of shortcomings and actions (from a total of 
10 SDDs) proposed by the participants into a short and clear actionable whole, we 
applied a novel multi-methodology for data compression (Figure 3). Five, weighted, 
data processing methods (the numbers on the arrows pointing toward the “Manifesto 
Themes” box in Figure 3 correspond to the weights) were applied to extract seven 
prevailing themes, which were summarized in the Manifesto [26], where also the 
details of the methodological process are explained.

4.1.2 Reforming local authorities in Cyprus

The objective of the “Provision of Services for the Diagnosis of Learning and 
Development Needs for the Local Authorities of Cyprus” project was to improve the 
skills of the human resources of the Cypriot Local Government Authorities (LGAs). 
The overarching goal was to strengthen their administrative and leadership capacity 
with the view of facilitating the clustering of services and the eventual merging of 
LGAs to optimize the services offered to the public. The project was implemented 
between 2009 and 2015 under the special objective “enhancing administrative abili-
ties in services provided in the public sector.” The Cyprus Ministry of Finance sup-
ported this initiative using a palette of European funding, including structural and 
social cohesion funds.

Selection of stakeholders: The participants were selected from local communities. 
They included mayors, local authority employees, local educators, local and global 
business people and developers, local agricultural and other producers, repatriated 
citizens, older people, and youth. To secure requisite variety of their conflicting 
interests and objectives, particular emphasis was placed on conflicts between central 
and local governments, conflicts between neighboring local authorities, and conflicts 
between different stakeholders within the same local community.

Methodology: In this model, the diagnosis of the learning and development needs 
of the LGAs was embedded within a rich set of activities (Figure 4). It was preceded 
by identifying best practices in the EU member states and face-to-face interviews 
with LGA officials (left boxes in Figure 4). These actions informed the selection of 
the most relevant stakeholders and supported the framing of the TQ.

Action: Following the implementation of 10 SDDPs across the country, a network was 
set up comprising regional learning management groups and a coordinator for each group 
to support the management of learning in LGAs (see right side of Figure 4). Learning 
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activities were designed and implemented to enhance management and leadership. 
The overall intervention was supported by a strong awareness campaign, the engagement 
of political and government agencies, the expertise of technical advisors, and a network 
of digital ambassadors, many of them visiting foreign countries to research best practices. 
The intervention has eventually facilitated political decisions (in 2021/2022) for reform-
ing the local authorities [24].

4.2 Single-focal intervention followed by evolutionary replication

4.2.1 Facilitating peace dialog across war zones

The “Civil Society Acts Beyond Borders” project [34] was funded by the European 
Instrument for Democracy and Human Rights of the European Commission. The 
aim was to empower civil society actors, youth, and local authorities in Israel and 
Palestine to actively promote human rights and democratization.

Selection of stakeholders: Participants were selected from diverse local communi-
ties by expert informants. The key criterion was to secure a mixture of peace activists 
but also a few who were against any peace “rapprochement.”

Methodology: The project was designed as participatory action research grounded on 
the science of dialogic design. The project began with three consecutive (within a week) 
SDD processes (develop shared vision, identify obstacles, and explore actions) outside 
the conflict zone (in this case, Cyprus) engaging committed, already active peacebuild-
ers (see left side of Figure 5). Between the second and the third SDD, the participants 
co-organized an international peace conference together with Greek and Turkish Cypriot 
actors. Having identified four target groups (business, informal education, students, and 
women) they created action groups (i.e., AG labels in Figure 5).

Action: Each AG selected and invited additional participants and organized their 
own SDD process, which was then followed by a comprehensive set of participatory 
intra-communal nonformal workshops (NFWS boxes in Figure 5). In parallel, a number 
of other activities were taking place. Following a training of trainers (top of Figure 5), 
those trained implemented a number of (up to 10) civil society strengthening pieces 
of training (purple boxes with a “W” in Figure 5), as well as multi-communal public 
debates (blue boxes with a “PD” in Figure 5), and a conference (purple box in Figure 5).

The above design offered the conditions for the objectives of the project to go 
viral, engaging several thousand people in various activities, i.e., to continue through 
self-replicating processes beyond the lifetime of the project.

Figure 4. 
Reprinted from [24].
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4.2.2 Local development of the wine villages in Limassol, Cyprus

The “Limassol Wine Villages Local Development Pilot Project: the contribution of 
heritage to local and regional development” was implemented through funding given by 
the Council of Europe’s Local Development Pilot Projects Program5 to the Department 
of Town Planning and Housing, Ministry of Interior of the Republic of Cyprus.

Selection of stakeholders: This project was implemented in phases. For the first 
SDD, 29 participants, representing many stakeholders’ organizations were selected 
following standard stakeholder identification techniques [9]. In the following phases, 
a total of more than 150 stakeholders ‘entered the scene’ when they were acknowl-
edged as stakeholders by other stakeholders [41].

Methodology: The intervention began with an SDD using TQ: “Which are the 
obstacles to the development of the Wine-villages of Limassol?” The participants 

5 https://www.coe.int/en/web/culture-and-heritage/ldpp

Figure 6. 
Organization of activities in the wine villages project.

Figure 5. 
Organization of activities in the CSABB project (from [34]).
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identified 71 obstacles (Figure 6; left), which they clustered into 7 themes of 
sectoral (thematic) or strategic nature (society and culture; architecture and settle-
ments; economy and entrepreneurship; infrastructure and services; agriculture, 
environment, and landscape; education and information; and governance and 
Administration; second column in Figure 6). In order to develop each theme, a 
respective working group was created, which engaged further stakeholders thus 
allowing the base to drastically enlarge. Most working groups conducted a SWOT 
analysis (to obtain a better understanding of the area’s real limitations and potentials 
at the local and macro-regional level) followed by a Vision-SDD using as TQ “What 
are the descriptors of the desired situation for the sustainable development of the wine 
villages in the field of… (relevant thematic)? ” aiming to develop a shared vision. In a 
concluding SDD, the most influential factors from each Thematic SDD were selected 
and structured to develop an overall vision across all thematic areas (Figure 6, right).

Action: In total 150+ individuals from ca 75 different stakeholders’ groups were 
involved in 10 SDDPs and 5 SWOT analysis workshops. The intervention allowed 
stakeholders to get involved in the policy process and in the formulation of the vision 
along with the strategy and its objectives. The model promoted territorial sensitivity 
and fostered identity and heritage. Most importantly, the intervention began with 
only 29 actors and ended up engaging actively more than 150.

5. Discussion

A large-scale societal intervention aims to support a community of stakeholders 
to develop a shared understanding of their problematic situation, converge on a clear 
shared vision, and ultimately generate collaborative action toward a desired future. This 
chapter proposed two models for large-scale interventions and presented examples of 
applications. Both models replace the hierarchical management of change in the design 
arena (i.e., relying predominantly on leaders or experts) in favor of models that include 
all parties with a stake (i.e., the stakeholders) in the definition and resolution of com-
plex issues confronting them. Our first model applies the same intervention delivered 
at multiple places quasi synchronously. The term “places” could denote geographical 
or communal localities, but it could also denote corporate, religious, secular, local or 
international groups, etc. Our second model begins with one intense focal intervention 
using SDD and a design that allows the momentum generated to replicate, migrate, and/
or expand by creating spin-off agents or communities of change. Assuming the momen-
tum is strong enough, the waves of change will gradually reach each other and merge to 
embrace the wider community of stakeholders.

Both models presented here have not achieved extensive social change. The first 
reason is that the number of stakeholders engaged was a few hundred; i.e., too small 
compared to the total population. Second, some interventions were not extensive 
enough to generate a robust social wave toward change, because they lack the neces-
sary political support and will. Nevertheless, eventually reforms did take place, even 
with a delay. To accelerate the process and achieve positive social change in a frac-
tion of the time, we should probably utilize more social media and virtual-hybrid 
applications. We also need a new theoretical grounding of massive collaboration. 
Challenges of scalability and applications that made the participation of large numbers 
of participants possible are discussed only scarcely (e.g., [15, 42]) in the literature. A 
recent example of a large-scale project combined SDD with an interactive software 
called “Pathways to Wellbeing,” [43] where the latter was aimed at facilitating citizen 
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involvement in thinking together about choices being made to move toward inclusive 
well-being. In other examples utilizing virtual communications, the author’s team has 
experimented with organizing SDDs in Second Life6 and/or engaging participants in 
asynchronous processes using asynchronous ISM and IdeaPrism [31]. Such attempts 
may violate to some degree Laws of SDD. For a critical review see [31]. An additional 
bottleneck is trust. Of course, when the envisioned change is constrained within a 
local environment, the issue of trust might be lessened because the participants might 
already know each other [44].

6. Conclusions and recommendations

Contemporary liberalism has progressed to the point that it inhibits collec-
tive decision-making that serves the common good. It also undermines collective 
responsibility. Everyone agrees that we can be free and diverse only to the extent 
that our freedom and diversity do not undermine the rights of others. We, however, 
lack models of governance capable of balancing individual vs. collective needs and 
interests. This chapter proposes that the SDD methodology, embedded within a larger 
framework of OR methodologies, is ideal for engaging large groups of stakeholders 
in productive and efficient dialogs for the collective and systemic definition, as well 
as the resolution of their issues. It ensures that the deliberation produces high-quality 
observations by imposing structure and discipline and not allowing them to converge 
prematurely to preconceived choices of issues, options, and solution alternatives. It 
also creates an environment that facilitates openness to the ideas of others, which is 
vital for next-generation democracy.

Agents of change can choose from a wide range of strategic designs for large-scale 
improvement, considering available resources and constraints. Examples range from 
executive mandates, which may be appropriate for specific, small-scale changes that 
can be immediately implemented in a hierarchical system, to campaigns, which may 
be applicable for medium-scale interventions that rely on broad will-building [45, 
46], to large-case change, which requires bringing together teams of stakeholders 
from numerous, often interdependent sectors, for structured interactions and learn-
ing [47]. The SDD approach addresses complex challenges, including sustainability, 
climate change, democratic deficiencies, pandemics, etc., all of which require new 
forms of stakeholders’ engagement to work across conceptual and spatial boundaries 
[48, 49]. Some of the examples presented here have failed to reach the threshold for 
achieving extensive social change, primarily not because of theoretical limitations but 
because they were not supported by those who have the power. Democracy will rise to 
the level of collective wise decision-making that serves the common good only when 
the people manage to hold their leaders accountable for their choices and actions and 
put novel systemic approaches, instruments, and tools in all democratic processes.
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Chapter 7

The Impacts of the COVID-19  
Pandemic in Supply Chain 
Operations
Alexsandro Silva Solon and Marcos Paulo Leite Silveira

Abstract

In December 2019, in Wuhan, China, the emergence of a new disease changed the 
lifestyle of the entire population. The COVID-19 pandemic has marked the world and 
continues to do so, causing several impacts in the most varied sectors. This chapter aims 
to show how the pandemic impacted the global logistics network by showcasing several 
supply chains that were affected, mainly focusing on e-commerce and food supply chains 
and their many aspects. This chapter also draws attention to how changes, caused by 
the virus, have transformed consumer behavior over the past 2 years. It will also present 
mitigation strategies that have been or could have been used by companies to minimize 
the risk of disruptions during the pandemic by creating a more resilient supply chain.

Keywords: supply chain, E-commerce, food supply chains, pandemic, resilience

1. Introduction

The year 2020 will remain in our memory forever. A pandemic which had never 
been seen in this day and age, took the whole world by surprise. It all started at the end 
of 2019, in Wuhan, China, where the first cases appeared. Thereafter, the virus spread 
around the globe, initially affecting Europe and then reaching Brazil in mid-March 
that very year. Within the peaks and valleys in the well-known contagion curve, and 
the emergence of variants which unleashed new waves of the virus, improvements can 
be seen in the national epidemiological scenario, thanks to the advance of vaccination. 
However, if we observe European countries, it is clear that there has been a significant 
increase in the number of people infected with the COVID-19 virus.

This whole scenario has triggered abrupt changes in our way of living, whether in 
people’s relationships, in the way we work, attend classes, or do our shopping.

Everything has become digital and it is unimaginable to think that from now on, 
things will change or go back to the way they used to be.

Considering the general aspect of purchasing a product, the entire chain of events, 
from the beginning of the production process, up until delivery to the final consumer, 
many changes have taken place. Either, due to variations in terms of product demand, the 
increase of prices, or the lack of raw materials, all of which was inevitable, mostly because 
of the several factors involved in a production chain.
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The purpose of this article is to analyze the impact of the pandemic on the Supply 
Chain, a term coined in the Unites States, which literally means “a network between 
a company and its suppliers to produce and distribute a specific product or service.” 
Supply Chain refers to the set of production processes of a material, from the extrac-
tion of raw material to delivery of the final consumer.

The article will also analyze how certain aspects have been directly affected, more 
specifically, e-commerce, which is not only an important electronic sales channel, 
but also an opportunity to develop (Business to Consumer) B2C and (Business to 
Business) B2B companies. We also intend to look into how e-commerce was used as a 
reactive strategy to minimize the breakage risks during the supply chain cycles.

Furthermore, we intend to point out some changes in consumer behavior and how 
companies may adapt to the abrupt changes, in order to become resilient, in other 
words, to be able to reuptake their initial conditions, prior to the pandemic, and face 
these great transformations.

Subsequently, Section 2 will present the research methodology, while Section 3 
will focus on literature review, followed by the analysis and discussions in Section 4. 
The final remarks and conclusions can be found in Section 5.

2. Methodology

This article aims to present how the COVID-19 pandemic has affected and contin-
ues to affect national and global supply chains, especially in the last link of the chain, 
the consumer. This section aims to show how this work was compiled.

An exploratory research was carried out to list, in amongst the countless existing 
supply chains, those which were directly impacted by the COVID-19 pandemic, such 
as a sudden increase in product demand, or several changes in consumer behavior 
during the most diverse stages of the pandemic. The research was conducted using a 
systematic search engine on targeted websites and applications, in which, by means 
of delimited keywords, it was possible to identify articles and reports published from 
January 2020 to October 2021, as specified in Table 1.

Among all articles found in the systematically structured research, it is possible 
to identify the effect of the COVID-19 pandemic on the supply chain in two specific 
sectors: e-commerce and food supply. In addition, as the aim was to globally assess 
these impacts, it is possible to collect data in the specified period from January 2020 to 
October 2021, simply by inserting specific keywords with names of countries, such as 
Brazil, United States, Mexico, England, Spain, France, Italy, for instance.

A bibliometric and exploratory research is of significant help in the decision-
making process, because researchers can explore, organize and evaluate large masses 
of data which, if not evaluated with a more structured method, will not accurately 
generate such valuable results for decision-making [1]. By organizing this data, it is 
possible to reach a conclusion.

This work presents a combination of qualitative and quantitative research, as 
stated by [2], “qualitative research provides a better vision and understanding 
of the context regarding the issue, while quantitative research seeks to quantify 
the data by means of statistical analysis”. Firstly, the whole pandemic scenario 
was contextualized, and afterwards, a data analysis was carried out on consumer 
behavior.

This study also intends to show, among a variety of risk mitigation strate-
gies which happen during chain interruptions, those which successfully enabled 
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companies to deal with disruptions and measures which could have been taken to 
avoid further losses and maximize profits.

Table 1 demonstrates the structure and research methodology applied, as well as 
sites, applications and keywords used.

3. Bibliographical review

This section will outline the literature review done, so as to present the main 
concepts present in the course of the work. The themes covered are as follows: supply 
chain, pandemic impacts in North America, pandemic impacts in Europe, e-com-
merce, pandemic impacts in e-commerce in Brazil and supply chain resilience (SCRes).

3.1 Supply chain

In [3] a supply chain is defined as “a network of organizations which are connected 
and interdependent of each other, working cooperatively to control, manage and 
improve the flow of materials and exchange of information from suppliers to end users”.

A supply chain, in addition to all activities which it involves, such as input purchas-
ing, storage, transport, packaging, sales and distribution, incudes all physical infra-
structure and processes that support the operations. In other words, the supply chain is 
made up of physical elements, as well as planning and operational processes [4].

It is important to emphasize that a well-developed supply chain, which functions 
appropriately, is a major competitive differentiator. Lambert and Cooper, [5] claims 
that one of the most important paradigm shifts occur when companies, nowadays, 
do not compete with one another, nor does a product compete with another product, 
instead, the competition would be of one supply chain against another. That, in turn 
will reinforce the need to establish a strengthened chain management able to stand in 
good stead, should any adversities appear, as shown in Figure 1.

Sites and 
applications

Journals and academic magazines Keywords

Scielo International Journal of Production Research Supply chain + COVID

Eric International Journal of RF Technologies 
Research and Applications

Supply chain + e-commerce

Google Scholar Emerald Insight: Discover Journals, Books & 
Case Studies

Supply chain + pandemic

Capes Brazil International Journal of Supply and 
Operations Management

e-commerce + pandemic

BDTD International Journal of Supply and 
Operations Resilience

Supply chain management + COVID

Research Gate Brazilian Journal of Production Engineering Supply chain management + COVID 
+ impact

Brazilian Journal of Operations & Production 
Management

Supply chain food + COVID

Source: The author.

Table 1. 
Search structure.
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The several organizations involved, in addition to the large amount of information 
and materials that circulate both ways, only emphasize how dependent each member 
is of the other, and events which disrupt the balance of the chain can cause great harm 
to the parts involved.

3.2 Pandemic impacts in North America

According to [7], the COVID-19 pandemic has been one of the most significant 
events to disrupt the supply chain in recent history, and it is also likely to weaken 
many organizations globally. In an attempt to prevent the spreading of the virus, most 
governments around the world have responded with the implementation of human 
restriction measures. As there were no pharmacological treatments at the beginning 
of the pandemic, such as vaccines, border closures and quarantines, all of which 
proved to be extremely challenging to combat, as symptoms appeared at different 
levels of intensity in patients [7]. Global response has severely impacted international 
supply chain operations [7]. The National Association of Manufacturers (NAM) 
conducted a survey of its 558 members in the United States on the impact of COVID-
19, and found that more than 78% of its members expected a serious financial impact 
on their businesses due to the uncertainty caused by the pandemic [8].

Another study by (PricewaterhouseCoopers) (PwC) reports that 87% of multi-
sector companies in Mexico and the United States were very concerned about the 
disastrous impact of the pandemic [9].

As explained by Baldwin and Tomiura in a publication of 2020 [10], it can be 
predicted that the financial impact caused by COVID-19 on the manufacturing sector 
alone, will almost triple.

They state that, initially, the concentration of the disease was mainly in the world's 
manufacturing center (East Asia), and its spread to other industrial powers in the US 
and European Union (EU) would therefore create direct and massive disruptions in 
supply, which in fact did occur. Such sudden supply disruptions would then cascade 
to other industries in less affected countries due to the contagion effect on the supply 
chain. Eventually, macroeconomic declines in aggregate demand, along with delays in 
investment by companies, will undoubtedly generate countless disruptions.

Figure 1. 
Supply chain flow. Resource base: (Capacity, Information, “Core” competencies, Banking). Source: [6 , p. 9].
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Thus, both the vulnerability and the complexity of supply chains spread and trig-
gered the effect of the pandemic, even in countries that initially did not suffer from 
the disease itself. China's large share of global trade and its expressive significance in 
the supply chain amplified the economic repercussions for other less affected markets. 
Even if the peak of the outbreak were short-lived (something that notably did not hap-
pen), with gradual recovery in production and demand in the coming months (which 
also did not occur), it still posed a substantial threat to global growth in 2020 [11].

No business sector was immune to the effect of the pandemic. Given the  
economic importance, considerable supply and demand shocks were not leveled in 
firms and industries. The impact of COVID-19 on different business sectors may vary 
due to differences in supply and demand patterns [12]. While some sectors saw a drop 
in demand, others saw a sudden increase. As people began to follow government calls 
to stay at home, some industries such as car manufacturing, crude oil production and 
transportation saw a decline in demand. In contrast, most tech companies experi-
enced an increase in demand. Companies operating in the healthcare sector experi-
enced a sudden surge in demand which has proved to be a tall order to meet in such a 
short period. Service companies that rely heavily on tourism and travel were also one 
of the first to suffer from a very strong and unexpected decrease in demand.

As this work unfolds, it aims to show specific cases where impacts of the pandemic 
are more evident, such as in e-commerce in Brazil, as well as certain effects of the 
pandemic in Europe because these were sectors where significant changes in con-
sumer behavior were noticed, besides a substantial amount of other collected com-
parative data used to carry out the study. The response strategies used to mitigate the 
supply chain risks caused by the ongoing pandemic will also be respectively shown, 
compared and analyzed.

3.3 Pandemic impacts in Europe

A shortage in food is inevitable, considering the initial approach to combat the 
pandemic. The food supply chain is a complex web which includes producers, agricul-
tural inputs, transportation, factories, distributors and retailers.

According to experts, restrictions on transport and other blocking measures, such 
as the implementation of greater control over sea cargo, the production process has 
suffered significant impacts. As a consequence, labor shortages started to unfold and 
prices peaked, which has led to food loss and waste. These obstructions normally 
prevent farmers from accessing markets, restricting their productive capacity and 
preventing them from selling their products [13].

As commuting and movement of people was restricted, restaurants that depended 
exclusively on face-to-face service were severely affected and had to be shut down. In 
Spain, for example, around 40,000 hotels, bars, cafés and restaurants had closed their 
doors by July 2020 (Le Parisien). To minimize this effect in England, the government gave 
a one-time cash donation of up to £25,000 to eligible restaurants, cafés, bars and pubs; a 
£1,000 bonus per employee to employers who retained employment contracts until 31st 
January 2021; besides paying 80% of salaries to employees placed on leave when establish-
ments shut down because of the quarantine and other restrictive measures [14].

As a form of recovery, the UK instituted the “eat out to help out” project, in which 
the government paid up to 10 pounds for meals made from Monday to Wednesday in 
restaurants across the country [15].

Lockdowns reduced the movement of people and prevented some workers from 
reaching their workplaces. Many sectors, including the fuel industry saw a decrease in 
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demand, as more people stay indoors, which consequently increased the price of fuels 
used by trucks to transport all sorts of materials.

On the other hand, the crisis also generated the need for innovations, creat-
ing opportunities for new business models in Europe and around the world [16]. 
Analyzed the implications of COVID-19 on food supply chains and reported that 
demand and supply shocks created during a pandemic mainly occur as a result of a 
change in consumer behavior. For example, the sudden urge to buy ready-to-eat foods 
caused several demand shocks, which led to labor shortages and disruptions to the 
transportation network. In addition, restrictions on transportation and delivery of 
goods across borders led to collateral shocks in food supply chains.

The change in consumer behavior can be seen in a survey carried out by the Reply 
platform, which collects data and performs analysis in the attempt to understand 
the progress of the pandemic and how it has affected society as a whole. Using the 
Quentin data research tool developed by TD Reply, which gathers data from Google 
Trends and Google Ads, it is possible to notice the effects. Figure 2 shows how the 
COVID-19 pandemic impacted the Food and Beverage sector in Europe in 2021.

One of the first major changes that appeared at the beginning of the pandemic 
was how the population purchased food. As bakeries, markets and restaurants were 
closed, many people turned to the online format to buy their food. There was a 140% 
increase in Europeans’ interest in buying food online in 2020 (data obtained through 
Quentin, a TD Reply's data research tool, Europe. 2019 x 2020).

The orange line represents the delivery rate of groceries, while the red line shows 
the delivery rate of ready-made meals. While the delivery of market products indicates 

Figure 2. 
Food delivery in Europe. Source: [17].
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large peaks, especially at the beginning of the pandemic on the European continent, 
the delivery of meals did not suffer great variations throughout 2020. This indicated a 
possible tendency of the European people to experience food consumption in a differ-
ent way, by ordering it from a specific restaurant and delivered to their homes.

Another aspect which underwent a major impact was how products were paid 
for. 87% of Europeans are willing to use less cash in the near future [18]. In addition, 
there has also been a greater concern with hygiene on behalf of establishments, in the 
attempt to reduce the circulation of banknotes, creating the perfect environment for 
the implementation and growth of new payment technologies, such as the QR code.

Figure 3 reveals how familiar the population was with the use of this technology in 
the same four European countries.

The orange line represents people who are not familiar with QR technology and 
the red line shows those who are, but do not know how to use it. Towards the end of 
2020, those countries revealed a gradual drop in both lines, which indicates a possible 
increase in the population's knowledge on the subject.

3.4 e-Commerce

The e-commerce segment is an important sales channel and development oppor-
tunity for B2C and B2B companies.

It is impossible to imagine our current globalized world without the internet and all 
the transactions that take place in it. Besides the fact that the internet is undeniably help-
ful and offers a wide variety of benefits, the ‘Internet of Things’ (IOT) and data clouds 
are on the rise. Together they can integrate and improve communication and data storage 
of organizations, working hand-in-hand with each other. As the IOT is able to capture 
and process information, cloud technology transfers information to other devices.

Figure 3. 
Knowledge of the QR code in Europe. Source: [17].



Operations Management and Management Science

120

The progressive digitization of commerce ensures fast communication between 
customers and companies and especially between companies that make up the same 
supply chain.

Organizations today aim to have a competitive edge over their contenders, con-
tinually considering the expansion of their businesses to reach different customers 
in different locations. This is not possible with a normal distribution channel, such 
as a physical store, or a single point of sale. This is achievable thanks to the Internet, 
available to anyone, anywhere. Similarly, modern supply chain management assists 
companies to reach an entire niche of customers in a healthy competitive way.

With an expressive rise in popularity in online sales, intensified mainly by the 
pandemic, further supply chain challenges have surfaced. Such challenges need to be 
resolved promptly in order for companies to be able to take advantage of the opportu-
nities that e-commerce creates for them.

As the pressure to adapt and improve increases, e-commerce strategies create both dif-
ficulties and opportunities for companies that use this type of technology to boost sales.

Here are a few of the many types of relationships established between  
e-commerce practitioners [19]:

• C2C (customer to customer)—transactions between consumers on online sales 
platforms.

• C2B (customer to business)—encompasses transactions between consumers and 
companies, usually initiated by consumers to compare prices.

• C2G (client to government) –involves transactions between citizens and public 
administration, such as taxes.

• B2B (business to business)—implementation of business procedures between 
two companies.

• B2C (business-to-consumer or business-to-client)—classic business-to- 
consumer transactions.

• B2G (business to government)—transactions between businesses and public 
administration, such as public contracts or bids.

E-commerce was one of the most positively affected sectors during the pandemic. 
A remarkable increase in sales took place and the production chain was put to the test 
in order to meet the high variation in demand.

3.5 Pandemic impacts on e-commerce in Brazil

According to the Brazilian Chamber of Electronic Commerce (ABComm), more 
than 135,000 Brazilian stores adhered to e-commerce sales in the first three months 
of the pandemic in 2020, with the aim of remaining active even after their physical 
stores had been shut down. Figure 4 represents the growth of e-commerce sales in 
Brazil since 2011. The comparison displayed only refers to the first semester. In other 
words, what we see is an immediate response to the beginning of the pandemic.

A report by Setores do E-commerce no Brasil, published and released by an agency 
named Conversion, in November 2020, proved that there was, in fact, a significant 
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growth during that period. Compared to the same period in 2019, 12 of the 15 sectors 
analyzed, presented a noticeable increase in online sales.

Pet products proved to be one of the markets with an expressive increase in 
e-commerce, with a leap of 60% in sales compared to 2019. The “food and beverage” 
and “home and furniture” sectors appear in second and third place, respectively.

After another year of COVID-19, with additional data collected from 2021 to be 
compared to, speculations that e-commerce would retract were utterly discarded. 
According to the report by Setores do E-commerce no Brasil, released by Conversion, 
a specialized agency in November 2021; e-commerce still presents positive rates 
although physical stores have been gradually reopening, with a 1.58% growth in 
October compared to September, that year.

Christmas, which is an extremely commercial period, can also be taken into account. 
Figure 5 reveals how consumers preferred to do their Christmas shopping in 2020.

I − 6 + n relation to the year 2021, a survey carried out by the National 
Confederation of Shopkeepers (CNDL) and the Credit Protection Service (CPS) 

Figure 4. 
The growth of e-commerce sales in Brazil. Source: Ebit | Nielsen via Meio & Mensagem.

Figure 5. 
Sales channels consumers intend to use for their Christmas shopping. Source: Conversion (2020).
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reveals that 77% of Brazilians are likely to go shopping at Christmas. Following the 
trend of online shopping, (45%) of consumers will purchase their goods on the 
internet, followed by (43%) in department stores and (40%) in malls.

Among those who will shop online, 37% should purchase almost all presents on 
the internet; 31%, half their presents; and 21% are estimated to buy all their presents 
that way. On average, 67% of presents will be purchased online. With an expectation 
of moving BRL 64.8 billion in the economy, according to the National Confederation 
of Store Managers [20], with the vast majority of consumers still opting for online 
shopping, e-commerce is expected to maintain its strength this year. Even though vac-
cination rates have advanced and shopping in physical stores should be on the rise, the 
trend of increased online shopping, which started at the beginning of the pandemic, 
is far from being cast aside. On the contrary, it will continue to grow strong.

3.6 Supply chain resilience

In reference to [21] resilience is defined as: “The ability of a system to return to 
its original state or move to a new, more desirable state after being disturbed”. SCRes 
refers to the ability of chains to prevent and withstand changes and recover the initial 
performance level after an unexpected disruption [22].

Much of the previous work on SCRes is related to quantifying the level of resil-
ience before developing response and recovery [23–26]. In the wake of a disruptive 
event, significant participants in supply chains should be able to anticipate, be pre-
pared and understand the extent of the impact caused by a disruption. They ought to 
generate strategies, so as to respond as quickly as possible to the impacts and redesign 
their resources to strengthen competencies and adapt to the resulting effects. Such 
modifications and the capacity for renewal to readapt allow for sound recovery from 
interruptions [25, 27]. The evaluation of SCRes in the literature has been dominated 
by theoretical and modeling approaches. The SCRes modeling and quantification 
approaches can be grouped under two different categories. The first category encom-
passes metric-based models that directly quantify (SCRes). In [23] five assessment 
metrics have been highlighted: economy, vulnerability, recovery time, uncertainty, 
and resilience-building considerations.

Other authors, such as [28–30] used performance loss to measure provider capac-
ity and service performance. In reference to [31, 32] recovery time was used when 
assessing the impact of disruptions on a supply chain.

The second category of quantification models does not measure (SCRes) 
directly, but rather attempts to assess resilience strategies. Hirotsu et al. [33] 
assessed supply chain vulnerability using a multiple inputs and outputs model for 
different mitigation strategies. Ghomi-Avili et al. [34] measured supplier support 
and inventory levels as a resilience strategy to maintain performance during an 
outage. Hosseini and Ivanov, [35] evaluated (SCRes) by measuring supplier segre-
gation, including geographically grouped suppliers.

However, despite the wide variety of theoretical studies which can be found, most 
emphasize the need for further empirical research on (SCRes), especially during out-
breaks and disruptive events. Furthermore, previous literature on (SCRes) has mainly 
focused on exploring the facilitators, antecedents, common practices, capabilities 
and competencies needed to build resilient supply chains, without any emphasis on 
strategies to manage disruptions [36].

According to [25], these factors somehow form strategies to build (SCRes), 
and incorporate concepts such as the improvement of the supply chain in terms of 
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promptness and better visibility, with the enhancement of flexibility, eliminating 
redundancies and optimizing the overall collaboration between partners. By doing 
so, it was possible to identify several SCRes strategies proposed in previous studies, 
which are summarized in Tables 2 and 3. Those are classified into two categories, the 
proactive and the reactive strategies.

Proactive strategies are primarily technology-oriented and rely on developing 
technical infrastructures such as digital connectivity and supply chain automation 
to prevent future disruptions [37, 38, 41]. Hosseini and Ivanov, [42] pointed out the 
location and regionalization of supply, while [51] delved into integrated approaches to 
supply chain risk management.

Proactive strategies Description References

Digital connection The IOT and block chain Technology are proving to have great 
potential to boost SCRes through high connectivity, accuracy and 
transparency.

[37–40]

Supply chain 
automation

Regards the systematization of physical workflow and 
information throughout the supply chain for process 
improvement. This implies the use of technologies to minimize 
the dependence between people from different companies.

[37, 38, 41]

Supply chain 
regionalization/
location

Both supply and processing are located within the same region 
to meet local demand and reduce supply chain integrations. 
Consequently, risk is maintained within a specific region.

[42, 43]

Supply chain 
collaboration

Companies of all levels should work in synchronicity with each 
other in order to anticipate, predict and prevent potential threats 
to supply.

[36, 39, 43, 44]

Human capabilities Involves human analysis of vast amounts of information and 
data, in which critical points are monitored and controlled in an 
entire supply chain system.

[36, 45]

Source: The author of this work adapted from [46].

Table 2. 
Proactive supply chain risk mitigation strategies.

Reactive strategies Description References

Big data analytics 
(BDA) and real-time 
information systems

Supply chain information systems use BDA to collect, process 
and extract meaningful key insights from real-time data across 
a supply chain to support appropriate and timely decision-
making strategies.

[46, 47]

Virtual markets Involves the development of digital markets for the delivery of 
products and services.

[39, 48]

Test running Test running has proved to be efficient in decision-making 
scenarios, as it deals with the uncertainty and complexity of 
problems related to supply chains.

[7, 38, 49]

Business continuity 
planning

Business continuity planning is extremely important when it 
comes to creating processes for the prevention of and recovery 
from potential disruptions in supply chain systems. (This can 
also be considered a proactive strategy.)

[27, 50]

Source: The author of this work adapted from [46].

Table 3. 
Reactive supply chain risk mitigation strategies.
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Other authors have proposed strategies related to a more social aspect, focusing on 
a social supply chain [42] whereas, [45] took to the subject of human capabilities.

Reactive strategies, on the other hand, mainly rely on a real-time information 
system and are based on decision-making with the use of data [46, 47], the creation of 
virtual markets in [48] and by means of supply chain simulation resources [38].

Some strategies, such as digital resource development and supply chain collabora-
tion, can be both proactive and reactive, depending on the timing and purpose.

In a time as complicated as a pandemic, with huge variations in price, demand and 
consumer behavior, as shown in previous sections, developing a resilient supply chain 
is essential for a business to thrive.

4. Analysis and discussion

The previous sections of this article aimed at contextualizing the COVID-19 
pandemic and its effects on supply chains. It also included data on consumer behavior, 
as well as certain strategies made to combat possible disruptions which took place in 
supply chains and how to counteract their effects in resilient way.

Among the supply chains shown, e-commerce stood out and happened to be an 
important escape valve at the beginning of the pandemic, which allowed some stores 
to remain in activity. More than 135,000 Brazilian stores adhered to e-commerce sales 
in the first three months of the pandemic in 2020, according to the ABComm.

Despite the advances of vaccinations and the reopening of businesses worldwide, 
online sales will continue to conquer space and become an excellent source of income 
for companies. For example, most customers are more likely to do their Christmas 
shopping online in 2021, as shown in Table 4. Yet, those figures indicate the sum of 
percentages combined and therefore exceeds 100% because products were purchased 
in different ways by the same customer. However, online shopping is always their 
first choice. This falls under the reactive strategy “developing digital marketplaces to 
deliver products and services” [39, 48].

Still on the topic of reactive strategies, in addition to those mentioned above, all 
strategies operate by means of technology, whether by test running, information 
systems or big data. It is crucial to elicit that the application of these strategies is of 
paramount importance, as they collect and process data in real time, and offer vital 
support to decision-making processes, preventing the mechanisms in a supply chain, 
from making wrong and hasty decisions that can affect the product flow, as well as the 
information exchange needed.

Undeniably, technology plays an important role in all stages of the supply chain. 
Consequently, the flow of information and goods is optimized, and disruptions may 
be prevented.

When it comes to food supply chains, all proactive strategies ought to be put to 
work under the best possible conditions. The use of technology is essential for a good 
flow within the chain, in terms of products or information. As there was an increase 
of 140% of food bought online in Europe in 2020, markets, which were able to suc-
cessfully respond to that abrupt demand, gained significant competitive advantage 
over others.

On the other hand, as the movement of people was restricted, restaurants that 
depended exclusively on face-to-face services were severely affected and were forced 
to shut down. Under such conditions, bars and restaurants may target customers who 
enjoy eating out by investing in marketing strategies. As a result a large number of 
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people could be attracted to their establishments. However, the reactive strategies of 
these companies must be very well defined, as new variants of the coronavirus can 
emerge at any time, generating new waves of infections and local services may need 
to be closed. The regionalization of supply chains could have been adopted, among 
other proactive strategies, not only to mitigate the risk of disruptions during the 
pandemic, but also avoid future problems [42, 43]. When sourcing and processing 
are located within the same region, the risk remains within the same domain. As the 
pandemic started in China, a country where several supply chains branch out at their 
initial stage to other parts of the world, many other countries which had not yet suf-
fered from the virus itself, were already heavily impacted due to the lack of supplies. 
If there was less dependence on this global hub, perhaps countries like Brazil, would 
be able to have a better response to the disruptions caused by the pandemic.

Still on the subject of technology, it is essential that all companies, not just bars 
and restaurants, adapt to the new reality of banking transactions. As most of the 
European population has become more knowledgeable about QR code technology, 
better purchase conditions have been offered to customers and therefore, Europe is 
more likely to prevent a breakdown in the last link of the supply chain.

Furthermore, the pandemic caused a change in consumer behavior due to disrup-
tions in global supply chains. As a result, consumers have become more dependent on 
their closest communities. As fresh food, fruits and vegetables are delivered to them 
faster, people have adopted healthier eating habits. Moreover, by reducing consump-
tion, avoiding waste and recycling materials, economy has become more circular.

5. Final considerations

This work aimed to present how the pandemic has affected and will continue to 
affect supply chains. It looked into the impacts caused by the pandemic, such as unex-
pected demand variations, changes in consumer behavior and how to mitigate sudden 
risks by using reactive strategies like e-commerce. That led to companies adapting 
their activities to a completely new reality of constant change and inconsistency.

The objective of this work was successfully achieved by researching data from 
reliable sources, acquiring a substantial amount of information to be analyzed, which 
not only allowed for a clear demonstration of the impacts on consumer behavior in 
Europe, North America and Brazil, but also to list strategies that were used to mini-
mize risks, enabling companies to adapt to this new reality.

However, as it is a recent and ongoing issue, it was challenging to encounter more 
factual data regarding the effects in other continents, such as Africa and Oceania, in 
order to perform a truly global analysis.

As this work was completed in the first fortnight of December 2021, it was not 
possible to analyze and compare how Christmas shopping figures actually differed 

The Internet 45%

Department stores 43%

Shopping malls 40%

Source: The author of this work.

Table 4. 
The most popular purchasing methods for Christmas 2021.
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from the previous year. No compilation of data on European consumer behavior in 
2021 was available, making it impossible to compare figures to those in 2020. This 
data can be explored in future work, with the compilation of information in future 
years, so as to confirm whether consumer behavior has really changed and set new 
trends, or if it was only temporarily induced by the incidence of the pandemic.

There is also a future perspective of several possibilities for achievable improve-
ments to be implemented throughout the production chain.

Using the test-run method, it would be possible to develop a model to predict 
whether the trend of online shopping in supermarkets would continue. In other 
words, fewer consumers would physically go to shops and stores, which would make 
such locations redundant, and which could then be adapted to any sort of existing 
need. That would consequently reduce costs, allowing for investments to improve 
customer experience, from user interface to delivery and consumption.
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Chapter 8

Capacitated Clustering Models
to Real-Life Applications
Marcos J. Negreiros, Nelson Maculan, Augusto W.C. Palhano,
Albert E.F. Muritiba and Pablo L.F. Batista

Abstract

This chapter considers the use of different capacitated clustering problems and
models that fits better in real-life applications such as household waste collection,
IT teams layout in software factories, wholesales distribution, and staff’s home collec-
tion or delivery to/from workplace. Each application is explored in its regular form as
it is being developed by contractors and/or users. We consider for each application the
aspects of solving the problem by the appropriate mathematical programming model
and decision support methodology (using aggregated Geographical Information Sys-
tem and mobile technology) to hold correctly and most precisely the problems and
difficulties related to instances in evaluation. The experience on these fields is here
revealed in detailed form as the results obtained by using the techniques here
explained.

Keywords: capacitated clustering problem, capacitated centerd clustering problem,
mathematical modeling, decision support systems, optimization

1. Introduction

Clustering is a problem related to the process of assigning individuals to several
disjoint partitions. Clustering problems can be classified in several ways. The meth-
odology related to this study borns with the min-sum of squares clustering problem
(MSSCP), [1, 2]. Its objective is to minimize the function of the least-squares distance
between individuals to the geometric center of their partitions, such that the number
of clusters to be built is known. This nonlinear binary problem is NP-Hard and can fit
to several analytic applications such as classification, machine learning, partitioning,
covering, location, and it is fully used by researchers to follow solutions to diverse
type of important optimization problems linked with artificial intelligence (AI), [3–8].

To better understand the problem mathematically, suppose we have,
I: the set of individuals/items (∣I∣ ¼ n).
J: be the set of centers (∣J∣ ¼ m).
∣J∣ ¼ p: is the fixed number of clusters.
p: can also be the number of clusters.
L: is the set of the dimensions of the Euclidean space. L ¼ 1, 2f g and l ¼ ∣L∣.
ai ∈Rl: is the coordinate of an individual i.
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xij ¼
1, if the individual i is assigned to the center j
0, otherwise

�

yj ∈Rl: is the cluster center j.
The MSSCP can be formulated as:

MSSCPð Þ Minimize
X
i∈ I

X
j∈ J

ai � yj
���

���
2

2
xij , (1)

Such that :
X
j∈ J

xij ¼ 1, i∈ I, (2)

yj ∈Rl, j∈ J, l∈L, (3)

xij ∈ 0, 1f g, i∈ I, j∈ J: (4)

In the MSSCP model, the objective function (1) minimizes the total Euclidean
distance from the items to their centers. The constraint (2) indicates the unique
assignment of each item to a center of the cluster. Finally, constraints (3) and (4) refer
to the decision variables. The MSSCP problem is NP-Hard, as indicated by Hansen &
Jummar [3].

The continuous relaxation for MSSCP whose objective function is neither convex
nor differentiable can be modified to be differentiable and convex.

The following mathematical development is in the work of [9], and it is a new
formulation for the MSSC problem.

Let aik ≥0, k ¼ 1, 2, … , l be the coordinates of the given point ai ∈Rl, i∈ I. It is
not difficult to consider a hyper-cube in Rl, whose edge length is M, in which all
points ai, ∀i∈ I are included (M is the maximum dispersion between any two points
of P).

We know that xij ∈ 0, 1f g, i∈ I, j∈ J, so we can write the following,

ai � yj
���

���
2

2
xij ¼ x2ij

Xl

k¼1

aik � yjk
� �2 !

¼
Xl

k¼1

x2ij aik � yjk
� �2

, i∈P, j∈ J:

Consider zi ≥0, i∈P, we can write:

zi þM 1� xij
� �

≥
Xl

k¼1

aik � yjk
� �2

, i∈P, j∈ J:

The MSSCP can be rewritten as:

MSSCP0ð Þ Minimize
X
i∈ I

zi , (5)

such that :
Xl

k¼1

aik � yjk
� �2

�M 1� yij
� �

� zi ≤0, i∈ I, j∈ J, (6)

zi ≥0, i∈ I, j∈ J, (7)
X
j∈ J

xij ¼ 1, i∈ I, (8)
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xij ∈ 0, 1f g, i∈ I, j∈ J, (9)

yj ∈Rl
þ, j∈ J: (10)

Quadratic constraints (6) form a convex set. This MSSC model can be
implemented with success using XPRESS, CPLEX, and GUROBI optimization soft-
ware because they already consider these constraints, then they can solve instances up
to 1480 items, [10].

From location problems, the generalized p-median problem (gpMP) was intro-
duced by Negreiros et al. [11] to be a kind of problem defining clusters by the
individuals assigned to p-centers (items that are medians of the groups) that are
closest to the sum-of-distances from the others of the same group. This new problem
is linear and binary, and it is also NP-Hard. It is equally important in many analytic
applications as the ones here developed.

For the Generalized p-Median Problem (gpMP) consider:
I: is the set of individuals.
J: is the set of possible medians (all individuals), J ⊆ I.
K: is the set of groups;
dij: is the shortest distance from individual i to its median j.
Mj : Auxiliary variable.

gkj ¼
1, if median j used a cluster k from the set of possible groups

0, otherwise

�

xij ¼
1, if an individual i is assigned to individual j the median of the group

0, otherwise

�

The gpMP can be formulated as:

gpMP
� �

Minimize
X
i∈ I

X
j∈ J

dij xij , (11)

Such that :
X
j∈ J

xij ¼ 1, i∈ I, (12)

xij ≤ xjj, i∈ I, j∈ J, (13)
X
i∈ I

xij ≥Mj, j∈ J, (14)

X
k∈K

gkj ¼ Mj, j∈ J, (15)

gkj ∈ 0, 1f g, j∈ J, k∈K, (16)

xij ∈ 0, 1f g, i∈ I, j∈ J, (17)

Mj ∈ 0, 1f g, j∈ J: (18)

In the gpMP model, the objective function (11) minimizes the total distance from
the items to their median centers that are items from the set of items. The constraint
(12) indicates the unique assignment of each item to a median of the cluster.
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Constraint (13) refers to the existence of a median if there is an assignment to it.
Constraints (14) and (15) refer to a generalized assignment between items and their
related median. In the constraints (16)–(18), we have the decision variables. The
gpMP problem is also NP-Hard, [11].

A solution for both MSSCP and gpMP of a classical 50-item instance German Towns
(Figure 1a) and four centers can be seen in Figure 1b and c. In both problems, we find
the same structure of partitioning for clustering, but with different objectives and
final solution representation. In the MSSCP, the final centers of the clusters are not
part of the instance but with gpMP the centers are all part of the instance and the
solution, Figure 1(c).

The introduction of knapsack constraints to clustering problems was done by
Mulvey & Beck [12] when they proposed the capacitated p-median problem CpMP. In
this step, the clustering problems find a new research development segment in real
applications. It is also a linear binary NP-Hard problem, because of this it became
widely studied by many authors. In this problem, the capacity of each median can be
distinct. The problem can be represented as follows:

I: is the set of individuals/items (∣I∣ ¼ n).
J: is the set of medians (∣J∣ ¼ m). ∣J∣ ¼ p is the fixed number of clusters.
p: is the given number of clusters/medians.
dij is the distance from individual i to its median j.
qi: is the demand of an individual i.
Qj: is the maximum capacity of median j.

xij ¼
1, if the individual i is assigned to the median j;
0, otherwise:

�

yj ¼
1, if an individual j is assigned to be a median

0, otherwise:

�

Figure 1.
Different clustering solutions of the same instance for distinct models and objectives. (a) Instance German Towns.
(b) MSSC instance solution. (c) gpMP instance solution.
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The CpMP can be formulated as:

CpMPð Þ Minimize
X
i∈ I

X
j∈ J

dij xij , (19)

such that :
X
j∈ J

xij ¼ 1, i∈ I, (20)

xij ≤ yj, i∈ I, j∈ J, (21)
X
i∈ I

qi xij ≤Qj yj, j∈ J, (22)

X
j∈ J

yj ≤ p , (23)

yj ∈ 0, 1f g, j∈ J, (24)

xij ∈ 0, 1f g, i∈ I, j∈ J, (25)

The objective function (19) minimizes the distance between medians and items
assigned to each median. The constraint (20) defines that every item is to be assigned
to exactly one median. The constraint (21) complements constraint (20) to indicate
each item may be assigned to some other item that is used as a median. The constraint
(22) considers the items demand may not overpass the limited capacity of the median
they are assigned to. The constraint (23) limits the number of medians used from the
set of medians. The constraints (24) and (25) refer to the decision variables of the
problem.

At first it is considered that the set of medians are disjoint from the set of items,
and as can be observed each median has its own maximum capacity, [12]. Figure 2a
shows an instance of the CpMP where the set of items is in yellow squares
(qi ¼ 1, ∀i∈ I) and the set of medians appear in brown squares (maximum demand as
shown in the label inside the square), Q ¼ 8, 7, 9, 11, 10½ � from top left to bottom right
corner. In Figure 2b, we have the optimal solution of the model considering the
situation proposed, [11].

Figure 2.
CpMP instance and solution. (a) Capacitated p-median instance. (b) CpMP optimal solution of the
instance (left).
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If it is desired to extract medians from all the items by using different capacities,
the different values of capacities may be repeated for each item in the set of medians.
In this case, it is necessary to include a new set of constraints to avoid the use of more
than one median between copies of the same item. The same model may be repeated,
with the addition of this new constraint. Figure 3a shows the situation (instance)
where there are no vertices previously defined as medians, instead all of them could be
a median with capacity in Q ¼ 8, 7, 9, 11, 10½ �. Figure 3(b) shows the result of the
model obtained for this instance, [11].

If one wants to consider a direct model that solves the situation of selecting the
best median from the set of items, once all the items can absorb all the capacities, a
new model may be formulated, which we call generalized heterogeneous capacitated
median problem (gHCMP). In this model, the variable xjj ∈ 0, 1f g may represent the
item that will be selected as the median from the set I, j∈ Ið Þ, it will use the appro-
priate assigned capacity. The order of the median is represented by the variable
gkj ∈ 0, 1f g, when it activates the capacity Qk of median j assigned to group k. Now, it
is not known a priori what is the assigned capacity for an item that will be chosen as
median, the model decides by itself, [11].

For the Generalized Heterogeneous Capacitated Median Problem (gHCMP),
consider:

I: is the set of individuals.
J: is the set of possible medians (all individuals).
K: is the set of groups.
dij: is the distance from individual i to its median j.
qi: is the demand of individual i.
Qk: is the maximum capacity of median k.
Mj,Fj: are auxiliary variables;

gkj ¼
1, if median j used a cluster k from the set of possible groups;

0, otherwise

(

xij ¼
1, if an individual i is assigned to individual j the median of the group;
0, otherwise

�

Figure 3.
gHCMP instance and solution. (a) A generalized heterogeneous capacitated median instance. (b) gHCMP optimal
solution.
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The gHCMP can be formulated as:

gHCMP
� �

Minimize
X
i∈ I

X
j∈ I

dij xij , (26)

such that :
X
j∈ I

xij ¼ 1, i∈ I, (27)

xij ≤ xjj, i∈ I, j∈ I, (28)
X
i∈ I

xij ≥Mj, j∈ J, (29)

X
k∈K

gkj ¼ Mj, j∈ J, (30)

X
j∈ J

gkj ¼ 1, k∈K, (31)

X
i∈ I

qi xij ¼ Fj, j∈ J, (32)

Fj ≤
X
k∈K

Qk gkj , j∈ J, (33)

gkj ∈ 0, 1f g, j∈ J, k∈K, (34)

xij ∈ 0, 1f g, i∈ I, j∈ J, (35)

Mj ∈ 0, 1f g, Fj ≥0, j∈ J: (36)

The objective function (26) minimizes the distance betweenmedians and each item
assigned to its median. The constraint (27) defines that every item has to be assigned
to exactly one median. The constraint (28) defines that once a median is used an item
can be assigned to it. The constraint (29) joins items to medians sets and medians to
groups sets. The constraints (30) and (31) warrant that each selected median assigns
just one group. The constraint (32) considers the sum of items demand assigned to a
median may generate a forward capacity. The constraint (33) indicates the forward
capacity for each selected median may not overpass the limited capacity of its assigned
group. The constraints (34)–(36) refer to the decision variables of the problem.

The gHCMP problem is NP-Hard as CpMP, [12].
The capacitated centered clustering problem (CCCP) was proposed by [13], con-

sidering a constrained process of min-sum clustering for a set of demanding individ-
uals on the Euclidean space. Once clustering can be performed in various ways, this
problem searches for solutions where limits are present on the capacity of the clusters
or even their size (maximum number of individuals per cluster). This problem is also
NP-hard and introduces interesting research topics for exploring combinatorial
optimization methods for solving it, [14].

Two problems were introduced by [13]: pCCCP and generalized CCCP (gCCCP).
In the first type, the capacitated constrained min-sum clustering is bounded by several
groups. Meanwhile, in the second generalized type, there is no limit on the number of
groups; however, a fixed cost is added to the objective function to open a new cluster.
To evaluate these problems, [13] prepared a set of test instances extracted from
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different sources (wholesale distribution, garbage collection, Euclidean TSP, and
capacitated p-median problem).

The literature explores several applications, such as in dry food distribution logis-
tics, designing zones for urban garbage collection, the territorial design of sales,
tropical disease control (e.g., dengue, chikungunya, zika, and yellow fever), agro-food
supply chain network, vehicle routing, bulk milk collection, routing subscribers of
newspapers, integrating commercial and residential pickup and delivery networks,
allocating emergency shelters to protect the local population during possible natural
disasters, computational biology, facility location, offshore wind farm electrical cable
layout, and IT teams placement on the floor of software factories, [11, 13–22].

In many of these applications, the pCCCP was also adopted as a sub-problem
to solve location-routing problems, capacitated clustering problems, districting,
substation placement problems, and capacitated and periodic vehicle routing [20–26].

In the following sections, we consider four applications: factory floors IT-Teams
layout in Section 2, logistic (wholesales, staff collection and dispatching) in Section 3,
health (EMS and dengue prevention, control, and combat) in Section 4 and waste
collection (domiciliar, selective, street sweeping, hill climbing) in Section 5. All these
contexts CCP are applied with different forms for each application. It is discussed in
detail the models proposed, it is considered the formulation and complexity of the
appropriate CCP model used. For some of the approaches we discuss decision support
systems (DSS) we developed and we also include forward steps as vehicle routing
methodologies to complete the operational level. For the end, we include our experi-
ence with these models and DSS technology developed by us revealing the optimiza-
tion results we achieved in applications such as: IT-Teams, staff collection/
dispatching, and waste collection (domiciliary and human street-sweeping).

2. Layout in factory floors

Following we consider an important organizational problem that is performed
weekly in software factories, during the development of software projects by teams in
a software factory. The relevance of the CCP in this context was confirmed in two
major Brazilian software factories: DATAPREV and SERPRO by [11].

2.1 IT-teams layout in software factories

Just before and during the pandemic of COVID-19, the software factories were
managing their production by home office. This intent changed the behavior of
development teams and the interactions between their members. The living costs
highly dropped for factories but increased to their members (energy, food, etc.)
although the quality of life improved for most of them. But it confirmed that some
management problems may arise when dealing with dispersed teams: ensuring control
in completing critical tasks; supporting a feature that needs to be updated regularly;
always have some member of the team when a failure is detected or a new task need to
be implemented and others. Actual availability of very high-speed internet and
impressive software tools for communication by voice, video (alive and recording)
and data transfer interchange, between groups, the concept of agile development used
in software factories in Brazil changed most recently as labor regulations to deal with
home office.
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Home office and in-person office labor mixed structure is now evident in major
software factories, maintaining the obligation of regular meetings of teams in the
factory floor.

Schedules that alter the contingent of projects, or the opening and closing of pro-
jects, can motivate companies to move members between workstations, or even teams
between rooms or floors of the factory. When this movement is done without criteria,
it consequently disorganizes teams, separating members in dispersed places configur-
ing undesirable circumstances such as those already mentioned. The definition of the
layout of the teams can be complex in companies that have a high project turnover
rate and a large number of employees.

It is explained here a real problem Information Technology-Teams (IT-Teams)
project placement, from Brazilian federal company Dataprev. This IT company
operates as a software factory and relies on standardized development teams skilled in
different contexts.

Each project team has a number of people previously defined by managers in
accordance with the complexity or work effort estimated to the project. This number
is usually different between teams due to the different complexities of projects.

Dataprev’s project teams are located in a large hall of a building, where worksta-
tions are arranged in cells composed up to four stations. There were 121 workstations
where teams are allotted, see Figure 4.

In this context, it is a common problem to structure the layout of the factory
workstations in such a way that the distinct groups of the projects may maintain their
own members close to each other. There are many ways of building groups with
individuals of any kind and characteristic. Although humans are specialized in separat-
ing things to perform better decisions when partitions are to be the expected result, this
decision process is not possible when the number of individuals is high. When the
individual have a demand/offer and a limited capacity is involved while building the
groups, the resulting decision problem is more difficult because of its combinatorial
counterpart. Also, in this context, there are many ways of doing clusters of IT-Teams.

If one wants to consider a direct model that solves the situation of selecting the
best median from the set of items, once all the items can absorb all the capacities, the
appropriate model to be used is the generalized heterogeneous capacitated median
problem (gHCMP), previously defined.

Figure 4.
Dataprev enterprise IT-Teams layout.
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In Figure 5(a), it is presented an instance to layout workstations (points) in
Dataprev factory floor at Fortaleza/CE, and in Figure 5(b), it is presented the solution
of the model gHCMP, which can be used to solve the factory layout problem.

In fact, the process of layout is more dynamic than what is proposed. Projects end
and new projects arise in software factories. The management of this available staff is
another important problem that arises in the factory. For the layout, in fact it does not
move, because the new instance will run only over the workstations available. In fact,
this affect the general layout, and reconfigurations may be needed with minimum
change between actual layout.

3. Logistic

There are many problems in logistic that consider the use of decision support
systems to support strategic, tactical, and operational level of planning. These systems
appear most recently with great success in distribution. Most of them were designed
by using classical routing algorithms, but the most succeeded went to the area of
clustering, once they carry out more information than only distance to join customers.
Aspects related to the customers’ attributes (size, type of business, importance, etc)
are relevant for many distribution companies to prepare service plans oriented.

Following we discuss two problems related to human force: first in labor
(sales force distribution) and the second for the worker (staff collection and
dispatching).

3.1 Wholesales distribution

In wholesales distribution, actually practiced in Brazilian major cities, the retailer
owns its sales-force that is disperse in major cities boroughs, commercial corridors, or
downtown. There are several different types of goods to sell to many stores or gro-
ceries. Actually the salesmen are equipped with mobile systems that are used to obtain
the requests and/or propose offers to special customers along their area.

The market can be efficiently covered by:

1.Aggregating customers by their similarity in product consumption, revenues,
and distance proximity;

Figure 5.
Process to layout IT-Teams in Dataprev factory floor. (a) An instance to layout Dataprev IT-Teams. (b) Optimal
solution to a Dataprev layout instance.
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2.Aggregating by the number of customers per cluster.

The first aggregation process abovementioned is related to the attributes of each
customer of the market. Then it can be defined a specialized salesman to cover a
market accordingly to the product consumption.

The second is the constraint associated with the capacity to cover the market by a
salesman. This division is to define a workload of a day for a salesman or for the
sales-force.

It is common in certain markets that the sales-force can cover the market cus-
tomers’ in a week. Or periodically for some customers. The periodic time associated
with a customer depends on its relevance to the revenues or the type of product
associated with its market share.

The sales-force can be limited to the number of salesman, and it may be required to
be calculated the necessary salesmen to cover the areas considering the proposed
workload capacity and attributes requirements.

Bard & Jarrah [19] conducted a research on network design focused in a division
that considers commercial and residential customers separately, situation motivated
by their respective geographic densities and the size and frequency of their demand.
To construct driver work areas, the authors indicated that it is necessary to consider
the expected demand, vehicle capacity, time on the road, and aspect ratio of individ-
ual territories. This triggers a capacitated clustering problem with side constraints.
Based on a previously developed column generation algorithm, a case study was
conducted involving several scenarios that integrated two networks, to determine the
extent of the resulting benefits. The analysis indicated that a significant reduction in
fleet size could be achieved when the two networks were either partially or fully
combined. It also demonstrated that small reductions with respect to practice were
possible when they were separately maintained, with the added benefit that the
geometry of the resultant clusters satisfies certain desirable properties in terms of
their contours and aspect ratios.

The appropriate model to solve this type of problem was proposed by Negreiros &
Palhano [13] with CCCP. The general version is more appropriate when the sales-
force needs to be known, and the single version is appropriate to the case when the
sales-force dimension is known in advance.

3.1.1 A novel periodic capacitated clustering problem model

A new and more general model can be proposed to hold the periodic characteristics
above mentioned. Let us suppose that the generalized periodic CCCP can be
represented using the following set of parameters and variables:

l: dimension of the Euclidean space (l ¼ 2, in our case).
L: set of dimensions of the Euclidean space (∣L∣ ¼ l, in our case).
I: set of individuals.
J: set of clusters.
H: set of time horizon, H ¼ h1, h2, … , hTf g.
ai: vector of l dimension with the coordinates of the individual i.
T: period of time horizon.
f i: frequency of an individual i in T.
tbvi: minimum time between visits of an individual i during time horizon.
Qh

j : maximum capacity of a cluster j in time horizon h.
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qhi : demand of an individual i in time horizon h.
nhj : number of individuals in the cluster j in time horizon h.

xhj : vector of dimension l representing the coordinates of the cluster center j in time
horizon h.

yhij ¼ 1, if individual i is assigned to cluster j in time horizon h
0, otherwise

�

We consider the generalized periodic capacitated centerd clustering problem g
PCCCP as follows:

gPCCCPð ÞMinimize
X
i∈ I

X
j∈ J

X
h∈H

kai � xhj k yhij , (37)

such that :
X
j∈ J

yhij ¼ 1, i∈ I, h∈H, (38)

X
i∈ I

yhij ¼ nhj , j∈ J, h∈H, (39)

X
i∈ I

ai yhij ¼ nhj x
h
j , j∈ J, h∈H, (40)

X
i∈ I

qhi yhij ≤Qh
j , j∈ J, h∈H, (41)

X
j∈ J

X
h∈H

yhij ¼ f i, i∈ I, (42)

X
j∈ J

X
h∈H

h yhij ≥ f i � 1
� �

tbvi, i∈ I, (43)

xhj ∈Rl, nhj ∈N, yhij ∈ 0, 1f g, ∀i∈ I,∀j∈ J, ∀h∈H: (44)

The objective function (37) minimizes the Euclidean distance among individuals
assigned to the same cluster in horizon h. It is also possible to use min-sum-of-square
measure (minimize the total variance of the clusters). Constraint (38) assigns each
individual to exactly one cluster in time horizon h. Constraint (39) assigns the number
of individuals per cluster (nhj ) in time horizon h. Constraint (40) defines the centers of
each cluster (xnj ) in time horizon h. For each cluster center j in time horizon h,
constraint (41) limits the sum of the demands of its assigned individuals. Constraint
(42) refers to state the necessary frequency of the individuals during time horizon T.
Constraint (43) guarantees the interval between visits on the intervals for the same
customer. Constraint (44) refers to the domain of the decision variables.

The gPCCCP is nonlinear with linear constraints (38), (39) and, (41) and nonlinear
constraint (40). Its difficulty (NP-Hardness) can be found in the the center location
constraints (39) and (40), knapsack constraint in (41), the periodic component in (42)
and (43), and the partitioning process encapsulated in the problem.

The continuous relaxation for gPCCCP, whose objective function is neither convex
nor differentiable, can be modified to be differentiable and convex.

142

Operations Management and Management Science



For the nonlinear constraint (40), we can linearize them using more 0–1 variables,
as follows.

X
i∈ I

yhij ¼ nhj , j∈ J, h∈H,

and
X
i∈ I

aiyhij ¼ nhj x
h
j , j∈ J, h∈H:

implying

X
i∈ I

aiyhij ¼
X
i∈ I

yhij

 !
xhj , j∈ J, h∈H:

or
X
i∈ I

aiyhij ¼
X
i∈ I

yhijx
h
j , j∈ J, h∈H:

xhj ¼ xhj,1 xhj,2 … xhj,l
� � Τ

:

We have to compute yhijx
h
j,r, r∈L:

We replace :

yhijx
h
jr by zhijr, r∈L:

It is very easy to obtain lower bound LB ¼ �M and upper bound UB ¼ M>0 for
each xhjr.

�Myhij ≤ zhijr ≤Myhij, r∈L

�M 1� yhij
� �

þ xhjr ≤ zhijr ≤ xhjr þM 1� yhij
� �

, r∈L:

Therefore, we can rewrite problem gPCCCP as follows.

gPCCCP0ð Þ Minimize
X
i∈ I

X
j∈ J

X
h∈H

wh
ij , (45)

Such that,

wh
ij

� �2
≥
Xl
r¼1

mh
ijr

� �2
, wh

ij ≥0, i∈ I, j∈ J, h∈H, (46)

�M 1� yhij
� �

þ air � xhjr
� �

≤mh
ijr, r∈L, i∈ I, j∈ J, h∈H, (47)

mh
ijr ≤ air � xhjr

� �
þM 1� yhij

� �
, r∈L, i∈ I, j∈ J, h∈H, (48)

X
j∈ J

yhij ¼ 1, i∈ I, h∈H, (49)

X
i∈ I

airyhij ¼
X
i∈ I

zhijr, r∈L, j∈ J, h∈H, (50)
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�Myhij ≤ zhijr ≤Myhij, r∈L, i∈ I, j∈ J, h∈H, (51)

�M 1� yhij
� �

þ xhjr ≤ zhijr, r∈L, i∈ I, j∈ J, h∈H: (52)

zhijr ≤ xhjr þM 1� yhij
� �

, r∈L, i∈ I, j∈ J, h∈H, (53)
X
i∈ I

qhi y
h
ij ≤Qh

j , j∈ J, h∈H, (54)

X
j∈ J

X
h∈H

yhij ¼ f i, i∈ I, (55)

X
j∈ J

X
h∈H

h yhij ¼ f i � 1
� �

tbvi, i∈ I, (56)

xhjr ¼ xhj1 xhj2 … xhjl
� � Τ

∈Rl, j∈ J, h∈H, (57)

yhij ∈ 0, 1f g, zhijr ∈R, hijr ∈R, i∈ I, j∈ J, h∈H, (58)

air ¼ ai1 ai2 … ailð ÞΤ : (59)

Constraint (46) is second-order cone, which forms a convex set.

3.1.2 A spatial DSS to gPCCCP

Graphvs™ developed a new software tool that can hold a preliminary version of
this problem. In the DSS, SisRot FULL®, the problem solved considers the partition of
the customers for salesmen in two steps: first division of the coverage considering the
workload for the total time horizon, and second division of the coverage assigned to
each salesman along the time horizon. In this approach, the frequency to visit a
customer is unitary. The steps of the solution can be followed in Figures 6–8, where in
Figure 6a, it is seen all the customers to be visited in an area, in Figure 6a, it is seen
the customers assignment to salesmen. In Figure 6b, it is seen the division of the area
to be covered along 5 days of a week for two salesmen. In Figure 8a, it is seen the

Figure 6.
Process t layout IT-teams in Dataprev factory floor. Step 1 to build a clustering solution to sales force.
(a) Customers distributor position spreading in the city of Fortaleza/CE. (b) Covering areas of 50 salesmen.
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thematic routes (sequence of visiting customers) for each day of the week for
salesman 1 and in Figure 8b for salesman 2.

3.1.3 Structuring solutions in a spatial DSS

A tool to manage all the information and decisions into a spatial decision support
system is described by its architecture in the Figure 9. To better trace the solution and
assign to the decision process the solution to the sales-force in the next step. With the
solution, the assigned dispatch went to the selling system that deploys the routes of
customers’ visits to the salesmen.

In the SDSS exposed in Figure 9, it is presented the contents of a framework
of software that work in conjunction to deal with the problem of planning and orga-
nizing the salesmen force of a distribution company. The system is implemented in a
cloud unity (VPS) where its components can share information of its competence. The
major system is composed of two parts, the first is the spatial decision support system

Figure 8.
Step 2 building the routes per week of two salesmen. (a) Week covering routes of salesman 1. (b)Week covering
routes of salesman 2.

Figure 7.
The customers per week of two salesmen.
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(SDSS) SisRot Full®, and the second is a set of tools to manage information from sales,
sales force, and vehicles’ tracking and salesmen monitoring.

In the SDSS of the SisRot Full®, it has embedded a GIS and an SQL-Geodatabase
enclosed (ESRI™) that include all the necessary geographical information about the
place to plan, and the data from sales force and its constraints. The street network can
be also manipulated by the graph base modeling tools (GBMS) available that can
revise street status, forbidden turns and directions. As an analytical part of the SDSS,
it is presented sectoring and routing tools that contains a set of state-of-the-art algo-
rithms from routing and sectoring. These algorithms perform the preliminary solu-
tions that can be edited using productions available to move customers between
routes, reassign routes to new depots, create or delete routes, and many other. The
final solution can be sent to be viewed in different map tools such as Google Maps™
and Here Maps™ by using the software Routes®, to better evaluate the routes with
traffic conditions during their run. The final routes solution can be also assigned to the
salesmen (or driver) and can be scheduled accordingly the days of covering the
salesman’s set of customers.

External software for managing the maintenance of vehicles can be included such
as SisFrota®, and managing sales force such as ERPs from Baan, Totvs, SAP, and
many other. Graphvs™ most recently introduced a new tool to follow salesman while
in the field, it is called CherryTrack®. In this tool it is possible to follow any salesman
simultaneously and its results while they are selling using the manager tool, and it can
give to the salesman his route while he/she is walking/driving through the customers
assigned to the day of the work, including all the information about his results per
customer. The mobile CherryTrack Manager and Driver tools are developed to
Android and make great difference in performing and controlling the sales force in the
field.

The solution abovementioned does not include a more general frequency and
heterogeneous capacity (workload) between salesmen. Although we propose a more
general model, our proposition open new research opportunities for this application
that can be also fitted to Hospitaller Waste Collection, Inventory Routing, and many
other.

Figure 9.
SDSS for Wholesales planning distribution of salesmen force.
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3.2 Staff collection and dispatching

In the staff collection and dispatching problem, a company is contracted to pickup
and deliver the staff of the firm accordingly their turns using a fleet of special busses,
and considering that each trip does not exceed a maximum of time spend on traveling
(2 h) and the hour to arrive and leave from the workplace. There is a series of different
problems to solve, but location-routing and scheduling are the most common used
path to solve the problem.

In fact, the preliminary problem to solve is to locate bus-stops close to the staff’s
homes (at least 800 m far, by Brazilian law) and second to perform routes that pass
through the stops considering the capacity of the busses available, maximum time,
and other possible existing constraints. In fact the location-routing can be developed
in just one run. This problem was studied preliminarly by Madsen [27], Laporte et al.
[28], Laporte [29, 30], and Borges et al. [31]. It is being studied from the literature
mostly for school bus routing and scheduling, when there is a necessity to pickup and
delivery students in located bus-stops, [32, 33].

The use of original distance constrained and capacitated p Median Problem
DCpMP for the staff collecting and dispatching problem is a new form to understand
this problem, it can be defined in two stages for aggregating staffs to bus-stops close to
their homes and aggregate bus-stops to vehicles accordingly the staffs’ turns. The
CpMP problem was first proposed by Mulvey & Beck [12], here it is modified to be
DCpMP to define the placement of the bus-stops as follows:

I: be the set of individuals/items (∣I∣ ¼ n).
J: be the set of bus stops - medians (∣J∣ ¼ m).
∣J∣: is the fixed number of clusters.
p: can also be the number of clusters/medians.
dij: is the distance from individual i to its median j.
Dmax: is the maximum distance from staff’s home and its median.
qi: is the demand of an individual i.
Qj: is the maximum capacity of median j.

xij ¼
1, if the individual i is assigned to the median j

0, otherwise

(

yj ¼
1, if an individual j is assigned to be a median

0, otherwise

(

The DCpMP can be formulated as:

DCpMPð Þ Minimize
X
i∈ I

X
j∈ J

dijxij , (60)

such that :
X
j∈ J

xij ¼ 1, i∈ I, (61)

xij ≤ yj, i∈ I, j∈ J, (62)
X
i∈ I

qi xij ≤Qj yj, j∈ J, (63)
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dij xij ≤Dmax yj, i∈ I, j∈ J, (64)
X
j∈ J

yj ≤ p, (65)

yj ∈ 0, 1f g, j∈ J, (66)

xij ∈ 0, 1f g, i∈ I, j∈ J: (67)

The objective function (60) minimizes the distance between medians/bus-stops
and staff assigned to each median. The constraint (61) defines that every staff is to be
assigned to exactly one median. The constraint (62) complements constraint (61) to
indicate each staff may be assigned to some other bus-stop. The constraint (63)
considers the number of staff may not overpass the limited capacity of the bus-stop
they are assigned to. The constraint (64) considers the staff i can only be assigned to
bus-stop j if its distance is less than the maximum distance. The constraint (65) limits
the number of bus-stops used from the set of bus-stops. The constraints (66) and (67)
refer to the decision variables of the problem.

Figure 10a and b present the first step of the problem in the city of Fortaleza/CE,
in two situations: The geographical spread of the 79 employees of a local distributor
for a given turn and the candidate bus-stops. The solution is the selected bus-stops as
can be seen in Figure 11a. In more detail, we have the assignment of the employees to

Figure 11.
First phase of the staff collection and dispatching problem. (a) Bus-stops selection and assignment to each
staff’s home. (b) Detailed assignment of staff to bus stops.

Figure 10.
Homes distribution of the staff and candidate bus-stops. (a) Staff position for Staff Collection & Dispatching
Problem. (b) Candidate bus-stops for Staff Collection & Dispatching Problem.
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their closest stops in Figure 11b. It is also noted that the final solution can violate or
not the constraints of the problem, here it is seen that some employees are out from
the 800 m distance. In this case it is to the expert the preference to move to the next
bus-stop, or to indicate the worker has to take another way to go/back to work.

The second problem is to produce aggregated stops to perform the final bus routes.
As can be seen, Figure 12a presents the routes of the busses between stops and in
more detail the employees moving to their stops in Figure 12b.

Defining HCCCP as the basic model in this step, it is possible to build high-quality
routes. A post-optimization procedure can be performed to achieve time constraints,
which are not considered in the clustering steps. Applying an appropriate
metaheuristic such as GRASP+PR [34], ILS-VNS/VND [33], and TS-PR [35] the
procedure can converge to close to optimal solutions even for very large-scale
instances with homogeneous/heterogeneous fleet running with up to 10,000
employees and up to 500 vehicles. These solutions can be obtained in few minutes
(Figure 12).

3.3 Spatial DSS to staff collection and dispatching

Graphvs™ developed a spatial DSS solution using its SisRot Full® latest version to
help staff collection and dispatching location-routing and scheduling. In Figure 14 we
have the description of the architecture of this DSS framework.

The system is also implemented in a cloud unity (VPS) where its components can
share information for decision analysis. The major system is composed in two parts,
the first is the spatial decision support system (SDSS) SisRot Full where exists a
Graph-Based Modeling System (GBMS) that operates with many tools over the street
network, and the second is a set of tools to manage information from staff (their
address, place of work, shift, etc.), garages and places of work, available fleet and
vehicles’ tracking, and staff transportation monitoring.

In (Figure 13), the SDSS of the SisRot Full® has the same previous characteristics
available for the wholesales distribution and includes the tools and algorithms neces-
sary to support decision to locate candidate closest bus-stops to staff address, to select
the ones of minimum cost of location and edit solutions, to perform routes to collect or
dispatch staff. These algorithms perform the preliminary solutions that can be edited

Figure 12.
Second and third phase of the staff collection and dispatching problem. (a) Aggregation of bus-stops for the Staff
Collection & Dispatching Problem. (b) Final routes to the Staff Collection & Dispatching Problem.
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using productions available to move customers between bus-stops, routes, reassign
routes to new garages or final stops, create or delete routes, and many other. The final
solution can be sent to be viewed in different map tools such as Google Maps™ and
Here Maps™ by using the software Routes®, to better evaluate the paths to bus-stops
selected and routes accordingly to the hour to go from/to bus-stop/work. The final
routes solution can be also assigned to the driver and can be scheduled accordingly the
shift of the days of covering the staff.

External software for managing the maintenance of vehicles can be included such
as SisFrota®, and managing staff such as ERPs from Baan, Totvs, SAP, and many
other. Graphvs™most recently introduced a new tool to follow staff while in the field,
it is called CherryTrack®. In this tool it is possible to follow any staff while going/back
to/from work, and it can give all the information about his/her way to/back work/
home as position of the bus and approximate time to be at his bus-stop or to leave.

4. Health system

The use of spatial DSS for health system is still not evident in the health manage-
ment environment. DSS is in general tool for planning, but at least in Brazil, this
concept is avoided managers think like: “the problems are running and have to be
solved just with the available resources in the meanwhile.”

After understanding the particularities of the tactical and operational aspects of the
organization of each macro problem, it is possible to evaluate adequate techniques to
better approach the optimized organization. It is in fact difficult to achieve, but never
surrender.

Following we discuss two important problems of main concern worldwide:
Arbovirusis prevention, control, and combat using dengue as example; and emer-
gency medical systems, as they are run in Brazil, and as we here propose new
developments to them.

Figure 13.
Spatial decision support system for staff collection and dispatching logistic planning.
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4.1 Dengue disease control and combat

Dengue is still a very dangerous tropical disease provoked by arbovirus on infected
mosquitoes Aedes aegypti. It hurts millions of people around the world annually. The
mosquito is now responsible to carry out virus not only for dengue, but chikungunya,
yellow-fever, and zica, other dangerous diseases that hurt and kill in the same tropical
areas many human beings. The capture and extermination of the mosquito are the
major effort necessary by health municipality secretaries to avoid these diseases in
Brazilian urban areas.

Negreiros et al. [16] explain a number of clustering applications to hold the prep-
aration of different kind of problems to define the logistic of dengue disease control
and combat in tropical areas. The most important work in this process is made by
sanitary agents, actually called endemic agents.

The problem to manage endemic agents for covering restricted areas to control
focal and strategic points can be solved by the same generalized capacitated clustering
model, even for blocks or unitary real states that are spread in daily urban areas of
control.

From the gCCCP problem, it can be only inserted the canalized constraints (68) to
define areas of coverage limited to the agents minimum and maximum capacity to
visit real states in an epidemiological circle.

Qmin ≤
X
i∈ I

qi yij ≤Qmax, j∈ J: (68)

4.2 A DSS to this problem (Webdengue: manager)

A framework of computational systems Webdengue was designed to treat the
problem of endemic agents coverage in its many forms and populate with solutions to
better assign and optimize resources. The framework counts with a manager system
that is incorporated with the capacitated clustering DSS tool (calculate and edit solu-
tions) and the assignment tool to send to agents’ and supervisors’ mobile systems the

Figure 14.
New Webdengue computational framework.
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routes between real states to cover. In Figure 14 it can be seen the new structure of the
framework, since its modification performed in 2021.

The framework contains a system to process the information from the field that
comes from the mobile units and also that could be generated locally by the manager
about the status of visits and people affected by the arbovirusis, Figure 15a. Tools to
evaluate the territorial spread of the mosquito and the linkages with the human cases
were developed to permit planning to better prevent the outcome of the disease,
Figure 15b.

Most recently, Negreiros et al. [36] reported that it was included space-temporal
clustering tools to track the disease in the affected territories by using a new dynamic-
graph tool called Dynagraph, Figure 16a. Dynagraph is a space-temporal graph editor
developed by Calixto [37] and later improved by [38], which works as a data ware-
house to be adjusted to as many space-temporal applications as possible such as
epidemiological outbreaks of diseases, grid network expansion, aircraft transportation
network expansion, crime expansion, and so forth.

With this tool it is possible to see the changes between epidemiological weeks of
the territorial occurrences of the Aedes and human cases, and apply clustering
methods to forecast in the territory where will be in the next epidemiological week the

Figure 15.
Planning with Manager and visualizing focus and cases in city blocks with Webdengue. (a) Sectoring and routing
epidemiological agents between city blocks. (b) Focus X Human cases information cross.

Figure 16.
Using Dynagraph for space-temporal human cases prediction. (a) Evolution of cases between sequential
epidemiological weeks. (b) Forecasting cases using st-clustering techniques.
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places with cases of dengue, i.e., Figure 16a and b. In Figure 17 we can see target
circles where in this territory it is predictable to have human cases of dengue in
epidemiological week 20.

4.3 Urgent ambulance system

SAMU (Serviço de Atendimento Móvel de Urgência, or Emergency Mobile Care
Service, the same as EMS – Emergency Medical System) is a gratuity pre-hospitaller
system operated by the municipality 24/7 that is available in major Brazilian cities and
metropolitan areas, [39–41]. The logistic system is composed of four structures:
calling reception, urgency identification and dispatching, urgent mobile care, and
emergency hospital and clinics.

The calling reception and dispatching system (Central of Regulation) is composed
by specialized people and doctors that receives urgent calls, filter and dispatch the real
urgent cases to be serviced by a specialized unit and assigns the case to an available
and appropriate health unity. The urgent mobile care system is composed of a huge
structure of specialized ambulances that are equipped with appropriate care materials,
instruments, and human resources (doctors, nursers, paramedics, etc.) to deal with
the specific levels of urgent treatment needed to maintain the survival ability of the
patients. Once the patient injury is confirmed in the field by the local health agents in
operation, the calling operating system may renegotiate the better place for the ser-
vice. The ambulance goes directly to the assigned health unity, and after safety
delivery of the patient it is free to attend a new call.

The emergency service is regulated by international standards defined by World
Health Organization (WHO). The response time, i.e., the elapsed time between noti-
fication of an occurrence and the ambulance arrival at the scene, is about 8 min, Pons
& Markovchick [42]. This is the main performance measurement (challenge) of the

Figure 17.
Predictable areas of dengue occurrence.
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SAMU system. The Brazilian studies reveal that in medium cities such as Niterói/RJ,
Ribeirão Preto/SP, Ouro Preto, and Mariana/MG, and capitals such as Belo
Horizonte/MG and Rio de Janeiro/RJ, the response time is far to be achieved in
capitals, but it is close to normal in the medium cities evaluated, [40, 43–45].

The logistic problem here is to define the appropriate fleet and health team to
attend people in the diversity of the circumstances that exist in the emergency health
context. From other worldwide similar systems and by experience, the players
(municipality) already know the different types of infrastructure needed to attend
people. In Brazil, there are three types of mobile infrastructures: Basic Support Units
(BSU), Intermediate Support Units (ISU), and Advanced Support Units (ASU). These
units are composed accordingly the complexity of the emergency it is able to attend,
and it is assigned preferable to the one it is prepared for attending.

The problem resides in three major questions to answer:

1.How many units of each type is necessary?

2.Where (or how) is the (shape) region or locations they have to be based during
their daily service time?

3.What hospital do they have to be assigned to achieve the international standards?

Once the system works with great uncertainty on where the occurrences will be in
the space-time, the logistic problem is solved by adjusting a M/M/m Queueing Hyper-
cube model that considers atomic regions and their probability of emergency occur-
rence for each type of service, based on historical data, [40, 41, 46, 47]. By using this
model with the real dataset, the service units are placed along the atomic regions, and
the simulation is performed to first evaluate the equilibrium of the service in a day of
work, once the service times are satisfied, it is then observed the effect of removing
units from different regions, [41].

For major cities it may be relevant to consider several bases in the infrastructure.
These are places where the teams meet and the regulation center is installed, as the
inventory of health care material and the ambulances. In less concentrated cities, the
bases can be placed in hospitals when they are located in well-separated regions of the
city. But there are cities, as shown by Nogueira Jr. et al. [48], that evaluated optimi-
zation models in conjunction with simulation, where they verified that their deter-
ministic approach could minimize the time of service by reconfiguring the fleet,
reducing active bases and ambulance relocation. This research brought the essence of
the new model we are proposing here.

As it can be seen, the models proposed until now do not take care of reconfiguring
the coverage areas as the cities grows or as the number of valid calls come. There is no
capability of reaction, and no possibility of dynamic infrastructure revision while the
service is on the way. The congestion of the system that works on the normal condi-
tions has been evaluated, but the breakthrough of the actual infrastructure is not
considered. Dynamic location optimization models may be introduced for this
context. These models may concern to the stability of the system even if sporadic
congestion occur in the system.

In the CCP context, there are two possible problem approaches to be used: Dynamic
Generalized Multi-Capacitated Clustering Problem (DgMCCP) and a Dynamic Gener-
alized Multi-Capacitated Centerd Clustering Problem (DgMCCCP). In the first model
the bases are important to be selected for the logistic context, in the second model there
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is no base in fact needed to be selected, they are the hospitals that operate in the region
defined by the cluster at the end. Below we consider the DgMCCP.

Consider that a base can be either a hospital or a place without hospitaller infra-
structure but an infrastructure to keep medicine and other medical inventory and
garage to maintain the ambulances. Consider each candidate to be a base (median) has
a certain capacity for each type of service. Finally consider that a client must have only
one type of service. The following notation for the generalized Multi-Capacitated
Clustering Problem (gMCPP) can be placed:

I: The set of patients,
J: The set of candidate bases (medians),
K: The set of types of services.
H: The set of hospitals (with emergency units).
n: Cardinality of the set I, i. e., number of patients.
m: Cardinality of the set J, i. e., number of bases (medians).
CIj: cost to install a base j as center.
CAk: cost to allocate an ambulance of type k.
CTPk: transportation cost of an ambulance of type k.
thkij : Total time to attend the patient i from the (candidate) base j with service k to

hospital h.
qki : Demand of patient i with service k (Unitary).
Qk

j : The capacity of the (candidate) base j for the type of service k.

QAk
j : The maximum number of ambulances based on j of service k.

NAk: The number of ambulances of service type k.

xhkij :
1, if patient i with service k is assigned from base j to hospital h:
0, otherwise

�

yj :
1, if base j is used:

0, otherwise

�

gMCCPð ÞMinimize
X
j∈ J

CIj yj þ
X
k∈K

CAk NAk

þ
X
i∈ I

X
j∈ J

X
h∈H

X
k∈K

CTPk thkij xhkij ,
(69)

such that :
X
i∈ I

X
k∈K

xhkij ≥ yj, j∈ J, h∈H, (70)

X
j∈ J

X
h∈H

X
k∈K

xhkij ¼ 1, i∈ I, (71)

X
i∈ I

X
h∈H

qki xhkij ≤Qk
j yj, j∈ J, k∈K, (72)

X
k∈K

X
h∈H

xhkij � yj ≤0, i∈ I, j∈ J, (73)

X
k∈K

X
h∈H

xhkij ¼ NAk, i∈ I, j∈ J, (74)
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X
j∈ J

QAk
j ≤NAk, k∈K, (75)

xhkij , yj ∈ 0, 1f g,NAk ∈N, i∈ I, j∈ J, k∈K, h∈H: (76)

The gMCCP considers as objective (69) the minimization of the fixed cost to use
the structure of a base j and ambulances of types k, and the variable cost to attend all
patients to be serviced. In constraint (70) it is warranted the assignment of a base j
and than to the hospital h if there is at least one service to it. In constraint (71) it is
guaranteed that the service of a patient is assigned to at least a base hospital. In
constraint (72) the capacity of a base for any type of service stays at its limits.
Constraint (73) reinforces the existence of a base if there is a service to it. In constraint
(74) it is guaranteed availability of the number of ambulances to attend the patients.
Constraint (75) guarantees the number of ambulances per type is limited. Constraint
(76) defines the decision variables.

The dynamic nature of a clustering problem can be modeled as a linear function of
time as in the dynamic location problem, [49]. The uncertainty parameters of
the model are most often described through scenarios. A scenario is a possible reali-
zation of uncertain parameter values, [50–52]. In our approach, we consider the set of
fixed facilities along the planning horizon, with the adaptability to the service (growth
or decline) accordingly to the conditions of each scenario. In this approach, the
concept of regret function is used, which searches to minimize the impact of bad
choices of a set of facilities among the different scenarios of the planning horizon.

Consider that a scenario is composed by the patients of a single shift or workday. A
set of scenarios S is composed by a number of shifts or workdays that can be extracted
from the data set of services realized during the period of analysis. Consider as a regret
function to locate the bases, the function that minimizes the maximum difference of
cost to cover all customers per scenario using the best configuration and actual sce-
nario configuration. The new model can be placed as:

S: The set of scenarios.
r: is the final cost of the optimal regret.
z⋆ x, y,NAð Þ: is the cost of the optimal solution between scenarios.
zs xs, ys,NAsð Þ: is the cost of the solution of scenario s.
ghksij ¼ xhksij ¼ xs:

ghksij ¼ xhksij ¼ xs :
1, if patient i with service k is assigned to base j to

hospital h in scenario s
0, otherwise

8><
>:

ysj ¼
1, if base j is used in scenario s

0, otherwise

(

DgMCCPð ÞMinimize r, (77)

such that : ∣z⋆ x, y,NAð Þ � zs xs, ys,NAsð Þ∣ ≤ r, s∈ S, (78)

xhkij ≥ ghksij , i∈ I, j∈ J, k∈K, s∈ S, (79)

yj ≥ ysj, j∈ J, s∈ S, (80)
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r, z⋆ x, y,NAð Þ, zs xs, ysð Þ,NA,NAs ∈N, s∈ S, (81)

xhkij , yj, g
hks
ij , ysj ∈ 0, 1f g, i∈ I, j∈ J, k∈K,

h∈H, s∈ S: (82)

Constraints (78) should be replaced by:

z⋆ x, y,NAð Þ � zs xs, ys,NAsð Þ≤ r

and

zs xs, ys,NAsð Þ � z⋆ x, y,NAð Þ≤ r:

The gMCCP considers as objective (77) the minimization of the regret function.
Constraint (78) reports the maximum regret. Constraint (80) guarantees the coverage
of the optimal solution in the optimal solution of the scenarios. The constraint (81)
guarantees the bases (medians) used in the optimal solution can also be used in the
optimal solution of the scenario. Constraints (81) and (82) are the decision variables
dominion.

This dynamic model (DgMCCP) can be considered as a better and stimulating
challenge for the SAMU problem, once it considers the real data as inputs. The
simulation step can also be used to evaluate the precision of the model and its
response. The model in itself is in NP-Hard complexity, as the versions proposed by
[48, 53]. Important to notice that the bases are not known in advance (although there
are given candidates), and it is an output of the model between scenarios, as the
number of ambulances per type.

5. Waste collection

Waste collection actually is considered as an activity that develops and operates
different logistic systems to give to solid waste management (SWM) that optimized
plans that guarantee the best performance and minimal costs involved. SWM is
composed by services such as: domiciliar and selective waste collection, container
collection, rubble collection, health residues collection, human and mechanical street
sweeping, and many others.

We discuss four problems related to waste collection: domiciliar, selective, street
sweeping and collection with hill climbing. In these problems, most of them are
traditional, and relevant literature considers them. The eye on arc sectoring routing is
the most advanced because it changes the way the waste collection is performed in
Brazil and worldwide. We used CCP models to obtain solutions to the first step of
these problems, the sectoring, but we also show the final step by using our arc routing
algorithms.

5.1 Domiciliary

The domiciliary refuse collection is a regular activity worldwide, spending billions
of dollars monthly in a reverse logistic system where the garbage is collected on streets
of residential and/or mixed with commercial areas and discharged at disposal sites like
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transfer stations and/or landfills using special type of vehicles (i.e., compactors, load
packers).

In Brazil, most collection is held by contractors or concessionaires that do their
service to municipalities. They divide cities into zones of collections that are covered
regularly in specified periods like (diary, alternately or accordingly to the demand).
The zones are divided into sectors, areas that are dimension-ed to be covered by
vehicles within local workload per day. Each sector of a zone is also covered in several
trips, once the vehicle is fulfilled it goes to discharge and comes back to a new loading
trip. This circle repeats until all garbage is collected in the sector.

To guarantee that the fleet of vehicles covers all the sectors in the defined workload
per day, it is necessary to generate good estimations of the garbage load behavior along a
reasonable period. Once it is possible to have good forecasts for garbage generation for a
long period, it can also be drawn regions in the sectors to traverse with one vehicle that
will guarantee the coverage of the sector for all trips during the workload. This is called
the Arc Sector-Routing problem (ASRP), a recent problem proposed by the Mourão
et al. [54], which is being studied by a number of researchers, [55–60].

Most recently, Negreiros et al. [56] proposed three methodologies based on het-
erogeneous capacitated centerd clustering problem (HCCP) to produce automatic
near-optimal solutions to the heterogeneous arc-sectoring routing problem (HASRP).
The first method builds solutions by sectoring-clustering-routing (SCR) where sec-
toring is the process of defining the great areas to be covered in a workday using
different types of vehicles (different capacities) and then internally the coverage of
the trips is defined in capacitated clusters limited to the maximum load of the vehicle
and then the routing phase calls the rural postman routes to perform the trip over the
clusters formed; the second process indicated was sectoring-routing-clustering and
routing (SRC&R) where it defines sectors and the routes following that giant routes
are build into the sectors, after the route is divided into circuits by using an appropri-
ate method, i.e., as the one proposed by [61]; and finally the sector-routing-clustering-
routing (SRCR) where it performs the sectoring using the HCCCP and after it gener-
ates a giant rural postman tour that is divided into trips of known capacity by using
[61] and rebuilt the rural postman tours for each final trip.

The Heterogeneous Capacitated Centerd Clustering Problem with Fixed Cost
(HCCCP-FC) here used for the sectoring/clustering phase can be defined as:

L ¼ 1, 2f g: is the dimension of the Euclidean space.
I: is the set of arcs.
S: the set of sector centers. We consider ∣I∣> ∣J∣.
V: the set of different vehicles to be used.
ai ∈R∣L∣, i∈ I.
qi: the garbage offer of an arc i∈ I.
Qv

s : the maximum garbage offer of a sector s∈ S, using vehicle v.
cv:, v∈V is the cost of using a vehicle of capacity v.
VC: Variable cost.
xs ∈R∣K∣, s∈ S represents the center of sector s∈ S.
ns an integer, is the number of arcs in sector s∈ S.

yis ¼
1, if i is an arc in sector j
0, otherwise:

�

ws ¼
1, if sector s with vehicle type v is used

0, otherwise:

�
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The HCCCP-FC can be formulated as follows:

HCCCP� FCð ÞMinimize
X
s∈ S

X
v∈V

cv ws
v þ VC , (83)

such that :
X
v∈V

X
i∈ I

X
s∈ S

kai � xsk yvis ¼ VC , (84)

X
v∈V

X
s∈ S

yvis ¼ 1, i∈ I, (85)

X
v∈V

wv
s ¼ 1, s∈ S, (86)

X
i∈ I

X
s∈ S

yvis �wv
s ≥0, v∈V, (87)

X
i∈ I

X
v∈V

yvis ≤ ns, s∈ S, (88)

X
i∈ I

X
v∈V

ai yvis ≤ ns xs, s∈ S, (89)

X
i∈ I

qi yvis ≤Qv
s wv

s , s∈ S, v∈V, (90)

xs ∈R∣K∣, ns ∈N ∗ , s∈ S, (91)

yvij ∈ 0, 1f g, wv
s ∈ 0, 1f g, i∈ I, s∈ S, v∈V : (92)

The same transformations that were performed on gPCCCP to transform it into
gPCCCP’ can be performed on HCCCP-FC.

The objective function (83) minimizes the total fixed cost of the fleet used and the
total Euclidean distance between sector centers and their assigned arcs. Constraint
(84) refers to the total variable cost. The constraint (85) assigns one arc to just one
sector. The constraint (86) considers the number of arcs per sector. The constraint (87)
assigns one vehicle to just one sector. The constraint (88) considers once a vehicle is
used to service an arc it is assigned to a sector. The constraint (89) defines the geo-
metric center of the sector. The constraint (90) limits the assigned arcs to the maxi-
mum capacity of the sector s. The constraints (91) and (92) refer to the decision
variables of the problem.

In Figure 18 we can see a sectoring procedure operating to divide a zone of
domiciliary waste collection selecting from a set of (19 t, 15 t, and 10 t), the model
returns two different vehicles (19 t and 10 t) forming three circuits for 3x39t and
1x27t sectors for the Aldeota and Meireles boroughs in Fortaleza/CE.

5.2 Selective

The selective garbage collection is an alternative service of waste collection that is
being largely explored in Brazil. More than 5% of the garbage can be recycled to be re-
manufactured or to the industry (paper, glass, plastic, aluminum, iron, hazardous
materials – batteries, oil, etc.). The residential garbage is most organic as can be seen
in the literature about the residential garbage gravimetry, [62, 63]. Actually the cities
occupation of commercial and domiciliary unities is mostly fuzzy, opening spaces for
different kind of selective waste collection.
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There are many types of selective waste collection, but three of them are most used
in Brazil and many other countries around the world: selective household collection
using compactors, selective household collection using vehicles equipped with “jail”
units, and selective collection by agents and big compactors with roll-on-roll of
equipment to take big boxes of separated garbage (plastic, cardboard, glass, and
metal).

In the selective household collection using compactors, the work is done in a
specific day of the week where residents keep their selected dry garbage at door. A
compactor with huge volumetric capacity is assigned to the region to collect all the
material taking into consideration that the volumes can be stored in the compactor
unit for one or two trips during a workload. A driver and two garis compose the team
for each vehicle in general. The work is performed by concessionaires and/or munic-
ipalities, and it is directly sent to triage centers that are runner or organized by
associations of garis, [64–66].

The selective household collection using vehicles equipped with “jail” does the
same work, although it is not possible to compact the garbage. It takes two people to
arrange the volumes into smaller ones in the vehicle of 28–31m3 (5 m X 2.9 m X 2 m).
It is mostly performed by small associations and cooperatives recognized by the
municipalities. It is worth to say that the Brazilian law 12,305/2010 turns the industry
responsible for the garbage resulting from the discharge of its final consumer. There
are specialized organizations that perform all the preparation of these associations
from projects of industrial triage plants to business management, using the resources
from industry to obtain the ecological certification (residue free, emission free) in
carbon-free credits. The infractors have to pay heavy fines.

The selective household collection using agents is the more sustainable system that
guarantees to the “cleaning agent” job placement and a special place in the society. This
system is composed by two stages, the first is performed by the collection agent, which
does the selective collection using manual vehicles or motorcycles equipped with small

Figure 18.
Heterogeneous sectoring and circuiting for domiciliary waste collection in Aldeota and Meireles - Fortaleza/CE.
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“jails” (0.5m3) to store the different type of selective garbage. They collect in small
volumes and cover small to medium areas (10–20 blocks). They also do street-
sweeping in the days they do not perform selective collection. The garbage goes to
special boxes, which are collected by big vehicles equipped with compartments and
roll-on-roll-off units that carry the garbage to triage centers. The result of this process
pays for the salary of the agents and supports the concessionaires and/or associations,
with double return to the municipality.

The models used to plan the service of the first two types of processes can be the
same as the model proposed for domiciliary waste collection. In Figure 19a it is seen a
sector of service projected for the city of Naviraí-/MS (Brazil) and the route for a
circuit of this sector, Figure 19b. This solution was performed by GRAPHVS for the
Brazilian organization Recicleiros to selective waste collection using SisRot LIX®,
[67, 68].

The model to plan service of the third process is composed by two phases of
clustering, in the first it is drawn to the areas covered by the agents. It is the gCCCP
with homogeneous capacity per agent. The second step is to define the routes of the
big vehicles and define the location of the places where the sets of boxes will be in the
street network on the intersection of clusters defined for the agents. Figure 20 shows
the solution produced by another system SisRot LIX-SELECTIVE® considered for the
third form of selective collection, using agents and bigger vehicles. Also, it can be seen
the two steps of the logistic system (Figure 20).

5.3 Street sweeping

Public sweeping is a very difficult process to organize because its planning depends
on the flow of people, vehicles, and afforestation in public places. To meet this
demand, the city is divided into regions (or sub-municipalities) with defined sweep-
ing frequencies and sectors for groups of sweepers. Circuits are places where each
team of sweepers must perform the sweeping task. This service is inspected in sector
groups. This service is costly; it demands over 40% of the total cost related to the non-
scaled services of the São Paulo city, approximately 250 million USD/yr., [69].

Sweeping is performed in many manners: manual, mechanized, on sidewalks, in
squares, in public installations, etc.; however, this study focus on manual and

Figure 19.
Sectors and a circuit of the selective domiciliary waste collection for Navirai/MS. (a) A sector of the selective
domiciliary waste collection for Navirai/MS. (b) A route in a circuit of the selective waste collection for Navirai/
MS.
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mechanical sweeping plans. In the manual sweeping of São Paulo/SP the major Bra-
zilian city, two street sweepers work together on the same gutter side (1.2 m within
the sidewalk line), using a “lutocar,” typical removal equipment, and appropriate
clothing. Each team travels an average of 1.228 km/h sweeping and walking at a speed
between 2.5 and 3.0 km/h. At this rate, a route of 3.8–5.6 km per working day
(7 h 20 min) can be accomplished.

5.3.1 Manual sweeping

The manual sweeping in the city of São Paulo is paid by considering the street axis
perimeter. This approach indicates that a route is taken by a team of two sweepers
with a “lutocar” working together that do for the sector perimeter at the half-time
distance of the team workload (7 h 20 min). The sweep begins from a designated
starting point and goes to an end-point passing through a set of street segments, in the
minimal walking path cost, Figure 21a. For the streets that must be swept in the first
route passage, the sweepers perform the service in the gutters on one side of the road.
Upon returning, they perform the service in the gutters on the other side, Figure 21b.

Another way to perform the same work is by dividing the sweepers to sweep each
gutters street side simultaneously, Figure 22a. For this case, there is only one open
route passage, and the sweepers can perform the same service by walking much less
but each one needs to operate with a “lutocar”. Figure 22b displays two examples
where an open sweep route (right) by axis is 48.26% shorter than the path from the
same sector coverage (left) and in the second the open route is 36.68% shorter than
the path using both sides. This solution was proposed to the municipality of São Paulo
to reduce labor fatigue and increase sweeping system coverage, [69].

As seen in Figure 22, the route designed for the sweeper covers the same set
of public places. Once it was determined to include a fixed starting point to allow the
sweepers could find a unique place to keep the “lutocar,” we observed that the open
RPP’s minimum route can be successfully used. The team of sweepers begins from a

Figure 20.
Logistic system for cleaning agent in fixed selective collection sectors.
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support point and concludes their task at a specific point, minimizing the overall
cost of the sweepers journey, which will then return to the support point.

An alternative sweeping service sector formation was also considered, where each
sector exhibited a capacity that was limited by a maximum sweeping perimeter that
cannot exceed half the work shift of each team assigned to it. Thus, the problem
becomes an open arc sector-routing problem (OASRP) because a street sweeper team
work in a sector, and any team may not overcome their workload, making it necessary
to know the path of each team.

Sectors are projected for human street sweepers by the length of the cleaning path,
that is most commonly approximated by the workload of a day. The sweep distances
in meters are references to workload that can vary depending upon the slope and the
pavement to be swept. In Figure 23 it is projected a sector for three teams of two man,
working at most for 2.8 km per day, in a defined sidewalk area for the
sub-municipality of Campo Limpo/São Paulo-SP.

5.3.2 Mechanical sweeping

In mechanical street sweeping, the work is directly performed by the concession-
aires on the most important roads, avenues, and marginals. The work is performed by
large wash-sweepers equipped 1000–5000 L tanks of water, steel sweepers, and big
vacuum cleaners. The sweeping velocity does not exceed 7–10 km/h, and two people
work with the machine (driver and auxiliary). Road coverage occurs daily, but some

Figure 22.
Comparison between sweeping ways of human street sweeping. (a) Sector 01. (b) Sector 02.

Figure 21.
Two different ways of human street sweeping. (a) Sweepers following the axis of the street. (b) Sweepers following
gutter’s sidewalks.

163

Capacitated Clustering Models to Real-Life Applications
DOI: http://dx.doi.org/10.5772/intechopen.1000213



of them are covered three times per week at night. The frequencies are defined for
each place according to their importance. In Figure 25 it can be seen the region and
the sector’s solution proposed to the sub-municipality Campo Limpo/São Paulo for
mechanical street sweeping.

The problem of mechanical sweeping is closely related to that of the human
sweeper, although the network is mixed in this case, and the required links become
required arcs when the traffic flow must be followed. We can solve the OSARP by
using open routes. To design the open routes, we propose the use of the open MRPP
(OMRPP), where we adapt SisRot LIX® to perform nearly or optimally for all routes.
There are many ways to cross the street from the gutters on both sides, where the
cleaning may be performed, but a single graph transformation can be performed to
solve the OMRPP as a MRPP, [70–72].

By applying the methods developed for SisRot LIX®, we achieve superior results
than those previously obtained by EcoSampa concessionary. The results demonstrate
that it is possible to reduce the number of sectors and still reduce the total time spent
on working by 49.20% and distance traveled by mechanical sweepers by 10.52% using
their own fleet, Figure 24.

5.3.3 Domiciliary waste collection with hill climbing

The sectoring problem of domiciliary waste collection with hill climbing appeared
during a project in the city of Petropolis/RJ – Brazil, to optimize domiciliary waste
collection sectors and routes. The city of Petropolis/RJ is located along the Mantiqueira
mounting range, where heights between 400 and 1000 m above the sea level in a
bumpy relief are present, narrow and sloping streets are in general along the paving
paths; these provoke great difficulty in up, down and collecting when compactors are
used, because the weather is humid with frequently rain turning slippery and danger-
ous the collecting paths in heavy loads. Driving and waste collecting in such places are
very difficult and dangerous. It is usual driving in reverse for more than 600 m while
cars remain park along sidewalks.

Figure 23.
Sectors for human sweeping in Campo Limpo-São Paulo/SP.
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Special compactors are used to do the waste collection, they are called “giricas.”
They have 3.5 t of load capacity at maximum, and they are smaller than the compactor
used by the local operator. This vehicle is lighter also and faster. But it also suffers in
high slopes and slippery paving paths. In Figure 25 it can be seen a satellite photo
from the area of Petropolis/RJ, and the places identified that are covered only by
“giricas”. In fact the paths with these characteristics are spread out along the city.

The contractor owns two types of vehicles that can cover the city, and only
“giricas” are able to cover any path with moderate slopes. Their problem is to design

Figure 24.
Sectoring mechanical street sweeping for Campo Limpo, São Paulo/SP. (a) Region of mechanical sweeping in Campo
Limpo, São Paulo/SP. (b) Sectoring the region accordingly vehicle coverage constraints from Figure 24a.

Figure 25.
Places where only “giricas” can cover.
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capacitated clusters of sectors that cover a region with special service for required
arcs considering the different capacities and quantities of their available vehicles. To
make sectors using such heterogeneous and specialized fleet, the sectoring problem
can be reduced to the Multi-Capacitated Centerd Clustering Problem (MCCCP), as
follows:

L: Is the set of dimensions: L={Latitude, Longitude, Height}.
I: The set of required arcs.
J: The set of sectors.
K: The set of types of services.
∣L∣: Cardinality of the set L, i. e., number of dimensions of the geographical

coordinates.
n: Cardinality of the set I, i. e., number of required arcs.
m: Cardinality of the set J, i. e., number of sectors.
∣K∣: Cardinality of the set K, i. e., number of types of service.
CSj: cost to install a sector j.
CVk: cost to allocate a vehicle of type k.
VVk: variable cost per km to use vehicle of type k.
dkij: distance between the center of a required arc i and the center of the sector j

with service k.
ali: Coordinate of the center of required arc i in dimension l.
qi: Demand of required arc i.
Qk

j : The capacity of sector j for the type of service k.

MSk: The maximum number of sectors of service k.
NSkj : The number sectors j of service k.

NVk: The number of vehicles of type k.
xlj : the coordinate l of sector center j.

xkij ¼
1, if required arc i with service k is assigned to sector j
0, otherwise

�

yj ¼
1, if sector j is used

0, otherwise

�

MCCCPð ÞMinimise
X
j∈ J

CSj yj þ
X
k∈K

CVk NVk þ
X
i∈ I

X
j∈ J

X
k∈K

VVk
ij dkij , (93)

such that :
X
l∈L

ali xkij � xlj
� �2

≤ dkij
� �2

, dkij ≥0, i∈ I, j∈ J, (94)

X
i∈ I

X
k∈K

xkij ≥ yj, j∈ J, (95)

X
j∈ J

X
k∈K

xkij ¼ 1, i∈ I, (96)

X
j∈ J

X
k∈K

qi xkij ¼ qi, i∈ I, (97)

X
i∈ I

qi xkij ≤Qk
j yj, j∈ J, k∈K, (98)
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X
k∈K

xkij � yj ≤0, i∈ I, j∈ J, (99)

X
i∈ I

ali xkij ¼ xlj NSkj , ∀j∈ J, ∀l∈L, (100)

X
j∈ J

NSkj ¼ NVk, k∈K, (101)

X
j∈ J

yj ≤
X
k∈K

MSk, (102)

X
j∈ J

NSkj ≤MSk, k∈K, (103)

xkij, yj ∈ 0, 1f g, i∈ I, j∈ J, k∈K, (104)

xlj ∈R, J ∈ J, l∈L, (105)

NSkj ,NVk ∈N, j∈ J, k∈K : (106)

Costraint (94) is second-order cone, which forms a convex set. The MCCCP
considers in (93) the minimization of the fixed cost to use sector j and vehicles of type
k, and the variable cost to service all required arcs. Constraint (94) defines the
distance from a required arc to its center j for the service k. Constraint (95) warranties
the assignment of sector center j to its required arcs with all services involved. In
constraint (96) it is guaranteed that the service of a required arc will be assigned to a
sector with a service. Constraint (97) guarantees the demand of a required arc is
covered for any type of service. In constraint (98) the total waste offer of a sector j
with service k does not overpass the capacity of the cluster j with service k. Constraint
(99) guarantees the existence of a required arc to a sector if it is opened. Constraint
(100) defines the center of the sector j with service k. Constraint (101) guarantees the
number of sectors of service k is the number of vehicles of service k. Constraint (102)
guarantees the number of opened sectors is at most the sum of number of maximum
sectors available per service k. Constraint (103) guarantees the number of sectors of
type k is at most the maximum number of sectors to service k. Constraints (104–106)
define the decision variables.

Figure 26.
Region to be covered by domiciliar waste collection in Petrópolis/RJ. (a) Situation where only “giricas” can cover.
(b) Region of coverage in Petrópolis/RJ.
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The MCCCP problem is still NP-Hard as its version proposed by [73] and most
recently deeply investigated by [74]. In Figure 26a this problem can be seen in a
resolution process considering that the required arcs coverage must be considered and
in Figure 26b it is seen the places where special required arcs must be covered only by
“giricas.”

The solution presented in Figure 27 “giricas” may cover both types of required
arcs, and they have to be placed in areas that maximize the coverage of the special
required arcs, although they have also to cover non specials. The clustering process is
supposed to warranty the separation between groups of service, but it does not
guarantee that they will be non-overlapping clusters.

5.4 Spatial DSS to waste collection logistic planning

Graphvs™ developed for more than 30 years a spatial DSS to automatically solve
sector-arc-routing problems for many different types of waste collection services. The
spatial DSS is called SisRot LIX®, and it is being used with practical impressive results
(up to 28% on savings) for applications in domiciliary waste collection (Campo
Grande/MS, Petrópolis/RJ, and others), selective waste collection (Naviraí/MS,
Casimiro de Abreu/RJ, Xanxerê/SP, Bom Jesus dos Perdões/SP, and others), street
sweeping human and mechanical (São Paulo/SP), and most recently to Domiciliary
Hill Climbing (Petrópolis/RJ).

The framework of spatial DSS systems is described by its architecture in the
Figure 28. It is divided in two parts, the VPS-based tool and the mobile and manage-
ment tools. In the VPS-based tool there is a georeferenced database linked to QGIS and
an ESRI™-based component to read the maps and transform its information into a
graph, by using an extended graph-based modeling system (E-GBMS), specially
developed to waste collection. With the E-GBMS it is possible to include and edit the
required network to design sectors and routes, and all the necessary tools to manipu-
late information about street loads and pathways characteristics. The system can solve

Figure 27.
Solution using “giricas” (3.5t) and compactors (8t) for Petrópolis/RJ.
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problems in sectoring and routing for heterogeneous fleet, that is informed in the
database.

The software is composed of frequency data management and assignment to zones
of collection for any type of service, and it contains actual state-of-the-art solvers for
solving routes related to general mixed rural postman problem or even general windy
rural postman problem, [56, 72].

SisRot LIX® can be used for the operational level. It contains a database to store
vehicles characteristics, supervisors, drivers, garis, and teams of collection to schedule
them in the related service to be performed daily.

Special reports can be generated by SisRot LIX® with the tool GeoScript®. This
tool uses KML files created by the main software that defines zones, sectors, circuits,
and routes of the circuits, and draws them in a GIS-based GPS, using different back
map resources (Google MAPs, OSM, Bing, etc). All the maps are presented in PDF
formats. The KML files generated can be used also by Google Maps or QGIS, as the
XLS files that describe the routes street by street.

Once the sectors and routes are defined, they can be sent to another VPS environ-
ment that track mobile units running CherryTrack LIX®. This software is composed
of four Android mobile applications: Driver, Manager, Supervisor, and Municipality.
In the driver unit it is possible to receive the routes (trips) of a sector projected by the
SisRot LIX®, and while performing them the software teaches the path as it was
projected, facilitating the identification of the work to be done by any driver. Major
information about the load per trip, geographical movements, and reported occur-
rences while running the execution of collection are kept by the software. These
information saved in the manager unity that follows each driver in the field, while
they are running sector by sector, circuit by circuit. The supervisor app shows the
vehicles related only to the supervisor they are allocated. The municipality unity app
shows the movements of the vehicle that will attend the citizen home, giving
estimates about when it will pass in front to his/her door.

Other tools such as TrashControl® and SisFrota® can be integrated to the VPS to
control the loading production and vehicles maintenance standard controls respectively.

Figure 28.
Spatial decision support system for waste collection logistic planning.
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6. Results with CCP models

As indicated in the previous sections, all combinatorial models here exposed for
different instances of the CCP problem are related to NP-Hard problems. In these
approaches the models hold a polynomial number of variables and constraints because
there is no need to represent all the partitions related to the clustering process.
Although this happens, it is not avoided to solve problem that explodes in exponential
complexity with the number of items in the clustering formation.

6.1 IT teams

Here we propose models that are possible to be solved to optimality by state-
of-the-art solvers such as Cplex, Xpress, and Gorubi in the case of the IT-Teams
Layout, as can be seen in [11].

We presented a solution (Figure 5b) for a software factory layout with 121 work-
places and 17 heterogeneous groups, it was obtained in less than 2 seconds using a 10th
generation I7-Intel and the Gurobi solver, while this same layout is normally prepared
by two persons during 2–3 working days. This impacts directly in better development of
teams because people working together do not need to disturb much the other groups in
work, meanwhile the interaction of the ordinary groups is facilitated at maximum.

The model proposed does not consider that specific groups has to be close, or even
facilitate the dynamic recalculation of groups when the projects are ended and teams
are dissolved. These problems remain open, but they can be solved heuristically by the
same model if appropriate considerations are made.

6.2 Staff collection and dispatch

Our experience with staff collection/dispatch in the field was with a staff trans-
porter in the state of São Paulo. The transporter works for an industrial food company
that had a very confusing schema to collect/dispatch its staff in the state, between 10
municipalities: São Paulo, Guarulhos, Osasco, Carapicuiba, Jandira, Barueri, Itapevi,
Taboão da Serra, São Bernardo, Figure 29a. The transporter had eight garages where
busses departs/returns and the destiny/return at the factory, Figure 29b. They had 98

Figure 29.
Territorial context of the problem. (a) Staff’s territorial dispersion. (b) Territorial distribution of contractor’s
bases and the factory.
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workers, which were scheduled along nine entry times and 10 departure times,
Figure 30a. The transporter offered a fleet of busses with 15, 27, and 48 seats and it
had to perform the travels from the first collection to destiny or from the factory to
the last dispatch in at most 2 h considering the traffic jams, and the workers must be
collected or dispatched at most 800 m far from his home. The workers cannot arrive at
the factory late or spend more than 15 min waiting to arrive/departure of any bus.

The indicated problemwas proposed to generate theminimum fleet with set of routes
that can cover all the shifts withminimum cost of distance and time spent on the activity,
while also maximizing the number of bus-stops along the main avenues and streets.

The case was solved by using the methodology here proposed to locate bus-stops as
capacitated medians and after applying the routing process over the selected bus-stops.
Unhappily our results were not comparable with the transporter because it will not
consider the constraint of time for the worker departure. In Figure 30b the number of
busses in operation per hour of the day is illustrated as calculated by our solution.

Taking a shift as an example, Figure 31, we have to perform routes for this shift to
pickup and dispatch the staff belonging to it. Figure 32 illustrates these two steps
(Figure 32a) of collection and (Figure 32b) dispatch of the same set of workers using
routes calculated by SisRot Full and sent to Routes that use Google Maps to propose
the best route (with better travel time) considering the traffic conditions from arrival/
departure to/from factory for a given calculated sequence of visits.

Figure 30.
Staff daily in/out turns and planned fleet to attend them. (a) Staff’s labour time distribution. (b) Distribution of
the number of buses along daytime.

Figure 31.
One shift routes of the staff.
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6.3 Waste collection

Our experience with CCP models in waste collection is more expressive, because
we investigated and developed many cases in Brazil related to the theme using basi-
cally SisRot LIX. We divide our main results in domiciliary waste collection and street
sweeping.

6.3.1 Results in domiciliary waste collection

For domiciliary waste collection, the sectoring approach returned unexpected and
impressive results for CCCP models and solving methodology, even for us. In the city
of Campo Grande, the capital of the state of Mato Grosso do Sul (MS) in Brazil, we
tested our sectoring models for a region (downtown) covered by five vehicles of 15ton
each. The sectors were redefined into four sectors and the routes in total were reduced
the distance costs by 28% with the same total time spent for the service, [75].

Most recently, our methodology was tested for the city of Petrópolis in the state of
Rio de Janeiro, with a completely different traffic network (many hills and curves) but
with the same context. The contractor worked with five vehicles of 8ton in five sectors
daily, and after redefining the sectors we achieved for the light days (Tue-Sat) four
sectors with 26% of savings in travel distance, and for the heavier days we reduced in
8% the total travel distance performed by the fleet.

In both cases the solution editing tools developed in SisRot LIX were very impor-
tant and decisive, because the process of sector-routing is performed separately. The
manual intervention after the calculation of the sectors is a decision tool related to
situations that could be included and are not present at the model’s constraints.
Problems such as servicing certain places prior to others, duplicate services in differ-
ent trips on the same sector, side of the service, etc., are some examples of these
situations that had to incorporate local decisions and manual intervention.

6.3.2 Results in human street sweeping

The use of CCP models in street sweeping was conducted in an application in the
city of São Paulo, for the project PMI-SP organized by the Municipal Secretary of
Partnerships during 2018 [69]. The projects were conducted to attend non-scalable

Figure 32.
Routes of collection and dispatching workers. (a) Route of collecting. (b) Route of dispatching.
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services as human and mechanized sweeping, collection in fairs, old furniture and
rubble removal, etc.

The CPP models used were conducted by math-heuristics developed by Negreiros
et al. [56] and Batista et al. [59], to design sectors basically for human street sweeping.
There were 32 sub-municipalities composed by populations between 150 and 400
thousand inhabitants, and diverse coverage areas of sweeping: hills, roads, avenues, and
streets on suburbs or downtown, squares, etc. The teams of human sweepers, as
reported in subsection 5.3, were composed by two sweepers with a “lutocar”, and the
sectors to be covered by each team were designed accordingly the frequency of cover-
age of each one stipulated by AMLURB. Our results revealed that we could develop the
same activity in comparison to the previously reported executed plans with 27.7% of
reductions in the number of teams and 46.38% in distances performed by the workers.

A “Map of Frequency” of the sub-municipality of Santana-Tucuruvi/SP is
presented at Figure 33, where among the most evident colors, there are: Light-Green:
Daily – Morning; Navy Blue: Wednesday/Saturday – Morning, Green: Monday/
Thursday – Morning, Red: Tuesday/Friday corresponding to the days and regions
where the team of sweepers must work. Following, Figure 34 consists of two figures
considering sectoring human street sweepers, in Figure 34a it is illustrated in more
detail the street map of sweeping frequency to be performed on Tuesdays and Fridays,
and in Figure 34b it is seen the 21 sectors defined by the HCCCP model to be covered
by 21 teams of street sweepers.

As can be seen in Table 1, it presents the results of applying Open Sector Arc
Routing (OSAR) in the city of São Paulo, in comparison with the solution used by the
municipality. Table 1 represents as Sub-Mun the sub-municipality of the city of São
Paulo: BT – Butantã, CV – Casa Verde, PR – Parelheiros, ST – Santana-Tucuruvi, VG –

Vila Maria-Vila Guilherme; the term Sectors means the number of sectors defined;
Sweep perimeter (km) is the total perimeter that has to be swept by the sweepers;
Manual sweep is the number of km per day that the teams perform for the specific
solution; Bidding is what it is projected by the municipality; SLix are the values used
or projected by SisRot Lix; and finally Gap% means the difference between consider-
ations or solutions.

Table 1 presents the expressive reduction on human resources and distances of
work between projects. The cause of this was the effect of the HCCCP-related
mathematical methods applied in the practical level, [75].

Figure 33.
Map of sweeping frequency for the teams of sweepers.
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7. Conclusions

This chapter presents new models for versions of the Capacitated Clustering Prob-
lem to IT-Teams layout, logistic distribution, environmental and health applications.
Each application needs special constraints that come from basic knapsack and sched-
uling problems that affect considerable the complexity of the resolution of their
instances. We showed the use of the proposed models in real applications and its
formal importance to consider solving these very difficult problems.

For MSSC and gPCCCP, we proposed convex linear-quadratic alternative models
to solve the problems, turning them tractable at least for medium-scaled instances.

We also reported DSS architectures already implemented that are successful in their
applications in Brazil, returning high savings to the end users. The architectures
presented much differ between real-life applications considering the information
needed to support decision and the effort for monitoring plans as they were conceived.

This chapter also reveals a work of a research & development (R&D) team that
develops all these computational framework and decision tools, taking into consider-
ation the state-of-the-art in GIS, web services, map services, database services, graph-
based modeling, specialized optimization algorithms and solvers for clustering,
location, general routing.

Figure 34.
Human street sweeper sectoring solution for Santana-Tucuruvi (ST) municipality. (a) Street area for sweeping
sectors on Tue/Fri - Morning at ST (b) 21 sweeping sectors for Tue/Fri - Morning at ST.

Sub-Mun Sectors Sweep perimeter (km) Manual sweep - km/day

Bidding SLix Gap% Bidding SLix Gap% Bidding SLix Gap%

BT 131 121 7.63 763.14 760.29 0.37 275.13 197.72 28.14

CV 82 60 26.83 406.52 407.1 �0.14 199.392 156.57 21.48

PR 36 29 19.44 165.62 166.82 �0.72 61.37 39.62 35.44

ST 152 75 50.66 493.95 321.1 34.99 242.765 148.11 38.99

VG 68 54 20.59 395.24 364.24 7.84 395.744 87.75 77.83

Totals 469 339 27.72 2224.47 2019.55 9.21 1174.40 629.77 46.38

Table 1.
Recorded gains and losses between projects from SP-municipality and GRAPHVS with SisRot LIX.
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As it is shown in the results section, the CCP can be used with wide success for the
mentioned applications and could be further used for many different others from the
ones here revealed and investigated.
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Bing BING
CherryTrack CherryTrack
CherryTrack CharryTrack Lix
ESRI ESRI™
Google Google Maps
Here Here Maps
GRAPHVS GRAPHVS™
QGIS QGIS™
Localiza Localiza
OSM Open Street Map (org)
Routes Routes
Sisfrota SisFROTA
SisRot SisRot Full
SisRot SisRot LIX
SisRot SisRot SELECTIVE
Trash Control Trash Control
Webdengue Webdengue
AMLURB Autarquia Municipal de Limpeza Urbana de Săo Paulo
ASRP Arc sector-routing problem
CCP Capacitated clustering problem
CCCP Capacitated centerd clustering problem
COVID-19 Disease provoked by SARs-COVID-19 Virus
CpMP Capacitated p median problem
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gCpMP Generalized capacitated p median problem
gCCCP Generalized capacitated centerd clustering problem
pCCCP Capacitated p-centerd clustering problem
gMCCP Generalized multi-capacitated clustering problem
HCSRP Heterogeneous capacitated sector-routing problem
DATAPREV Empresa de tecnologia e informaçõμes da Previdência (Brazil)
DSS Decision support system
DgMCCP Dynamic generalized multi-capacitated clustering problem
DgMCCCP Dynamic generalized multi-capacitated centerd clustering problem
EMS Emergency medical system
ERP Enterprise resource planning
GBMS Graph based modeling system
GRP General routing problem
HCCCP Heterogeneous capacitated centerd clustering problem
MCCCP Multi-capacitated centerd clustering problem
MRPP Mixed rural postman problem
MSSCP Minimum sum of squares clustering problem
OMRPP Open mixed rural postman problem
SAMU Serviço de Atendimento Móvel de Urgência
SERPRO Serviço federal de processamento de dados (Brazil)
SWM Solid waste management
WHO World Health Organization
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A Conducive Quality Environment 
Augmenting Practice in 
Educational Institution
Ashok G. Verghese, Thalavaipillai Sudalaimuthu  
and Pon Ramalingam

Abstract

A messy workplace has an unstructured environment delay in executing the 
work. Employees find it difficult to locate the files/document when needed in the 
messy workplace. The purpose of this proposed study is to apply the practices of 5S 
in educational institutions. The 5S comprises five phases: Sort, Set in Order, Shine, 
Standardize, and Sustain. The 5S implementation creates conducive environment 
in educational sectors that result in effective usage of time and storage space. The 
5S implementation generates a significant impact in an educational institution as it 
relates to the “Swatch Bharat Mission”. Clean India Mission is a country-wide cam-
paign initiated by the Government of India in 2014. The 5S is an active tool that helps 
the educational sectors to improve the global quality of higher education by satisfying 
the expectations of the investors. Hindustan Institute of Technology and Science 
serves as the first institution in receiving the Global Certification for 5S implementa-
tion in India from TuV (Technical Inspection Association) Rhineland. The execution 
of 5S creates a dynamic environment for stakeholders of the Institution.

Keywords: educational sector, 5S implementation, Standardize, quality improvement, 
Sustain

1. Introduction

5S is the implementation of a system at the workplace of an organization. The origins 
of this method may be traced back to Japan. Hirano and Osada developed two key frame-
works separately for understanding and implementing 5S in a corporate context [1, 2]. 
Sort, Set in Order, Shine, Standardize, and Sustain are the Japanese terms Seiri, Seiton, 
Seiko, Seikitshu, and Shitshuke, respectively (Table 1). 5S is a continuous improvement 
strategy that focuses on reducing waste, maintaining order, and maintaining cleanli-
ness. The 5S practice is a strategy to increase the employee’s performance and morale by 
establishing and maintaining a quality environment at a workplace [3].

All engineering sectors, including vehicle makers, practice 5S strategies. This method 
is a tried-and-true method to enhance Quality, Safety, and Productivity. In many busi-
nesses, the goal of establishing a quality management system is to increase the efficacy of 
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the activity by utilizing existing resources at the appropriate time and at the right place, 
thereby resulting in a smart solution to the difficulties [4, 5]. According to the author, 
students assigned to a given task must undergo training to acquire a working knowledge 
of 5S in the environment where they operate and perform in the organization. It improves 
the student’s ability to understand the approaches early in their career and to provide 
innovative suggestions for development in their particular workplaces. The paper also 
defines the execution of 5S activities in a limited enterprise, in which stakeholders are 
given the chance to put the technique into practice and achieve superior outcomes in 
terms of layouts and period. The 5S technique is not implemented in all nations in a 
similar method [6]. The 5S technique is stressed as a strategy for achieving corporate suc-
cess in the workplace and at home. According to the author, it is only applied as a system 
for the workplace in nations such as the United Kingdom and the United States, and it 
is not mandated in other locations [7]. The Chinese’s misunderstandings and limits in 
implementing the 5S technique in manufacturing firms, as well as the consequences after 
taking the essential phases in the positioning by people. The various types of laboratories 
(“mechanical, biological, pharmaceutical, and so on”) have also adopted this practice and 
improved their performance [8–12]. The many terminologies of 5S are described in this 
document, as well as the methodology used for implementation. Initially, displays and 
training programs were conducted to create 5S awareness among the participants. Second, 
to assess comprehension, a multiple-choice test was administered with a minimum score 
of 75% as an eligible criterion; third, based on the assessment results, another cognizance 
program was arranged, and the response was gathered before the methodology’s deploy-
ment. The fourth and fifth phases of this task entail putting the first three stages of 5S into 
action to accomplish the desired results in the various domains [13].

2. Terminology

The following are the explanations for various terms used.

2.1 Workplace

The areas within the educational institution like a lecture hall, laboratory, staff 
room, mess hall, stores, student hostels, and open areas both inside and outside the 
building.

2.2 Stakeholders

Administration, teaching staff, parents, students, and alumni.

1S SORT Separation of required and not required essentials work setup. Retain only the 
essentials that are necessary

2S SET IN ORDER Organizing the items in a certain order

3S SHINE Implement cleanliness in the workplace

4S STANDARDIZE Cultivate certain procedures so that the first 3S is retained.

5S SUSTAIN Teach the 5S practices across various places so that it becomes a daily part of life.

Table 1. 
Meaning of 5S.
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3. Methodology

Sort, Set in Order, Shine, Standardize, and Sustain is the methodology used in 
5S implementation, as depicted in Figure 1. The whole campus of HITS (Hindustan 

Figure 1. 
5S methodology [14].

Figure 2. 
Flow chart of activities [14].



Operations Management and Management Science

186

Institute of Technology and Science) was split into 21 zones. As shown in Figure 2, 
each region was assigned a 5S Supporter and overall branch 5S Coordinators to imple-
ment 5S activities step by step.

A training program was held for all personnel in the workplace to raise under-
standing of 5S ideas. A core team and a steering committee were constituted for 5S 
implementation. The core team members conducted a workshop on 5S for other 
stakeholders. Table 2 contains the specifics of the processes depicted in Figure 1.

The success of the training program was determined by assessing the attendees 
with the help of multiple-choice questions within a given time. In this assessment, 
all participants need to complete a 1-hour examination in which they were asked to 
answer 60 questions created at random using software.

Stages Measures Guidance

1 All stakeholders 
will receive training 
and be made aware 
of the situation.

• TUV India Pvt., Ltd. provided 5S training to a few selected staff/lab 
technicians.

• 5S core team members conduct an awareness campaign for everyone 
(staff/students/vendors/sub-contractors).

• Posters about 5S were displayed across campus (in open areas, canteens, 
departments, and dormitories).

• All staff and students were administered a 5S objective-type test.

• Orientation program for incoming employees and students was 
conducted.

2 Establishment of 
a core squad and 
zonal teams

• The core squad was formed.

• 21 zones were identified in the entire campus.

• Each zone was allotted champions, department coordinators, and 
student volunteers.

• A 5S organization chart was prepared.

• The responsibilities of the facilitators, coordinators, zonal champions, 
and department coordinators and authority were framed and informed.

3 Guidelines for 5S 
implementation 
have been produced 
and disseminated

• The 5S Coordinator is in charge of supervising the overall implementa-
tion and conducting periodic audits to guarantee effective implementa-
tion. Deans/HODs were in charge of ensuring that 5S activities were 
implemented and maintained effectively in their schools/departments.

• Everyone in the team was ensured to be aware of the 5S technique. 
A meeting was conducted with team members to start the execution 
process.

• Periodical meetings were conducted twice a month to examine the 
progress and report to the coordinator. All documentation and meeting 
reports were maintained by the coordinator.

4 Implementation 
of 1S

The cluttered items in the office were sorted into four categories: needed, 
seldom needed, not needed, and cannot be used.

• Required things should be kept close to where they will be used. Rarely 
used items were stored farther away, and red-tag items were the things 
not needed or cannot be utilized. The red tag item list is to be prepared 
and put in the Red Tag Area.

• Items with a red sticker must be thrown away with approval from 
the authority. Record of photos before and after sorting should be 
maintained.

• Frequent reviews should be conducted and necessary corrections 
should be made.
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The results of this exam were used to determine whether individuals need an 
additional round of 5S technique awareness training. Then, based on the comments 
from the participants, another awareness event was conducted. With this readiness, a 
methodical approach to the execution of 5S activities was taken.

Stages Measures Guidance

5 Implementation 
of 2S

• Products that are both often and seldom used should be focused on. 
Objects that are frequently used and items that are infrequently used 
should be kept in a designated area.

• All necessary and infrequently used objects must be appropriately 
labeled and stored in the designated area.

• Any goods that are stacked on the floor should be avoided.

• The directions for the numerous workplaces should be prop-
erly marked.

• Color coding should be used to locate the required item.

• A record of before and after photos should be maintained.

• An internal audit of the department should be conducted regularly to 
ensure that things are in their respective places.

6 Implementation 
of 3S

• Cleanliness should be maintained.

• A cleaning schedule should be strictly followed.

• A track of the cleaning routine should be checked.

• The source of the contamination should be determined and eliminated.

• The areas where safety is a concern should be focused on and flaws 
should be rectified. A random audit should be conducted to ensure 
compliance.

7 Implementation 
of 4S

• Sweeping and cleaning everything should be done every day.

• Everything around us should be kept in good working order, so we can 
utilize it whenever we need it.

• A cleaning schedule should be established and should be followed.

• A record of the cleaning routine should be maintained.

• The source of contamination should be determined and eliminated.

• On areas where safety is an issue should be concentrated and should be 
corrected if there are any flaws. A random audit should be conducted to 
ensure compliance.

• If necessary, remedial action should be taken to make changes.

8 Implementation 
of 5S

• A maintenance system for the first 3S should be created. Procedures, 
timetables, and practices for the first t3S to be created.

• Evaluation of how goods are used and disposed of should be continued.

• Checklists should be used regularly to ensure proper housekeeping.

• A list of suggestions for implementing the 5S adjustments as a standard 
operating procedure should be created.

• Changes should be reflected in the documentation.

• All stakeholders should be aware of the new guidelines.

Table 2. 
Stages of 5S with measures and guidance.
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4. Implementation

Each of the tabularized phases was executed at different stages during the imple-
mentation process [15]. The audit assessed the feedback at each level and considered 
the required remedial actions for further enhancement. As a result, continuous 
progress was necessary to reach the appropriate level for each phase. Table 3 provides 
the number of participants for the training program as well as the outcomes of the 
online exams that were administered. Tables 4–6 projects the assessment checklists.

SORT: Sort through your belongings 
to see what’s important and what’s 
not. Items that are thought not 
needed and are not in use should be 
eliminated from all areas

Improper Defective Good Outstanding World 
class

1. Things on the office/staff workplace 
have been categorized into required 
and not required categories.

1 2 3 4 5

Particulars:

2. Objects in racks have been 
categorized into useful and non-useful 
categories.

1 2 3 4 5

Particulars:

Classification Total No. of 
participants

No. of 
participants 

received 
scores of 75% 

or higher

No. of 
participants 

scores less 
than 75%

Percentage 
passed (%)

Overall 
pass 
(%)

Observations

First attempt 312 221 104 70 71 Those who 
received less than 
the required score 
is encouraged to 

retake the test 
after gaining more 

awareness.

Second attempt 105 88 93 96 The outcome of the 
second attempt

Non-teaching 
team

121 59 42 53 60 First effort

Second effort 45 40 83 95 Those who 
received less than 
the required score 
is encouraged to 

retake the test after 
attending another 
awareness event.

Other teams On the third try, 
the rest of the 

crew received the 
required pass %.

Table 3. 
Training and outcomes.
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SORT: Sort through your belongings 
to see what’s important and what’s 
not. Items that are thought not 
needed and are not in use should be 
eliminated from all areas

Improper Defective Good Outstanding World 
class

3. Objects in cabinets, tables, and file 
drawers have been categorized into 
useful and useless categories.

1 2 3 4 5

Particulars:

4. Items on the floor have been 
separated into useful and non-useful 
categories.

1 2 3 4 5

Particulars:

5. To reduce mobility, necessary things 
have been arranged in the closest area 
to where they are utilized the most.

1 2 3 4 5

Particulars:

6. Have all unnecessary objects been 
removed from the workplace?

1 2 3 4 5

Particulars:

7. Work agreements for the 
aforementioned are acknowledged. 
Every employee is aware of where they 
may locate them.

1 2 3 4 5

Particulars:

Improper: Proof is not shown.
Defective: Random evidence is provided.
Good: Implemented and mostly proven.
Outstanding: Proven and entirely implemented.
World class: Continually identifying the methods for improvement.

Table 4. 
Audit checklist on 1S.

SET IN ORDER: There should be a 
place for everything, and everything 
should be easy to find.

Improper Defective Good Outstanding World 
class

1. Needed item locations are labeled, 
and objects are stored in designated 
areas.

1 2 3 4 5

Particulars:

2. Required amounts for essential 
objects, including things in desk 
drawers and bookshelves, are 
determined.

1 2 3 4 5

Particulars:

3. Removable item locations are 
identified, and things are placed in the 
proper positions.

1 2 3 4 5

Particulars:

4. Indicators and visual controls have 
been recognized

1 2 3 4 5

Particulars:

5. System to assure crucial item reorder 
levels.

1 2 3 4 5

Particulars:

6. The substances of drawers and 
lockers are clearly labeled (a new 
person should be able to locate them 
without assistance).

1 2 3 4 5

Particulars:

Table 5. 
Audit checklist on 2S.
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5. Results and discussions

5.1 1S – Sort

The following enumerates the organization of objects at the workspaces:

1. It’s not working and cannot be used.

2. Items that are useful but aren’t required at work.

3. Items that are required for work but aren’t in working order.

4. Items that must be used at work and are in good operating order.

Pictures before and after Sort are taken (Figure 3).
The sorting technique was implemented in the workplace. Figure 3 shows a clear 

representation of the implementation of 5S. Initially, the required and not required 
items were not sorted. Later the things as required and working conditions were 
identified and sorted to access the materials effectively.

5.2 2S: Set in order

The objects in defined areas were organized (Figure 4) to make them easy to find 
and named so that anybody can find them. The goal is to offer a handy, tidy, and secure 
location for everything and to arrange everything so that way recovery is simple. When 
organizing, the items regularly used should be maintained at the point of use, while 
items that are infrequently used should be stored away from the work area.

SHINE: Maintain a clean and ready-
to-use work environment. Regularly 
inspect to verify that the sort and 
order are maintained.

Improper Defective Good Outstanding World 
class

1. Workspaces and equipment are 
continuously supplied and arranged 
following 5S agreements and 
timetables.

1 2 3 4 5

Particulars:

2. Every day, members of the 
workgroup adhere to the 5S 
agreements.

1 2 3 4 5

Particulars:

3. All staff members document the 
sources and frequency of 5S issues as 
part of their regular job.

1 2 3 4 5

Particulars:

4. Dust and dirt are removed from all 
surfaces.

1 2 3 4 5

Particulars:

5. Checklists are used to identify 
ongoing Shine responsibilities and to 
keep track of their progress.

1 2 3 4 5

Particulars:

Table 6. 
Audit checklist on 3S.
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Addresses are created and labels are applied to places, as shown in Figure 5. Color-
coding and marking are also shown in Figure 5. Setting things in order is crucial since 
it improves the essential actions in day-to-day operations while also saving time. Before 
and after implementation, photos are taken. By putting things in the right sequence, 
retrieval time is reduced, resulting in increased efficiency and effectiveness for both the 
person and the system as a whole. Before and after implementation, photos are taken. 

Figure 3. 
Sort (1S in the workplace): (a) before implementation, and (b) after implementation.

Figure 4. 
2S – Set in Order.
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By putting things in the right sequence, retrieval time is reduced, resulting in increased 
efficiency and effectiveness for both the person and the system as a whole.

5.3 3S – Shine

The whole workplace is cleaned in this process. Shine’s goal is to transform the 
workplace into a clean, bright atmosphere where everyone enjoys working. Cleaning 
should become embedded in everyday work routines, ensuring that tools, equipment, 
and work locations are always available for use. Cleaning and methodically inspect-
ing the system allows discrepancies, issues, and opportunities for improvement to be 
easily identified [5]. Figure 6 provides a representation of the laboratory floor with a 
floor mark to ensure open aisle space.

Figure 5. 
2S – Labeled switches in the campus.

Figure 6. 
Implementation of 3S in institution.
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Figure 7 depicts a graphic representation of a potentially dangerous region (back-
side of door opening).

Figure 8 [16] depicts motivational messages on the staircase to motivate everyone in 
the office. Figure 9 [16] depicts an electrically hazardous location. Figure 9 depicts the 
correction step to guarantee the safety of the wires that are dangling. A 5S Corner is set 
up in the work area to raise awareness and serve as a communication board for tracking 
progress.

5.4 Standardize (4S)

The crew identified approaches to establish better workplace behaviors as a 
standard and visible management throughout this phase of implementation. Standard 
operating procedures, checklists, and templates are developed and implemented 
to maintain a visually instructive, clean, and organized work environment. The 

Figure 7. 
Safety sign indicator.

Figure 8. 
Staircase exhibiting slogans.
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objective of 4S is to establish the best methods, and each member of the team fol-
lowed them in the same way. The first 3S including Sort, Set in Order, and Shine are 
all included within Standardize.

5.5 Sustain (5S)

Sustainment entails self-discipline and the development of a habit of follow-
ing the preceding 4S. Internal and external audits were performed regularly to 
ensure that the system’s efficacy and continual improvement are being monitored. 
Periodic walks around campus are taken to ensure that the campus is litter-free 
and to identify any deficiencies or areas for continuous progress. Efforts to 
maintain 5S implementation are acknowledged and satisfied. The 5S initiative is 
an element of the new employee orientation program as well as the new student 
orientation program (Table 7).

The completed short-term goals are as follows: (a) dustbins, (b) window lock 
in proper condition, (c) direction boards, (d) proper electrical switches, (e) fire 
extinguishers, (f) proper water stagnation, (g) proper maintenance of washroom, 
(h) management of files, (i) proper shelf and cupboards, and (j) emergency exit. 
The ongoing long-term goals are as follows: (a) proper painting, (b) facilitating 
lab in same blocks, (c) pedestrian walking space, and (d) prevention of leak-
ing floors.

S.no No. of 
regions

No. of 
proposals

No. of 
proposal 

nominated

Short 
tenure

Long 
tenure

Observations

1 21 80 20 16 4 All short-term goals 
are accomplished. 

Long-term goals are in 
progress.

Table 7. 
Details of suggestions from stakeholders.

Figure 9. 
Safety a concern.
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6. Conclusions

A vital stage in 5S implementation is raising awareness and providing training to 
all stakeholders. All stakeholders, including administrative officials, staff, parents, 
students, and service agencies, have participated and contributed for efficient and 
successful system. The use of 5S has resulted in a clean and organized atmosphere. 
Staff and student self-discipline have significantly improved. The Hindustan Institute 
of Technology and Science is the first educational institution in India to gain world-
wide accreditation for 5S implementation from TuV Rhineland. All management 
staff, faculty members, and students have been motivated to achieve a clean, safe, and 
thought-nurturing workplace as a result. Several non-value operations added to the 
existing procedure will be recognized in the future and appropriate remedial actions 
will be taken. In addition, time management for various operations will be monitored, 
which will help to increase overall efficiency.
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Abstract

Today's modern hospital is highly dependent on different types of medical equip-
ment to help diagnose, monitor, and treat patients. Medical equipment maintenance 
is important to reduce costs, reduce patient dissatisfaction, treat the patient in a 
timely manner, and reduce mortality and risks during patient care. Good mainte-
nance management is important to have well-planned and implemented programs 
through which hospitals can minimize medical device failures or other problems with 
the operation of medical equipment. Medical equipment plays an important role in 
the hospital system; therefore, the acquisition, maintenance, and replacement of 
medical equipment are key factors in hospitals for the implementation of the health 
service. Thus, in order to ensure the quality of medical devices for the provision of 
medical care, it is imperative to evaluate the safety of using hospital maintenance 
management. In order to achieve these goals, hospitals must develop checklists that 
identify the state of performance of medical equipment maintenance. It is essential 
for clinical managers and engineers not only to increase the capacity of the hospital 
but also to predict the risks of sudden failure. Given the lack of unique and com-
prehensive maintenance management checklists, the current goal is to design and 
develop medical equipment maintenance management checklists.

Keywords: maintenance strategies, healthcare technology management, risk, 
prediction, medical devices

1. Introduction

Medical equipment is a product that can directly affect human lives. They have 
been and are considerable investments and in many cases have high maintenance 
costs. That is why it is important to have a well-planned, managed maintenance 
program that can keep medical equipment in a reliable, safe, and available medical 
service. In addition, such a management program extends the life of the equipment 
and minimizes the cost of its maintenance [1].

A modern medical equipment maintenance strategy includes periodic inspection 
procedures to which preventive maintenance (PM) and corrective maintenance (CM) 
are added when necessary. Performance inspections ensure that the equipment oper-
ates correctly within the limits set by the manufacturer or according to the standards in 



Operations Management and Management Science

198

force for that type of equipment. Safety inspections ensure that the equipment is safe to 
use for both patients and operators. Preventive maintenance (PM) aims to extend the 
life of the equipment and reduce the downtime of medical equipment [2].

In addition, there may be some hidden issues that can be easily detected during a 
scheduled inspection. The technical inspection procedure of medical equipment only 
ensures that the device is in good working order at the time of inspection and cannot 
eliminate the possibility of a malfunction during future use. It must be borne in mind 
that by their nature, electrical and mechanical components can be damaged at any 
time. Corrective maintenance (CM) restores the operation of a defective device and 
allows it to be put back into operation in optimal parameters.

2. Maintenance program planning (inventory and resources)

Planning a maintenance program requires more effort to establish a comprehen-
sive medical equipment management program. There are a number of critical factors 
to consider:

1. Inventory – types and models of medical equipment to be followed by technical 
staff and the steps by which they are specifically included in specific mainte-
nance programs;

2. Methodology – identify the method by which maintenance will be provided to 
the medical equipment included in the program;

3. Resources – the financial, technical, and human resources included in the 
program.

In the process of planning a maintenance program, it is essential to determine 
the types of medical equipment they need to be included in a maintenance manage-
ment program. This fact will depend on the types of medical services to be provided 
covered by the program, ranging from primary care clinics to hospitals as well as the 
range of equipment in them. The clinical engineering department of the hospital is 
the one that has to identify and select the medical equipment to be included in the 
inventory and to include it in the maintenance program [3].

A maintenance program can be implemented in several ways, the variety of 
methodologies available at a given time must be taken into account. For example, the 
healthcare provider may enter into service contracts with device manufacturers, inde-
pendent service organizations, or a combination of both, in addition to the assistance 
that their own technical staff can provide.

As for the resources needed for maintenance, they are difficult to predict. This 
requires a well-maintained maintenance history, personnel requirement calculations, test 
equipment as well as their technical knowledge to repair defective equipment. Outside 
suppliers are required for the maintenance of complex equipment. Maintenance often 
requires access to equipment that can be difficult to obtain due to budget constraints and 
purchasing difficulties, especially when buying from abroad (Table 1). In order to meet 
such challenges, it is important to consider the financial advance, technical, and human 
resources required to properly carrying out the planned activities [4].

A maintenance schedule is also based on a defined number of physical resources. 
This category includes workspace, tools and test equipment, consumables, spare 
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parts, and maintenance and service manuals required to perform maintenance. 
Various testing tools and equipment are required to perform PM and/or CM proce-
dures, depending on the type of medical equipment. It is possible to perform many 
PM and CM with a basic set of electronic service instruments and test equipment (e.g. 
temperature meter, voltmeter, power indicator, oscilloscope, and electrical safety 
meter) (Table 2). However, all these involve additional costs that must be provided in 
the financial and technological management.

3.  Operational management (developing or changing inspection and 
preventive maintenance procedures)

Fortunately, in hospitals, we see more and more technology. And this can only 
make us happy, proving to us that medicine is advancing, so the diagnosis is made 
earlier and more precisely, the treatment is more personalized and more effective. 
Overall, technology allows us to better care for the patient for his/her benefit, but 
also for the doctor, who has powerful tools to practice his/her profession. At the same 
time, the presence of these increasingly sophisticated medical equipment comes with 
the need for medical engineers in hospitals who know how to use this equipment, 
to identify when they are not used correctly or when they no longer work at optimal 
parameters.

For a patient, the staff of a hospital means doctors, nurses, and sisters, and it is 
normal to be like that, because only with them they interact but, a hospital in order 
to operate continuously, 24/7, in safe conditions, there is a whole team of technicians 
behind it, which makes this possible. Someone has to make sure that the medical 
equipment, the ventilation systems, the medical gas systems, and the electrical 

Initial cost Operating cost

Technical 
resources

Space, tools, test equipment, and 
computer resources

Utilities, operation, maintenance, and 
calibration

Human 
resources

Recruiting and initial training Salaries and continuing education

Maintenance Not applicable Service contract, spare parts, and materials

Table 1. 
Financial resources required for a maintenance program.

Medical device Test equipment required

All electrical equipment Electrical safety analyzer

ICU monitors and ECG machines Simulators/arrhythmia simulators

Defibrillators Defibrillator analyzer

Electrosurgical units Frequency electrosurgical analyzer

Ventilators, heart-lung machine, and anesthesia machine Pneumatic tester and pneumatic flow meter

Noninvasive blood pressure monitors Noninvasive blood pressure simulator

Anesthesia machines and ventilators, Gas flow meters

Table 2. 
Test equipment for some medical device category.
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network are working properly, and these are the bioengineers, the clinical engineers, 
and the medical engineers.

Operational management involves making very diverse decisions, which can be classi-
fied into two broad categories: strategic and tactical. Strategic decisions have a longer time 
horizon and are less structured than tactical ones. They focus on the entire organization, 
drawing certain lines and directions, while tactical decisions are more focused on depart-
ments, teams, and issues. Device management takes place within a generalized business 
model, so clinical engineers work in collaboration with the financial and procurement 
departments of the institution to ensure efficient management of technical equipment, 
but also assistance policies are properly implemented through the efficient use of financial 
resources [5]. Consequently, the role of clinical engineering includes the development of 
equipment support strategies, the management and periodic review of these strategies, 
as well as the management of both fiscal resources and specialized personnel. Various 
problems may occur with medical devices resulting from device malfunctions, equipment 
operation problems, or malfunctioning devices [6, 7].

The first maintenance policies developed consisted of interventions on the devices 
that worked until their accidental shutdown (breakdown) due to wear and tear or due to 
the occurrence of malfunctions. The intervention is considered satisfactory as long as the 
device/system is operating at a minimum acceptable level (reactive maintenance) [8].

The development and increase in the complexity of medical equipment have led 
to the modernization and updating of maintenance techniques and policies. The 
preventive and predictive activity makes it possible to plan the shutdown, prepare 
the intervention team, ensure the necessary spare parts, and respectively, reduce to 
a minimum the parking time for repair [9]. Predictive maintenance is a qualitative 
leap forward in a modern maintenance system, regardless of the scope or specifics of 
production, as it provides all the information needed to:

• early detection of defects;

• their location;

• fault diagnosis; and

• calculation of the safe operating time of the machine.

Many healthcare providers have now implemented continuous quality improve-
ment programs based on innovation in the way care is provided in order to improve 
safety, control costs, and make these services more accessible and effective for 
patients. Staff involved in operational management also use risk management 
methodologies to optimize hospital resources to provide a healthcare technology 
management program that focuses on ensuring that the hospital’s clinical work can be 
performed safely and cost-effectively.

The lack of specialized technical staff, including medical bioengineers and clinical 
engineers in hospitals, as well as an inefficient maintenance system are the major 
causes that determine incidents of all kinds. This has been highlighted more than ever, 
during the pandemic, when hospitals and all their medical equipment were and still 
are overburdened. During this time, more than ever, we have realized that the rules 
and standards of hospital care (including the care of medical equipment, medical gas 
networks, ventilation, electrical networks, etc.) need to be improved, and mainte-
nance policies need to be optimized as quickly as possible.
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4. Risk-based biomedical equipment management program

Healthcare is one of the largest industries in the world, with a high degree of diversity 
in terms of therapeutic activities and how they are performed. There is compelling 
evidence that while healthcare brings enormous benefits to all people, the frequency of 
errors and unwanted events is increasing, directly related to the development of innova-
tion in biomedical technologies. Understanding and ensuring the safety of medical care 
is an extreme challenge in health system management [10].

For departments and organizations that target medical devices, whether they 
are manufactured or used, one of the key goals should be patient safety and risk 
management. Risk management is a complex process of identifying, analyzing, and 
responding to potential risks, through a documented approach, which uses material, 
financial, and human resources to achieve objectives, aiming to reduce their exposure 
to losses [11]. Thus, internal control is directly associated with risk management, 
because, through the measures taken, a functional framework is reasonably ensured 
that allows that entity to achieve its objectives [12].

The risk appetite of the organization must be clearly articulated in the policy, and 
this can be informed through legal and financial issues. Policy should also clearly 
define roles and responsibilities in risk management. There must also be a periodic 
review process in which each risk is reviewed to ensure that control measures are 
effective and that the residual risk is properly classified. The policy should set out the 
process, methods, and tools used to manage the risks within the organization.

Risk management is a cyclical process, which takes place throughout the course of 
an activity and involves several stages of work as shown in Figure 1.

4.1 Risk identification

The first step in the risk management process involves focusing efforts on identifying 
all possible sources of risk that could affect in any way the development of the project or 

Figure 1. 
Risk management cycle.
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activity analyzed. Effective risk management assumes that risk identification is an ongo-
ing process that allows the entity to connect to the process of change and adaptation. An 
efficient risk management process at the level of the entity must also take into account 
the priorities of the institutions under coordination/subordination or under authority, 
which contribute to the achievement of the objectives of the respective entity [13].

The sources of risk come from both inside and outside an organization that pro-
vides healthcare services. External sources are those sources of risk that are the result 
of events outside the organization under analysis. The main factors that can influence 
the external risk environment and that need to be taken into account are as follows:

• regulations and/or legislation – each healthcare provider must identify those laws 
and regulations under which they operate and which define the limits of action 
of this entity;

• modifying/updating the objectives – in some situations, the treatment of some 
risks by the managers of the organization is influenced by the external decisions 
that influence the own activities;

• sometimes, budget cuts can affect the achievement/limitation or stoppage of 
some professional activities or the number of employees.

Due to the fact that in the case of external risk no preventive measures can be taken, 
the only way to act is by insurance. Internal sources are the result of events within the 
organization. These sources of risk can be controlled. In this category, we can distin-
guish the risks of using technology equipment, the risks of specialized labor, or the risks 
associated with organizational management. These risks can be prevented by simply 
eliminating the sources that produce them, which is possible due to the fact that they are 
generated by the activity of the organization, so they come from within it.

4.2 Risk assessment (impact/probability)

There are two main categories in the risk analysis process:

• qualitative risk analysis;

• quantitative risk analysis.

The results of the qualitative risk analysis are less accurate, as they are more indica-
tive than precise. In the qualitative analysis, the Probability Impact Matrix technique 
can be used, a technique that combines the two components of risk, thus presenting an 
overview of it [10]. This method can be applied at several levels, with varying degrees 
of difficulty. Most healthcare organizations use a 535 risk matrix based on Australian 
standards AS/4360: 2004, where the two axes correspond to the scales for conse-
quences, sometimes called severity and probability as illustrated in Figure 2 [14].

If these results are not satisfactory, the risk management also provides the quanti-
tative analysis which presents results in numerical form as a result of the calculations 
made. If the risk analyst cannot give an accurate probability of such an event occur-
ring, he/she can instead calculate the size of the losses or depreciations generated.

In this sense, risk management has developed a series of calculation methods and 
techniques such as [15]:
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• SWOT analysis (Strengths, Weaknesses, Opportunities and Threats): in practice, 
a few risk analyses have been shown to be effective when using this simple and 
well-known method.

• Concatenation principle: by concatenating the risks, a chain of risky events is 
identified, and these will be analyzed together.

• Script technique: this technique involves describing one or more possible ways of 
conducting an event from a concrete situation.

• Expected value analysis.

• Decision-based tree analysis.

• Monte Carlo simulation method.

4.3 Reaction to risk/attitude toward risk

Measures should be taken to reduce the probability (possibility) of occurrence of 
the risk and/or to reduce the consequences (impact) on the results (objectives), if the 
risk is materialized. Risk response is a reduction in risk exposure if it is a threat.

If disposal is not feasible, control measures should be put in place:

• Elimination or avoidance

• Replacement

• Control of risks at source

• Separation and isolation

Figure 2. 
Probability impact matrix examples.
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• Safe working procedures

• Training, instruction, and supervision

• Personal protection

• Other considerations: social assistance facilities, first aid, and emergency 
procedures

Lack of control can compromise the entire risk management process.

4.4 Risk monitoring, review, and reporting

In general, the risk management framework should not be seen as a single task but 
should be continually reviewed to ensure that it remains fit for purpose. There are a 
variety of technical standards for medical devices designed to ensure the consistency 
of a device’s safety throughout its life [16, 17]. These should be seen as a starting 
point in the risk profile and are the basis of the medical device directives: directive on 
implantable active medical devices (90/385/EEC), Medical Devices Directive (93/42/
EEC), and directive on in vitro diagnostic medical devices (98/79/EEC). Another use-
ful standard is BS ISO 31100 which sets a framework for incorporating risk manage-
ment into any organization [18].

5. Work order system for corrective maintenance

A very important component in the management of medical technologies is 
represented by the realization of a maintenance program in which to take into 
account the characteristics and failures of medical equipment. At the moment of 
including such a maintenance strategy, a distinction will have to be made between 
older medical devices and high-tech devices, as they cannot be effectively managed 
if the same maintenance strategies are used [19]. The World Health Organization has 
issued guidelines for the application of corrective maintenance at the hospital level. 
Corrective maintenance is actually a whole process from identifying the defect to 
repairing the device and putting it back into operation.

5.1 Troubleshooting and repair

The first step in the corrective maintenance process is to report a fault/incident to 
a user. Also, a malfunction can be found when a medical technician/bioengineer from 
the Department of Clinical Engineering performs the periodic technical inspection. 
In order to make the maintenance process more efficient, the first step is the realiza-
tion of the finding and then the corrective maintenance is initiated. A reduction in the 
failure time of the defective medical device can be achieved when the medical techni-
cian/bioengineer performs some corrective maintenance steps himself/herself and 
uses internal expertise or external service providers. This corrective maintenance may 
be accomplished at various levels:

• component level: old generation equipment requires isolation of the fault by trou-
bleshooting and repairing the level of components. In the case of new generation 
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medical equipment, electronic devices, repairing the level of components can be 
time-consuming and difficult. In addition, this type of maintenance is not feasible, 
so the repair of the board level or even the system level is applied.

• board level: in the case of modern electronic equipment, the faults of a certain 
circuit board are isolated, and the entire board is replaced.

• device or system level: in the case of modern equipment, troubleshooting 
and repairing at the plate level are sometimes difficult and time-consuming. 
Therefore, if the cost of a repair exceeds 60% of the value of the purchase of new 
equipment, it is more profitable to replace the entire device or subsystem.

The type of corrective maintenance applied at the hospital level is dependent on a 
number of cumulative factors including the availability of financial, physical, and human 
resources, as well as the urgency of a particular request for repair. One strategy that can 
be considered is the application of repairs at the device level, in emergency situations and 
when more time is available, the repair can be used at the plate level or at the component 
level. If it is proposed to repair the component level, parts may need to be replaced.

Replacement can be done with specialized parts from the manufacturer or with 
spare parts recovered from malfunctioning or obsolete equipment (only after the 
announced risk assessment).

5.2 Factors affecting equipment failures

In the event of an unforeseen fault, environmental factors must also be considered, 
such as stabilizing the power supply sources by using voltage regulators, installing unin-
terruptible power supplies (UPS), using surge protection devices and avoiding connec-
tion. Another important environmental aspect is the interaction of medical devices with 
other utility systems (e.g. medical gas and vacuum systems, temperature and ventilation 
control systems, water supply, and information technology).

There must be a permanent collaboration with the other categories of engineers 
in the organization in order to optimize the capacity of the utility systems so that the 
medical equipment works in optimal parameters. The environment in which medical 
equipment is used should be controlled in terms of temperature and humidity. There 
are situations in which some medical equipment is designed to be used in accordance 
with the specific climate of a country/region. In this case, the maintenance procedures 
in a particular country or region are adjusted according to these local factors. Other 
important environmental factors are the age and condition of medical equipment or 
old facilities built to old standards that are not applicable.

5.3 Inspection and return to service

The actions required after the repair is completed include recalibration processes 
and a performance and safety inspection. These activities are essential for measuring 
device performance. Once these activities are completed, the medical equipment will 
be returned for use to the patient care.

5.4 Reporting

In the case of corrective maintenance, a decisive role is played by the periodic tech-
nical verification, part of the preventive maintenance process. The technical file of 
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the medical device in which any intervention made on the medical device is recorded 
is a reference document in corrective maintenance that helps to make decisions. 
Existing data in the worksheet includes the actions performed, the parts replaced, and 
their cost helps to identify if or when the parts need to be replaced again and helps to 
explain the condition of the parts during the current inspection.

5.5 Safety

An important aspect in the corrective maintenance process is the consideration 
of safety aspects. In this case, procedures must be included regarding the safety of 
the technical staff during maintenance, the safety of the user after maintenance, 
and the general control of infections. In order to increase the safety of service per-
sonnel, it is necessary to train and use personal protective equipment and knowl-
edge of techniques that will allow technical personnel to work safely in dangerous 
conditions.

Following maintenance, in particular following procedures which could have 
affected the safety features of a medical device, the technical staff must check that the 
device is safe to use, mechanically and electrically. Particular attention shall be paid to 
the electrical safety of medical devices so that they are earth-proof and leakage cur-
rent is measured to ensure that they are within the applicable limits. (In the absence 
of electrical safety test equipment, technical personnel must rely on careful repair 
techniques and simple electrical tests to verify the integrity of the device). Physicians 
should be advised to check the settings of the device and perform basic operational 
checks before using the device with patients [20].

An important conclusion we can draw is that the best maintenance strategy is 
to apply the mixed maintenance strategy. This process is due to the fact that we are 
talking about a very large number of medical equipment and complex technologies. 
The maintenance process must be divided between the parts: internal maintenance is 
adopted for surgical lamps, sciatic lamps, and telemetry devices. In the case of critical 
devices, maintenance is covered by full-risk agreements with authorized manufactur-
ers or service centers.

External maintenance is adopted for anesthesia machines, mechanical ventilators, 
electrocardiographs, patient monitors, and surgical tables [21].

6. Managing a maintenance program in a hospital

Good management of medical technologies at the hospital level can minimize 
malfunctions in medical devices. If we refer to developing countries, here the prob-
lem is the limited financial resources. In this case, a proper management of medical 
technologies, based on increasing reliability and reducing failures, could lead to 
the provision of good health services in limited economic conditions. Assessing the 
effectiveness of any maintenance program is critical to optimizing the use of available 
resources within the hospital. The emphasis cannot be placed solely on scheduled 
maintenance [22].

Patients’ access to an accurate diagnosis, effective treatment, or rehabilitation 
process with appropriate medical devices is related to the efficient management of the 
maintenance of medical devices. This process can increase the efficiency and produc-
tivity of medical technology resources, which is especially important when resources 
are limited (Figure 3) [23].
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A possible approach to medical technology management involves the inclusion of 
a priority analysis step. The division into three levels of emergency (high, medium, 
and low) can be proposed based on the operation and implementation of subsequent 
actions in appropriate stages, appropriate to urgency, criticality, and seriousness. This 
analysis of priorities can be done both in terms of preventive maintenance, corrective 
maintenance, and in the case of a replacement program. In this case, the management 
priority can be recognized by the maintenance [24].

Another operational diagram that can be applied to evaluate the management 
process of medical technologies is the Ishikawa diagram or the fish bone diagram. 
This diagram is a verbal tool that has the relationship between an effect (a problem) 
and all possible causes that influence the effect (Figure 4).

The optimization of the functions of the maintenance department can be obtained 
by implementing a procedure that includes three important aspects: the task of the 
annual maintenance plan, the time available for the technical department, and the 
amount of equipment to be maintained. Taking into account these parameters, it is 
possible to estimate the personnel necessary to perform the maintenance function, 
responding to the most critical component of the management act – human resources 
[25]. Another approach involves designing a set of key performance indicators (KPIs) 
useful for assessing the performance of medical equipment maintenance in the 
management process (Figure 5).

A proper evaluation of the medical equipment maintenance process should 
include the development of a checklist for evaluating medical technology manage-
ment. Implementing a list can be helpful in ensuring the profitability of health 
facilities and the reliability of medical equipment. In addition, she/he is involved in 
decision-making in support of the selection, measurement, repair, and maintenance 
of medical equipment, in particular for capital equipment managers and hospital 
medical engineers, and also for the evaluation of this process.

Figure 3. 
A summary of basics for evaluating and identifying the mode of operation within the clinical engineering 
department of any hospital.
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An example of a maintenance management evaluation checklist proposes the 
inclusion of 15 indicators: type of medical equipment, quality control tests, applica-
tion of training processes, correct storage of medical equipment and spare parts, 
existence of maintenance contracts, supervision of the process of operation, the exis-
tence of the decommissioning procedure, the existence of the reintegration system in 
use/system and the reporting of adverse events, ensuring the supply of electricity in 
optimal conditions, implementation of a process of continuous development of main-
tenance, general administration, management, and allocation of a separate budget for 
medical equipment maintenance services [23].

Another approach to evaluating the management process was implemented by 
Herrera-Galán and included evaluating the performance of the maintenance function 
by implementing management audits. Assessments include equipment availability, 
response to a service request, monitoring and control of biomedical equipment, 
staff training, quality of work performed by maintenance technicians, workload of 
maintenance technicians, control of work performed by maintenance technicians, 
effectiveness of annual planning, and maintenance and performance of the depart-
ment. The results of this research show that the audit technique is a valuable checklist 
in evaluating the performance of a hospital. And in this case, it was highlighted 
that the most critical component of the results of a management audit is human 
resources [26].

Amerion et al. managed to identify the effective factors that influence the 
management of medical technologies at the level of a military hospital. Following 
the study, 26 components with an important influence on the management pro-
cess were extracted. These are user training, human resources, user engagement 
and experience, the foreign exchange market, regular checks, and trade name. 
Attention to the evaluation of these components could reduce maintenance costs 
and increase the lifespan of medical equipment. The process of training users 
that must be continuous and the quality of human resources are the two main 
aspects [27].

A general conclusion regarding the implementation of management strategies 
in the maintenance of medical equipment shows us that the necessary adequate 

Figure 4. 
Ishikawa diagram or the fish bone diagram applied to the management process of medical technologies.
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resources underlying are human resources, material, financial, and documentation 
resources [28].

7. Conclusion

The maintenance of medical equipment becomes more expensive every year, and to 
optimize maintenance programs and reduce total cost of ownership, hospital manage-
ment structures are constantly looking for solutions to extend the time of operation of 
equipment, in the required safety and technical performance and through the efficient 
use of available resources. The analysis and substantiation of capital expenditures in 
medical organizations must be based on quantifiable factors, with a direct impact on 
the full associated costs. In order to optimize operating and support costs, medical 
technology management structures develop medical equipment maintenance programs, 
based on assessments and prioritization, based on risks and costs. The development 
of alternative plans for medical equipment must take into account the complexity and 
large number of existing equipment, the skills of its own specialists and their number, 
the technical means of calibration and control, and the budgetary resources available.

In this regard, healthcare facilities need to implement evidence-based mainte-
nance strategies, through the development of prioritization procedures aimed at a 
balanced assessment of relevant factors in the life of medical equipment, through an 
integrated approach to the elements of reliability-based maintenance, on risk-based 
conditions and maintenance.

Figure 5. 
Block diagram of the process required to calculate the set proposed by the KPI, starting from technological, 
organizational, and financial data.
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