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Abstract

Metro-led underground spaces (MUS) have gained significant importance in addressing deteriorating urban issues in high-density
built environments. However, existing planning techniques for MUS lack could enable the increasingly complex spatial morphology
and function assignment, resulting in poor performance of MUS development in an unintegrated manner. To bridge the research
gap, an enhanced layout planning approach for MUS (ELPA-MUS) was systematically formulated. ELPA-MUS incorporated a digital
interpretation framework for MUS layout, enabling simultaneous analysis of spatial morphology and function. The model transformed
the layout planning task into a multi-objective optimization (MOO) problem with nine objective functions. The non-dominant sorting
genetic algorithm III (NSGA-III) was employed to find the Pareto front in high dimensions. To enhance the practicality of ELPA-MUS,
an ensemble method was proposed, combining subjective expertise and objective computational analytics. The model was applied to a
case study in Jinan, China to demonstrate its applicability and rationality. Overall, the ELPA-MUS model provided a modifiable para-
digm for intelligent layout planning of complex underground spaces and expanded the data-driven planning toolkits towards a more
sustainable MUS development.

Keywords: Layout planning; Metro-led underground space; Fuzzy analytic hierarchy process; Multi-objective optimization

urban environments, the development of UUS, guided by
master planning and regulatory detailed planning, has

1 Introduction

Over the past decade, urban underground space (UUS)
utilization has experienced significant growth worldwide,
driven by its substantial sustainability advantages and
comprehensive development benefits (Bélanger, 2007;
Bobylev, 2009, 2016; Broere, 2016; Dong et al., 2021d;
Liu et al., 2024; Peng et al., 2021). In densely populated
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become increasingly crucial during urban renewal in
addressing urban challenges such as space scarcity and
traffic congestion (Dong et al., 2021c; Qiao et al., 2024;
Zhao et al., 2016; Zhou & Zhao, 2016). Metro-led under-
ground spaces (MUS), which are spatially and functionally
integrated with metro stations, have gained considerable
popularity in Chinese megacities, aligning with the princi-
ples of transit-oriented development (TOD) (Calthorpe,
1993; Dong et al., 2023a, 2022; Ma et al., 2022; Peng
et al., 2020). Previous studies have demonstrated the posi-
tive impact of MUS on enhancing urban vitality, optimiz-
ing spatial morphology, and expanding public transport
services (Dong et al., 2021a, 2021c, 2023c; He et al.,
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List of abbreviations

Abbreviation Description

CI coordination indicator

Ccv coefficient of variation

ELPA-MUS enhanced layout planning approach for metro-led

underground spaces

FAHP fuzzy analytic hierarchy process
FAR floor area ratio
IGD inverted generational distance

2016; Peng et al., 2021). However, existing planning tech-
niques for MUS primarily rely on subjective expertise
and semi-quantitative analytics, which are inadequate for
addressing the complex spatial morphology and function
of multi-station MUS layout planning. As a result,
metro-led areas with inappropriate planning are likely to
exhibit poor spatial performance and inefficient utilization
of valuable spatial resources.

The study of urban layout planning models integrating
land use, transportation layout, and socioeconomics has
a long history (Batty, 2012; Cao et al., 2011). However,
in the field of underground space, layout planning models
have only recently begun to emerge, with a few exploratory
studies. For master planning layout, multi-objective opti-
mization (MOO) problems have been quantitatively
defined, considering factors such as coordination, suitabil-
ity, compactness, and safety of stratified UUS (Shao &
Wang, 2022; Zhang et al., 2021). Similarly, for regulatory
detailed planning, MOO techniques have been employed
to determine the local layout of aboveground and under-
ground spaces in metro-led areas, using grid cells as the
fundamental unit (Dong et al., 2022; Zhang et al., 2021).
Although comprehensive studies on MUS layout planning
techniques are lacking, various scholarly works have
focused on pattern mining for MUS development, driven
by emerging multisource big data and urban analytics
(Peng et al., 2023b). These studies have shed light on the
intricate relationships among spatial performance, spatial
morphology, and spatial function of MUS, providing use-
ful quantitative evaluation models to formulate MOO
objectives (Chen et al., 2022; Dong et al., 2021b, 2023b,
2023c; Ma et al., 2022; Yuan et al., 2020). Furthermore,
modeling methods utilizing space syntax and network
science for the topological configuration of complex under-
ground spaces have laid the foundation for spatial analytics
in MUS (Peng et al., 2023a; Zhao & Kunzli, 2016).

However, three critical challenges in MUS planning still
remain unresolved. Firstly, the bi-level analysis of spatial
function and morphology in current models deviates from
actual planning practices, necessitating an integrated digi-
tal interpretation framework for MUS layout (Dong
et al., 2022). Secondly, a set of refined pattern-based layout
planning objectives needs to be quantitatively constructed
to replace the oversimplified objective functions used in
existing models. Thirdly, an effective approach for elite

LPMUS layout planning model for metro-led underground spaces
MOO multi-objective optimization

MUS metro-led underground spaces

NSGA non-dominant sorting genetic algorithm

PWM pseudo weight method

TOD transit-oriented development

UG-A underground public service

UG-B underground retail

UG-S5 underground parking

UusS urban underground space

selection from the Pareto front should be proposed and
integrated into the layout scheme generation to enhance
the practicality of current planning techniques (Ma et al.,
2018; Zhang et al., 2021).

To address these research gaps, we proposed an
enhanced layout planning approach for MUS (ELPA-
MUS). Building upon the digital interpretation of MUS
layout, ELPA-MUS refined the formulation of the objec-
tive function from a systematic perspective. Furthermore,
the non-dominant sorting genetic algorithm IIT (NSGA-
I1I), a powerful swarm intelligent algorithm for solving
Pareto fronts in high dimensions, was incorporated into
the model. Ultimately, an ensemble method combining
subjective expertise and objective computational analytics
was employed to facilitate the automatic generation of
MUS layout planning. To validate the proposed model, a
complex MUS case study with two metro stations in
Jinan, China was selected to test the applicability of
ELPA-MUS.

The remainder of this study is organized as follows.
Section 2 presented the modeling of ELPA-MUS, including
fundamental digital interpretation, construction of opti-
mization objective functions, constraints in MOO, Pareto
front solving, and elite selection strategy. Section 3 pro-
vided an overview and model configuration of the case
study in Jinan. Section 4 presented the results of the mod-
eling execution, planning scheme generation, and discusses
the limitations and prospects. Finally, Section 5 drew
conclusions based on the findings.

2 Modelling of ELPA-MUS
2.1 Fundamental digital interpretation

The ELPA-MUS model presented in this study builds
upon our previous work on the intelligent layout planning
model for underground space surrounding metro stations
(LPMUS) (Dong et al., 2022). To the best of our knowl-
edge, LPMUS is an advanced model specifically designed
for MUS development at the regulatory detailed planning
scale. This MOO-based framework is also prevalent in
underground space layout generation at the master plan-
ning scale (Zhang et al., 2021). While LPMUS provides a
valuable foundation, it exhibits limitations in several key
areas. Specifically, LPMUS is primarily suited for single-
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station areas; its grid-cell-based decision variable does not
align with real-world parcel-based planning practices; it
relies on only three semi-quantitative objective functions,
lacking a holistic consideration of optimization factors; it
treats connectivity analysis as a separate process, decou-
pled from function and development intensity; and it lacks
a robust constraint system. ELPA-MUS addresses these
shortcomings by leveraging an improved, parcel-based
decision variable formulation and a more systematic con-
sideration of nine objective functions, coupled with an
enhanced elite selection strategy. Consequently, the mod-
el’s applicability extends to multi-station areas with
increased rationality. This enhanced model offers a more
integrated, data-driven, and practical approach to MUS
planning in complex urban environments. The detailed for-
mulation of the ELPA-MUS model is described below.

2.1.1 Unit partitioning and topological configuration

Previous studies have commonly utilized discretized uni-
form grid units for the analysis of functional evolution and
layout simulation in underground space planning (Dong
et al., 2022; Ma et al., 2018; Zhang et al., 2021). However,
this analytical approach inevitably introduced computa-
tional complexity due to the artificial discretization, leading
to unnecessary simulation distortions. Furthermore, the
presence of discrete grid units could result in inconsistent
spatial function and morphology within the same parcel
or even neighboring units.

Therefore, this study adopted an analysis approach
based on complete land parcel as the fundamental units
for functional layout (see Fig. 1). Each independent land
parcel and metro station are considered as individual units,
but decision vectors are encapsulated within parcel units
only. Additionally, using a grid unit partitioning scheme
allows for a concise mapping of the spatial configuration
of the MUS. Thus, this study incorporated this approach
into the analysis of the connected network, embedding it
into the ELPA-MUS model for complex MUS analysis.

For MUS planning, the architectural design concerning
building morphology is typically undecided. Planners could
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only simulate and generate planning schemes at the scale of
land parcels. To enhance the performance of spatial con-
nectivity of layout planning, it is necessary to simulate
the topological configuration of underground space based
on planning parameters such as underground floor area
ratio (FAR) and the number of development floors. In this
regard, we proposed a modeling method for the generation
of underground pedestrian networks in MUS, which could
be embedded as a sub model into ELPA-MUS and assist in
the computation of objective functions. The modeling pro-
cess mainly consists of the following four steps:

(1) Determination of underground space nodes. For a
given land parcel i within the planning area, the num-
ber of single-layer underground space nodes n,; could
be calculated using Eq. (1).

ny,; = ceil (F—u'i : Si>7 (1)

So - My

where ceil denotes the ceiling function, F; denotes the
underground FAR of land parcel i, S; denotes the land area
of land parcel i (m?), 5o is the node area (m?), and ny;
denotes the number of development floors for land parcel .

(2) Determination of internal arrangement of under-
ground nodes. Since the architecture design is unde-
cided, specific assumptions need to be made when
arranging the nodes. These assumptions include: (a)
consistency in the form of each layer of underground
space; (b) considering all underground buildings
within a plot as an aggregated entity; (c) priority
given to a square arrangement of nodes within this
aggregated entity. As illustrated in Fig. 2, the initial
number of edge nodes n = floor(n,;'/?). Subse-
quently, a square arrangement of #> nodes is created
at the center of the plot. If there are remaining nodes,
they are arranged in a vertical-then-horizontal
sequence, completing the distribution of underground
nodes at the parcel level.

Topological configuration

P

B
1

Fig. 1. Unit partitioning and topological configuration of ELPA-MUS.
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Fig. 2. Topological coding for MUS layout planning scheme.

(3) Determination of internal topological configuration
of underground nodes. As mentioned earlier, there
are two types of connections within the underground
nodes: horizontal and vertical. For horizontal con-
nections on the same layer, the Von Neumann neigh-
borhood is used for close proximity connections. For
vertical connections, the number of vertical connec-
tions n, is calculated based on the total floor area
to assign necessary elevators, rounded up to the near-
est integer. To determine the positions of vertical con-
nections, the nodes are encoded in rows, and then n,
nodes are uniformly selected from the encoded
sequence to establish vertical connections, ensuring
the decentralized arrangement of spatial vertical
connections.

(4) Determination of the external topological structure
of underground nodes. The nodes corresponding to
ground roads, metro stations, and ground bus stops
are determined based on the basic planning schemes.

2.1.2 Decision vector formulation

ELPA-MUS simultaneously deals with the spatial func-
tion assignment and the spatial morphology regarding
topological connectivity. As shown in Eq. (2), the decision
vector P; is composed of three parts, namely the under-
ground stratified spatial function #,;, underground devel-
opment scale u,;, and underground connectivity u.;. The
values in all dimensions are discrete. The module of u,;
aligns with the maximum number of development layers
of studied MUS, and its component uu;; represent the spa-
tial function of MUS in layer j within land parcel i. The
value of uu; ; belongs to the set {0, 1, 2, 3, 4, 5, 6}, denoting
retail (UG-B), public service (UG-A), parking (UG-S5),
retail and public service (UG-B & UG-A), retail and park-
ing (UG-B & UG-S5), and public service and parking (UG-

A & UG-S5), respectively. The only variable uy,; of uy;
denotes the ratio of underground building density to
aboveground building density within land parcel i. Consid-
ering the topological configuration of complex MUS, the
virtual connectivity network was embedded into the model
to facilitate the automatic generation and analysis of the
underground pedestrian system. Thus, u.; should be
divided into two parts, namely the connectivity vector of
the metro station for land parcel i u}!, and the connectivity
vector of the underground building for land parcel u®,. The
corresponding variable could be computed as shown in Eq.
(3), where depth denotes the calculation of topological dis-
tance between selected pair of elements, L,; denotes land
parcel i, M; denotes the metro station j, and B; denotes
the underground building of land parcel ;.

Ultimately, the overall decision vector x can be gener-
ated by assembling the decision vectors of all land parcels
(see Eq. (4)).

P, = [uy,up, 0] (2)
ue; = [, ul]
u}l = {u} |depth Ly, ;) = 1} (3)
g, = {u?j‘depth(pr,-,Lp,j) =1}

x=[P, P, P)] (4)

2.2 Optimization objective function construction

The optimization objective function of MUS must be
carefully designed to reflect the complex interplay between
underground development and its impact on the above-
ground urban environment. This requires a holistic
approach, acknowledging that effective MUS planning
must address both the internal optimization of the under-
ground space and its integration with the aboveground
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urban fabric. Our model achieves this by considering mul-
tiple facets of MUS development. Regarding integration
with the aboveground environment, the model balances
underground development with existing aboveground
development densities, links underground service capacity
needs to aboveground building areas, evaluates economic
benefits in the context of TOD zoning, and coordinates
underground functions with aboveground land uses, while
managing overall development scale to ensure compatibil-
ity. Crucially, the model also considers the internal charac-
teristics of the underground environment. This includes
maximizing the positive environmental externalities of
underground spaces, such as air pollution alleviation and
energy conservation. Additionally, the model optimizes
internal spatial connectivity and pedestrian network
performance within the MUS, recognizing the importance
of efficient movement and accessibility within the under-
ground space itself.

Moreover, this model prioritizes the layout optimization
of underground public activity spaces and associated static
transportation facilities within the scope of regulatory
detailed planning. While accommodating vehicular park-
ing, these static spaces also contribute to the resilience of
the underground system (Dong et al., 2023b; Liu et al.,
2024). The model does not explicitly incorporate under-
ground roadways for vehicular traffic. Consistent with
the “small blocks, dense road network™ approach under
TOD in China, the study area is considered a predomi-
nantly pedestrian-oriented environment within the plan-
ning scope, with design implication efforts focused on
walkability due to topological configuration (Peng et al.,
2023a). Furthermore, the model treats the underground
pedestrian system as relatively independent, based on exist-
ing research suggesting the underground pedestrian system
is found to complement and provide an alternative to sur-
face routes with a highly consistent pedestrian flow distri-
bution (Zacharias & He, 2018). Finally, while recognizing
the importance of metro accessibility, the model focuses
on the local context of regulatory detailed planning with
up to dozens of land parcels, where station importance is
less differentiated within the limited geographical area
and is primarily addressed during subsequent architectural
design.

Overall, these integrated considerations, addressing
both internal and external factors, are reflected in the
nine objective functions presented below, which con-
tribute to a comprehensive assessment of MUS layout
planning. To ensure a unified form, the negation of
some maximization functions was taken as the final
objective function.

2.2.1 Optimal control of overall development scale
Experienced planners should make full use of valuable
MUS while considering enormous construction costs and
avoiding excessive development through uncontrolled
rapid expansion (Dong et al., 2022). As such, the overall
development scale could be controlled by Eq. (5).

minfl (X) B ’ Z Z Upi Db‘i . S,' . uu,i‘jo - Soplimal 5 (5)

i iy >0

where D,; denotes the building density of land parcel i
(m?/ kmz), and Sopima denotes the ideal development scale
of MUS (more technical details to determine Sopimar are dis-
played in supplementary material).

2.2.2 Maximization of service capacity

MUS planners need to determine the service capacity of
different functional facilities in order to ascertain the corre-
sponding scale of underground space supply. The basic
demand for underground public activity space S-**(includ-
ing UG-B and UG-A) could be calculated using Eq. (6).

SP =N " Shy ey Ue - Ao, (6)

where Sy,; denotes the area of buildings in category i(m?),
a.; denotes the population attraction rate (person/m?) of
buildings in category i, U. denotes the ratio of under-
ground public activity population to the total public
activity population, and 4. denotes the per capita public
activity space area (m?/ person).

The basic demand for underground parking space SE“C
could be calculated using Eq. (7).

Sgasjc — Zsbai . O(p‘i . Up . Ap, (7)

where o,; denotes the number of parking spaces per unit
area required for buildings in category i, U, denotes the
underground parking rate (%) in the planning area, and
A, denotes the average land area per underground parking
space (m?).

It is necessary to proactively develop MUS by optimiz-
ing the urban vitality through the feasible allocation of
underground public service spaces and enhancing regional
resilience and transportation capacity through the provi-
sion of underground parking space. To address this, we
incorporated an objective to expand the ratio between the
scale of various underground facilities and the basic scale
(see Eq. (8)).

_ Zizjub”' "Dy - S; - we (Mu,i,j)
SEaSiC
. lej”bi "Dy S; - wp (uu‘i‘j>
Sgasic

min £, (x) =

; (&)

where w, (uu,,-,j) denotes the areca weight factor of under-
ground public space, ranging from 0 to 1 to indicate the
share of underground public space, and w, (uy,;) follows
the same principle to indicate the share of underground
parking space, respectively.

2.2.3 Maximization of direct economic benefits
MUS is supposed to boost regional economic growth,
and the layout planning should well consider the direct eco-
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nomic benefits to enhance the willingness of the developers.
According to Qiao et al. (2017) and Dong et al. (2021d), the
direct economic benefits of underground space mainly
consist of two parts. The first part is the average annual
economic benefits B. from underground retail space (see

Eq. (9)).

Bc:Fl'Sc_Ec; (9)

where F| denotes the average rent of ground floor commer-
cial space (yuan-a—'m~2), S. denotes the total floor area of
underground retail space (m?), and E. denotes the annual
overall operation cost of underground retail space (yuan).

The second part is the average annual economic benefits
B, from underground parking space (see Eq. (10)).

Bp:Tk'Np'ﬁp,k'Fp,k_Ep’ (10)

where T denotes the annual usage duration (in hour) of
underground parking space during time period k£ (k = 1,2
corresponds to peak and off-peak periods), N, denotes
the number of underground parking spaces, f8,, denotes
the utilization rate (%) of parking spaces during time per-
iod k, F; denotes the parking fee (in yuan per hour) dur-
ing time period k, and E, denotes the annual overall
operation cost of underground parking space (in yuan).

Given the sub-category monetary valuation methods of
economic benefits, the corresponding objective function
could be formulated in Eq. (11).

7 -

J

Ty - up Dy, Si *Wp (uu‘[.j) . ﬁp,k 'Fp.ki
+ Z < 1 —Ey || -6,
J p
(11)

where §; denotes the economic benefit correction coefficient
based on the TOD zoning division with distinct radius (He
et al., 2018) (more technical details are displayed in supple-
mentary material), and F); of underground public service
space could be taken as 0.7 times that of underground
retail space by planning expertise.

minf3(x) = — Z (Z (Fl,i ‘U Dy S; - we (Uu.i./) - Eci)

2.2.4 Maximization of environmental externalities

Underground spaces possess significant externalities,
which refer to the non-market impacts that economic enti-
ties impose on society, in addition to direct economic ben-
efits. The external benefits of underground spaces primarily
manifest as social benefits, environmental benefits, and dis-
aster prevention benefits (Dong et al., 2021d). For MUS,
the externalities primarily focus on environmental impacts,
including air pollution control resulting from green space
displacement, noise pollution control, and energy conser-
vation based on geothermal effects and carbon sequestra-
tion of green spaces. This study utilizes the service
replacement cost method to measure the environmental
benefits of various underground facilities (Qiao et al.,
2017, 2022a, 2022b).

For underground public activity spaces, the monetiza-
tion method for the comprehensive environmental exter-
nality per unit area is expressed as Eq. (12).

Epe = B - Zai tr; 0.15%+ (0.46Ey, + B, - Cy) - Vo,

i Ic

(12)
where f, denotes the average green space ratio (%) in the
study area, a; denotes the annual average absorption or
production capacity (ton/m?) of gas component i by per
unit area of green space, tr; denotes the cost (in
yuan/ton) of controlling or producing specific gas compo-
nent i, E, denotes the annual average carbon emissions

(ton/m?) corresponding to building heating and cooling

energy consumption (approximately saving 46% of the

aforementioned energy consumption compared to above-
ground buildings (Qiao et al., 2019)), V', denotes the eco-
logical value derived from noise reduction (in yuan/m?)
per unit area of green space, T, denotes the service life of

underground spaces throughout their entire lifecycle (a),

and V. denotes the carbon tax (in yuan/ton).

For underground parking spaces, as their service substi-
tution is ground parking, energy-saving benefits are not
considered. However, the environmental negative external-
ity caused by indoor air pollution should be taken into
account separately. The computation for the comprehen-
sive environmental externality per unit area is expressed
as Eq. (13). In addition to the environmental benefits of
underground public activity spaces, the disposal cost of
ventilation facilities for maintaining air quality in under-
ground parking spaces V. in yuan/m? was introduced.

Ew, = -Za--tr-l—O.ISMJrﬁ -Cy Ve =V, (13)
P £ ™ T\ g e '
Ultimately, the overall environmental externalities

objective function could be formulated as shown in

Eq. (14).

Table 1
Assignment matrix for function coordination.

Un i j
&y 1 2 3 4 5 6
1 2.0 4.0 4.0 3.0 3.0 4.0
2 3.0 4.0 4.0 3.5 3.5 4.0
3 4.0 4.0 4.0 4.0 4.0 4.0
4 1.0 1.0 2.0 1.0 1.5 1.5
5 1.0 1.0 2.0 1.0 1.5 1.5
6 2.0 2.0 1.0 2.0 1.5 1.5
7 1.0 1.0 2.0 1.0 1.5 1.5
8 3.0 3.0 3.0 3.0 3.0 3.0

Note: The codes 1-8 for aboveground function correspond to residential
land, public administration and public service land, commercial land,
industrial land, logistics and warehousing land, road and transportation
land, public facilities land, and green space and plaza land, respectively.
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min f,(x

Zzub’ Dbl i [ (uuzj) Eye

+wp (”u,i,j) * Ep] (14)

2.2.5 Spatial function coordination

Underground spatial functions should be configured
based on the aboveground spatial functions to achieve
the optimal coordination of development functions for cor-
responding spaces. Thus, the functional coordination CF,,;
of a land parcel unit i could be calculated using Eq. (15).

: 0 _
0, lej;uu_,_pO”u,i,j =0

Z Fc(“l\.1.jvgfi) (15)
g >0 AL )
= otherwise

u. ..
ity >0 Ui

Cf,u,i =

where F; denotes the function for spatial function coordi-
nation (see Table 1), and g;; denotes the aboveground spa-
tial function of land parcel unit i.

Hereafter, the weighted sum of aboveground and under-
ground functional coordination would be optimized as
shown in Eq. (16).

mlnfS Zubl Dbz S Cfuz (16)

2.2.6 Development intensity coordination

Despite the spatial function coordination, it is still nec-
essary to ensure that the development scale of the above-
ground space is compatible with underground space, in
order to avoid conservative or excessive development of
spatial resources. Here, the ratio between the development
intensity of the underground space and the corresponding
development intensity of the aboveground space is
regarded as the intensity coordination indicator (C,) for
land parcel i. By eliminating the land parcel, the indicator
can be transformed into the ratio of the number of under-
ground development floors to the parcel’s building density,
as shown in Eq. (17).

Upi Dy D o MO,-«
Crs; = ’ : FZ:J iy 200 (17)
u,i

Furthermore, we selected the coefficient of variation
(CV) of the intensity coordination indicator for each land
parcel to measure the overall coordination of development
intensity in the planning area. The coefficient of variation is
defined as the ratio of the standard deviation to the mean
of the unit’s intensity coordination indicator (see Eq. (18)).

— 2
%Z;I:l (CI,S,i - CI,S)
%Z?:l Clws,i

min £, (x) =

(18)

2.2.7 Diversity of spatial function

In line with the TOD principles, the integration of
diverse functions within the underground space will
enhance the regional vitality. Therefore, this model

employed Shannon’s information entropy of the MUS
function to measure the spatial diversity.

3 ()

min f;(x

2.2.8 Maximization of spatial connectivity

We adopted the comprehensive connectivity perfor-
mance index to examine the uivf,., where the performance
was defined as the product of spatial compactness and scale
connectivity. For spatial compactness, we referred to the
previous scholarship on urban compactness indicators
and consider the average interactive forces between metro
stations and the connected underground public activity
spaces as a measure of compactness (Yuan et al., 2020).
For spatial connectivity, we used the degree indicator in
network analysis for measurement. As such, the objective
function could be constructed as Eq. (20).

. A; - A;/depth(i, j)?
miny (x) = - = ziM.e-Iitl( = BL=g (20)
(=) 7

where 4; denotes the building area of the underground con-
nectivity unit (m?), and i = 0 corresponds to the metro sta-
tion. For each connected underground building, only the
area of public activity space is considered, which is

Zjub_’,» . Db‘i . Si s We (uu‘i,j)-

2.2.9 Maximization of pedestrian network performance

Integrating the pedestrian network by MUS develop-
ment to enhance spatial performance has become an
important planning objective (Cui et al., 2013; Gu et al.,
2019; He et al., 2016). In this regard, we transformed the
proposed planning layout into a complex network for
underground pedestrian system and maximized the global
efficiency gain as the objective function (see Egs. (21) and
(22)).

2 i) Tepihii)
E obal = i#j depth(iy) 21
dobal = (21)
mian (x) = Eglobal, s Eglobal,u; (22)

where Eqgopa denotes the global efficiency of the network, N
denotes the number of nodes in the complex network,
Egiobal, s and Egopay denote the global efficiency of the
pedestrian network without and with MUS development,
respectively.

2.3 Constraints in MOO

To capture the reasonable Pareto front solution, con-
straints serve as the critical boundary conditions of MOO
problems. In this study, three crucial constraints regarding
the general working process of MUS layout planning were
determined, namely, regional development constraints,


move_t0005

Y.-H. Dong et al. | Underground Space 28 (2026) 206-224 213

underground engineering constraints, and planning logic
constraints.

2.3.1 Regional development constraints

Constraints in this category are designed for those as-
built MUS under urban renewal. Given a land parcel i with
developed underground space, the corresponding planning
decision variable u, ;; for layer j should align with the exist-

ing underground space function uff};.‘ed (see Eq. (23)). If the

underground structure satisfies the requirements for spatial
function conversion, this constraint can be transformed
into Eq. (24), indicating that the planning decision variable
for all developed underground spaces in the corresponding
layers should not be empty.

existed existed :
gy = ygyos i ugy s True (23)
: existed :
uyij > 0, 1f w75 is True (24)

2.3.2 Underground engineering constraints

In general, the construction suitability assessment is
mandatory in master planning for underground space in
Chinese cities (Peng & Peng, 2018), and the underground
space zoning for forbidden development, limited develop-
ment zones, and feasible development will be determined.
As shown in Eq. (25), if the limited development variable
ugf}“‘*d for land parcel i is true, the spatial function beyond
the limited number of layers nlmd should be assigned 0.
For forbidden units, n™ is 0.
gy =0, if w7 is Trueand j > n}™* (25)

i

2.3.3 Planning logic constraints

There are four fundamental planning logics assigned
in ELPA-MUS. Firstly, the stratified continuity of
underground space should be satisfied, i.e., the decision
variable for layer j must be non-zero if that in layer
j+ 1 is non-zero (see Eq. (26)). Secondly, the total area
of MUS within each land parcel computed upon build-
ing density BCR;, land area S;, and the number of devel-
oped layers, should be controlled to a reasonable range
to avoid the extreme development scale. (see Eq. (27))
The upper bound S, and the lower bound S, could
be adjusted proportionally based on the S,pima. Thirdly,
the retail and public service spaces primarily catering to
crowd activities should be preferably located in shallow
layers (typically not exceeding 10 m underground or the
second underground layer) due to disaster prevention
requirements. Parking space could be placed in shallow
and semi-shallow underground spaces (see Egs. (28)
and (29)). Lastly, each metro station should be assigned
at least one underground connection (see Eq. (30)), and
the connection rate R. (the ratio of the number of as-
connected links to the number of potential links) to sim-

ulate the short-term development status of MUS regard-
ing spatial morphology.

ug;; >0, if wy;j0 >0 (26)

Smin <> Y DuiS; tys” < Swax (27)
i >0

uy;; € 40,3}, if j>20ru,; ;.1 ==3 (28)

uy;; € {0,3,5,6}, ifu,; ;1 € {5,6} (29)

Vi gyl >0 (30)

S () =moor (RS, () + (1)

(31)

2.4 Pareto front solving based on NSGA-II1

Swarm intelligence algorithms, such as genetic algo-
rithms, are effective tools for solving MOO problems and
have been widely applied in spatial planning and layout
models (Dong et al., 2022; Ma et al., 2018; Zhang et al.,
2021). Among various genetic algorithms, the NSGA-II
algorithm proposed by Deb et al. (2002) significantly
improved the efficiency of non-dominated solution sorting
in the population. Nevertheless, the ELPA-MUS model
involves nine objective functions, resulting in apparent
deterioration for NSGA-II performance to find the Pareto
front when applied to high-dimensional problems.

To address this, Deb and Jain (2014) proposed the
NSGA-III algorithm in 2014, which introduced a reference
point-based elitist population selection strategy based on
the NSGA-II framework, greatly improving the applicabil-
ity of the NSGA algorithm in high-dimensional issues. In
the ELPA-MUS model, the NSGA-III algorithm will be
employed to solve the layout schemes, following the basic
process shown in Fig. 3.

The selection of reference points is crucial for generating
the elitist population in the NSGA-III. The fitness of the
original population individuals is normalized based on
ideal points and extreme points, generating the M — 1
dimensional hyperplane, where the reference points reside.
To this end, the classic method proposed by Das and
Dennis (1998) could be applied to generate uniformly dis-
tributed reference points. The fundamentals of reference
point identification are displayed in Fig. 4 with a three-
dimensional MOO issue.

To decrease the large number of reference points in high
dimensional issues, Deb and Jain (2014) improved the Das
and Denis method and proposed a dual-layer reference
point selection strategy for interior and exterior reference
points, which could generate a Pareto front with an
approximately uniform distribution of non-dominated
solutions. Finally, the Pareto front would be identified with
both diversity and efficiency, facilitating the subsequent
layout planning scheme formulation.
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2.5 Approach of elite selection from Pareto front

Given the Pareto front, planners still need to determine
the final layout scheme from plenty of non-dominant solu-
tions to strengthen planning rationality and decision logic.
To assist planners in the optimization process, it is neces-
sary to introduce an appropriate scheme selection strategy.
Therefore, ELPA-MUS incorporated a scheme selection
strategy based on the pseudo weight method (PWD) and
fuzzy analytic hierarchy process (FAHP) to enhance the
practicality and scientific nature of layout planning for
MUS.

PWD is an effective decision tool for multi-objective
optimization problems (Wang et al., 2001). For any non-
dominant solution x in the Pareto front, the pseudo
weights can be calculated as shown in Eq. (32).

™ = £ )/ = ™)
ST = F )/ = )

where w,,; denotes the pseudo weight of objective function

Wpi =

(32)

i, f™ and f™" denote the maximum and minimum value
of objective function among all solutions in Pareto front,
f(x) denotes the value of objective function i for a given
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non-dominant solution x, and M denotes the number of
objective functions.

In this method, the pseudo weights objectively assign
weights to feasible solutions based on the characteristics
of non-dominant solution data in the Pareto front. Then,
subjective weights w,; based on expert experience or indus-
try knowledge are introduced. The priority of each solution
is determined by measuring the difference between the two
types of weights using the decision function value D;, calcu-
lated as shown in Eqs. (33) and (34).

Ziwe,i =1 (33)
minD,- = Z::[:l |Wc7m - Wp,m| (34)

To effectively extract expert experience and handle the
subjective cognitive fuzziness of experts, this study intro-
duced the FAHP to calculate the subjective weights of each
objective function. Chang (1996) proposed an FAHP
method based on possibility degree calculation and extent
analysis, further improving the theoretical calculation of
factor weights in FAHP. In this study, the FAHP method
based on Triangular Fuzzy Numbers was used for
subjective weight calculation, which has also been widely
used in urban construction and engineering nowadays
(Lyu et al., 2020a, 2020b).

3 Case study
3.1 Overview of the planning case

ELPA-MUS was applied to the MUS planning in
Dagqiao Cluster of the pilot area for replacing old growth
drivers with new ones in Jinan. The region aims to lead
the high-quality growth conversion in Shandong Province,
prompting the integrated development of the provincial

capital economic circle, constructing the Jinan urban sub-
center, and elevating the level and radiating effect of the
national central city.

As depicted in Fig. 5, the Daqgiao Cluster is located in
the core area of the Pilot Area and is a key development
area. According to the local master planning, the MUS
development follows the principles of TOD, aiming to cre-
ate underground spaces with excellent spatial design, urban
vibrancy, and diverse functional services. The selected case
study area is situated west of the central landscape green
axis. The land parcels in the area are mainly for retail
and business purposes, supplemented by research and
development areas and cultural land. The FAR of the land
parcels generally ranges from 2.5 to 5.0, representing the
high-density zone of the science and technology center in
the Bridge Cluster. The planned area of this zone is
0.45 km?, with two metro stations of Line 7 and Line 5
located to the north and east, respectively, with a distance
of approximately 500 m between them. Furthermore, the
feasible geological and hydrogeological conditions support
the underground space construction.

3.2 Model configuration

3.2.1 Basic parameters setting

The ELPA-MUS model’s parameters are informed by
local regulations, established MUS planning practices,
genetic algorithm optimization principles, and benchmark
cases from Chinese megacities, notably Shanghai. An
underground development intensity of 0.3 aligns with the
Shanghai Hongqiao Central Business District underground
space plan (Peng et al., 2020). A maximum of four under-
ground development floors reflects the depth of prominent
Chinese underground complexes (Dong et al., 2023c), with
consideration of local construction feasibility and geotech-

Land use map of selected case

Land use map of Pilot Area

a

@ Metrostation

- Retail land

- Business office land
- Cultural affairs land
- R&D land

__________

200 m

Fig. 5. Spatial position and configuration of the selected planning case in Dagiao Cluster.
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nical constraints. The initial 40% connectivity rate, inspired
by successful systems like Loushanguan Road pedestrian
network in Shanghai (Peng et al., 2023a), was subsequently
adjusted upward in consultation with project planners to
meet the Daqgiao Cluster’s specific connectivity goals.
Geospatial data management leverages the geopandas
library, while network analysis, essential for connectivity
assessment and network optimization, employs the net-
workx library. A genetic algorithm population size of
200, determined through preliminary sensitivity analysis,
balances computational demands and the need for ade-
quate solution space exploration, consistent with Math-
Works’ recommended default value for problems with
more than five decision variables (MathWorks, n.d.).
Crossover and mutation rates of 0.4 and 0.05, respectively,
reflect established practice (Hassanat et al., 2019) and fall
within recommended ranges (Grefenstette, 1986), promot-
ing both exploration and exploitation while mitigating
excessive randomness. These parameters were further
refined through preliminary testing to ensure effective
search performance within the Daqiao Cluster context.
Given the fundamental logics of MUS planning, the
genetic operators need to be adaptively modified to ensure
the feasibility of individual solutions. Since the number of
underground connections has already been determined, the
connectivity variable in the decision vector only partici-
pates in the mutation operation of the population with a
fixed number of connections. For non-connectivity compo-
nents in the decision vector, the crossover operation would
be performed at the land parcel level to ensure the logical
setting of spatial scale and functionality. For any land par-
cel, two individuals are randomly selected from the mating
pool of the population for chromosome exchange, and the
crossover operation is repeated a number of times equal to
the population size, approximately simulating the uniform
crossover operator in conventional genetic algorithms.

3.2.2 Termination criteria for iterations

Swarm intelligence algorithms, including genetic algo-
rithms, typically adopt the maximum number of iterations
or absolute error as termination criteria to ensure the con-
vergence of the population. However, it is difficult to deter-
mine the iteration error accurately under MOO contexts.

Regarding the non-dominant characteristics of Pareto
front, the diversity of the population should also be consid-
ered as a criterion for iteration termination. Hence, we
adopted the inverted generational distance (IGD) D;, as
the termination criterion for iterations, which simultane-
ously measures the convergence and diversity of the popu-
lation (Sun et al., 2019). As shown in Eq. (35), the Dj,
calculates the average nearest distance between individuals
in the population and all reference points. A lower value
indicates better convergence and diversity of the
population.

ZD'ERminPGPpop ||p - r||2

Dig(Prmpva) = |R
P

; (35)

where p denotes the individual in the population Ppp, and r
denotes the individuals in the reference point set R,,.

In summary, based on the maximum number of iter-
ations itery,, as the basic termination condition, the
proposed model adjusted it in combination with the
D, metric. In each iteration, the IGD of the current
iteration was compared with the historical best IGD.
If the current result was better than the historical best
result, the historical best result would be updated and
iter = 0. Otherwise, iter+ = 1. Based on the results of
preliminary experiments and empirical reference values
of swarm intelligence algorithm parameter settings, this
study sets iterp, to 500.

3.2.3 Expert preference survey

To obtain the experts’ cognitive information on the
weights of the objective functions, we collected preference
data from ten industry experts through online and offline
interviews. This number aligns with the expert consultation
practice observed in similar MUS detailed planning pro-
jects of comparable scale (two metro stations in the site)
within the Dagqiao district. These projects typically involve
a similar number of experts, including both planners
directly involved in the project and external researchers.
Our expert panel comprised a balanced representation
from academia and industry, with expertise spanning
underground space utilization, territorial spatial planning,
and metro area architectural design (see Table 2 for
details).

Table 2

Overview of expert panel.

Expert ID Area of expertise Title/Position Years of experience Role in the project
El UUS utilization Professor 30+ Consultant
E2 UUS utilization Professor 25+ Consultant
E3 UUS utilization Researcher 10+ Consultant
E4 UUS utilization Researcher 5+ Consultant
ES UUS utilization Researcher 5+ Consultant
E6 Urban planning Planner 10+ Planner
E7 Urban planning Planner 10+ Planner
E8 Urban planning Planner 5+ Planner
E9 Urban planning Planner 5+ Planner
E10 Urban design and architecture Architect 5+ Designer
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To account for the inherent uncertainty in expert judg-
ments, we utilized triangular fuzzy numbers M (I, m,u) to
represent the preferences, where m denotes the relative
importance, / and u denote the lower and upper bounds
of the fuzzy judgment, respectively. A wider range between
[ and u signifies greater uncertainty, with the fuzzy number
converging to a crisp value when / equals u. The member-
ship function of the triangular fuzzy number puy(x) is
defined in Eq. (36).

x I
m— m—1[7

,uM(x) = m)iu - ﬁ7

0, otherwise

[1,m]
[m, u] (36)

X €
X €

Expert cognitive data on factor importance are collected
using the standard 1-9 scale, supplemented by a three-level
certainty scale (0, 1, 2), representing completely certain,
slightly uncertain, and moderately uncertain. This allows
for the construction of a fuzzy judgment matrix. For
example, if an expert judges the relative importance of
objective i to objective j as 3 with slight uncertainty, the
corresponding fuzzy number should be M?(2,3,4), reflect-
ing the inherent elasticity of expert judgment.

The initial data collection resulted in ten datasets. After
careful review, one dataset was excluded due to apparent
cognitive contradictions, leaving nine valid datasets for
analysis. Before introducing fuzzy numbers, the consis-
tency ratios of the conventional judgment matrices for
the 9 expert surveys were 0.0539, 0.0446, 0.0501, 0.0921,
0.0875, 0.0739, 0.0453, 0.0976, and 0.0964, all of which
passed the consistency test. Finally, FAHP, based on the
extent analysis, was used to determine the expert weights.

4 Results and discussion
4.1 Model execution results

Under the dual termination conditions of optimal IGD
and itery,,, ELPA-MUS iterated a total of 382 rounds,
with the optimal IGD value of 0.67. Overall, the popula-
tion exhibited good convergence and diversity. The ulti-
mate comprehensive fuzzy judgment matrix and the
corresponding expert weights are presented in Tables 3
and 4, respectively. Among them, the weights of the objec-
tive functions f,, f5, and f, significantly surpassed other
objective functions, aligning well with the planning priori-
tization for ecological environment and connectivity inte-
gration in Dagqiao cluster.

We utilized a parallel coordinate plot to display the nor-
malized Pareto non-dominated solutions, as depicted in
Fig. 6. The line colors in the plot are mapped based on
the value of decision indicator D. Except for the f, all
other objective functions exhibit a uniform distribution in
their respective dimensions, once again indicating good
diversity within the population. Additionally, the individ-
ual curves in the population form several densely colored

Table 3

Comprehensive fuzzy judgement matrix.
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Fig. 6. Visualization of Pareto front in a parallel coordinate.

Underground FAR

I 924
B 1410
0.9-1.4
200 m
0.4-0.9 —

Connectivity A

\
\
n Connected parcel
N
AP -~
Unconnected parcel (e

Underground connection

Fig. 7. Underground FAR and spatial connectivity of optimal layout planning scheme.

bands with similar trends, reflecting a certain degree of
convergence.

4.2 Planning scheme generation
We conducted the post-processing of modelling results

in a geographical information system, and the data was
written into the original shapefile to generate the ultimate

planning layouts for underground FAR, spatial connectiv-
ity, and stratified function. The optimal underground FAR
and spatial connectivity of MUS in Dagqiao cluster is illus-
trated in Fig. 7. Regarding FAR layout, the generated
scheme focuses on medium to high-intensity development
in retail and business functional parcels adjacent to two
metro stations, forming a clustered development pattern
for MUS. In terms of the topological configuration for spa-
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Fig. 8. Stratified spatial function of optimal layout planning scheme.

tial connectivity, two north-south axes of underground
space development are formed with the two metro stations
as the base points, and lateral connecting corridors are
adopted to link different axes, matching the FAR layout
results. It should be noted that the connectivity rate was
fixed at 40% in ELPA-MUS for this case study. If it further
increased, the topological configuration generated by the
model would continue to expand.

The functional layout scheme for floors Bl to B4 was
displayed in Fig. 8. The primary functions on the B1 floor
include retail, public service, and mixed-use functions, with
an emphasis on retail, covering 13 land parcels. Except for

one parcel dedicated to the parking space, the parcels on
the B2 floor still serve retail and public service functions,
aiming to maximize the regional urban vitality. The pro-
portion of public service parcels apparently increased,
totaling 10 parcels. Concerning B3 and B4 floors, except
for those undeveloped ones, are all assigned the function
of underground parking, fulfilling the parking facility
capacity demands of the planned area.

In addition to the overall functional characteristics, the
interior spatial distribution of underground space usage on
each floor is also thoughtfully aligned with the key design
principles embedded in the proposed layout planning
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model ELPA-MUS. In BI1, retail (UG-B) is predominantly
concentrated in the northern and middle sectors, strategi-
cally placed to leverage pedestrian flows from two metro
station catchment areas. Public service facilities (UG-A)
are primarily located in the northern and southernmost
portions of Bl, complementing retail functions to achieve
a balanced mix of activities. This arrangement aligns with
the optimized topological underground network in Fig. 7,
promoting accessibility and connectivity between these cru-
cial public spaces. A similar pattern is observed in B2,
where retail and public service functions occupy the middle
and southern sectors, maximizing their proximity to the
intersection of two metro station catchment areas. The
integration of retail and public service functions (UG-B
& UG-A) is strategically placed in central and northern
locations on Bl and B2, respectively, enhancing the
vibrancy of core public activity areas. Integrated spaces
combining parking and public functions (UG-B & UG-
S5, UG-A & UG-S5) are distributed in shallow under-
ground areas to utilize remaining parcels and maximize
the development benefits of MUS. In the deeper levels
(B3 and B4), where humans are not expected to stay for
long durations, parking (UG-S5) becomes the dominant
function. The undeveloped parcels in these deeper levels
generally correspond to surface plots with lower FAR val-
ues, ensuring coordinated functionality and intensity
between underground and surface spaces.

4.3 Model performance

4.3.1 Computational efficiency

We analyzed the computational performance of the
multi-objective optimization part of ELPA-MUS. Particu-
lar attention was given to the impact of the computation-
ally intensive module for evaluating pedestrian network
performance. During model implementation, we found this
module to be significantly more resource-intensive com-
pared to other optimization objectives. All experiments
were conducted on a 13th Gen Intel Core 17-13620H
2.40 GHz processor (6 performance cores, 4 efficiency
cores, 16 threads) with 16 GB RAM running Windows
11. The optimization model was implemented in Python
3.11 and leveraged multi-core parallel computing. Using
a population size of 200 and considering nine objectives
with a decision vector dimensionality exceeding 20, the
total runtime for 382 generations was approximately 24
481 s (6.8 h) when including the network analysis module.
Excluding this module, the runtime decreased significantly
to approximately 2664 s (0.74 h). The network analysis
module was identified as the primary computational
bottleneck.

Despite the increased runtime with network analysis, the
overall performance remains acceptable for practical MUS
planning applications, where solution generation typically
occurs offline. The 6.8-hour runtime compares favorably
to the 1-2 weeks often required for generating the draft lay-
out scheme in traditional planning processes. Furthermore,

the focus of this model is on generating high-quality solu-
tions that meet multiple objectives, rather than solely on
maximizing computational speed. The subsequent discus-
sion and refinement stages of the planning process, which
involve human expertise, are not significantly impacted
by this runtime.

4.3.2 Validity of selection strategy

The effectiveness of the combined FAHP-PWD elite
selection strategy was validated against a conventional
expert preference aggregation method adopted during the
planning practice. From the 200 Pareto-optimal solutions
generated by the model, a subset of 20 was randomly
selected to avoid overwhelming the experts with an exces-
sive number of options. Nine experts independently
reviewed this subset and selected their single most preferred
solution. These nine selected solutions then formed the
basis for the comparative analysis. For the aggregated solu-
tion, the underground FAR for each parcel was determined
by averaging the underground FAR values across the nine
selected solutions. Functional layouts were determined by
selecting the most frequently occurring function for each
parcel across all schemes, with a tie-breaker vote by the
experts in case of equal occurrences. As depicted in
Fig. 9, comparison revealed strong agreement between
the FAHP-PWD solution and the aggregated expert prefer-
ences regarding functional layouts, particularly in the dee-
per underground levels (B3-B4). However, averaging the
underground FAR values, as done in the aggregation
method, neutralized the nuanced insights of individual
experts and potentially compromised the optimization
objectives. Furthermore, maintaining topological connec-
tivity in the aggregated solution required additional rounds
of expert consultation, proving less efficient than the pro-
posed FAHP-PWD approach. While alternative data-
driven methods like machine learning-based ranking hold
promise, their application is currently limited by the lack
of sufficiently large and consistent datasets of underground
space planning decisions. The FAHP-PWD strategy
adopted in ELPA-MUS, therefore, offers a more effective
and practical approach for integrating expert knowledge
within a multi-objective optimization framework.

4.4 Limitations and prospects

Indeed, ELPA-MUS is an enhanced version of our pre-
viously proposed LPMUS. In this study, we have improved
the model in a systematic manner, mainly drawing experi-
ences from our fine-scale pattern mining scholarship for
MUS in China based on multisource big data (Dong
et al., 2023a, 2023b, 2023c; Ma et al., 2022). The primary
characteristics of the two models are presented in Table 5.
It could be observed that the basic unit partitioning, objec-
tive function formulation, MOO constraints, connectivity
analysis, solving algorithm, and elite selection strategy
have been updated towards a more integrated and operable
trend.
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Fig. 9. Layout planning scheme generated by expert preference aggregation.
Table 4
Subjective weight by expert experience.
Objective S /> /3 Sa Ss fs S fs Sy
Weight 0.121 0.068 0.097 0.209 0.085 0.072 0.000 0.135 0.213
Table 5
Comparison of LPMUS and ELPA-MUS.
Characteristics LPMUS ELPA-MUS
Unit partition Grid cell Land parcel

Applicable sense
Formulation of objectives
Number of objectives 3
MOO constraints -
Connectivity analysis
Solving algorithm
Elite selection

NSGA-II

MUS with a single station
Derived from expertise

Separated from layout planning

Weighted sum ranking

MUS with multiple stations
Derived from big data analytics
9

Three strands of constraints
Integrated with layout planning
NSGA-III

FAHP & PWD

Although ELPA-MUS has demonstrated reasonable
efficacy in the case study conducted in Jinan, there are cer-
tain limitations that should be addressed in future research.

Firstly, due to the site-specific nature and multidimen-
sional value of MUS planning schemes, it is challenging
to establish a unified evaluation method for the layout.

Therefore, further investigation is needed to develop per-
formance assessment methods for the generation schemes,
potentially through the incorporation of interactive
decision-making techniques.

Secondly, a promising direction for future research is the
optimization of model computational efficiency, specifically
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through the development of a surrogate model for the com-
putationally intensive network analysis module. While
building a deep learning-based surrogate for the entire
optimization framework is currently impractical due to
limited datasets and variability in local conditions and
planner preferences, focusing on the network analysis mod-
ule is more feasible. Given the structured nature of typical
underground network topologies and their diverse scales, a
pre-computed database of network performance metrics
for various parameter combinations could be established.
Such an approach would enhance model efficiency while
maintaining analytical accuracy.

Thirdly, while the model considers spatial function and
morphology as a unified entity within land parcels at the
planning stage, future research should explore incorporat-
ing these facets into a full lifecycle MUS development
model. Currently, the assigned functional mix represents
a predominant character rather than a rigid prescription,
allowing for internal diversity within each parcel. Prescrib-
ing specific intra-parcel layouts at the planning stage would
be overly prescriptive, hindering design flexibility. Future
research could leverage post-occupancy evaluations using
point-of-interest data or agent-based modeling to assess
the impact of this diversity after project completion.
Furthermore, developing a library of basic morphological
layout patterns could enhance the model’s ability to simu-
late underground space distribution within parcels during
the architectural design phase, bridging the gap between
planning and detailed design.

Fourthly, this study primarily focuses on the planning
aspects of MUS, with little attention to the inherent con-
struction complexities and the crucial need for disaster pre-
paredness. While ELPA-MUS doesn’t explicitly simulate
disaster scenarios like flooding or fire, it provides a struc-
tured layout framework for subsequent detailed design
incorporating specific mitigation measures. Effective disas-
ter prevention relies heavily on engineering solutions such
as elevation design, flood barriers, and drainage systems
(He et al., 2024) and operational strategies such as way-
finding system and evacuation plan initiation during under-
ground fire evacuation (Fridolf et al., 2013). Future
research will integrate ELPA-MUS with digital twin tech-
nology to enable detailed simulations of disaster scenarios,
optimizing building design, operational management, and
evacuation planning. Furthermore, integrating constraints
based on parallel planning, such as comprehensive disaster
prevention plan and municipal infrastructure plan compat-
ibility, will be explored to enhance the model’s applicability
and alignment with real-world safety requirements.

5 Conclusions

This study introduced ELPA-MUS, a novel model for
intelligent layout planning of complex MUS. The model
utilizes complete land parcels as fundamental units,
enabling simultaneous analysis of spatial morphology

and function. By formulating the layout planning task as
a MOO problem with nine objectives, including issues such
as development intensity, functional utilization, develop-
ment benefits, and spatial connectivity, we leveraged
NSGA-III to generate a Pareto front of non-dominated
solutions. This Pareto front represents a set of optimal
trade-offs between the competing objectives, providing
planners with a range of high-performing layout alterna-
tives. The final layout scheme is selected from this Pareto
front using a hybrid approach combining the FAHP and
the PWD. This approach integrates expert knowledge
(via FAHP) with the objective performance of the gener-
ated solutions (via PWD), allowing planners to navigate
the trade-offs and select the solution that best aligns with
their priorities. The validity of this combined FAHP-
PWD selection strategy was confirmed through a compar-
ison with a conventional expert preference aggregation
method, demonstrating its effectiveness in capturing expert
knowledge and ensuring efficient selection of high-quality
solutions.

The application of ELPA-MUS to a case study in Jinan,
China, demonstrated the applicability and rationality of
our approach. The generated layout scheme showcased
the model’s ability to produce feasible and efficient designs
that balance the various optimization objectives. The mod-
el’s computational performance, while impacted by the
computationally intensive network analysis module,
remains practical for real-world planning scenarios
(6.8 h), especially considering the timelines for several
weeks typical of traditional planning processes. Further-
more, the focus on solution quality over pure computa-
tional speed aligns with the practical needs of
underground space planning, where expert deliberation
and refinement play a crucial role.

In summary, this study makes two
contributions:

significant

(1) An integrated framework for precise digital interpre-
tation of planning issues related to complex under-
ground spaces, enabling automated computational
analysis of both spatial morphology and function.

(2) An effective elite selection strategy from the Pareto
front generated by NSGA-III, combining FAHP
and PWD to enhance the practicality of the model
and effectively integrate expert knowledge.

Overall, this enhanced approach provides reusable and
modifiable intelligent solutions tailored to context-specific
complex MUS layout planning. The model’s adaptability
allows its potential extension to other layout planning
applications for both aboveground and underground sce-
narios. Future research will focus on refining performance
assessment, improving computational efficiency, and
extending the model to encompass the full lifecycle to bet-
ter integrate critical issues such as urban resilience and
sustainability.
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