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A COMBINED WEIGHT CALCULATION MODEL FOR
EVALUATING THE TOUGHNESS OF ASSEMBLED BUILDING
SUPPLY CHAIN

JINJIN LI, LAN LUO, ZHANGSHENG LIU*, AND HENGHENG SU

ABSTRACT. To scientifically identify the key factors affecting the toughness of
prefabricated building supply chain, this paper presents a combined weight cal-
culation model for evaluating its toughness. After developing the index system
for the supply chain toughness of prefabricated buildings, the Extension Ana-
lytic Hierarchy Process (EAPH) is used to assign the index subjective weights to
the indices, while the Technique for Order Preference by Similarity to an Ideal
Solution (TOPSIS) is applied to determine the objective weights. In addition,
to ensure the rationality of the weight result, game theory is employed to in-
tegrate and balance the subjective and objective weights. Finally, the Taohua
Shantytown Project in Nanchang City is selected to assess the effectiveness of
the model.

1. INTRODUCTION

As a new type of construction, prefabricated buildings have gained significant at-
tention and development worldwide in recent years. In 2023, the newly started area
of prefabricated buildings in China reached 1.016 billion square meters, accounting
for more than 25% of the total newly started residual areas in the country. The
market scale of prefabricated modular buildings in China grew from 29.8 billion
RMB in 2015 to 134 billion RMB in 2022. Prefabricated building projects face
significant risks due to their multi-stage process, high costs, and poor construction
management, making their supply chains susceptible to disruptions.Supply chain
resilience refers to the ability of a supply chain to quickly return to its ideal state
after being disturbed or interrupted [10]. For prefab structures, a robust supply
chain is key to minimizing disruption risks, keeping operations steady and boosting
business competitiveness.

Research on the factors affecting the toughness of prefabricated building supply
chain has become a prominent topic in academic circles. For example, Zhang et
al. [13] examined the factors affecting the supply chain flexibility of prefabricated
buildings across three key stages: design, production, transportation, and construc-
tion. Moreover, Zhang and Liu [14] constructed an evaluation index system for
building supply chain toughness from four perspectives: prediction ability, absorp-
tion ability, adaptability, and resilience. In addition, Gao et al. [5] conducted a
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comprehensively analysis of the factors affecting the toughness of the prefabricated
building supply chain under Engineering, Procurement, and Construction (EPC)
model. Furthermore, Liu et al. [8] explored various factors affecting supply chain
toughness from the perspective of dynamic capability, and identified and validated
the relationships between these factors using Structural Equation Modeling. Added
to that, Ekanayake et al. [4] established an evaluation index system for supply
chain toughness in prefabricated buildings, focusing on supply chain fragility and
capability. Added to that, Ingirige et al. [1] identified five key factors influencing
the resilience of supply chain through a survey filled by 105 professionals. Finally,
Wedawatta et al. [12] argued that extreme weather is a critical factors affecting the
resilience of construction supply chain.

Currently, many quantitative models have been proposed for evaluating the tough-
ness of the assembled building supply chain. For instance, Wang et al. [11] developed
a calculation model of the toughness weight of the assembly building supply chain
using the Analytic Network Process. In addition, Zhu et al. [15] employed a Back
Propagation Neural Network (BPNN) to predict risks throughout the whole pre-
fabricated building supply chain. Moreover, Liu [7] used the Analytic Hierarchy
Process (AHP) to quantify the results of the toughness evaluation for the assem-
bled building supply chain. As for Cai et al. [2], they combined AHP and the
DEcision-MAking Trial and Evaluation Laboratory (DEMATEL) method to estab-
lish a set of calculation model for the combined weight of the assembly building
supply chain and conducted a comprehensive and systematic analysis of the indi-
cators. Furthermore, Lu [8] proposed an evaluation model for the flexibility of the
assembled building supply chain based on DEMATEL and Interpretive Structural
Modeling Method, analyzing the key factors affecting supply chain flexibility and
their underlying mechanism.

In summary, research on quantifying key factors is scarce, and existing methods
for calculating indicator weights are rather basic. Thus, this paper introduces an
innovative research framework to address these limitations.Therefore, this paper
proposes a new research framework. First, the Extension Analytic Hierarchy Pro-
cess (EAHP) is used to determine the subjective weight influencing the toughness
index of the prefabricated building supply chain. Second, TOPSIS is applied to
calculate the objective weight of the indicators. Finally, based on game theory,
a comprehensive method for calculating the weight of the toughness index of the
assembled building supply chain is developed.

2. METHODOLOGY

2.1. Weight calculation method based on EAHP. EAHP is developed based
on AHP. It constructs judgment matrix with interval number instead of point num-
ber, overcoming the ambiguity of AHP in solving expert experience judgment. Spe-
cific calculation steps are defined as follows [9]:

Step 1. Constructing an extension interval number judgment matrix

The subcontracting of construction projects involves the process in which a gen-
eral contracting unit for a construction project delegates specific portions or multiple
parts of the project to other contracting units. These units then sign subcontract
agreements with the general contractor under the main contract.
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After constructing the index system for building supply chain toughness, it is
necessary to compare each index in pairwise. To more accurately describe the
relative importance of these indicators, using extension intervals for quantitative
description. This allow to construct an extension judgment matrix, as outlined

below [9]:

<C£1a Ci:1> <02:1= c31) <crzl7 Cr})
(2.1) C = (1 c1a)  (earcza) o (Cuay i)
<Cl_n’ Cif—n> <02_n7 C;n> e <C;n7 C;L‘—n>
where(ci_j, cZ} are extension interval numbers, ¢;; represents the lower limit of ex-

tension interval,C" indicates a positive reciprocal matrix,and r

o) -
(o> =)
Tij Tij
Through data collection process, every element data Cij and C" in the judgment
matrix of extension interval number is given an integer in the scale of 1-9 in the
traditional analytic hierarchy process to ensure the accuracy of expert scoring.
Step 2. Calculating the interval weight vector of the extension judgment matrix.
(1) Construction of the extension judgment matrixC' = [C'~,C"] according to
Eq. (2.1). This leads to C~ = (¢;;)nxn, CT = (C;)nxn

(2) Calculation of m and k from C~ and C* using Eq. (2.2) [9]

- 1 - 1
(2.2) m = <n_> k= <n>
j; dic Cij ; doic Cz—';

where m and k are two positive real numbers, satisfying 0 < k < 1 < m; the
extension judgment matrix will be regenerated until the requirements are met [9].
(3) Finding the weight vector of the extension judgment matrix [9]:

(2.3) We=WEwg, ..., W = (kw™, kw™)

where W denotes the weight of the n** element in the d* layer relative to a certain
element in the previous layer. It is expressed using the extensible interval number
Wd = (Wd= Wd+). Moreover, W¢ represents the extensible interval weight vector
of the judgment matrix C, demonstrating that the weight vector derived from this
equation is uncertain.

Step 3. Calculate the ranking weight of each indicator list.

The relative importance of indexes C’d,Cg, .. .,C’Zd, ...,C% are computed using
the extension judgment matrix weight vector W, It is defined as follows [9]:

2(Wid+ - Wjd_)
d+ d— d+ d—\"
(Wj _Wj >+(Wz _Wi )
For any i = 1,2,...,n, V(W{ > Wjd) > 0, there is [9]:

(2.5) {Pﬂdb =1

(2.4) vwe > wi) =
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where PJ% represents the weight of evaluation index Cld on the d layer to evaluation
index C4~! on the d — 1 layer. Moreover, P¢ = (P{, P{,..., P%) is obtained after
normalizing PZ%, representing the evaluation indexes Cf, Céi, ce Cg on the d layer.

2.2. Weight calculation method based on TOPSIS. The TOPSIS method is
used to evaluate the quality of samples based on their proximity to the ideal solution.
First, the initial data matrix is standardized, the best and worst alternatives within
the group are identified. Then, the distances between the scheme to be evaluated
and the two extreme schemes are measured. The quality of the alternative is judged
to be evaluated based on these distances. Specifically, as follows [3]:

(1) Pre-treatment of impact indicators: For the forward processing of reverse
indicators, the following expression is defined:

(2.6) Tij = max(xij) — Ty

where max(x;;) represents the maximum value of negative indicator set.
(2) Implement dimensionless data processing: The purpose is to normalize the
index matrix to eliminate the dimensional influence between the different indexes:
Tij

(2.7) Zij = \/ﬁ

The normalized index matrix is defined as follows:
Zi o Zin
Z=| i
Zmi  Zom

(3) Calculate the optimal solution set 2™ and the worst solution set 2™, identifying

the best and worst performance of each impact indicator across all samples. Then,
calculate the 2™ and 2~ using the following equation [3]:

(2.8) =z Zy,....2}),
(2.9) 2 =(27,%25,...,2,,) .

(4) Calculate the distance H;™ between the influence index z;; and the corre-
sponding optimal value z:r from the optimal solution set. Similarly, calculate the
distance H, between the influence index z;; and the corresponding worst value z;”
from the worst solution set.

(2.10) Hf = 3 (25— 5)°,

J

_ N2
(2.11) H = > (25— 2)
J
where ¢ = 1,2, ..., m is the number of characteristic indicators, j = 1,2,...,n being
the number of samples.
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(5) Calculate the relative closeness between each evaluation index and the optimal

value S; as follows:
H

2.12 S = —F—+—.
(212) A
(6) Calculate the objective w eight of indicators, normalize the relative proximity
S;, and get the objective weight of each index [5; as follows:
(2.13) Bi = —m

Z?L Si

where § = (B1, P2, - .., Pm) denotes the objective weight vector of the index.

2.3. Game theory to calculate the combination weight. This section adopts
a combined weighting strategy to define the index weight. This approach aims to
avoid the excessive subjectivity introduced by relying solely on expert experience,
while also addressing the problem of weight allocation in the objective method. The
goal is to ensure a more reasonable and effective allocation of index weights.

In this paper, a fundamental principle is applied to minimize the difference be-
tween subjective and objective weight distribution results: minimizing heterogeneity
when combining weights. While the weighted average of subjective and objective
weights can reduce this heterogeneity to some extent, it is not the optimal solution
and cannot ensure its minimization. Therefore, this section innovatively introduces
game theory and applies it to the integration of subjective and objective weights.
This method allows for a comprehensive evaluation of the unique role of both sub-
jective and objective weight within the system, and ensures an accurate balance
of the differences between weights through carefully designed weight distribution
coefficients.

Suppose that the weight vectors W; = (wy, way,...,wpy)(l = 1,2,...,L) of n
indicators are calculated using the L weighting method; thus, the basic weight set
can be obtained as follows:

L
(214) I/Vinte - Z alm
=1

where «; is the distribution coefficient of the L** basic weight. There are several
linear combinations of L basic weights. To find the optimal combination weight
Wilie, this part uses the idea of game theory to optimize the basic weight distri-
bution coefficient in Eq. (2.14). The optimization goal consists of minimizing the
heterogeneity (deviation) of the optimal combination weight and all basic weights.

This is expressed as follows:

(2.15) min )

=1

(o)

=1

2
where ||U||2 represents the second norm of vector U, «; is a variable to be decided,
and > o = 1.

The optimal value of of Eq. (2.15) can be calculated using the mature commercial
solver of MATLAB. Moreover, the combination weight based on game theory can



2284 J. J. LI, L. LUO, Z. S. LIU, AND H. H. SU

be expressed as follows [15]:

L
(2.16) e =Y _ai x W
=1

Specifically, in this paper, two basic weights are combined: Wi, the objective weight
based on TOPSIS, and W5, the subjective weight based on EAHP. The goal is
to minimize the deviation between the combined weights and the subjective and
objective weights, thereby balancing the index importance reflected by both. In
other words, the combined weights should not only capture the inherent attributes
of each index but also effectively incorporate the original data information of the
index.

2.4. Realization of the proposed model. The model evaluation flow chart is
displayed in Figure 1.

| Subjective weight based on EAHP | | Objective weight based on TOPSIS |
é | Obtaining extension judgment | | Using Equations (6)-(7) to preprocess the |
; matrix by Equation (1) data.
. [
5 | Judging the consistency by | | Determining the optimal solution and the | |:
| Equation (2) | | worst solution by Equations (8)-(9) !
| Obtaining ranking weight of the | | Determining the distance between the |
| hierarchical list of indicators by | target and the optimal solution and the | |:
' Equations (3 (5) | worst solution by Equations (10)-(11) | I
| | | Calculating the relative pasting progress
| Normalization processing | | by ECIU-ﬂ;'lOH (12)
| | | Normalization of relative pasting |
progress i
1 1 |

v

J Using game theory to get the comprehensive weight L

FiGURE 1. Ranking of all evaluation methods

Step 1. Calculate the subjective weight. The extension judgment matrix is
established using Eq. (2.1), and the data in the matrix is obtained through expert
scoring. The consistency of the matrix is then verified using the consistency test
numbers k and m. Then, the weight vector of the extension judgment matrix is
calculated using Eq. (2.3). Finally, the results from Egs. (2.4) and (2.5) are
normalized to obtain the subjective weight of the index.

Step 2. Calculate the objective weight. The actual value of the index is generated
through expert scoring, and the original data matrix is constructed. Egs. (2.6) and
(2.7) are used to preprocess the data. Moreover, Egs. (2.8) to (2.12) are employed
to get the objective weight of the indicators.
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Step 3. Combine the weight values obtained by both methods with the game
theory to generate the final weight.

3. CASE STUDY

3.1. Project Overview. The case study selected in this paper is the Taohua shan-
tytown project in Nanchang. The project consists of five high-rise residential build-
ings (1#, 2#... 5#), three commercial buildings with service rooms (6#, 7# and
8#), and a two-story underground garage. Among them, the residential buildings
feature an assembled frame-shear wall structure, with 24 to 26 floors above ground.
The highest building reaches a height of 80.10m, and the podium is a frame structure
with 3 to 6 floors. The total construction area is about 137,000 m with 103,000 m
above ground and 34,000 m underground. The proportion of assembled components
in this project is 45%, primarily consisting of vertical components and stairs.

3.2. Building an index system. The operation of the prefabricated building sup-
ply chain involves a wide range of stakeholders, with diverse and complex sources
of resilience influencing factors. To accurately identify these factors, a toughness
index system of assembled building supply chain is constructed through literature
research [5,12-14] and expert interviews. This system consists of five first-level
indicators and 15 second-level indicators. Details are found in Table 1.

TABLE 1. Index system of prefabricated building supply chain

Primary indicators Refs Secondary indicators Refs
Design Stage A1 [5, 12, 13, 14] Technical Capability A11 (5, 12, 13]
Design ability A1z (5, 13, 14]
Information exchange ability A;3 (7, 12]
Component production stage Az [12, 13, 14] Component redundancy A1 (12, 13, 14]
Component system Agg [12, 13]
Factory management Aa3 (12, 13, 14]
Logistics company reliability Asq (12, 13, 14]
Transportation management ability As (5, 12, 13] Transport flexibility Ass [12, 13]
Transportation Distance and Cost Azz  [12, 13, 14]
Quality control Ay [?, 12, 13, 14] Professionals A41 [13, 14]
Construction Technology A42 [5, 13, 14]
Regulatory mechanism A43 [5, 13, 14]
Human Resource Management As [5, 12, 13, 14] Education and Training As1 [?7, 12, 14]
Cross-functional team Asa [5, 12, 14]
Crisis management As3 [12, 13]

3.3. EAHP subjective weight assignment.

3.3.1. Construction of extension interval number judgment matriz. Following the
calculation steps of EAHP, two experts in relevant fields are invited to score the
importance of each pair of indicators at the same level using the 1-9 scale method.
Both experts have more than 10 years of engineering experience and have partic-
ipated in the supply chain management of the case project. Due to the limited
number of supply chain management experts available for this case, Only two ex-
perts were selected in this paper. Then, the extension interval number judgment
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matrix C' is constructed for the indicators at the same level, relative to the indi-
cators at the previous level. Taking the first-level indicators Ay, Ao, Az, Ay, A5 as
examples, the extension interval number judgment matrix C' is displayed in Eq.
(2.1), and the meaning of each scoring value is detailed in Table 1.

Ly (L (1) (Y e
(273) (171) (675 T??) )

(3.1) C=|@34) (56 (1L,1) (3.3 (35)
6.0) (67 (23 (L) (.6)
(+:2) (32) G3) (&3 LD

The matrix C' is decomposed into a negative matrix C~ containing the lower limit

of the extension interval number and a positive matrix CT regrouping the upper
limit of the extension interval number. Both matrices are represented as follows:

1 L 1 1 9 1 L 1 1 4

p o1 Pl
21572 31 5 g3
C-=|[3 51 5 3|, C"=]46 1 55
56 2 1 3 6 73 16
111 1 111 1

4 3 5 6 2 2 3 3

3.3.2. Solve the eigenvector of the extension interval judgment matriz. Solving the
eigenvectors w™ and w™ using the positive components of matrices C*t and C—,
while employing the root method leads to the following:

wT = (0.0838,0.0986, 0.2844, 0.4720, 0.0612),
w™ = (0.0815,0.1043,0.2869,0.4716, 0.0558).

3.3.3. Consistency of judgment matriz. Using Eq. (2.2) to solve the values of k and
m leads to:m = 1.0313, £ = 0.9210

Based on these equations, we can get that 0 < &k = 0.9210 < 1 < m = 1.0313.
Thus, the consistency of the extension interval judgment matrix is acceptable.

3.3.4. Determine the relative importance of indicators. The extension comprehen-
sive weight vector obtained by Eq.(2.3) for comparing each first-level index is defined
as follows:

Wi =(0.0751,0.0864), Wj = (0.0961,0.1016), W3 = (0.2642,0.2933),
Wi = (0.4343,0.4868), W42 = (0.0514,0.0632).

According to Eq. (2.4), the relative importance V of each level index can be
obtained as follows:
2 x (0.1016 — 0.0514)

Vvl ) — — 5.7884 = P
(W2 = Ws) = 57016 = 0.0961) + (0.0632 — 0.0514) ?
2 % (0.2933 — 0.0514)
Vot = ) — 11.8477 = P
(Ws = Ws) = (2933 — 0.2642) + (0.0632 — 0.0514) ’
2 % (0.4868 — 0.0514
VOVl 5 W) = x (04868 — 0.0514) — 13.5507 = P,

(0.4868 — 0.4343) + (0.0632 — 0.0514)
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2 x (0.0864 — 0.0514)
(0.0864 — 0.0751) + (0.0632 — 0.0514)

V(Wi > Wy) =

=3.0308 = P,

By normalizing Py, P>, P3, Py, and Ps, the weight of five first-level indicators to

the total target layer can be obtained. Thus, according to P/ = %, one can

j=117
write:

T
Pl P2 P3 P4 P5
Py = 5 ) =5 ] ) =5 ) b
23:1 P; Zj:lpj 23:1 P Ej:lpj 23:1 P
= (0.0861,0.1644, 0.3364, 0.3848, 0.0284)T

That is, the subjective weights of the first-level indicators relative to the tough-
ness of prefabricated building supply chain are as follows: design stage 8.61%,
component production stage 16.44%, transportation management ability 33.64%,
construction assembly 38.48%, and quality control 2.84%.

By analogy, to facilitate the calculation, the extension interval number judgment
matrix of each secondary index is imported into MATLAB for programming. This
allows for the calculation of the subjective weight of each secondary index, with the
results summarized in Table 2.

3.3.5. TOPSIS method objective weight assignment. Given that the index system is
mostly qualitative, ten staff members involved in the supply chain of prefabricated
buildings are invited to score it based on the established toughness index system
and the actual conditions of the project. The scores are provided using a 100-
point system. Taking transportation management capability As as an example, the
original data matrix S is constructed as follows:

70 80 83 95 Tr 78 8 74 77 90
S= |78 74 73 68 69 84 8 82 74 T1
75 86 89 84 TS5 68 83 72 T2 776

According to Egs. (2.8) and (2.9), the optimal solution set z* and the worst
solution set z~ in matrix S are described as follows:

2t = (78,86,89,95,77,84,88,82,77,90), =~ = (70,74,73,68,69,68,85,72,72,71).

The distances of three indexes, namely, A3, A3o, and Ass, are calculated relative
to the optimal solution set 2™ and the worst solution set z~. Therefore, one can
get:H = 15.6525, H; = 37.6696, Hy = 39.6485, H, = 20.5913, HS = 26.6646,
and H,; = 27.4044.

Using Eq. (2.12), the relative closeness degree S; between each secondary index
and the optimal value under transportation management capacity As is determined
as follows: S1 = 0.7065, Sy = 0.3418, S3 = 0.5068.

Finally, the objective index weight ; is obtained by normalizing S1, Se, and S3.
Thus, f1 = 0.4543, 5o = 0.2198, and B3 = 0.3259.

Similarly, the objective weights of other indicators can be obtained. They are
summarized in Table 2.
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3.3.6. Combination empowerment based on game theory. The combination weight of
each secondary index is determined using the game theory, and the first-level index
weights are obtained through linear addition, as shown in Table 2. To facilitate
calculation, MATLAB programming software is used to solve the problem.

TABLE 2. Weighted indices for primary and secondary criteria

Primary Subjective Objective Comprehensive Secondary Subjective Objective Comprehensive

index weight weight weight index weight weight weight
A1 0.2721 0.3396 0.0241
Aq 0.0861 0.1349 0.0876 A1z 0.6080 0.3585 0.0522
A3 0.1199 0.3020 0.0113
Aoy 0.2510 0.3546 0.0419
As 0.1644 0.1749 0.1647 Ao 0.6530 0.3751 0.1061
Aoz 0.0960 0.2703 0.0168
Az 0.2014 0.4543 0.0687
Az 0.3364 0.2134 0.3326 A3z 0.7071 0.2198 0.2319
Ass 0.0915 0.3259 0.0320
An 0.2395 0.3003 0.0931
Ay 0.3848 0.4070 0.3855 Aso 0.1373 0.3336 0.0554
Aus 0.6232 0.3661 0.2370
As1 0.5390 0.2571 0.0154
As 0.0284 0.0699 0.0297 Aso 0.2973 0.3260 0.0089
Ass 0.1638 0.4170 0.0054

3.3.7. Weight result analysis. The calculation results in Table 2 reveal distinct
weight distribution characteristics in the toughness evaluation of the assembled
building supply chain for the Taohua shantytown project in Nanchang. Among the
first-level indicators, the weights, in descending order, are: A4(0.3855), A3(0.3326),
A2(0.1647), A1(0.0876), and A5(0.0297). Additionally, the weight distribution of
secondary indicators within the toughness evaluation system highlights the key fac-
tors affecting the supply chain resilience. Among them, transportation flexibility
and supervision mechanism have the two largest weight ratios, at 0.2319 and 0.2370,
respectively. These values are significantly higher than those of other secondary
indicators, underscoring their importance in improving the toughness of the prefab-
ricated building supply chain.

4. CONCLUSION

This paper conducts an in-depth study of the factors affecting the toughness of
the prefabricated building supply chain and established a toughness index system
for it. A model set for calculating the weight of indicators is proposed by combining
EAHP and TOPSIS, enabling the quantification of each index’s importance and
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the identification the key factors. The empirical results show that the model accu-
rately identifies the key factors affecting the supply chain toughness of prefabricated
buildings, providing strong support for their supply chain management.
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