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Research Paper

Abstract. The coronavirus (COVID-19) pandemic is having a dear impact on the supply 
chains o f virtually all manufacturers. Whether frozen foods and grocery items or 
emergency items, or even the services, the supply chain has been facing multiple 
obstacles. For manufacturing industries with complex supply chains, it is indeed critical 
to identify strategies to deal with such a crisis. With demand high and supply 
unavailable, some products became more desirable causing price hikes and price 
extorting because the manufacturing sectors are facing some barriers during 
lockdown. This research has identified the five essential barriers o f supply chain such as 
lack o f man power, local laws enforcement, lack o f transportation, scarcity o f raw 
materials and deficiency in cash flow for Indian manufacturing sectors during 
lockdown. This paper proposed a methodology based on a fuzzy analytical hierarchy 
process (Fuzzy-AHP) with use o f triangular fuzzy numbers for the pairwise comparison 
matrices. It has been seen that lack o f man power is a higher weight barrier than 
others. Moreover, the managerial implication about the results is also provided, which 
will be useful for manufacturing sectors to take suitable decisions to overcome these 
obstacles.

Keywords: COVID-19, Manufacturing sectors, Barriers, Fuzzy AHP, SCM

1. Introduction

At present time, the world is facing the coronavirus disease known as Covid-19. 
The first case of the coronavirus was reported in December, 2019 in the Wuhan city 
of China which is known as the major transportation hub of China (Mayo clinic, 
2020). Many countries have shut down their sea docks and airports after the spread 
of the virus. They have banned the import and export activities. World Health 
Organization (WHO) has declared the COVID-19 outbreak as a global pandemic on 
March 11, 2020 (Cucinotta & Vanelli, 2020). The virus has affected the lives of many
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people and also affecting the global economy more than that happened during the 
outbreak of severe acute respiratory syndrome (SARS) (WHO, Situation Report-92, 
2000). The first case of Covid-19 in India was reported in January 30, 2020. On 23rd 
of March, 2020, the Government of India has declared the lockdown in the whole 
country to minimize the spread of Covid-19 (Jamwal et al., 2020). Within a month, 
unemployment has risen from 6.7% on 15 March to 26% on 19 April (Vyas, 
2020). During the lockdown, estimated 140 million people lost employment while 
salaries were cut for many others (Goyal, 2020). More than 45% of households 
across the nation have reported an income drop as compared to the previous year 
(Research, Centre for Policy, 2020). Since the last couple of months, the fast spread of 
the COVID-19 disease is creating huge uncertainty and indefinable disruptions in the 
global supply chain. According to WHO (2020), the global supply chain is 
experiencing a big challenge to keep smooth supplies of food and medical 
instruments including masks and medicine highly required to the treatment, 
protection, and control of the pandemic. In India, the supply chain (SC) has also been 
put under stress with the lockdown restrictions which disrupted the SC across the 
nation (Chaudhry, 2020). Major companies in India such as Larsen & Toubro, Bharat 
Forge, UltraTech cement, Grasim Industries, Aditya Birla Group, BHEL and Tata 
Motors have temporarily suspended or significantly reduced operations. Young 
startups have been impacted as funding has fallen (Singh, 2020). Fast-moving 
consumer goods companies in the country have significantly reduced operations and 
are focusing on essentials. The Indian Express, 2020 showed that stock markets in 
India posted their worst losses in history on 23 March 2020. Almost all two-wheeler 
and four-wheeler companies put a stop to production till further notice. Hindustan 
Unilever, ITC and Dabur India shut manufacturing facilities except for factories 
producing essentials (Mudgill, 2020). Foxconn and Wistron Corp, iPhone producers, 
suspended production following the 21-day-lockdown orders (Wu, 2020). Following 
the lockdown, certain essential supply chains (SCs) broke down. Britannia 
Industries, supporting the lockdown, urged the government to ensure inter-state 
movement of the raw material for the food processing industry was not hampered. 
During the lockdown, inter-state logistics has been banned, it does not apply to 
essentials, and in places like Maharashtra, the state police are yet to streamline the 
process and disrupt the SCs. (Parth, 2020). Vidya Krishnan writes in The 
Atlantic that due to the lockdown, even movement of medical goods were affected 
(Krishnan, 2020). On 29 March, 2020, the government of India permitted the 
movement of all essential goods across the country during the lockdown. The milk 
and newspaper SCs are also allowed to function. Chemicals, automotive, electronics 
and other industries are shut down due to supply disruption and restriction of 
logistics/shipment (Kumar et al., 2020). On another note, the pandemic control 
measures taken by countries worldwide have interrupted flows of finished goods 
and raw materials from plants to many parts of the world. For instance, Wuhan, the 
epicenter of the COVID-19 outbreak, is an automobile factory hub with global brands 
such as General Motors, Hyundai, and Toyota (Yu & Aviso, 2020). Aside from these 
car manufacturing plants, multinational companies such as Apple, Alphabet, 
Starbucks, McDonald's, and Proctor & Gamble have closed production facilities. 
Presently, the country is suffering from recession in the third quarter of fiscal year 
(FY) 2020. The economic impact of the 2020 coronavirus pandemic in India has been 
largely disruptive. India's growth in the fourth quarter of the FY 2020 went down to 
3.1% according to the Ministry of Statistics. In India, manufacturing industry is
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totally hampered due to lack of man power, logistics and SC due to lockdown 
restrictions. Although many companies are embracing more online shopping 
activities to deal with low foot traffic and extensive closure of many showrooms 
completely by trying to meet car buyer needs virtually. Changes in business models 
and the use of innovative practices and technologies also lead to changes in existing 
SC structures and relationships. Micro, small and medium-sized enterprises (MSME), 
the United Nations Industrial Development Organization in India, communicated 85 
enterprises and enquired about the challenges they are facing and their expectations 
and plans for the revival of their businesses once the lockdown is lifted. The survey 
was conducted by telephone during the period 9-13 April, 2020 and included 
enterprises engaged in the automotive components, bicycle, paper, textile, ceramic, 
foundry, tea and rice milling sectors (rice milling sector where production has 
reportedly dropped by half) in clusters across the country. Some communications, 
sales, administrative and other support activities are being undertaken from home 
but on a limited scale. Workers who come from different states of India have 
returned in large numbers to their hometowns. In this situation, some manufacturers 
are involved in the manufacturing of ventilators, but small quantities and small 
fraction of its regular workforce. The movement of materials (raw 
materials/finished goods) is standstill. The disruption of the flow of materials and 
goods is having negative implications on other aspects of business, in particular an 
abrupt end to incoming cash flows and the migration of workforce across all skill 
levels. The blockage of people and material movement disrupted every SC.

There are different critical barriers found out which affected the SCs in India 
during this period. It is expected that this paper will be helpful to the manufacturing 
sectors to overcome this issue. Covid-19 pandemics suddenly projected those SC 
change scenarios onto a level of dramatic uncertainty. The susceptibility to which 
regional and global SCs are subjected to extreme events raises several concerns in 
terms of analysis and transport and logistics scenarios. Irrespective of significant 
benefits, the implementation of supply chain management (SCM) is stimulating, and 
industries continue to meet barriers that prevent them from implementing effective 
SCM (Meehan & Muir, 2008). Benefits of SCM execution can be achieved when 
companies are able to identify and overcome these barriers to stay competitive in 
today's changing environment (Stank et al., 2011). These barriers are complex in 
nature, and thus it is crucial for industries to understand them well. Therefore, multi 
criteria decision making (MCDM) techniques may be used in selecting the best one 
among criteria. In the present paper, quality of performance of five critical barriers 
of SCM such as lack of man power, local laws enforcement, lack of transportation, 
scarcity of raw materials and deficiency in cash flow in Indian manufacturing sectors 
has been analyzed using a modified Fuzzy AHP method (Shaw et al., 2012), (Arikan, 
2013) for their subsequent ranking. In this paper, we use the Fuzzy AHP method to 
determine the weights associated with criteria under study.

The paper is organized as follows: after the introduction and barriers of SCM in 
manufacturing environment, section 3 presents the Fuzzy AHP methodology with 
mathematical formulation of the method. Section 4 contains the application of Fuzzy 
AHP method for calculating the weights. Section 5 presents the discussion and 
concluding remarks, and directions for future research is presented in section 6.

Selection of the barriers of supply chain m anagem ent in Indian m anufacturing sectors due to
COVID-19 im pacts

3
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2. Barriers of supply chain m anagem ent (SCM) due to COVID-19

As reported in literature (Moktadir et al., 2018), (Sirisawat & Kiatcharoenpol, 
2018), SCM barriers are lack of top management commitment and support, an 
unclear organizational objective, employee empowerment and training, insufficient 
funds, poor corporate culture, mistrust among employees and SC partners, lack of 
education and training to employees and suppliers, poor information and 
communication technology infrastructure, unwillingness to implement SC practices, 
lack of integration among SC partners, lack of collaboration among SC partners, lack 
of responsiveness, lack of customer satisfaction index, etc. These barriers are 
complex in nature, and thus it is crucial for decision makers to understand them well, 
so that the barriers can be curtailed. It has been seen that supply chains are always 
influenced by some barriers. Now in India, Covid-19 has disrupted the supply chain 
in manufacturing sectors. The barriers for the Indian SC caused by the Covid-19 are 
found out with the discussion with academic experts and industrial experts and they 
sort out many barriers of SCM in manufacturing sectors like lack of man power, lack 
of raw materials, unavailability of imported goods, a bottleneck in last mile delivery, 
lack of transportation, slow movements of goods, restriction on overseas 
transportation, lack of buyers, lack of cash flow, slow credit flow from the financial 
sectors and local laws enforcement. In this study, five serious barriers are considered 
which are further discussed in Table 1 because these five barriers are the most 
important in this pandemic situation and these five barriers are directly or indirectly 
connected with all other barriers. The five barriers are lack of man power, local laws 
enforcement, lack of transportation, scarcity of raw materials and deficiency in cash 
flow in the market, found out as critical in the SCs in India. It is expected that this 
study will be helpful for the researchers to develop the conceptual models to 
overcome this issue. These barriers have a great influence on Indian SC. Although 
these issues in the SC are very generalized, which needs further study, the 
prioritization of these barriers will help the industries to overcome the SC issues due 
to the Covid-19.

Table: 1 Description of the barriers

Barriers Description of the variables

Lack of man power

Man power in any sectors is defined by the supply of 
people who are able to work. Any sector suffers from a 
lack of man power. This is an important variable or 
criterion for any industry or service sectors and it directly 
affects the productivity, which reduces the revenue and 
profit.

Local laws enforcement

Government of India is taking all necessary steps against 
the spread of CORONA Virus 19. The most important 
factor in preventing the spread of the Virus locally is to 
empower the citizens with the right information and 
taking precautions as per the advisories being issued by 
government. In India, the government has decided a 
nationwide lockdown to battle the spread of the Covid-19 
virus.

Lack of transportation Due to COVID 19, India has restricted or stopped the 
transport system in the country and globally, which
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directly affects the SC of manufacturing sectors.

Scarcity of raw 
materials

Industries in the country are facing shortages of raw 
materials because of the graded lifting of the ongoing 
nationwide lockdown. Due to restricted capacity at the 
main ports in India, both for sea and air freight, 
industries are facing a scarcity of import of material for 
which a locally-produced alternative is extremely difficult 
to find.

Deficiency in cash flow 
in the market

A lockdown of this magnitude puts immediate pressure 
on the cash flow and pandemic has significantly impacted 
the cash flow at organizations.

3. Methodology

There are a number of multiple criteria decision making (MCDM) tools, such as 
AHP, ENTROPY, CRITIC (Saaty, 1980), (Biswas et al., 2019), (Biswas et al., 2020), 
etc., available for prioritization of criteria in a set. In this paper, the fuzzy AHP 
method has been used to determine the weights/performance evaluation of the 
different barriers. This method works with the development of pairwise comparison 
matrix to determine the subjective weights or relative importance of each criterion. 
To capture the vagueness or imprecision in the judgments rendered by decision 
makers, triangular fuzzy membership function has been used (Chang, 1996) with 
AHP theory. There are a good number of advantages of this method such as: it is 
simple to understand and comprehend, it can capture imprecision in judgments, it 
can return to a crisp value at the end, etc. A fuzzy scale as proposed by Chang (1996) 
has been considered for pairwise comparisons of one criterion over another and the 
same is shown in Table 2.

Table 2. Fuzzy Scale

Preference of pairwise comparisons Fuzzy numbers
Equal (1,1,1)
Moderate (0.67,1,1.5)
Strong (1.5,2,2.5)
Very strong (2.5,3,3.5)
Extremely Strong (3.5,4,4.5)

In this work, the extent fuzzy AHP (Chang, 1996) is utilized for defuzzification.

4. Data and Computation

In order to rank the different barriers of SCM due to COVID-19 for Indian 
manufacturing sectors, 15 respondents were contacted and their demographic 
information was collected. It has been seen that the majority of the respondents are 
Bachelor degree, Master's degree or PhD degree holders. All the respondents 
comprised are in manufacturing sectors, SC sectors and professors/associate
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professors in colleges/universities. All the academicians involved in the survey 
either teach engineering or management and by virtue of their profession, they have 
practical experiences in dealing with SC activities in Indian manufacturing 
industries. It has been observed that all the respondents have working experiences of 
5 years or more. So, overall, it can be concluded that all the respondents participated 
in the present survey have sufficient expertise in SC management.

After identification of evaluation barrier, with the help of expert committee, fuzzy 
linguistic values are used to determine weights of criteria.

4.1 Priority of criteria

Considering the feedback of the experts from various fields, we form a pairwise 
comparison matrix of 5 criteria to get their relative weight over others. Table 3 
shows the fuzzy evaluation of the criteria.

Table 3. Pairwise comparison matrix

Criteria Lack of man Local laws
power enforcement transportation materials

Deficiency inLack of Scarcity of raw cash flow in the 
market

Lack of man 
power

Local laws 
enforcement

Lack of
transportation 
Scarcity of raw 
materials 
Deficiency in cash 
flow in the 
market

(1,1,1) (1.5,2,2.5) (0.67,1,1.5) (2.5,3,3.5) (0.67,1,1.5)

(0.4,0.5,0.67) (1,1,1) (0.67,1,1.5) (0.67,1,1.5) (1.5,2,2.5)

(0.67,1,1.5) (0.67,1,1.5) (1,1,1) (0.67,1,1.5) (2.5,3,3.5)

(0.29,0.33,0.4) (0.67,1,1.5) (0.67,1,1.5) (1,1,1) (1.5,2,2.5)

(0.67,1,1.5) (0.4,0.5,0.67) (0.29,0.33,0.4) (0.4,0.5,0.67) (1,1,1)

Using the steps of extent fuzzy AHP mentioned in the literature (Chang, 1996) and 
fuzzy evaluation values in Table 3, we determine the triangular fuzzy number (TFN) 
values of five criteria as follows:

S1 (Lack of man power)
=(6.33,8.00,10.00) 0 (1/37.30,1/29.17,1/22.94)
=(0.17,0.27,0.44)
S2(Local laws enforcement)
=(4.23,5.50,7.17) 0 (1/37.30,1/29.17,1/22.94)
=(0.11,0.19,0.31)
S3(Lack of transportation)
=(5.50,7.00,9.00) 0 (1/37.30,1/29.17,1/22.94)
=(0.15,0.24,0.39)
S4(Scarcity of raw materials)
=(4.12,5.33,6.90) 0 (1/37.30,1/29.17,1/22.94)
=(0.11,0.18,0.30)
S5(Deficiency in cash flow in the market)
=(2.75,3.33,4.23) 0 (1/37.30,1/29.17,1/22.94)

6



=(0.07,0.11,0.18)
Similarly as mentioned in literature (Chang, 1996), the degree of possibility of 

Sj=(lj,mj,uj)>Si=(li,mi,ui) can be computed by comparing the values of Si as 
determined above. Table 4 shows the values of V(Sj>Si).

Selection of the barriers of supply chain m anagem ent in Indian m anufacturing sectors due to
COVID-19 im pacts

Table 4. Values o f V(Sj>Si)

V(Sj>Si) Value V(Sj>Si) Value V(Sj>Si) Value
V(S1>S2) 1.000 V(S2>S1) 0.636 V(S3>S1) 0.880
V(S1>S3) 1.000 V(S2>S3) 0.762 V(S3>S2) 1.000
V(S1>S4) 1.000 V(S2>S4) 1.000 V(S3>S4) 1.000
V(S1>S5) 1.000 V(S2>S5) 1.000 V(S3>S5) 1.000

V(S4>S1) 0.590 V(S5>S1) 0.059
V(S4>S2) 0.950 V(S5>S2) 0.467
V(S4>S3) 0.714 V(S5>S3) 0.187
V(S4>S5) 1.000 V(S5>S4) 0.500

Calculate the minimum degree of possibility d' (i) of V (Sj>Si) for i,j=1,2,3,....k. 

D'(1)=min V(Sr>S2,S3,S4,S5) = min (1.000, 1.000, 1.000, 1.000)=1.000 

D'(2)= min V(S2>Sr,S3,S4,S5) = min (0.636, 0.762, 1.000, 1.000)=0.636 

D'(3)= min V(S3> Sr,S2,S4,S5)= min (0.880, 1.000, 1.000, 1.000)=0.880 

D'(4)= min V(S4> Sr,S2,S3,S5)= min (0.590, 0.950, 1.000, 1.000)=0.590 

D'(5)= min V(S5> Sr,S2,S3,S4)= min (0.059, 0.467, 0.187, 0.500)=0.059 

Therefore, the weight vector becomes 

W'= (1.000, 0.636, 0.880, 0.590, 0.059)T 

Normalizing the weight vector, we get 

W= (0.316, 0.201, 0.278, 0.186, 0.019)T

Therefore, the final weights of lack of man power, local laws enforcement, lack of 
transportation, scarcity of raw materials and deficiency in cash flow in the market 
become 0.316, 0.201, 0.278, 0.186 and 0.019 respectively. The relative weights 
which are non-fuzzy numbers are described in the following figure (Figure 1).
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Figure 1: Relative weights for evaluation of barriers

5. Result and Discussion

As mentioned above, the five essential barriers of SCM implementation in 
different manufacturing sectors were identified and subsequently validated by 
academicians and practitioners in order to see the importance of the different 
barriers of SCM in manufacturing sectors. The majority of the expert respondents 
belongs to either academic or industry area. All the academicians involved in the 
survey are aware of operations management and marketing management by virtue 
of their profession, and they have practical experiences in dealing with SC activities. 
So, overall, it can be concluded that all the respondents participated in the present 
survey have sufficient expertise in SC management. The figures also show the 
priorities of the factors compared. For clarity purpose, the five barriers and their 
corresponding priorities and ranks are shown in Fig. 1. It is observed that the five 
most critical barriers are (arranged in a descending order of criticality) the 
following:

1. Lack of man power,
2. Lack of transportation,
3. Local laws enforcement,
4. Scarcity of raw materials,
5. Deficiency in cash flow in the market.

From Figure 1, it is found that the most serious barrier is “Lack of man power” 
and the least critical barrier is “Deficiency in cash flow in the market”. This does not 
mean that 'deficiency in cash flow in the market' is not serious; it merely shows that 
the other barriers considered are more serious compared to it because deficiency in 
cash flow directly or indirectly depends on logistics and SCM. Lack of man power 
affects production directly. Presently, the production level is already low due to 
unavailability of the raw materials because of the irregular transportation system. In
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this present scenario, local law enforcement has played a major role in 
implementation of “the lockdown”. So, the entire distribution channel is hampered 
and does not meet the demand supply equation. As a result, there is a scarcity of raw 
material items in the market. These emergency items are unnecessarily being 
stocked by some classes of people as they are thinking that there may be a crisis in 
the near future. Therefore, it widens the gap between demand and supply in the local 
market. As most of the businesses were entirely stopped due to the lockdown 
countering this pandemic, it resulted in the downfall of the economy and an increase 
in the unemployment level as well. It has been noticed that many people had lost 
their jobs in different sectors and some employees did not get their remuneration 
fully. Due to the loss of job, these people are having difficulties to meet their 
necessities. Consequently, all the above mentioned points directly affect the cash 
flow. It has been observed from the literature review that manufacturing industry 
has been hit in many ways due to the Corona effect. To begin with, lower production 
due to lack of raw materials, employees stop coming in to work due to government 
directives, thereby reducing the scale of operations, with a consequent effect on 
quality, cost and production volumes. Over a period, this adversely affects the 
turnover, which slows down to a drop. The uncertainties in the logistics leads to a 
flowing effect; transporters struggle to not only place vehicles for loading; they also 
are under pressure to adjust their quotes for carrying goods, as it also faced lower 
attendance, with their operational risks increasing steeply. Another side, the slower 
rate of banking operations, shorter working hours and jammed & overloaded 
communication lines lead to delayed money transactions, thereby elevating 
monetary risks.

Hence, the main challenges for restarting manufacturing industries can be 
started, although COVID-19 will remain around and create a high degree of 
uncertainty in all aspects in manufacturing sectors. In particular, the need to avoid 
the further spread of COVID-19 in the workplace or through the movement of people 
and materials may result in further restrictions and a potential return to lockdown. 
When restrictions are lifted, the market is expected to be very tight and extremely 
cash-constrained. This is largely due to extreme uncertainties with regard to demand 
for manufacturing and consequent low or non-existing business income while 
expenses for labor, energy, rent and other business inputs will still be suffered.

Now, the different Indian govt. organizations (MSME, Confederation of Indian 
Industry) may consider the followings:

1. Manpower will be a constraint due to maintaining social distancing, therefore 
some percentage of workers have to bring back from their hometowns due to 
uncertainties of job and loss of income during the lockdown. Now, it will be a 
challenge to convince staff to return or to hire new staff for operation. Even 
though engagement with industrial training institutes and hiring of temporary 
workers on walk-in basis.

2. Machinery and stocks of raw materials, work in progress and final products 
become tainted. It needs to undertake outstanding maintenance and service, and 
clean out wasted stocks, before they can resume operations, at a significant cost 
and with likely write-offs of stocks currently trapped on-site.

Selection of the barriers of supply chain m anagem ent in Indian m anufacturing sectors due to
COVID-19 im pacts
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3. Ensuring timely supplies of essential inputs without price hikes is a matter of 
concern. Those are sometimes critically dependent on specialized parts from 
other states or from abroad express concerns about their susceptibility to supply 
shortages.

4. Some emergency product industries had already started pre-lockdown with 
some measures for COVID-19 infection prevention and control, particularly 
through awareness-raising and communication (on hygiene, physical distancing, 
etc.) and, in some cases, the provision of hand sanitizers, masks and gloves. This 
forms the basis for stepping up preventive measures for post-lockdown. 
Common measures under consideration are health checks at the factory 
entrance, the provision of personal protective equipment (PPE), staggering of 
shifts and break times to minimize congestion of people, maintaining physical 
distancing during work and compulsory use of Aroygya setu app (COVID-19 
contact tracing app launched by the Government).

5. Currently, the most immediate concerns are cash flow and working capital. Most 
are concerned that survival is only possible with a substantive financial and/ or 
fiscal support package from the government.

6. Build digital SC & logistics and mandate and further drive digital payments.

6. Conclusion

The panic-stricken country has come to a standstill with nationwide lockdowns, 
mandatory quarantine, home confinement, job losses and economic woes. However, 
these restrictions have a severe impact on SCM in Indian manufacturing sectors. 
Notably, the restrictions disrupted the raw materials and finished goods SC that in 
turn made to experience huge losses and growth of market are facing too much 
problems. Adding to that, immense post losses due to shortage of labors and 
transportation bottlenecks were observed. In this paper, we have focused on five 
main barriers of SCM in manufacturing sectors and used the Fuzzy-AHP model to 
evaluate the weightage of different barriers due to COVID-19. It has been seen that 
lack of man power is the most serious barrier and the least weightage barrier 
comparing to others is deficiency in cash flow in the market because it depends upon 
the other barriers. This study can be extended by considering the other barriers with 
different multi-criteria decision making approaches. The proposed paper provides 
some useful information to manufacturing sectors in checking out the action plans in 
order to overcome those barriers. Once the barriers are overcome, the 
manufacturing sectors can start their production and continue in contributing to the 
country's GDP substantially.
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Abstract. The Flexible Job Shop Planning (FJSP) problem is another planning and 
scheduling problem. It is a continuation of the classic problem of scheduling jobs, where 
each operation can be performed on different machines, while the processing time 
depends on the machine being used. FJSP is a difficult NP problem that consists o f two 
sub-problems, scheduling problems and scheduling operations. The paper presents a 
model for solving FJSP based on meta-heuristic algorithms: Genetic algorithm (GA), 
Tabu search (TS) and Ant colony optimization (ACO). The efficiency of the approach in 
solving the aforementioned problem is reflected in the flexible search of space and the 
choice o f dominant solutions. The results o f the computation are graphically 
represented on the Gantt chart.

Keywords: Scheduling, Flexible job-shop, Genetic algorithm, Tabu Search, Ant Colony 
Optimization, Local search.

1. Introduction

The planning of production and production processes has a very important role in 
the successful functioning of production. Planning and scheduling problems occur in 
almost every field of economics, engineering, up to industrial production. One of the 
most important production issues is the planning and scheduling of operations. A key 
reason for scheduling and planning operations is to increase production 
productivity. Scheduling and planning operations can be very easy, but it can also be 
one of the most difficult scheduling problems, depending on the type of problems and 
planning conditions. A problem where there is more than one machine available for 
each operation, where there is flexibility in selecting a machine from a set of 
alternative machines is called the Flexible Job Shop Problem (FJSP). According to the
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JSP action routine, each job is processed on a machine with a defined processing 
time, and each machine can only process one operation. In practice, a machine may 
have the flexible ability to perform more than one type of operation, leading to the 
modification of the JSP in the FJSP. As Pinedo (2008) stated his book, the definition of 
FJSP can be expressed as a generalization of the workplace and the parallel 
environment of machines. Instead of m machines in a row, there are c centers for 
working with each work center in parallel with the same number of identical 
machines. Each job has its own route to follow throughout the shop; job j  requires 
processing in each work center on only one machine and each machine can run. If a 
business on its way through the store can visit the work center more than once, then 
the fr-field contains the rcrc entry for recirculation.

The aim of this paper is to test and compare tree meta-heuristic optimization methods 
in order to minimize the amount of time spent planning and scheduling operations on the 
available set of machines. The results obtained using different approaches should help 
managers to identify an appropriate method for this class of problem.

There are different approaches to solving FJSP available in the literature, and that 
will be reviewed in the next section. In the earlier years of research into planning and 
scheduling problems, exact methods were used in the allocation of resources. Today, 
methods such as constraint programming and simulation methods are being used 
more and more in the planning world. The objective of this paper is reflected in the 
application of several meta-heuristic methods, namely Tabu Search (TS) algorithm, 
Ant Colony Optimization (ACO) and Genetic Algorithm (GA) and their comparison in 
the speed of the convergence and accuracy of the solutions. The basic idea is to 
assess which of the applied algorithms is most applicable for solving FJSP.

2. Literature review

Resource planning and scheduling, as well as the methods used to solve 
scheduling problems, are gaining ground in many areas of logistics, planning, search, 
and routing, where this methodology is very significant and applicable. Speaking of 
scheduling (Brucker & Schile, 1990), they are one of the first scientists to develop a 
graphical algorithm for planning and scheduling. The algorithms most commonly 
used today to solve scheduling problems within the FJSP are meta-heuristic 
algorithms: Genetic Algorithm (Fraser, 1957; Bremermann, 1958; Holland, 1975), 
Ant Colony Optimization (Dorigo et al., 2006), Simulated Annealing (Kirkpatrick et 
al., 1983), Tabu Search (Glover & Laguna, 1997), Particle Swarm Optimization 
(Kennedy & Eberhart, 1995) and others. In the continuation of the work in Figure 1, 
methods are presented on the basis of which it is possible to solve the problems of 
planning and scheduling resources.

Figure 1. Methods for solving scheduling problems 
14



Exact methods: The basic feature of exact methods is the accuracy in defining 
mathematical model as well as finding optimal solutions depending on the size of the 
data tested. One of the major drawbacks of exacting methods is solving robust 
models. This group of methods includes some of the basic techniques used to solve 
scheduling and planning problems: nonlinear, linear, dynamic, integer, and 
disjointed programming techniques. There are many exact algorithms in the 
research literature that are used to solve such research problems, such as Branch 
and Bound methods (Lomnicki, 1965), and they can be defined through various 
techniques for determining the lower and upper bounds.

Klein & Scholl (1996), as well as Blazewicz, et al., (1996) present, in their works, 
the Branch and Baund method in the example of resource planning, and the main aim 
of their work is to assign tasks to a certain number of machines in order to achieve 
maximum productivity. Liu, et al. (1996) and Thomalla (2001) present, in their 
papers, the problem of scheduling by the Lagrangian relaxation method, where they 
prove that the scheduling and planning problem can be successfully solved by this 
method. Robson (1986) worked to refine an algorithm he had already developed to 
improve temporal complexity. Ostergard (2002) proposed a Branch and Baund 
algorithm that defines each node with a different color to distinguish the nodes from 
each other, which at that point is a new tagging methodology. Vandaele (2000), 
Hasan & Arefin (2017), and Aslan et al. (2017) show, in their papers, the problem of 
planning and scheduling and the success in solving these problems by an integrated 
method of planning.

Heuristic methods: Alan Turing is probably the first to use heuristic algorithms 
when he broke the German Enigma code during World War II. The next significant 
step in the evolution of evolutionary algorithms was (Holland, 1975) and his 
associates at the University of Michigan in the 1960s and 1970s. Such search 
methods do not guarantee finding the optimal solution, but effectively finding a good 
enough solution. Heuristics are divided into: heuristics that give only one solution 
within the search and heuristics that give results during the search through a series 
of iterative solutions. In the works, (Sentlelro, 1993), (Lagodimos & Leopoulos, 
2000), (Spyropoulos, 2000), (Xing & Zhang, 2000), we can see a heuristic approach 
to solving planning and scheduling problems, and also based on the obtained results, 
it can be seen that this approach gives optimal results. Kung & Chern (2009) show 
another way to solve planning problems. In this paper, we can see a scheduling 
heuristic approach that focuses on solving factory planning and scheduling 
operations for different job (product) structures. For this planning problem, a 
heuristic algorithm is proposed, and is referred to in the paper as the factory 
planning heuristic algorithm, abbreviated as HFPA. Xing & Zhang (2000) use a 
method of heuristic approach to solve the problem of planning and scheduling on the 
problem of M parallel machines with minimal total cost. Sobeyko & Monch (2016) 
present a heuristic approach to solving scheduling problems in large-scale flexible 
operations. Based on the results obtained in this paper, we can conclude that the 
proposed heuristics arrive at satisfactory solutions quickly.

Programming constraints: This problem-solving approach belongs to the group 
of NP-hard problems, and the basic feature is the programming of constraints on 
problem solving in industrial planning and scheduling systems. There are a number
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of different software applications used in this troubleshooting category that can be 
used to program scheduling constraints. This approach originated in the field of 
artificial intelligence. The programming languages most commonly used today to 
solve artificial intelligence planning and scheduling problems are: MatLab, Python, C 
++, C # , Java, and more. When it comes to programming time, constraints planning, 
and scheduling problems are meta-heuristic methods largely presented.

One example of solving scheduling problems can be seen in (Stankovic, et al., 
2019). It should be noted that two approaches are presented in the literature: the 
deterministic approach and the stochastic approach (Pinedo, 2008). The time of 
completion of the scheduling of operations (products) in the scientific literature is 
indicated by Cmax which represents the total criterion value of the function. Examples 
of solving problems of planning and scheduling can be seen in (Jamili, 2018); (Fan, et 
al., 2019). Solving FJSPs based on meta-heuristic algorithms with programming 
constraints in the form of time constraints, periods of unavailability can be seen in 
the papers (Zhang, et al., 2011); (Stankovic, et al., 2019).

Tamssaouet, et al. (2018) compares several meta-heuristic algorithms with their 
associates with periods of machine unavailability in the form of preventive and 
corrective machine maintenance. Liaw, (2000) presents the application of a hybrid 
algorithm with a basic genetic algorithm. Further research includes a local tab-based 
search enhancement process. The results obtained show optimality compared to 
other search algorithms.

Simulation methods: Simulation modeling has a great ability to present complex 
systems in a multitude of details, which is its main advantage over other methods. 
Simulation-based planning is used for many operations and system controls, and as a 
final output, a detailed work plan is obtained. Simulation-based planning models 
need to be more detailed than other typical simulation models. Many models in 
practice with this type of problem can only be solved by the simulation-based 
optimization method, an approach in which the simulation model is integrated with 
meta-heuristic search methods such as GA and TS (Laguna, et al., 2003).

The Kanban method is used to increase the productivity of product flow through 
a single production system and eliminate potential errors at the end of a cycle. 
Kanban is a system that controls the flow of material (resources) through a number 
of multiple optimization processes. Kanban system was developed by Toyota 
engineers - Taiichi Ohno (Industrial Engineer and Businessman) to optimize their 
manufacturing process. The implementation and success of solving the problems of 
planning and scheduling operations in small and medium-sized enterprises can be 
seen in many professional papers. Schaefers et al., (2000) is one example of solving 
product planning and flow problems as well as cost optimization. Problems were 
identified, analyzed and optimized based on the Kanban method. Japanese industry 
management technique has been applied in many western countries.

Graver & Price (1987) present the Kanban method in their work and use it to 
solve JSP planning and scheduling problems in the form of simulation, and the final 
results of the simulation show a significant improvement of the system over previous 
planning practice. Kumar & Panneerselvam (2007) present the Kanban system and 
100 state-of-the-art research papers as well as suggestions for further research.
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The Work Load Control (WLC) method involves three models: planning, control, 
and scheduling. The basic task of this method is to solve the problem of production 
load. In many cases, when planning and selecting a job, the rules of job priority are 
used, depending on the delivery time of a certain type of product, which is one of the 
most important factors during the planning process in small and medium-sized 
enterprises. Such methods are of great use in the form of simulations and in solving 
planning and scheduling problems, which can be seen in papers (Thurer et al., 2012); 
(Thurer et al., 2017).

3. Methodology

Accurate and heuristic methods are used to solve planning and scheduling 
problems. The application of exact methods is limited to simple problems, while 
more complex meta-heuristic methods are used for complex real systems. The term 
meta-heuristics was first proposed by Fred Glover in 1986, while the same author 
defined meta-heuristics many years later as a high-level problem-independent 
algorithmic framework that provides a set of guidelines or strategies to develop 
heuristic optimization algorithms (Sorensen & Glover, 2013). Meta-heuristics are 
designed to solve complex optimization problems when other optimization methods 
fail to effectively solve the optimization problem.

These methods are nowadays recognized as one of the most important practical 
approaches to solving many complex problems, and this is especially important for 
solving many real combinatorial optimization problems, hence the application for 
the FJSP problem. In general, meta-heuristics can be said to be higher level 
heuristics. Below, we present three meta-heuristic methods that have been applied 
in solving the problems of allocation and scheduling of FJSP operations.

3.1. Tabu Search

The Tabu Search (TS) algorithm was first mentioned by a famous scientist Glover, 
(1986). The TS algorithm is a meta-heuristic search method that uses local search 
methods. Search implementation uses structural models that describe average 
places, that is, possible solutions, or use sets that the user defines as the initial 
parameters of the problem under consideration. This means that if a potential 
solution was previously visited at some point in the search or if the set search rules 
were exceeded, then it will be marked in the tab list. So, the TS algorithm does not 
take the same solution multiple times as possible solutions during search.

Tabu searches during previous research have proven to be the optimal search 
method in a wide range of classic and practical planning problems, and even in the 
field of neural networks, as can be seen in papers (Nowicki & Smutnicki, 2005); 
(Zhang et al. 2007). To avoid problems during the search, the size of the taboo list 
during the search needs to be modified (Talbi, 2009). Tabu list size is crucial during 
this type of search. For a taboo list that is too small, a search will tend to cycle 
through the same possible solutions multiple times, whereas if the taboo list is too
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large, the lack of available moves can lead to possible errors during the search. The 
TS algorithm is represented by a pseudocode in Table 1 (Glover, 1989).

Table 1. Pseudocode o f Tabu Search

Pseudocode of Tabu Search_________________________________________________
sBest ^  s0 
bestCandidate ^  s0 
tabuList ^  [] 
tabuList.push(sO)
While (not stoppingCondition())

sNeighborhood ^  getNeighbors(bestCandidate) 
for (sCandidate in sNeighborhood) 

if ((not tabuList.contains(sCandidate)) and (fitness(sCandidate) > 
fitness(bestCandidate)))

bestCandidate ^  sCandidate 
end for 
end if
if (fitness(bestCandidate) > fitness(sBest)) 

sBest ^  bestCandidate 
end if
tabuList.push(bestCandidate) 

if (tabuList.size > maxTabuSize)
tabuList.removeFirst()

end if 
end While

3.2. Ant colony optimization

The Ant Colony Optimization (ACO) method was first proposed by Dorigo (1992). 
Ant colony optimization is a population-based meta-heuristic that can be used to find 
approximate optimal solutions for different test cases. The algorithm is inspired by 
the behavior of ants in nature. The basic characteristic of the collective behavior of 
ants is that all members of the colony exchange information about their environment 
indirectly or directly, i.e. the phenomenon of collective intelligence. It has been 
discovered in nature that each ant leaves a trail behind, releasing a certain amount of 
a chemical called a pheromone. The more ants go in one path, the more pheromones, 
and that is, for each subsequent ant, positive information about the correctness of 
that path. In this way, the ants indirectly communicate with each other via 
pheromones. All ants start with a value of 0, which means that no operations are 
scheduled before the search begins. All nodes have an initial pheromone 1. The 
pheromone will decrease after each round of search. Local search depends on the 
number of pheromones and the search time, and the total time is calculated based on 
the extra time required to activate the next Oj operation on the available Mn machine. 
A random value is generated for comparison with n. If the rand value is less than n, 
the local search will select the planning route with the maximum amount of 
pheromone. Only the best ants can deposit the pheromone on the path from point A 
to point B. The total amount of pheromone deposited is calculated based on the
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expression At = 1 /  (best cost). The pseudocode of the ACO algorithm is presented in 
Table 2 (Yang, 2010).

Pseudocode of Ant Colony Optimization_____________________________________
Objective function f (x), x = (x1,...xn)T
[or f (xij) for routing problem where (i, j) € {1, 2 , ....n}]
Define pheromone evaporation rate v 
while (criterion) 

for loop over all n dimensions (or nodes)
Generate new solutions 
Evaluate the new solutions
Mark better locations/routes with pheromone 5̂ ij 
Update pheromone: vij - (1-V) ^ij + ^ ij 

end for
Daemon actions such as finding the current best 

end while
Output the best results and pheromone distributions__________________________

3.3. Genetic algorithm

Genetic Algorithm (GA) is an optimization technique used to solve nonlinear or 
non-differential optimization. The GA was developed by Holland in the 1970s of the 
last century (Holland, 1975). The genetic algorithm is characterized by several stages 
in solving a defined problem, in this case of planning and scheduling.

The algorithm mimics the natural selection process, while changes in the genetic 
structure are possible by mutation of genetic material, the essence of which is to 
expand the search area and overcome local extremes. Crossing in solving GA is a 
process of combining several units to get a new unit selected, and this type is 
compared to a natural process like parents and their offspring. New individuals 
inherit their parents' genes. When it comes to solving planning and scheduling 
problems, the most common examples are based on a genetic algorithm. One of the 
most common solutions is based on a coded job scheduling matrix used for 
scheduling problems on more than one machine, an example of such a matrix can be 
seen in Figure 2.

The mutation involves a random change in the genes of the individuals. Mutation 
achieves uncontrolled alteration of genetic material. By changing the genetic 
structure, completely new solutions are achieved. The basic goal is to get an 
individual that cannot be obtained in other stages.

Table 2. Pseudocode o f Ant Colony Optimization

M1: O11 ; O13; O12 — ►  
M2: O22; O23; O21 — ►  
M3: O31; O32; O33 ^

M1: J1 ; J3; J2 
M2: J2; J3; J1 
M3: J1 ; J2; J3

Figure 2. Job scheduling matrix
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This random value initiates a search across the entire allowed domain. The mutation 
rate should be small from about 0.001% to 0.01% in order to avoid a random, 
stochastic and uncontrolled procedure. The pseudocode of GA is presented in Table 3 
(Yang, 2010).

Figure 3. Mutation in the case o f scheduling machine 

Table 3. Pseudocode o f GA

Pseudocode of GA
Objective function f(x), x= (x1,....,Xn)T 
Encode the solution into chromosomes (binary strings) 
Define fitness F (eg, F ^  f(xj for maximization) 
Generate the initial population
Initial probabilities of crossover (pc) and mutation (pm) 
While (t < Max number of generations)

Generate new solution by crossover and mutation 
If pc > rand, Crossover; 
end if
If pm > rand, Mutate; 
end if
Accept the new solutions if their fitness increase 
Select the current best for new generation

end while
Decode the results and visualization

4. Case study

This section presents a method for solving FJSPs based on three proposed meta­
heuristic algorithms. The first part of the case studies presents a model for testing 
algorithms on a classic data set. The efficiency of the algorithms is reflected in the 
speed of the convergence solution through a series of iterations. The input 
parameters consist of 25 jobs and 10 machines with a defined processing time of 
each operation on an individual machine. The mathematical model of solution 
optimization with objective function and time constraint is represented by the 
following notation:

•  J  - number of jobs,
•  M - number of identical machines,
•  pi,j,k - the processing time of each operation.

Constraints:
J  > M > 1, J, M e Z+ (1)

V p e T, p e Z+&1 < p <M 
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Cost function:
f  (x)=maxi f(i), i=1,2,.., M (3)

The input parameters as well as the results of the optimization problem for all 
three meta-heuristic algorithms are presented in Table 4.

An application of m etaheuristic optim ization algorithm s for solving the flexible job-shop
scheduling problem

Table 4. Input parameters and results: TS, ACO and GA

TS parameters
MaxIter J M

1000 25 10
Time for TS algorithm for which an optimal solution is found [s]

Local best found for 1000 iterations 187
ACO algorithm parameters

MaxIter J M
1000 25 10

Time for ACO algorithm for which an optimal solution is found [s]
Local best found for 1000 iterations 182

GA parameters
MaxIter J M

1000 25 10
Time for GA for which an optimal solution is found [s]

Local best found for 1000 iterations 176

Based on the results presented in Table 4, it can be concluded that TS, ACO and 
GA give satisfactory results, but that GA gives the most favorable results. On the basis 
of the obtained results, GA was used in the FJSP case study of planning and 
scheduling operations in an industrial environment.

The case study covers the planning and scheduling of production cycles related to 
the FJSP solution. The basic structure of the problem being solved relates to a set of 
jobs that need to be done on the machines, and each job is allocated to a list of 
activities that are processed in the order. The essence of the problem and the defined 
activity is to keep the total completion time as low as possible in accordance with the 
planned operations with defined time of each operation individually. The set of 
operations performed to make one job complete and therefore a finished product. 
The mathematical model of FJSP can be represented as follows (Ozguven et al., 
2010).

It is necessary to schedule n products J  = {J , J 2, ..., Jn}, with each job Jj (  = 1,2, ... n) 
having a predetermined order of operations nj (O1, j, O2, j ,. ... They, j), should be 
realized in the order given in m machines M = {M1, M2, . ,  Mm}. For a completely 
flexible problem, each machine can perform only one operation at a time, and the 
processing time of each operation depends on the machines available and is 
represented by p, i, j, k (processing time of the operation Oi, j on the machine Mk). The 
goal of the problem observed is to assign each operation to a corresponding machine 
and then determine the arrangement of all the machines assigned to the operations
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to reduce the target function, in this case minimizing the manufacturing process 
based on GA. An example of the problem examined is presented in Table 5.

Table 5. Input matrix o f partial FJSP

Jobs Operations M1 M2 M3 M4 M5 M6
O11 7 - 1 5 - -
O21 3 - - 5 - 8

J1 O31 - 6 - 7 - 10
O41 7 - 5 7 - -
O51 - 5 - - 6 3
O61 7 - - - 6 3
O12 - 8 - 8 - 9
O22 5 - 5 - - 4

J2 O32 10 - 11 - 10 -
O42 8 - 7 - - 10
O52 10 - - 10 - 12
O62 - 7 15 4 - -
O13 8 - 5 - 7 -
O23 - 4 - 4 6 -

J3 O33 - - - - - 8
O43 9 - 8 - 7 -
O53 - 3 - 5 - 3
O63 - 5 6 - 7 -
O14 - 5 - 6 - 9
O24 5 - 4 - 8 -

J4 O34 9 - 5 - - 10
O44 5 11 - 3 - -
O54 15 - 9 - 8 -
O64 - 10 - 11 - 9
O15 9 - 9 - 9 -
O25 - 3 6 - 8 -

J5 O35 - 6 7 - 5 -
O45 - 6 - 5 - 4
O55 3 - 4 - 4 -
O65 - 8 - 6 - 9
O16 - 3 - 5 - 4
O26 8 - - 3 6 -

J6 O36 7 - 8 - - 9
O46 10 - 8 9 - -
O56 - 9 - 10 4 -
O66 7 - 6 - 8 -

It should be noted that not all machines need to be able to perform all the 
operations as can be seen in the attached Table 5. This troubleshooting approach is 
called partial troubleshooting or partial flexibility where some operations can only 
be performed on specific machines. Such examples are much more common in real- 
world cases during optimization of production processes. Table 5 of the problem 
described can show 6 jobs and 6 machines, job 1 has 6 operations, the first operation 
can only be processed by one machine and that machine is M3 with a processing time 
of 1. We can see the graphical results of the first investigated case of partial research 
flexibility in Figure 4 in the Gantt chart.
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One of the most common means of presenting a result in the case of production 
planning is Gantt charts and as they are called in the research literature, Gantt charts. 
Gantt chart is a diagram in a coordinate system in which the horizontal axis is time, 
and the vertical axis shows the planning tasks on which to determine: the beginning, 
total duration and end of the cycle, which is the main problem in determining the 
planning and scheduling in this case of machine and work. Another examined case of 
planning and scheduling is called total FJSP, with each operation being deployable on 
any of the available m machines, as all machines are capable of performing each 
operation at a specified time during a specified processing time of each operation. An 
example of the problem examined is presented in Table 6.

An application of m etaheuristic optim ization algorithm s for solving the flexible job-shop
scheduling problem

Table 6. Input matrix o f total FJSP

Jobs Operations M1 M2 M3 M4 Ms M6
O11 7 11 9 7 8 9
O21 3 6 12 10 5 7

J1 O31 5 6 6 11 7 10
O41 5 5 7 7 8 7
O51 9 5 10 9 6 3
O61 10 3 11 8 6 7
O12 7 8 7 5 7 7
O22 4 7 5 10 9 8

J2 O32 5 7 9 10 10 9
O42 3 5 11 10 9 10
O52 10 7 9 9 6 6
O62 3 9 5 4 11 10
O13 5 6 5 7 8 9
O23 2 5 9 4 8 9

J3 O33 8 5 9 10 10 8
O43 9 5 9 10 11 8
O53 7 7 10 7 9
O63 7 9 9 10 7 11
O14 7 5 7 8 9 10
O24 5 5 7 9 9 9

J4 O34 5 9 5 10 6 10
O44 6 7 8 3 9 3
O54 2 5 9 9 8 10
O64 7 9 9 10 11 9
O15 9 5 9 8 10 11
O25 6 5 5 8 10 6

J5 O35 9 5 9 10 5 9
O45 5 9 10 11 12 4
O55 3 5 5 6 9 11
O65 9 8 9 8 10 7
O16 2 3 9 8 10 7
O26 2 5 9 3 9 7

J6 O36 2 5 9 9 10 9
O46 10 9 10 9 9 10
O56 9 5 10 6 4 9
O66 10 5 9 4 9 8

2 3
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Table 6 shows the input parameters of the test problem where we have 6 jobs 
(products) where each of these 6 jobs has 6 operations, each of which defined 
operations with machine processing time in minutes can be performed on each 
machine. As we can see in the previous part of the paper, we call this case complete 
flexibility. Graphical results of the survey can be seen in Figure 5. As for the 
implementation of GA, the experimental results were tested in python and the 
numerical values were derived on standard MS Windows based PC platform.

IJoB iH J oH : H 1 J oB 3 H . ! '  'H 4 I__JJO B 5 H I J ' iB 6

M6

Ms

M 4

M 3

M2

Mi

1 ■ ■
II 1 ■  ■ ■

I I § 1 ■
1 1 1 I I 1 1■ tm

1 ■ I
1 ■1M  ■  ■

0 5 10 Tjme 15 20 25 Cm ax

Figure 4. Graphical representation of the results for the first case in Table 5

Figure 5. Graphical representation of the results for the second case in Table 6

5. Results and discussion

After introductory discussions and clarification of the FJSP, as well as a review of 
the research literature on the topic of planning, a specific set-up of the problems and
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results of the planning was made. It is important to note that the tested test data is 
randomly given. As can be seen in the previous part of the paper, two cases of 
planning and scheduling were tested, which was at the same time the aim of this 
problem. Table 5 shows that not every machine can perform every operation during 
the planning and scheduling of operations. Partial flexibility is one of the most 
common causes that can be encountered in manufacturing, it is often the case that 
not every machine can perform every operation to get the job (product) done. The 
results of the input data in Table 5 are graphically presented in the chart in Figure 4 
for the first case of partial flexibility. In Figure 4, we can see the layout of operations 
on individual machines depending on the initial constraints. J  defines each job in a 
different color to differentiate jobs (products). On the horizontal axis, time is 
presented with the criterion function value Cmax = 218 units in minutes. Regarding 
testing, it was noted that the search was performed by Genetic algorithm with 
MaxIter = 500. GA based search in a python programming language, that is, total 
planning and scheduling time is 41.63 seconds for the first case tested. On the 
vertical axis, we can see all 6 machines that are linearly aligned. With regard to the 
second case examined, it is presented in Table 6 and is clearly different from the first 
case examined. In Table 6, based on the input data presented, it is possible to see 
complete flexibility where each machine can perform each operation with defined 
time.

Also, in this case, we have J  = 6 jobs (products) and each of the jobs has Oij = 6 
operations that can be performed on each machine depending on the schedule of 
operations with a defined processing time of each operation individually. On the 
horizontal axis, we can see the total time represented by the value of the criterion function 
Cmax = 652 units in minutes. The value of the criterion function representing the total time 
of completion of all operations and the completion of the planning process is represented 
by the Cmax mark, which could be seen in the previous part of the paper and is presented in 
minutes. The Gantt chart presents a detailed schedule of operations that will be 
performed on machines. The machines are represented linearly on the vertical axis. The 
total simulation time based on GA in a python programming language is 90.89 in seconds. 
The objective of the examined problem of planning and scheduling operations was 
successfully realized, as can be seen from the attached results. The results obtained 
confirm the success of the genetic algorithm in solving FJSP.

Regarding the proposal for further research, the FJS problem can be further 
expanded by observing available workers who participate in the realization of 
production activities. In this problem, workers and machines are limited, and the 
problem is called the Dual Resource Constrained Flexible Job Shop.
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Review paper

Abstract: Before planning and managing risks to reduce the causes o f severe risks 
associated with road construction, it is very important to conduct an evaluation first. 
Aspects related to risk are convoluted in several steps from design to planning to project 
fulfillment. This research aims to implement a complete risk management process for 
highway construction projects. Through this process, there will be a list o f risks in the 
highway construction project (risk identification) and the definition of the most 
significant risk through the application o f the evaluation process (applying risk analysis 
and valuation). To successfully improve the performance o f road projects, it is necessary 
to identify and assess various risk factors in a project for efficient project fulfillment. The 
research method begins by reviewing at least 50 articles to find a list o f the main risk 
factors that might be encountered during highway construction. This analysis involves 
the identification, classification, and assessment o f various risks involved in the 
construction o f a highway project.

Keywords: Risk, Highway Project, Road, Construction, Pavement.

1. INTRODUCTION

Progress in development in various fields continues to develop at any time, 
especially infrastructure development. In general, various types of construction are 
carried out by a contract involving various service providers in the construction 
sector. With a contract system, the implementation of development projects can be 
carried out effectively and can be accounted for, both in terms of quality and 
administration. In the implementation of construction, projects will not be separated 
from big risks and small risks. Project accuracy in implementing risk management is
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needed for the smoothness and success of a project. A smaller potential risk will 
benefit the project in terms of time, cost, and quality of construction. The larger the 
scale of the project, the greater the risk that will be faced and will affect the 
performance of project implementation if not handled properly. Like other 
construction projects, this highway construction project is an infrastructure project 
that is not free from various risks that may occur. Therefore, to reduce the risk of 
impacts that occur, we need a risk management system that includes identification, 
analysis, response, and monitoring of various risks that may occur during the 
development period. From the risk analysis, it can predict what risks will occur in the 
future based on the probability of the risk that has occurred and also other factors that 
will be very helpful for future projects. Research related to project risks in road 
construction is necessary and important to do, especially those related to road 
structure work. This article aims to determine and analyze important factors that pose 
risks in the implementation of construction projects and to find out how they affect 
the implementation of project risks. With risk assessments, these tasks can be 
prioritized for the smooth completion of road construction projects.

In completing research, there are various data and source collection methods 
commonly used. On this occasion, the research will be discussed further about data 
collection strategies through the literature review. This paper is based on a literature 
review from a trusted source that discusses the identification of risks and risk 
management in road construction, then obtained 50 articles selected and reviewed. 
Risks are identified through a literature review, identified risks are then assessed in 
terms of the impact and priority risks that are dominant so that a rating is obtained 
based on risk factors.

2. Research method

The writing of this article is based on a literature review conducted online 
including various scientific articles relating to risk analysis on road construction 
projects, which are then reviewed and synthesized to provide comprehensive 
information. The research framework of this research of articles is shown in Figure 1 
bellow:

Figure 1. Research Framework

The list of articles selected and analyzed from the aspect of risk assessment in the 
highway construction project is shown in Table 1.
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Table 1. Summary literature review of risk assessment in highway construction projects
Risk Category Result

No Article Internal Project External

Tech Non- Tech Non- Tech Non-
Tech 1 Tech Tech

Evaluating Risks in the Construction Model is carried out to develop a schedule
1 (Nasir et al., 2003) x x x ✓ x x risk  model that d iscusses pessim istic and optim istic estim ates of the duration 

of activities based  on project characteristics.

2 (Wang & Chou, 2003) x ✓ x x x x
When deciding on risk  m anagem ent strategies, a contractor m ust consider 
many aspects, including risk  responsibilities, r isk  patterns, r isk  m anagem ent 
capabilities, etc.
Provide estim ates for road  project cost estim ates, which provide more

3 (Molenaar, 2005) x x x ✓ x x
transparent estim ation, estim ates and the significant and direct benefits of 
this process are the ability to increase high-risk item s and potential mitigation 
m easures that can be taken to im prove safety.

4 (Shiraki et al., 2007) x x ✓ x x x
Combines earthquake and transportation  engineering techniques to better 
characterize the system  risk  curve for the highway system .
A general and flexible fram ew ork for m easuring risk-based  perform ance with

5 (Damnjanovic & Zhang, 
2008)

x x x ✓ x x numerical exam ples w here prem ium  costs are estim ated for various 
preventive m aintenance and rehabilitation strategies and contract 
specifications.

6
(Gharaibeh & Shirazi, 

2009) x x x ✓ x x

The risk-based m odel presen ted here to fill the price gap of w arranty offers is 
often estim ated subjectively due to the lack of a system atic m ethodology for 
m easuring w arranty service costs for road infrastructure a sse ts with WCEM, 
estim ated w arranty costs, taking into account the PF of guaranteed goods as 
defined in the w arranty clauses and costs which is projected to correct the 
failure.
The facts show  that there is room  to increase the effectiveness of traffic control

7 (Li & Bai, 2009) x x ✓ x x x currently used in high-risk w ork zones and help engineers to understand 
these risk  factors and how they can increase the likelihood of death when 
severe accidents occur in w ork zones.
Using the project-level life cycle benefits estim ated by the uncertainty-based

8 (Li & Madanu, 2009) x x x ✓ x x
analysis approach resu lts in a higher percentage of the level of conformity 
with actual program m ing practices com pared to the level of conformity using 
the project benefits calculated by the risk-based analysis approach.
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The developm ent and testing of the APRA method is an innovative tool that 
can help the project team  to im prove the road developm ent process through 
the definition of proactive scope and risk  management.______________________
The resu lts show  that the risk  of fatigue cracking is not possible at the surface 
layer for properly designed asphalt pavem ent with a sem i-rigid base if all layer 
interfaces are fully bound.___________________________________________________
That the arbitrary application of a base  contingency percentage figure, such as 
10%, to accom m odate project risk  can lead to those projects reporting a 
substantial budget overrun._________________________________________________
Efforts have been m ade to design and im plement new cumulative addition 
procedures for the ready-mix concrete industry, which address the risks 
involved and related to concrete production._________________________________
Can be drawn: (1) Risk analysis is illustrated to help pavem ent engineers; (2) 
The AHP method m akes it possible to com pare the im portance of param eters 
not only in each category, but also betw een categories._______________________
The results are (1) The probability of the relative failure risk  of each slope 
successfully estim ated; (2) The absolute failure probability of each slope is 
estim ated by calibrating the relative failure probability.______________________
Some conclusions: (1) Risks m ay be serious when the shielding machine 
advances under the cem ent concrete pavem ent; (2) Loss of risk  and pavem ent 
condition index associated  with maximum settlem ent due to tunneling; (3) 
There are about 10 accidents that will occur in the construction of several 
subways.___________________________________________________________________
The risk  value for each em bankm ent examined derives from the failure hazard 
and consequence value following the well-known definition of risk.___________
The identification of the m ost im portant risks and their allocation and funding 
can be used by other parties who seek to attract private investm ent for large 
infrastructure projects in developing countries.______________________________
Reducing the risk  of injury, death, and property dam age in the highway w ork 
zone for em ployees who carry out operations/m aintenance and the 
community of road users.___________________________________________________
Conduct a risk analysis at the beginning of the project developm ent process, 
but also serves as an input to the risk-based fram ew ork for selecting the 
appropriate project delivery method.________________________________________
An evaluation of the contractor's quality performance, combined with an 
evaluation of the technical and financial perform ance of the contractor, can 
result in a better understanding of the contractor's overall capabilities._______

(Le et al., 2009) x x ✓ x x

(Zhao et al., 2009) x x ✓  x x

(Creedy et al., 2010) x x x

(Sarkar & Dutta, 2010) x x ✓  x x

(Hall et al., 2011) x x ✓  x x

(Honjo et al., 2011) x x ✓  x x

(Hu & Huang, 2011) x x

(Pantelidis., 2011) ✓

(Heravi & Hajihosseini, 
2012)

(Mukhopadhyay et al., 
2012)

✓

(Tran & Molenaar, 2012)

(Yasam is-Speroni et al., 
2012)

✓

x

x

x x

x

x

x

x x x

x x x x x

x x x x x

x x x x x

x x x x x

x x x x x
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This investigation revealed evidence that show ed that although contracts
21 (Cruz & Marques, 2013) x x x x x ✓ becam e increasingly com plex over time, the public sector assu m ed  more 

production and comm ercial risks in the road developm ent process.
Theory and m ethod support in term s of sensible traffic organization to

22 (Lu et al., 2013) x x ✓ x x x im prove traffic safety as well a s  prevent traffic jam s on-road w orking zones 
on urban freeways.

23 (Azambuja & Chen, 2014) x x ✓ x x x

Mode failure m ethodology and criticality analysis (FMECA) is an alternative 
scenario recom m ended for ready-m ix concrete plants to achieve the desired 
balance betw een having m ore than enough resources and avoiding risk s and 
disruptions in the supply chain on time.

24 (Ghorbani et al., 2014) x x x x x ✓ Time and costs are subject to adverse deviations that lead to the highest 
priority risk  from time delays and cost overruns.
The risk  of overtim e resulting from various factors is the m ost cardinal

25 (Kaleem et al., 2014) x x x ✓ x x problem  which ultimately leads to cost overruns and hence triggers 
turbulence in the estim ated cost and initial time.

26
(Pineda & Arboleda, 

2014)
x ✓ x x x x

The aggregate effect of increasing cost of emergency response, uninsured 
calamities, third party, and u ser influence on indicator results, show s a 
particular risk  arising from the indicator-based model and the interaction 
with road safety policies.
The resu lts indicate that seven delivery selection risk  factors have the m ost

27 (Tran & Molenaar, 2014) x x x ✓ x x
influence on DB delivery selection: (1) scope risk; (2) third-party and 
complexity risk; (3) construction risk; (4) utility and right-of-way (ROW) risk; 
(5) level of design and contract risk; (6) m anagem ent risk; and (7) regulation 
and railroad risk.
Pavem ent engineers need to establish  corrective m easures such as building

28 (Wang et al., 2014) x x ✓ x x x superior grooving textures, installing traffic signs at the right speed, etc. to 
avoid traffic accidents due to hydroplaning.
The low est evaluative criteria of the road operating environment are given to

29 (Yan et al., 2014) x x ✓ x x x im prove the design of road facilities and intensify the environm ental safety 
risks of the operation of basic road facilities.

30
(El-Sayegh & Mansour, 

2015) x x x ✓ x x

Inefficient planning is the m ost significant risk  in the highway construction 
with a probability of m oderate to high, inefficient planning w eighed the 
highest am ong other risks, highway projects require efficient and accurate 
planning.

31 (Hanna et al., 2015) x x x ✓ x x
Designed to identify the top m isallocated risks in the highway construction 
industry and to provide recom m endations to m ore appropriately  allocate 
these risks on highway construction projects.
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32 (Tran & Molenaar, 2015) x ✓ x x x x
Based on the probabilistic risk  analysis process, a risk-based  project delivery 
model selection w orkshop utilizes probabilistic risk-cost estim ation 
concurrently with the project delivery decision process.

33 (Xiao et al., 2015) x x ✓ x x x
The traffic r isk  on the rural highway in general, all of the risk  factors can be 
classified as the four factors and natural environm ental factors.
The risk  analysis procedure aim s to overcom e the inadequacy of the current

34 (Chu & Fwa, 2016) x x ✓ x x x asphalt pavem ent design m ethods, specifically the asphalt mix design, 
concerning the functional safety requirem ents of road operations.

35
(Fontan-Pagan et al., 

2016)
x x x ✓ x x

The use of a hybrid contract method produces a significant reduction in costs 
when com pared with the unit price contracting m ethod for this particular 
construction project.
The m odel presen ted here is only a first-order approach tow ards a paradigm

36
(Louhghalam & Ulm, 

2016)
x x ✓ x x x

shift from current strength-based designs to fracture-based designs that are 
consistent to increase pavem ent resistan ce to various risks of d istress
mechanism, which ultim ately aim s to reduce m aintenance costs and to 
im prove environm ental footprint from the aging infrastructure.

37 (Tran & Bypaneni, 2016) x x x ✓ x x
The findings from  this paper provide som e guidelines for highway agencies to 
better perform  a m ore accurate risk  cost estimate.
Inadequate constructional review s have a significant influence in determ ining

38 (Diab et al., 2017) x x x ✓ x x
owner contingencies, while changes in owner dem and affect the num ber of 
owner and contractor contingencies, and also  have a significant im pact on 
project schedules.
A comprehensive evaluation model of construction site risk  based  on the fuzzy

39 (Liu et al., 2017) x x ✓ x x x
m athem atical method by establishing a construction risk  index rating system  
derived from AHP, using risk  m anagem ent m ethodologies, and considering 
the risk  probability and the severity of the consequences.

40
(Tokiwa & Queiroz, 

2017) x x x ✓ x x

In PPP projects on the road, it is im portant to identify risks and allocate 
responsibilities for risks identified betw een the public and private sectors 
specifically, allocating risks related to income is very im portant because it 
involves uncertainty for future demand.

41
(Nguyen et al., 2018)

x x x ✓ x x

Provide practitioners im plem enting or considering the im plem entation of 
public-private partnersh ips with a com prehensive overview  of risk  allocation 
practices and contractual language across a variety of public-private 
partnership project characteristics.

42 (Nguyen et al., 2018) x x x ✓ x x Inadequate constructional review s have a significant influence in determining 
owner contingencies, while changes in owner dem and affect the num ber of
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owner and contractor contingencies, and also  have a significant im pact on 
project schedules.
Empirical evidence and sim ulation resu lts have shown that P3 pavem ent

43 (Yuan & Li, 2018) x ✓ x x x x
a sse ts significantly outperform  PSC pavem ent a sse ts  in term s of service life, 
probability and duration of m aintenance delays, and rem aining life after the 
concession period.

44 (Bypaneni & Tran, 2018) ✓ x x x x x
Decision-makers m ust have a clear understanding of how risks im pact each 
delivery method to select the m ost suitable delivery method for their projects.

45 (Castro-Nova et al., 2018) x x ✓ x x x
Statistically significant differences in perception of the im portance of 
geotechnical risk  factors betw een public institutions and the Design Built 
industry.

46 (Andric et al., 2019) x x x ✓ x x

Risk considerations for BRI projects are complex tasks requiring efficient tools 
that provide com plex inform ation about financial issues, to bridge this 
coverage, new m ethods developed and applied to complex, scattered and 
large-scale infrastructure project financial reports.

47
(Firouzi & 

Vahdatmanesh, 2019)
x ✓ x x x x

By using the Berm udan collar option, the company will be able to m ake a more 
accurate estim ate of the total operational costs at the pre-construction stage
of the project thereby reducing the risk  of failure.

48 (Guo et al., 2019) x x ✓ x x x
Use risk  a sse ssm en ts to provide risk  specifications for operating rural 
m ountain roads and decide on priority safety precautions.
The relationship betw een the risk  of the likelihood of a collision and related

49 (Zheng et al., 2019) x x x x ✓ x factors is nonlinear and indicates that the independent variables are  not 
completely independent of each other.
Risk communication and consultation will need to take account of variations

50 (Nicholson, 2020) x x x ✓ x x
between risk m anagem ent specialists and the public, as well as variations 
between m em bers of the public, in the understanding and interpretation of 
qualitative and quantitative probability terms.

Remarks: ✓ =discussed x=not discussed
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B ased  on the an alysis o f 50 articles in the above table, that in Figure 2 sh ow s the 
d istribution  o f literature review s from  the a sp ec t o f r isk  a sse ssm e n t in highw ay 
construction projects.

Internal Technical 
Risk

Internal NonTechnical 
Risk

Projecct Technical 
Risk

Project NonTechnical 
Risk

Eksternal Technical 
Risk

Eksternal 
NonTechnical Risk

Article

Figure 2. Distribution of literature reviews

3. Risk Identification

3.1. Internal Technical Risk

This article in troduces a contractor quality  perform ance evaluation m odel (CQP) 
which m easu res the quality  perform ance o f a  pavem en t contractor th at the DOT that 
is  in the p ro cess o f selecting a  pavem ent contractor for a  p ro ject will benefit from  the 
CQP evaluation  m odel b ecau se  this sy stem  allow s clients to quickly a s se s s  the quality  
perform ance o f potential pavem ent contractors in the lis t  o f their offers (Y asam is-  
Speroni et al., 2012). Cronbach 's alpha te st  and correlation  an alysis w ere carried  out 
to verify  in ternal consistency, in terdependence, and  the reliability o f delivery r isk  
factors. The ranking o f r isk  factors and  their im pact on each m ethod o f p ro ject delivery 
can help the ro ad  agency to in crease  appropria te  r isk  allocation and risk-tak ing wisely, 
which can resu lt in m ore efficient p ro ject delivery (Bypaneni & Tran, 2018).

3.2. Internal Non-Technical Risk

The contractor's ability in r isk  m anagem ent is a  key factor for p ro ject perform ance 
w hen deciding on a r isk  m anagem ent strategy, the contractor m u st consider m any 
aspects, including r isk  respon sib ilities, r isk  pattern s, r isk  m an agem en t capabilities, 
etc. (W ang & Chou, 2003). Perform ance analysis finds r isk s in the relationship  
betw een the ow ner and  the concessionaire, revealing w eak n esses in the indicator 
m echanism  and d ispu te resolution. This an alysis also  reports th at force m ajeure  
events are  not easily  d istinguishable betw een in sured  and non-insured events. This 
sh ow s a failure in guaran tee  m anagem ent w ith sep ara te  incentives in prem ium  costs,

0 5 10 15 20 25
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risk coverage, and the effect of moral hazard (Pineda & Arboleda, 2014). This article 
shows that this same team member can assist in the selection of project submissions. 
Based on the probabilistic risk analysis process, a risk-based project delivery model 
selection workshop utilizes probabilistic risk-cost estimation concurrent with the 
project delivery decision process (Tran & Molenaar, 2015). Empirical evidence and 
simulation results have shown that P3 pavement assets significantly outperform PSC 
pavement assets in terms of service life, probability and duration of maintenance 
delays, and remaining life after the concession period. While the average lifetime of a 
PSC residual is only 6.3 years, the average residual life of a P3 partner is 13.5 years 
(Yuan & Li, 2018). From numerical results, this article found that, by using the 
Bermudan collar option traded in OTC, the company would be able to make a more 
accurate estimate of the total operational costs at the pre-construction stage. It was 
also found that limiting future purchase prices could reduce the likelihood of 
unexpected cost overruns during the project construction phase. It can be concluded 
that using the Bermudan OTC collar option can reduce the risk of construction 
material prices (Firouzi & Vahdatmanesh, 2019).

3.3. Project Technical Risk

This article combines earthquake and transportation engineering techniques to 
better characterize the risk curve system for the Los Angeles and Orange County, 
California highway systems. Knowledge of seismic hazards must be combined with a 
means to adequately model system performance (Shiraki et al., 2007). Comprehensive 
knowledge about risk factors found from damage data, therefore, becomes important 
to reduce the level of risk and prevent severe accidents in the work zone (Li & Bai, 
2009). It presents the development and testing of the APRA method, which is an 
innovative tool that can help the project team to improve the highway development 
process through proactive scope definition and risk management (Le et al., 2009). 
Asphalt pavement fatigue behavior with semi-rigid bases: crack Fatigue cracking is not 
possible in the AC layer for well-designed asphalt pavement with semi-rigid bases if 
the semi-base is rigid in good condition and all interface layers are fully bound (Zhao 
et al., 2009). RACUSUM and CUSUM can detect that a change has occurred in the 
process, but cannot predict the cause of the change. This research can be extended by 
applying the RACUSUM technique to monitor quality in other sectors of the 
construction industry such as precast and modular manufacturing units including 
modular formwork and scaffolding, the highway industry including hot mix asphalt 
plants, units for manufacturing fly ash bricks, block pavers, and other related products 
(Sarkar & Dutta, 2010).

The risk analysis method is applied to analyze the flexible pavement design using 
a mechanistic-empirical method. Based on this research, the following conclusions can 
be drawn: (1) Risk analysis is illustrated to help pavement engineers. The steps of risk 
analysis include risk identification using Holographic Hierarchical Modeling (HHM), 
risk ranking using Analytical Hierarchy Process (AHP), risk assessment, and risk 
management. (2) The AHP method makes it possible to compare the importance of 
parameters not only in each category, but also between categories (Hall et al., 2011). 
The conclusions that can be drawn from the analysis are as follows: (1) The probability 
of the relative failure of each slope is successfully estimated based on the SAT data; (2) 
The absolute failure probability of each slope is estimated by calibrating the relative 
failure probability based on RFAR data (Honjo et al., 2011). Some conclusions are
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drawn from the analysis and case studies in this paper as follows: (1) Risks may be 
serious when the shielding machine advances under a cement concrete pavement. 
This results in a lot of damage such as cracks, breakages, crashing, potholes and 
explosions, etc., which affect the pavement operation performance and traffic capacity; 
(2) Loss of risk and pavement condition index associated with maximum settlement 
due to tunneling; (3) There are around 10 accidents that will occur in the construction 
of several subways in China. Also, the risk of tunneling has received high attention in 
recent years (Hu & Huang, 2011). This system consists of three main stages, (1) 
quantification of the danger of failure of the road embankment, (2) calculation of the 
geometric characteristics of the possibility of failure, and (3) quantification of the 
consequences. The risk value for each embankment inspected originates from the 
hazards and the consequence values follow a known risk definition (Risk = Hazard x 
Consequences) (Pantelidis., 2011).

Intuitively, any process that reduces risk must improve worker safety, reduce 
agency costs, improve services to the public who are traveling, and lead to more 
efficient procedures in the long run (Mukhopadhyay et al., 2012). With the application 
of REMRUE into the risk evaluation of sample road work zones on the Beijing toll road, 
the difference in operating speed between neighboring parts of the road work zone is 
analyzed to check whether there is a risk of traffic safety and the value of the Traffic 
performance Subdivision in the road work zone related to the average operating speed 
calculated to evaluate the operational risk of traffic (Lu et al., 2013). Presenting an 
effective failure mode methodology and criticality analysis (FMECA) combined with a 
simulation modeling approach for Just-in-Time supply chain risk management. 
FMECA and discrete event simulation can be used to model the dynamic nature of Just­
in-Time supply chain networks. Several alternative scenarios are recommended for 
ready-made concrete plants to achieve the desired balance between having more than 
enough resources and avoiding risks and disruptions in their timely supply chain 
(Azambuja & Chen, 2014). MTD, transverse, longitudinal slope, tire pattern, and 
rainfall intensity are important factors for hydroplaning prediction. This paper uses a 
volumetric measurement method based on 3D laser imaging technology to estimate 
MTD and to measure the texture depth of all paths. Besides, directly using the IMU to 
measure cross slope cannot guarantee good accuracy due to the dynamic movement 
of the data collection vehicle (Wang et al., 2014). By assessing four aspects of the road 
operating environment including climate, roads, transportation, and administration, 
it provides road facilities with functions such as early warning before an accident, 
feedback in emergencies and quick repairs after a disaster, so that the safety of road 
operations is greatly enhanced (Yan et al., 2014). ISM is an effective method used to 
analyze and uncover complex structures, which transform complex and scattered 
relationships between various elements into a clear multilevel hierarchical structure 
model (Xiao et al., 2015).

Frameworks and procedures have been presented to include consideration of road 
slip resistance and hydroplaning in the asphalt mixture design. The proposed 
framework and analysis procedures aim to address the inadequacy of the current 
asphalt pavement design methods, specifically asphalt mix designs, concerning the 
functional safety requirements of road operations (Chu & Fwa, 2016). The proposed 
mechanics-based model links the risk of concrete pavement fractures that experience 
different pressure mechanisms on the material and its structural properties. In 
addition to classic design recipes such as increasing pavement thickness and reducing
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joint spacing, both of which reduce the rate of release of energy, the results allow the 
following conclusions: (1) For fixed pavement structures, increasing fracture 
toughness and reducing material stiffness reduce the risk of fractures; (2) Increasing 
the horizontal stiffness of the subgrade will improve the performance of concrete 
pavement that experiences autogenous shrinkage at an early age by reducing the rate 
of structural energy release; (3) For cases of pavement undergoing a thermal cycle, 
special attention must be paid to the ratio of the rate of release of dimensionless 
energy due to bending and axial contributions to ensure that fractures will not occur 
during transient conditions immediately after the application of sudden temperature 
changes (Louhghalam & Ulm, 2016). This paper proposes a comprehensive evaluation 
model of construction site risk based on the fuzzy mathematical method by building a 
construction risk rating system derived from AHP, using risk management 
methodologies, and considering risk probabilities and severity of consequences. The 
accuracy of the evaluation model is validated through calculation examples, so that it 
can provide theoretical and practical guidance to reduce the risk of road project 
construction (Liu et al., 2017). The results prove that there is an optimism bias in the 
DB highway project and that there are statistically significant differences in 
geotechnical risk perception (Castro-Nova et al., 2018). Introducing the application 
procedure and GHSLPE risk assessment model, then, with data on traffic accidents, 
road conditions, and traffic volume from typical rural mountain roads, the risk of 
traffic accidents (TAR), and the risk of traffic operations (TOA) are calculated; the 
difference between TOA and post-TAR predictions is compared based on actual 
conditions (Guo et al., 2019).

3.4. Project Non-Technical Risk

The resulting model is referred to as ERIC-S. This is the first risk-schedule 
construction model known by the author to measure the relationship between 
variables. This model is tested on large projects where target completion dates are 
monitored. The results are almost identical to those of project participants except that 
the data from experts took 6 weeks while incorporating project characteristics into 
the ERIC-S model only took 2 hours, indicating that the model was effective and 
efficient (Nasir et al., 2003). The model described in this paper is a first-order model 
in which uncertainty is represented by using averages of each uncertain variable, and 
risk events are modeled as independent events - uncorrelated events because they are 
actually possible. One possible improvement for the risk modeling process is to build 
a second-order model in which uncertainty is modeled by the mean and standard 
deviation of the uncertain variable, including the delay variable. Such a model will 
produce more accurate results in the outermost range of the distribution of costs and 
time (Molenaar, 2005). The premium pricing model developed can be used to assist 
transport agents and contractors in estimating the "fair" value for PSMC. This paper 
presents a conditional reliability function which can be developed by entering 
information about in-service pavement conditions using indirect methods. Besides, 
the formulation of boundary-state functions and the application of the moment 
method allow for direct consideration of different design approaches, as well as the 
different effects of preventive maintenance and rehabilitation measures. Finally, this 
paper illustrates a framework with numerical examples in which premium costs are 
estimated for various PM&R strategies and contract specifications (Damnjanovic & 
Zhang, 2008).
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The case article results revealed that using project-level life cycle benefits 
estimated by the uncertainty-based analysis approach resulted in a higher percentage 
of conformity with actual Indiana DOT programming practices compared to the level 
of compliance using project benefits calculated by risk-based analysis approaches (Li 
& Madanu, 2009). The risk-based model presented here to fill the price gap of 
warranty offers is often estimated subjectively because of the lack of a systematic 
methodology for measuring warranty service costs for road infrastructure assets. 
Under WCEM, the cost of guarantee is estimated, taking into account the PF of the 
guaranteed item as defined in the warranty clause and the projected costs to correct 
the failure (Gharaibeh & Shirazi, 2009). Regression analysis shows a weak correlation 
between the size of the highway project, as measured in indexed programmed costs 
and measures of excess costs. Correlations develop after data transformation is 
carried out to improve the model. It can also be concluded from research that the 
arbitrary application of a basic contingency percentage rate, such as 10%, to 
accommodate project risks can cause projects that report substantial budget overruns 
(Creedy et al., 2010). Some conclusions: (1) Risks may be serious when the shielding 
machine advances under the cement concrete pavement; (2) Loss of risk and 
pavement condition index associated with maximum settlement due to tunneling; (3) 
There are about 10 accidents that will occur in the construction of several subways 
(Hu & Huang, 2011). Lessons from two PPP case studies are used to improve the 
contract organization of the Tehran-Chalus Toll Road project. The findings from this 
case article on the identification of the most important risks and their allocation and 
funding can be used by others who are trying to attract private investment for large 
infrastructure projects in developing countries (Heravi & Hajihosseini, 2012).

The findings from this article not only encourage decision-makers to carry out risk 
analysis at the beginning of the project development process, but also function as an 
input for a risk-based framework for selecting appropriate project delivery methods 
in high industries (Tran & Molenaar, 2012). The mathematical relationship between 
the duration of the highway project, the planned costs, and the type of project are 
shown in this paper by using various time correlation models flooded with potential 
risk factors investigated including attributes such as project type, costs, and 
geographic location. This paper identifies several significant risk variables and their 
severity that contribute to extensive delays and the consequences exceeding the 
planned time estimate (Kaleem et al., 2014). The results of this test indicate that the 
risk preferences between public owners and designers and contractors towards the 
choice of DB delivery method do not differ significantly in the scope of risk, third party 
risk, and complexity risk, utility risk and, ROW, level of design risk and contract risk, 
management risk, or regulatory and railroad risk, but statistically different in 
construction risk (Tran & Molenaar, 2014).

External risks have little effect on the UAE highway construction industry. 
Research shows clearly that internal risks threaten projects more than external risks 
(El-Sayegh & Mansour, 2015). This flowchart acts as a guideline to assist contractors 
and owners in designing contracts that are transparent and that efficiently allocate 
risk to the parties best suited to bear it. By designing contracts with appropriate risk 
allocation strategies, the project will perform better from a cost and schedule 
perspective by eliminating activities that do not add value. Contract disputes and 
litigation are examples of activities that did not add value to the project participants 
who were forced to do when the risk of misallocation. This research has revealed the
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pitfalls of improper risk allocation in the highway construction industry and offers 
practical considerations that, if combined from the beginning of the project, will result 
in higher performance projects (Hanna et al., 2015). The use of the hybrid contract 
method results in a significant cost reduction when compared to the unit price 
contract method for this particular construction project. This article concludes the 
effectiveness of assigning contractors to risks associated with variations in the 
amount. Implementation of items for unexpected possibilities shows benefits for both 
parties, the owner, and the contractor. Contracting contingency estimates can be 
reduced by showing a higher chance of becoming the lowest bidder (Fontan-Pagan et 
al., 2016). Simulation results show the importance of viewing data from a practical 
point of view. However, in this case, the difference is small and will not affect funding 
decisions. Users are warned not to neglect the correlation between related inputs 
because that would result in underestimation of the total cost variance with the effect 
of cancellation during the simulation between uncorrelated variables (Tran & 
Bypaneni, 2016).

The models developed and discussed in this paper can help deal with risks in road 
construction projects by looking at RI, CI, and SI ratings of risk drivers and allocating 
appropriate contingency percentages for use (Diab et al., 2017). Potential PPP road 
projects in developing countries may want to take advantage of one or more financial 
instruments, such as the World Bank Partial Risk Guarantee and Political Risk 
Insurance, even more, developed countries, such as France and Spain, have subsidized 
projects, changing them into successful PPP projects, such as the Perpignan-Figueras 
Rail Concession (Tokiwa & Queiroz, 2017). This article has introduced practical 
guidelines for conducting detailed assessments of the impact of risks on the financial 
viability of PPP projects in developing countries. Finally, this paper focuses on risk and 
the preferred allocation mechanism for PPP toll road projects in Vietnam, recognizing 
that the risk allocation mechanism in PPP projects is dynamic and depends on several 
contextual variables at the country level (Nguyen et al., 2018). The allocation results 
show that some risks are managed by the public sector such as changes by public 
authorities, but most of the 31 risks are transferred to the private sector or shared, 
practitioners who apply or consider implementing PPP, a comprehensive review of 
risk allocation practices and contract language in various project characteristics PPP 
in the US (Nguyen et al., 2018). BRI's project risk assessment demonstrates the 
application of the fuzzy logic method proposed for large-scale, complex, and 
geographic infrastructure projects. Fuzzy logic-based methods are proven to be a 
systematic, efficient, and practical tool for infrastructure project risk assessment 
(Andric et al., 2019). Transportation risk management will be improved if greater 
attention is given to so-called human factors, including risk perception, risk 
acceptance (including the factors that influence it and the relative importance of those 
factors), and the nature of the changes in driver behavior with perceived risk changes. 
(Nicholson, 2020).

3.5. External Technical Risk

The results prove that the NN model is a powerful tool for predicting and 
explaining HRGC crashes with the ability to reveal a continuous function relationship 
between the likelihood of an accident and contributors. The results showed that the 
relationship between the likelihood of a collision and related factors was nonlinear,
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and showed that the independent variables were not completely independent of each 
other (Zheng et al., 2019).

3.6. External Non-Technical Risk

Concessions were developed using completely different contract models, although 
certain features are common among these models, especially the duration of the 
contract and the conditions that must be met to trigger a mechanism to restore 
financial balance through renegotiation, the uncertainties and negative results of 
renegotiation lead to changes in risk allocation which have generally transferred 
commercial risk from the concession from the concessionaire to the grantor. Re­
negotiated contract clauses generally guarantee that their returns will not change, 
even though their risks are significantly reduced (Cruz & Marques, 2013). The PPP Toll 
Road Project in Iran observes that the basic performance indicators of these projects 
due to time and cost may be subject to adverse deviations that lead to the highest 
priority risk of time delays and excessive costs, the risk of high inflation also results in 
excessive cost overruns (Ghorbani et al., 2014).

Ariyanto et al./Oper. Res. Eng. Sci. Theor. Appl. 3 (3) (2020) 29-47

4. Result

The results of the research article analysis based on risk factors are shown in Table
2.

Table 2. Mapping research articles analysis based on risk factor
Factor Research Article

Internal Risk
Finance (32) (47)
Contractor Experience (2) (20)
Client Service (26) (43) (44)
Project Risk
Material (12) (23)
Duration (1) (25)
Finance (3) (6) (8) (9) (11) (37) (38) (40) (42)
Construction Method (13) (22) (33) (34) (39) (45)
Structure Construction (4) (10) (14) (15) (16) (28) (36)
Project Management (17) (29) (30) (31) (35) (46)
Contract (5) (19) (27) (41)
Field Condition (7)
K3 (18) (48) (50)
External Risk
Socio-Economic Conditions (49)
Government (21) (24)

Based on the analysis of risk sources above, it is found that the risk aspect in the 
construction of highways that has the highest percentage is financial factors, as shown 
in Figure 3 below:
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5. Conclusion

This article concludes that there is one source of risk that is very influential, namely 
the risks originating from the project itself, both technically and non-technically. The 
potential risk weights of a project are based on the frequency parameters of the 
occurrence of risks and negative consequences due to the occurrence of these risks for 
project objectives. The results obtained show that from 50 identified risks, there are
11 risks originating from financial factors consisting of 2 internal risks and 9 project 
risks. Finance is the highest risk percentage of the article analyzed. This shows that 
finance is an important factor in the implementation of construction projects, project 
financing must be managed properly to avoid problems during project 
implementation. Contractors who do not have adequate finance and poor financial 
planning will have an impact on project implementation starting from delays in the 
realization of work, and poor quality of work. By knowing the main risks in a road 
project, this article is expected to assist the contractor in recognizing and investigating 
the effect of risk allocation on contractors' risk management decisions, so that 
prevention can be carried out earlier. This research is expected to assist future 
research in investigating rigorous analytical methods to verify project financial 
estimates and also must examine how to consider the effects of correlations on other 
risk analysis frameworks in the construction industry.
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Research paper

A bstract: The difficulties discovered in selecting subcontractors via a simple method of 
bid price as the main factor along with an initial screening of subcontractor properties 
impressed us to look at a little beyond the existing trend and offer a coherent procedure 
for this purpose. Despite this, we know that the main factor in outsourcing a project is a 
bid price and this is in full agreement with the existing circumstances o f subcontractor 
selection in Iran, but the objective o f this research was integrating all criteria with the 
same importance for selecting a subcontractor. The questionnaire was used for 
collecting initial data o f research to pass through the Analytic Hierarchy Process (AHP) 
and Multi-Criteria Decision-Making (MCDM) model o f Simple Additive Weighting 
(SAW). The findings showed the priority in subcontractors' selection as Hejrat Manesh 
Izeh (1), Khesht Sazan Karoun (2), Yeganeh saze omid (3), Sakht karan Moongasht (4), 
Darya Sanat Khavarmianeh (5), Omran mehragane Yosef (6) respectively. The present 
study offered a coherent procedure to select the subcontractor regardless o f the bid 
price importance and integrating all interfering criteria in the same importance.

Keywords: Subcontractor, Construction projects, MCDM, Model

1. Introduction

The construction industry is a well-developing and thriving industry in the world. 
The industry encompasses a huge budget of nations to implement road and building 
projects. The maintenance, lack of rework, use of innovative techniques comprised 
main aspects of advances in the construction industry. The aspects ensure the 
durability of construction projects with regard to the fact that this industry 
surrounds complex endeavors with a huge outlay and costs. That is why this industry
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expanded and included excellent opportunities for business and commerce. The 
government construction budget was around two billion two hundred and sixty-one 
million dollars for Khuzestan province in 2019. The Ahwaz municipality construction 
budget allocated around 91,058,000 USD. It has been spent a huge budget for other 
provinces too. We are reporting the budget associated with Khuzestan province 
because of project location in Iran. Nowadays, Iran is under the pressure of heavy 
sanctions that resulted in a recession of construction projects, but it will move 
towards progress levels by providing budget. To construct the projects, lots of 
private and semi-private companies participate in Iran. The procedure of contractor 
and subcontractor selection has been based on the bid price, and technical and 
professional experiences of companies (Jafari and Hassanpour, 2014).

Outsourcing construction projects to contractors and subcontractors is a 
common rule in lots of nations. The successful implementation of construction 
projects depends on solutions defined by in-charge organizations. The responsibility 
of the contractor is very weighting in comparison to the subcontractor. Actually, the 
subcontractor plays the second role in the implementation of a project, as suppliers 
of materials, manpower, equipment, tools, or assigns lots of specialists in this regard 
(Kumaraswamy and Matthews, 2000). The use of MCDM models in lots of projects 
containing various scales and vague dimensions to make a clear decision has been 
widely expanded. The influencing parameters make the designer, constructor and 
engineers to select the best choice among a series of items. To solve and hold back 
this kind of difficulty, a large number of models that are called MCDM models have 
been introduced. The circumstances of application and use of models are explained 
by Kahraman (2008), Zavadskas, and Turskis (2011), as the famous scientists in this 
regard, in a variety of studies. The selection of the best subcontractor, quality 
control, risk assessment, crisis management, reasons for delays in the project 
schedule, identification of causes of delay, value engineering also underwent MCDM 
systems and sensitivity analysis in terms of comparison of different models to make 
a decision by lots of studies. By the present study, we used an MCDM model to select 
the subcontractor for the project.

The subcontractors hold a prominent role with regard to the first contractor or 
firsthand contractor in such a way to be its effect around 70-90% of the total value of 
the project (Hinze and Tracey, 1994). Its role is ensuring the project well- 
implementation in parallel with a contractor role. The firsthand contractor takes the 
highest responsibility in the project development stage as a supervisor who involves 
upper hand supervisors from ruling organizations. The subcontractor is introduced 
to the project when the contractor has got financial support difficulties or 
encountered a peak in project construction, etc. So, hiring the subcontractor 
performs an especial task and influences the project performance and its completion. 
The selection of subcontractor came through some complex pathways such as the 
relationship with the firsthand contractor, relationship with the main supervisor of 
project or employer, selection based on financial ability, equipment and facilities 
ability, and selection by bids and beneficiary purposes and lots of other options and 
definitions (Clough et al., 2015).

Nowadays, company managers forced to comply with existing rules and take 
enough responsibility in better performing duties. On the other hand, the 
competition between stockholders and employers caused the definition of strict 
rules to improve their efficiency in the constructive processes. Following a certain
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strategy is an important task to promote efficiency and performance (Lingard et al., 
2017). Therefore, selecting the subcontractor is a good strategy to confer part of 
work to third parties with new breath in proceeding the task. However, the very 
important task is associated with circumstances of subcontractor selection in the 
defeat of successful proceeding the project. The subcontractor selection can 
experience lots of difficulties in terms of incomplete and biased, and lacking 
consideration to time, cost, and quality and safety standards from subcontractor and 
contractor sides.

Improper selection of subcontractors leads to delay, defeat, losing time, rework, 
and other kinds of project crises. Therefore, lots of cases and factors interfere with 
the right selection of subcontractors. The current research study attempting to select 
the subcontractor depends on the main criteria in a practical project that is being 
constructed in Iran now. The experts in completing the project were the consultants 
and executive managers, project engineers, and supervisors. The ranking and 
weighing systems were chosen to prioritize the options and alternatives and finally, 
the right decision was made for selecting the relevant subcontractor.

Many studies show the procedure to select subcontractors in construction 
projects, and some of them have defined conceptual frameworks, but in Iran, 
Khuzestan province, additional research is needed to be approached to choose 
subcontractors in the construction industry through the MCDM model. Since 
uncertainty always exists, one is always somewhere in the middle, somewhere 
between the extremes, etc. MCDM is concerned with structuring and solving decision 
and planning problems involving multiple criteria. The purpose is to support 
decision-makers who are facing such problems and decision-maker preference 
facilitates project development. The specific objectives of current research are stated 
below.

•  Investigating the general subcontractor selection methods from existing 
literature.

•  Conducting the questionnaire-based survey with Iranian construction 
experts to identify the significance of essential criteria in subcontractor 
selection.

•  Evaluating the subcontractor competence and performance, based on the 
questionnaire to obtain the capacity of each subcontractor.

•  Applying the MCDM model to select the best subcontractors in the 
construction industry by keeping the existing situations.

Generally, the present research objectives encompassed (1) important criteria 
selection, (2) subcontractor selection, (3) weighing and ranking alternatives, (4) 
subcontractor competence evaluation.

In Iran, due to the lack of a defined framework to select a subcontractor 
according to the existing situation in terms of the subcontractor's financial capacity, 
ownership of equipment for the project, compliance with administrative instructions 
and the subcontractor’s managerial capacity, this study considering the same 
importance of factors for tendering the construction projects has formulated 
important criteria in this regard. On the other hand, lots of companies participate in 
attracting the project, and in Iran, the project is assigned at the lowest bid price, 
regardless of other important factors involved in an apparent situation. Therefore,
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questionnaires were designed with the cooperation of experts involved in the 
tendering of the project to solve the existing problem.

First, the authors tried to do a relevant literature review for the research and 
collect appropriate studies, then the criteria were chosen regarding the location of 
project and workplace conditions. Then, questionnaires were designed and 
distributed among experts to determine the main criteria of subcontractor selection 
and prequalification assay, and the results were presented in Tables. In the 
subcontractor competence assay, a questionnaire was distributed among the 
subcontractors to know the inventory list of each company, which included various 
parameters, such as 18 factors related to the equipment and devices required for the 
construction of the project. The other items consisted of various factors, most of 
which were associated to managerial aspects such as company's professional work 
experience records in implementing previous projects, professional experience of 
prominent staff, project purpose achievements, planning and managing ability, 
experience in similar contracts, HSE guidelines observation, expert workforces along 
with the bid price offered by each company to obtain the project. The questionnaires 
were analyzed according to different criteria and the results were further analyzed in 
tables and excel sheets according to the methodology. In the end, the weight and 
ranking systems used led to the selection of the best option.

Designing a fram ew ork for Subcontractor's selection in construction projects using an MCDM
model

2. Literature review

To conduct present research, we first tried to come through the literature review 
to understand and identify the criteria and most difficulties recognized in selecting 
the subcontractors. Also, it was taken into consideration the reasons for the defeat 
and success of conducted construction projects and a glance view based on weighing 
and ranking models employed in prioritizing the criteria and alternatives. A study 
reported the emergence of satisfaction from the employer for the implemented 
project regardless of the presence of main performance criteria in contractor 
selection. It was recommended by clients in South Africa and the universal 
construction industry (Bowen et al., 1997). Russell et al. (1992) applied the effects of 
20 decision criteria via Spearman Rank Correlation analysis to find the major 
influencing criteria on contractor selection. So, it was found a series of major criteria 
including financial stability, experience, and past performance. A study came 
through a strong literature review pointing out the inclusion of the contractor’s pre­
qualification method as one of the main criteria in the tendering process (Holt et al., 
1995). The competence screening step has carried out via interview, questionnaire, 
and various strategic methods with taking account of the global benchmarks in this 
field, contractors and subcontractors experiences, professionally completed projects, 
etc. The most important criteria have been detected to be economical soundness, 
technical ability, management capability, and the health and safety performance of 
contractors (Hatush and Skitmore, 1997a, b). The study of Doloi (2009) aimed to 
understand the quality of criteria selected (43 cases) to evaluate the performance of 
the project via multiple linear regression models. Sacks and Harel (2006) deployed a 
predictive model for assessing the subcontractor resources via game theory. The 
successful move of the project joined the relationship between managers and having 
strong commitments in going ahead. By research, 29 experts participated to 
demystify the scores of criteria in selecting the suitable sub-contractor via a

51



Kishore et al./O per. Res. Eng. Sci. Theor. Appl. 3 (3) (2020) 48-64

questionnaire survey supported by SPSS software analysis (Marzouk et al., 2013). 
The most important criteria have been realized to be the project price among criteria 
of quality, cooperation, and technical know-how in subcontractor selection by the 
multi-nominal model in Singapore (Hartmann, and Tan, 2009). The performance of 
the sub-contractor has been recognized to be an important point in conducting the 
objective of the project. The study revealed that 80-90% of Australian building 
projects outsourced to the subcontractor with regard to the affordability of 
contractors and consultants to move the project in terms of time, quality, and costs 
(Hinze and Tracy, 1994). The subcontractors play some prominent roles in project 
risks and take responsibilities against redeployment, hiring and firing of workers, 
and financial difficulties. However, reliable subcontractor selection will recede the 
difficulties experienced by the way. Sari and El-Sayegh (2007) suggested considering 
a collection of factors through the literature review for distinguishing the right 
criteria for a certain company among general factors, construction management 
factors, and general contracting factors. So, they will enable you to figure out the 
proper matrix of criteria for the construction management at-risk contractor. 
Akintan and Morledge (2013) assessed the relations between the main contractor 
and subcontractor based on qualitative and quantitative factors and connections 
between them via integrated project delivery and the last planner system. In the 
United Kingdom, the questionnaire was applied to assess a contractor view in terms 
of particular criteria of construction projects. The data were analyzed using SPSS 
software and taking into account the lowest-price wins principle (Wong and et al., 
2000). In Singapore, industry-based contractors' selection was performed using 
questionnaires and criteria and alternative choices. Findings manifested to offer the 
most important criteria for the criterion of contractor professional experience (Singh 
and Tiong, 2006). In Australia, the questionnaire method was used to assay the 
relationship among 20 contractors in a selection program. The questionnaire 
included three main success reasons for the project such as time, quality, and outlay. 
Findings comprised a set of contributed criteria with identifying the most and least 
interfering criteria (Hatush and Skitmore, 1998). Kumaraswamy and Matthews 
(2000) used the questionnaire procedure to select the subcontractor regarding 20- 
step interviews. So, it showed the subcontractor's thrift by 10% of outlays in tender 
price and promoting the time and quality performances in the project. Maturana et 
al. (2007) took the questionnaire procedure to select subcontractors from among 29 
cases. The performance was reported by the contractor's experience mostly.

It has been used as an algorithm for the selection of sub-contractor pertaining to 
fuzzy preference relation, from a mathematical point of view containing an example 
regarding the criteria of reputation, technical capabilities, financial situation, and 
organizational skills (Ibadov, 2015). AHP was taken into consideration to select the 
subcontractor via a questionnaire participated by 29 persons with allocating some 
criteria and alternatives extracted from the literature review in Putrajaya, Malaysia 
(Manoharan, 2005). Li et al. (2007) accepted the prequalification screening step as a 
standard procedure in sub-contractor selection. They passed through the step in a 
tunnel construction project based on a fuzzy approach to prioritize the criteria and 
alternatives in China. Juan et al. (2009) applied a hybrid approach combining fuzzy 
set theory and quality function deployment to set up a housing refurbishment 
contractor selection model with lots of criteria and alternatives. The developed 
model passed through the sensitivity analysis via another MCDM model such as 
Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE)

52



successfully. Araujo, et al. (2015) approached to objectives of his research for 
contractor selection by paying attention to a set of contractors, resources, and 
limitations by assigning MCDM models such as group decision and Integer 
Programming, Delphi, and PROMETHEEGDSS models. In the United Kingdom, utility 
theory was exploited to contractor selection via MCDM models along with bid price 
assessment (Hatush and Skitmore, 1998). In India, a questionnaire passed out 
among project managers to evaluate the contractor based on theoretical methods. In 
the following step, MCDM models of TOPSIS and Grey-SAW determined the best 
option considering bids and financial affordability (Puri and Tiwari, 2014). In Hong 
Kong, a study underpins the framework of a matrix of data for best contractor 
selection via AHP joined to MCDM models in a variety of scenarios along with a 
minimum bid (Fong and Choi, 2000). Ng and Luu (2008) proposed a case-based 
intellectual model for selecting subcontractors. The technical aspect of performing 
the contract was pointed out to be a point for the decision-making process and 
developing standards and frameworks of subcontractor selection.

Borujeni and Gitinavard (2017) studied the mining contractor selection problem 
via a hesitation phase compromise model. The weighing and ranking of alternatives 
were followed with a sensitivity analysis to promote the accuracy and precision of 
results. Chiang and et al. (2017) used the AHP to find important aspects in selecting 
contractors during the bidding phase via identifying the appropriate criteria and 
embarking the criteria in a hierarchical structure collecting opinions of experts for 
making a decision matrix. Cheaitou et al. (2019) have done a case study to select the 
efficient contractor in a public organization via MCDM models and fuzzy logic theory 
following with data envelopment analysis. So, in terms of the efficient contractors 
identified in the United Arab Emirates, Mirmousa, and Dehnavi (2016) used MCDM 
models for the supplier selection purpose in Yazd, Iran. By the way, 43 important 
criteria were chosen and then around 14 criteria were confirmed for further 
processing in the questionnaire designed. Further processing was completed by 11 
experts and data passed through the decision making systems to rank and weight 
alternatives. By Morkunaite et al. (2019), contractor selection passed through the 
quantitative and qualitative criteria, weighing system of AHP and evaluation in the 
PROMETHEE model. Stevie et al. (2020) used Measurement Alternatives and Ranking 
according to the Compromise Solution (MARCOS) model to select the sustainable 
supplier for the healthcare industry in Bosnia and Herzegovina. To classify and rank 
the matrix of 8x21 alternative x criteria, the MARCOS model was assigned along with 
a sensitivity analysis including rank reversal and findings of other MCDM model.

Designing a fram ew ork for Subcontractor’s selection in construction projects using an MCDM
model

3. Methodology

3.1. Research design

The survey questionnaire procedure was used to collect the data and literature 
review and the authors’ experiences were taken into account for the right selection 
of criteria and alternatives. The literature review was also used to select criteria. The 
present project is a building construction and is currently being developed in 
Khuzestan, Iran. The present project has included the area of a school to be built and 
is located in Ahvaz, Khuzestan province, Iran. The main contractor of the project was 
Shahin Niloofar Jangi Company and all consultants had been recruited based on the
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lowest bid price and competitive tender, and coincidentally. The supervision of the 
project was undertaken by the first contractor and government office of the School 
Innovation and Equipment Department in Khuzestan, Iran. The Khuzestan province 
is located in the southwest of Iran, as a neighbor with Iraq and the Persian Gulf, 
covering an area of 63, 238 km2. The total built-up area of the building was 2800 m2. 
The main structure of the building was structural steelwork and this paper tried to 
select a subcontractor through a MCDM model. The main contractor, Shahin Niloofar 
Jangi Company, had been invited to undertake the project with described conditions. 
The Figure 1 displays the steps undergone by conducted research.

Figure 1. Flowchart o f the conducted research

3.2. AHP method

AHP, introduced by Saaty in the 1980s, is a popular MCDM instrument. It consists 
of a defined mathematical structure built over consistent matrices and associated 
with Eigenvectors to derive the true weights of compared criteria. Although the AHP 
technique is more than three-decade-old, its flexibility and robustness keep it in use 
as a reliable method. The AHP method used in this study is the result of a 
multiplication of the criteria (aij I) with an inverse exponent of criteria numbers 
(1/K) according to Equation 1. Then, the values in columns (Xij) have been divided 
by the sum of them according to Equation 2.
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One of the reasons for using the AHP method, which also states the advantages of 
this weighting method, is the fact that it has the ability to determine the weight of 
both quantitative and qualitative criteria. It has been introduced as one of the 
methods with a high degree of reliability because it has a strong theory and is 
formulated based on obvious principles (Stankovic et al., 2019).

3.3. SAW Model

It is a long time that the SAW model has been used to solve various uncertainties 
in global world challenges. The model of SAW is one of the simplest methods of 
MCDM techniques, which can be easily used in ranking the alternatives. To use this 
method, the decision matrix is normalized by the linear conversion method and then 
the weighted and normalized values are added together to determine the ranking 
values of alternatives (subcontractors). Its framework is composed of two simple 
equations. By Equations 2 and 3, Xij, R and Wj are the values, ranked, and weighted 
values respectively. The normalization of the decision matrix was done based on 
Equation (2) (Hassanpour and Pamucar, 2019). It is needed to explain that Xij is the 
values for the SAW model.

4. Result and discussion

Lots of criteria are interfered with in selecting the best-qualified subcontractors. 
The criteria were listed in two separate questionnaires and the opinions of Decision 
Makers (DM) who were holding enough experience and knowledge in this regard 
were used. The numerical values of 1, 2, 3, 4, 5, 6, and 7 for the criteria encompassed 
linguistic words as very low, low, slightly low, medium, slightly high, high, and very 
high in questionnaires respectively. The main criteria used in a separate 
questionnaire encompass the following according to Table 1.

The DM reached to priority and importance of main subcontractor selection 
factors as Tender price > Executive Human Resource = Good performance in 
previous projects > Equipment, tools and machinery ability > Management and 
planning ability = Experience in similar projects = HSE instructions. According to 
Table 1, we figured out that the main criterion in outsourcing a project is a bid price 
and this is in full agreement with the existing circumstances of subcontractor 
selection in Iran. However, the objective of this research was integrating all criteria 
with the same importance. It means the bid price is held back and lots of criteria are 
interfering in subcontractor selection. That is why this research attempted to offer a 
coherent procedure to be taken into consideration. The criteria taken into account

(1)

(2)

(3)
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for conducting this study comprised the below cases in full detail. In Table 2, the full 
names of criteria are as 400 amp diesel welding motor (C1), CNC drill (C2), Rectifier 
(C3), H-instrument (C4), 7-function punch scissors (C5), Round drill (C6), Drill Magnet 
(Magnet) (C7), 8 ton tower crane (C8), Powder under welding machine (C9), Wind 
compressor 8 times (C10), Fire saw (C11), Diesel generator (C12), 5, 10, 15 ton crane 
(C13), Truck for cargo transportation (C14), Air capsules (C15), 10 ton jack (C16), 
Handheld electrode heater (C17), Grinding stone wall machine (C18), other aspects 
(C19). Also, the remaining symbols are Company (CO), Number of devices and 
facilities (N), Ownership (O), Score (S), Professional Experience (PE), Professional 
Experience of Prominent Staff (PEPS), Project purpose achievements (Ppa), Planning 
and managing ability (Pma), Experience in similar contracts (Esc), HSE guidelines 
consideration (HSEgc), Expert workforces (Ewf), Bid price (Bp).

In Table 2, lots of various criteria are actually composed of two parts (qualitative 
and quantitative aspects). The C1-C18 that are the same among companies in three 
rows of N, O, and S representing the inventory list of each company, which has 
included various parameters, belong to the equipment and devices required for the 
construction of the project. The second part included the other items (C19) consisted 
of various criteria, most of which were associated to the company's professional 
work experience records in implementing previous projects and the bid price offered 
by each company to obtain the project, such as PE, PEPS, Ppa, Pma, Esc, HSEgc, Ewf, 
and Bp. Table 2 was arranged to include all criteria together as the research design of 
the current study. The data were gone through the normalization step and then the 
values of the weights were assigned to determine the final weights. The AHP method 
was used as the weighing system of this study. Its procedure accounts for the values 
of tables to be multiplied with each other and then reaches to the exponential reverse 
of numbers. Finally, each number was divided into the sum of amounts released via 
the exponential reverse of numbers.

Table 3 denotes the values of weights obtained by the AHP and SAW models. 
According to Table 3, the highest weight was devoted to the criterion of N in both 
systems of AHP and SAW models because of variations in the number of devices, 
tools, and equipment applied. Reasonable results appeared by the current research 
with looking at the values of Bp that were as $ 8055.55, $ 10000, $ 9166.66, $ 
6666.66, $ 8333.33, and $ 7500 for the companies of Hejrat Manesh Izeh (1), Khesht 
Sazan Karoun (2), Yeganeh saze omid (3), Sakht karan Moongasht (4), Darya Sanat 
Khavarmianeh (5), Omran mehragane Yosef (6) respectively.
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Table 1. The main criteria o f subcontractor selection by DM opinion
. .  . Equipment, tools Main M /  ’„ .. and machinery Criteria , .... J  ability

Good 
performance in 

previous projects

Management and 
planning ability

Experience in . .. T, . . HSE instructions similar projects

Executive
Human

Resources

Tender
price

DM 5 6 3 3 3 6 7

Table 2. The criteria for subcontractor selection
CO/criteria Ci C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 7

u

6
u

C18 C19

N 3 2 1 1 2 1 1 - 1 1 1 1 1 1 3 - 2 2 -

O 1 1 0.
5

0.
5 1 0.5 0.

5 - 1 0.5 1 1 0.5 0.5 1 - 1 1 -

S 1 - 0.
5

0.
5 1 0.5 0.

5 - 1 0.5 1 1 - 0.5 1 - 1 - -

S
W 

CL 
CL 

W
 

CL

tH

5
7

Ppa
Pma

6
1*

Esc 3*
HSEgc

Ewf
1*
4*

Bp 1
N 3 1 4 1 1 2 1 - - 1 1 2 1 1 1 - 1 1 -

O 1 1 1 0.
5 1 1 0.

5 - - 0.5 1 .50..50. 0.5 1 - 1 0.5 -

S 1 1 1 0.
5

- - 0.
5 - - 0.5 1 0.5 - 0.5 1 - 1 0.5 -

(2) PE 5
PEPS 6
Ppa
Pma

6
1*

Esc 1*
HSEgc 1*
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Ewf 4.5*
________ Bp____________________________________________________________________________________________________________________ 3 _

N 2 1 2 1 3 4  2 - 2 1 2 2 1 2 4 - 2 2  -

O 1 1 0. 0. 1 1 0. - 1 0.5 1 0.5 0.5 0.5 1 - 0.5 1 -

S 1 1 0. 0. 1 1 0. - 1 - 1 0.5 0.5 0.5 1 - 0.5 1 -

PE 6
(3) PEPS 5 

Ppa 5 
Pma 1* 
Esc 1*

HSEgc 1*
Ewf 5*

________ Bp____________________________________________________________________________________________________________________ 4 _
N 1 2 1 1 2 2  2 - 2 2 2 1 1 - 3 - 1 2 -

O 1 0. 1 0. 0. 0.5 1 - 1 0.5 1 1 0.5 - 1 - 0.5 0.5 -

S 1 0. 1 - 0. 0.5 1 - - 0.5 1 1 0.5 - - - 0.5 0.5 -

PE 6
(4) PEPS 5 

Ppa 5 
Pma 1* 
Esc 2.5*

HSEgc_____________________________________________________________________________________________________________________- 
Ewf___________________________________________________________________________________________________________________5.5* 

________ Bp____________________________________________________________________________________________________________________ 2 _
N 1 2 1 3 1 2  2 - - 2 2 1 1 - 1 - - 2 -

(5) O 1 0. 1 1 0. 1 1 - - 0.5 1 1 0.5 - 1 - - 0.5 - 

S 1 0. 1 - 0. 0.5 1 - - 0.5 - - 0.5 - 1 - - 0.5 -
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PE
PEPS
Ppa
Pma
Esc

HSEgc
Ewf

6
4
5 
1* 
2* 
1* 
6* 
5

N 2 2 2 1 - 2 1 - 1 - 2 1 - 1 2 1 1 2 -

O 1 1 1 0.
5 - 1 0.

5 -
0.
5 - 1 0.5 - 0.5 1 0.5 0.5 1 -

S 1 1 -
0.
5 - -

0.
5 -

0.
5 - 1 0.5 - 0.5 1 0.5 0.5 - -

(6)
PE

PEPS
Ppa
Pma
Esc

HSEgc
Ewf
Bp

6
5
6 
2* 
1*

0.5*
6*
6

O w nership=1, Rented=0.5, Full score=1 , No score=0 , M edium  score=0.5
*Su m  o f scores depends on the num ber o f m an agers and  p rofession al experience
Khesht Sazan  Karoun (1), Darya San at Khavarm ianeh (2), H ejrat M anesh Izeh (3), Yeganeh saze  om id (4), Omran 
m eh ragane Y osef (5), Sakht karan  M oongasht (6)

5 5
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Table 3.: The values o f weights in AHP method and ranks for alternatives
CO/Criteria AHP SAW Rank

(1) N 0.48226106 3.954540667 2
O 0.26102609 1.148514787
S 0.25671286 0.872823707

PE 0.17857143 0.031887755
PEPS 0.25 0.0625
Ppa 0.21428571 0.045918367
Pma 0.03571429 0.00127551
Esc 0.10714286 0.107142857

HSEgc 0.03571429 0.00127551
Ewf 0.14285714 0.020408163
Bp 0.03571429 0.00127551 6.247

(2) N 0.47499271 3.609944573 5
O 0.26553607 1.137379511
S 0.25947122 0.808685304

PE 0.18181818 0.033057851
PEPS 0.21818182 0.047603306
Ppa 0.21818182 0.047603306
Pma 0.03636364 0.001322314
Esc 0.03636364 0.001322314

HSEgc 0.03636364 0.001322314
Ewf 0.16363636 0.02677686
Bp 0.10909091 0.011900826 5.727

(3) N 0.56798939 5.263368325 1
O 0.21351003 0.754402092
S 0.21850059 0.699201876

PE 0.21428571 0.045918367
PEPS 0.17857143 0.031887755
Ppa 0.17857143 0.031887755
Pma 0.03571429 0.00127551
Esc 0.03571429 0.00127551

HSEgc 0.03571429 0.00127551
Ewf 0.17857143 0.031887755
Bp 0.14285714 0.020408163 6.882

(4) N 0.53410426 4.495377498 3
O 0.23698415 0.888690549
S 0.2289116 0.648582857

PE 0.22222222 0.049382716
PEPS 0.18518519 0.034293553
Ppa 0.18518519 0.034293553
Pma 0.03703704 0.001371742
Esc 0.09259259 0.008573388

HSEgc 0 0
Ewf 0.2037037 0.041495199
Bp 0.07407407 0.005486968 6.2

(5) N 0.51243088 3.751726 6
O 0.26194853 0.991662
S 0.22562059 0.539878
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PE 0.2 0.04
PEPS 0.13333333 0.017777778
Ppa 0.16666667 0.027777778
Pma 0.03333333 0.001111111
Esc 0.06666667 0.004444444

HSEgc 0.03333333 0.001111111
Ewf 0.2 0.04
Bp 0.16666667 0.027777778 5.44

(6) N 0.51153388 3.83650408 4
O 0.25576694 0.95912602
S 0.23269918 0.83174796

PE 0.18461539 0.03408284
PEPS 0.15384615 0.023668639
Ppa 0.18461539 0.03408284
Pma 0.06153846 0.003786982
Esc 0.03076923 0.000946746

HSEgc 0.01538462 0.000236686
Ewf 0.18461539 0.03408284
Bp 0.18461539 0.03408284 5.8

5. Conclusion

The challenges posed in subcontractor selection based on the lowest bid price 
seem to be forgotten by considering and taking into account the same importance for 
all criteria. By the way, it conducts an easy way for in-charge staff to recede the 
difficulties, challenges, and argues in subcontractor selection. The SAW model used 
had a relevant connection for all partitions and released the ranks in a reasonable 
and discernible way. The findings and procedures of the current study can be taken 
into consideration across Iran and other nations. It can be concluded that the lowest 
bid price cannot be a strong decision in holding back the construction crises unless 
there are lots of interfering criteria in this regard. The sensitivity analysis ignored to 
verify the implemented method because of variation raised in contents of Table 3 
and difficulties in research design based on existing conditions and circumstances in 
tendering. That is why future research orientation may include lots of criteria and 
factors despite we took important matters in Iranian projects. The bid price also 
converted to crisp numbers to rise the precision and accuracy applied in the 
objective followed. We hopefully declare the civil engineers will extend the 
procedure and questionnaire designed in the workplace to choose the right 
subcontractors in future plans.
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R e v ie w  P a p e r

A b s t r a c t :  U n d e r s t a n d in g  q u a l i t y  in  m a n u f a c t u r i n g  s t a r t s  w ith  l e a r n i n g  w h y  e r r o r s  

h a p p e n  a n d  t h is  c o u ld  b e  im p r o v e d  b y  a n a l y s i s  w ith  r o o t  c a u s e s  r e l a t e d  to  h u m a n  

e r r o r s .  H u m a n  r e l i a b i l i t y  in f lu e n c e d  b y  e q u ip m e n t  d e s ig n  o r  w o r k in g  e n v ir o n m e n t  w ill 

c o m e  to  c o n c e p t  o f  p o k a - y o k e  ( m i s t a k e  p r o o f in g ) ,  a n d  v a r i o u s  m e a n s  to  r e d u c e  

m i s t a k e s  t h a t  h a v e  b e e n  g r e a t l y  im p r o v e d  r e c e n t ly  w ith  l a t e s t  s o p h i s t i c a t e d  

te c h n o lo g y . T h is  a r t i c l e  w il l  d i s c u s s  p o k a - y o k e  t e c h n o lo g y  r e l a t e d  to  th e  I n d u s t r y  4 .0  

(1 4 .0 )  o r  S m a r t  M a n u f a c t u r in g  c o n c e p t .  T h e  m e t h o d  i s  t o  r e v ie w  r e s e a r c h  a r t i c l e s  

p u b l i s h e d  w ith in  2 0 1 5 - 2 0 2 0  w ith  a  k e y w o r d  p o k a - y o k e  o r  m i s t a k e - p r o o f  o r  f a u l t - p r o o f  

a n d  v e r ify  f u r t h e r  w h e t h e r  t h e i r  p o k a - y o k e  t o o l s  h a v e  im p le m e n t e d  th e  I 4 .0  c o n c e p t . 

T h e  r e s u l t s  o b t a i n e d  5 0  s e l e c t e d  a r t ic le s ,  w ith  1 3  o f  th e m  t h a t  a l r e a d y  a p p l i e d  

in f o r m a t io n  te c h n o lo g y , c lo u d  c o m p u t in g ,  a n d  a u g m e n t e d  r e a l i ty ,  w h ic h  a r e  

c o n s id e r e d  a s  I 4 .0  to o ls . H o w e v e r , i t s  a p p l i c a t io n  i s  n o t  a l w a y s  s a t i s f y i n g  c o n c e r n in g  i t s  

s u i t a b i l i t y  Ju n c t io n ,  r e q u i r e m e n t  o f  in d u s t r ie s ,  c u ltu r e , l o c a l  r e g u la t io n ,  a n d  in t e r n a l  

b u s in e s s  c o n c e r n , e s p e c ia l ly  in  t e r m s  o f  e f f ic ie n c y  a n d  c o s t .

K e y w o r d s :  P o k a - y o k e , m is t a k e - p r o o f ,  f a u l t - p r o o f ,  in d u s t r y  4 .0 .

1. Introduction

T here is a concept in quality  m anagem ent th at prevents the hum an fau lt from  
occurring in production, w hich w as in troduced by Shigeo Shingo and nam ed as 
poka-yoke (M alega, 2018). It deals with m istake-proof or error-proof a s  per original 
w ord in gy o k e r u  (avoid) and  p o k a  (m istakes) (Kurhade, 2015 ). The m istake can occur 
at any job at any type, e.g., m isoperation , not p erform ed  as  per protocol, u sin g w rong 
tools, m issin g  parts, having defects during assem bling, using incorrect com ponents, 
or inaccurate m easu rem en t (Kurhade, 2015).

Currently, w e are  facing Industry 4.0 or in sh ort form  as I4.0, and  conventional 
in dustries will evolve to a  sm art and  autonom ous style (Ahm ed et al., 2 0 1 9 ), and  it 
will in troduce and develop new  too ls th at reduce hum an error a t  an early  step  o f
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product and  p ro cess developm en t (Lazarevic et al., 2019 ). It can be a com m unication 
strategy  (Tezel & Aziz, 2 0 1 7 ), or autom ation  with a  hum an touch (Rom ero et al., 
2 0 1 9 ) or softw are application to avoid  m istypin g (Hudori et al., 2 0 1 7 ) or a sm art 
decision tool (Ahm ed et al., 2 0 1 9 ) or a com puterized  testin g  tool (Bici et al., 2 0 1 7 ) or 
using advanced  technology like augm ented  reality  to point out m istakes (Dario 
Antonelli & A stanin, 2015 ). Then, it com es to the question, how  can poka-yoke and 
I4.0 supplem ent each other? And which I4.0 tools can su p p o rt a poka-yoke m ethod?

The precondition for this literature study is looking at various lean approach es 
including m istake-proofing m ethods. Indeed, there are  m any ideas o f m istake- 
proofing m ethods with p roper im plem entation according to their circum stances. 
However, there are insufficient published  articles with this specific m istake-proof 
topic.

2. Research Methods

This literature review  is the b e st  m ethod to study and analyze from  b asic  theory, 
tools, experience, and  le sso n s learn ed  from  either academ ic or practical exercise. 
A ccording to Figure 1, this p ap er study starts  with the initial collection as step  
num ber one o f the total five steps. Collecting from  various publish ers, i.e. Science 
Direct, R esearch Gate, ProQ uest Search, MDPI, Springer Open and Google Scholar 
within the year o f  2 0 1 5  until 2020. The keyw ord is "poka-yoke" or "m istake-proo f' 
or "error-proof" or "fault-proof" for the in dustrial sector with the num ber o f 
collected artic les show n in T able 1.

F i g u r e  1 L i t e r a t u r e  S t u d y  F r a m e w o r k  

T a b le  1. N u m b e r  o f  A r t ic le s  a t  e v e r y  s t a g e

Stage Article Qty
1 99
2 84
3 64
4 50
5 50

•  Stage 1. The initial collection, m an aged  to collect 99 articles re levan t to poka- 
yoke.
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•  Stage 2. Screening; om itted num bers o f p ap ers due to irrelevant research  objects 
and kept 8 4  o f them.

•  Stage 3. Collate inform ation, also  rem oving the num ber o f p ap ers w hen digging 
in form ation inside, only se lected  64  re lated  to in dustrial and m anufacturing.

•  Stage 4. Full-text article asse ssed , gain ed  m ore know ledge and chosen 50 
stan ding out.

•  Stage 5. In-depth study for those rem ain ing 50 articles.

D igesting m ore the article contents, it has been listed  out all articles b a sed  on the 
industrial type or p lace o f research , poka-yoke type, and  country o f the researcher. 
Segregation  b a sed  on poka-yoke type is m echanical, electronic, m echanical- 
electronic (mix), IT or system  softw are, and the la st is organizational, which is a 
focus on the developm ent o f  protocol or p rocedure for the hum an-error problem . 
The sum m ary o f resu lts b a sed  on the year o f published  p ap ers is p resen ted  in Figure 
2 .

2 0 2 0

2019

2018 

2017 

2016 

2015

0 5 10 15 20

F i g u r e  2  C o lle c t e d  a r t i c l e s  &  p a p e r s  b a s e d  o n  th e  p u b l i s h in g  y e a r

Analyzing the content from  the final collected articles, there w as a focus on a few  
aspects:

•  Industrial type,

•  Selected m istake-proof type (see  Figure 3),

•  Im plem entation,

•  Enablers and  inhibitors.
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Organizational 

Mechanical & Electronic

Mechanical

IT /  Software

Electronic

0 5 10 15 20

F i g u r e  3  P o k a - y o k e  ty p e

B ased  on theory, the poka-yoke im plem entation started  in the autom obile 
industry (in the 1 9 6 0 s as p a rt  o f T oyota Production System  (TPS) in Japan), and 
furtherm ore it w as adop ted  by textile, construction, electronics, w oods, services, and 
other in dustries in variou s countries.

3. Results and Discussion

All articles and  p ap ers are e laborated  in Table 2, including the country o f author, 
research  ob ject and respective  resu lt. Surprisingly, the article published  by the 
Japan ese  is none a t  this literature study  and th is concern can be re serv ed  for future 
research .

68



Novel POKA-YOKE approaching tow ard industry-4.0: A literature review

T a b le  2  M a p p in g  P o k a - Y o k e  I m p le m e n t a t io n  f r o m  5 0  a r t i c l e s
No Paper Identity Country of 

Author Research object Result

1
(Dahivale & 
Lokhande, 2020)

India
Rejection from reverse logistics and 
scrap

After im plem entation of poka-yoke, rejection and scrap rates are significantly reduced 
to 'zero'.

2
(Solaim ani & 
Sedighi, 2020)

Netherland
Lean im plem ent-ation including 
Poka Yoke in Construction

Carry out and sustain  the lean in construction and poka-yoke is p art of them, 
particularly for safety.

3 (Selvam  & 
Loganathan, 2019)

India Design & fabric-ation of hydraulic 
conduit connector

Im provem ent on quick releasing coupling. Part of assem bly  is m ade noticeable. 
Eventually, it ra ises a  confidence level of the operator's.

4
(Muharam & Latif, 
2019)

Indonesia
Vibration signal for machine 
m onitoring

Poka yoke device can observe machine condition, such as bearing abnorm al alarm. 
Furtherm ore, this system  is also being u sed  to see m achinery and equipm ent 
condition.

5
(Rom ero et al., 

2019) Italy
Jidoka/Autom ation with human 
touch

A dvised for step-by-step fully-autom ated operation deploym ent to let w orkers gain 
knowledge and change w orking culture tow ards sem i-autom ated or fully autom ated 
operation, through developm ent of stages and adopting Jidoka Systems, instead of 
im m ediate applying a  fully autom ated solution.

6 (Rosio et al., 2019) Sweden
A ssessm ent m anu-facturing system  
and Poka Yoke a s  part of 
diagnosable criteria

Develop asse ssm en t m odel to m easure ability for m odification and change variation 
of product and volume.

7 (Putri & Handayani, 
2019)

Indonesia Craft bag  product quality (for 
cem ent pow der)

Im provem ent with 3 poka yoke m ethods, i.e. warning, control & shutdown.

8
(Hoellthaler et al., 
2019) Germany

Digitalization to support Poka-Yoke 
for a  lean production system

Digital m anner for tools and m ethods is indeed achievable, eventually reduces w aste 
of time, cost and quality.

9 (Attia et al., 2019) Egypt
Poka yoke in clothes printing 
m achines

A m echanical poka yoke prototype is m anufactured for dim inishing problem s.

10
(D. Antonelli & 

Stadnicka, 2019)
Italy

Identify potential m istakes either 
by human or robot.

Define proper m istake proofing (poka yoke) m ethods in an HRC (Human-Robot 
Collaboration) assem bly  w ork cell. The best solution is to standardize the p art and 
uniform  the dimension.

11 (Saputra et al., 
2019)

Indonesia Molding machine of plastic industry Im provem ent is achieved gaining a  value of 1.65 of SPC through poka-yoke 
implementation.

12 (Rubio-romero & 
Pardo, 2019)

Spain
Perform  an analysis of lean, fault- 
proof and preventive activity in 
construction

"Personal-Protective-Equipm ent” or PPE is considered poka-yoke, and also w arning 
sign with RFID and reflective railings.

13 (Ahmed et al., 2019) Australia
SVPD in design, process and 
inspection

Dissem inate a  sm art system  based  on experim ental expertise to support product 
developm ent design, product planning that is able to enhance m anufacturing process.
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14
(Qeshmy et al., 
201 9 ) Sweden

Aim to identify hum an error fact­
ors in an assem bly  line using 
Augm ented Reality for Sm art 
Factory.

Augm ented-Reality is not suitable if the aim is identification of hum an failure. The AR 
is not fully developed for the moment.

15
(Bajjou & Chafi, 

2018)
Morocco

Survey in Moroccan con-struction 
industry

61 % of the respondents are fam iliar with lean construction practices, and 68%  are 
not familiar with Poka-yoke.

16 (Satolo et al., 2018) Brazil T o rank the tools of the lean Poka yoke is rank 11 am ong lean tools like VSM, six-sigm a, 5S, kaizen, etc.

17
(S. Kumar et al., 
2018)

India SME with continuous im provem ent
Achieving by Lean-Kaizen approaching. However, found w eakn ess in m otivation of 
em ployees to eliminate w astes.

18
(Gavrilufa et al., 

2018)
Romania

Laboratory system  for m odern 
m anu-facturing

Develop a  laboratory situation and environm ent for a  sophisticated industrial 
method, including a sim ulating flow of process and lean.

19
(Soni & Yadav, 

2018)
India

Review on produc-tivity 
im provem ent by poka yoke 
im plem entation

Application of poka yoke on a  liner cutting machine to prevent possibility of liner 
m outh m isalignm ent and increase the productivity.

20
(Vinayagasundaram, 
R. Velmurugan, 
2018)

India
Pick-to-light at com pressor 
m anufacturing

Im plem ent poka yoke approaching for a  zero-defect in an assem bly  line; pickers or 
operators are prom pted by lights (hence the nam e pick-to-light).

21
(Dawood et al., 

2018)
Saudi
Arabia

Lean tools in a  soft drink company, 
Poka-yoke for variable m issing 
operations, under fill, over fill, 
break  ages.

Identify non-value adding activities, thereby enhancing productivity. 
Step 1: Detect the abnormality-(Andon),
Step-2: Stop the equipm ent or line by Poka-yoke,
Step-3: Fix and correct the im m ediate condition by Poka-yoke,
Step 4: Verify causes and install a  counter m easure Poka-yoke.

22 (Lilja, 2018) Sweden T etrapak packaging machine
Using three sub-functions (Physical, signaling and control) in the solution as all these 
functions seek  to im prove the environm ent around the assem bler.

23 (Malega, 2018) Slovak Business process and system  in a 
general review

Poka yoke represen ts an excellent m ethod for eliminating hum an errors in production 
process.

24 (Prayogi et al., 
2018)

Indonesia Sm art-key assem bly  in car 
m anufacturing

Design two poka-yoke devices along with sen sors that are integrated to the whole 
assem bly  system .

25 (Sundaram ali et al., 
2018)

India
Avoiding unneces-sary assem bly  of 
defective compo-nents and m arking 
them

The whole inspection from  the beginning has involved Poka Yoke.

26
(Potters et al., 

2018)
Germany

Shop floor process sim ulation for 
several m ethods including poka- 
yoke

Identification of how to get optim al quality involves optim ization experts in the 
company. This initial identification approach  is carried out before the actual te st is 
conducted.

27 (Ardi et al., 2018) Indonesia
P rocess of m ounting actuator 
bracket

The design with Poka yoke overcom es the occurrence of bolt dam age when installing 
the bracket.
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28 (Kurdve et al., 2018) Sweden
Prototype for building w ood 
m odules with poka-yoke

The eco-strategy can be used, but need m ore consideration to optimize the product 
life, optim ize product function, and minimize environm ental w aste in the specification 
and concept phase. Chosen m aterial can be finalized during prototyping.

29 (Kurdve, 2018) Sweden
Assem bly-line w ork instruction in 
digital m anner with fault-proof 
safety  & quality

Poka-yoke, standardized w ork instruction and using ready-assem bly m aterials 
becam e solutions at Husm uttern (w ood-w are factory) although there is digital 
support available, but it does not fit with w orkers' skills a t w ood-w are company.

30
(Schaede et al., 
2018) Germany

Decision tree of CNC program  with 
product param eters

CNC is program m ed for autom atic with a  lim ited param eter. Decision tree is u sed  to 
determ ine the best procedure. Example im plem entation w as presented, proving 
beneficial of autom ated CNC program .

31
(M. Kumar et al., 
2018)

India
Adding real time production data as 
poka-yoke system

PLCs are equipped with servers for real-tim e fabrication data to ensure 100%  
inspection is carried out and sent to m anagem ent. This is a  poka-yoke method, so that 
operators cannot take a  short-cut in production.

32
(Erdogan et al., 
2017)

USA
M easure kaizen effectiveness in the 
w ood industry

Provide the latest view s on the use of Kaizen and other im provem ent opportunities 
while staying focused on quality, safety, fault-proof and waste.

33
(Lem ahieu et al., 
2017)

USA Lean in education
Highlighted lean in educational environm ent and delivering m ore efficient education 
and training.

34 (T ezel & Aziz, 
2017)

UK V isual-m anagem ent (VM) system  in 
England construction project

Identify beneficial of V isual-m anagem ent system  for a  transportation  construction 
project. Potential of poka-yoke system  for quality inspection and w orker safety.

35 (B. Kumar & Kumar, 
2017)

India Poka yoke on needle roller bearing Poka yoke im plem entation has decreased  a  m issing needle and obtained maximum 
efficient bearing.

36
(Che-Ani MN. et al., 
2017) M alaysia Quality in process production Quality has im proved and ensured economic benefit by poka-yoke.

37
(Ardi &
Abdurrahman,
2017)

Indonesia
Oxygen sensor machine functiona­
lity

Increase efficiency check of oxygen sensor machine by poka yoke system . Rating 
errors reduced by 0.14%  and MOR hit 90%  target.

38 (Hudori et al., 2017) Indonesia Pallet package inform ation at 
shipping dept

Poka yoke im plem entation for pallet package information.

39 (Rojo Abollado et al., 
2017)

UK
Optimize busin ess process and 
change the inform ation system s to 
support evolving of the business.

Overview of benefits that the im plem entation of digital w orkflow is doable in an 
aerospace company, along with detailed challenges of both digital w orkflow s and 
hum an factor risks.

40 (Bici et al., 2017) Italy
Computer-aided-tolerancing-and-
inspection

Autom atic m easurem ent through specific algorithm s is useful in guaranteeing 
m easurem ent resu lts involving m any sam ples.

41 (Isnain & 
Karningsih, 2016)

Indonesia Car body parts m anufacturing Im plem ent Poka Yoke sen sors a t a  p ress machine and finish wrapping.

42
(Alghozali et al., 
2016) M alaysia Vending machine product quality

Quality im provem ent in vending machine services by adopting the poka-yoke 
approach, adding date-based alarm  warnings.
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43 (Thareja, 2016) India Real life or common use exem plars
By citing various tools for correction, error proofing (poka yoke) of the processes is 
done.

44
(Fauzan et al., 

2016)
Indonesia

Printing processing with 
minimizing w aste defect

Im provem ent suggestions w ere m ade as well a s  a  poka yoke system  as an effort to 
m inimize w aste defect.

45
(D. Antonelli & 
Stadnicka, 2016)

Italy
M istake-proof solution by Fuzzy 
logic for: 1. W elding spot 2. Kitting 
process 3. Roller bearing seals

Propose a  package to get the m ost suitable solution by using fuzzy-logic on KPI 
criteria.

46 (Tak & Wagh, 2015) India Poka-yoke on punching machine Problem s can be m anaged by poka-yoke.

47
(Singh & Singh, 
2015)

India
Continuous im provem ent of North 
India m anufacturing

Significantly increased OEE reached 3.01%.

48
(Shrigadi et al. 
2015)

India
Using a  sensor on a  particular place, 
then it can prevent mixing of 
different casting on a  process line.

If there is an incorrect casting, the sen sor gives an alarm  and the conveyor stops, so 
the operator changes the w rong one.

49
(Dario Antonelli & 
Astanin, 2015)

Italy
Augmented-Reality (AR) to im prove 
w elding quality

Using AR devices displayed welding point data.

50
(Lazarevic et al., 
2019)

Serbia
Literature review  of Poka Yoke, 211 
m anuscripts with 50 exam ples

Poka-yoke’s new  approach is to recognize existing gaps and describe using experience 
in the field.
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USA
UK 2 

Sweden 3
Spain 1

Slovak 1
Serbia 1

Saudi Arabia 1 2015

Romania 1 2016
Netherland 1 2017

Morocco 1
2018Malaysia 1 1

Italy 2019

Indonesia 2 2 2 2020
India

Germany

gjjjjjjjjj
2

Egypt 1
Brazil

Australia
1

0 2 4 6 8 10 12 14

F i g u r e  4  C o u n try  o f  a u t h o r

3.1. Brief Results Based on Country

A round a quarter o f the collected articles are  published  by authors from  India as 
seen  in Figure 4. T here are  also  authors from  m any European  nations as well as Asia 
follow ed by the US, A ustralia, and  Africa. This rep resen tation  o f authors' countries 
show s that a poka-yoke idea  is sp read  all over the nations, see  Table 2 that m aps all 
articles and  Figure 4.

3.2. Review on Poka-yoke Type

Various articles & research ers on m apping all articles o f T able 2 are  d ivided 
based-on  five poka-yoke types a s  show n in T able 3.

T a b le  3 . P o k a - y o k e  ty p e  in  r e s p e c t iv e  a r t i c l e s

Poka-yoke type Article Author Sum

Electronic

(M uharam  & Latif, 2 0 1 9 ), (Putri & Handayani, 2019 ), 
(Saputra et al., 2 0 1 9 ), (V inayagasundaram , R. 
Velm urugan, 2018 ), (D aw ood et al., 2018 ), (Prayogi e t al., 
2018 ), (Ardi et al., 2018 ; Ardi & Abdurrahm an, 2017 ), 
(Isnain & Karningsih, 2016 ), (Alghozali et al., 2 0 1 6 ), (Tak 
& Wagh, 2015 ), (Shrigadi et al., 2015).

1 2

Mechanical
(Dahivale & Lokhande, 2 0 2 0 ), (Selvam  & Loganathan, 
2019 ), (Attia et al., 2 0 1 9 ), (Soni & Yadav, 2018 ), 
(Sundaram ali et al., 2 0 1 8 ), (B. Kum ar & Kumar, 2017 ),

7
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(Che-Ani MN. et al., 2017 )

Mix Mech-Elect
(Rubio-Rom ero & Pardo, 2 0 1 9 ), (Lilja, 2018 ), (Fauzan  et 
al., 2016 )

3

IT /  Softw are

(H oellthaler et al., 2019 ), (Ahm ed et al., 2019 ), (Qeshm y 
et al., 2019 ), (Potters et al., 2 0 1 8 ), (Kurdve et al., 2018 ), 
(Schaede et al., 2 0 1 8 ), (M. Kum ar et al., 2 0 1 8 ), (Tezel & 
Aziz, 2017 ), (Hudori et al., 2017 ), (Rojo Abollado et al., 
2017 ), (Bici et al., 2 0 1 7 ), (D. Antonelli & Stadnicka, 
2016 ), (Dario Antonelli & Astanin, 2015 )

13

O rganizational

(Solaim ani & Sedighi, 2 0 2 0 ), (Rom ero et al., 2019), 
(Rosio et al., 2019 ), (D. Antonelli & Stadnicka, 2019 ), 
(B ajjou  & Chafi, 2 0 1 8 ), (Satolo et al., 2 0 1 8 ), (S. Kum ar et 
al., 2018 ), (G avrilu ja e t al., 2 0 1 8 ), (M alega, 2018), 
(Kurdve, 2018 ), (Erdogan e t al., 2017 ), (Lem ahieu et al., 
2017 ), (Thareja, 2016 ), (Singh & Singh, 2 0 1 5 ), (Lazarevic 
et al., 2019 )

15

O rganizational, a s  a category, includes m ethods, p rotocols, procedures, or an IT /  
Softw are concept which is a recent advanced  tool, i.e. a  device connected to the 
server d atab ase , rem ote control access, control system , and another com puterized 
approaching. The Electronics type, for instance, includes sen so rs, lights, electronic 
signs. M echanical includes stoppers, railing fences, b o lts/n u ts, etc. Mix Electronic 
and M echanical is  sen so rs th at are connected to m echanical actions.

There are  m any different too ls for respective  p u rposes. However, the poka-yoke 
techniques have variou s n am es and they can be overlapped  with each other. 
Particular too ls m ay have different im plem entation p ro p o sed  by various research ers 
or d ifferent industries. Many o f th ese  too ls are  u sed  in conjunction with each other 
like visual control (andon) (D aw ood et al., 2 0 1 8 ) and  autom ation with a hum an 
touch (jidoka) (Rom ero et al., 2 0 1 9 ) a s  a poka-yoke tool.

Results in Table 3 show  th at 15 articles are  categorized  a s  organizational b ecause  
they did  not specify  actual im plem entation o f the tool. Furtherm ore, they are  p art o f 
lean im provem ent strategy  in stead  o f poka-yoke alone. Others are  e laborated  m ore 
in the next section b a sed  on the in dustry  type and local or particu lar region  
condition.

3.3. Review on Industrial Type

The em pirical study o f poka-yoke approach ing is grou ped  into severa l categories. 
This includes com m on in dustries a s  the specified  or not specific in dustries 
m entioned in the article. T here is also  Service and Education under one group, and  so 
on, as show n in Figure 5. M ost o f the research  took  place in the autom otive industry, 
about 20%  o f the collected articles, then the m achinery industry  16% . SME is only 
2 % while there are  plenty o f  articles n ow adays about sm all and  m edium  en terprise  
industries, but very  few  ab ou t poka-yoke.
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W ood Electronics

6 % 4%

Textile 
Softdrink 4 %

2 %
SME

2 %
Plastic

2 %

Packaging
8 %

Machinery
16%

Laboratory
2 %

Aerospace
manufacturing

2 %
Automotive 

2 0 %

ommon
1 2 %

Construction

E d u catio n ^

on & Steel Service 
2 % 10%

F i g u r e  5  I n d u s t r y  ty p e

T a b le  4 . P o k a - Y o k e  ty p e  v e r s u s  R e s e a r c h e r 's  C o u n try

Country Electronic
IT /  

Softw are
. . .  . , Mech & 
M echanical  ̂

Elect.
Organiza

tional
Total

A ustralia 1 1

Brazil 1 1

Egypt 1 1

Germ any 3 3
India 3 1 5 3 1 2

Indonesia 7 1 1 9
Italy 3 2 5

M alaysia 1 1 2

M orocco 1 1

N etherland 1 1

R om ania 1 1

KSA 1 1

Serbia 1 1

Slovak 1 1

Spain 1 1

Sw eden 2 1 2 5
UK 2 2

USA 2 2

Grand
Total

1 2 13 7 3 15 50

As per h istory  th at a poka-yoke tool w as started  in the autom otive industry, it is 
not su rprisin g  th at poka-yoke articles are  m ostly  re leased  from  autom otive 
in dustries with 20%  out o f 50 articles, see  Figure 5. It com es with various poka-yoke
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types, such as  electronic sen so rs (Prayogi et al., 2 0 1 8 ), a  photo-electric detector 
(Ardi & A bdurrahm an, 2 0 1 7 ), a proxim ity sen so r & push  button (Ardi et al., 2018 ), a 
sen so r on a p ressin g  m achine (Isnain & Karningsih, 2 0 1 6 ), a  m etal clip in terlock (Tak 
& Wagh, 2015 ), and  a sen so r for castin g (Shrigadi et al., 2015 ). Also, m echanical 
poka-yoke like different p art  dim ensions & color code (Che-Ani MN. et al., 2017 ), IT 
poka-yoke with com puter v isualization  (Qeshm y et al., 2019 ), and  organizational 
poka-yoke with developing m odel (Rosio et al., 2 0 1 9 ) and in troducing volum e 
flexibility, p roduct flexibility and p ro cess flexibility (Singh & Singh, 2015).

Poka-yoke approach ing in service & education articles are m ostly  started  
from  conceptual until im plem entation, i.e. developing lean  laboratory  (G avrilu ja et 
al., 2018 ), system atic  poka yoke im plem entation (Lazarevic et al., 2 0 1 9 ), lean for 
education (Lem ahieu et al., 2017 ), shop floor sim ulation (Potters et al., 2 0 1 8 ), and 
w arning sign o f vending service (Alghozali et al., 2016 ). B esides the autom otive 
industry a s originator, this poka-yoke is also  su itable  to be app lied  in the education 
and service area.

Looking a t  the construction sector, poka-yoke is im plem ented to cope with 
safety  issu e s  a s  PPE (Personal Protective Equipm ent) (Solaim ani & Sedighi, 2 0 2 0 ) 
including a w arning sign, reflective railing & RFID ta g  (Rubio-Rom ero & Pardo, 2019 ) 
and utilize inform ation technologies (IT) in in spection  and safety  (Tezel & Aziz, 
2017). However, there is irony from  survey  resu lts in the construction sector w here 
m ost o f the respon d en ts are not fam iliar with a poka-yoke m ethod, ab out 6 8 % out o f  
330  valid  re sp o n ses, even though the person al protective equipm ent (PPE) is a  poka- 
yoke tool in safety  (B ajjou  & Chafi, 2018).

3.4. Review on Research Place and Country

In general, the relationship  betw een m istake-proofing im plem entation and 
organization culture is bond to one another (Satolo et al., 2018). D ifferent countries 
have different cultures, d ifferent labor capabilities, local in dustry  policy, education, 
etc. That is the reaso n  the m istake-proof too ls vary  significantly am ong the nations 
since they are  developed  b a sed  on the appropria te  and  specific approach ing o f 
respective  local requ irem ents, see  Fig. 3 and  Table 5.

There is a factory in India th at has poka-yoke approach ing o f engraved  m arking 
on scrap  & d isp o sa l ju st  to preven t som eone sell the re jected  ones to the b lack 
m arket (Sundaram ali et al., 2018 ). For sure, this will not be happening in a developed  
country like the UK or A ustralia. On the other hand, there is a poka-yoke idea  in a 
European factory to recognize a  w elding sp o t by usin g augm ented  reality  (Dario 
Antonelli & Astanin, 2 0 1 5 ), which is for another country. This idea is costly  and  too 
m uch in term s o f sav ing co st o f optim ization.

R egard less o f in dustry  type or country, the poka-yoke tool is generally  p art  o f 
lean m anufacturing to optim ize and elim inate w aste. The lean  will m ake 
organizations m ore efficient and effective, especially  re lated  to quality, reliability, 
flexibility, innovation and cost and  ultim ately achieving organizational goals (Satolo 
et al., 2018).

Facing the challenging circum stance during the Covid-19 outbreak, and raisin g  
concern about m edical equipm ent in dustries, it can be an exciting future research  
concerning lean  m anufacturing a s well as poka-yoke approaching.
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3.5. Novel Poka-yoke with I4.0 Approaching

Poka-yoke helps o p erators to avoid  m istakes. R egard less o f w hat kind o f 
technology is being used, the goal is  to detect and  elim inate abnorm al conditions that 
lead  to the prevention  o f product defects. This can be a  so rt o f  sequence forced  on 
the execution p ro cess and  which sto p s w hen there is an error. Also, the sam e is done 
for I4.0 im plem entation.

Soph isticated  technology at the m om ent, like auto-identification system  th at can 
ensure correct identification and d igitalized product-ID, allow s to retrieve 
com ponents and  identify incorrect ones (M ayr et al., 2018 ). It can be artificial 
intelligence (M ayr et al., 2 0 1 8 ) th at can autom atically  be ad ju sted  to ensure  optim al 
p roduct quality. There are  also  augm ented  reality  head-m ounted d isp lays to im prove 
quality in spection  (D. Antonelli & Stadnicka, 2016 ; Dario Antonelli & Astanin, 2015 ; 
Qeshmy et al., 2019 ), and  RFID -readers can be u sed  for the safety  b arrier o f 
contractor w orkers (Rubio-Rom ero & Pardo, 2019).

As a re su lt o f review ing relevan t literature, a sim ple m atrix  is show n in T able 5 
below  figuring out I4.0 m ethods that can be utilized or su p p o rt the novel poka-yoke 
approaching.

T a b l e  5 . P o s s ib le  1 4 .0  t o o l s  v e r s u s  P o k a - Y o k e  ( M a y r  e t  a l., 2 0 1 8 )

Industry 4.0 Tools Poka yoke
H um an-com puter in teraction V
Virtual represen tation  (e.g. VR, AR) V
Auto Identification V
Digital ob ject m em ory V
Cloud V
Real-time V
Big d ata V
Artificial Intelligent V

Accordingly, severa l articles particu larly  relevan t with the idea  o f I4.0 too ls are 
collected and sum m arized  in T able 6  below. Mostly, those are  categorized  under the 
IT /Softw are poka-yoke type (see  T able 3). T here are u sages o f inform ation 
technology for pallet inform ation sp read sh eet th at can avoid  m istypin g during data 
entry (Hudori et al., 2017 ), Com puter A ided Tolerancing & Inspection (CAT&I) to 
im prove in spection (Bici et al., 2 0 1 7 ), im plem entation o f d igital w orkflow  in 
aero space  m anufacturing th at rem oves m any hum an errors (Rojo A bollado et al., 
2 0 1 7 ) and digitalization in m aking a  prototype o f building w ood  m odules (Kurdve et 
al., 2018).

Less satisfactory  resu lts occur w hen the I4.0 technology itse lf is not sufficiently 
m ature or not su itable  with the chosen industry, for instance, the augm ented  reality  
for w elding sp o t in spection  (Dario Antonelli & Astanin, 2 0 1 5 ) and  for m anaging 
errors caused  by the hum an on the assem b ly  line o f autom otive in dustry  (Qeshm y et 
al., 2019 ). It can enhance the quality o f m anufacture; how ever, it needs further study 
for the overall p ro cess and  co st constraint.

Cloud com puting is in troduced  for an electronic in dustry  with real-tim e 
production d ata w orking a s  a poka-yoke, so  there is no chance to b y p ass the system  
(M. Kum ar et al., 2018).
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T a b le  6  N o v e l  P o k a - Y o k e  w ith  1 4 .0  A p p r o a c h in g

R esearcher Brief Description
(H oellthaler e t al., 
2019 ), Germ any

D igitalization o f various m ethods and too ls (including Poka- 
Yoke) will look  forw ard  as Industry 4.0 concepts.

(Ahm ed et al., 
2019 ), A ustralia

SVPD (Sm art Virtual Product D evelopm ent) enhances quality 
and  tim e a s  I4.0 concepts, Poka-yoke is one o f  the enablers.

(Qeshm y et al., 
2019 ), Sw eden

Design A ugm ented Reality and Artificial Intelligent to p resen t 
any error occur and avoid  w rong choices.

(Potters et al., Develop a m odel with shop floor sim ulation. This includes 5S,
2018 ), Germ any Poka Yoke, etc.
(Kurdve et al., 
2018 ), Sw eden

Develop a system  prototype for eco-friendly building m odules 
including fault-proofing (poka-yoke).

(Schaede et al., 
2018 ), Germ any

New in tegrated  CNC (Com puter N um eric Control) p resen ted  a 
prom ising hum an-error-free solution.

(M. Kum ar et al., 
2018 ), India

Cloud com puterization for m anufacture, particu larly  SME in 
India. Poka-yoke is u sed  for 100%  inspection.

(Tezel & Aziz, 
2017 ), UK

The IT u sage rep laces conventional sy stem s in the construction 
sector including a poka-yoke system  for in spection and w orker 
safety.

(Hudori et al., 
2017 ), Indonesia

Poka-yoke m ethod is im plem ented  in softw are  application : 1) 
A void erro rs or m istyping during d ata  entry, 2) W arning, 3) The 
sam e tem plate a s  earlier design  that the operator has been 
fam iliar with to reduce m isunderstanding, 4) Tim e saving, no 
m anual entry.

(Rojo Abollado et 
al., 2017 ), UK

Digital w orkflow  sy stem s elim inate hum an errors, and  save 
time. This system  can overcom e the actions that are  late or 
negate other tasks.

(Bici et al., 2017), 
Italy

CAT&I (Com puter A ided T olerancing & Inspection) very  useful 
in following:

•  Avoiding erro rs o f  m easu rem en t points.
•  Shape deviation analysis relevant, e.g. p lastic  

shrinkage.

(D. Antonelli & 
Stadnicka, 2016), 
Italy

Propose a Poka-Yoke system  to a s s is t  in dustrial problem  
solving by applying fuzzy logic.
The m istake is detected  during a production  p ro cess o f

1. W elding sp o t
2. Kitting p rocess
3. Roller bearin g seals.

(Dario Antonelli & 
Astanin, 2015), 
Italy

Sophisticated  tool (Augm ented-reality) is  applied  to im prove 
quality by error-free.

Introducing I4.0 technologies for novel poka-yoke too ls depends on several 
factors, i.e. usability, selective data, end-user acceptance, ethical, regional 
requirem ents, and cost. The novel poka-yoke too ls should  be w ell-considered a s  p art 
o f im provem ents.

The p resen ted  novel poka-yoke in T able 6  is not a single tool for cost reduction. 
This should  be p art o f lean m anufacturing, which is a m ore com plex solution. If I4.0 
facility is  im plem ented as “nice-to-have” solutions, it can be ended with
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unsatisfactory  resu lts.
B ased  on review ed  articles, m ost o f them  try to develop a tool in conjunction with 

others to enhance resu lts. Strategically, every concept can be aligned with lean. And 
actually there are  a lot o f  w ays for im provem ent like C ondition-based m onitoring 
that are  in tegrated  with a M aintenance d atab ase  system , rem ote visual m anagem ent, 
cloud com puting, etc. (M ayr et al., 2 0 1 8 )

B ased  on organizational practices, lean too ls that can be adopted  successfu lly  in a 
com m on in dustry  are : standardization , control, training /  learning, team -b ased  
organization, em ployee em pow erm ent, adaptability, rew ard  system , belief, 
com m itm ent, com m unication, w ork  m ethods, etc. (Lazarevic et al., 2019).

4. Conclusion

Im plem entation o f  I4.0 concept as a  novel poka-yoke tool is  an encouraged  p art  o f 
lean strategy. As for I4.0 perspective, everything is digital; b u sin ess m odels, 
production system s, m achines, operators, products and  services. H owever, this m ust 
consider m any factors, i.e. respective  regional condition, social aspect, regulation and 
internal organization  requirem ent with regard  to b u sin ess p ro cess and  cost- 
effectiveness and the m ost im portant is its functionality that ap p ro p ria te s with a 
respective industry. Otherwise, it will undoubtedly end in dissatisfaction . T here is a 
rule o f thum b that the in dustry  needs to m easu re  their efforts o f poka-yoke 
im plem entation as perform ance m easurem ent. O rganizations n eed  to conduct the 
righ t m easu res and  then m ake encouragem ents if  there is a  w rong direction o f 
chosen approaching. However, that inform ation is h ard  to get, and only specific  
articles provide m easu rem en t values. For future research , production  effectivity 
m etrics need  to be developed  to ju stify  the perform ance value before poka-yoke 
approach ing aga in st post-im plem entation.

A c k n o w l e d g e m e n t :  The p ap er is a  p art  o f quality engineering study p ro ject in M ercu 
Buana U niversity Jakarta, Indonesia.
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Abstract: Analysis of high-risk locations, accident frequency and severity for railway 
crossing is necessary in order to improve the safety and consequently diminish the 
number of accidents and their severity. In order to extract the necessary parameters 
that quantify the risk associated with railway crossings in Serbia, we have carefully 
analyzed available statistical models commonly used in this kind of studies. A zero- 
inflated Poisson model and a multinomial logistic model were used for the assessment 
of accident frequency and accident severity respectively. In order to quantitatively 
evaluate the risk, a well known measure -  total risk was modified and a new measure 
for risk -  empirical risk was introduced. The road sign warning device (p =  2.76 • 
10-9), exposure to traffic ( p =  4.3 • 10-7), and maximum train speed at a given 
crossing (p =  1.36 • 10-5) were significantly associated with probability of accident 
frequency and significantly influenced the expected total number of fatalities or injuries 
caused by traffic accidents.

Keywords: railway crossings, high-risk locations, accidents, regression models

1. Introduction

The identification of the high-risk railway crossings in Serbia is of great 
importance because, to our knowledge, no such study has been performed in the 
past. For example, from 2007 to 2011, 312 accidents occurred at 2,138 railway 
crossings in Serbia. These accidents resulted in 59 fatalities and 130 injuries 
(Statistics on accidents at Serbian railways 2011). Currently, more than 74% of the 
2,138 railway crossings in Serbia are of passive control type (St. Andrew's cross and 
Stop sign). From 2004 to 2012, only 22 railway crossings were equipped with an
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active control type (flashing lights with half gates). Along with a control type, other 
railway crossing factors (e.g., train frequency, train speed, daily road traffic, sight 
triangle, crossing width and angle) might increase the likelihood of accident 
occurring at railway crossings. Therefore, investigations of the risk factors that may 
be associated with accidents at railway crossings are vital in order to identify the 
crossings for future safety improvement.

Statistical regression models are formulated to express the expected accident 
count of an entity as a function of its traits. Because of non-negative and count data 
nature of accident frequency for a time period, the Poisson or negative binomial (NB) 
models and their variants are developed to model crash or accident frequency, or 
both, at spatial locations on highways (Miaou, 1994; Persaud et al., 1999; Lord et al., 
2005). The NB was verified by (Austin & Carson, 2002). Saccomanno et al. (2004) 
used Poisson and NB distribution in their risk based statistical models which were 
also used for identifying the high-risk railway crossings. Extensions of these two 
models are a zero-inflated Poisson (ZIP) regression model and a zero-inflated 
negative binomial (ZINB) regression model which have also been utilized for 
modeling accident data on railway crossings (Miranda-Moreno & Fu, 2006). Three 
alternative models - the NB model, the heterogeneous negative binomial (HNB) 
model, and the Poisson lognormal model and two ranking criteria - marginal and 
posterior mean of accident frequency are considered in a study by Miranda-Moreno 
et al. (2005) for identification of the high-risk railway crossings. Similarly, Miranda- 
Moreno et al. (2009) proposed a Bayesian multinomial model to estimate the 
severity levels of each individual involved in an accident. The generalized logit model 
was used to explore the key factors that may be responsible for different degrees of 
accident severity at railway crossings (Huet et al., 2010). A ZIP model was used to 
describe the relationship between the extra zero count fatality or injury data and 
explanatory variables on railway crossings in Taiwan (Hu et al., 2011). Rovsek et al. 
(2014) identified the key risk factors of traffic accident injury severity on Slovenian 
roads using a non-parametric classification tree. Recently, Washington et al. (2014) 
applied a quintile regression model for identifying black spots. Moreover, they 
proposed a more complex formula for modeling a number of crashes based on 
equivalent property damage crashes.

This paper is the first attempt to analyze accident data using count data and 
multinomial regression in Serbia and countries in our region. Due to the fact that we 
have gathered the unique set of the data, we believe that the analyses will serve not 
only to identify unsafe railway crossings but also additionally verify the methodology 
used.

Four types of regression models are considered for accident frequency and 
empirical risk: Poisson, NB, ZIP and ZINB. The analysis of accident severity was 
performed using a multinomial logit model. The high-risk locations were determined 
using total risk analysis (Saccomanno et al., 2003). Finding out that variables of 
accident frequency and accident severity are slightly correlated, we also introduced a 
new risk measure - empirical risk. The final high-risk location was created using both 
of these methods.
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2. Data source and description

2.1. Inventory data set

The data supporting this research came from two sources; (1) the Serbian railway 
crossing inventory database (2007-2011) (SRCID) and (2) Accident database of 
Serbian railway crossings (2007-2011) (ADSRC). The second one is the first database 
of this kind in Serbia, and we created it for the purpose of this very research.

SRCID contains the characteristics of each railway crossing and its traffic 
conditions. On the territory of the Republic of Serbia, the railway network has the 
total length of about 4,000 km, out of which 276 km are multiple tracks and 934 km 
are electrified. There are 2,138 railway crossings in total. All these crossings have 
various warning devices.

Certain numbers of crossings were found to be poorly specified. Namely, some 
attributes associated with railway and highway features and traffic exposure with 
regard to the number of daily trains and average annual daily traffic (AADT) were 
missing. In the present study, we have excluded the crossings with incomplete data. 
In order to avoid possible selection bias, we have carefully analyzed distributions of 
the excluded crossings and found no significant statistical grouping (see Appendix). 
The final set was compiled by merging SRCID and ADSRC databases and it consisted 
of 745 railway crossings.

There were 17 independent variables considered in this study for modeling 
purpose and they were derived from the SRCID (Table 1).

They can be classified as follows:
•  railway characteristics: railway category, maximal train speed at a given crossing 

and number of tracks.
•  traffic volume: Exposure (EXPO) at a given crossing is defined as the geometric 

mean of number of trains per day and average annual daily traffic volume 
(AADT).

•  crossing characteristics: crossing surface type, crossing width, sight triangle and 
crossing angle.

•  road characteristics: road category mainline, road category regional, road 
category rural and local, road category farm and non-categorized and road 
category street.

•  warning devices: road signs, flashing lights, full gates and half gates.

Table 1. Independent variables and their characteristics
Variable Short name Description Coding /  Unit

X2
KATPRM

EXPOb

MBRZb

BRKOLB

VRKOLA

KPM

Railway category 
Sqrt [AADT • daily trains] 
Maximal train speed at a 

given crossing

Number of tracks

Crossing surface type

Road category mainline

Mainlines =1; Others =0 
vehicles/day

km/h

Single track = 1; Multiple 
tracks = 0 

asphalt, concrete panels and 
rubber panels = 1; 

cobblestone, wood planks 
and gravel = 0 

Indicator

8 6
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X7 KPR Road category regional Indicator

X8 KPSL Road category rural and 
local Indicator

X9 KPPNP Road category farm and 
non-categorized Indicator

X10 KPU Road category street Indicator

X11 SIRPPB Crossing width 6m or less = 1 ; more than 
6m =  0

X12 TRPRP Sight triangle exist = 1 ; 
does not exist = 0

X13 UGUKR Crossing angle From 60° to 90° =  1; less 
than 60° =  0

X14 VOSIG Warning devices road 
signs Indicator

X15 VOSV Warning devices flashing 
lights

Warning devices full gates

Indicator

X16 VOBR Indicator

X17 VROSP Warning devices half 
gates Indicator

Note: All variables are categorical except EXPO and MBRZ which are numerical;
a The mainline includes reference and intermediate lines and others are 

supplementary lines.

b In order to get more convenient coefficients for the models, the observed values 
for maximum train speed at a given crossing and daily traffic volume were divided by 
ten.

2.2. Accident occurrence data

The available historical accident data-set for modeling accidents at railway 
crossings were collected from 2007-2011 (5 years of accident information). The 
data-set provides the information about the time, location and conditions of accident 
for 2,138 railway crossings, but we observed 745 crossings.

The Accident database of Serbian railway crossings (2007-2011), contains four 
types of information:
•  basic accident data: including the accident reference number, the date and the 

time of accident, location and cause of accident.
•  involved road vehicle driver, vehicle and train data: including information on 

road vehicle driver action at time of collision (e.g., ignored warning devices, 
drove through gates, failed to stop), gender and age, visibility, vehicle type and 
train type. It should be noted that our data lacked the information about the 
train operator.

•  accident type: a road vehicle was hit by a train or a train was hit by a road 
vehicle.

•  data on severity of consequences: including information on the number of 
fatalities, serious injuries and a property damage-level for each accident.

In this paper, we considered three dependent variables: accident frequency, 
accident severity and empirical risk. The accident frequency is the number of 
accidents that took place at a given time period. It is a countable variable that, in our 
observations, takes values from 0 to 5. The frequency of these values is given in
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Table 2. It represents the number of accidents that took place at observed 745 
crossings in the period from 2007 through 2011. In this period of time, at 514 
(69%) crossings there were no accidents, and at the remaining 231 (31%) crossings 
there were 312 accidents in total.

Accident severity is defined as an average impact per accident. The average 
impact is a weighted average of deaths and injuries in each accident. In this paper, 
the accident severity is characterized as equivalent fatality. For example, 
Saccomanno et al. (2004) equalized one fatality to 44 injuries to yield a crossing 
collision consequence score (CS) for the purpose of further crash severity modeling. 
In Taiwan, one injury from a highway accident has been equalized to 0.37 fatalities, 
or conversely, a fatality has been treated as 2.72 injuries (Hu et al., 2010). Similarly, 
we equalized three injuries as an equivalent of one death. The factor 3 was chosen 
out of practical considerations and matches the regulations for personal 
compensation stated in the Regulation on personal compensation (Official Gazette of 
the Republic of Serbia, no. 34/2010). Therefore, the formula for accident severity 
becomes:

Accident severity = ( 3 x  fatalities injuries) /accident frequency (1)

This dependent variable is further categorized into three levels: 0 (0 accident 
severities), 1 (less than 3 accident severities), and 2 (3 or more accident severities). 
In other words, accident severity is 0 if there were no injuries or fatalities, it takes 
value 1 if there were less than 3 injuries (or 1 fatality) per accident, and it takes value
2 if there were 3 or more injuries (or 1 fatality) per accident. The frequency of these 
values is given in Table 2.

The empirical risk is defined as a weighted sum of number of fatalities and the 
number of injuries. Once again, three injuries were considered an equivalent of one 
fatality. Consequently, empirical risk is defined as follows:

Empirical risk =  (3 x fatalities) +  injuries (2)

The observed empirical risk frequency is shown in Table 2. In our sample, the 
empirical risk takes values from 0 to 14.

Table 2. Observed accident frequency, accident severity frequency and empirical risk 
_____________________________ frequency of Y=y_____________________________

Accident
frequency

level

Observed
frequency

Accident
severity

level

Observed
frequency

Empirical 
risk level

Observed
frequency

y =  0 514 y =  0 633 y =  o 633
y =  i 180 y =  i 72 y =  i 45
y = 2 35 y =  2 40 y = 2 18
y = 3 6 y = 3 31
y =  4 6 y =  4 3
y > 5 4 y > 5 15

8 8
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3. Developed m odels regarding crossing accidents

3.1. Accident frequency model

The review of the prior research for the accident frequency modeling helped us 
find the most suitable model. Four types of regression models are considered: 
Poisson, NB, ZIP and ZINB. In our analysis, we included 17 independent variables 
shown in Table 1. The outcome variable was accident frequency at railway crossings 
in the period from 2007 to 2011, (Table 2).

For the comparison of two non-nested models, the Vuong test was used 
(Washington et al., 2003; Miranda-Moreno & Fu, 2006). Results of three Vuong's 
tests are presented in Table 3.

Table 3. The comparison of models with Vuong's statistic

First model Second model Value of |7| p value Better model

Poisson NB |7| =  3.60 p =  1.70 • 10-6 NB
NB ZIP |7| =  5.84 p =  2.56 • 10-9 ZIP
ZIP ZINB |7| =  2.15 p =  0.016 ZIP

The ZIP model was chosen for modeling accident frequencies (p =  0.016). The 
particular ZIP model considered in this study has the following form (Lambert, 
1992):

P(Yi =  y0 =  Pi +  (1 -  pOe- ^ if yi =  0 

e-ya yi
P(Yi =  yi) =  ( 1 -  P i)—^ —  if yi =  1 ,2,3,... (3)

where pi is the probability of being in the zero state and y is the number of events 
per period.

The coefficients for the final ZIP model are presented in Table 4. The model was 
obtained using the function zero-infl from the R-package (Zeileis et al., 2008). Eight 
independent variables out of 17 were found to be of significance for the model.

The variables regarding the warning device have been shown to be significant. 
The ZIP model chose two out of four dummy variables, namely road signs (VOSIG) 
p =  2.76 • 10-9 and full gates (VOBR) p =  1.23 • 10-5. The half gates variable 
(VROSP) here acts as a reference variable and the flashing light signal (VOSV) was 
excluded from the model probably because of lack of enough crossings with this type 
of device. This means that the probability number of accidents at crossings with road 
signs, which is the most common type of site protection, is higher than on reference 
(half gates) crossings. The full gates device has a negative coefficient, which shows us 
that they are superior to half gates regarding accident prevention. The prevalence of 
passive control devices may be attributed to a large number of sites with low traffic 
and train volumes for which the cost of upgrading to automated devices is not 
justifiable from a cost-benefit analysis in terms of the projected accident reductions 
at these sites (Ehrlich, 1989). One would suspect that the presence of gates would 
predictably result in fewer accidents, and the model estimation process did in fact 
result in a positive effect for the presence of half gate. The gates provide a physical 
blockade that serves as a deterrent to crossing, but is also cost prohibitive for 
implementation at all sites. Also, according to Wigglesworth & Uber (1991),
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upgrading crossings with flashing light to boom barrier status reduce fatal accidents 
at crossings. However, many accidents are caused by vehicles running through a 
crossing to beat a train, occasionally around gates that are deployed (Caird et al., 
2002; Cooper & Ragland, 2012). And indeed, automated control devices are not 
faultless. For example, automated signal control devices are susceptible to false 
alarms and excessive warning times, which may lead driver to rely on their own 
hazard judgment and ignore the signal, as well resorting to risky behavior by 
circumventing the lowered gates (Leibowitz, 1985; Meeker & Barr, 1989).

Table 4. ZIP accident prediction model result

Description Independent
variable

Estimated
coefficients

Standard
error

z-
statistic Pr(> |z|)

Model count
Intercept Constant -1.668 0.287 -5.823 5.78e-09 ***

Road signs VOSIG 0.984 0.166 5.945 2.76e-09 ***
Full gates VOBR -1.394 0.319 -4.373 1.23e-05 ***

Crossing width SIRPPB -0.530 0.155 -3.416 0.001 ***
Sqrt[AADT • EXPO 0.020 0.005 4.320 1.56e-05 ***
daily trains]

Maximal train MBRZ 0.122 0.028 4.350 1.36e-05 ***
speed

Number of tracks BRKOLB -0.370 0.180 -2.053 0.040 *
Crossing surface 

type VRKOLA -0.228 0.137 -1.662 0.096 .

Farm and
non-categorized KPPNP 0.188 0.147 1.285 0.199

road
Log (theta) -1.322 0.167 -7.896 2.87e-15 ***

Model zero
Intercept Constant -1.160 1.626 -0.713 0.476

Road signs VOSIG 2.012 1.293 1.556 0.120
Full gates VOBR -0.580 2.786 -0.208 0.835

Crossing width SIRPPB -22.424 1203.8 -0.019 0.985
Sqrt[AADT • EXPO -0.058 0.060 -0.969 0.333
daily trains]

Maximal train MBRZ 0.078 0.142 0.546 0.585
speed

Number of tracks BRKOLB 0.462 1.069 0.432 0.665
Crossing surface 

type VRKOLA -3.860 1.233 -3.132 0.002 **

Farm and non- KPPNP 3.771 1.135 3.321 0.001 ***
categorized road

Log-likelihood: -509.4 on 18 Df
AIC: 1054.79

Level of significance: 0 '* * * '  0.001 '** ' 0.01 0.05 0.1 ' ' 1

Two different traffic characteristics proved to be significant in affecting the 
railway crossing accident frequency. The exposure (EXPO) coefficient is positive (p =  
4.3 • 10-7). The numbers of trains and road vehicles are often first variables that are 
considered in developing a model for accident prediction (Austin & Carson, 2002; 
Saccomanno et al., 2004; Miranda-Moreno et al., 2005). The higher the traffic volume, 
the more vehicles are exposed to risky situations with incoming trains, which
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enlarges the accident probability. According to Austin & Carson (2002), higher 
numbers of trains and the AADT were found to increase a railway crossing accident 
frequency.

The maximum train speed at a given crossing (MBRZ) is also associated with a 
higher predicted accident frequency (p =  1.36 • 10-5). This is consistent with Austin 
& Carson (2002), the higher the defined maximum train speed, the higher the 
predicted accident frequency. As the train speed increases, the stopping distances of 
trains extend, and the time available for driver to spot the obstacle and stop the train 
decreases. On the other hand, difficulties that the drivers of vehicles have, concerning 
speed and distance of incoming train, are known (Leibowitz, 1985; Meeker et al., 
1997; Meeker & Barr 1989; Kasalica et al., 2012), and as the train speed increases, 
the time the driver has got to react in order to change the wrong decision to cross 
decreases.

The crossing width, as well as the number of tracks, has been shown to have some 
significance. This finding is most likely related to the earlier; higher train and traffic 
volumes require a greater number of tracks and traffic lanes to operate. Road surface 
also have some significance, but this factor seems inconsequential compared to other 
railway, road or crossing characteristics likely to affect railway crossing safety.

It should be noted that some crossing characteristics (crossing angle or sight 
triangle), as well as road category do not have observable influence on the number of 
accidents.

From this model, we can conclude that the best way in which safety can be 
improved and the number of accidents can be reduced is upgrading the warning 
device system. The other variables are either out of our control (maximum train 
speed and exposure) or do not have significant influence on the number of accidents 
(road category, road geometry, road surface, etc.).

3.2. Accident severity model

The analysis of accident severity is performed using a multinomial logit model. 
Multinomial logit models have gained popularity for this type of data mainly because 
they can account for the dependent variable's ordinal nature.

Let TCj (x) =  P(Y =  j; x) be the probability of Y =  j, j =  0,1,2. The multinomial logit 
model is given as follows (Hu et al., 2010):

r , nj (x)
logit[nj(x)] =  l og— =  Qj +  x pj,j =  1,2. (4)

no(X)

Here a  is the intercept parameter, and =  (Pja y p.2,..., Pjl7)T is 17- dimensional

vector of regression parameters for j — the value of dependent variable. From Eq.(4), 
taking a 0 =  0 and p =  0 , we obtain:

exp(aj +  xPj) 

Hk=0 exP(ak +  x Pj)
" * ( * )  =  ^ ------- j ---- j r r ,  j =  0 ,1 ,2  (5)

The analyses have been done using the R-function multinom (Venables & Ripley, 
2002). Here, we also used the Akaike information criterion (AIC) stepwise 
procedure. The parameters were estimated using the maximum likelihood estimate 
(MLE) method. The results were presented using the function mlogic.display 
(Chongsuvivatwong, 2012). The coefficients for the final model accident severity are 
presented in Table 5.
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Table 5. Multinomial logit model result for accident severity
Independent

variable Severity level (y =  1) Confidence interval Severity level (y =  2) Confidence
interval

Coefficients/SE RRR (95% CI) Coefficients/SE RRR (95% CI)
Intercept -5.76 0.694*** - -5.55 0.826*** -
VOSIG(x14) 1.33 0.385*** 3.78(1.78,8.04) 0.65 0.428 1.92(0.83,4.44)
VOBR(x16) -1.28 0.667 0.28(0.08,1.03) -1.93 1.051 0.15(0.02,1.14)
SIRPPB(x11) 1.26 0.297*** 3.53(1.97,6.31) 1.20 0.378** 3.33(1.58,6.98)
MBRZ(x3) 0.22 0.068** 1.24(1.09,1.42) 0.12 0.083 1.12(0.95,1.32)
EXPO(X2) 0.08 0.015*** 1.08(1.05,1.11) 0.05 0.017** 1.05(1.02,1.09)
BRKOLB (x4) -0.87 0.427* 0.42(0.18,0.97) -0.36 0.463 0.70(0.28,1.73)
KATPRM(x1 ) -0.39 0.311 0.67(0.37,1.24) 0.74 0.430 2.09(0.90,4.87)
Residual Deviance: 668.53 
AIC = 700.53

Level of significance: 0 '*** ' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

These estimated results of the effects of independent variables from this model by 
the use of the relative risk ratio (RRR) are described in the following section.

The relative risk ratio is the ratio of probabilities of a chosen state and the 
reference state. In Table 5, their RRR values and 95% confidence intervals (CI) are 
given. The ratios given are for Y = 1 (e.g., accident severity of 1) and Y = 2 (e.g., 
accident severity of 2), while Y = 0 (e.g., accident severity of 0). The variables 
regarding the warning device have been shown to be significant. The multinomial 
logit model chose two out of four dummy variables, namely road signs (VOSIG) and 
full gates (VOBR). The half gates variable (VROSP) here acts as a reference variable.

The value for RRR of road signs (VOSIG) for accident severity of Y =  1 is RRR =  
3.78,95% CI (1.78,8.04), which means that upgrading road signs to reference half 
gates will result in a lower probability of accident severity of Y =  1. The value for 
RRR of road signs (VOSIG) for accident severity of Y =  2 is RRR =  
1.92,95% CI (0.83,4.44), which means that upgrading road signs to reference half 
gates will also result in lower probability of accident severity of Y =  1. However, 
since the RRR is smaller in the second case, we can see that the upgrading from road 
signs to half gates will better prevent less severe accidents than more severe ones. 
From the RRR values for full gates (VOBR), we can see that upgrading from half gates 
to full gates will result in lowering probabilities for both accident severities of Y =  1 
and Y =  2. However, this is much less significant change than the one when 
upgrading from road signs to half gates. This finding confirms the design-related 
issues of this investigation. This is in an agreement with Austin & Carson (2002): "... 
rather than focus on design-related improvements, one may want to consider 
improvements in the use of warning devices at railway crossings”. However, railway 
crossings in Serbia are not adequately equipped with modern devices which are 
standardized, used and are part of the National Railway Level Crossing Safety 
Strategy in the developed countries. In such circumstances, the safety at railway 
crossings in Serbia depends mostly on human and physical factors according to 
Reports of safety and functionality of Serbian Railways (2002-2012). According to 
Cairney (2003), "the form of traffic control implemented at a railway crossing greatly 
affects the decision that has to be made by the driver of the road vehicle on the safety 
of the crossings”.

Regarding crossing width variable, the RRR values indicate that wider crossings 
have higher probabilities for accident severities for both states, RRR =
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3.53,95% CI (1.97,6.31) for Y =  1 and RRR =  3.33,95% CI (1.58,6.98) for Y =  2. It 
can be noted that this variable has about the same influence on less severe and more 
severe accidents.

The maximum train speed variable also has a significant influence on accident 
severity. The RRR value indicates that the ratio of probabilities for Y =  1 and Y =  0 
will increase 1.24 times when the maximum train speed is increased by 10 km/h. 
The ratio of probabilities for Y =  2 and Y =  0 is increased 1.12 times when the 
maximum train speed is increased by 10 km/h. This means that increasing the speed 
of trains has not a direct impact on mortality.

The exposure to traffic also has a significant influence. For one unit increase of 
EXPO, the ratio of probabilities is increased RRR =  1.08 times (Y =  1) and RRR =  
1.05 times (Y =  2). The exposure to traffic has been shown to be an important factor 
for accident prediction (Ogden, 2002; Austin & Carson, 2007; Hu et al., 2010). A 
higher number of trains and road vehicles, which is often found in urban areas, are 
shown in this paper to have an impact on high accident severity. It could be said that 
crossings with a higher exposure to traffic can provide higher probability of 
accidents and irregular behavior (Fitzpatrick et al., 1997). Also, according to Hu et al. 
(2010), one common characteristic found in the railway crossings with more severe 
accidents is that these railway crossings are usually located in urban areas where 
traffic exposure is relatively high, and compared to rural areas more traffic accidents 
are observed in these traffic busy areas.

Regarding number of tracks, the RRR indicates that the probabilities for accident 
severities are higher when there are multiple tracks as opposed to a single one. As 
for the last variable from the model, the railway category, it can be seen that the 
main railways have lower probabilities for accident severity of Y =  1, and higher 
probabilities for accident severity of Y =  2.

It can be noted that crossing parameters, such as road and railway geometry 
(crossing angle and sight triangle), as well as the road type, as it was the case with 
the ZIP model of accident frequencies, were not accepted by this model.

4. High-risk location analysis

One of the primary tasks in the development of the program for safety 
improvement in some parts of traffic infrastructure (e.g., road crossings or railway 
crossings), is to identify the locations that have a high accident risk. This process is 
also known as black spot identification (Saccomanno et al., 2003; Saccomanno & Lai, 
2005). Identifying high-risk locations is the initial step of the process of improving 
safety (Persaud, 2001). This would then lead to further engineering treatment such 
as crossing closure or grade separation, improving the crossing geometry or 
upgrading warning devices to make the crossing safer.

One of the approaches to high-risk identification is based on regression models. 
This method uses some ranking criteria in order to sort the list of locations and 
identify the ones with the highest risk. Miranda-Moreno et al. (2009) proposed a 
Bayesian multinomial model in order to estimate the accident severity for each 
person involved in an accident. The total risk is defined as the product of accident 
frequency and its severity (Saccomanno et al., 2004; Miranda-Moreno et al., 2009).

The deaths and injuries are our main concern, so the total risk is the goal we want 
to achieve. Two criteria are considered for estimating the total risk. The first
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criterion is the mean total risk for a crossing obtained as the product of mean 
accident frequency and mean accident severity, given as follows:

mTRi =  mFreqi * mSevi (6)

where: mTRj is mean total risk for crossing i; m Freq is mean accident frequency 
for crossing i obtained from the accident frequency model (Table 4) and mSevj is 
mean accident severity for crossing i obtained from the accident severity model 
(Table 5). The second criterion presented here is based on the empirical risk model. 
The estimate for total risk for a crossing i would be the mean empirical risk (mERi). 
The reason for introducing this additional criterion is that in our data the variables 
accident frequency and accident severity are slightly correlated (R =  0.36).

Similar to what was done for modeling accident frequency; we tried different 
count data regression models for empirical risk modeling. Four types of models are 
considered: Poisson, NB, ZIP and ZINB. Those models were obtained using the 
stepwise AIC. Obtained models were then compared using Vuong's test (Table 6).

Table 6. The comparison of models with Vuong’s statistic
First model Second model Value of |V| p value Better model

Poisson NB |V| =  4.60 p =  1.70 • 10-6 NB
NB ZINB |V| =  4.30 p =  8.3 4 • 10-6 ZINB
ZIP ZINB |V| =  1.98 p =  0.029 ZINB

The comparison with Vuong's test showed significant difference (p =  0.029) 
between zero inflated Poisson (ZIP) and zero inflated negative binomial (ZINB), 
which means that overdispersion is not only caused by excess of zeros, but there is 
another source of overdispersion. Suppose y is a discrete random variable consisting 
of the counts on n subjects, y^y ^  ■■■,yn. Observations that go into structural zeros 
(y£ =  0) have a degenerate distribution at zero with a probability of occurring is p. 
While the observations included in the NB counts (yi =  0,1,2 ...) 2, follow a negative 
binomial distribution with probability of occurring is (1 — p). Therefore, Y is ZINB 
distributed, which is defined by:

_  (  structural zeros, with probability p
(counting process, with probability 1 — p ( )

Based on the probability function of the zero-modified distribution, then 
probability mass function (pmf) for ZINB distribution is (Garay et al., 2015):

pr (y =  y) =

0
p + (1 — y =  °

V 0rt ,  r (y +  0) (  0 ^ nv , „
( p ) r(y +  1 ) r (0 )U  +  0 j (^ +  0) , y .......

(8)

where (0) -1, p and r ( . ) represent a dispersion parameter, mean, and gamma 
function, respectively.

The estimated parameters of the ZINB model for empirical risk are given in Table
7.
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Table 7. ZINB accident prediction model result for empirical risk

Description Independent
variable

Estimated
coefficients

Standard
error

z - 
statistic Pr(> |z|)

Model count
Intercept Constant -1.926 0.667 -2.886 0.004 **
Road signs VOSIG 0.618 0.314 1.969 0.049 *
Full gates VOBR -2.121 0.520 -4.080 4.50e-05 ***
Crossing width SIRPPB -0.535 0.324 -1.650 0.099 .
Maximal train speed MBRZ 0.240 0.066 3.666 2.46e-04***
Sqrt[AADT • 
daily trains] 
Crossing surface 
type
Log (theta)

EXPO

VRKOLA

0.011

-0.665

-1.322

0.012

0.275

0.167

0.928

-2.416

-7.896

0.354 

0.016 * 

2.87e-15 ***
Model zero

Intercept Constant 9.613 3.863 2.489 0.013 *
Road signs VOSIG -5.095 2.013 -2.531 0.011 *
Full gates VOBR -5.181 3.118 -1.662 0.011 *
Crossing width SIRPPB -7.600 1.789 -4.248 2.15e-05 ***
Maximal train speed MBRZ 0.829 0.489 1.695 0.090 .
Sqrt[AADT • 
daily trains] 
Crossing surface
type

EXPO

VRKOLA

-0.999

2.868

0.321

1.531

-3.115

-1.873

0.002 ** 

0.061 .

Theta = 0.2666
Log-likelihood: -509.4 on 18 Df

The variable that has the highest impact on empirical risk is maximum train 
speed (p =  0.000246). Other variables of importance are road signs (p =  0.048910), 
exposure to traffic (p =  0.353520), crossing width (p =  0.098971) and road surface 
type (p =  0.06110). Therefore, the probability of the railway crossing being at risk of 
a fatality varied with these risk factors.

Two lists of railway crossings are compared using two methods, namely 
percentage deviation and the Spearman correlation coefficient. These two criteria 
were used in order to create a list of high-risk locations for crossings on the Serbian 
railway network. Based on each criterion, two lists were made. A simple way to 
compare the two lists is the percentage deviation. For this purpose, a certain number 
of top locations from both lists were selected. The percentage deviation is defined in 
the following way (Miranda-Moreno & Fu, 2006):

% deviation =  100 x (1 — b/m ) (9)

where b is the number of common locations on the two lists, and m is the number 
of selected top locations. The percentage deviation is calculated for various 
thresholds (No. of crossings). The value of deviation is between 40% and 60%. It can 
be noted that this deviation is greater when there are shorter lists of top locations, 
and gradually goes down when the length of lists is increased.

The Spearman correlation coefficient is a non-parametric technique to measure 
the linear correlation between two variables (Miranda-Moreno et al., 2005). Here, 
the Spearman coefficient is calculated to measure the correlation between these two 
risk models. In other words, it measures the degree of matching between the two 
lists. It is calculated in the following way (Miranda-Moreno et al., 2005):
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6 ^ f - 1d12
r =  1 ------- ,  -1 ‘ (1 0 )m • (m2 — 1)

where: r is the Spearman coefficient, dj is the difference in ranks between the two 
models for the same crossing i and, m is the number of selected top locations. The 
correlation is R =  0.50.

In Table 8, there is a list of 20 crossings that were identified as high-risk locations 
that were common for both estimation criteria. For each crossing it is shown how 
many top locations appear in both lists, as well as the value of mean total risk and 
mean empirical risk. In this list, we can notice that 60% of crossings are with road 
signs, and 40% are with half gates. The high-risk location list in Table 8 shows that 
most crossings, 90%, are located on main railways in urban areas. One of the 
possible explanations is that urban areas experience greater volume of traffic, which 
can cause a higher accident rate. On the other hand, the mean maximum train speed 
at these 20 crossings is 100 km/h, which is significantly higher than the mean 
maximum speed for the whole sample (70 km/h). This confirms that the maximum 
train speed has a more pronounced effect on the number of injuries and deaths.

Table 8. List of high-risk locations based on two criteria
First 20 
high- 
risk
locations

Crossing
No.

Km
position

Competent 
railway station

Warning
devices

Mean 
total risk

Mean
empirical
risk

10 87 20+993 Batajnica PB 4.116 2.879
10 28 7+070 Rakovica DS 2.220 2.495

10 94 34+694 Stara
Pazova PB 1.123 2.502

20 22 253+700 Belotince DS 1.053 2.108
20 121 74+241 Pirot DS 1.032 1.990
20 276 252+523 Nis DS 0.945 2.057
20 298 82+030 Sr. Mitrovica PB 0.668 4.238
30 27 335+818 Suva Morava DS 0.901 1.670
30 90 116+080 Sid PB 0.831 1.573
30 164 57+306 Odzaci DS 0.651 1.857
30 521 76+983 Ruma DS 0.637 2.670
30 92 74+019 Voganj PB 0.581 2.180
30 300 99+549 Sr. Mitrovica PB 0.581 2.180
30 36 94+920 Velika Plana DS 0.558 2.110
40 244 119+207 Vrbas DS 0.854 1.354
40 72 31+037 Kr. Trnovce DS 0.733 1.310
40 257 78+247 Palanka PB 0.615 1.294
40 96 97+785 Sr. Mitrovica DS 0.562 1.298
40 24 79+362 Palanka PB 0.518 1.254
40 79 26+019 Loz. Saraoci DS 0.691 1.294
Note: PB = half gates; DS = road signs; a value for a period of five years

It should be noted that many of the predicted high-risk locations were not 
upgraded during the analysis period, suggesting that possible high-risk crossings as 
predicted by the model were not considered for safety intervention.
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To assess the railway crossing for safety intervention, the Serbian Railways 
method is based on engineering judgment supplemented by simple statistical 
analysis of the historical accident data. We examined the original data (first 20 
locations according to the highest accident frequency and accident severity). Then, 
we compared the lists of predicted and historical high- risk locations. Four crossings 
have been found common in both lists for accident frequency, and two crossings for 
accident severity. In this paper, it is asserted that high-risk locations cannot be 
established solely on the basis of historical accident experience. This is supported by 
(Saccomanno et al., 2004), a longer view of accident risk is needed to reflect the 
expected risk over a given period of time. Such estimates can be obtained only with 
accurate and reliable accident frequency and severity prediction models.

5. Conclusion

Ideally, the final outcome of this work would be reducing the number or the 
severity of accidents at railway crossings in Serbia. In order to achieve this goal, it 
was important to develop a model that can be applicable to the limited data set at our 
disposal and to estimate the influence of various parameters contained within the 
data. We have considered three risk models and two criteria for the identification of 
high-risk locations.

Data points used in this study, i.e. accident reports and railway crossings' 
characteristics were extracted from two official data-bases containing actual events 
and site descriptions. Prior to the modeling, we had analyzed available data in order 
to ensure that the data sample used was truly representative.

The first considered risk model was the Accident Frequency Model. In this model, 
we have found that the ZIP regression model produces the best fit for the data used. 
The second risk model we considered was also well-known in literature - the 
Accident Severity Model and the Multinomial Logit regression analysis. Both 
mentioned models provide useful information about the risks involved. However, 
our needs regarding the risk assessment required some additional quantitative 
parameters. A novel third model - Empirical Risk Model was introduced in order to 
satisfy these requirements.

Two criteria for the identification and risk-ranking of the railway crossings in 
Serbia were presented. One criterion was calculated as a product of mean accident 
frequency and mean accident severity. The other criterion was obtained using the 
Empirical Risk Model and we suggest the name mean empirical risk for the name of 
this quantity.

Because crash frequency and severity jointly determine the casualty risk level at a 
railway crossing, one can alternatively predict the casualty risk level by using a 
bivariate count data model. To incorporate the accident severity and some of the key 
factors such as vehicle occupancy into a total risk model (Miranda-Moreno et al., 
2009), the use of posterior distributions through the Bayesian approach (Miranda- 
Moreno & Fu, 2006; Persaud et al., 1999) has been widely recommended for 
identification of high-risk locations. Furthermore, an in-depth investigation on 
vehicle drivers' behavior at individual railway crossings, which is currently being 
conducted by the authors, might answer the contradictory model estimation results 
found in this research. These are topics that are worthy of future research.
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Appendix

Analysis of the site selection criteria

The sample of 745 railway crossings out of total 2,138 is located throughout the 
whole network of Serbian Railways. The railway line of major international 
importance through Serbia (according to European agreement on main international 
railway lines - AGC) is reference line E70 (Croatia)-Sid-Beograd-Nis-Dimitrovgrad- 
(Bulgaria). On this reference line, 215 out of total of 329 railway crossings were 
considered. For other main lines, the numbers of included railway crossings are the 
following: on reference line E85 (Hungary)-Subotica-Beograd-Presevo- 
(Macedonia) 39 out of 68; on intermediate line E79 Beograd-Vrbnica-(Montenegro)
11 out of 30; on E66 intermediate line Beograd-Pancevo-Vrsac-(Romania) 25 out of 
75; on supplementary line Lapovo-Kraljevo-Kosovo Polje 42 out of 78. On other 
supplementary railway lines, 413 out of remaining 1,558 railway crossings were 
considered. Therefore, railway crossings of national and local importance, which are 
located both in urban and rural areas, were included. The sample of 745 railway 
crossings is composed of 231 (31%) railway crossings on which accidents occurred 
in a period 2007-2011 according to the Accident database of Serbian railway 
crossings (2007-2011), and also of 514 (69%) on which accidents did not occur, for 
which we had adequate data according to the Serbian railway crossing inventory 
database (2007-2011). With all the data that was at our disposal, we believe that the 
truncation of railway crossings with incomplete parameters was fairly random, 
although we cannot exclude some higher order correlations. We believe that our 
sample is suitable for the purpose of identifying the high-risk crossings in Serbia.
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Abstract: The extent of the outbreak of coronavirus disease (COVID-19) had a major 
impact on health, social life, economic and environmental activities in almost every 
country over the world. It has disrupted the sustainable development of countries and 
brought many uncertainties for their future capabilities. In this study, the effects of the 
COVID-19 on OECD countries' sustainable development were investigated, and the 
sustainable development performance of the countries was evaluated by the 
MultiAttributive Ideal-Real Comparative Analysis (MAIRCA) method. Data for the second 
quarter of2020 and the same quarter of the previous year is considered. Then, the results 
obtained by the MAIRCA method were compared with two different multi-criteria 
decision-making (MCDM) methods called MABAC (Multi-Attributive Border 
Approximation Area Comparison) and WASPAS (Weighted Aggregated Sum Product 
Assessment). The effectiveness and validity of the results obtained from these methods 
were tested with Spearman's correlation coefficient. Finally, to examine the effect of 
COVID-19 on the indicators of sustainable development, a non-parametric Wilcoxon 
signed-rank test was applied. As a result, it was concluded that COVID-19 negatively 
affected the sustainable development of countries. However, sustainable development 
performances of developed countries have been observed to be better than developing 
countries.

Keywords: Pandemic, COVID-19, Sustainability, MAIRCA, Multi-Criteria Decision 
Making

1. Introduction

In December 2019, Chinese Center for Disease Control and Prevention and Wuhan 
city health authorities reported an unknown pneumonia outbreak in Wuhan City, 
Hubei Province, China. On January 7, 2020, the center detected a new type of 
coronavirus that has never been seen in humans from the lower respiratory tract 
samples of patients (Wang et al., 2020; Li et al., 2020). Samples from the first patients
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were tested with many known pathogens. The new type of coronavirus showed 
similarity to respiratory diseases such as Severe Acute Respiratory Syndrome (SARS- 
CoV) and Middle East Respiratory Syndrome (MERS) (Lai et al., 2020). Symptoms of 
the new type of coronavirus include fever, cough, shortness of breath, and dyspnea. 
However, these symptoms differ from person to person. While most infected people 
develop mild to moderate symptoms, some patients experience severe pneumonia, 
pulmonary edema, and multiple organ failure, leading to death.

This infectious virus has been officially named as Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2) by the World Health Organization (WHO). 
WHO used the term COVID-19 to describe the disease caused by the virus (WHO, 
2020). This disease, the first case of which appeared in China in the last days of 2019, 
later began to occur in countries such as Japan, South Korea, and Thailand (Chen et al., 
2020). The disease spread rapidly around the world in January 2020, and cases of 
virus began to be reported in several countries in Europe, North America, and Asia- 
Pacific (CDC, 2020; Hui et al., 2020; Bedford et al., 2020). On March 11, 2020, WHO 
declared COVID-19 as a global pandemic (WHO, 2020). At the time of writing this 
paper, the COVID-19 epidemic affected 213 countries and regions worldwide, infected 
more than 11 million 600 thousand people and the number of people who died 
globally has exceeded 530 thousand (COVID-19 Virus Pandemic, 2020). After WHO 
announced that the epicenter of the COVID-19 outbreak was Europe in the spring of 
2020, the loss of life caused by COVID-19 increased in many countries, especially in 
Italy, France, Spain, and the United Kingdom. Again, at the time of writing this paper, 
it was announced by WHO that the new epicenter of COVID-19 was the continent of 
America and Asia. It was also reported that the pandemic risk continues largely; the 
USA, with more than 7 million cases, and India, with 6 million cases, have been the two 
countries in the world with the most COVID-19 cases. The number of deaths in both 
countries is increasing day by day and 200 thousand people in the USA and 96 
thousand people in India died due to COVID-19 (Coronavirus Update, 2020). Although 
the COVID-19 pandemic was initially seen as a global health crisis, the situation has 
changed as the extent of the pandemic increased, and COVID-19 has become a deep 
political, economic, social, and environmental crisis in every country it touched. Due 
to the pandemic, in almost 90% of the world a wide range of social isolation and 
curfews have been implemented, many businesses have been closed, and domestic 
and international transportation services have been disrupted. Social restrictions and 
home isolation negatively affected many sectors especially production, health, 
transportation, tourism, real estate, education, energy, banking, etc. (Deloitte | Annual 
Turkish M&A Review, 2019). Even in the largest economies of the world, an economic 
contraction is foreseen that exceeds the estimates. According to International 
Monetary Fund (IMF) report titled "great isolation" dated April 14, 2020, the world is 
expected to experience the biggest global economic crisis since the "great depression" 
in 1929. In the report published by IMF, the growth expectation of the global economy 
has been revised as 3% shrinkage instead of 3.3% growth for 2020, and it is expected 
that global trade will decrease by 11% and oil prices by 42%. Due to the pandemic, a 
great decrease has occurred in the production and service sector and this made 
developing countries face high inflation and increasing unemployment. The gross 
domestic product, one of the most important economic indicators, fell by 1.8% in the 
OECD region in the first quarter of 2020 (World Economic Outlook, 2020).
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However, it is not exactly known how dramatic the effects of the COVID-19 
outbreak on the global economy will be. In The World Economic Forum report, it was 
stated that in addition to the economic problems, many countries would face many 
multidimensional problems in tourism, the housing market, demand for commercial 
products, transportation, unemployment, education, energy consumption, and impact 
on social life (World Economic Outlook, 2020). Tourism and service transportation is 
one of the sectors heavily hit by COVID-19. Transportation and transport activities 
have almost come to a halt during the quarantine process.

The World Travel and Tourism Council stated that 50 million jobs operating in the 
global tourism and travel industry are at risk (News Article | World Travel & Tourism 
Council (WTTC), 2020). With the decrease in production in the pandemic period, the 
amount of energy needs to be decreased, as a result of which a decrease in energy 
production and investment was experienced. The positive aspect of the pandemic is 
that despite the decline in energy investments, renewable energy has resisted and 
continued to grow against the pandemic (IEA, 2020). Even though the disruption of 
the education process of children was prevented by initiating the distance /  online 
education processes in the quarantine process, the discount /  free meal application 
given in schools in many countries, which is especially important for disadvantaged 
people, was disrupted, and some of the students suspended their education as they 
could not connect to the internet, and this situation brought about socio-economic 
inequalities. As can be seen, the pandemic is a multidimensional global crisis that 
affects the economic, social, and environmental factors of the countries and disrupts 
its sustainable development. The United Nations (UN) stated that all the work done 
during and after this crisis should focus on building more resilient, equal, inclusive, 
and sustainable economies in the face of the challenges we face. Also, it was 
emphasized that the countries' recovery and sustainable development goals should be 
taken into consideration more than ever before to cope with the shocks that may be 
encountered in the pandemic in the future (UNDP, 2020).

Only a few studies have addressed the threat of the coronavirus pandemic to the 
sustainable development levels of countries. This paper attempts to investigate how 
the COVID-19 pandemic has changed the level of sustainable development for 
developed and less developed countries. Additionally, MCDM has become widely used 
in different sustainable development context over the past few years (Perez-Gladish 
et al., 2020). For this purpose, this study is to evaluate and compare the level of 
sustainable development of the OECD countries by using the MAIRCA model. MAIRCA 
is an effective MCDM method that takes into account the concept of the positive and 
negative ideal solution. The results obtained with the MAIRCA method were compared 
with new multi-criteria decision-making methods such as MABAC and WASPAS. The 
efficacy and validity of the results obtained in the three methods were tested with 
Spearman's correlation coefficient. Finally, the Wilcoxon signed-rank test was 
performed to examine the impact of COVID-19 on the indicators of sustainable 
development.

The rest of the paper is organized as follows: In Section 2, literature review on 
MAIRCA has presented. The steps of the MAIRCA method is explained in Section 3. 
Evaluation of the effect of COVID-19 on countries’ sustainable development level 
based on the MAIRCA method is given in the fourth section. The results obtained to 
test the effectiveness and validity of MAIRCA method are illustrated in Section 5. Next

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
com parative MCDM framework
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section, the results of the Non-Parametric Wilcoxon signed-rank test are presented. 
Results and some limitations are discussed in detail in Section 7..

2. Literature review

MAIRCA is a popular method within the group of MCDM methods which is 
developed by Professor Dragan Pamucar in the Logistics Research Centre at the 
University of Defence in Belgrade (Pamucar et al., 2014). MAIRCA is easy to use in 
computation procedure and its calculation steps are similar to the ideal and non-ideal 
solution approach in the technique for order of preference by similarity to ideal 
solution (TOPSIS) method. (Gul and Ak, 2020).

The MAIRCA model is a considerable new decision-making method that can be very 
successfully combined with different MCDM methods. Related literature has been 
evaluated over the years. Gigovic et al. (2016) aimed to determine the appropriate 
location for the ammunition depots by using the Geographic Information System (GIS) 
and MAIRCA methods together. To do this, the priority weights criteria of depots were 
determined by DEMATEL-ANP, and then the ranking of alternative regions was 
performed by MAIRCA. In the study by (Pamucar et al., 2017a), using a hybrid 
approach, the tenderers of the public procurement tender were evaluated by means 
of rough number based on DEMATEL, ANP, and MAIRCA methods. In another study, 
Pamucar et al. (2018) used the Full Consistency Method (FUCOM) and MAIRCA 
integrated methods in the location selection of level crossings to reduce the number 
of traffic accidents. Pamucar et al. (2019) defined six alternatives in determining the 
landing departure point of the vehicles in combat operations and they ranked their 
priorities with MAIRCA using interval-valued fuzzy-rough numbers. In their research, 
Badi and Ballem (2018) evaluated the supplier selection process by applying the 
integration of the rough numbers with the Best-Worst Method (BWM) and MAIRCA 
methods. As a result, it is determined that the cost, quality, and company profile are 
the three most important criteria. Chatterjee et al. (2018) evaluated the suppliers' 
performances considering the green supply chain criteria with the help of rough 
DEMATEL, Analytic Network Process (ANP) and MAIRCA methods. Pamucar et al. 
(2018) performed the location selection for a multi-model logistics facility that took 
into account sustainability criteria with the help of DEMATEL-MAIRCA methods. 
Based on the two main criteria that affect the ergonomic risk level, Ekinci and Can 
(2018) developed the CRITIC-MAIRCA method to achieve a combined risk level by 
taking into consideration the evaluation results made for the sub-criteria of these main 
criteria. Boral et al. (2020) listed the types of errors seen in the production facility of 
a small and medium-sized (SME) company operating in the automobile industry using 
the fuzzy MAIRCA method. Ulutaj (2019) used the Step-Wise Weight Assessment Ratio 
Analysis (SWARA) and MAIRCA integrated method in the selection of the catering 
company. Aycin (2020) used The criteria importance through intercriteria correlation 
(CRITIC) and MAIRCA methods in the selection of personnel to work in the IT 
department of a company operating in the logistics industry. Arsic et al. (2019) made 
a menu evaluation for a restaurant with BWM and rough MAIRCA methods. In the 
study by (Chatterjee et al., 2020), the MAIRCA method was used to evaluate the 
alternatives in lightweight environmentally friendly materials in the automotive 
industry. Pirbasti et al. (2020) selected the waste disposal facility location of eight 
hospitals using a hybrid approach with fuzzy SWARA and GIS-MAIRCA. In the study by
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Pamucar and Savin (2020), BWM and MAIRCA methods were utilized together for the 
selection of military land vehicles, taking into account the 11 criteria defined. Gul and 
Ak (2020) used BWM and MAIRCA methods under fuzzy conditions to analyze 
potential risks in the marble factory. The relative importance of the three risk factors 
in the traditional Fine-Kinney method was calculated with fuzzy BWM, and the 
identified risks were ranked by fuzzy - MAIRCA.

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
com parative MCDM framework

3. MAIRCA method

MAIRCA, which has been added to MCDM literature by Gigovic et al., 2016, is a 
method based on defining the gaps between ideal and empirical ratings. By the 
addition of the gaps for each criterion, the total gap for decision alternatives is 
obtained. At the end of the application process, the alternative that is the closest to the 
ideal ratings according to most of the criteria, or in other words, the alternative with 
the lowest total gap value is determined as the best alternative (Gigovic et al., 2016; 
Pamucar et al., 2017). The MAIRCA method has an implementation process consisting 
of eight steps (Pamucar et al., 2018).

Step 1: Creating the Initial Decision Matrix (X ): The criteria(Cj) values obtained 
from each alternative (Ai) are shown in Equation (1).

Ci C2 ron
11

* CNtH* Xin

X =

* 
... 

2 1 * 
... 

2 2 X2n (0)

Xmi Xm2 xmn.

Step 2: Determining the Priorities of Alternatives: The absence of a priority in 
the alternative selection process of the decision-maker is an assumption of the 
method, m as the total number of alternatives, i. The priority of the alternative PrAi is 
calculated as shown in Equation (2).

PrAt =
1
m

in

I
i=1

PrAi =  1 i =  1,2, ...,m (2)

The decision-maker is equidistant to any alternative. Therefore, all priorities are 
equal, as shown in Equation (3).

PrAi =  PrA7 =  — =  Pr,'A2 Am (3)

Stage 3: Construction of the Theoretical Rating Matrix ( Tp) :  The elements of the 
matrix (tpij )  are calculated by multiplying the priorities of alternatives (PrAi)  and the 
criterion weights (w j), as shown in Equation (4).
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T =  1 p

PfAi.Wi PrA1.w-A1. w2
PrA2.Wi PrA2.W2

PrAm,w1 PrAm. w2

PrAi.w, 
PrA2, wr

PrAm w

(4 )

Stage 4: Defining the Real Rating Matrix (Tr); In order to obtain 7r matrix, 
theoretical grading matrix and initial decision matrix X  are used. Matrix elements 
should be calculated by using Equation (5) for maximization criteria and Equation (6) 
for minimization criteria.

trij tpij .

r̂ij tpij

xij -  xij 
+ — 

x+ -  xij

xij -  xij 
— + 

xij -  xij

(5)

(6)

is the highest value of the criterion from the alternative (x.i0
max(x1, x2, ..., xm)), Xy is the lowest value of the criterion from the alternative (xy =  
m in(xi,x2,...,xm)).

The actual rating matrix to be obtained as a result of calculations is shown in Eq.
(7).

C1 C2 ■ r'-‘n

tr11 tr12 tr1n

T =  i r tr21 tr22 tr2n
(7)

.trm1 trm2 trmn.

Stage 5: Computation of Total Gap Matrix (G)

With the help of Gap Matrix (G), Equation (8), the difference between the 
theoretical rating matrix (7^) and the actual grading matrix (7r) is obtained as shown 
in Eq. (9).

fl'O =  p̂O r̂0 fi0 ^ [0, ra) 

fi11 012 ■■■ 51n

g =  r„ T =  1 r fi21 fi22 

,fim1 fim2

(8)

(9)

Stage 6: Determining the T otal Gap with Alternatives

If theoretical rating (tpy ) and real rating (try ) of an alternative (4 ;) for a criterion 
(C,-) are equal and different from zero, the gap will be zero (fiy =  0). In this case, this 
alternative (4 £) would be the ideal alternative (.4+) for this criterion (C,). If the 
theoretical rating (tpy) of an alternative (4 j) for a criterion (C,) equals zero (tpy =  

=  fiy =  0), then the gap for the alternative (4 j) for the criterion (C,) is (fiy =  0). 
In this case, this alternative (<4;) will be the worst alternative (4 - )  for this criterion 

& )■
1 0 6
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Stage 7: Calculation o f the Value (Q J o f the Final Criteria Functions of 
Alternatives

The value of the criteria functions is calculated to take advantage of Equation (10) 
for each alternative.

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
com parative MCDM framework

Qi values are ranked from small to a large value, and alternatives are obtained.

4. Evaluate the effects of the COVID-19 pandem ic on sustainable 
developm ent perform ance of OECD countries

The Organization for Economic Co-operation and Development, or OECD in short, 
is an international platform that works jointly to solve the economic, social, and 
management problems of member countries. This establishment was founded in Paris 
in 1961 and was originally established with 20 countries. Later, the number of OECD 
member countries increased to 37 with the participation in developmentally and 
socioeconomically different countries (Our global reach - OECD, 2020). The main 
purpose of OECD is to support countries in ensuring sustainable economic growth, 
increasing employment, raising living standards, ensuring economic stability and 
contributing to the growth of world trade. Member states of the organization 
constitute 63 percent of GDP, three-quarters of world trade, 95 percent of world 
official development aid and more than half of world energy consumption in today's 
world (What is OECD, 2020).

In the study, Colombia, Luxemburg, Israel and New Zealand were excluded from 
this study due to the unavailability of some data for this method. The impact of COVID-
19 on the sustainable development performances of a total of 33 OECD countries were 
analyzed using MAIRCA considering the data of the second quarter (Q2) of 2020 and 
the data of the same quarter of the previous year (2019). To test the validity and 
effectiveness of this method, the ranking results of MAIRCA were compared with the 
results obtained from novel MCDM models such as MABAC and WASPAS. Additionally, 
the Wilcoxon signed-rank test is conducted to determine whether the sustainable 
development indicators of OECD countries differ between the Q2/2019 and Q2/2020. 
The general framework of this study is summarized in Figure 1.

(10)
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Step 1: Describe the problem and Identify indicators

Identify sustainable development indicators

FT

Collect data from OECD and IEA database

Step 2: MAIRCA method

Form initial decision matrix 

Calculate the value o f theoretical rating matrix (Tp)

Identify the total gap with alternative countries 

Calculate the initial value o f each alternative countries

1 -1 ----
Rank all alternative countries

Step 3. Sensitivity Analysis

Comparison and sensitivity analysis using the M ABAC
and W ASPAS method

Step 4. Wilcoxon test

Explore assumptions for the statistical hypothesis
i . i

Comparison o f  data for the same quarter o f  two 
different year

~ I

Discuss the result o f  Wilcoxon signed-rank test

Figure 1. General framework of study

Sustainable development indicators of OECD countries have been determined in 
line with the sustainable development goals of OECD, the European Union, and the 
United Nations and literature review. In addition, all the indicators used in this study
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were designed to take into account all dimensions, namely the economy, environment, 
and social, which constitute the sustainable development model. Eight different 
sustainable development indicators comprising Total Electricity Production, 
Renewable Energy Production, Merchandise Trade, Customer Price Index (CPI), 
Analytical House Price Indicators (rent price), Gross Domestic Product (GDP), 
Producer Price Index (PPI), unemployment rate, aged 15 and over were selected in 
this study. The indicators were analyzed for their ability to measure the economic, 
environmental and social dimensions of sustainable development. Data on economic 
and social indicators (I3, I4, I5, I6, I7, I8) were obtained from the OECD databases, and 
environmental indicators (I1 and I2) were obtained from reports published by the 
International Energy Agency (IEA). Definitions, indices, and periods considered in the 
study regarding indicators of sustainable development are shown in Table 1.

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
com parative MCDM framework

Table 1. Indicators of sustainable development

Not. Indicator Unit Quarter /  
Year References

I1

I2

I4

I5

I6

Total Electricity 
Production

Renewable Energy 
production

I3 Merchandise Trade

Customer price 
index 

Analytical House 
Rent Price indicators

Gross Domestic 
Product

17 Producer price index

The unemployment
18 rate, aged 15 and

GWh

GWh

US Dollar, 
Billions 
Index, 

2015=100

Index

Annual 
growth 
rate (%)

Index,
2015=100

%

Q2/2019- 
Q2/2020

Q2/2019- 
Q2/2020

Q2/2019- 
Q2/2020 

Q2/2019- 
Q2/2020 

Q2/2019- 
Q2/2020

Q2/2019- 
Q2/2020

Q2/2019- 
Q2/2020

Q2/2019- 
Q2/2020

(Ding et al., 2016); 
(Sustainable Development Goals, 

2020)
(Mateusz et al., 2018); (Kothari et al., 

2010); (Sustainable Development 
Goals, 2020); (Sathaye et al., 2011) 

(Ding et al., 2016); (Sustainable 
Development Goals, 2020) 

(Gaspar et al., 2017); (Sustainable 
Development Goals, 2020) 

(Zavadskas et al., 2017); (Sustainable 
Development Goals, 2020)

(Bali Swain and Yang-Wallentin, 
2020); (Balcerzak and Pietrzak, 

2016); (Ding et al., 2016): (Gaspar et 
al., 2017); (Sustainable Development 

Goals, 2020)
(Sustainable Development Goals, 

2020)
(Bali Swain and Yang-Wallentin, 
2020); (Balcerzak and Pietrzak, 

2016); (Ding et al., 2016); (Mateusz 
et al., 2018); (Gaspar et al., 2017)

Total Electricity Production (I1): Electricity generated different type of energy 
resources such as fossil fuels, nuclear power plants, hydropower plants (excluding 
pumped storage), geothermal systems, solar panels, biofuels, wind, etc.

Renewable Energy production (I2): Renewable Energy is the energy received from 
the energy flow that exists in the natural processes that continue continuously. They 
are hydro energy, wind, solar, geothermal, and other renewable energy sources.

Merchandise Trade (I3): Goods that add or subtract from the stock of material 
resources of a country by entering (imports) or leaving (exports) its economic 
territory.
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Customer price index (I4): Defined as the change in the prices of a basket of goods 
and services that are typically purchased by specific groups of households.

Analytical House Rent Price indicators (I5): House price indices (rent prices), are 
index numbers that measure the rent prices of residential properties over time.

Gross Domestic Product (I6): The standard measure of the value-added created 
through the production of goods and services in a country during a certain period.

Producer price index (I7): The rate of change in the prices of products sold as they 
leave the producer.

The unemployment rate, aged 15 and over (I8): The number of unemployed people 
as a percentage of the labor force, where the latter consists of the unemployed plus 
those in paid or self-employment.

Table 2. Initial decision matrix
Indicators

Countries I1 I2 I3 I4 I5 I6 I7 I8
Australia 21041 4304 69.61 106.6 102.5 1223934.95 111.1 5.231
Austria 6357 5842 44.75 106.7 114.4 469791.799 105.1 4.500
Belgium 6891 1376 112.24 107.9 103.9 553085.807 113.5 5.467
Canada 47322 31979 114.90 107.7 104.6 1723905.35 106.4 5.567
Chile 6804 2560 17.06 111.1 117.8 445180.531 108.8 6.980

Czech Republic 6613 925 50.17 108.1 109.7 406561.381 103.0 1.967
Denmark 2292 1955 27.84 103.1 104.9 308065.246 105.9 4.933
Estonia 489 137 4.11 109.9 130.7 45784.7699 109.7 4.867
Finland 5202 2999 18.65 103.4 108.2 254103.301 104.7 6.800
France 44439 9888 145.44 104.4 100.6 2908013.64 103.3 8.500

Germany 45887 20169 371.46 105.5 105.4 4150471.67 105.4 3.067
Greece 3117 1227 9.66 101.9 92.1 306790.238 104.7 17.333

Hungary 2258 358 30.36 109.4 123.4 307584.948 115.0 3.433
Iceland 1660 1660 1.28 109.4 120.0 18920.8022 99.0 3.367
Ireland 2293 625 42.61 102.1 115.9 413134.441 100.6 5.200

Italy 22141 10296 133.67 103.0 101.0 2335523.24 103.5 10.000
Japan 73035 36284 181.29 101.7 99.3 5356221.8 101.0 2.367
Korea 43570 3031 136.20 104.9 104.0 2150833.19 102.7 4.000
Latvia 402 244 3.94 109.4 107.0 55221.0561 110.5 6.367

Lithuania 282 206 8.41 110.4 126.0 96063.1159 107.2 6.100
Mexico 27884 5347 117.21 117.9 110.0 2388177.33 126.3 3.549

Netherlands 9374 1796 176.64 106.0 108.2 930705.86 109.4 3.333
Norway 9770 9502 26.31 110.6 107.6 331933.394 114.0 3.433
Poland 12052 1848 66.00 105.7 112.8 1204174.54 109.7 3.333

Portugal 4037 2176 16.89 104.2 107.5 339634.903 104.8 6.600
Slovak Republic 2264 695 22.21 106.0 101.3 181242.251 103.7 5.767

Slovenia 1419 588 11.31 105.4 118.4 75067.7421 103.1 4.367
Spain 20784 8803 84.80 104.6 103.0 1790431.14 105.3 14.200

Sweden 12703 7655 40.11 106.8 104.1 519697.892 112.1 6.533
Switzerland 5744 3551 61.12 102.0 102.1 569152.648 100.4 4.455

Turkey 23989 14407 44.52 158.2 141.4 2330974.19 186.2 13.867
United Kingdom 23914 8185 108.49 107.8 103.8 2948323.99 111.5 3.767

United States 332986 74378 408.63 108.0 115.3 19900185.1 106.94 3.633
AIM MAX MAX MAX MIN MIN MIN MIN MIN
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In this study, one of the expert is an engineer with expertise in Regional 
development at the Ankara Development Agency in Turkey, and the others are two 
academics working in the economics and business department of the university. In 
line with the opinion received from three experts, as a result of interview with experts, 
the sustainable indicator should equal the importance weight. In the application of the 
MAIRCA method, data of 33 OECD countries are obtained from the OECD and IEA 
databases. The initial decision matrix for the second quarter of 2020 and the aim of 
each indicator are presented in Table 2.

Due to the nature of the method, the decision-maker should not have a priority in 
the choice of an alternative. Since there are 33 alternative countries (n), the priority 
(Pr^) of each alternative is calculated as shown in Equation 2.

1  1  (1 1 )Pr^ =  -  =  —  =  0,030 ( )
^  n 33

^ 4 1  =P^2  =  PrX3 =  PrX4 = ........................ =PrX33 = ° .° 30 (12)

The theoretical rating matrix was calculated by Eq. (3) and Eq. (4), respectively. 
Matrix elements are obtained by multiplying the chosen alternative preferences (Pr^) 
and the coefficients (w;) of the weights of the indicators. Experts assumed that the 
indicator weights were of equal coefficient. The theoretical rating matrix (7^) is shown 
in Table A1 (Appendix). After this matrix was calculated, the real evaluation matrix 
(7r) was created, as given in Table A2 (Appendix). The actual evaluation matrix 
element is found by multiplying the theoretical rating matrix element with the 
normalized start matrix element. The normalized initial matrix was calculated using 
the Eq. (6) and Eq. (7). The total gap matrix (G) was obtained by subtracting the real 
rating matrix (try) from the theoretical rating matrix (tpy), as shown in Eq. (8) and 
Eq. (9).

It is preferred that the gap value be close to zero. The gap matrix is shown in Table 
A3 in Annex. In the last step of the method, by using the total gap matrix in Table A3 
(Appendix), the criterion function values of decision alternatives were calculated by 
using Equation (10). The function values ( ^ )  of the criteria obtained for the second 
quarter of 2019 with the MAIRCA method and the ranking of the OECD countries are 
shown in Table 3.

Similar steps were followed using data from the second quarter of 2020, when 
COVID-19 started to spread worldwide, and the ranking of the sustainability 
performances of OECD countries obtained by MAIRCA method for the second quarter 
of 2019 and 2020 is shown in Figure 1.

According to the results given in Table 3, the country with the best sustainability 
performance among OECD countries is the United States. This country is followed by 
Japan, Germany, Canada, Korea, and the Netherlands, respectively.
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Table 3. The ranking of OECD countries using the MAIRCA method (Q2/2020)
Countries Qi Rank Countries Qi Rank

United States 0.0090 1 Slovak Republic 0.0136 18
Germany 0.0091 2 Austria 0.0137 19

Japan 0.0095 3 Portugal 0.0138 20
Korea 0.0114 4 Finland 0.0138 21

Netherlands 0.0117 5 Sweden 0.0139 22
France 0.0119 6 Slovenia 0.0139 23

Switzerland 0.0121 7 Latvia 0.0146 24
United Kingdom 0.0123 8 Iceland 0.0146 25

Italy 0.0123 9 Mexico 0.0147 26
Belgium 0.0127 10 Spain 0.0148 27
Canada 0.0129 11 Hungary 0.0148 28

Czech Republic 0.0130 12 Greece 0.0150 29
Australia 0.0131 13 Estonia 0.0153 30
Denmark 0.0133 14 Lithuania 0.0157 31
Ireland 0.0133 15 Chile 0.0166 32
Norway 0.0135 16 Turkey 0.0249 33
Poland 0.0135 17

The sustainability performance rankings of the countries in the second quarter of 
2020, in which the COVID-19 pandemic spread worldwide, were compared in the 
same period of the previous year, as shown in Figure 2. According to the results 
obtained with MAIRCA in the second quarter of 2020, the USA belongs to the best 
sustainable development level among alternative countries. This country is followed 
by Germany, Japan, Korea and the Netherlands, respectively. Countries with the worst 
sustainable development performance of the same period, the lowest ranking 
countries in terms of sustainability performance, are Turkey (33rd), Chile (32nd), 
Lithuania (31st), Estonia (30th), and Greece (29th). To examine how the COVID-19 
pandemic has affected the sustainable development goals of OECD countries, data 
from the same period of the previous year were used and the MAIRCA method was 
resolved again. The comparison of the sustainable performance levels for both 
quarters is shown in Figure 2. Accordingly, the country with the highest sustainable 
development performance in April-May-June 2019 was America, followed by Japan, 
Germany, Canada and Korea, respectively. In the ranking results, Canada ranked 4th in
2019, ranked 11th during the pandemic period. The pandemic has been shown to 
seriously affect Canada's level of sustainable development. It can be seen that for 
Hungary, Turkey, Greece, Lithuania, Australia, Denmark, Norway, Poland, Sweden, in 
terms of development sustainability, rankings are stable.
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Figure. 2. Comparison of sustainability performance rankings (Q2/2019-Q2/2020)

5. Sensitivity Analysis

The reliability of the results obtained from the MAIRCA model should be tested to 
ensure the validity of the selected alternatives. For this purpose, the reliability and 
validity of the model were analyzed by using the MABAC method and WASPAS method. 
Results obtained with MAIRCA, MABAC and WASPAS methods are quite similar to each 
other. A comparison of results obtained using three MCDM methods are illustrated in 
Figure 3 and Figure 4, respectively. As can be seen from Figure 3, in all three methods, 
the United States has the best sustainable development performance. In the second 
quarter of 2019, Japan, Germany, Canada and Korea have the same rank in all three 
methods.

The Spearman correlation coefficient was used to determine the relationships 
between these methods. The Spearman correlation coefficient is used to measure the 
similarity between two group rankings. This method with a higher Spearman's rank 
relationship coefficient is accepted to be more significant than one with a lower 
Spearman's rank connection coefficient since it has better concurrences with other 
MCDM methods (Gang Kou, Yanqun Lu, Yi Peng, & Yong Shi, 2012). Spearman 
correlation coefficients for both years are shown in Table 4. According to the validity 
results, the correlation coefficient is above 87.2% and it has a high correlation. This 
confirms that the MAIRCA method is in agreement with other MCDM methods and its 
results are reliable.
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■  MAIRCA ■  MABAC WASPAS

Figure 3. The ranking of OECD countries (Q2/2019)
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Figure 4. The ranking of OECD countries (Q2/2020)

______Table 4. Correlation values of methods_____
Spearman's coefficient MABAC WASPAS Average value

MAIRCA (Q2/2019) 1.000 0.872 0.936
MAIRCA (Q2/2020) 0.644 0.881 0.762
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6. Wilcoxon Signed-Rank Test

The Non-Parametric Wilcoxon signed-rank test was applied to determine whether 
there is a significant difference between the second quarter of 2020 and the same 
quarter of the previous year in terms of the indicators of the sustainable development 
of OECD countries. It can be clearly seen in Table 5, p values of all indicators are less 
than 0.05 value. According to Wilcoxon test hypothesis, if p-value is less than zero, the 
null hypothesis is rejected and it is concluded that there is a significant difference 
between the period (April-June 2019) and (April-June 2020). Accordingly, Table 5 
shows that as the p values of “Total Electricity Production (I1), Renewable Energy 
Production (I2), Merchandise Trade (I3), Customer Price Index (I4), Analytical house 
rent price indicators (I5), GDP (I6)", Producer Price Index (I7), Unemployment rate, 
aged 15 and over (I8) are less than 0.05, results demonstrated that there are 
differences between before and during the COVID-19 pandemic. Test results are 
clearly expressed in Table 5 and 6, respectively.

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
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Table 5. Wilcoxon signed-rank test results
I1(2020)- I2(2020) - I3(2020) - I4(2020)- 2 0 2 0) I6(2020- I7(2020)- I8(2020)-
I1(2019) I2(2019) I3(2019) I4( 2 0 9) 2 0 9) I6(2019) I7(2019) I8(2019)

Z -3.815b -2.10b -5.012b -2.124c -3.293c -5.012b -3.475c -3.726c
p 0.000 0.036 0.000 0.034 0.001 0.000 0.001 0.000
a. Wilcoxon Signed-Rank Test, b. Based on positive ranks, c. Based on negative ranks

As seen in Table 6, the total electricity production of 26 OECD countries decreased 
in the second quarter of 2020. It is observed that the COVID-19 pandemic has 
negatively affected the energy production of OECD countries. However, this situation 
has changed in the amount of renewable energy generation. In the second quarter of
2020, which was heavily affected by the pandemic, the amount of renewable energy 
production of 22 countries increased compared to the second quarter of the previous 
year. It is interesting to note that COVID-19 pandemic has a positive effect on 
renewable energy goals. The global COVID-19 novel coronavirus pandemic has severe 
negative impacts on the global economy. GDP is an important indicator to bring 
coherence to the sustainable development goals. When the result on house rent prices 
were analyzed, the consumer price index of 27 countries increased compared to the 
second quarter of 2019. According to Table 6, Merchandise trade and GDP of all OECD 
countries plunged in the second quarter of 2020 as compared to the same period last 
year. The COVID-19 has prevented countries from achieving their sustainable 
development goals.

The producer price index means the average change over time in selling prices 
received by domestic producers of goods and services. The producer price index of 29 
countries decreased compared to the same quarter of the previous year. The other 
important sustainable development indicator is the unemployment rate; the test 
result indicates that the unemployment rate of 26 countries has increased compared 
to the same period of the previous year. Coronavirus has hit unemployment in OECD 
countries. The results found that all sustainable development indicators, except 
renewable energy production, have been severely affected by the COVID-19 pandemic.
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Table 6. Cash Ratio Ranks
Number Mean Rank Sum of Ranks

I1 (2019) - I1(2020) Negative Ranks 26 19.00 494.0
Total Electricity production Positive Ranks 7 9.57 67.0

I2 (2019) - I1(2020) Negative Ranks 11 14.82 163.0
Renewable energy Positive Ranks 22 18.09 398.0

I3 (2019) - I1(2020) Negative Ranks 33 17.00 561.0
Merchandise trade Positive Ranks 0 0.00 0

I4 (2019) - I1(2020) Negative Ranks 12 12.54 150.5
CPI Positive Ranks 20 18.88 377.5

I5 (2019) - I1(2020) Negative Ranks 4 20.00 80.0
Rent price Positive Ranks 27 15.41 416.0

I6 (2019) - I1(2020) Negative Ranks 33 17.00 561.0
GDP Positive Ranks 0 0.00 0.0

I7 (2019) - I1(2020) Negative Ranks 29 17.59 475.0
Producer price index Positive Ranks 6 14.33 86.0
I8 (2019) - I1(2020) Negative Ranks 7 10.29 72.0
Unemployment rate

Positive Ranks 26 18.81 489.0

7. Results and Limitations

World economies have faced serious health problems and socio-economic crises 
due to the COVID-19 pandemic. The COVID-19 pandemic continues to threaten life, to 
suppress the world economy, and to have a profound impact on social and 
environmental issues. National and international community organizations 
emphasized that countries should pay more attention to sustainable development 
goals in the post-COVID-19 recovery phase in order to reduce the destructive effect of 
the COVID-19 crisis.

In this study, the effect of the COVID-19 pandemic on the sustainable development 
of OECD countries was investigated with a novel MCDM method. For this purpose, the 
MAIRCA method was used to rank the sustainability performance of OECD countries 
and test its validity and reliability with MABAC and WASPAS methods. Moreover, 
statistical analysis was implemented and obtained results were discussed in view of 
sustainable development.

The analysis leads to the following conclusions: United States, Germany, Japan, 
France, and South Korea are with the best development performance while countries 
with the worst performance are Turkey, Chile, Lithuania, and Estonia for the same 
quarter of 2019 and 2020. Developed countries are in the top position in the ranking 
of sustainable development performance compared to developing countries, and this 
situation did not change with the appearance of the COVID-19 pandemic; the rankings 
score was the same. In order to test the validity and effectiveness of the MAIRCA 
method, the ranking results of MAIRCA were compared with the results obtained from 
novel MCDM models such as MABAC and WASPAS. It has been observed that all MCDM 
methods used give effective results to determine the ranking of countries under a 
sustainable development level. Furthermore, a Non-parametric Wilcoxon Signed- 
Rank test was used to determine whether the direction of changes of each sustainable 
development indicator was different between the pre-COVID-19 and COVID-19.
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Accordingly, results demonstrated that there were significant differences between 
before and during the COVID-19 pandemic. Importantly, our results provide evidence 
that, except for renewable energy production, all sustainable indicators have 
adversely been affected by the COVID-19 pandemic. However, this study has revealed 
that COVID 19 has had an innovator effect by changing the direction of energy 
production resources. The pandemic has tripped the scale in favor of renewable 
energy.

There are a number of limitations for this study. One of the main limitations is the 
missing dataset. Due to the continuing COVID-19 pandemic, there are missing and 
uncompleted sustainable development indicators such as the "number of hospital 
beds", "attendance at school", "inequality in education", "life expectancy", "gender 
inequality", etc. Further study will reevaluate with a different type of sustainable 
indicators. Another limitation of the study is that it only takes into account the impact 
of the pandemic on OECD countries' sustainable development performances. In the 
future study, new research is planned with different countries included in OPEC, G20, 
and BRIC countries.

Evaluation of the Effect of COVID-19 on Countries' Sustainable Development Level: A
com parative MCDM framework

Appendix

Table A1. Theoretical Evaluation Matrix (Tp)
Countries I1 I2 I3 I4 I5 I6 I7 I8
Australia 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Austria 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Belgium 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Canada 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Chile 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Czech Republic 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Denmark 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Estonia 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Finland 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
France 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Germany 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Greece 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Hungary 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Iceland 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Ireland 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Italy 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Japan 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Korea 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Latvia 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Lithuania 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Mexico 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Netherlands 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Norway 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Poland 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Portugal 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Slovak Republic 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Slovenia 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
Spain 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038

Sweden 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038
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Switzerland 
Turkey 

United Kingdom 
United States

0.0038 0.0038 
0.0038 0.0038 
0.0038 0.0038 
0.0038 0.0038

0.0038 0.0038
0.0038 0.0038
0.0038 0.0038
0.0038 0.0038

0.0038 0.0038
0.0038 0.0038
0.0038 0.0038
0.0038 0.0038

0.0038 0.0038 
0.0038 0.0038 
0.0038 0.0038 
0.0038 0.0038

Table A2. Real Evaluation Matrix (Tr)
Countries I1 I2 I3 I4 I5 I6 I7 I8
Australia 0.0002 0.0002 0.0006 0.0035 0.0030 0.0036 0.0033 0.0030
Austria 0.0001 0.0003 0.0004 0.0035 0.0021 0.0037 0.0035 0.0032
Belgium 0.0001 0.0001 0.0010 0.0034 0.0029 0.0037 0.0032 0.0029
Canada 0.0005 0.0016 0.0011 0.0034 0.0028 0.0035 0.0035 0.0029
Chile 0.0001 0.0001 0.0001 0.0032 0.0018 0.0037 0.0034 0.0026

Czech Republic 0.0001 0.0000 0.0005 0.0034 0.0024 0.0037 0.0036 0.0038
Denmark 0.0000 0.0001 0.0002 0.0037 0.0028 0.0037 0.0035 0.0031
Estonia 0.0000 0.0000 0.0000 0.0032 0.0008 0.0038 0.0033 0.0031
Finland 0.0001 0.0001 0.0002 0.0037 0.0025 0.0037 0.0035 0.0026
France 0.0005 0.0005 0.0013 0.0036 0.0031 0.0032 0.0036 0.0022

Germany 0.0005 0.0010 0.0034 0.0035 0.0028 0.0030 0.0035 0.0035
Greece 0.0000 0.0001 0.0001 0.0038 0.0038 0.0037 0.0035 0.0000

Hungary 0.0000 0.0000 0.0003 0.0033 0.0014 0.0037 0.0031 0.0034
Iceland 0.0000 0.0001 0.0000 0.0033 0.0016 0.0038 0.0038 0.0034
Ireland 0.0000 0.0000 0.0004 0.0038 0.0020 0.0037 0.0037 0.0030

Italy 0.0002 0.0005 0.0012 0.0037 0.0031 0.0033 0.0036 0.0018
Japan 0.0008 0.0018 0.0017 0.0038 0.0032 0.0028 0.0037 0.0037
Korea 0.0005 0.0001 0.0013 0.0036 0.0029 0.0034 0.0036 0.0033
Latvia 0.0000 0.0000 0.0000 0.0033 0.0026 0.0038 0.0033 0.0027

Lithuania 0.0000 0.0000 0.0001 0.0032 0.0012 0.0038 0.0034 0.0028
Mexico 0.0003 0.0003 0.0011 0.0027 0.0024 0.0033 0.0026 0.0034

Netherlands 0.0001 0.0001 0.0016 0.0035 0.0026 0.0036 0.0033 0.0035
Norway 0.0001 0.0005 0.0002 0.0032 0.0026 0.0037 0.0031 0.0034
Poland 0.0001 0.0001 0.0006 0.0035 0.0022 0.0036 0.0033 0.0035

Portugal 0.0000 0.0001 0.0001 0.0036 0.0026 0.0037 0.0035 0.0026
Slovak Republic 0.0000 0.0000 0.0002 0.0035 0.0031 0.0038 0.0036 0.0029

Slovenia 0.0000 0.0000 0.0001 0.0035 0.0018 0.0038 0.0036 0.0032
Spain 0.0002 0.0004 0.0008 0.0036 0.0030 0.0035 0.0035 0.0008

Sweden 0.0001 0.0004 0.0004 0.0035 0.0029 0.0037 0.0032 0.0027
Switzerland 0.0001 0.0002 0.0006 0.0038 0.0030 0.0037 0.0037 0.0032

Turkey 0.0003 0.0007 0.0004 0.0000 0.0000 0.0033 0.0000 0.0009
United Kingdom 0.0003 0.0004 0.0010 0.0034 0.0029 0.0032 0.0032 0.0033

United States 0.0038 0.0038 0.0038 0.0034 0.0020 0.0000 0.0034 0.0034

Table A3. Total Gap Matrix
Countries I1 I2 I3
Australia 0.0036 0.0036 0.0032
Austria 0.0037 0.0035 0.0034
Belgium 0.0037 0.0037 0.0028
Canada 0.0033 0.0022 0.0027

Chile 0.0037 0.0037 0.0036
Czech

Republic 0.0037 0.0037 0.0033

Denmark 0.0038 0.0037 0.0035
Estonia 0.0038 0.0038 0.0038
Finland 0.0037 0.0036 0.0036

I4 I5 I6 I7 I8
0.0003 0.0008 0.0002 0.0005 0.0008
0.0003 0.0017 0.0001 0.0003 0.0006
0.0004 0.0009 0.0001 0.0006 0.0009
0.0004 0.0010 0.0003 0.0003 0.0009
0.0006 0.0020 0.0001 0.0004 0.0012

0.0004 0.0014 0.0001 0.0002 0.0000

0.0001 0.0010 0.0001 0.0003 0.0007
0.0005 0.0030 0.0000 0.0005 0.0007
0.0001 0.0012 0.0000 0.0002 0.0012
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France 0.0033 0.0033 0.0024
Germany 0.0033 0.0028 0.0003

Greece 0.0038 0.0037 0.0037
Hungary 0.0038 0.0038 0.0035
Iceland 0.0038 0.0037 0.0038
Ireland 0.0038 0.0038 0.0034

Italy 0.0035 0.0033 0.0026
Japan 0.0030 0.0019 0.0021
Korea 0.0033 0.0036 0.0025
Latvia 0.0038 0.0038 0.0038

Lithuania 0.0038 0.0038 0.0037
Mexico 0.0035 0.0035 0.0027

Netherlands 0.0037 0.0037 0.0022
Norway 0.0037 0.0033 0.0036
Poland 0.0037 0.0037 0.0032

Portugal 0.0037 0.0037 0.0036
Slovak

Republic 0.0038 0.0038 0.0036

Slovenia 0.0038 0.0038 0.0037
Spain 0.0036 0.0033 0.0030

Sweden 0.0036 0.0034 0.0034
Switzerland 0.0037 0.0036 0.0032

Turkey 0.0035 0.0031 0.0034
United

Kingdom 0.0035 0.0034 0.0028

United
States 0.0000 0.0000 0.0000

0.0002 0.0007 0.0006 0.0002 0.0016
0.0002 0.0010 0.0008 0.0003 0.0003
0.0000 0.0000 0.0001 0.0002 0.0038
0.0005 0.0024 0.0001 0.0007 0.0004
0.0005 0.0021 0.0000 0.0000 0.0003
0.0000 0.0018 0.0001 0.0001 0.0008
0.0001 0.0007 0.0004 0.0002 0.0020
0.0000 0.0006 0.0010 0.0001 0.0001
0.0002 0.0009 0.0004 0.0002 0.0005
0.0005 0.0011 0.0000 0.0005 0.0011
0.0006 0.0026 0.0000 0.0004 0.0010
0.0011 0.0014 0.0005 0.0012 0.0004
0.0003 0.0012 0.0002 0.0005 0.0003
0.0006 0.0012 0.0001 0.0007 0.0004
0.0003 0.0016 0.0002 0.0005 0.0003
0.0002 0.0012 0.0001 0.0003 0.0011

0.0003 0.0007 0.0000 0.0002 0.0009

0.0002 0.0020 0.0000 0.0002 0.0006
0.0002 0.0008 0.0003 0.0003 0.0030
0.0003 0.0009 0.0001 0.0006 0.0011
0.0000 0.0008 0.0001 0.0001 0.0006
0.0038 0.0038 0.0004 0.0038 0.0029

0.0004 0.0009 0.0006 0.0005 0.0004

0.0004 0.0018 0.0038 0.0003 0.0004
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-  File for Figures and schemes must be provided during submission in a single 
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accepted, however, TIFF, JPEG, EPS and PDF are preferred.

-  All Figures, Schemes and Tables should be inserted into the main text close to 
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Data Availability

In order to maintain the integrity, transparency and reproducibility of research 
records, authors must make their experimental and research data openly available 
either by depositing into data repositories or by publishing the data and files as 
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