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Abstract

Urbanization and the growing scarcity of surface land resources have highlighted the
strategic importance of underground space as a critical component of sustainable urban
infrastructure. This study presents a multi-objective optimization framework for un-
derground infrastructure planning around transit hubs, aligning with the principles of
Transit-Oriented Development (TOD). By integrating an agent-based model (ABM) with
the Non-dominated Sorting Genetic Algorithm II (NSGA-II) and incorporating the Tech-
nique for Order Preference by Similarity to Ideal Solution (TOPSIS), the framework forms a
unified evaluation and optimization tool that accounts for user behavior while addressing
competing objectives, including minimizing evacuation time and functional conflicts, maxi-
mizing functional efficiency, and reducing layout deviations. Using Qingdaobei Railway
Station in China as a case study, the method yields notable improvements: a 15% reduction
in evacuation time, a 16% increase in development benefits, and a more balanced spatial
configuration. Beyond technical gains, the study also discusses station planning and gov-
ernance under the TOD policy context, highlighting how integrated layouts can alleviate
congestion, strengthen functional synergy, and support sustainable urban development.

Keywords: underground space planning; TOD; NSGA-II; TOPSIS; multi-objective
optimization; urban mobility

1. Introduction
With the accelerating pace of urbanization and the increasing scarcity of surface land

resources, the development and utilization of underground space have emerged as a critical
strategy in modern urban infrastructure planning. Particularly within the framework
of Transit-Oriented Development (TOD), the integrated planning of underground space
around rail transit hubs is essential, as it serves not only to maximize land use efficiency
but also to guide the orderly spatial expansion of cities and enhance the quality of life
for residents. The United Nations’ New Urban Agenda identifies TOD as a key pathway
toward sustainable urban development, advocating compact, connected, and multifunc-
tional urban forms. TOD promotes high-density, mixed-use spatial configurations that
seamlessly integrate surface and subsurface infrastructure systems. Under this model,
coordinated planning of underground facilities such as commercial areas, parking lots,
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pedestrian corridors, and utility networks expands urban capacity and enables more effi-
cient multimodal interactions.

Moreover, by improving spatial connectivity and functional synergy, TOD-based
underground infrastructure contributes to a more accessible and livable urban environment.
A well-designed configuration of underground commercial areas, pedestrian corridors, and
transit transfer halls enhances the functional performance of urban infrastructure. Such
integrated spatial arrangements reduce walking distances, improve accessibility and user
experience in public transportation systems, and facilitate smoother passenger transfers. In
addition, they contribute to the dispersion of pedestrian flows and strengthen the system’s
resilience to emergencies and disasters. Collectively, these improvements foster a more
efficient, adaptable, and livable urban environment, aligning with the broader goals of
sustainable infrastructure planning.

In recent decades, the concept of TOD has evolved from a planning paradigm empha-
sizing compact, mixed-use neighborhoods into a multidisciplinary framework integrating
land-use, transport, and sustainability perspectives. Early studies framed TOD within
urban planning and transport geography, highlighting density, diversity, and design as
core dimensions of transit accessibility [1,2]. Subsequent research expanded the debate to
include environmental sustainability and social equity, thus positioning TOD as a strategic
tool for low-carbon urban development [3,4]. More recent studies have applied quantitative
and computational approaches to TOD planning, such as integrated land-use–transport
models and multi-objective optimization frameworks [5–7]. These efforts reflect an on-
going shift from conceptual frameworks toward data-driven and evidence-based TOD
applications, which form the disciplinary foundation of this study.

A central focus of infrastructure planning within the TOD model is the effective
utilization of Underground Space Synchronously with Metro Stations (USSMS). As de-
fined by Dong et al. [8], USSMS refers to underground spaces that are deeply integrated
with metro stations in both spatial configuration and functional operations. Serving as
high-efficiency urban catalysts, these integrated systems play a pivotal role in promoting
the coordinated development of urban areas centered around transit infrastructure. In
rapidly urbanizing countries such as China, the expansion of infrastructure such as metro
networks has driven the widespread construction of USSMS projects in the core zones of
major cities [8,9]. However, during the early phases of metro development, the prevailing
approach often prioritized rapid implementation and project scale, with limited attention
to the integration of USSMS into the broader urban fabric. Additionally, decision-making
processes were frequently shaped by the subjective preferences of individual planners [10],
rather than by systematic, evidence-based methodologies. As such, developing rational
and efficient design strategies for USSMS and their surrounding environments has become
a pressing challenge for achieving high-quality, sustainable, and integrated TOD-based
urban infrastructure.

Inadequate or poorly integrated infrastructure planning can give rise to a range
of functional and operational challenges [11,12]. First, the co-location of commercial
facilities, parking areas, and municipal infrastructure without proper coordination may
result in spatial inefficiencies and pedestrian congestion. For instance, Tiyu Xilu Station
of the Guangzhou Metro, which was constructed during an earlier phase of development,
exemplifies the consequences of weak integration between transit infrastructure and the
surrounding urban context. The station now experiences excessive passenger volumes,
necessitating periodic crowd control measures. Similar issues have been reported at major
transit hubs in cities such as Beijing and Shanghai [13,14]. These conditions not only
compromise pedestrian safety but also underscore the need to reconcile safety requirements
with the commercial viability of underground spaces. Mismanagement of these trade-offs
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may lead to commercial underperformance and long-term spatial underutilization in TOD
areas [15]. Another critical concern is determining an appropriate development scale.
Oversized underground spaces often result in elevated maintenance costs and unnecessary
carbon footprint [16], while underdeveloped ones may fail to generate the agglomeration
benefits central to the TOD model. Therefore, it is imperative to explore effective planning
and design strategies from the earliest stages of underground infrastructure development
to ensure the integrated and sustainable utilization of USSMS within the TOD framework.

Within the TOD framework, the planning and development of USSMS confront several
critical challenges, including safety risks, functional conflicts, benefit optimization, and ap-
propriate scale control [8]. Traditional planning approaches have often relied on empirical
judgment and rule-based constraints, lacking the analytical rigor and quantitative support
necessary for addressing complex, multi-objective trade-offs [17]. As a result, such methods
struggle to deliver optimal or adaptable infrastructure solutions. In contrast, data-driven
optimization techniques offer a more robust foundation for infrastructure planning by sys-
tematically incorporating diverse functional requirements, investment returns, and spatial
constraints into the decision-making process [18]. As the TOD model continues to evolve
and underground space systems grow more complex, leveraging quantitative optimization
methods becomes increasingly essential. These approaches enhance the scientific rigor,
adaptability, and system-level integration of planning practices, thereby enabling more
resilient and sustainable infrastructure development [19].

In recent years, significant advances have been made in the development of intelligent
models for planning USSMS, contributing to more sophisticated infrastructure planning
frameworks. For instance, Xu and Chen [20], drawing on development experiences from
metro stations in Japan, proposed six typological models for integrated underground space
development—block-type, strip-type, cross-axis, L-shaped, hybrid, and networked—based
on morphological characteristics. Mohammadi et al. [21] formulated an optimization
model for urban rail transit network design, while Shao and Wang [22] introduced analytic
hierarchy processes and complexity evolution models for visualizing underground systems,
along with a coordination model based on digital twin technology. Zhang et al. [23]
applied an Artificially Intervened Genetic Algorithm (AIGA), incorporating principles of
layered and hierarchical development, to generate two- and three-dimensional urban spatial
layouts. Peng et al. [24] proposed a conceptual data-driven framework for Underground
Urban Space (UUS) planning guided by multiple development concepts through keyword
co-occurrence network analysis. Despite these advancements, studies specifically targeting
intelligent optimization for integrated USSMS planning remain limited. Existing research
tends to focus on isolated components, such as transit systems or commercial functions,
rather than on holistic spatial strategies under a comprehensive TOD framework. This
underscores the need for integrated, multi-objective, and data-driven models capable of
addressing the complexity of USSMS development within sustainable urban infrastructure
systems. In parallel, progress in data-efficient perception has emerged from machine
learning, where few-shot learning improves object detection under limited annotations
and complex environments, suggesting potential to enhance spatial sensing and model
adaptability in planning workflows [25].

In this regard, computational planning schemes represent a departure from conven-
tional static and experience-based methods. By combining NSGA-II with dynamic ABM
simulation, this study adopts a heuristic, scenario-generating approach that reveals trade-
offs among conflicting objectives, rather than prescribing fixed solutions. Such a model
enables planners to explore adaptive, evidence-based strategies under TOD constraints,
marking a paradigm shift toward algorithm-assisted spatial decision-making.
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To provide a structured overview of existing research, Table 1 summarizes represen-
tative studies on metro-oriented underground space planning and optimization. While
prior studies have addressed specific aspects such as spatial compatibility, morphological
typologies, or data-driven conceptual approaches, most have not adopted a holistic and
operationally integrated optimization framework that aligns with TOD principles. In con-
trast, the present study brings together multiple key dimensions—including pedestrian
evacuation, spatial conflict, development benefits, and functional allocation ratios—within
a unified model that combines NSGA-II optimization with ABM simulation and TOPSIS-
based decision-making.

Table 1. Summary of representative studies on metro TOD-related underground space planning and
optimization methods.

Study Key Factors
Considered

Optimization/Planning
Methods Application Area Remarks

Dong et al. (2022) [26]
Spatial compatibility,

pedestrian accessibility,
function matching

NSGA-II +
compatibility matrix Shanghai

Focused on layout
design of underground

commercial space

Xu & Chen (2023) [20] Morphological types,
functional linkage

Typological
classification Japan/China metro Proposed 6 typologies

without optimization

Zhang et al. (2021) [23] Functional distribution,
space hierarchy

Artificially Intervened
Genetic Algorithm

(AIGA)
Shenzhen

Emphasized
hierarchical design

principles

Peng et al. (2023) [24] Development concepts,
spatial co-occurrence

Data-driven keyword
network analysis Multiple cities Conceptual framework,

not layout optimization

Mohammadi et al.
(2020) [21]

Infrastructure
reliability, cost

efficiency

Mathematical model
for network design Tehran

Rail network level, not
specific to

underground layout

This study

Evacuation time,
conflict minimization,
benefit maximization,

functional ratio

NSGA-II + ABM +
TOPSIS Qingdao

Integrated model for
TOD-based

underground
optimization

Non-dominated Sorting Genetic Algorithm II (NSGA-II) is an enhanced evolutionary
algorithm known for its fast non-dominated sorting mechanism, which significantly reduces
time complexity compared to conventional optimization algorithms [27]. Over the past
decades, NSGA-II has been widely adopted in addressing multi-objective optimization
problems in various infrastructure-related domains, such as resource allocation, scheduling,
routing, and timetabling [28]. Given the inherently multi-objective nature of underground
infrastructure planning, NSGA-II demonstrates strong potential for application in this
context. First, the algorithm can efficiently handle multiple and often conflicting planning
objectives simultaneously [29]. Second, when integrated with decision-making tools such
as the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), NSGA-II
can generate a set of Pareto-optimal solutions [30], enabling planners to navigate trade-
offs among competing alternatives. Third, its flexibility in solving complex spatial layout
problems makes it well-suited for identifying optimal configurations that align with key
planning indicators and infrastructure performance goals [28].

To more effectively address the multifaceted challenges associated with USSMS de-
velopment within the TOD framework, this study proposes an intelligent infrastructure
planning model based on NSGA-II. The model integrates agent-based modeling (ABM)
to dynamically assess pedestrian flow safety, transforming spatial layout design into a
multi-objective optimization problem that accounts for functional compatibility, develop-
ment benefits, and appropriate scale. By computing a series of non-dominated solutions to
construct the Pareto front and subsequently applying the TOPSIS method for prioritization,
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the model generates optimized underground space planning schemes. These schemes serve
as heuristic tools for enhancing existing layouts and informing adaptive design strategies.
Moreover, coordinated optimization of above-ground functional configurations is also
supported, thereby improving the overall performance of TOD infrastructure systems. This
study selects a key TOD project in Qingdao as a case study to validate the practical applica-
bility and optimization capacity of the proposed model. Located at Qingdaobei Railway
Station, the largest integrated multimodal transportation hub in Shandong Province, this
project exemplifies typical large-scale TODs. The main contributions of this research are
as follows:

1. An NSGA-II-based intelligent optimization model is proposed, integrating ABM with
TOPSIS for solution selection. The concept of computational planning schemes is
introduced to provide heuristic, data-driven support for improving the scientific
foundation and adaptability of underground space infrastructure planning.

2. A spatial optimization approach tailored to the TOD model is constructed, enabling
three-dimensional coordination and optimization of underground and above-ground
functions such as commercial areas, parking facilities, and municipal infrastructure,
thereby improving spatial efficiency and multimodal transfer convenience.

3. The effectiveness of the model is validated through a case study of Qingdaobei Rail-
way Station. Based on multi-source spatial data and GIS-based analyses, optimization
analysis is conducted, and the generated planning schemes provide scientific decision
support for underground space development under the TOD model, while enhancing
overall outcomes through existing condition optimization.

Despite these advancements, several important research gaps remain. Existing studies
on underground space planning within the TOD framework often focus on individual
aspects such as land-use compatibility or functional typology, while lacking an integrated,
data-driven optimization approach that simultaneously considers safety, efficiency, and
spatial coordination. In addition, few works have translated optimization outcomes into
actionable planning strategies that can guide practical implementation.

To address these issues, this study investigates how an intelligent multi-objective
optimization framework combining ABM, NSGA-II, and TOPSIS can improve the spatial
coordination and operational performance of underground spaces in TOD-based transit
hubs. The research aims to enrich the theoretical understanding of computational planning
in TOD contexts and to provide practical evidence for designing more efficient and better-
integrated underground–surface systems in high-density urban areas.

The remainder of this paper is structured as follows: Section 2 presents the research
methodology, including the construction of the optimization model, the formulation of
objective functions and constraints, and the application of the TOPSIS method in decision-
making. Section 3 reports the research findings, covering the current conditions of Qing-
daobei Railway Station and its surrounding area, optimization analysis of the Pareto front
solution set, comparison of alternative schemes, and the spatial layout optimization re-
sults of the selected scheme, with visual representations to illustrate the differences before
and after optimization. Section 4 discusses the fundamental principles, strengths, and
limitations of the proposed optimization approach, as well as its policy implications for
underground space planning under the TOD model. Section 5 concludes the study and
outlines directions for future research.

2. Methods
2.1. Research Framework

This study focuses on the spatial optimization of USSMS under the TOD model and
constructs an intelligent optimization decision-making framework integrating NSGA-II
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and TOPSIS. The overall process, illustrated in Figure 1, comprises three core modules:
data preprocessing, multi-objective optimization modeling, and solution selection [27,30].

 

Figure 1. Research framework illustrating the optimization process integrating NSGA-II and TOPSIS,
encompassing data input, optimization computation, and solution selection.

To facilitate comprehension of the proposed methodology, Figure 1 provides a stepwise
overview of the research framework.

In the data preparation stage, multi-source spatial datasets—including above-ground
and underground land use, development intensity, rail transit distribution, and evacuation
exits—are processed and rasterized to form unified spatial analysis units.

The multi-objective formulation defines the key variables and objectives, incorporating
evacuation efficiency, spatial compatibility, and development balance.

In the optimization and decision-making stage, the NSGA-II algorithm explores the
Pareto-optimal solution set across these conflicting objectives, while the TOPSIS method
identifies the optimal compromise solution closest to the ideal point.

This workflow improves methodological clarity and serves as a roadmap for the
detailed steps presented below.

Specifically, the model inputs comprise spatial data representing above-ground and un-
derground land use functions, development intensity, and metro-related attributes, unified
through a standardized rasterization process. The spatial allocation problem is formulated
around four optimization objectives: minimizing pedestrian evacuation time, minimizing
spatial conflicts between surface and subsurface spaces, maximizing overall development
benefits, and minimizing deviations from planned development ratios. Evacuation time
is dynamically evaluated via an agent-based model (ABM) constructed within the MESA
framework. The NSGA-II algorithm simultaneously optimizes these objectives through
Pareto-based evolutionary search, while the TOPSIS method evaluates normalized objec-
tive values to construct ideal and negative-ideal references, selecting the most balanced
configuration as the final planning recommendation [27,30]. This integrated framework
aligns with optimization strategies widely applied in multi-objective architectural and
environmental design studies [31,32].

2.2. Data

This study selects Qingdaobei Railway Station and its surrounding area as the research
site, employing multi-source spatial datasets to construct a unified raster-based data struc-
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ture for both above-ground and underground spaces. This integrated spatial foundation
supports the subsequent infrastructure optimization modeling. The primary data sources
are categorized into three types of vector layers [8,20]:

• Above-ground land use types (LUi): including roads, commercial and residential
zones, public plazas, and other surface-level functional areas. These data are extracted
from current urban planning documents.

• Underground land use types (UUi): covering underground commercial areas, parking
facilities, office spaces, and metro infrastructure. These datasets are derived from field
surveys and publicly available urban development plans.

• Underground development intensity (UIi): indicating the depth classification of un-
derground spaces (first-, second-, or third-level), also sourced from field surveys and
official planning schemes.

All datasets were processed through coordinate system standardization, spatial bound-
ary clipping, and rasterization at a 20 m × 20 m resolution, resulting in two-dimensional
spatial analysis units. This resolution was selected as an appropriate balance between
spatial precision and computational efficiency. It aligns with the spatial granularity com-
monly adopted in underground space planning and pedestrian accessibility studies [33],
allowing the model to differentiate functional areas such as commercial corridors, parking
facilities, and metro concourses while avoiding excessive computational costs. In addition,
the agent-based simulation employed in this study uses a continuous-space movement
mechanism, where agents move within the geometric boundaries of the underground space
rather than hopping between grid centers. The 20 m grid therefore functions primarily as a
computational layer for evaluating local attributes (e.g., functional type and accessibility)
rather than as a physical constraint on movement. Furthermore, based on the metro net-
work layout, the Euclidean distance from each spatial unit to the nearest metro entrance
was calculated to generate spatial decay parameters for the development benefit function.

Table 2 lists the main input variables involved in the optimization calculations along
with their definitions.

Table 2. The main input variables involved in the optimization calculations along with
their definitions.

Serial Number Data Types Variable Name Description

1 Underground land type UUi Underground commercial (0), Underground parking
(1), Underground office (2), Metro (3)

2 Underground
Development Intensity UIi One level, two level, three level (only one level and

two level spaces are optimized)

3 Land use type Lui Road (0), Commercial/Residential (1), Office (2),
Public Space (3)

4 Distance to metro dist_to_metro
The Euclidean distance from the cell center to the
nearest metro area center, used for benefit decay

calculation

5 Functional efficiency
coefficient Fi, αi

Determined by the ground function assignment, each
type of function is set with a different profit coefficient

6 Target function ratio pj
Target ratio of underground to above-ground

functional configuration (e.g., 40%, 30%, 20%, 10%)

All spatial datasets used in this study were compiled from official urban planning
documents, underground development blueprints, and verified GIS databases provided
by the Qingdao Natural Resources and Planning Bureau. These multi-source spatial data
were processed and analyzed through GIS-based methods, including spatial overlay and
proximity analysis, forming the analytical foundation for the optimization modeling.



Sustainability 2025, 17, 9761 8 of 31

To ensure consistency in spatial analysis logic, all variables were established on a
unified two-dimensional raster grid, with a distinction made between “optimizable units”
and “fixed units.” The three-level underground zones (UIi = 3) as well as the metro core
structural areas were designated as immutable regions within the underground space.
Similarly, road land use areas above ground were excluded from optimization. Ultimately,
separate sets of adjustable spatial units for above-ground and underground spaces were
formed, providing the boundary conditions and solution space definitions necessary for
multi-objective optimization modeling.

2.3. NSGA-II Optimization Modeling

The NSGA-II algorithm has been extensively adopted in architectural and environ-
mental optimization contexts due to its robustness and convergence performance [31,32].
To scientifically allocate above-ground and underground spatial functions under the TOD
model, this study formulates the USSMS spatial optimization problem as a multi-objective
combinatorial optimization problem. The objective functions encompass four aspects:
crowd evacuation efficiency, safety conflict control, maximization of comprehensive devel-
opment benefits, and matching of functional proportion structures. The detailed modeling
process is as follows.

2.3.1. Variable Definition

In this study, the optimizable units within above-ground and underground spaces are
defined as a set of discrete variables representing functional types: commercial (0), parking
(1), office (2), and metro (3). Together, these variable units constitute a complete spatial
configuration scheme, which serves as the input for evaluating multiple objective functions.

One of the key objectives is to maximize comprehensive development benefits, mea-
sured by the overall synergy and accessibility of the spatial configuration. This is quantified
through the following function [23,24]:

Bt = ∑[Fi × αi × ci × (LVmax − γ × di)] (1)

where Bt represents the total development benefit; Fi denotes the assigned above-ground
functional type of the ith unit; αi is the development potential coefficient corresponding to
the function type; ci is the compatibility coefficient of the above-ground and underground
functional combination; di indicates the distance from the unit to the nearest metro entrance
or exit; LVmax represents the theoretical maximum development intensity (set to 100.0
in this study); and γ is the distance decay coefficient (set to 0.1 in this study). This
function comprehensively incorporates functional types, spatial synergy, and transportation
accessibility factors to provide a quantitative basis for maximizing development benefits.

The compatibility coefficient ci reflects the empirical coordination degree between
above-ground and underground functional pairings. A higher value indicates stronger
spatial synergy and functional integration. The values in Table 2 are set based on prior
studies and planning practices, particularly drawing from Dong et al. [26], who proposed
a compatibility matrix to assess co-functional feasibility in metro station-adjacent under-
ground space layouts. For example, commercial use above underground commercial areas
is given a coefficient of 1.0, reflecting their high mutual integration, while metro-related
functions generally have lower compatibility with surface-level uses due to their structural
and operational isolation.

Table 3 summarizes the compatibility scores adopted in this study, which serve as
input parameters for the development benefit objective function.
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Table 3. Compatibility Matrix.

Ground Function Type Underground
Business (0)

Underground
Parking (1)

Underground
Office (2) Metro (3)

Commercial/Residential (1) 1.0 0.3 0.5 0.2
Office (2) 0.3 1.0 1.0 0.2

Public Space (3) 0.5 0.5 0.5 0.2

To control the overall configuration structure of various functions from deviating from
the target proportions, a development scale deviation objective function is established,
expressed as Formula (2):

Dt = ∑
∣∣∣∣∣ nj

N − pj

∣∣∣∣∣ (2)

where nj represents the number of units of function type j; N is the total number of units
involved in the optimization; and pj denotes the target allocation proportion (set in this
study as 40% commercial, 30% parking, 20% office, and 10% metro). A smaller value of Dt

indicates that the layout structure is closer to the desired configuration.

2.3.2. Evacuation ABM

To evaluate the performance of different underground space layout schemes in terms
of crowd evacuation safety, this study incorporates an ABM framework built on MESA to
dynamically simulate the crowd evacuation process within the metro station. The model’s
output metric, defined as the minimum number of steps required to complete evacuation,
is used as the first objective Et in the multi-objective optimization. Agent-based simulation
has been widely employed in previous studies to analyze pedestrian evacuation and crowd
dynamics in complex underground transit environments [33,34].

In the ABM, each pedestrian is represented as an individual agent possessing at-
tributes such as position, velocity, and target direction. The overall framework of the
agent-based evacuation model is illustrated in Figure 2.At the start of the simulation, agents
are randomly distributed within the underground space and autonomously identify an
effective exit as their evacuation goal. At each time step, agents move according to the
directional vector from their current location toward the target exit. Their movement speed
is influenced by the type of functional zone they occupy, reflecting varying mobility efficien-
cies in different environments. For instance, public spaces permit higher speeds, whereas
commercial or office areas may reduce movement velocity due to denser layouts. Recent
advances in visual sensing and motion analysis have improved the extraction of pedes-
trian trajectories in adverse conditions, which can support the calibration of behavioral
parameters for evacuation modeling [35].

Each grid cell in the underground space is determined by the functional configuration
from the optimization solution, and the model dynamically assigns the corresponding
speed coefficient based on this configuration. The speed coefficients are set as follows:
underground commercial area at 0.9, underground parking at 0.7, underground office at
0.8, and metro functional area at 1.1. The agent’s movement speed at each step is calculated
as the product of its base speed and the respective speed coefficient.

The simulation ends when all agents have successfully evacuated to the exits. The
model outputs the total evacuation steps Et under the current layout, serving as a key
indicator for assessing the safety performance of the configuration. It is important to
emphasize that this ABM is integrated with the NSGA-II optimization process. For each
solution evaluation, the candidate underground layout is automatically input into the
ABM, a full evacuation simulation is executed, and the resulting Et value is returned.
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This indicator is then jointly evaluated with other objectives, including conflict degree,
development benefit, and structural conformity, to assess the overall quality of the solution.

Figure 2. Conceptual Diagram of ABM.

It should be noted that the ABM adopts a continuous-space movement mechanism
rather than a purely cell-based system. Agents move continuously within the underground
spatial boundary defined by the shapefile, while their positions are mapped to 20 m × 20 m
grid cells at each time step to determine contextual attributes such as functional type, which
affect movement speed and direction. Hence, the grid resolution serves primarily as
a computational layer for spatial evaluation rather than as a constraint on pedestrian
movement. This approach has been widely used in large-scale pedestrian evacuation and
spatial accessibility modeling studies [33,36], providing an appropriate balance between
behavioral realism and computational feasibility.

To ensure the robustness and credibility of the evacuation time estimations produced
by the ABM, a comprehensive sensitivity analysis of the agent speed coefficients was con-
ducted. This analysis examined the effects of parameter variation on simulation outcomes
and confirmed that evacuation time is relatively insensitive to moderate changes (±10%)
in walking speed assumptions across different functional zones. Specifically, the agent
speed coefficients adopted in this study—0.9 for underground commercial areas, 0.7 for
parking, 0.8 for offices, and 1.1 for metro zones—were determined based on empirical
observations and literature benchmarks [33,34]. In addition, the adopted pedestrian speed
parameters were cross-checked against widely cited empirical sources and engineering
handbooks. Weidmann’s synthesis reports an average free walking speed of about 1.34 m/s
for adults in uncongested conditions, with typical ranges around 1.2–1.5 m/s depending on
context [37], while the SFPE Handbook recommends nominal design values near ~1.2 m/s
for unimpeded movement in evacuation analyses [38]. These benchmarks are consistent
with the base speeds and zone-specific coefficients used in our ABM. Together with the
sensitivity analysis (Appendix A), they strengthen the empirical grounding and reliability
of the evacuation simulation. The results indicated that even under the extreme variation
of ±20%, the ranking and relative differences in evacuation times among layout schemes
remained stable, suggesting that the model outcomes are primarily driven by spatial con-
figuration rather than specific parameter values. Detailed sensitivity results and validation
analyses are provided in Appendix A. Hence, the ABM can be considered robust, and
spatial layout remains the dominant factor affecting evacuation performance.
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2.3.3. Constrains

To ensure that the optimization results are practically implementable and consistent
with realistic planning principles, this study establishes the following constraints during
the modeling process. These constraints regulate the permissible zones for modification
in both aboveground and underground spaces, the allowable ranges for functional type
transitions, and structural limitations [28,39]:

First, for underground space units designated as metro functions (function type 3),
optimization adjustments are only allowed in the peripheral areas. Specifically, if a unit is
originally defined as a metro function in the underground land-use data and its Manhattan
distance to the nearest non-metro unit exceeds 2 grid cells, it is considered a core structural
unit and remains fixed during the optimization process. This constraint is designed to
protect the safety boundaries of the main metro station structure and entrance/exit systems.

Second, areas with an underground development intensity of three levels (UIi = 3) are
excluded from the optimization scope. Due to their complex spatial structure and special
construction conditions, these areas are typically planned as independent specialized
projects and are not suitable for mixed functional configurations with general uses.

Third, aboveground road areas (LUi = 0) are designated as non-optimizable zones,
and conversion to other uses is prohibited. This constraint ensures the continuity and
accessibility of the surface transportation system, preventing disruption to the above-
ground traffic network.

Fourth, during the decoding process of the optimization variables, underground units
originally designated as non-metro functions (such as commercial, office, or parking) are
not allowed to be reassigned as metro functions. This constraint prevents unreasonable
functional conversions in the planning logic.

These hard constraints are strictly enforced during each solution evaluation. Any
infeasible configuration is immediately corrected at the variable decoding stage, ensuring
that the algorithm’s search is always conducted within a feasible solution space. Through
these constraints, this study guarantees that all generated solutions maintain fundamental
engineering feasibility and planning rationality.

2.3.4. NSGA-II Computational Process

NSGA-II is a classical multi-objective optimization method that simulates the process
of natural evolution to identify a set of optimal trade-off solutions across multiple conflicting
objectives. In this study, NSGA-II is employed to optimize the functional configuration of
both above-ground and underground spaces surrounding metro stations, aiming to achieve
a globally balanced layout in terms of evacuation safety, functional conflict minimization,
development benefits, and functional proportion structure.

The algorithm begins by generating an initial population of layout schemes, with
each scheme representing a complete configuration of spatial functions above and below
ground. Each scheme is treated as an individual, which is evaluated using four objective
functions. Among these, the evacuation time is dynamically calculated through an inte-
grated agent-based simulation model. The other three objectives, namely functional conflict
level, development benefit, and structural deviation, are directly derived from the spatial
configuration data.

Following the evaluation phase, NSGA-II performs non-dominated sorting on all
candidate solutions. This sorting is based on the concept of Pareto optimality: a solution is
considered non-dominated if it is not simultaneously worse than any other solution across
all objectives. The algorithm first identifies all non-dominated solutions and assigns them
to the first front. The remaining solutions are then iteratively filtered to form the second
front, third front, and so on, resulting in a hierarchical structure of solutions.
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To maintain diversity in the solution set, NSGA-II introduces the concept of crowding
distance, which quantifies the difference in objective values between neighboring solutions.
Solutions located in less crowded regions of the objective space are prioritized for retention,
thereby promoting a well-distributed Pareto front.

During the iterative process, the algorithm selects solutions from the higher-ranked
and more widely distributed fronts and generates new candidate solutions through
crossover and mutation operations. These new solutions are then subjected to the next
round of objective function evaluation and sorting, gradually converging toward the
optimal solution space across multiple objectives.

Ultimately, NSGA-II produces a set of non-dominated solutions known as the Pareto
front. This solution set represents trade-offs that cannot be further improved in all ob-
jectives simultaneously. Each solution performs optimally in at least one objective while
maintaining acceptable performance in others. The Pareto front does not indicate a sin-
gle optimal solution but provides a structured and diverse set of alternatives to support
informed decision-making in the subsequent planning stages.

The hyperparameter configuration adopted in this study, as summarized in Table 4,
aligns with established practices in evolutionary optimization For instance, Hazbei et al. [31]
and Rafati et al. [32] employed relatively moderate population sizes (20–50), crossover
probabilities around 0.9, and mutation rates of approximately 0.2 in design problems with
relatively small decision spaces (5–10 variables). In contrast, the optimization problem in
this study involves a theoretical search space of 4487, featuring extremely high dimension-
ality and discrete combinatorial characteristics. To address this complexity, we adopted
a larger population size (100) and a lower bitwise mutation probability (1/n), which is a
standard strategy for high-dimensional evolutionary optimization problems.

Table 4. NSGA-II Hyperparameter Settings Used in This Study.

Parameter Value

Population size 100
Number of generations 50

Sampling method BinaryRandomSampling
Crossover operator HUX (Half Uniform Crossover)

Crossover probability 1.0
Mutation operator BitflipMutation

Mutation probability 1/974
Selection scheme Binary tournament

To enhance search capability while preserving chromosome integrity, the Half Uni-
form Crossover (HUX) operator was employed, with the crossover probability set to 1.0 to
maximize recombination efficiency. The optimization results confirm that this configuration
provides adequate exploration capacity to identify well-performing solutions. As shown
in Figure 3, the resulting Pareto front exhibits clear trade-offs among the four objectives
and demonstrates good diversity and distribution balance across the objective dimensions.
Notably, the development-scale deviation dimension shows no convergence bias, indicat-
ing that the optimization process achieved a comprehensive balance among conflicting
objectives. Therefore, despite the large search space and high computational cost, the cho-
sen hyperparameter configuration and search strategy enabled effective convergence and
diverse solution coverage within the available computational budget, yielding satisfactory
optimization performance and practical feasibility.
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Figure 3. Pareto Front Solutions.

2.4. TOPSIS-Based Solution Selection

Within the Pareto front generated by NSGA-II, each solution exhibits different levels
of performance across multiple objectives. To identify a single recommended solution
with the best overall performance, this study adopts TOPSIS, a widely used multi-criteria
decision-making method, to rank and score the candidate solutions [39].

The core concept of TOPSIS is to map all evaluated solutions into a multi-dimensional
objective space, where two reference points are constructed: an ideal solution, composed of
the best value for each objective, and a negative ideal solution, composed of the worst value
for each objective. Each actual solution is then assessed based on its Euclidean distance
from both the ideal and negative ideal solutions. The relative closeness of each solution to
the ideal point determines its overall ranking, reflecting its comprehensive superiority in
the objective space.

Specifically, for each Pareto-optimal solution generated by NSGA-II, the four objective
values are first normalized. Then, the Euclidean distance between the solution and the
ideal solution is calculated and denoted as D+, while the distance to the negative ideal
solution is denoted as D−. Based on these distances, the relative closeness score Si for each
solution is computed as Formula (3):

Si =
D−

D+ + D− (3)

where Si represents the TOPSIS score for the ith solution. A higher score indicates closer
proximity to the ideal solution and thus better overall performance.

In this study, all four objectives, including evacuation time (Et), conflict degree (Ct),
development benefit (Bt), and structural deviation (Dt), are formulated as minimization
problems, meaning that lower values are preferred. Therefore, the ideal solution is com-
posed of the minimum values of each objective across the entire solution set. After scoring,
each Pareto solution is assigned a corresponding Si value and ranked from highest to lowest.
The solution with the highest score is selected as the recommended solution. The corre-
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sponding spatial layout is adopted as the final optimization result for both underground
and above-ground spaces. The TOPSIS method preserves the original multi-objective
structure while simplifying the trade-off process into a single scalar score, offering a trans-
parent and interpretable decision-support tool for navigating complex multi-objective
solution sets.

3. Results
3.1. Study Area Analysis

Qingdaobei Railway Station, located in the Licang District of Qingdao, Shandong
Province, is situated approximately 14 km north of the city center. Opened on 10 January
2014, the station serves as a major transportation hub in Qingdao, providing access to
multiple rail modes including high-speed, conventional, and metro lines. The station
complex covers about 68,000 m2 and includes several underground levels connected directly
to the metro system. Its location is strategically significant: positioned on reclaimed land
near Jiaozhou Bay, roughly 500 m from the coastline, it integrates regional rail connectivity
with urban transit accessibility.

We selected this station area for analysis because it presents a typical complex urban–
underground interface, with dense surface transport, multiple metro connections, and
significant underground spatial potential, making it an ideal testbed for optimizing under-
ground space under the TOD paradigm.

As a critical multimodal transportation hub in Qingdao, Qingdaobei Railway Station
is critical for both intra-city and inter-city travel. Figure 4 illustrates the layout of the study
area, including underground development intensity (UIi), underground land-use types
(UUi), surface land use (LUi), and the distribution of station entrances and exits. The
existing underground infrastructure displays partial characteristics of functional agglom-
eration, with commercial, office, and parking functions concentrated around the metro
station. While this clustering leverages the hub’s agglomeration potential, the current
spatial configuration presents opportunities for improvement in terms of functional integra-
tion and pedestrian connectivity, falling short of the comprehensive, mixed-use principles
emphasized by the TOD model.

The underground layout demonstrates a clear functional concentration pattern, par-
ticularly with office spaces densely located near the metro station core. This proximity
facilitates convenient commuting for office users but leads to localized crowding during
peak hours, increasing pedestrian density and evacuation pressure. While such concentra-
tion enhances productivity and land-use efficiency, it lacks integration with surrounding
functional zones, resulting in limited spatial flexibility and underutilized synergies.

Parking facilities are predominantly located on the second and third underground
levels, yet lack direct linkages to metro entrances. Although this configuration helps
alleviate surface traffic loads, the relatively independent circulation paths between parking
areas and transfer points result in inconvenient pedestrian transfers for passengers moving
between parking lots and metro entrances. This issue is especially pronounced during
peak hours, where the intermingling of parking and commercial pedestrian flows further
complicates crowd management and wayfinding.

Commercial functions are primarily clustered near metro station entrances and adja-
cent areas, forming strong localized commercial activity. However, this spatial clustering
remains relatively disconnected from parking infrastructure, leading to a low degree of
integration between transportation and commercial services. Although the commercial lay-
out succeeds in attracting passenger traffic, it also overlaps with critical transfer corridors
during rush hours, increasing pedestrian congestion and indicating inefficiencies in the
mixed-use design.
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Figure 4. Study Area Map.

The above-ground spatial layout exhibits certain limitations in functional diversity,
particularly due to the lack of organic integration between roads and plazas, which affects
the continuity of pedestrian spaces. While plazas serve as hubs for pedestrian aggrega-
tion and dispersal, their weak spatial linkage with commercial zones diminishes their
agglomeration potential. Moreover, the road network is predominantly linear and lacks a
multi-nodal pedestrian circulation system, restricting seamless movement across different
urban functions.

Overall, the Qingdaobei Railway Station area has achieved a certain degree of func-
tional agglomeration and spatial utilization under the current development pattern. How-
ever, there remains significant room for improvement in terms of functional integration,
spatial connectivity, and crowd management. In particular, during peak periods, the rela-
tively concentrated layout of commercial, office, and parking functions leads to localized
pedestrian congestion, which imposes limitations on evacuation efficiency. The connectivity
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between above-ground and underground spaces also requires enhancement, with oppor-
tunities to improve the completeness of the pedestrian network and the degree of spatial
mixing. Through rational optimization of layout and functional allocation, it is expected
that the spatial intensification and transportation convenience characteristics advocated by
the TOD model can be better realized.

3.2. NSGA-II Optimization Results and TOPSIS Selection

To address the underground infrastructure layout optimization problem at Qingdaobei
Railway Station, the NSGA-II algorithm was employed with four objective functions: mini-
mization of evacuation time (Et), minimization of functional conflicts (Ct), maximization
of development benefits (−Bt), and minimization of deviation from the target develop-
ment scale (Dt). By resolving these conflicting objectives, NSGA-II generated a set of
Pareto-optimal solutions that reflect the inherent trade-offs among competing infrastructure
performance criteria. Figure 3 illustrates the relationships among the objective functions,
highlighting the mutual constraints between functional conflict, development efficiency,
and structural conformity.

A total of 5000 optimization iterations were conducted, with 100 candidate solutions
evaluated per generation. This parameter configuration was selected to ensure sufficient
exploration of the solution space while maintaining computational efficiency. The rationale
and characteristics of the search space are elaborated below.

First, the population size of 100 and the number of generations (50, resulting in
5000 candidate evaluations) were selected based on a balance between computational
feasibility and optimization quality. Each evaluation involves computing four objective
functions, one of which includes an agent-based evacuation simulation that is computation-
ally expensive. Preliminary trials showed that smaller population sizes (e.g., 20 or 50) led
to reduced diversity in the Pareto front, while larger sizes (e.g., over 200) incurred excessive
computational cost with only marginal improvements in solution quality.

To further validate the sufficiency of these parameter settings, we analyzed the conver-
gence behavior of the algorithm over 50 generations. We have added a new Appendix B,
which presents the optimization process in detail. As shown in Figures A3 and A4, the
number of non-dominated solutions increased steadily during the early generations, reach-
ing the maximum value of 100 by generation 25 and remaining consistently high thereafter.
Concurrently, the epsilon indicator, which measures the improvement of the Pareto front,
exhibited a generally decreasing trend despite some fluctuations, and stabilized below
0.02 in the later generations. These patterns confirm that the chosen population size and
iteration count enabled the algorithm to achieve both convergence and solution diversity
efficiently.

Second, regarding the search space: the optimization problem includes a total of 487
decision units (278 underground and 209 above-ground), each encoded using two binary
digits to represent one of four functional categories. This results in a theoretical search
space of 4487 possible configurations.

However, this theoretical number does not account for the strict domain-specific
constraints integrated into the model. For instance, functional proportions (e.g., commercial,
office, parking) are preserved through a repair mechanism after decoding, while certain
land use types such as metro and roads are fixed or only partially modifiable. These
constraints dramatically reduce the effective size of the feasible solution space. While
the exact size of this constrained subspace is difficult to quantify analytically, it is orders
of magnitude smaller than the unconstrained theoretical total. The NSGA-II algorithm,
combined with problem-specific operators and repair strategies, effectively concentrates
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the search within this feasible region, allowing for efficient exploration despite the sparsity
of sampling in the full space.

The Pareto front gradually expanded and converged over time. During the initial
optimization stages (generations 1 to 10), the number of non-dominated solutions in-
creased rapidly from 25 to 75. As the algorithm progressed, the solution set stabilized
around 100 non-dominated configurations, with continuous improvements in convergence.
Notably, alternating occurrences of ideal and nadir solutions across certain generations
indicated an ongoing update process shaped by evolving trade-offs among multiple infras-
tructure planning objectives.

The three-dimensional scatter plot in Figure 3 reveals a distinct negative correlation
between development benefit (−Bt) and both evacuation time (Et) and functional conflict
(Ct). When development benefit is maximized, evacuation time and development conflict
tend to increase, reflecting increased pedestrian density and reduced safety margins in
high-intensity development zones. These patterns underscore the need for a comprehen-
sive balance between development intensity, spatial safety, and functional rationality in
underground infrastructure systems.

Throughout the optimization process, NSGA-II approached the Pareto front via fast
non-dominated sorting and diversity-preserving mechanisms. The final solution set high-
lights a significant trade-off between development benefit (−Bt) and conflict level (Ct).
In regions of high development intensity, evacuation time increases sharply, while the
structural deviation (Dt) remains relatively stable, suggesting the importance of adjusting
functional distribution to reconcile spatial efficiency with operational safety.

To identify the most balanced infrastructure configuration, the TOPSIS method was
applied to the Pareto front (Figure 3). By computing the relative closeness of each solution
to the ideal and anti-ideal solutions, TOPSIS evaluated overall performance across all
four objectives and selected the highest-ranking scheme as the recommended layout. The
optimal solution had objective values of [Et, Ct,−Bt, Dt] = [737, 60,450, −20,050, 1.294],
demonstrating balanced performance across evacuation efficiency, conflict minimization,
development return, and scale conformity.

A comparative analysis of the NSGA-II and TOPSIS results indicated that through
optimized redistribution of commercial, office, and parking functions, pedestrian con-
gestion was significantly alleviated. Specifically, office space clustering and functional
conflict between parking facilities and metro station entrances were reduced. In addition to
improved space utilization, the refined layout of transfer corridors enhanced pedestrian
accessibility and evacuation capability. These findings demonstrate the practical effective-
ness and applicability of the integrated NSGA-II and TOPSIS framework for optimizing
underground infrastructure configurations in high-density, transit-oriented environments
such as Qingdaobei Railway Station.

3.3. Implications for Practice

Building upon the optimization results derived from NSGA-II and TOPSIS, the find-
ings of this study provide several practical implications for underground space planning
under the TOD model. The final optimized spatial layout reflects a well-balanced trade-off
among evacuation efficiency, development benefits, and spatial utilization, offering a useful
reference for improving design coordination and spatial integration in similar urban transit
hubs. Figure 5 presents a comparative analysis of the existing and optimized underground
layouts, clearly illustrating the enhancements in infrastructure organization and pedestrian
evacuation capacity achieved through the optimization process.
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Figure 5. Comparison of Current and Optimized Layout.

From a practical perspective, the optimized scheme demonstrates substantial improve-
ments in both functional allocation and spatial configuration of underground infrastructure:

First, the optimized distribution of office space demonstrates how a more balanced spa-
tial arrangement can enhance both safety and adaptability in underground environments.
In the existing layout, office functions are overly concentrated around the metro station core,
resulting in elevated pedestrian density and reduced evacuation efficiency during peak
hours. The revised configuration disperses office areas across multiple nodes, effectively
lowering crowd concentration and reducing evacuation time by about 15%. This outcome
suggests that decentralizing high-intensity functional zones can substantially improve
spatial flexibility and operational resilience within transit-oriented underground systems.

Second, the reorganization of parking infrastructure illustrates the value of closer
functional integration with transit facilities. In the current condition, dispersed parking
locations and fragmented pedestrian routes hinder efficient movement between parking
areas and metro entrances. The optimized layout strategically co-locates parking facilities
with major access points, thereby shortening walking distances, improving transfer conve-
nience, and reducing conflicts between vehicular and pedestrian flows. This configuration
proves especially effective during peak periods, enhancing the operational efficiency and
user experience of the overall transport infrastructure.
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Third, the commercial infrastructure demonstrates a higher degree of mixed-use in-
tegration. While the existing layout features clustered but disjointed commercial areas
with limited synergy with transit circulation, the optimized design strategically posi-
tions commercial zones between the metro station and parking areas, forming a hybrid
commercial-transportation infrastructure system. This configuration improves accessibility,
enhances commercial vibrancy, and mitigates congestion risks associated with overlapping
pedestrian and commercial flows.

In terms of above-ground infrastructure, the optimized layout demonstrates a more
coherent and functionally integrated spatial organization. The existing configuration
shows limited pedestrian continuity due to weak linkages between roads and plazas,
which constrain overall accessibility. The revised scheme reorganizes these elements into
multifunctional, mixed-use open spaces, improving pedestrian flow and enhancing the
spatial connection between above-ground and underground systems. Importantly, the
strengthened linkage between commercial and residential zones and surrounding plazas
facilitates more natural pedestrian movement and alleviates congestion in high-density
areas. These results suggest that promoting surface–subsurface integration and enhancing
spatial continuity can serve as effective strategies for improving walkability and urban
experience in similar transit-oriented environments.

Consistent with the tendencies observed in the objective function values, the optimized
scheme yields measurable improvements across key performance indicators, offering clear
implications for practical design and management.

• Evacuation Time (Et): Through the decentralization of office functions and the rational
reconfiguration of entrances and exits, evacuation time is reduced from over 900
s in the current layout to approximately 737 s—an improvement exceeding 15%.
This highlights how spatial redistribution can directly enhance pedestrian safety and
evacuation efficiency in high-density hubs.

• Development Conflict (Ct): Representing the overall degree of functional incompat-
ibility among adjacent spatial units, this indicator decreased from 68,000 to 60,450.
The reduction, achieved through coordinated planning of parking and commercial
areas, indicates stronger functional synergy and a more coherent spatial structure—an
outcome that underscores the value of integrated land-use strategies in practice.

• Development Benefit (−Bt): Increased to −20,050, reflecting a tangible improvement
in infrastructure efficiency arising from the coordinated integration of commercial and
transport functions. This result demonstrates how multi-objective optimization can
help planners identify configurations that simultaneously strengthen operational and
economic performance.

• Development Scale Deviation (Dt): Stabilized at 1.29 after appropriately adjusting the
proportions of commercial, office, and parking functions. This alignment with the tar-
get structure reveals a more balanced and context-responsive functional composition—
offering a reference for practitioners seeking to harmonize spatial allocation with
planning goals in complex underground systems.

Figure 5 provides a clear visualization of these improvements by comparing the spatial
layouts before and after optimization. The optimized underground configuration demon-
strates greater flexibility, particularly in the coordination between office and commercial
areas. The reallocation of parking facilities enhances alignment with metro station en-
trances, effectively addressing the disconnection issues identified in the baseline layout. At
the surface level, improved integration between roads and plazas strengthens walkabil-
ity and accessibility, contributing to a more sustainable and user-oriented infrastructure
network. The strengthened cohesion between surface and subsurface systems further
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embodies the essential planning principles of the TOD model, emphasizing connectivity,
functional harmony, and human-centered design.

From a practical perspective, the NSGA-II and TOPSIS-based optimization framework
offers valuable insights into improving both spatial efficiency and infrastructure resilience
within the underground development surrounding Qingdaobei Railway Station. The opti-
mized configuration serves as an example of how quantitative, data-supported analysis
can inform the refinement of infrastructure layouts, enhance operational coordination,
and support decision-making in complex transit-oriented environments. The outcomes
provide a methodological reference for planners and engineers seeking to align under-
ground space development with broader objectives of sustainable urban growth under the
TOD framework.

At the same time, certain methodological constraints should be acknowledged. The
solutions generated through NSGA-II and TOPSIS represent model-based results that sim-
plify real-world complexities into quantifiable objectives and constraints. This abstraction
may not fully encompass practical issues such as compliance with building codes, engi-
neering feasibility, or coordination among multiple administrative entities. Consequently,
the optimized scheme should be regarded as a heuristic planning tool intended to guide
professional judgment through scientific evidence rather than a prescriptive blueprint.
In real-world implementation, it remains essential to calibrate and refine the proposed
layout according to site-specific conditions, regulatory frameworks, and socio-economic
contexts. Through such iterative adjustment, the insights drawn from optimization can be
effectively translated into feasible and context-appropriate design practices, ensuring that
infrastructure development remains both sustainable and grounded in reality.

4. Discussion
4.1. Advantages and Limitations of the Method

The underground spatial layout optimization approach combining NSGA-II and
TOPSIS yielded favorable outcomes in this study, notably enhancing evacuation efficiency,
spatial utilization, and overall development benefits [26]. By integrating multi-objective
optimization techniques with multi-criteria decision-making frameworks, this method
systematically accounts for the multidimensional factors and complex interdependencies
characteristic of underground spatial systems. The following discussion outlines its key
advantages and limitations.

Firstly, the automated optimization capability of the proposed method enables the
efficient generation of multiple alternative spatial configurations, significantly improving
the scientific rigor and objectivity of the infrastructure planning process compared to con-
ventional experience-based approaches [31]. In the context of underground infrastructure
layout, decisions regarding functional distribution and development intensity often involve
competing objectives. The NSGA-II algorithm, through non-dominated sorting and crowd-
ing distance mechanisms, facilitates a rapid exploration of the solution space to identify a
Pareto-optimal set, thereby reducing subjective biases typically associated with manual
decision-making [40].

Secondly, the TOPSIS method, employed as a post-optimization selection tool, fa-
cilitates the identification of the optimal infrastructure planning scheme from a set of
multi-objective trade-off solutions [41]. By calculating the relative closeness to ideal and
negative-ideal solutions, TOPSIS simplifies complex multi-objective decision-making into a
single comprehensive evaluation metric, enabling planners to efficiently recognize the lay-
out scheme with the best overall performance [42]. This approach is particularly effective
for ranking and balancing alternatives within diverse solution sets, thereby strengthening
the scientific rigor and transparency of infrastructure planning decisions.
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Moreover, the methodological framework developed in this study exhibits strong
generalizability and can be applied to underground infrastructure planning in other urban
rail transit hub areas [43]. By modifying the objective functions and constraint parameters,
the model can be adapted to diverse spatial optimization tasks across varying scales and
development intensities, thereby improving the ability of infrastructure systems to cope
with turbulent, uncertain and increasingly complex environments and enhancing the
resilience of infrastructure systems [44].

Despite the robust theoretical strengths exhibited by the proposed optimization
method, several limitations persist in its practical implementation.

Firstly, the selection of objective functions and the assignment of corresponding
weights can exert a substantial influence on the optimization outcomes [26]. This study
primarily emphasizes objectives such as evacuation time, development conflicts, com-
prehensive development benefits, and functional scale—all closely aligned with transit-
oriented underground infrastructure planning. However, real-world planning scenarios
often demand broader considerations. Critical dimensions such as environmental sustain-
ability, spatial quality, and social equity remain unaddressed in the current framework.
Future research should expand the objective function system to integrate these factors,
enabling more holistic, resilient, and sustainability-oriented optimization of underground
infrastructure layouts across diverse urban contexts [44].

Moreover, underground space development entails considerable energy consumption
for ventilation, lighting, and climate regulation, as well as embodied carbon arising from
excavation and concrete-intensive construction processes [45,46]. Future extensions of
this research should therefore integrate life-cycle assessment (LCA)–based indicators to
evaluate carbon footprints, operational energy, and resource efficiency, enabling a more
balanced trade-off between spatial performance and environmental impact.

Socially, ensuring equitable accessibility, comfort, and safety for all users, including
people with reduced mobility [47], is an essential component of human-centered TOD
planning. Introducing social equity indicators such as accessibility weighting or universal
design compliance would enable the optimization model to better represent inclusiveness
and spatial justice. Embedding these environmental and social objectives into future models
would transform the framework from a purely efficiency-driven tool into a holistic and
sustainability-aligned decision-support system consistent with the principles of the United
Nations Sustainable Development Goals (SDGs).

Another limitation concerns the flexibility and precision of constraint conditions
present limitations in practical implementation [48]. In the optimization process, constraints
such as the protection of core metro station structures, restrictions on the number of
underground levels, and the fixation of road land use were imposed to ensure the feasibility
and safety of the proposed schemes. However, in actual project execution, the diversity of
spatial forms and development policies may render some of these constraints inapplicable.
Therefore, a key direction for future research is to enhance the adaptability of constraint
conditions while maintaining the effectiveness of optimization outcomes.

A further limitation is that the optimization model employed in this study adopts
a static view of spatial layout, without accounting for the temporal dynamics of land
use and pedestrian flow [49]. With the increasing trend of functional integration under
the TOD model, the utilization patterns of underground spaces and the organization of
pedestrian movement may vary significantly by time of day and season [50]. Future work
should incorporate dynamic land use patterns and time-series behavioral data into the
optimization framework, thereby enhancing its spatiotemporal flexibility and enabling
more responsive, infrastructure-resilient, and sustainability-oriented spatial planning in
evolving urban environments.
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Even so, the current model remains limited by its static representation of spatial
configurations, which does not reflect the temporal variability of pedestrian movement
or land use change. In reality, pedestrian flow intensity varies significantly throughout
the day, between weekdays and weekends, and across different seasons. Similarly, the
functional composition of transit-oriented hubs evolves as new facilities appear and usage
patterns shift over time. Future research could address this limitation by incorporating
time-dependent pedestrian mobility data, such as hourly or daily records obtained from
smart card systems or in situ sensors. In addition, dynamic land use transition models can
be introduced to simulate how spatial functions change over time within the optimization
process. Integrating these temporal elements would allow the framework to evolve into
a spatiotemporal optimization model that better supports adaptive and realistic urban
planning decisions [13,34].

Overall, the underground spatial layout optimization approach based on NSGA-II
and TOPSIS exhibits notable strengths in planning rationality and computational efficiency,
providing relatively objective and structured decision support for urban planners. Nev-
ertheless, its practical applicability remains constrained by limitations in the selection of
objective functions and the rigidity of constraint conditions [39]. Future refinements could
focus on the incorporation of dynamic land use patterns, the calibration of algorithmic
parameters, and the construction of a more comprehensive and sustainability-informed sys-
tem of objectives, thereby advancing the method’s practical utility, contextual adaptability,
and level of computational intelligence.

4.2. Implications for Planning Practice

The underground space optimization model developed in this study, which integrates
NSGA-II with TOPSIS, demonstrated promising performance when applied to the Qing-
daobei Railway Station area. By optimizing the spatial arrangement of office, commercial,
parking, and transfer functions, the model significantly enhanced both space utilization
efficiency and evacuation safety. These findings provide practical guidance for the devel-
opment of underground spaces within the framework of the TOD model, particularly in
transit-oriented urban core zones [5].

The translation of model outputs into planning actions requires specifying how opti-
mized spatial adjustments can be operationalized through design and management mea-
sures. The following recommendations elaborate on the actionable strategies implied by
the optimization results, offering concrete pathways for planners to implement integrated,
safe, and efficient underground space development.

Firstly, functional integration is one of the critical factors in underground space de-
velopment within the TOD framework [6]. The optimized scheme in this study embeds
commercial facilities into transit nodes, enabling a seamless combination of commercial
and transportation functions. This not only alleviates pedestrian congestion in high-traffic
areas but also highlights the importance of mixed-use development in improving spatial
efficiency and accessibility. Therefore, planning practice should prioritize the integrated
design of commercial spaces, transit infrastructure, and pedestrian systems, especially in
and around core metro station areas, by rationally allocating multiple functional compo-
nents [7]. Specifically, the optimized layout suggests embedding commercial corridors
directly along pedestrian transfer routes and between metro concourses and parking access
points. In practice, planners can adopt a multi-layer functional zoning approach—placing
daily-use retail and services within 0–50 m of station exits, while reserving larger-scale
offices and dining spaces for peripheral areas. This configuration shortens travel paths,
enhances commercial exposure, and prevents congestion at single nodes. Moreover, de-
velopers should enforce shared ventilation, signage, and circulation standards between
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commercial and transport facilities to ensure a continuous spatial experience and efficient
energy management.

Secondly, transportation convenience is a critical factor in determining the rationality
of underground spatial layouts [51]. The findings of this study suggest that locating
parking facilities near metro entrances enhances park-and-ride efficiency and mitigates
conflicts between pedestrian and vehicular flows [52,53]. In practical planning, traffic
flow analysis should be employed to rationally position parking areas and pedestrian
pathways, enhancing the accessibility and connectivity of entry and exit points. This helps
avoid the fragmentation of parking and pedestrian zones and improves the overall transfer
experience. The optimization also highlights that co-locating parking entrances within 50 m
of major metro exits minimizes horizontal travel and reduces cross-flow between vehicles
and pedestrians. To implement this, management authorities could adopt a hierarchical
access system: separating inbound and outbound vehicular routes and linking them to
pedestrian corridors through short, well-lit passages. Additionally, real-time traffic and
occupancy monitoring should be integrated into smart-parking systems to dynamically
guide users and alleviate local congestion during peak hours.

Thirdly, spatial flexibility is vital for accommodating fluctuations in pedestrian density
and addressing unexpected events [54]. In the optimized layout, a balanced distribution
of office spaces helps prevent congestion at individual nodes during peak hours. Future
underground space development should prioritize adaptable layout strategies by intro-
ducing multi-node configurations and flexible spatial transformations [55,56]. This design
approach supports efficient pedestrian movement during high-demand periods and con-
tributes to safer and more responsive evacuation in emergency scenarios. Based on the
decentralized office layout derived from optimization, planners can introduce modular
floor-plate configurations and reconfigurable partitions to allow rapid adaptation between
office, retail, and public uses. In emergency-prone or high-density hubs, establishing dual-
direction evacuation corridors and reserving multi-functional buffer zones (e.g., plazas or
lobbies) as temporary gathering spaces can further enhance safety and resilience.

In addition, the optimization method based on NSGA-II and TOPSIS employed in
this study demonstrates strong generalizability [30] and can serve as a reference for un-
derground space planning in other urban rail transit hub areas. The applicability of this
method to other city cases can be analyzed as follows:

First, the NSGA-II algorithm allows for a flexible definition of objective functions
and constraints, making it adaptable to the specific conditions of different cities [40]. For
instance, in cities with a vibrant commercial environment, development benefits can be
prioritized as the primary optimization goal, whereas in areas with severe traffic congestion,
evacuation time can be emphasized as a core indicator. This flexibility enables the method
to accommodate diverse urban development needs and spatial structural characteristics,
supporting sustainable infrastructure planning tailored to local contexts.

Second, the TOPSIS method demonstrates high reliability in selecting optimal solu-
tions from a multi-objective solution set [57]. In diverse urban contexts, multiple solutions
within the Pareto front may excel in different objective criteria; TOPSIS efficiently identifies
the optimal solution through a comprehensive scoring mechanism. This decision-making
approach is applicable to a wide range of underground space layout problems character-
ized by multi-objective trade-offs, providing a rapid and balanced recommendation for
planning decisions.

Furthermore, this method can be integrated with other urban planning models to
enhance its practical applicability [49,58]. For instance, in urban renewal or comprehen-
sive infrastructure development projects, TOPSIS can be combined with GIS-based spatial
analysis to develop more detailed multi-objective functions. By incorporating dynamic
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pedestrian flow forecasting and land-use change trends, the approach can better accommo-
date the long-term, sustainable evolution of urban infrastructure systems. This integration
provides more precise guidance for adaptive underground space layout planning aligned
with sustainable urban development principles.

Finally, the evacuation time calculation approach based on ABM also demonstrates
strong transferability [13]. In large and high-density transportation hubs, such as Beijingnan
Railway Station and Shanghai Hongqiao Railway Station, model parameters can be adjusted
to reflect local travel characteristics and passenger transfer flows. This enables more precise
simulation of evacuation processes, therebyenhancing the reliability of planning outcomes
in complex transit infrastructure systems.

In summary, the NSGA-II and TOPSIS-based optimization approach proposed in this
study exhibits strong applicability to the development of underground spaces in urban rail
transit hub areas across different cities [23]. By flexibly adjusting model parameters and ob-
jective functions according to local planning needs, this method can effectively support the
scientific optimization of multifunctional mixed-use layouts [28]. It thus provides robust
technical support for improving the spatial efficiency and accessibility of transit-oriented
infrastructure while aligning with long-term sustainable urban development goals. Collec-
tively, these actionable guidelines illustrate how quantitative optimization results can be
transformed into practical spatial planning and management decisions. The identified spa-
tial adjustments—such as decentralizing high-density office zones, embedding commercial
corridors along transit axes, and co-locating parking and transfer facilities—demonstrate a
direct translation from model-based outcomes to implementable design measures. This
“model-to-practice” linkage provides a replicable workflow for integrating computational
optimization into real-world underground space planning under the TOD framework.

5. Conclusions
This study proposes an intelligent optimization model for underground space layout

within the TOD framework. In contrast to conventional approaches that only rely on
algorithmic optimization and static criteria, this research innovatively embeds an ABM into
the optimization process to dynamically simulate pedestrian evacuation behavior within
transit hubs. Taking the Qingdaobei Railway Station area as a case study, the research
emphasizes the spatial optimization of office, commercial, parking, and transfer functions
closely linked to passenger mobility and transit accessibility. By combining intelligent
optimization algorithms with multi-criteria decision-making techniques, the study yields
the following major research outcomes:

Firstly, this study presents a novel framework that integrates ABM with NSGA-II and
TOPSIS. The ABM component allows for the simulation of real-time crowd evacuation
processes under varying spatial configurations, producing evacuation time as a dynamic
performance indicator in the optimization loop. NSGA-II is used to generate a diverse
set of non-dominated solutions balancing evacuation efficiency, development benefits,
spatial synergy, and land use proportions. TOPSIS is then employed to select the most
ideal solution from the Pareto front. This framework provides a more realistic and human-
centered basis for spatial layout decision-making, aligning underground space planning
with the spatiotemporal dynamics of transit-oriented development.

Secondly, the effectiveness of the proposed optimization model was validated through
a multi-source spatial data and GIS-based analysis of the Qingdaobei Railway Station
area. The results showed that the optimized scheme outperformed the existing layout
in terms of evacuation efficiency, spatial utilization, and development benefits. Notably,
it achieved significant improvements in balancing office space distribution, integrating
parking facilities with metro entrances and exits, and promoting mixed-use commercial
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functions. These findings suggest that appropriate adjustments of underground functional
configurations can simultaneously enhance transportation convenience, improve human
mobility within the transit hub, and mitigate evacuation pressure under conditions of high
pedestrian density.

Thirdly, this study proposed policy recommendations for optimizing underground
space layouts in relation to the spatiotemporal dynamics of the built environment. From
a functional perspective, the optimized scheme achieves the organic integration of com-
mercial areas with transportation nodes, thereby enhancing the accessibility and vitality
of commercial zones. From a spatial perspective, it directly connects parking facilities
with metro entrances and exits, reducing conflicts between pedestrian and vehicular flows
while supporting seamless transfers. Regarding functional mixing, the integration of sur-
face plazas with road networks strengthens walkability, diversifies urban functions, and
enriches the temporal rhythm of space use. These strategies provide a scientific basis
for underground space development within the TOD model, bridging public transport
planning with sustainable patterns of human mobility.

Furthermore, this study acknowledges the limitations associated with the gener-
ated optimization solutions. Due to certain abstractions and assumptions inherent in the
modeling process, the optimization results require adjustments in practical engineering
applications to accommodate specific environmental and policy contexts. It is also rec-
ommended that future research incorporate dynamic land-use changes and pedestrian
mobility forecasting to better capture the spatiotemporal characteristics of the built en-
vironment and strengthen the linkage between underground space planning and public
transport demand.

In summary, by introducing intelligent optimization methods, this study addresses the
limitations of traditional underground space layout approaches and provides a scientific
pathway for the sustainable development of underground spaces in urban rail transit hub
areas. The proposed methodology exhibits strong generalizability and scalability, offering
both theoretical support and practical guidance for integrated transport-oriented planning.
Future research may further enhance the practicality and accuracy of underground space
layout optimization by embedding dynamic mobility models and multi-source data, thereby
deepening the connection between human movement, public transport performance, and
the evolving urban built environment.
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SDGs The United Nations Sustainable Development Goals

Appendix A. Sensitivity Analysis of Agent Speed Parameters in
the ABM

To validate the robustness of the agent-based evacuation model integrated into the
proposed TOD-aligned underground space optimization framework, a comprehensive
sensitivity analysis was conducted on the agent speed coefficients. These coefficients,
applied to different functional land-use categories (commercial, parking, office, metro),
modulate the effective walking speed of agents during the evacuation simulation. Given
that evacuation time (Et) is one of the key optimization objectives, understanding the
influence of these parameters is essential for ensuring the credibility and applicability of
the model.

Appendix A.1. Methodology

Three types of sensitivity analysis were performed:

• Global Scaling: All speed coefficients were uniformly scaled by ±10% and ±20%,
simulating the effects of overall faster or slower pedestrian movement.

• One-at-a-Time (OAT): Each coefficient was independently increased and decreased
by 10%, while keeping all others fixed, to assess its individual contribution to the
output variance.

• Monte Carlo Simulation: 100 simulations were conducted with all four coefficients
subjected to independent random perturbations sampled from a normal distribution
(mean = 0, standard deviation = 5%), clipped to ensure values remain within a plausible
range [0.5, 1.5].

All analyses were run using the current spatial layout, and the change in total evacua-
tion time (Et) was recorded relative to the baseline scenario.

Appendix A.2. Results

Table A1. Summary of Sensitivity Results by Scenario.

Scenario Min (%) Max (%) Mean (%) Std Dev (%)

Monte Carlo (MC) −14.69 27.33 3.5821 8.0805
OAT–Commercial −4.47 −3.32 −3.8950 0.8132

OAT–Parking 1.53 10.09 5.8100 6.0528
OAT–Office −1.15 10.60 4.7250 8.3085
OAT–Metro −2.30 13.15 5.4250 10.9248

Global Scaling −14.69 38.95 8.3780 19.4778

Figure A1 presents the Monte Carlo results, where most Et changes fall within ±10%.
The distribution skews slightly positive, indicating a modest tendency toward increased
evacuation time under random parameter perturbations.
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Figure A1. Distribution of Relative Change in Et. Percentages indicate the relative change in total
evacuation time (Et) compared to the baseline.

Figure A2 reveals that evacuation time (Et) is most sensitive to speed variations in
metro and office zones, as reflected by their relatively high standard deviations. In contrast,
the commercial zone shows a consistent negative effect on Et with low variability, indicating
that increasing walking speed in these areas tends to improve evacuation efficiency in a
stable and predictable manner.

Figure A2. One-at-a-Time Sensitivity by Functional Type.

Appendix A.3. Discussion

The sensitivity analysis confirms that the ABM component of the framework is robust
to moderate variations in speed coefficient values. The Monte Carlo simulation results show
that, even with random perturbations of all coefficients (mean = 0, standard deviation = 5%),
the average deviation in evacuation time (Et) remains around 3.6%, and over 90% of cases



Sustainability 2025, 17, 9761 28 of 31

fall within a ±10% change. These results indicate good model stability under realistic
uncertainty.

More importantly, the OAT experiments suggest that evacuation performance is not
equally sensitive to all functional zones. Specifically, increasing the walking speed in
commercial areas consistently reduces evacuation time, whereas increasing speeds in
parking, office, and metro zones may lead to slightly longer Et on average. This result is
consistent with the spatial configuration of the study area, where commercial areas are
located near key station exits and serve as major pedestrian corridors.

The relatively low sensitivity of Et to parameter changes affirms the credibility and
applicability of the ABM results in the broader optimization framework. Since the opti-
mization process is driven by relative comparisons between layouts rather than absolute
evacuation metrics, the robustness of the model underlies the reliability of the spatial opti-
mization outcomes. Furthermore, the analysis highlights a key insight: the spatial layout of
functional zones has a more pronounced impact on evacuation performance than moderate
variations in pedestrian behavior parameters. This reinforces the central argument of the
study—that layout optimization, especially in transit-oriented underground spaces, plays
a critical role in improving both functional performance and safety outcomes.

For completeness, we reiterate that ±10% perturbations in the speed coefficients across
all functional zones produced only marginal changes in total evacuation time, and even
under ±20% perturbations, the relative ranking of candidate layouts remained stable;
hence, evacuation outcomes are primarily driven by spatial configuration rather than the
exact speed values.

Appendix B. Optimization Process Convergence Analysis
To support the parameter selection described in Section 3.2, we present the evolution

of the non-dominated solutions and the epsilon indicator over 50 generations of the NSGA-
II algorithm.

Figure A3 shows the number of non-dominated solutions at each generation. The
population gradually diversifies in the early stages, reaching the maximum of 100 non-
dominated individuals by generation 25 and maintaining this level throughout the later
generations. This indicates that the algorithm achieved and sustained a high level of
solution diversity and Pareto front coverage.

Figure A3. Number of non-dominated solutions per generation (NSGA-II).



Sustainability 2025, 17, 9761 29 of 31

Figure A4 presents the epsilon indicator, which quantifies the change in the Pareto
front between generations. The indicator exhibits an overall decreasing trend with some
fluctuations during the middle stages, and stabilizes at low values (below 0.02) after ap-
proximately 30 generations. This behavior confirms that the optimization process achieved
convergence while maintaining search activity under the chosen parameter settings.

Figure A4. Epsilon indicator values across generations.
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