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Researchers have addressed uncertainty in multicriteria decision making from the perspective of

the performance values of the alternatives, weighting of the evaluation criteria, and the evaluation
methods. Still, they are yet to address the uncertainty caused by the normalization approach. In

this paper, we show that different normalization methods, namely sum normalization, min-max
normalization, vector normalization, and maximization normalization, can result in different rankings
of the alternatives while the performance values and weights are unchanged. We applied the grey
system theory to address the problem of uncertainty in this study from three aspects: alternative
performance values measurement, criteria weighting, and decision matrix/table normalization within
a period. The grey hybrid normalization method is proposed as the main contribution in this paper.
Then, we present the rankings of 48 cities under uncertainty to decide the location of a branch office
of a Chinese electric vehicle manufacturer as a practical example based on the grey entropy weighting
method and grey relational analysis with positive and negative references (GRA-PNR) within the
period from the year 2019 to 2021. The research results using this approach ranked New York City

the best, with a stock market capitalization of economy validity as the top contributor in terms of
weighting. Finally, we used simple additive weighting with grey value and the technique for order of
preference by similarity to ideal solution with grey value methods to validate the study results.

The location of a business is one factor that affects its profitability based on its environment. A business
environment is the external factors outside the control of the business, such as market size, government policy,
and political environment'. Since 2020, the coronavirus (COVID-19) pandemic has affected business operations
worldwide, but China’s businesses have performed comparatively better until the beginning of 20222 Due to
mutation, the virus has developed into various strains that render the already developed vaccine less effective,
forcing the government to implement multiple pandemic control measures to save the lives of the Chinese people
but put the bottom lines of businesses at risk. However, the survival of businesses equally affects the quality of
lives of the employees, so one approach is to establish a business hub as a backup to remain in operation. Thus,
alternative locations in a city outside China are needed to continue business operations.

Ranking cities is one approach for location selection. Indices for ranking cities around the world have been
established. For example, the Global Cities Index by the American journal Foreign Policy?, cities rankings by
the Globalization and World Cities Research Network?, Global City Competitiveness Index by The Economist
Group?, Global Cities Initiative rankings by Brookings Institution, and Global Power City Index (GPCI) by The
Mori Memorial Foundation®. In this study, we chose to rank cities as proxies for the selection of a new location.
However, we used secondary data because of the difficulty in obtaining global data. These data are those reported
by the GPCI, which reports the performance of 48 cities based on 70 indicators.

Multicriteria decision making (MCDM) is a structured approach to choose the most suitable alternative by
considering the importance of the criteria for evaluation and the performance measurements of the alternatives
on every criterion’. The various levels of importance of the criteria are described by assigning weights to them.

The weight of criteria can change over time; for example, the need for online meetings skyrocketed in the
midst of the pandemic, reducing the weight that should be assigned to attending business trips and conferences.
Uncertainty exists in weighting because weights can change over a period, and this is represented as grey
numbers. Additionally, a grey system is a real system with incomplete or partial information. Deng® proposed
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grey system theory, and presented the grey relational analysis (GRA) as an MCDM method. Since then, many
MCDM approaches have been designed to improve efficacy through combination with other MCDM methods.
Furthermore, in this study, we applied the GRA with positive and negative references proposed by Esangbedo
et al.? to rank the cities.

The MCDM compensatory procedures for evaluating alternatives involve constructing a decision matrix,
normalizing the decision matrix, computing the weighted normalized matrix, and then ranking the alternative
based on the MCDM method. The drawback of this method is that different normalization techniques can result
in various rankings. Whereas an MCDM ranking result may report the procedure, the decision makers’ (DMs’)
desired alternative rankings can be increased based on the normalization method, which should not be the
case. A decision matrix D has elements (djj)nx» of the performance value of the ith alternative based on the jth
criterion, where m and » are the number of alternatives and criteria, respectively; i.e,1 <i <mandl <j < n.
According to Liao and Wu'® with Chen'!, the main types of normalization are:

1. Sum normalization (SN)

(a) Beneficial criteria
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3. Vector normalization (VN)
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Another type of normalization used by researchers is maximization normalization'%

4. Maximization normalization (MN)

(a) Beneficial criteria

d; min dij
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(b) Nonbeneficial criteria
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For simplicity, the equal weighting (EW) method can be defined as

W= (8)

and the weighted sum model (WSM) that scores alternative a; is
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where d is the element of the normalized decision matrix. For example, consider a decision matrix Asx3 with
three criteria and three alternative that is ranked after using different normalization.

C1 [%) c3
/1 406\ @
A= <1.5 2 1 ) a (10)
2 1 11/ a

using EW (w; = 1/3) based on the WSM, the rankings for these three alternatives are: a; > as > a using SN;
ai; > ap > az using MMN, a3 > a, > aj using VN, and a3 > a; > a; using MN. These ranking are shown in
Fig. 1.

This a problem because the four different normalization approaches affect the rankings, which is what we
addressed in this study. Figure 2 shows layers in MCDM processes where uncertainty can occur. After taking
the tally of the rankings as shown in Table 1, neither can we conclude that the first alternative (a;) is better than
the third alternative (a3) nor the third alternative (As) is better than the first alternative (A1).

This uncertainty in ranking caused by the normalization method is addressed using the grey system theory'!.

The study is motivated by the pursuit of an EV company that wants to control the shock caused by a pandemic
by selecting the best location to diversify its operation. Also, this study provides the following contributions:
First, we combined four normalization techniques: SN, MMN, VN, and MN, by representing them as grey num-
bers that account for the uncertainty in decision-making, and we designed a grey hybrid normalization (GHN)
approach. Second, we proposed time as an additional dimension in evaluation when considering different snap-
shots of the performance values of the alternatives over a period. Third, we extended the grey entropy weighing
method, called the period-based grey entropy weighting method, over a period to account for uncertainty as time
passes by. Another contribution is applying the grey relational analysis with positive and negative (GRA-PNR)
in ranking cities as a location selection MCDM problem. To reiterate, the novelty in this paper is the grey hybrid
normalization addressing the Layer 2 problem in MCDM. The rest of the paper is organized as follows: “Literature
Review” Section presents a literature review. “Methods” Section presents the methods used in this study. “Results
and Analysis” Section presents the results and an analysis of our findings. Lastly, Section 5 is the conclusions,
which highlights some managerial implications, limitations of this study, and recommendations for future work.

Literature review
An overview of the MCDM applications for site selection problems can be obtained from Zolfani et al."*. Also, a
generalized framework for selecting multicriteria methods can be obtained from Watrobski et al.'*. Researchers
have reported the use of MCDM for location selection problems, and in supply chain and logistics management,
waste management, and manufacturing and production facility location.

Uncertainties exist in the supply chain and in logistics from retail centers to container hubs. Zhang et al.'®
analyzed 38 cities to locate multimodal container hubs using grey area relational analysis, and the technique
for order of preference by similarity to ideal solution (TOPSIS). They'® then evaluated 22 cities as possible
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Figure 1. Rankings of the alternatives in Eq. (10).

MMN MN
Normalization Methods

Rankings a |ay |a3

Ist 2 |0 |2
2nd 1 2 1
3rd 1 2 1

Table 1. Tally of rankings based on the SN, MMN, VN, and MN.
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Figure 2. Layers of uncertainties in compensatory MCDM methods.

locations to serve as Chinese international container hubs by applying GRA and the TOPSIS method. Although
vector normalization is commonly used with the classical TOPSIS method, they applied the sum normalization
approach. They did not account for uncertainty. However, Wang et al.!” developed complex Pythagorean with
rough set theory for the location selection of a logistics town project. Yazdani et al.'® combined DEA, full
consistency method, and combined compromise with the rough set theory as an integrated solution to address
the uncertainties in selecting a logistics center location. Yildiz'° combined hesitant fuzzy linguistic set with GRA
and analytic hierarchy process (AHP) to choose the best location for food retailing in the Turkish food industry.
Mahtab et al.*® applied an optimization approach in selecting the location of a relief goods distribution facility.
Some of these researchers employed grey relational analysis but did not use the grey numbers that can account
for uncertainty.

The pandemic has increased the focus on the management of waste. The best worst method (BWM) provides
lesser pairwise comparison than the AHP?!. Torkayesh?? combined the BWM and measurement of alternatives
and ranking according to co-optimization solution (MARCOS) for selecting a landfill for medical waste. A geo-
graphic information System (GIS), BWM, and MARCOS method under grey interval were used in this study
to evaluate sustainability factors, and the sum normalization method was employed in the evaluation process.
Similarly, Tirkolaee et al.* applied stratified BWM with MARCOS and combined compromise solution (CoCoSo)
using grey interval numbers to select healthcare landfill locations, and the MMN method was used. Addition-
ally, Khanlari et al.** used MMN with an optimization function to determine the best location for a temporary
hospital, but uncertainty was not considered.

Waste management is not limited to healthcare systems. Pamucar et al.*> combined fuzzy set theory (FST) with
the measuring attractiveness by a categorical-based evaluation technique (MACBETH) and weight aggregated
sum product assessment (WASPAS) method for the selection of a battery recovery center. They used sum nor-
malization in the assessment. Karagoz et al.?® applied the SN method with the additive ratio assessment (ARAS)
method to select the the location for an end-of-life vehicle recycling facility. The weights of criteria are the mean
of the DM points in representing type 2 trapezoidal fuzzy numbers (FNs).

Energy is needed to do work, and the world is shifting to sustainable energy solution. The sum normalization
with white numbers for site selection of distributed photo-voltaic (PV) power station by Li et al.’%. A hybrid of the
Entropy weighting method with GRA and TOPSIS was applied in the selection. The TOPSIS and #-intuitionistic
polygonal fuzzy hybrid aggregation was used to select the electric vehicle (EV) charging station location by
Geng and Ma?”. Also, AHP-II sort with regret theory was equally applied by Liang et al.?® in selecting electrical
vehicle (EV) charging station location. The AHP-II sort is a dual assignment classification model with sorting for
evaluation. Supciller et al.* applied the Stepwise Weight Analysis Ratio Assessment (SWARA) and I-GRA and
Evaluation Based on Distance from Average Solution (EDAS) to select the best location for wind farm. The hybrid
method used the SN. Conversely, the MMN method in conjunction with the BWM, VlseKriterijuska Optimizacija
I Komoromisno Resenje (VIKOR) and GRA to evaluate solar site location by Kannan et al.**. Unfortunately, their
study used white numbers which does not capture uncertainty in the evaluation. The same is true with Mulliner
et al.*!, that used white numbers with the complex proportional assessment of alternatives (COPRAS) method
to evaluate sustainable housing locations. Recently, Javanmardi et al.*? present the challenges of uncertainty in
sustainability based on GST. Sonar et al.>* applied the decision making trial and evaluation laboratory approach
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to examine the factors for EV purchase and discovered charging time, driving range and price as the primary
factors affecting EV adoption. Tavana et al.** used the Internet of Things and big data to design a sustainable
supply chain model for EV battery production-a fuzzy bi-objective mixed-integer linear programming model
for manufacturing, remanufacturing, and distributing EV lithium-ion batteries.

FST is used in the selection of location, and the SN is commonly used. Nazari et al.* applied the SN with the
AHP for the selection of landfill site. Also, Kuo et al.*® and Kahraman et al.”’” applied the SN with the mean of the
DMs points with the AHP for convenience store location and motor factory location, respectively. Ertugrul and
Karakasoglu®® used SN with the fuzzy AHP TOPSIS method in the selection of the location of a textile company
in Turkey. Similarly, Cebi and Otay*® the SN with the DM’s preferences as represented by FNs, and the TOPSIS in
the cement factory location. Unlike other researchers, Yong et al.** applied VN with the TOPSIS method to evalu-
ate plant location. They used the fuzzy point allocation (PA) method to determine the weights of the evaluation
criteria. Similarly, Paul*! applied the TOPSIS method in the selection of manufacturing plant locations, where
the fuzzy mean of the DMs point was used for weighting. Stanujkic et al.** employed an optimization approach
in the selection of production plant locations.

Location-selection MCDM approaches require no normalization, which is common when all criteria are on
the same scale. For example, Tadic*® applied Delph, AHP, and CODAS using grey numbers (GN) for the selection
of dry port terminal locations without normalization. Wang et al.’” applied RN with the Heronian mean aggre-
gation operator to formulate a complex Pythagorean uncertain linguistic rough interaction with the Heronian
mean operator for a logistic town selection project. Anvari** evaluated the location of a supply facility in China
using the AHP and WSM without normalization. Ma et al.*> applied homophily-based relaxation algorithm
optimization for the selection of a coffee shop location, which did not need normalization. However, Akyurt
et al.*® selected the location for the best air flight base training using the measuring attractiveness by a categorical
based evaluation technique (MACBETH) and ranking of alternatives through functional mapping of criterion
subintervals into a single interval (RAFSI), which used the arithmetic and harmonic mean for normalization.

Aytekin?” presented some analysis of the various normalization method. He noted that some normalization
methods might result in rank reversal, and highlighted that the type of data in the performance value is a critical
factor in the selection process. For example, not all methods can be used with zero or negative performance val-
ues. Mukhametzyanov*® showed the characteristic of the entropy weighting method is sensitive to the probability
of states when compared to the standard deviation and criteria importance through inter-criteria correlation
weighting method. Mukhametzyanov*® eliminated the domains’ displacement of the normalized values and
introduced the IZ-method. Furthermore, he compared the reverse sorting algorithm, IZ-method, and mean and
standard deviation method. The IZ-method performed better than classical normalization methods™.

There are records of researchers evaluating cities, especially in China. Shi et al.>! evaluated green cities from
15 provinces in China by developing an indexing system and using the entropy weighting method in the evalu-
ation. In this study, the max-min normalization method was used. Shen et al.>> comprehensively evaluated the
performance of smart cities in China, where the Chinese government policy is selecting the evaluation criteria,
the entropy weighing method and the TOPSIS method were combined for ranking. Zhou et al.> evaluated the
sustainability of the 14 cities in Liaoning, China. Interestingly, this study used the reciprocal value of the per-
formance value to represent cost criteria and then used sum normalization to scale the performance value to
unity. The result depicted the eastern Liaoning cities to be more sustainable. Wanqing®* evaluated international
port cities using fuzzy AHP. Li et al.'? presented a smart city shareable framework with criteria such as cloud
environment, information resources and security for evaluating 17 cities in China using the WSM. Nakamura and
Managi® investigated the effect of objective evaluation consisting of environmental, social, and economic aspects
and subjective evaluation consisting of personal municipality service evaluation indicators for life satisfaction
in Japan, reviewing that objective city evaluation does not contribute to life satisfaction to the Japanese in most
cases since environmental and economic aspect contributes negatively to the life satisfaction. Unlike previous
studies, this research is multi-national studies.

A apparent problem with a number of MCDM methods is rank reversal. Zizovig et al.”® developed a ranking
of alternatives through functional mapping of criterion sub-intervals into a Single Interval to solve the rank
reversal problem, where sub-interval mapping is used to make both beneficial and cost criteria unidirectional.
Trung et al.”” compared the RAFSI and Proximity Indexed Value, then presented combinations of the evalua-
tion method based on the removal effects of criteria (MEREC), rank order centroid (ROC), rank sum and equal
weighting method. Esangbedo and Che®® combined the ROC weights with GRA to evaluate businesses in Africa
that used the cities in all African countries as proxies in measuring the performance value of nations. A similar
study was conducted for west-African countries using cities as proxies in evaluating the countries based on the
grey-WSM™. Furthermore, Esangbedo et al.” proposed the ROC with slacks for Photothermal Power Station
Construction; undoubtedly, upon completion of the station, among its numerous uses, it will be used for charg-
ing EVs. Esangbedo and Tang® applied the MEREC and multi-attribute ideal-real comparative analysis based
on the grey system theory to evaluate heavy machinery company decolonization systems.

Wang®' developed a Malmquist index for the GPCI index, which is different from our study in its contribu-
tion. As highlighted in these studies, SN and MMN are predominantly used in normalizing decision matrices
and weighting criteria. Also, Liao and Wu'? identified the problem with SN and MMN and proposed double
normalization-based multiple aggregation method, but their studies did not capture the four layers of uncertain-
ties in Fig. 2. After searching the literature, to the best of our knowledge, this is the first study highlighting the
effects of normalization in MCDM methods with a simple example (Eq. 10). Additionally, this study fills the gap
in the literature by estimating the weight of decision criteria over a period, not just at a specific point in time.
Table 2 summarizes the findings from the selected literature reviewed.
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Normalization methods | Type of numbers | Weighting methods Evaluation methods Application Researchers

MN WN BWM MARCOS Waste location Torkayesh et al.*

MN WN Entropy Grey relational projection ?itiztributed PV powerstation | ;o 5 12

- WN AHP-II sort Regret theory EV Charging station location | Liang et al.®®

SN WN n-IPFHA TOPSIS EV Charging Station Location | Geng and Ma?’

SN WN Entropy GRA-TOPSIS Container multimodal hubs Zhang et al.'®

SN WN PA COPRAS Sustainable housing Mulliner et al.*!

SN GN SWARA I-GRA EDAS Wind farm location Supciller and Bayramoglu®

SN GN SllngPreference Selection Grey Proximity Indexed Value | Warehouse location selection | Ulutas et al.*

SN FN MACBETH DWAO, DWGAO WASPAS Recovery center for batteries | Pamucar et al.”

SN FN Mean PA ARAS géﬁ;?yfihfe vehicles recycling Karagoz et al.?®

SN BN Mean PA TOPSIS Cement factory location Cebi and Otay”

SN FN Mean PA AHP Convenience store location Kuo et al.*

SN FN Mean PA AHP Car factory location Kaharman et al.”’

SN FN AHP Landfill site selection Nazari et al.?®

SN FN AHP TOPSIS Textile company location Ertugru®

- RN MACBETH RAFSI Flight Base Selection Akyurtl et al.*

MMN WN Risk-averse BWM Optimization model Temporary hospital location | Kheybari et al.%*

MMN GN Stratified BWM Grey CoCoSo Healthcare waste disposal Tirkolaee and Torkayesh?

MMN WN BWM VIKOR, GRA Solar sites location Kannan et al.*

MMN RN DEA FUCOM R-CoCoSo Logistics centers location Yazdani et al.’®

MMN GRA GARA TOPSIS Logistics hub location Zhang et al.'®

MMN FN Hesitant AHP GRA Food retailing location Yildiz & Tuysuz"
Stochastics Optimization Logistic Mahtab et al.?®

- WN optimization AHP WSM g‘;}cai!i?;leotﬁ;i&n in Supply Anvari & Turkay*!

SN Facility location Ertugrul and Karakasoglu®

VN FN PA TOPSIS Plant location Yong*

FN Mean of PA TOPSIS Manufacturing plant location | Paul et al.*!
FN E;Zggzgon plant location Stanujkic and Kavaliauskiene®

- FN GRA Market hall location Bilisik et al.®®

- RN Optimization Logistics town project Wang & Zhang'”

- GN Delphi, AHP CODAS Dry port terminal location Tadic et al.*®

- WN e 1" | Coffee shop location Ma etal

Table 2. Summary normalization of MCDM location selection. WN white numbers, GN grey numbers, FN
fuzzy numbers, RN rough numbers

Methods

Evaluation criteria

The evaluation criteria we used in this study are those presented by GPCI, which is freely available to the public
for download at http://www.mori-m-foundation.or.jp The hierarchical model consists of 6 first-level indicators,
26 second-level indicators, and 70 third-level indicators. A summary and a truncated hierarchical model are
presented in Table 3. The criterion Economic (Cy) is the ability for a business to be highly profitable based on
factors such as market size, human capital, and the ease of establishing a business. Research and Development
(C;) measures the academic resources, such as the number of tertiary institutions, and the level of inventiveness,
such as the number of patents and successful startups. Cultural Interaction (C3) captures the people’s way of life
as it influences nonindigenous people, such as resources for tourism and amenities such as hotels for visitors.
Livability (C4) measures the ease of settling in the cities, for example, people feeling safe because of security and
low likelihood of natural disasters. Environment (Cs) measures the natural environment, which includes the
absence of pollution and the city’s commitment to sustainability. Accessibility (C¢) measures the availability of
road networks and cheap with readily available public transportation.

Uncertainty in weighting

As time passes by snapshot of the performance values of the alternative changes, and so are the entropy weight.
Figure 3 shows the decision matrix at various time (1 < k < t). Where k is the time between the period from 1
to t. The entropy weighting method estimates the weights based on the extent the information in the system is
reflected and the uncertainty in the system. The entropy weighting method is used to calculate the weights of
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First-level criteria (Cp) Second-level criteria (Cp—g) Third-level criteria (Cp—q—r)

Index (v)

Nominal GDP (Cy—1-1)

1

Market Sizie (C;_1)

2
3
4

GDP per Capita (Cy—1-2)
Economic (Cy)

GDP Growth Rate (C1_,—_1)

Market Attractiveness (Cy—_5)

Economic Freedom (Cy_,_5)
R&D(()
Cultural Interaction (C3)
Livability (Cg)

Environment (Cs)

International Network (Cs—1)

Air Transport Capacity (Cs—2)

Inter-city Transportation (Ce_3)

Accessility(Ce)
e Communiting Time (C—4—1)

68

Transport Comfortability (Cs—4) | Traffic Congession (Ce—4—2)

69

Ease of Mobility by Taxi or Bycicle (Cs_4—3)

70

Table 3. Hierarchical model for cities rankings. See the GPCI year 2021 for details indicators with

explanations
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Figure 3. Decision matrix of over a period.

the criteria at different times, and then these weights for each of the decision criteria are converted into GN by

taking the minimum and maximum weight in the period.

For a vector xjx = (X1jk, X2jk> - - - » Xmjk)» the entropy contrast intensity of the jth criterion after normalization

at time k is given as:
1 &N Xk . Xiik
ejk = ——Zilni,
Inm ~ Xy Xj

where X is a term of the ith criterion at the time k,
m
Xip = injk: j=12,...,n
i=1

The weights at time k can be estimated as:

1-— Ejk
S oo
Zj:l (1 - ejk)

Then, the period-based grey entropy weight is given as:

Wik =

Qwj = [wj, wj] = [mkin Wik, Max wik]

Recall some basic operations of two-interval grey numbers ®x = [x, x]and ®y = [y, y]is a follows

(11)

(12)

66,67.
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¢ X Qx =[cx, cX]

—c X @x =[—cX, —cx]

®x X Qy =[x,%] X [X,?] = [min(qa@,

x—®y=Qx+ (-1 x ®y)

®x + Qy =[x,X] x |:

‘®x — ®y| :max(}g—)i

Equation (24) is an arbitrary distance between ®x and ®y.

Y>

1

>

J

>

(15)
(16)
17)
@),max(g,g,fz,@ﬂ (18)
[&—y,%—ﬂ (19)
} )
y
X —y|>. 21

This weight can be used with any MCDM evaluation method, and is used in subsequent sections.

Uncertainty in performance value

At different times, the performance of the alternative is different in a dynamic decision-making problem. This
uncertainty is represented as a grey number by measuring the minimum and maximum values of the performance
value over a period. A decision matrix X at time k can be represented as:

- Xink |>

X11k .- lek N
X = | Xtk - Xijk
Xmik - - xmjk e
and the grey decision matrix is
®x11 . ®xy ...
QX | ®xi1 ®xij
OXm1 .. OXmj ...

where ®xij = [xi, %] = [mkin Xijk> m];ax Xijk]

Uncertainty in normalizing decision table

X1nk
(22)

Xmnk

®RX1n
®xin |, (23)

QX mn

The uncertainty in normalization is addressed by using SN, MMN, and VN, based on GST. The normalization

of grey numbers is as follows:

1. Grey sum normalization (GSN)%®

Beneficial criteria

(a)
.7
4 dy

(b) Nonbeneficial criteria

®d; =ldj,

|

®dy =[df, df']
o ]
i1 dij) :ZldTJ .
2. Grey min-max normalization (GMMN)®

(24)

(25)
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(a) Beneficial criteria
®dfij = [dﬁ,dﬁ]
dij — miin@ dij — miin@ (26)

- — >

max dij — miin@ max dij — miin@
(b) Nonbeneficial criteria
B B B
od] =4} df ]
max dij — dTJ miaxde — @ (27)

maxde — min dj; ' maxdTJ — min d;;
1 1 — 1 . —
3. Grey vector normalization (GVN), deductively:

®dj) =[d,d]]

dy pm (28)
JIL ed (/Y ed

4. Grey sum normalization (GMN)%

(a) Beneficial criteria

d:: T
®dj = [d),dj] = | —=—, —'— (29)
max d;; max djj
1 1
(b) Nonbeneficial criteria
dn/ _[dn/ 77/]
dij. ,d
=(1-— diijf,l — @7 . (0
max djj max djj
5. Grey hybrid normalization (GHN), which is proposed in this paper, is:
®dy; = [dj, d]
a B g0 g0 @ 1B 70 (31)
[m1n(dlj,d1],du,d D, max(dlj,dlj,dl],d 1.
In other words, GHN is the union of SN, MMN, VN, and MN.
®d}; = ®d% U ®d5 Ued) Ued) (32)

Although the TOPSIS has long been extended using GST to accommodated uncertainty, studies using GVN are
scarce. One main possible reason for this is the computational complexity of GVN, because GSN, GMMN, and
GMN are easier to compute.

GRA with positive and negative references

GRA with positive and negative references (PNR) method was proposed by Esangbedo et al.’ and addresses the
limitation of a single point of reference in comparing two grey numbers. After obtaining the weighted normal-
ized matrix,

®D' = QW x ®D, (33)
the positive reference alternative (PRA) and negative references alternative (NRA) are obtained.
1. PRA (34):
Dy = {®dg;, ®dygy, - - -, ®dg, } (34)

where
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+ _ +
Ddo; = |:1r<nl§{mdlj 1132(7:%}
2. NRA (35):
Dy = {®dy;, ®dg,,. .., ®dy, } (35)

where

®d6j={mlnd mlnd}

1<i<m. i 1<i<m Y

Then, the difference between the PRA and normalized weighted alternatives, as well as the difference between
the normalized weighted alternatives and NRA are computed;

1. Difference between PRA and alternatives is

+ ot +
3141 51+’2 51+)n
831 02, 8o

AT = . (36)
AR RANEERR A

whereé‘]F d+ d*
2. Difference between aiternatlves and NRA is

31:1 51:2 51}1

B 831 Opp 0 Oyy

A= (37)
Sm1 Sma " S

where §;; = dj — d;;
Next, the positive and negative grey relational grades are computed:

1. Positive grey relational grades:

1
+
r; :;ZJ_ i (38)

where the positive grey relational coefficient is:

min min 8§ + ¢ max max 81
1<i<ml<j<n ij 1<i<ml<j<n 7

yij - (S+

+ ¢ max max3;
1<isml<j<n i

2. Negative grey relational grades:

T’i = ; i=1 yl] 5 (39)

where the negative grey relational coefficient is:

6 + ¢ max maxJd;;
1<isml<j<n

J/.. =
4 min min§;; 4+ ¢ max max$;;
1<i<ml<j<n i 1<isml<j<n i

A distinguishing grey coefficient of 0.5, (¢ = 0.5), is used?®.
Lastly, the rank scores are obtained and ranked, which corresponds to the rankings of the alternatives:

Vi=ri(1=2) +r2 (40)

where 4 is the grey relational grades reference coefficient.

Results and analysis
Location selection uncertainty
A Chinese electric vehicle (EV) company needs to open a research and service company, which would act as a
branch office in another city.

Then, company used the GPCI for evaluation; however, the top management were dissatisfied because the
index does not capture uncertainty, which is crucial considering the COVID-19 pandemic. Moreover, the GPCI
uses equal weights for the second-level criteria. Every decision maker knows that for nongeneric decision-making
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problem, all criteria should not have equal weights. A team was summoned to incorporate uncertainty to the
GPCI. Thus, the need arose to compute the weight of the criteria under uncertainty to capture the dynamic
nature of a city being evaluated. Based on the method presented “Methods” Section, the flowchart for location
selection is given in Fig. 4. In addressing this problem, we evaluated 48 cities based on six first-level criteria. The
period-based decision matrix in Fig. 3 is represented a period-based decision table, as shown in Table 3, and we
used the decision table in Table 4 to construct the decision matrix.

Based on Eq. (13), the decision matrix for the year 2019 is :

7.1 49.7 329 ... 393
144 74 374 ... 96.6

7.8 19.6 44 ... 582

X2019 = (41)

56 87 253 ... 0.0

Similarly, we equally constructed X020 and X502 for years 2020 and 2021, respectively. We constructed the grey
decision matrix based on Eq. (23):

[7.1,8] [49.7,53.8] ... [39.3,100]
[14.4,15.8] [7.4,9.1] ... [56.5,96.6]

[7.2,8.1] [19.6,28.2] ... [53.7,58.2]

®X = (42)

55.57] [82.3.87] ... [0,31]

Then, we calculated the grey sum (®X%), min-max (®X By, vector (®X?), and max (®X") normalization matrix
using Eqs. (24), (26), (28), and (29), respectively.

’ Literature Review ‘

’ Index Selection ‘

’ Hierarchical Model ‘
’ Reported Data
| 2019 Entropy Weights k—{ 2019 Data } .
| 2020 Entropy Weights |«—| 2020 Data : | > Grey Decision Matrix

2021 Entropy Weights [«—— 2021 Data E—
v

Y
Sum
A Normalizaion
Grey r—
Y <—{ Max Normalization
Grey Entropy Weights Hybrid |
At v
Normalization 4—{ Min-max Normalization ‘
A
4—{ Vector Normalization ‘

|

Grey Weighted Normalized Decision Matrix ‘

Postive Reference Alternative ‘ Negative Reference Alternative ‘

'

Differences between References and Alternatives ‘

Postive Grey Relational Grade ‘ Negative Grey Relational Grade ‘

'

Ranking Scores ‘

Figure 4. Flowchart of city rankings under uncertainty.

Scientific Reports |

(2023)13:13797 | https://doi.org/10.1038/541598-023-40954-4 nature portfolio



www.nature.com/scientificreports/

Time (k) A; Indicator (v) cities |1 2 3 cee 70
Ay Amsterdam 7.1 49.7 329 39.3
A, Bangkok 14.4 7.4 37.4 96.6
As Barcelona 7.8 19.6 4.4 58.2
Ay Beijing 50.6 8.4 90.5 93.4
2019 As Berlin 15.1 20.6 27.7 34.3
Ag Boston 7.6 44.7 30.1 59.6
Asg Zurich 5.6 87 253 0
A Amsterdam 8 53 38 100
A Bangkok 15.8 8.1 35.8 56.5
Aj Barcelona 8.1 27.9 27.2 53.7
Aq Beijing 534 |93 [796 95.4
2020 As Berlin 16.6 222 44.4 51.1
Ag Boston 7.8 45.5 33.1 454
Asgs | Zurich 5.7 823 |188 31
A Amsterdam 7.1 53.8 49.2 100
Ay Bangkok 15.5 9.1 51.8 56.5
Az Barcelona 7.2 282 50.7 53.7
Ay Beijing 469 107 [857 954
2021 As Berlin 14.5 22.3 55.2 51.1
Ag Boston 7.3 47.5 48 454
Aug Zurich 5.5 82.3 42.8 31

Table 4. Decision table. See the GCPI yearbook 2019, 2020, and 2021

[0.007,0.0079] [0.0341,0.0369] ... [0.0128,0.0325]
[0.0142,0.0156] [0.0051,0.0062] ... [0.0184,0.0314]

QXN = [0.0071,0.008] [0.0134,0.0193] ... [0.0175,0.0189] (43)

[0.0054,0.0056] [0.0565,0.0597] ... [0,0.0101]

The normalized grey decision matrices ®XP, X7, and ®X" are omitted here. Thus, we obtained the elements
of the normalized decision matrix of X* using Eq. (31):

[0.007,0.08] [0.0336,0.154] ... [0.006,0.1696]
[0.0142,0.158] [0.005,0.026] ... [0.0087,0.1638]

ox* — | [0-0071,0.081] [0.0132,0.0807] ... [0.0083,0.0987] (44)

[0.0054,0.057] [0.0556,0.249] ... [0,0.0526]

We computed the entropy weight using Eq. (13) for the years 2019, 2020, and 2021 to obtain the grey entropy
weight using Eq. (14). The grey weights used in this study are given in Eq. (48), the transpose of the grey weight
column vector. Please see Table 5 for the complete elements of the matrix (Fig. 5).

Wao19 =(0.0208 0.0115 0.0109 ... 0.0051)T, (45)
Wao20 =(0.0206 0.0105 0.0099 ... 0.0051)T, (46)
Wao21 =(0.0215 0.0108 0.0039 ... 0.0051)T, (47)
QW =([1.9288,2.0091] [0.9844,1.0758] ... [0.4733,0.4799])T. (48)

Next, the weighted grey normalized decision matrix is obtained using Eq. (33):

Scientific Reports |

(2023)13:13797 | https://doi.org/10.1038/541598-023-40954-4 nature portfolio



www.nature.com/scientificreports/

Indicators (v) |2019 [2020 2021 |®W x 100~! Indicators (v) | 2019 |2020 (2021 |®W x 100~!

1 2077 | 2.0616 |2.1474 |[1.9288,2.0091] |36 3.568 | 3.2819 |3.2399 |[3.0313,3.3382]
2 1.1499 | 1.0521 | 1.0767 | [0.9844,1.0758] |37 1.7238 | 1.9829 | 23172 | [1.6128,2.168]
3 1.0917 |0.9905 |0.385 | [0.3602,1.0214] |38 0.1559 | 0.1401 |0.1408 |[0.1311,0.1459]
4 0.6309 |0.5882 |0.5398 |[0.5051,0.5903] |39 0.3238 |0.3148 | 0.3668 | [0.2946, 0.3432]
5 6.4037 | 6.4347 |6.7562 |[5.9914,6.3212] |40 0.547 | 0.4124 |0.3177 |[0.2972,0.5118]
6 47399 | 4.9399 |5.0681 |[4.4347,4.7418] |41 0.5026 | 0.5037 |0.5286 |[0.4702, 0.4946]
7 21081 |2.1393 |2.1607 |[1.9723,2.0216] |42 0.5575 | 0.5502 |0.5619 |[0.5147,0.5257]
8 0.667 | 0.3978 [0.3888 |[0.3638,0.6241] |43 0.1777 |0.1773 |0.2122 |[0.1659, 0.1985]
9 1.0275 | 1.0151 | 1.0146 |[0.9493,0.9613] |44 0.0977 |0.0956 |0.0955 |[0.0894,0.0914]
10 0.8527 | 0.6453 [0.7923 |[0.6038,0.7978] |45 0.25 0.2439 | 0.2401 | [0.2247,0.2339]
11 0.5153 | 0.6984 | 0.756 [0.4821,0.7074] | 46 0.5886 | 0.5634 | 0.5784 | [0.5272,0.5507]
12 0.9032 |0.8628 [0.835 |[0.7813,0.8451] |47 0.3963 |0.3429 |0.4536 |[0.3209, 0.4244]
13 0.3387 |0.236 [0.2286 |[0.2139,0.3169] |48 0.6601 |0.6774 |0.8134 |[0.6176,0.7611]
14 22196 |2.2481 |22195 |[2.0766,2.1034] |49 0.6651 |0.6509 |0.5868 |[0.549,0.6223]
15 2.5902 | 2.4555 |2.4488 |[2.2912,2.4235] |50 1.0324 |0.9129 |0.7336 | [0.6863,0.966]
16 3.1489 |3.0983 |[3.1066 |[2.8988,2.9461] |51 0812 [0.8317 |0.7181 |[0.6718,0.7781]
17 1.6912 | 1.5704 |1.6697 |[1.4693,1.5824] |52 1.0018 |0.5789 |0.5189 | [0.4854,0.9373]
18 0.3988 | 0.4065 |0.4464 |[0.3731,0.4177] |53 1.4704 | 1.4461 1.3106 | [1.2262, 1.3757]
19 43912 |4.318 | 4.2812 |[4.0056,4.1085] |54 0.9355 |0.6836 |0.6813 |[0.6374,0.8752]
20 6.2878 |5.9898 |5.8686 |[5.4908,5.8829] |55 0.2015 |0.2366 |0.2235 |[0.1886,0.2214]
21 0.6369 |2.4749 |2.6314 |[0.5959,2.462] |56 0.2107 {0.3088 |0.3456 |[0.1972,0.3233]
22 4.0838 |4.1376 |4.1799 |[3.8208,3.9108] |57 0.2754 |0.5906 |0.5845 |[0.2576,0.5525]
23 0.6601 |0.6938 |0.6527 |[0.6107,0.6491] |58 0.8852 |0.8444 |0.8051 |[0.7533,0.8282]
24 41151 |3.9073 |4.0935 |[3.6557,3.8501] |59 0.7277 |0.4455 |0.3764 |[0.3522,0.6809]
25 44636 |4.3499 |4.2347 |[3.962,4.1762] |60 0.5661 |0.5322 |0.4259 |[0.3985,0.5296]
26 0.638 |0.8983 |0.6374 |[0.5963,0.8404] |61 0992 [1.0827 |1.0074 |[0.9282,1.013]
27 2.414 2.3626 |2.3614 |[2.2093,2.2585] |62 2.0429 |2.6161 |2.8624 |[1.9114,2.6781]
28 1.5071 1.4181 |[1.3032 |[1.2193,1.4101] |63 1.5434 |1.1515 |1.6025 |[1.0774,1.4993]
29 1.9823 | 1.8819 |2.0194 |[1.7608,1.8894] |64 1.0617 |1.443 |1.0694 |[0.9934,1.3501]
30 15195 | 1.4914 |1.4907 |[1.3947,1.4216] |65 1.6214 |1.4735 |1.5298 |[1.3786,1.517]
31 14432 |1.3751 |1.3259 |[1.2405,1.3503] |66 0.6616 |0.6504 |0.6517 |[0.6086,0.619]
32 13665 |1.3831 |1.375 |[1.2785,1.294] |67 0.3007 |0.5117 |0.5644 |[0.2814,0.5281]
33 23826 |2.3778 |2.3328 |[2.1826,2.2292] |68 0.5171 |0.2239 |0.4387 |[0.2095, 0.4838]
34 0.952 |0.8492 |0.6603 |[0.6178,0.8907] |69 0.3025 |0.3258 |0.3897 |[0.283,0.3646]
35 0.7201 09175 |0.7065 |[0.661,0.8584] 70 0.5059 |0.506 0.513 [0.4733, 0.4799]

Table 5. Grey entropy weights for GPCL

[0.0135,0.1607] [0.033,0.1656] ... [0.0029,0.0814]
[0.0274,0.3174] [0.0049,0.028] ... [0.0041,0.0786]
[0.0137,0.1627] [0.013,0.0868] ... [0.0039,0.0474]

®D* = (49)
[0.0105,0.1145] [0.0547,0.2678] ...  [0,0.0252]
The references are obtained using Egs. (34) and (35).
®Dy =100"" x (2.0091 1.0758 1.0214 ... 0.4799), (50)
®D, =100"" x (0.1904 0.0665 0.0043 ... 0.0068). (51)
The difference among the references and the alternatives are obtained using Egs. (36) and (37).
1.8484 0.497 0.5189 ... 0
1.6917 0.9779 0.4923 ... 0.0163
At =100 x 1.8464 0.7725 0.5036 ... 0.2006 (52)

1.8946 0.1399 0.5842 ... 0.3312
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0.1769 0.0334 0.0025 ... 0.0039
0.163 0.0616 0.0024 ... 0.0027

A =100"" x 0.1767 0.0534 0.0041 ... 0.0029 (53)
0.1799 0.0118 0.0033 ... 0.0068
The positive and negative grey relational grades (GRC) are computed using Egs. (38) and (39):
GRG* =1007" x (0.9453 0.9412 0.9414 ... 0.9408)" (54)
GRG™ =100"" x (0.9575 0.9567 0.9560 ... 0.9559)" (55)
The ranking scores of the cities are obtained using Eq. (40), which are then ranked.
Vi =1007" x (0.9514 0.9490 0.9487 ... 0.9483)" 56

~ 14th 26th 28th 7th 12th 1lth ... SOth)T

Thus, the ranking of alternatives in descending order is: New York > London > Tokyo > Paris > Singapore >
Seoul > Beijing > Los Angeles > Hong Kong > Shanghai > Boston > Berlin > Dubai > Amsterdam > Chicago >
San Francisco > Melbourne > Moscow > Brussels > Sydney > Vienna > Osaka > Washington, DC > Madrid >
Istanbul > Bangkok > Toronto > Barcelona > Stockholm > Zurich > Copenhagen > Frankfurt > Milan > Taipei
> Sao Paulo > Geneva > Dublin > Helsinki > Kuala Lumpur > Mexico City > Vancouver > Buenos Aires > Tel
Aviv > Jakarta > Fukuoka > Cairo > Mumbai > Johannesburg. Addtionally, the complete rankings are presented
in Fig. 6 and Table 7 (grey entropy weight column) .

Sensitivity analysis with comparison of approaches
We conducted a sensitivity analysis to show the impact of uncertainty on the ranking of these cities.

Time sensitivity

Business decisions must be dynamic to keep up with customer demand; this dynamic characteristic can be cap-
tured over time. To understand the effect of time on rankings, we considered the ranking of these cities using
data from 2019 to 2021, from 2020 to 2021, and just for 2021 based on GHN, grey entropy weighing method,
and GRA-PR. The rankings for these periods are given in Table 6. We observed that the rankings of these periods
differ because the considered cities used were not volatile. For example, social infrastructure may degrade over
a decade, unlike the stock market, which can change more quickly. The rankings of Boston (Ag) Chicago (A1),
and Osaka (A3;) improved as more data were considered over time to capture uncertainty in the evaluation. In
contrast, Helsinki (A7) and Shanghai (A37) dropped in the rankings uncertainty was considered.

Weighting comparison

The GPCI report uses equal weights, as given in Eq. (8). In this study, analysis using equal weight was not consid-
ered because decision makers know that the evaluation criteria in ranking an MCDM problem would not have
equal degrees of importance, and using equal weights is a poor surrogate for unknown weights’®”! (Equal Weight
is added for completeness since GPCI used equal weight in 2021 report). The comparison of weighting with a
change in rankings (A) is presented in Table 7. Different weights usually lead to different rankings. However,
considering uncertainty in normalization and performance using the GRA-PNR method, the rankings of Cairo
(A¢), Hong Kong (Aj1g), Paris (A33) Seoul (Ase), Singapore (Aszs), and Tokyo (A43) do not change. We found the
largest change in ranking for Chicago (A1) with a ranking of 28 with equal weights and 15 considering grey
entropy weights of the indicators used in the evaluation.

Normalization comparison

In the comparison of rankings, GSN, GMMN, GVN, GMN, and GHN in “Uncertainty in Normalizing Decision
Table” Section were independently used in ranking the cities using the grey decision-matrix in Eq. (42), grey
entropy weight in Eq. (48), and GRA-PR. Figure 5 shows the rankings achieved using the various normalizations.
The rankings of New York, London, and Tokyo as first, second, and third, respectively, are consistent across all
normalizations. Notably, the GPCI for the year 2022 ranked London in first and New York in second. More
importantly, the rankings of Berlin, Boston, Chicago, Copenhagen, Moscow, and Tel Aviv all differ using the five
different types of normalization, which confirms the uncertainty in the rankings using different normalization
methods.

The rankings of the of the top cities are relatively stable for the first- to fourth-placed cites.

Evaluation comparison

SAW with Grey Relations The classical simple additive weighting (SAW) method was extended to GST by
Zavadskas®® and is called simple additive weighting with grey relations (SAW-G). The main idea of SAW-G is to
compute the weighted grey decision matrix and aggregate the criteria for the alternative, and the weighted values
of the alternatives are ranked. The steps used are as follows:
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Cities (A;) 2019 to 2021 | 2020 to 2021 | 2021
Amsterdam (A;) 14th 12th 12th
Bangkok (A5) 26th 26th 26th
Barcelona (As) 28th 28th 28th
Beijing (A4) 7th 7th 7th
Berlin (As) 12th 11th 11th
Boston (Ag) 11th 13th 14th
Brussels (A7) 19th 20th 19th
Buenos Aires (Ag) 42th 40th 41th
Cairo (As) 46th 46th 46th
Chicago (A1o) 15th 19th 20th
Copenhagen (A1) 31st 30th 30th
Dubai (A1) 13th 14th 13th
Dublin (A13) 37th 38th 38th
Frankfurt (Ay4) 32nd 32nd 32nd
Fukuoka (Ays) 45th 44th 44th
Geneva (A1) 36th 36th 37th
Helsinki (A7) 38th 37th 36th
Hong Kong (A1) 9th 8th 9th
Istanbul (A19) 25th 23rd 23rd
Jakarta (Ajq) 44th 45th 45th
Johannesburg (A1) 48th 47th 47th
Kuala Lumpur (A2,) 39th 41th 39th
London (Aj3) 2nd 2nd 2nd
Los Angeles (Az4) 8th 10th 10th
Madrid (Ajs) 24th 22nd 22nd
Melbourne (Aje) 17th 17th 17th
Mexico City (Az7) 40th 43th 43th
Milan (Ayg) 33rd 33rd 33rd
Moscow (Apg) 18th 18th 18th
Mumbai (Aszp) 47th 48th 48th
New York (As;) Ist 1st 1st
Osaka (A3;) 22nd 24th 25th
Paris (As3) 4th 4th 4th
San Francisco (A34) 16th 15th 15th
Sao Paulo (A3s) 35th 35th 35th
Seoul (A3zg) 6th 6th 6th
Shanghai (Asz7) 10th 9th 8th
Singapore (Aszg) 5th 5th 5th
Stockholm (A3g) 29th 29th 29th
Sydney (A4o) 20th 16th 16th
Taipei (A41) 34th 34th 34th
Tel Aviv (A42) 43th 42th 42th
Tokyo (A43) 3rd 3rd 3rd
Toronto (A4y) 27th 27th 27th
Vancouver (Ajys) 41th 39th 40th
Vienna (Ase) 21st 21st 21st
Washington, DC (A47) 23rd 25th 24th
Zurich (A4g) 30th 31st 31st

Table 6. Period sensitivity.

Establish the evaluation criteria, see Table 3.
Construct the grey decision matrix using Eq. (23).

Obtain the criteria weights, W. The grey entropy weights in Eq. (48) are used.
Compute the weighted normalized decision matrix using Eq. (33).
Calculate the optimality criteria, L;, using Eq. (57).

QR LN

Obtain the GSN of the grey decision matrix using Eq. (23) and given in Eq. (43).
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Figure 5. Rankings based on various normalization methods.
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Figure 6. 2022 GPCI ranking comparison with rankings produced by grey MCDM methods.
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New York > London > Tokyo > Paris > Beijing > Singapore > Seoul > Los Angeles > Hong Kong > Boston
> Shanghai > Chicago > Berlin > San Francisco > Osaka > Brussels > Washington, DC > Dubai > Moscow >
Amsterdam > Sydney > Melbourne > Vienna > Madrid > Toronto > Istanbul > Bangkok > Zurich > Barcelona
> Stockholm > Frankfurt > Taipei > Milan > Sao Paulo > Copenhagen > Geneva > Mexico City > Tel Aviv >
Helsinki > Kuala Lumpur > Dublin > Buenos Aires > Vancouver > Mumbai > Jakarta > Fukuoka > Johannesburg
> Cairo. Figure 6 shows the complete ranking using SAW-G in comparison with the GPCI for the year 2022 and
the TOPSIS-G method.

TOPSIS with grey values Lin et al.”> extended the TOPSIS method using GST; the steps are as follows:

Construct the the grey decision matrix base on Eq. (12) and given in Eq. (42)
Normalize the grey decision matrix using Eq. (28), which is based on VN.
Calculate the weighted normalized grey decision matrix using Eq. (33).
Compute both the positive and negative ideal solutions.
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(a) The positive ideal solution is:
Dt =[df dy df---df]
=[0.7159 0.3079 0.2252 --- 0.0814]
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(b) The negative ideal solution is:

(59)
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5. Calculate the gap from the ideal solution to obtain the positive and negative distances using Egs. (61) and
(62), respectively.

(a) The positive ideal points are:

DY = (D Df Df --- Dfy)" = (1.0931 1.1573 0.7602 - - - 0.7711)T (61)

1
where di}r (E > (
i=1

criteria are Df = df +df + - +d},
(b) The negative ideal points are:
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6. Compute the similarities to the positive ideal solution. The similarities of the SC to the positive ideal alterna-
tive are computed using Eq. (63):
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63
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where T; = D‘_D#.
. New York > London > Tokyo > Beijing > Boston > Singapore > Paris > Los Angeles > Seoul > Hong Kong >
Shanghai > Dubai > Brussels > San Francisco > Chicago > Osaka > Washington, DC > Melbourne > Berlin >
Moscow > Bangkok > Vienna > Amsterdam > Istanbul > Sydney > Madrid > Geneva > Toronto > Frankfurt >
Zurich > Taipei > Stockholm > Sao Paulo > Barcelona > Tel Aviv > Milan > Mexico City > Copenhagen > Kuala
Lumpur > Buenos Aires > Helsinki > Dublin > Mumbai > Jakarta > Vancouver > Cairo > Fukuoka > Johannes-
burg. Figure 6 shows the 2021 GPCI rankings in comparison with those produced by GRA-PNR, SAW-G, and
TOPSIS-G. Although the GPCI ranked London first, after considering uncertainty, the three methods based on
GST that accounted for uncertainty also ranked New York first. Additionally, all methods ranked Tokyo in third.
Different ranking methods produce different rankings, but the ranking should be highly correlated for
decision making. Therefore, the Spearman’s rho (p) and Kendall’s tau () correlation are presented in Table 8.
GRA-PNR, SAW-G, and TOPSIS-G are highly correlated. The highest correlation among the methods is between
GRA-PNR and SAW-G; the GPCI for the year 2022 showed the weakest correlation with TOPSIS-G.

Conclusions

The aim of decision making in management is to achieve organizational goals, and MCDM methods provide a
systematic procedure for selecting the appropriate alternative as solution to a decision problem. Each previous
normalization method does not account for uncertainty, which is not obtainable in the real world. In other
words, there is uncertainty. Also, the values normalization methods result in different rankings and introduce
uncertainty. Deductively, a technique that shifts from an “ideal situation” to a “real situation” is better considering
the premise of the circumstances. In real situations, uncertainties exist, as exemplified by the COVID-19
pandemic, and should be captured when evaluating alternatives. Unfortunately, we only have partial information
about the natural world because it is random and dynamic, as exemplified by continued forecasting and predicting
research. The GST deals with a system with incomplete information, partial information. This paper presented
a new layer of uncertainty, specifically uncertainty in normalization. We combined the four approaches for

GPCI GRA-PNR | SAW-G | TOPSIS-G

GPCI 1.0000 0.6365 0.5621 0.5000
GRA-PNR (0.8089) | 1.0000 0.9078 0.8316
SAW-G (0.7454) | (0.9830) 1.0000 0.8848

TOPSIS-G | (0.6769) | (0.9607) (0.9785) | 1.0000

Table 8. Correlation of MCDM methods. Kendall-t ( Spearman-p)
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normalization in the literature, SN, MMN, VN, and MN, as a hybrid approach called grey hybrid normalization
(GHN). Also, the period-based entropy weighting method was proposed, and the GRA-PNR over a period
was applied in this study. Additionally, uncertainty from the performance values of the criteria and weighting
was captured in ranking 48 cities from around the world. In contrast to London being the top ranking city, as
reported by the GPCI, we ranked New York as first after considering uncertainty as given in Eq. (56). This result
was confirmed using SAW-G and TOPSIS-G methods as giving in Egs. (58) and (63), respectively.

Our findings have some managerial implications. Although a business would want to be located in a city that
will facilitate the company’s efforts to increase sales, create a more positive image, or reduce costs, other factors
must be considered that are specific to their operation, such as the company’s proximity to raw materials, employ-
ment, competitors, infrastructure, and finance. For example, an oil and gas company would have an office in an
oil field, and a farmer would need to be close to land with suitable soil. Being close to raw material reduces the
transportation cost, which adds to the production cost. As another example, a high-technology business would
want to be located where employees have the appropriate skills, such as close to universities and colleges, which
would translate to higher innovation, which translates to higher sales. Factories would want to be located in
areas with appropriate labor resources a high employment rate. Higher employment can translate to lower wages,
which reduces the cost of running the business. In some cases, on the one hand, the best city may not be suit-
able: a business may need to be located close to its competitors or the business will fail. For instance, a perfume
manufacturer may want to be located close to famous brands, positioning itself as an alternative that provides
equally good fragrance. The GPCI captured the infrastructure of the evaluated cities; however, the proximity to
target market needs to be considered in ranking cities for a particular business. Additionally, online businesses
can be setup anywhere, but being close to a courier and logistic company would be advantageous for online store
to pass on those savings to customers. More importantly, coupling, specificity, and formalization are other areas
to be considered in the location of the manufacturing industry”>.

One known limitation of this paper is it focuses on the normalization layer (Layer 2) in the decision-making
process. Actually this is intentional so that other layers are controlled by not introducing new methods in Lay-
ers 1, 3 and 4 (Fig. 4) since varying any of these Layers can undoubtedly change the rankings of the alternatives.
Thus, the paper did not set out to propose new MCDM methods for measuring performance value, weighting and
evaluation. For this reason, this paper did not use any subjective methods to maintain its objectivity. Specifically,
the performance valves of cities presented in this paper are commonly accepted and reported measuring tech-
niques such as gross domestic product (GDP). Also, the new variation of grey entropy weight (i.e. period-based
grey entropy weight) is used even when a hybrid of subjective and objective weights would provide more bal-
anced weights. Group decision-making is not presented in this paper for this same reason. Regardless, capturing
uncertainty in decision-making increases computational complexity, and further research is needed to propose
a less complex and efficient approach.

Additional limitation of this study is only ranking the cities without tailoring the ranking to the EV industry.
The case presented in this paper is a response to the CEO of an EV company in China requesting that all uncer-
tainty in the rankings provided by the GPCI team be accounted for. In some other cases, on the other hand,
the best city may not be suitable: a business may need to be located far away from competitors or the business
will fail. For example, if a newer Chinese car manufacturing company tries to locate its factory close to that of
Toyota in Japan, the managerial implication is that the ranking of location for a business should not be generic,
but tailored the a particular business. This opens new direction for future research, which may involve incorpo-
rating the subjective weights assigned by the managers of the company and having criteria for measuring their
competitors at every site. Lastly, a multi-national business is profitable after accounting for all international costs,
which includes the additional cost of expatriate compensation and benefit’*. Therefore, further analysis can be
done to determine the profitability of business decisions under uncertainty, which is beyond location selection.

Data availability

Data provided by Global Power City Index (GPCI) of The Mori Memorial Foundation is freely available to the
public for download at http://www.mori-m-foundation.or.jp. Moses Olabhele Esangbedo can be contacted for
more details, moses@xzit.edu.cn.

Received: 11 May 2023; Accepted: 18 August 2023
Published online: 23 August 2023

References
1. Kimelberg, S. M. & Williams, E. Evaluating the importance of business location factors: The influence of facility type—Importance
of business location factors. Growth Change 44, 92-117. https://doi.org/10.1111/grow.12003 (2013).
2. Tian, W. How China managed the COVID-19 pandemic*. Asian Econ. Papers 20, 75-101. https://doi.org/10.1162/asep_a_00800
(2021).
. Frankel, R. The Global Cities Index 2010 (2010).
. GaWC. Globalization and World Cities. https://www.lboro.ac.uk/microsites/geography/gawc/ (2022).
5. EIU. Best city report: Which city is the best place to live?—The Economist Intelligence Unit. https://www.eiu.com/public/topical _
report.aspx?campaignid=BestCity2012 (2022).
6. GPCI. Global Power City Index 2021. https://www.mori-m-foundation.or.jp/english/ius2/gpci2/index.shtml (2022).
7. Alinezhad, A. & Khalili, J. New Methods and Applications in Multiple Attribute Decision Making (MADM). in International Series
in Operations Research & Management Science, vol. 277 (Springer International Publishing, Cham, 2019).
8. Deng, J. The Primary Methods of Grey System Theory 1st edn. (Huazhong University of Science and Technology Press, 1987).
9. Esangbedo, M. O., Xue, ], Bai, S. & Esangbedo, C. O. Relaxed rank order centroid weighting MCDM method with improved grey
relational analysis for subcontractor selection: Photothermal power station construction. IEEE Trans. Eng. Manag.https://doi.org/
10.1109/TEM.2022.3204629 (2022).

o

Scientific Reports |

(2023)13:13797 | https://doi.org/10.1038/541598-023-40954-4 nature portfolio


http://www.mori-m-foundation.or.jp
https://doi.org/10.1111/grow.12003
https://doi.org/10.1162/asep_a_00800
https://www.lboro.ac.uk/microsites/geography/gawc/
https://www.eiu.com/public/topical_report.aspx?campaignid=BestCity2012
https://www.eiu.com/public/topical_report.aspx?campaignid=BestCity2012
https://doi.org/10.1109/TEM.2022.3204629
https://doi.org/10.1109/TEM.2022.3204629

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Liao, H. & Wu, X. DNMA: A double normalization-based multiple aggregation method for multi-expert multi-criteria decision
making. Omegahttps://doi.org/10.1016/j.0mega.2019.04.001 (2019).

Chen, P. Effects of normalization on the entropy-based TOPSIS method. Exp. Syst. Appl. 136, 33-41. https://doi.org/10.1016/j.
eswa.2019.06.035 (2019).

Li, C., Xu, C. & Li, X. A multi-criteria decision-making framework for site selection of distributed PV power stations along high-
speed railway. J. Clean. Prod.https://doi.org/10.1016/j.jclepro.2020.124086 (2020).

Zolfani, S. H., Hasheminasab, H., Torkayesh, A. E., Zavadskas, E. K. & Derakhti, A. A literature review of MADM applications for
site selection problems: One decade review from 2011 to 2020. Int. J. Inf. Technol. Decis. Mak. 21, 7-57. https://doi.org/10.1142/
$0219622021300019 (2022).

Watrobski, ., Jankowski, J., Ziemba, P., Karczmarczyk, A. & Zioto, M. Generalised framework for multi-criteria method selection.
Omega 86, 107-124. https://doi.org/10.1016/j.omega.2018.07.004 (2019).

Zhang, X., Lu, J. & Peng, Y. Hybrid MCDM model for location of logistics hub: A case in china under the belt and road initiative.
IEEE Access: Pract. Innov. Open Solut. 9, 41227-41245. https://doi.org/10.1109/ACCESS.2021.3065100 (2021).

Zhang, X, Lu, ]. & Peng, Y. Decision framework for location and selection of container multimodal hubs: A case in china under
the belt and road initiative. J. Ind. Manag. Optim. 18, 2163. https://doi.org/10.3934/jim0.2021061 (2022).

Wang, H. & Zhang, F. Complex Pythagorean uncertain linguistic group decision-making model based on Heronian mean
aggregation operator considering uncertainty, interaction and interrelationship. Complex Intell. Syst. 8, 5409-5438. https://doi.
0rg/10.1007/s40747-022-00749-y (2022).

Yazdani, M., Chatterjee, P.,, Pamucar, D. & Chakraborty, S. Development of an integrated decision making model for location
selection of logistics centers in the Spanish autonomous communities. Exp. Syst. Appl. 148, 113208. https://doi.org/10.1016/j.eswa.
2020.113208 (2020).

. Yildiz, N. & Tiystiz, F. A hybrid multi-criteria decision making approach for strategic retail location investment: Application to

Turkish food retailing. Soc.-Econ. Plann. Sci. 68, 100619. https://doi.org/10.1016/j.seps.2018.02.006 (2019).

Mahtab, Z., Azeem, A., Ali, S. M., Paul, S. K. & Fathollahi-Fard, A. M. Multi-objective robust-stochastic optimisation of relief goods
distribution under uncertainty: A real-life case study. Int. J. Syst. Sci.: Oper. Logist. 9, 241-262. https://doi.org/10.1080/23302674.
2021.1879305 (2022).

Rezaei, J. Best-worst multi-criteria decision-making method. Omega 53, 49-57. https://doi.org/10.1016/j.0mega.2014.11.009 (2015).
Torkayesh, A. E., Hashemkhani Zolfani, S., Kahvand, M. & Khazaelpour, P. Landfill location selection for healthcare waste of urban
areas using hybrid BWM-grey MARCOS model based on GIS. Sustain. Cities Soc. 67, 102712. https://doi.org/10.1016/j.scs.2021.
102712 (2021).

Tirkolaee, E. B. & Torkayesh, A. E. A cluster-based stratified hybrid decision support model under uncertainty: Sustainable
healthcare landfill location selection. Appl. Intell. 52, 13614-13633. https://doi.org/10.1007/s10489-022-03335-4 (2022).
Khanlari, A. & Alhuyi Nazari, M. A review on the applications of multi-criteria decision-making approaches for power plant site
selection. J. Therm. Anal. Calorim. 147, 4473-4489. https://doi.org/10.1007/s10973-021-10877-1 (2022).

Pamucar, D., Ebadi Torkayesh, A., Deveci, M. & Simic, V. Recovery center selection for end-of-life automotive lithium-ion batteries
using an integrated fuzzy WASPAS approach. Exp. Syst. Appl. 206, 117827. https://doi.org/10.1016/j.eswa.2022.117827 (2022).
Karagoz, S., Deveci, M., Simic, V. & Aydin, N. Interval type-2 fuzzy ARAS method for recycling facility location problems. Appl.
Soft Comput. 102, 107107. https://doi.org/10.1016/j.as0¢.2021.107107 (2021).

Geng, X. & Ma, Y. N-Intuitionistic polygonal fuzzy aggregation operators and their application to multi-attribute decision making.
IEEE Access: Pract. Innov. Open Solut. 8, 162903-162916. https://doi.org/10.1109/ACCESS.2020.3018957 (2020).

Liang, D., Li, F, Wang, M. & Xu, Z. Two-stage assignment classification model based on an improved AHPSort II with
heterogeneous criteria for location selection of electric vehicle charging stations. IEEE Trans. Eng. Manag.https://doi.org/10.
1109/TEM.2022.3180164 (2023).

Supciller, A. A. & Bayramoglu, S. Wind farm location selection with interval grey numbers based I-GRA and grey EDAS methods.
J. Fac. Eng. Archit. Gazi Univ. 35, 1847-1860. https://doi.org/10.17341/gazimmfd.609518 (2020).

Kannan, D., Moazzeni, S., Mostafayi Darmian, S. & Afrasiabi, A. A hybrid approach based on MCDM methods and Monte Carlo
simulation for sustainable evaluation of potential solar sites in east of Iran. J. Clean. Prod. 279, 122368. https://doi.org/10.1016/j.
jclepro.2020.122368 (2021).

Mulliner, E., Smallbone, K. & Maliene, V. An assessment of sustainable housing affordability using a multiple criteria decision
making method. Omega 41, 270-279. https://doi.org/10.1016/j.0mega.2012.05.002 (2013).

Javanmardi, E., Liu, S. & Xie, N. Exploring the challenges to sustainable development from the perspective of grey systems theory.
Systems 11, 70. https://doi.org/10.3390/systems11020070 (2023).

Sonar, H., Belal, H. M., Foropon, C., Manatkar, R. & Sonwaney, V. Examining the causal factors of the electric vehicle adoption:
A pathway to tackle climate change in resource-constrained environment. Ann. Oper. Res.https://doi.org/10.1007/s10479-023-
05519-8 (2023).

Tavana, M., Sohrabi, M., Rezaei, H., Sorooshian, S. & Mina, H. A sustainable circular supply chain network design model for
electric vehicle battery production using internet of things and big data. Exp. Syst. n/a, e13395. https://doi.org/10.1111/exsy.13395
(2023).

Nazari, A., Salarirad, M. M. & Aghajani Bazzazi, A. Landfill site selection by decision-making tools based on fuzzy multi-attribute
decision-making method. Environ. Earth Sci. 65, 1631-1642. https://doi.org/10.1007/s12665-011-1137-2 (2012).

Kuo, R.J., Chi, S. C. & Kao, S. S. A decision support system for selecting convenience store location through integration of fuzzy
AHP and artificial neural network. Comput. Ind. 47, 199-214. https://doi.org/10.1016/S0166-3615(01)00147-6 (2002).
Kahraman, C., Ruan, D. & Dogan, I. Fuzzy group decision-making for facility location selection. Inf. Sci. 157, 135-153. https://
doi.org/10.1016/50020-0255(03)00183-X (2003).

Ertugrul, I & Karakasoglu, N. Comparison of fuzzy AHP and fuzzy TOPSIS methods for facility location selection. Int. J. Adv.
Manuf. Technol. 39, 783-795. https://doi.org/10.1007/s00170-007-1249-8 (2008).

Cebi, E. & Otay, I. Multi-criteria and multi-stage facility location selection under interval type-2 fuzzy environment: a case study
for a cement factory. Int. J. Comput. Intell. Syst. 8, 330-344. https://doi.org/10.1080/18756891.2015.1001956 (2015).

Yong, D. Plant location selection based on fuzzy TOPSIS. Int. J. Adv. Manuf. Technol. 28, 839-844. https://doi.org/10.1007/s00170-
004-2436-5 (2006).

Paul, S. K., Chowdhury, P, Ahsan, K., Ali, S. M. & Kabir, G. An advanced decision-making model for evaluating manufacturing
plant locations using fuzzy inference system. Exp. Syst. Appl. 191, 116378. https://doi.org/10.1016/j.eswa.2021.116378 (2022).
Stanujkic, D. et al. A new grey approach for using SWARA and PIPRECIA methods in a group decision-making environment.
Mathematicshttps://doi.org/10.3390/math9131554 (2021).

Tadic, S., Krstic, M., Roso, V. & Brnjac, N. Dry port terminal location selection by applying the hybrid grey MCDM model.
Sustainabilityhttps://doi.org/10.3390/su12176983 (2020).

Anvari, S. & Turkay, M. The facility location problem from the perspective of triple bottom line accounting of sustainability. Int.
J. Prod. Res. 55, 6266-6287. https://doi.org/10.1080/00207543.2017.1341064 (2017).

Ma, Y, Cui, N, Jiang, Z.-Z., Yuan, Y. & Wang, G. Group homophily based facility location selection in geo-social networks. World
Wide Webhttps://doi.org/10.1007/s11280-022-01008-3 (2022).

Scientific Reports |

(2023)13:13797 | https://doi.org/10.1038/541598-023-40954-4 nature portfolio


https://doi.org/10.1016/j.omega.2019.04.001
https://doi.org/10.1016/j.eswa.2019.06.035
https://doi.org/10.1016/j.eswa.2019.06.035
https://doi.org/10.1016/j.jclepro.2020.124086
https://doi.org/10.1142/S0219622021300019
https://doi.org/10.1142/S0219622021300019
https://doi.org/10.1016/j.omega.2018.07.004
https://doi.org/10.1109/ACCESS.2021.3065100
https://doi.org/10.3934/jimo.2021061
https://doi.org/10.1007/s40747-022-00749-y
https://doi.org/10.1007/s40747-022-00749-y
https://doi.org/10.1016/j.eswa.2020.113208
https://doi.org/10.1016/j.eswa.2020.113208
https://doi.org/10.1016/j.seps.2018.02.006
https://doi.org/10.1080/23302674.2021.1879305
https://doi.org/10.1080/23302674.2021.1879305
https://doi.org/10.1016/j.omega.2014.11.009
https://doi.org/10.1016/j.scs.2021.102712
https://doi.org/10.1016/j.scs.2021.102712
https://doi.org/10.1007/s10489-022-03335-4
https://doi.org/10.1007/s10973-021-10877-1
https://doi.org/10.1016/j.eswa.2022.117827
https://doi.org/10.1016/j.asoc.2021.107107
https://doi.org/10.1109/ACCESS.2020.3018957
https://doi.org/10.1109/TEM.2022.3180164
https://doi.org/10.1109/TEM.2022.3180164
https://doi.org/10.17341/gazimmfd.609518
https://doi.org/10.1016/j.jclepro.2020.122368
https://doi.org/10.1016/j.jclepro.2020.122368
https://doi.org/10.1016/j.omega.2012.05.002
https://doi.org/10.3390/systems11020070
https://doi.org/10.1007/s10479-023-05519-8
https://doi.org/10.1007/s10479-023-05519-8
https://doi.org/10.1111/exsy.13395
https://doi.org/10.1007/s12665-011-1137-2
https://doi.org/10.1016/S0166-3615(01)00147-6
https://doi.org/10.1016/S0020-0255(03)00183-X
https://doi.org/10.1016/S0020-0255(03)00183-X
https://doi.org/10.1007/s00170-007-1249-8
https://doi.org/10.1080/18756891.2015.1001956
https://doi.org/10.1007/s00170-004-2436-5
https://doi.org/10.1007/s00170-004-2436-5
https://doi.org/10.1016/j.eswa.2021.116378
https://doi.org/10.3390/math9131554
https://doi.org/10.3390/su12176983
https://doi.org/10.1080/00207543.2017.1341064
https://doi.org/10.1007/s11280-022-01008-3

www.nature.com/scientificreports/

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
. Esangbedo, M. O. & Che, A. Grey weighted sum model for evaluating business environment in West Africa. Math. Probl. Eng.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

Akyurt, iZ., Pamucar, D., Deveci, M., Kalan, O. & Kuvvetli, Y. A flight base selection for flight academy using a rough MACBETH
and RAFSI based decision-making analysis. IEEE Trans. Eng. Manag.https://doi.org/10.1109/TEM.2021.3119659 (2021).
Aytekin, A. Comparative analysis of the normalization techniques in the context of MCDM problems. Decis. Mak.: Appl. Manag.
Eng. 4, 1-25. https://doi.org/10.31181/dmame210402001a (2021).

Mukhametzyanov, I. Z. Specific character of objective methods for determining weights of criteria in MCDM problems: Entropy,
CRITIC and SD. Decis. Mak.: Appl. Manag. Eng. 4, 76-105. https://doi.org/10.31181/dmame210402076i (2021).
Mukhametzyanov, L. Z. Elimination of the Domains’ displacement of the normalized values in MCDM Tasks: The IZ-method. Int.
J. Inf. Technol. Decis. Mak.https://doi.org/10.1142/50219622023500037 (2022).

Mukhametzyanov, I. On the conformity of scales of multidimensional normalization: An application for the problems of decision
making. Decis. Mak.: Appl. Manag. Eng. 6, 341-399. https://doi.org/10.31181/dmame05012023i (2023).

Shi, B., Yang, H., Wang, J. & Zhao, J. City green economy evaluation: Empirical evidence from 15 sub-provincial cities in China.
Sustainability 8, 551. https://doi.org/10.3390/su8060551 (2016).

Shen, L., Huang, Z., Wong, S. W, Liao, S. & Lou, Y. A holistic evaluation of smart city performance in the context of China. J. Clean.
Prod. 200, 667-679. https://doi.org/10.1016/j.jclepro.2018.07.281 (2018).

Zhou, Y., Li, W, Yi, P. & Gong, C. Evaluation of city sustainability from the perspective of behavioral guidance. Sustainability 11,
6808. https://doi.org/10.3390/sul11236808 (2019).

Wanging, S. Evaluation of international port city based on fuzzy comprehensive evaluation. J. Intell. Fuzzy Syst. 38, 7027-7032.
https://doi.org/10.3233/JIFS-179780 (2020).

Nakamura, H. & Managi, S. Effects of subjective and objective city evaluation on life satisfaction in Japan. J. Clean. Prod. 256,
120523. https://doi.org/10.1016/j.jclepro.2020.120523 (2020).

Zizovi¢, M., Pamucar, D., Albijani¢, M., Chatterjee, P. & Pribi¢evi¢, I. Eliminating rank reversal problem using a new multi-attribute
model: The RAFSI method. Mathematics 8, 1015. https://doi.org/10.3390/math8061015 (2020).

Trung, D. D, Thinh, H. X. & Ha, L. D. Comparison of the RAFSI and PIV method in multi-criteria decision making: Application
to turning processes. Int. J. Metrol. Qual. Eng. 13, 14. https://doi.org/10.1051/ijmqe/2022014 (2022).

Esangbedo, M. O. & Che, A. Evaluating business environment in Africa using grey number weights. J. Grey Syst. 28, 26-47 (2016).

2016, €3824350. https://doi.org/10.1155/2016/3824350 (2016).

Esangbedo, M. O. & Tang, M. Evaluation of enterprise decarbonization scheme based on grey-MEREC-MAIRCA hybrid MCDM
method. Systems 11, 397. https://doi.org/10.3390/systems11080397 (2023).

Wang, D. D. Performance assessment of major global cities by DEA and Malmquist index analysis. Comput. Environ. Urban Syst.
77, 101365. https://doi.org/10.1016/j.compenvurbsys.2019.101365 (2019).

Ulutas, A. et al. A new integrated grey Mcdm model: Case of warehouse location selection. Facta Univ.-Ser. Mech. Eng. 19, 515-535.
https://doi.org/10.22190/FUME210424060U (2021).

Kheybari, S., Ishizaka, A. & Salamirad, A. A new hybrid risk-averse best-worst method and portfolio optimization to select
temporary hospital locations for Covid-19 patients. J. Oper. Res. Soc.https://doi.org/10.1080/01605682.2021.1993758 (2021).
Stanujkic, D. & Meiduite-Kavaliauskiene, I. An approach to the production plant location selection based on the use of the
Atanassov interval-valued intuitionistic fuzzy sets. Transport 33, 835-842. https://doi.org/10.3846/16484142.2017.1321041 (2018).
Bilisik, O. N., Tuzkaya, U. R., Baragl, H. & Tanyas, M. Fruits and vegetables market hall location selection by using interval-valued
trapezoidal fuzzy grey relational analysis: An application for Istanbul. Int. . Ind. Eng.: Theory Appl. Pract.https://doi.org/10.23055/
ijietap.2019.26.5.3257 (2019).

Liu, S., Yang, Y. & Forrest, J. Grey Data Analysis. Computational Risk Management (Springer, 2017).

Esangbedo, M. O. & Bai, S. Grey regulatory focus theory weighting method for the multi-criteria decision-making problem in
evaluating university reputation. Symmetry 11(2), 230. https://doi.org/10.3390/sym11020230 (2019).

Zavadskas, E. K., Vilutiené, T., Turskis, Z. & Tamosaitiené, J. Contractor selection for construction works by applying saw-g and
topsis grey techniques. J. Bus. Econ. Manag. 11, 34-55. https://doi.org/10.3846/jbem.2010.03 (2010).

Esangbedo, M. O., Bai, S., Mirjalili, S. & Wang, Z. Evaluation of human resource information systems using grey ordinal pairwise
comparison MCDM methods. Exp. Syst. Appl. 182, 115151. https://doi.org/10.1016/j.eswa.2021.115151 (2021).

Barron, E H. & Barrett, B. E. The efficacy of SMARTER: Simple multi-attribute rating technique extended to ranking. Acta Psychol.
93, 23-36. https://doi.org/10.1016/0001-6918(96)00010-8 (1996).

Stillwell, W. G., Seaver, D. A. & Edwards, W. A comparison of weight approximation techniques in multiattribute utility decision
making. Organ. Behav. Human Perform. 28, 62-77. https://doi.org/10.1016/0030-5073(81)90015-5 (1981).

Lin, Y.-H., Lee, P.-C. & Ting, H.-I. Dynamic multi-attribute decision making model with grey number evaluations. Exp. Syst. Appl.
35, 1638-1644. https://doi.org/10.1016/j.eswa.2007.08.064 (2008).

Ketokivi, M., Turkulainen, V., Seppala, T., Rouvinen, P. & Ali-Yrkko, J. Why locate manufacturing in a high-cost country? A case
study of 35 production location decisions. J. Oper. Manag. 49-51, 20-30. https://doi.org/10.1016/j.jom.2016.12.005 (2017).
Esangbedo, M. O. & Bai, S. Scaling foreign-service premium allowance based on SWARA and GRA with grey numbers. J. Grey
Syst. 32, 38-58 (2020).

Author contributions
M.O.E.: Conceptualization of ideas and writing of the manuscript with computational and data analysis. J.W.:
Research supervision, certifying the correctness of the manuscript with funding acquisition.

Funding
This paper is supported by the National Social Science Foundation of China Project Number: 21BJY179.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023)13:13797 | https://doi.org/10.1038/541598-023-40954-4 nature portfolio


https://doi.org/10.1109/TEM.2021.3119659
https://doi.org/10.31181/dmame210402001a
https://doi.org/10.31181/dmame210402076i
https://doi.org/10.1142/S0219622023500037
https://doi.org/10.31181/dmame05012023i
https://doi.org/10.3390/su8060551
https://doi.org/10.1016/j.jclepro.2018.07.281
https://doi.org/10.3390/su11236808
https://doi.org/10.3233/JIFS-179780
https://doi.org/10.1016/j.jclepro.2020.120523
https://doi.org/10.3390/math8061015
https://doi.org/10.1051/ijmqe/2022014
https://doi.org/10.1155/2016/3824350
https://doi.org/10.3390/systems11080397
https://doi.org/10.1016/j.compenvurbsys.2019.101365
https://doi.org/10.22190/FUME210424060U
https://doi.org/10.1080/01605682.2021.1993758
https://doi.org/10.3846/16484142.2017.1321041
https://doi.org/10.23055/ijietap.2019.26.5.3257
https://doi.org/10.23055/ijietap.2019.26.5.3257
https://doi.org/10.3390/sym11020230
https://doi.org/10.3846/jbem.2010.03
https://doi.org/10.1016/j.eswa.2021.115151
https://doi.org/10.1016/0001-6918(96)00010-8
https://doi.org/10.1016/0030-5073(81)90015-5
https://doi.org/10.1016/j.eswa.2007.08.064
https://doi.org/10.1016/j.jom.2016.12.005
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Scientific Reports|  (2023) 13:13797 | https://doi.org/10.1038/s41598-023-40954-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Grey hybrid normalization with period based entropy weighting and relational analysis for cities rankings
	Literature review
	Methods
	Evaluation criteria
	Uncertainty in weighting
	Uncertainty in performance value
	Uncertainty in normalizing decision table
	GRA with positive and negative references

	Results and analysis
	Location selection uncertainty
	Sensitivity analysis with comparison of approaches
	Time sensitivity
	Weighting comparison
	Normalization comparison
	Evaluation comparison


	Conclusions
	References


