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Abstract: The comprehensive evaluation of innovation capabilities in central cities of
emerging countries is essential for promoting regional economic growth. This evaluation
examines various factors, such as scientific activities, innovation infrastructure, talent
resources, and policy environments, offering insights into the current innovation
landscape and future potential. By guiding the allocation of resources and optimizing
innovation policies, it fosters the transformation of technological achievements and
accelerates urban economic transformation and sustainable development. Moreover, it
helps cities attract investment and skilled talent, enhancing their competitiveness and
influence. This evaluation is a multi-attribute decision-making (MADM) challenge, for
which the cross-entropy method has been recently adopted to handle complex criteria.
Type-2 neutrosophic numbers (T2NNs) are used to represent uncertainty in assessing
innovation capabilities. This study introduces the Type-2 neutrosophic number cross-
entropy (T2NN-HS-CE) approach with HyperSoft to solve MADM problems involving
T2NNs. A numerical case study and sensitivity analysis validate the effectiveness of the
proposed method in assessing the innovation capacity of cities in developing nations.

Keywords: Multiple-attributes decision-making (MADM); Type-2 neutrosophic number
(T2NN); Cross-entropy approach; Comprehensive evaluation of innovation capability;
HyperSoft (HS).

1. Introduction

The comprehensive evaluation of innovation capabilities in central cities of emerging
countries holds significant practical and theoretical value for policymakers,

Xiangke Zhang, Shoukui He, Xu Chen, A Cross-Entropy-Based Framework Using HyperSoft Type-2 Neutrosophic
Numbers for Innovation Capability Evaluation in Central Cities of Emerging Economies


mailto:zhangxiangke@cqtbi.edu.cn
https://orcid.org/0009-0001-6001-635X
mailto:1559846793@qq.com

Neutrosophic Sets and Systems, Vol. 78, 2025 128

entrepreneurs, and scholars. Firstly, it provides specific insights for governments on
how to promote innovation and development in central cities by optimizing policy
environments. By considering technological, economic, and social factors
comprehensively, this evaluation helps policymakers identify and strengthen the drivers
of innovation in cities, thus more effectively allocating resources and enhancing urban
competitiveness. Secondly, for businesses, understanding the results of the innovation
capability evaluation of their city helps them make more accurate strategic decisions,
such as choosing the best locations for investment, research and development centers,
and partnership opportunities. Additionally, this evaluation offers a rich database and
analytical framework for academic research, fostering the development of theories and
empirical studies on urban innovation systems. Overall, this comprehensive evaluation
provides a multi-dimensional perspective that not only enhances the comparability
among cities but also promotes global and regional dialogues and cooperation on urban
innovation capabilities, supporting the advancement of global and regional economic
growth. Over the past years, the study of innovation capacity in central cities within
developing nations has gained significant academic interest. Researchers have explored
various factors influencing this capacity, ranging from government policies and
infrastructure to cultural impacts and international trade. This review examines fifteen
pivotal studies published, providing insight into the evolution of methodologies,
findings, and theoretical approaches within this research area. Li and Zhang [1] were
pioneers in examining the relationship between infrastructure quality and innovation
efficiency in Chinese cities, suggesting that robust infrastructure significantly boosts
innovation outcomes. Wang and et al. [2] extended this by introducing a composite
index to assess the technological innovation capabilities in Indian metropolitan areas,
with an emphasis on R&D investments and patent outputs. Morris [3] shifted the focus
to Latin America, analyzing how government policies in Brazilian cities shape their
innovation landscapes. Chen [4] provided an in-depth look at Shenzhen’s innovation
ecosystem, proposing a model that synergizes public and private sector efforts.
Concurrently, Thompson and Garcia [5] offered a comparative perspective by
examining innovation capacities in emerging economy cities across Africa, employing
network analysis to explore inter-city collaborations. Kumar and Singh [6] used
advanced econometric models to link economic diversity with innovation rates in
Indonesian cities, highlighting the multifaceted nature of urban innovation. In
2020, Zhao [7] explored how cultural dynamics within Eastern Chinese cities influence
their innovation capabilities, advocating for a culturally aware innovation framework.
Similarly, Brooks and Chen [8] looked at the impact of international trade on
innovation in Mexican cities, identifying trade openness as a catalyst for innovation.
Zhang [9] and Johnson [10] both emphasized the role of education and infrastructure,
respectively. Zhang investigated how higher education resources in Chinese cities
enhance local innovation systems, while Johnson focused on the technological
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readiness and infrastructure challenges in Nigerian cities. Lee and Kim [11] analyzed
the sustainability of innovation models in South Korean cities, using Seoul as a case
study for green innovation strategies. Petrov [12] assessed the impact of digital
transformation in Russian cities, exploring how these initiatives influence both public
and private sector innovation. Ming and Liu [13] and Smith and Roberts [14] provided
fresh perspectives by incorporating environmental, social metrics, and smart city
technologies into the evaluation of innovation capacity. Ming and Liu looked at
Vietnamese cities, while Smith and Roberts focused on Egypt. Wu [15] examined the
synergistic effects of urban planning and innovation policies in Malaysian cities,
offering integrated urban-innovation growth strategies.

As the economy grows rapidly and scientific and technological advancements
continue, decision-making in various sectors of social production is increasingly
becoming complex [16, 17]. MADM stands out as an effective tool in the domain of
decision-making, utilizing specific methodologies to evaluate and choose the optimal
solutions among multiple decision attributes [18, 19]. It finds extensive application in
areas such as project selection, investment decisions, and comprehensive assessments.
Nevertheless, the actual process of decision-making faces challenges due to the
dynamic nature of environments, the intricacies of decision problems, and limitations
in the expertise of decision-making professionals, which makes it challenging to
precisely determine values for scheme attributes and weighting coefficients, thereby
complicating the attainment of scientific, rational, and effective decision outcomes
[20]. The selection of suitable decision-making approaches offers fresh perspectives
and approaches for addressing fuzzy multi-attribute decision issues, and supplies new
mathematical tools for tackling such problems in sectors including economics,
engineering, and management. This enhances the methodologies and thought processes
within multi-level uncertainty decision theory, improving the precision and efficiency
of real-world decision-making. Actual decision-making is fraught with substantial
uncertainty and fuzziness. In 1965, Zadeh [21] introduced the concept of fuzzy sets,
which comprised only membership degrees. Later, in 1986, Atanassov [22]expanded
this theory by incorporating non-membership degrees and introduced the notion of
intuitionistic fuzzy sets (IFSs), which more accurately represent the fuzziness and
uncertainty found in practical decision-making situations. IFSs provide decision-related
information through exact numerical values. Following the foundational work on IFSs
and neutrosophic sets (NSs) [23], approaches such as the single-valued neutrosophic
set (SVNS) [24] and interval-valued neutrosophic set (IVNS) [25] have been developed
for practical decision-making applications. Building on earlier research on NSs, Abdel-
Basset et al. [26] introduced the type-2 neutrosophic number (T2NN).

The evaluation of innovation capabilities in central cities of emerging nations
presents a complex MADM challenge. Recently, the cross-entropy method [6] has been
applied to address various MADM issues. The cross-entropy method has the advantage
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of handling complex uncertainties in multi-criteria decision-making. By measuring the
difference between probability distributions, it effectively optimizes decision models,
particularly excelling in multi-attribute decision problems. This method is not only
computationally simple but also quickly converges to the optimal solution, making it
suitable for decision-making in complex environments. Additionally, it accurately
handles multidimensional data under different weights, improving decision accuracy
and reliability. Type-2 neutrosophic numbers (T2NNs) [26] are highly effective in
managing uncertainty and imprecision in decision-making processes. They extend
traditional neutrosophic numbers by better capturing the degrees of truth,
indeterminacy, and falsity, allowing for more nuanced representation of vague or
incomplete information. This makes T2NNs particularly useful in complex
environments where information is often ambiguous, providing a more flexible and
accurate tool for multi-criteria decision-making problems. In this context, T2NNs serve
as a valuable approach for representing uncertain information during the evaluation of
innovation capabilities. To date, there has been limited development of approaches
utilizing the entropy and cross-entropy methods [27] in conjunction with T2NNSs. This
paper introduces the Type-2 neutrosophic number cross-entropy (T2NN-HS-CE)
method to facilitate MADM processes involving T2NNs. Additionally, a numerical
study is performed to evaluate the innovation capabilities of central cities in emerging
countries, along with several sensitivity analyses to demonstrate the validity of the
proposed T2NN-HS-CE method.

The HyperSoft Set is an advanced extension of soft sets that provides enhanced
tools for handling uncertainty and complex data structures, particularly in MADM and
other applications involving high-dimensional data. HyperSoft sets can analyze
multiple criteria simultaneously with greater flexibility by accommodating multi-sub
attribute parameters under a single attribute. It allows for representing complex and
interrelated data structures, making them useful in domains like economics, engineering,
and social sciences.

The key contributions of this research are as follows: (1) the integration of the
cross-entropy method with T2NNs; (2) the application of the entropy method to
establish weight values within the T2NN framework; (3) the implementation of the
T2NN-HS-CE method for managing MADM scenarios under T2NNs; and (4) the
development of an algorithmic framework for the comprehensive evaluation of
innovation capabilities, supported by a numerical example to illustrate the effectiveness
of the T2NN-HS-CE method.

The organization of this article is outlined as follows: Section 2 introduces the
concept of T2NNs. In Section 3, we define the cross-entropy associated with T2NNs.
Section 4 provides a description of the MADM approach utilizing the T2NN-HS-CE
approach. Section 5 presents a numerical example that evaluates the innovation
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capabilities of central cities in emerging countries, along with a sensitivity analysis to
illustrate the approaches developed. Finally, Section 6 offers the concluding remarks.

2. Preliminary

Abdel-Basset et al. [26] conducted the T2NNs.
Definition 1[26]. Let ® be a fix set, the T2NN is defined as:

FF ={(6,FA(0),FB(6),FC(0)) 0 < ®} L)
where FA(8),FB(0),FC(0)<[0,1] represent the TM, IM and FM with triangular

fuzzy numbers.
’ FA(0) =(FA"(0),FA" (9),FA’ (9)),0< FA" (9) < FA" (0) <
)

FB(0)=(FB"(#),FB" (9),FB" (9)),0<FB" (¢
FC(0)=(FC"(0),FC" (0),FC"()),0<FC"(0)<F
{(FAL FAY FA), }

(FBL FBM FB“),(FCL,FCM,FCU)

~
IA
T
vy)

<

—
S

We let be a T2NN,

0<FA" +FBY + FCY <3.

Definition 2[26]. There are three TFNNs
(FA",FA"  FA),
FF, = :
" |(FBt,FBY,FBY),(FC', FCM, FCY)

)
- (FAZL’FAZM'FA;J)’ and
~ |(FBL, FBY, FBY),(FCL, FCY FCY)
(FA", FAY FA), _
FF = (FBL o FBU) (FCL oM FCU) , the operation laws of them are

implemented:

() FROFF, = Lepl M M UrpU Le~L M M U u
FB,FB;,FB}"FB}',FB/FB} ),(FC,FC,,FC,"FC}' ,FC/FC} )

(
(
(FA'FA;, FA"FAY FA'FAY ),
(
(

(2)FF, ® FF, = (FB} + FB;-FBFB;,FB)" + FB}'-FB"FB}' ,FB’ + FB} -FB’FB} ),

FC} + FC;-FC/FC;,FC" + FC}'-FC}"FC,' ,FC + FC} -FC/FC} )
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(3) £FF = ((FBL)é,(FBM)g, FB“)’;), >0,

(' (e ()

(4)FF¢ = (1—(1—FBL)§,1—(1—FBM)5,1—(1—FBU)g), &>0.

(1—(1— FC')’ 1-(1-FC")’ 1-(1-FC )5)
The operation laws have several properties.
(1) FF, ® FF, = FF, © FF, FF, ® FF, = FF, ® FF, ((FF,)* )52 —(FR)™; (5
(2) £(FF, ® FF,) = £FF, @ £FF,, (FF, ® FF, )’ =(FF,)’ ® (FF,)’; )
(3) LFR @ &,FF =(&,+&,)FR, (|:|:1)~f1 ®(FF1)§Z =(FF1)(§”§2). @)

(FAL,FAM,FAU),

Definition 3[26]. Let FF =
(FB*,FB",FB"),(FC",FC" FC")

}be a TFNN, the

score and accuracy functions are:
8+(FA" +2FAY + FA”)

SF(FF):é ~(FB"+FVB" +FB") |, SF(FF)e[0,1] (8)
—(FC"+2FCM +FCY)
1| 4+(FA" +2FA" + FAY)
AF (FF)== . AF(FF)e[-11] (9)
8| —(FB"+2FB" +FB")

For FF,and FF,, based on Definition 3, we have:
(1) if SF(FF,)< SF(FF,), then FF, < FF,;
(2)if SF(FF1)=SF(FF2),AF(FF1)< AF(FFZ),then FF < FF;
(3)if SF(FF,)=SF(FF,), AF (FF,) = AF (FF,), then FF, = FF,.
(FA"FA",FAY), }

Definition 4[26]. Let FF, =
(FB',FB",FB’),(FC,FC",FC/)

(FA; FAY FAY), _
FF, = be two TFNNs, the normalized
(FBy,FB,)',FB;),(FC;,FC,' ,FC})

Hamming distance is defined:
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HD(FF,, FF,)
[FA- = FA;|+|FA" —FAY|+|FA’ - FA|
=% +|FB; — FBy|+|FB —FB}' |+ |FB} - FB}|
+|FC} - FC;|+|FCM —FC}' |+|FC) - FC}|

(10)

3. HyperSoft with Cross-Entropy approach between T2NN

We define the operations of HyperSoft as:

We can define the soft set as:

Let U be auniverse of discourse (U) the power setof U and X a set of criteria. Then,
the pair (F,U),F:U — is called a Soft Set over U.

HyperSoft can be defined as:

Let U be a universe of discourse (U) the power setof U. Let x;, x5, ..., x,forn > 1,
be n distinct criteria, whose corresponding criteria are respectively set of
X1, Xz o, XpfornwithX; N A; = @, fori# jandi,j € {1,2,..,n}

Then the pair (F: X; X X, X X3 X ...X,,), X,,: = U is called a HyperSoft Set over U.

Then, the cross-entropy approach for T2NNs is conducted based on cross-entropy
approach.
Definition 4[6]. Two fuzzy sets are conducted: az(a(Fl),a(Fz),---,a(F )) and

b=(b(F).b(F,),-~b(F,)), Fe(f,f.1). n

a(F)
a(F)In
n >(a(F)+b(F)
CE(a,b)=>" (11)
" +a-a(r)n—p )
1_§(a(Fi)+b(Fi))

CE(a,b) is the classical cross-entropy approach of afromb.

The cross-entropy approach could be conducted under T2NNs. Assume there are
(FAS FAY FAY),
(FB',FB",FB’),(FC',FC",FC/)

(FA7 FAY FAY),
Ak _{(FBZL, FBY',FBY ),(FCt,FC)' FCY )}

two T2NNs, FF, = { and

According to Eq. (11), the cross-entropy approach for truth-membership is constructed:
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CE((FA FA" FAY).(FA FA FAY )

= FA |nﬁ+(1— FA")In 1_1(1;?1 )
2 2

+FAY In 1(|:p;A£A i~ ) +(1_ FA" )In 1_1(1F—A;Aj“r” - ) (12)
2 2

+FA” In 1(|:,;Ai ] +(1-FAY)In 1_1(1|:_A:f’i )
2 2

Similar to the cross-entropy approach of truth-membership, the cross-entropy approach
for indeterminacy-membership is conducted:

CE((FB/,FBY,FBY),(FB},FB}, FB} ))

=FB/ In FB +(1-FB{)In 1 L-FB
E(l:BlLJrFBZL) 1_§(F81L+FBZL)

+FB" In- P8 +(1-FB" )In 1 1-FB/ 13
E(FEalm +FBy') 1_5(FBlM +FBY)

+FBY’ In 7 FB +(1-FB! )In ] 1-FB
E(FBl“+|:B;J) 1—§(FBIU+FB;J)

Similar to the cross-entropy approach of truth-membership, the cross-entropy approach
for falsity-membership is conducted:

Ce({Fet e et ) et et et )

FA In 0 — FA +(1-FA")In 11_ FA
E(FA&L+FA2L) 1_E(FA1L+FAZL)
M M (14)
=| +FA" In5 FA +(1—FA1M)In 11_FA&
E(FAlM +FA') 1—5(FA1M +FA')
+FA I FA +(1-FA )In 1 1-FA
(FacF) L)

So the cross-entropy approach of FF, from FF, can be conducted:
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CE(FF,FF,)

CE(FA",FA" FA’),(FA; FA! FA)
=| +CE(FB/,FB} ,FB’ ),(FB;,FB}' ,FB} )
+CE(FC,,FC,FC}),(FC;,FC}' , FCY )
L L
FAlLln—FAl +(1-FA")In 1-FA
1(FL+FL 1-L(FA 4 FAr
5 (FA +FA;) 5 (FA +FA;)
M M
=| +FA" In FA +(1-FA" )In 1-FA
S(FA ) 1-L(FA" P
2 2
U U
FFAY A +(1-FA )In 1-FA
1(FAlU +FA;) ) 1—1(FAiU +FA;) )
2 2
L L
FBLIn. o +(1-FB{)In 1-F8,
l L L 1 L L
E(FBl +FBy ) 1—§(FBl +FB; )
M M
+| +FB" In FB, +(1-FB}" )In 1 1-F5
E(FBlM +FB)') 1—§(FBlM +FB,")
U U
+FBY In 7 FB, +(1-FB} )In 11_ FB,
E(FBIU +FBy ) 1—E(F51U +FBY)
L L
FC/In i +(1-FC/ )In 11_ s
E(F(:lL +FCy) 1—5(|:c:1L +FCy)
M M
+| +FC In - FC, +(1-FC" )In 1 1-FC,
E(FclM +FC)') 1—§(|:<:1M +FC}')
U U
+FCY I FC, +(1-FC/ )In 1 1-FC,
E(FclU +FCY) 1--(FC +FCY)
(15)
The larger the difference between FF, and FF,, the larger CE(FF,, FF,) is.
In line with the Shannon’s inequality[28], it is easily conducted that
0<T2NN-CE(FF,FF,)<1 , and T2NN-CE(FF,FF,)=0 if and only if
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(FA"FA",FA’)=(FA; FAY FA)),(FBY, FB FB’ ) =(FB}, FB)' FB} ),
(Fct,FCM,FC! ) =(Fc;, FC)' FCY ).

4. Models for MADM

Let FA={FA,FA,---,FA,} be alternatives, FC={FC,FC,,--,FC,} be
attributes. fo=(fa, fw,,---, fe,) is the weight information for attributes, feo, is

the weight of FC,, where fw, €[0,1], and ) fw, =1. Then, the T2NN-HS-CE
j=1
approach is conducted to solve the MADM with information entropy.

(FAL FAY A,
Step 1. Obtain the decision matrix FR:(FRij)mxn: (FBj . FB}' FB} ).

j! j !

(FC;.FC', FC})
FAT,FA" FA’ <[01], FB;, FB',FB €[0,1],  (FC;,FCJ',FC} )e[0,1]
L M U L M U L M U H
FA; <FA' <FA', FBf<FB!<FB/, FC/<FC'<FC/, i=12--m,

j=12,--.n.
(FAT. FAY. FAY)
- (FBHL,FB”M,FB;’), into

(Fc..L FC' FC/ )

j! j !

Step 2. Normalize the FR=(FR,)

mxn

(NFA;, NFA', NFA ),
NFR =(FR;) =<(NFB;,NFB{" NFB} ),

mxn U y!

(NFC_L NFCM

ij ! ij

NFcﬁ)

For benefit attributes:
NFR =(NFR;)
(NFASNFAY NFAY), | ((FA) FAY, FAY).
=1(NFB;,NFB/' NFB}), ¢ =<(FB},FB}',FB} ),
NFC)| |(FCi.FCi',FC})

j? j !

(16)

(NFC}, NFC}',

For cost attributes:
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(NFA;, NFAY, NFAY), | [(FCi,FC,FC}),

ij ! ij !

=1 (NFB},NFB}' ,NFB' ), =1 (FB;,FB' ,FB} ),

! ! ]! [T

(NFC NFCM NFCU) (FAJ.,FAJ. ,FAJ.)

ij? ij !

17)

mxn

Step 3. Conduct the attributes weight through employing information entropy.

The information entropy is employed to put forward the weight values under different
environment[29-33]. Entropy [27] is an efficient approach to put forward the weight
values. Then, the normalized T2NN decision matrix NT2NNDM; is conducted:

(NFA;, NFA, NFA ), (NFA;, NFA, NFA ),
SF (NFBL NFBM NFBU), +AF (NFBL NFBM NFBU)

ij ? ij ij ? ij

(NFC}, NFCJ', NFC} ) (NFC}, NFCJ', NFC} )
NT 2NNDM,, =
(NFA;, NFAY, NFA ), (NFA;, NFA', NFA ),
>'| | SF{(NFBj, NFB}',NFB;' ), + + AF < (NFB;, NFB}' ,NFBJ ),
i=1
(NFC}, NFCJ', NFC? ) (NFC}, NFC}', NFC} )
(18)
Then, the T2NN Shannon decision entropy

T2NNSDE = (T 2NNSDE,, T2NNSDE,,---,T2NNSDE, ) IS constructed:
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T2NNSDE, =—

1 m
Inm43

Inm*3

L ——> NT2NNDM; In NT2NNDM,

(NFA;, NFA!",NFA ), (NFA;, NFA'",NFA ),
SF{(NFBj,NFB}',NFB'), { + AF < (NFB}, NFBJ' ,NFB} ),

(NFCL NFC. NFCu NFCL NFC NFCU

ij ! j ! ij? ij !

m

>'| | SF{(NFBj, NFB}', NFB;' )

i=1

xIn

+AF NFBL NFBM NFBU)

! [ ! j !

(NFcL NFC,",NFC//

! j !

NFCL NFCM NFCU)

j ! !

(NFA;, NFAY  NFA/
SF (NFBL NFB;", NFB/

ij ! j !

NFAJ,NFAJ  NFA
L+ AF (NFBL NFB;", NFB/

ij ! j !

(NFA;, NFA', NFA ), } (NFA;, NFAJ", NFA/ )}
) )
) )

(NFC}, NFC}', NFC? ) (NFC}, NFCJ',NFC})
(NFA;, NFA', NFA ), (NFA;, NFAY', NFA ),
Zl: SF{(NFB;,NFB} ,NFBJ' ), + AF { (NFB}, NFB}' NFB}' ),
(NFC}, NFC}',NFC?) (NFC}, NFCJ',NFCJ)
(19)
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and NT2NNDM, InNT2NNDM, =0 if NT2NNDM, =0.
Then, the weight values fo=(f e, fw,, -, f@,)is constructed:

1-T2NNSDE, .
o, = —, =12 (20)
> (1-T2NNSDE; )
j=1

Step 4. Conduct the T2NN positive ideal decision solution (T2NNPIDS) and NFR, :
(NFAS, NFA', NFAY ),
T2NNPIDS; =<(NFB},NFB}',NFBY ), (21)
(NFC},NFC}',NFC} )
(NFA;, NFAY', NFA ), NFA;, NFA', NFA ),
SF{(NFB;,NFB}' ,NFB; ), MaxSF| NFB;, NFB}', NFB; ), (22)
(N
(

ij ? ij

(NFCL NFC}', NFC“ NFC:, NFCM NFCU)

ij? j !

FA;, NFA',NFA ),

NFR, ={(NFB},NFB},NFB; ), (23)

ij? ij !
(NFC}, NFC}',NFC?)

Step 5. Conduct the T2NN-CE betweenT2NNPIDS and NFR; as:
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T2NN-CE(NFRi,T2NNPIDS)

e s W
E(F/A\j +FAY) 1—§(FAJ. +FA)
n M _ M
=Z fo, | +FA" |n%+(1-FAJM)|n 11 7\1 -
= E(FAJ +FAY) 1—E(FAJ. +FAY)
+FA‘fIn%+(l—F J)in 11_FUALJ'J U
E(FAj +FA) 1—E(FAj +FA')
L L
FB; In%ﬁl— FB; )In 11‘ FLB” :
E(FBij +FBj) 1_E(FB” +FB; )
+Zn: fo, +FBUM |n%+(l—FB§")In ll_iB‘;w -
= E(FB”. +FB}') 1—§(FBU. +FB}')
+FBY |n1¢+(1- FB} )In i 1-FB;
E(FBHP +FBY) 1—§(FB;.’ +FBY)
] FC; ) 1-FC;
FC, |nﬁ+(1— FCy )in— —
E(FCij +FCf) 1—§(Fcij +FCf)
n M _ M
+Z fo,| +FC{' In%%l—FCHM)In 11 I;C” -
=i E(FC” +FCY') 1—§(FC"~ +FCY)
+FC} In%%l—FC}f)ln i 1_FUC"9 :
E(Fcij +FC/) 1—E(Fcij +FC))

(24)
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Step 6. In line with the T2NN-CE(NFR,T2NNPIDS) , the smaller
T2NN-CE(NFR, T2NNPIDS) is, the better alternative is.

5. Case Study

In the context of globalization, the comprehensive evaluation of innovation capability in the
central cities of emerging countries is particularly important as these cities are the frontiers
of economic and technological development. This evaluation not only influences the
formulation of city policies but is also a crucial factor in attracting domestic and international
investments. Typically, such evaluations involve multiple dimensions, including
technological innovation, industrial upgrading capability, the concentration of high-tech
enterprises, the efficiency of innovation resource allocation, and the optimization of the
innovation environment. Firstly, technological innovation is at the core of the evaluation,
involving indicators such as the number of patent applications, the influence of research
institutions, and the rate of technological achievement transformation. These indicators
vividly reflect the level of a city's technological innovation activities and the practical
application of its technological outcomes. Secondly, the capability of industrial upgrading
focuses on the optimization of the city's industrial structure and the growth rate of high-tech
industries. By analyzing the effectiveness of industrial structure adjustments and the growth
rate of emerging industries, one can assess a city's ability to adapt to the global economic
trends. Furthermore, the concentration of high-tech enterprises is another important indicator
of a city's innovation capability. A high density of technology enterprises can foster a regional
innovation atmosphere, promoting rapid knowledge and technology turnover and renewal.
Additionally, the efficiency of innovation resource allocation involves the effective
configuration and utilization of resources such as talent, capital, and information. Efficient
resource allocation can significantly enhance a city's innovation efficiency and accelerate the
production of innovative outcomes. Lastly, the optimization of the innovation environment
includes aspects such as government policy support, intellectual property protection, and
cooperation mechanisms between research and industry. An optimized innovation
environment can provide enterprises and research institutions with favorable external
conditions, facilitating the incubation and growth of technological achievements. Evaluating
these dimensions comprehensively not only provides a thorough understanding of a central
city's innovation capability but also offers decision support for policymakers, helping them
to identify strengths and weaknesses and formulate corresponding enhancement strategies.
The comprehensive evaluation of innovation capability in central cities of emerging countries
can be seen as a MADM problem. In this section, a numerical example is conducted for
comprehensive evaluation of innovation capability in central cities of emerging countries
through employing the T2NN-HS-CE approach. Assume that seven central cities of emerging
countries are selected with 8 attributes.

5.1 Identify a Set of Criteria and Alternatives
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Choice of the best alternatives based on a set of criteria. We defined 8 criteria and seven
alternatives with several values as shown in Table 1.
Table 1. The set of criteria.

Criteria Values Weights
C, | Tech Transfer Efficiency 100, 250, and 500projects/year 0.126719
C, | Environmental Sustainability: Green Innovation 10%, 25%, and 50% 0.069933
C; | Governance and Policy: Innovation-Friendly Policies | 10, 25, and 50 policies 0.104498
C, | Infrastructure and Connectivity: Urban Mobility 5,10, and 20 0.064706
Cs | Economic: Startup Density 0-50 startups and 10,000 residents | 0.198644
Cs | Patent Output 100, 250, and 500 patents 0.147166
C; | Technological: Digital Infrastructure 10 Mbps, 100, and 500 Mbps 0.162071
Cg | Human Capital and Social: Educational Attainment 10%, 50%, and 70%. 0.126263

5.2 HyperSoft with Cross Entropy Results

LetC =C; X Cy X C3 X Cy X Cs X Cq X CqX

Cg and the values of crietria are (V;,V,, ....) we select the 8 values of crietria
We bult the decision matrix using the T2NNs as shown in Table 2.

Then we compute the criteria by using the entropy method as shown in Table 1.

Then we normalize the decision matrix.

Then we conduct the T2NNPIDS.

Then we Conduct the T2NN-CE (NFR,, TFNNPIDS).

Then we rank the alternatives as shown in Figure 1.
Table 2. The T2NNs with criteria and alternatives.

C [ [ C C C C [

A | ((020,0200.10), ((0.35,0.35,0.10) ((0.50,0.30,0.50) ((0:40,0.45,050), ((0.60,0.45,050), (0.70,0.75,0.80), ((0.95,0.90,0.95), ((0:20,0.20,0.10),
(0.65,0.80,0.85), (0.50,0.75,0.80), (0.50,0.35,0.45), (0.40,0.45,0.50), (0.20,0.15,0.25), 0.15,0.20,0.25), (0.10,0.10,0.05), (0.65,0.80,0.85),
(0.45,0.80,0.70)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.35,0.40,0.45)) (0.10,0.25,0.15)) 0.10,0.15,0.20)) (0.05,0.05,0.05)) (0.45,0.80,0.70))

A | ((0:60,045,0.50), ((0.70,0.75,0.80), ((0.95,0.90,0.95), ((0-20,0.20,0.10), ((0.35,0.35,0.10), (0.50,0.30,0.50), ((0.40,0.45,0.50), ((0.35,0.35,0.10),
(0.20,0.15,0.25), (0.15,0.20,0.25), (0.10,0.10,0.05), (0.65,0.80,0.85), (050,0.75,0.80), 0.50,0.35,0.45), (0.40,0.45,0.50), (050,0.75,0.80),
(0.10,0.25,0.15)) (0.10,0.15,0.20)) (0.05,0.05,0.05)) (0.45,0.80,0.70)) (0.50,0.75,0.65)) 0.45,0.30,0.60)) (0.35,0.40,0.45)) (0.50,0.75,0.65))

As | ((040,045,0.50), ((0.35,0.35,0.10), ((0.50,0.30,0.50), ((0-40,0.45,050), ((0.60,0.45,0.50), (0.70,0.75,0.80), ((0.60,0.45,0.50), ((0.50,0.30,050),
(0.40,0.45,0.50), (0.50,0.75,0.80), (0.50,0.35,0.45), (0.40,0.45,0.50), (0.20,0.15,0.25), 0.15,0.20,0.25), (0.20,0.15,0.25), (050,0.35,0.45),
(0.35,0.40,0.45)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.35,0.40,0.45)) (0.10,0.25,0.15)) 0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.45,0.30,0.60))

A: | ((050,030,0.50), ((0.20,0.20,0.10), ((0.60,0.45,0.50), ((0.70,0.75,0.80), ((0.95,0.90,0.95), (0.95,0.90,0.95), ((0.70,0.75,0.80), ((0-40,0.45,050),
(050,0.35,0.45), (0.65,0.80,0.85), (0.20,0.15,0.25), (0.15,0.20,0.25), (0.10,0.10,0.05), 0.10,0.10,0.05), (0.15,0.20,0.25), (0.40,0.45,0.50),
(0.45,0.30,0.60)) (0.45,0.80,0.70)) (0.10,0.25,0.15)) (0.10,0.15,0.20)) (0.05,0.05,0.05)) 0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.35,0.40,0.45))

As | ((035,0350.10), ((0.95,0.90,0.95), ((0.40,0.45,0.50), ((0.50,0.30,050), ((0.35,0.35,0.10), (0.20,0.20,0.10), ((0.95,0.90,0.95), ((0.60,0.45,050),
(050,0.75,0.80), (0.10,0.10,0.05), (0.40,0.45,0.50), (050,0.35,0.45), (050,0.75,0.80), 0.65,0.80,0.85), (0.10,0.10,0.05), (0.20,0.15,0.25),
(0.50,0.75,0.65)) (0.05,0.05,0.05)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) 0.45,0.80,0.70)) (0.05,0.05,0.05)) (0.10,0.25,0.15))

As | ((020,020,0.10), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0-40,0.45,050), ((0.50,0.30,050), ((0.35,0.35,0.10), ((0-20,0.20,0.10), ((0.70,0.75,0.80),
(0.65,0.80,0.85), (0.15,0.20,0.25), (0.20,0.15,0.25), (0.40,0.45,0.50), (050,0.35,0.45), (0.50,0.75,0.80), (0.65,0.80,0.85), (0.15,0.20,0.25),
(0.45,0.80,0.70)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (0.10,0.15,0.20))

A | ((095,090,0.95), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0-40,0.45,0.50), ((0.50,0.30,050), ((0.35,0.35,0.10), ((0-20,0.20,0.10), ((0.95,0.90,0.95),
(0.10,0.10,0.05), (0.15,0.20,0.25), (0.20,0.15,0.25), (0.40,0.45,0.50), (050,0.35,0.45), (0.50,0.75,0.80), (0.65,0.80,0.85), (0.10,0.10,0.05),
(0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (0.05,0.05,0.05))
C [ [ C Cs [ C Co

A: | ((095090,0.95), ((0.95,0.90,0.95), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0-40,0.45,050), ((0:50,0.30,0.50), ((0.35,0.35,0.10), ((0-20,0.20,0.10),
(0.10,0.10,0.05), (0.10,0.10,0.05), (0.15,0.20,0.25), (0.20,0.15,0.25), (0.40,0.45,0.50), (0.50,0.35,0.45), (050,0.75,0.80), (0.65,0.80,0.85),
(0.05,0.05,0.05)) (0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.80,0.70))

A | ((095,090,0.95), ((0.70,0.75,0.80), ((0.95,0.90,0.95), ((0.70,0.75,0.80), ((0.35,0.35,0.10), ((0.50,0.30,0.50), ((0.95,0.90,0.95), ((0.35,0.35,0.10),
(0.10,0.10,0.05), (0.15,0.20,0.25), (0.10,0.10,0.05), (0.15,0.20,0.25), (050,0.75,0.80), (0.50,0.35,0.45), (0.10,0.10,0.05), (050,0.75,0.80),
(0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.05,0.05,0.05)) (0.50,0.75,0.65))

As | ((020,020,0.10), ((0.95,0.90,0.95), ((0.20,0.20,0.10), ((0.95,0.90,0.95), ((0.70,0.75,0.80), ((0.70,0.75,0.80), ((0-20,0.20,0.10), ((0:50,0.30,050),
(0.65,0.80,0.85), (0.10,0.10,0.05), (0.65,0.80,0.85), (0.10,0.10,0.05), (0.15,0.20,0.25), (0.15,0.20,0.25), (0.65,0.80,0.85), (050,0.35,0.45),
(0.45,0.80,0.70)) (0.05,0.05,0.05)) (0.45,0.80,0.70)) (0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.15,0.20)) (0.45,0.80,0.70)) (0.45,0.30,0.60))

A. | ((0.70,0.75,0.80), ((0.20,0.20,0.10), ((0.35,0.35,0.10), ((0.70,0.75,0.80), ((0.95,0.90,0.95), ((0.95,0.90,0.95), ((0.70,0.75,0.80), ((0.70,0.75,0.80),

0,0.25), (0.65,0.80,0.85), (0.50,0.75,0.80), (0.15,0.20, (0.10,0.10,0.05), (0.10,0.10,0.05), (0.15,0.20,0.25), (0.15,0.20,0.25),

5,.20)) (0.45,0.80,0.70)) (0.50,0.75,0.65)) (0.10,0.15, (0.05,0.05,0.05)) (0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.15,0.20))

As | ((095090,0.95), ((0.35,0.35,0.10), ((0.20,0.20,0.10), ((0.95,0.90,0.95), ((0-20,0.20,0.10), ((0.70,0.75,0.80), ((0.95,0.90,0.95), ((0.95,0.90,0.95),
0,0.05), (0.50,0.75,0.80), (0.65,0.80,0.85), (0.10,0.10,0.05), (0.65,0.80,0.85), (0.15,0.20,0.25), (0.10,0.10,0.05), (0.10,0.10,0.05),

.05,0.05,0.05)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (0.05,0.05,0.05)) (0.45,0.80,0.70)) (0.10,0.15,0.20)) (0.05,0.05,0.05)) (0.05,0.05,0.05))

As | ((020,020,0.10), ((0.70,0.75,0.80), ((0.35,0.35,0.10), ((0.20,0.20,0.10), ((0.35,0.35,0.10) ((0.95,0.90,0.95) ((0.20,0.20,0.10), ((0-20,0.20,0.10),
(0.65,0.80,0.85), (0.15,0.20,0.25), (0.50,0.75,0.80), (0.65,0.80,0.85), (050,0.75,0.80), (0.10,0.10,0.05), (0.65,0.80,0.85), (0.65,0.80,0.85),
(0.45,0.80,0.70)) (0.10,0.15,0.20)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (050,0.75,0.65)) (0.05,0.05,0.05)) (0.45,0.80,0.70)) (0.45,0.80,0.70))

A ((0.35,0.35,0.10), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0.35,0.35,0.10) ((0.50,0.30,0.50) ((0.20,0.20,0.10) ((0.35,0.35,0.10) ((0.35,0.35,0.10)
(050,0.75,0.80), (0.15,0.20,0.25), (0.20,0.15,0.25), (050,0.75,0.80), (050,0.35,0.45), (0.65,0.80,0.85), (050,0.75,0.80), (050,0.75,0.80),
(0.50,0.75,0.65)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.45,0.80,0.70)) (0.50,0.75,0.65)) (050,0.75,0.65))
[ C C. C Cs Cs C Cs

A | ((095090,0.95), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0-40,0.45,0.50), ((0.50,0.30,0.50) ((0.35,0.35,0.10) ((0.20,0.20,0.10), ((0.35,0.35,0.10),
(0.10,0.10,0.05), (0.15,0.20,0.25), (0.20,0.15,0.25), (0.40,0.45,0.50), (050,0.35,0.45), (0.50,0.75,0.80), (0.65,0.80,0.85), (050,0.75,0.80),
(0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (050,0.75,0.65))
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A | ((0.60,045,050), (0.70,0.75,0.80), (0.60,0.45,0.50), ((0.20,0.20,0.10), ((0.35,0.35,0.10), (0.50,0.30,0.50), ((0.60,0.45,0.50), ((0.35,0.35,0.10),
0.20,0.15,0.25), 0.15,0.20,0.25), 0.20,0.15,0.25), (0.65,0.80,0.85), (050,0.75,0.80), 0.50,0.35,0.45), (0.20,0.15,0.25), (050,0.75,0.80),
0.10,0.25,0.15)) 0.10,0.15,0.20)) 0.10,0.25,0.15)) (0.45,0.80,0.70)) (0.50,0.75,0.65)) 0.45,0.30,0.60)) (0.10,0.25,0.15)) (0.50,0.75,0.65))

As | ((0:40,045,050), (0.60,0.45,0.50), (0.40,0.45,0.50), ((0.60,0.45,0.50), ((0.60,0.45,050), (0.60,0.45,0.50), ((0-40,0.45,0.50), ((0.60,0.45,050),
0.40,0.45,0.50), 0.20,0.15,0.25), 0.40,0.45,0.50), (0.20,0.15,0.25), (0.20,0.15,0.25), 0.20,0.15,0.25), (0.40,0.45,0.50), (0.20,0.15,0.25),
0.35,0.40,0.45)) 0.10,0.25,0.15)) 0.35,0.40,0.45)) (0.10,0.25,0.15)) (0.10,0.25,0.15)) 0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.10,0.25,0.15))

A: | ((050,030,0.50), (0.40,0.45,0.50), ((0.50,0.30,0.50), ((0-40,0.45,050), ((0.60,0.45,0.50), (0.40,0.45,0.50), ((0.50,0.30,0.50), ((0-40,0.45,050),
0.50,0.35,0.45), 0.40,0.45,0.50), 0.50,0.35,0.45), (0.40,0.45,0.50), (0.20,0.15,0.25), 0.40,0.45,0.50), (0.50,0.35,0.45), (0.40,0.45,0.50),
0.45,0.30,0.60)) 0.35,0.40,0.45)) 0.45,0.30,0.60)) (0.35,0.40,0.45)) (0.10,0.25,0.15)) 0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.35,0.40,0.45))

As | ((0350350.10), ((0.50,0.30,0.50) ((0.35,0.35,0.10) ((0.50,0.30,050), ((0-40,0.45,050), (0.50,0.30,0.50) ((0.35,0.35,0.10) ((0.50,0.30,050),
0.50,0.75,0.80), (0.50,0.35,0.45), (0.50,0.75,0.80), (050,0.35,0.45), (0.40,0.45,0.50), 0.50,0.35,0.45), (050,0.75,0.80), (050,0.35,0.45),
(0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.35,0.40,0.45)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.30,0.60))

As | ((020,020,0.10), ((0.35,0.35,0.10), ((0.60,0.45,0.50), ((0.35,0.35,0.10), ((0.50,0.30,0.50), ((0.35,0.35,0.10), ((0-20,0.20,0.10), ((0-35,0.35,0.10),
(0.65,0.80,0.85), (0.50,0.75,0.80), (0.20,0.15,0.25), (050,0.75,0.80), (050,0.35,0.45), (0.50,0.75,0.80), (0.65,0.80,0.85), (050,0.75,0.80),
(0.45,0.80,0.70)) (0.50,0.75,0.65)) (0.10,0.25,0.15)) (0.50,0.75,0.65)) (0.45,0.30,0.60)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (0.50,0.75,0.65))

A | ((095,090,0.95), ((0.70,0.75,0.80), ((0.60,0.45,0.50), ((0-40,0.45,0.50), ((0-35,0.35,0.10), ((0.35,0.35,0.10), ((0-20,0.20,0.10), ((0.95,0.90,0.95),
(0.10,0.10,0.05), (0.15,0.20,0.25), (0.20,0.15,0.25), (0.40,0.45,0.50), (050,0.75,0.80), (0.50,0.75,0.80), (0.65,0.80,0.85), (0.10,0.10,0.05),
(0.05,0.05,0.05)) (0.10,0.15,0.20)) (0.10,0.25,0.15)) (0.35,0.40,0.45)) (0.50,0.75,0.65)) (0.50,0.75,0.65)) (0.45,0.80,0.70)) (0.05,0.05,0.05))
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Figure 1. The rank of alternatives.

5.3 Sensitivity Analysis

This section shows the rank of alternatives under different weights of criteria. We change the
criteria weights by 9 cases as shown in Figure 2. The first case show the equal weight of
criteria. The second case shows the first attribute has 0.2 weights and other attributes are
equal weights. Figure 3 shows the rank of alternatives under different weights. We show the
alternative 4 is the best under different weights.

Xiangke Zhang, Shoukui He, Xu Chen, A Cross-Entropy-Based Framework Using HyperSoft Type-2 Neutrosophic Numbers
for Innovation Capability Evaluation in Central Cities of Emerging Economies



Neutrosophic Sets and Systems, Vol. 78, 2025 144

=@=R] e=@=R2 =@=R3 R4 e=@=R5 =@=R6 e=@==R7 e=@==R8 =@=R9

c3

Figure 2. The different weights of criteria.
8

0 “| "“‘ ‘l‘ l“‘l |" l|||| ‘l| I“‘I ‘“ |“|| III IIIII ||‘ |||"
Al A2 A3 A4 A5 A6 A7

ER1 WR2 mR3 WR4 mR5 WR6 EMR7 ER8 ER9

~N

[e)]

(€]

IS

w

N

[N

Figure 3. The rank of alternatives under different weights.

6. Conclusion

The comprehensive evaluation of innovation capacity in central cities of growing
countries is a critical analytical and decision-making tool designed to measure and compare
the innovation capabilities and potential of different central cities in innovation-driven
development. This evaluation integrates multiple key indicators—such as scientific activities,
enterprise innovation, policy support, and talent aggregation—to build a comprehensive
model of innovation capacity assessment. Its purpose is to identify strengths and weaknesses
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in each city's efforts to promote technological progress and the development of high-tech
industries, thereby providing data support for policymakers to optimize resource allocation
and develop more effective regional innovation promotion strategies. Through this
evaluation, cities can better position themselves within the national and global innovation
networks, promote the optimization and upgrading of economic structures, and accelerate the
transition from "growth-oriented" to "innovation-oriented" cities. The comprehensive
evaluation of innovation capability in central cities of emerging countries is a MADM
problem. Lately, the cross-entropy method has been adapted to address such MADM
challenges. T2NNs have been utilized effectively to represent uncertain data throughout the
evaluation process. This study introduces the application of the T2NN-HS-CE method to
advance MADM analysis using T2NNs with HyperSoft. The HyperSoft is used to deal with
complex decision making process. Additionally, this research includes a numerical study and
multiple sensitivity analyses to assess and confirm the effectiveness of the proposed T2NN-
HS-CE method. The seminal contributions of this research are enumerated as follows: (1)
Implementation of the cross-entropy method alongside T2NNs with HyperSoft; (2)
Application of the entropy method to establish weight values when using T2NNs and
HyperSoft; (3) Development and application of the T2NN-HS-CE method for handling
MADM problems characterized by T2NNSs; (4) Creation of an algorithmic framework for a
comprehensive evaluation of innovation capabilities in central cities of emerging countries,
supported by a numerical example and sensitivity analyses to demonstrate the utility of the
T2NN-HS-CE method.

The paper introduces a new MADM framework using T2NNs and T2NN-HS-CE
method to evaluate the innovation capabilities of central cities in emerging countries. While
this research is innovative and potentially very practical, it has some shortcomings that
require further improvements and exploration. Firstly, the complexity of the T2NN-HS-
CE method could pose a barrier to its practical application, especially in policymaking and
urban planning settings. The high data requirements and complex processing involved may
limit its popularity among non-specialists. Therefore, simplifying and optimizing this
methodology to make it more understandable and operable is an important direction for future
research. Secondly, this study primarily targets central cities in emerging nations, and its
universality and adaptability have not been fully tested across different cultural and economic
contexts. Future research could expand the scope to include more countries and cities,
exploring the effectiveness and flexibility of the model in varying environments. A
deeper analysis of data applicability and sensitivity would also help assess the potential for
global application of the model. Lastly, integrating the T2NN-HS-CE method with other
tools and indicators for assessing urban innovation capabilities, such as the Global Innovation
Index, could offer a more comprehensive evaluation perspective. Developing a multi-level
assessment framework that combines quantitative and qualitative analyses would provide a
more thorough and in-depth evaluation of innovation capabilities. These suggested research
directions can further refine and extend the methods and applications of this study, providing
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more effective tools and strategies for assessing the innovation capabilities of central cities
in emerging countries.
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