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ABSTRACT 
Automated piping rou/ng methods face dual challenges in high-dimensional space planning and structural 

safety verifica/on. Tradi/onal workflows treat seismic qualifica/on as a retrospec/ve step, leading to 

inefficient design loops and costly backtracking. This study (Part I) presents a hybrid op/miza/on framework 

that integrates determinis/c A* pathfinding with a Mul/-Objec/ve Gene/c Algorithm (MOGA) to automate 

seismic-aware 3D piping rou/ng synthesis. To bypass the prohibi/ve computa/onal cost of full-scale Finite 

Element Method (FEM) simula/ons during itera/ve op/miza/on, a lightweight linear-response spectrum 

modal analysis is used as a surrogate physical indicator to rank candidate layouts. A stochas/c midway point 

strategy is introduced during ini/al popula/on genera/on to ensure topological diversity and bypass local 

minima. The framework was validated using a 32 x 60 x 20 m congested design space derived from the 

Onagawa Nuclear Power Plant blueprints with carbon-steel piping (STPT410). The op/miza/on loop evaluated 

10,000 unique candidates and converged in 46 minutes and 19 seconds, reducing the aggregate evalua/on 
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index by 93.2%. The results successfully characterized the non-linear trade-offs between material length, bend 

frequency, and dynamic seismic stress. Notably, the framework systema/cally iden/fied configura/ons in 

which expanding pipe length and adding bends to lower structural s/ffness successfully shi[ed the system's 

natural frequencies away from the resonance peak, thereby reducing peak seismic stress by up to 86.1%. This 

framework substan/ates a transi/on from reac/ve verifica/on to proac/ve, physics-informed layout synthesis. 

1. Introduc+on 

In the design and construcLon of large-scale industrial faciliLes, such as nuclear 

power plants, chemical refineries, and shipbuilding faciliLes, the layout planning of piping 

systems—commonly termed "piping rouLng"—remains the most Lme-consuming and 

complex engineering process during the detailed design phase. This single process 

convenLonally accounts for over 50 percent of the total engineering person-hours and 

occasionally requires up to 200 person-months of labor. Piping rouLng requires 

comprehensive spaLal planning to connect distributed equipment nodes while saLsfying 

numerous geometric and mechanical constraints. As established in industrial design 

guidelines, these consideraLons include minimizing total pipe length to reduce material 

expenditure, limiLng the number of direcLonal changes to miLgate fluid pressure drop and 

fabricaLon complexity, and ensuring strict obstacle avoidance within congested structural 

environments [1]. Given that a modern industrial facility can contain tens of thousands of 

individual piping runs, the convenLonal design workflow has tradiLonally depended on the 

heurisLcs, spaLal reasoning, and accumulated experience of human specialists. 

The industrial plant engineering sector is currently confronted with a dual challenge. 

First, a significant demographic shi] is underway as highly skilled piping engineers reLre, 

creaLng a criLcal shortage of experienced personnel and complicaLng the transfer of 
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specialized design knowledge. Second, regulatory requirements, parLcularly for safety-

criLcal installaLons such as nuclear power generaLon faciliLes, have become increasingly 

stringent over the past few decades[2]. In mulLple jurisdicLons, codes and design standards 

are revised periodically, requiring engineering workflows to adapt to Lghter seismic and 

structural safety margins. This combinaLon of a diminishing specialized workforce and 

escalaLng design complexity has resulted in a substanLal increase in both labor 

expenditures and project lead Lmes. 

To improve design efficiency, research on automated piping design has been 

conducted for over 50 years; however, so]ware packages that use these automaLon 

technologies remain limited in pracLcal industrial applicaLons. Comprehensive literature 

surveys, such as that by Blokland et al. [3], indicate that most previous academic studies and 

commercial so]ware programs focus exclusively on geometric rouLng opLmizaLon. In 

contrast, structural analysis is treated as a separate, subsequent verificaLon step. While 

convenLonal CAD packages are highly effecLve at maintaining geometric clearance and 

idenLfying the shortest available paths within a 3D model, they remain decoupled from 

structural mechanics. Consequently, the current industrial workflow sLll relies on an 

iteraLve, sequenLal approach. Engineers first determine a temporary piping layout based 

on geometric parameters, and only a]er the layout is geometrically finalized do they 

perform structural verificaLon using the Finite-Element Method (FEM). If this dynamic 

analysis reveals that seismic stresses exceed allowable limits, a Lme-consuming redesign 

process, termed "backtracking," must be implemented between rouLng synthesis and 

structural evaluaLon, forming a primary bohleneck in plant engineering. Currently, no 
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integrated framework simultaneously achieves both automated rouLng and automated 

seismic evaluaLon. 

In line with the scope of this special issue, which showcases arLficial intelligence 

and machine learning applicaLons in the assessment and design of pressure vessels and 

piping systems, this study focuses on developing an AI-powered engineering methodology 

that directly integrates spaLal constraints and mechanical requirements into the design 

synthesis phase. Early research in automated piping layout design dates to the algorithmic 

approach of Ikeya [4], followed by Van der Tak et al. [5] in the shipbuilding sector. IniLal 

computaLonal frameworks predominantly relied on determinisLc pathfinding algorithms, 

including Dijkstra's [6], Lee's [7], Hart's A* algorithm [8], and Lozano-Pérez's polyhedral 

obstacle avoidance [9], to determine grid-based or collision-free paths. While these 

determinisLc methods are highly efficient for local obstacle avoidance, they generally lack 

the topological flexibility needed to opLmize global structural behavior. To overcome this 

limitaLon, metaheurisLc opLmizaLon approaches, parLcularly GeneLc Algorithms (GAs) 

iniLated by Holland [10], were introduced to explore highly non-linear design domains. In 

plant engineering applicaLons, Szykman and Cagan [11] and Kim and Corne [12] established 

mulL-objecLve opLmizaLon methodologies, laying the technical foundaLon for balancing 

spaLal efficiency with structural and economic design criteria. 

Previously, the authors' research group addressed this challenge by developing 

opLmizaLon methods tailored to flow-induced structural dynamics. Specifically, Fujishima 

et al. [13] developed a mulL-objecLve opLmizaLon framework to suppress piping vibraLon 

induced by turbulent flow and evaluated it using the Likelihood of Failure (LOF) index. Their 
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work demonstrated that coupling evoluLonary algorithms with structural evaluaLon 

enables the synthesis of layout topologies that inherently miLgate resonance. However, that 

approach operated under a significant topological constraint: the support spans were 

determinisLcally governed by the rouLng space and obstacle boundaries, causing both the 

support locaLons and the resulLng pipe geometries to converge to a single unique 

configuraLon. Consequently, the broader and more complex engineering challenge of 

evaluaLng flexible, mulL-bend piping routes to minimize seismic-induced inerLal stress—

while simultaneously execuLng automated support distribuLon within a congested 3D 

environment—remains an open problem in the field. 

The primary obstacle to integraLng seismic criteria directly into an automated loop 

is the prohibiLve computaLonal overhead associated with structural dynamic analysis. 

Although high-fidelity FEM simulaLons are mandatory for final verificaLon, their execuLon 

Lmes are excessively long to be executed thousands of Lmes within the iteraLve operators 

of a geneLc algorithm. To address this computaLonal bohleneck, Part I of this study 

introduces a surrogate-model strategy for early-stage design exploraLon, subsLtuLng 

absolute analyLcal precision with a lightweight linear-response spectrum modal analysis as 

a rapid physical indicator of seismic performance. As established in nuclear engineering 

codes such as JEAC 4601 [2], the response spectrum method extracts the fundamental 

eigenvalues and eigenvectors necessary to evaluate dynamic compliance. The underlying 

premise of this approach is that for iniLal layout synthesis, the absolute value of stress is 

secondary to the relaLve performance rankings across the populaLon. By capturing the 

essenLal physical trends and dynamic characterisLcs, this surrogate indicator allows the 
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opLmizaLon algorithm to systemaLcally steer the generaLon process away from structurally 

vulnerable configuraLons and toward code-compliant rouLng corridors. 

To deploy this physics-informed evaluaLon within a global search loop, the 

proposed framework couples the determinisLc pathfinding of the A* algorithm with a mulL-

objecLve geneLc algorithm (MOGA), establishing a hierarchical opLmizaLon architecture 

similar to the structural rouLng configuraLons found in the literature [14]. While hybrid A*-

GA frameworks convenLonally focus on geometric efficiency, a disLnct technical 

modificaLon implemented in this study is the integraLon of a stochasLc midway-point 

strategy during iniLal populaLon generaLon. This diversificaLon mechanism is dictated by 

the specific structural characterisLc that piping configuraLons with idenLcal aggregate 

lengths can exhibit substanLally different dynamic seismic responses depending on their 

geometric trajectories and automated support distribuLons. By stochasLcally allocaLng 

intermediate coordinate nodes within the permissible design volume and using the A* 

algorithm to connect segments, the framework synthesizes a highly diverse iniLal seed pool. 

This computaLonal mechanism effecLvely prevents the evoluLonary process from 

prematurely converging on geometric local minima, such as simple shortest-path corridors. 

It facilitates the automated synthesis of alternaLve non-linear layout configuraLons 

characterized by funcLonal mulL-bend detours.  

The objecLve of Part I is to establish the theoreLcal and computaLonal foundaLons 

of this automated synthesis framework and to evaluate its algorithmic effecLveness through 

a series of complex rouLng configuraLons. The primary focus centers on characterizing the 

non-linear trade-offs between geometric efficiency and seismic structural compliance, 
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illustraLng how physics-informed indicators can guide early-stage engineering decisions. 

The physical validity of the computaLonally synthesized layouts, along with their correlaLon 

with structural reality, is subsequently addressed in Part II of this invesLgaLon, which 

presents scale-model shaking table experiments governed by structural similarity laws. 

UlLmately, this two-part study provides a scalable and computaLonally efficient design-

support framework that transiLons the piping layout workflow from a sequenLal, 

verificaLon-based cycle into an integrated synthesis environment, thereby minimizing 

structural backtracking and substanLally reducing design lead Lmes for criLcal industrial 

installaLons. 

The core idea of this mulL-objecLve framework was first introduced in our iniLal 

conference paper [15]. This paper (Part I) further refines and updates the mathemaLcal 

models, constraint-repair mechanics, and the interacLon between global and local layout 

opLmizaLon to create a complete engineering design plaqorm. 

2. Literature Review on Automated Piping Design 

The chronological development of automated piping layout design spans more 

than half a century, beginning with the foundaLonal work of Ikeya [4] in 1971 and 

subsequent marine rouLng studies by Van der Tak et al. [5] in 1976. Following these 

pioneering efforts, rouLng methodologies evolved through determinisLc pathfinding 

algorithms—such as those by Dijkstra [6], Lee [7], Hart et al. [8], and Lozano-Pérez et al. 

[9]—as well as metaheurisLc opLmizaLon frameworks inspired by Holland [10]. In the mid-

1990s, these computaLonal tools were acLvely introduced to the industrial plant sector, 
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notably through the pathfinding formulaLons of Szykman et al. [11] and the layout synthesis 

approaches of Kim and Corne [12]. The applicaLon matrix was later expanded to structural 

wiring domains via Conru [16] in 1994, generic spaLal rouLng models via Zhu et al. [17] in 

1991, and aerospace engine components via Van der Velden et al. [18] in 2007. To 

systemaLcally idenLfy the technical requirements and delineate exisLng research gaps, this 

secLon categorizes the historical literature by underlying algorithmic architectures. 

2.1. Grid-Based Determinis<c Pathfinding Algorithms 

DeterminisLc algorithms have historically served as the baseline for automated 

rouLng, primarily by execuLng shortest-path exploraLon in discreLzed 3D grid 

environments. 

A* Search Framework 

Within grid-mapped design domains, opLmizaLon is achieved by customizing 

node-wise and segment-wise cost funcLons. The earliest implementaLon was established 

by Zhu et al. [17] in 1991 and expanded in 1992 [19], focusing on the concurrent 

opLmizaLon of pipe length, bend frequency, obstacle interference, and pipe rack alignment. 

In the aerospace sector, Van der Velden et al. [18] adapted single-objecLve A* search to 

automate rouLng layouts around aircra] engine casings. In marine engineering applicaLons, 

Wu et al. [20] in 2009 integrated material length, elbow counts, collision avoidance, and 

maintenance accessibility into an A* opLmizaLon loop. This was followed by Lee et al. [21] 

in 2019 and Ha et al. [22], who incorporated design space availability and structural 

feasibility indicators into grid-based generaLon. AddiLonally, algorithmic efficiency was 
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enhanced by using the Jump Point Search (JPS) modificaLon [23] to reduce computaLonal 

search Lme. 

Dijkstra Methodologies 

In contrast to node-prioriLzed A* heurisLcs, Dijkstra's algorithm structures 

opLmizaLon by assigning cost values directly to the path edges. Schmidt-Traub et al. in 1998 

[24] and 1999 [25] first deployed this edge-cost strategy to enhance plant layout efficiency, 

incorporaLng pipe length, elbow frequency, interference clearance, and maintenance 

access. Ikehira et al.[26] subsequently used Dijkstra's framework to transiLon automated 

rouLng from rigid template combinaLons toward unconstrained, graph-based spaLal 

synthesis, focusing on valve posiLoning co-opLmized with material expenditures. In 2011, 

Ando and Kimura [27] integrated T-juncLon branch logic into discrete equipment 

components, thereby transforming complex branching problems into mulL-stage, single-

pipeline subproblems. Further dynamic refinements by Kimura et al. included suppressing 

localized hydraulic trapping by eliminaLng of verLcal U-shaped geometries [28]. Recently, 

Ajiwaskita et al. [29] implemented Dijkstra-based rouLng within marine engine rooms, 

evaluaLng path length, bend distribuLon, and pipeline intersecLons. 

2.2. Evolu<onary Computa<on and Stochas<c Metaheuris<cs 

To address highly non-linear, mulL-objecLve design spaces where local node-

addiLve costs are insufficient, evoluLonary computaLon frameworks became a prominent 

methodology. 



 10 

Pure Gene<c Algorithms: 

The earliest integraLon of GAs in piping synthesis was conducted by Savic and 

Walters [30] in 1995 to opLmize material procurement costs and fluid pressure drops within 

water distribuLon networks. In plant design, Ito and Fukuda [31] in 1998 developed a spaLal 

GA that evaluated length and obstacle avoidance; it was updated in 1999 [32] to include 

bend counts, and in 2002 [33] to introduce strict wall-clearance boundaries. In 2005, Ikehira 

et al. [34] structured GA rouLng using pre-configured layout templates, which subsequently 

evolved to incorporate heurisLc enhancements, valve operability indices [26], and mulL-

terminal branching architectures [35]. 

Research Group Precedents and Gaps: 

Within this evoluLonary context, our research group previously developed a mulL-

objecLve layout opLmizaLon framework targeted at suppressing flow-induced structural 

dynamics. Fujishima et al. [13] implemented a modal analysis loop within a GA to minimize 

the Likelihood of Failure (LOF) index induced by fluid turbulence. While the LOF metric 

successfully characterized internal dynamic excitaLon, that opLmizaLon framework 

operated under a severe topological constraint: the support spans were determinisLcally 

fixed according to predefined layout archetypes and boundary structures. Consequently, 

both the support distribuLon and the generated rouLng geometries converged to a rigid, 

non-flexible configuraLon. The generalized coupling of flexible, mulL-bend 3D geometries 

with automated support placement under seismic acceleraLon remains unaddressed. 

2.3. Hybrid Architectures and Advanced Computa<onal Swarms 
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To bypass the slow convergence rates and lethal genotypes typical of pure 

metaheurisLcs in dense obstacle fields, researchers developed hybridized and localized 

opLmizaLon variants. 

Swarm and Colony Operators:  

Ant Colony OpLmizaLon (ACO) was applied by Qu et al. [36][37] for aircra] engine 

rouLng, co-opLmizing length, bend distribuLon, clearance envelopes, and—criLcally—

structural natural frequencies. ParLcle Swarm OpLmizaLon (PSO) was extensively employed 

by Liu et al. [38]-[41] to manage parallel, mulL-pipeline layouts and to opLmize both the 

locaLon and the total frequency of structural branches. 

Hybrid Frameworks: 

Structural integraLon typically leverages determinisLc pathfinding for local 

feasibility and metaheurisLcs for global strategy. Sui and WenLe [42] combined Dijkstra 

rouLng with an evoluLonary refinement layer to opLmize marine branching runs. Gunawan 

et al. [43] used Dijkstra's algorithm for layout generaLon while running a GA to opLmize the 

sequenLal `order of mulLple independent pipelines. Similarly, Dong and Bian [14] verified a 

coordinated architecture coupling A* path generaLon with GA-based layout manipulaLon. 

Complementary hybridizaLons include A*-PSO variants by Amara [44] and coordinated GA-

ACO operators by Jiang et al. [45]. 

Machine Learning Advancements:  

Recent developments have introduced reinforcement learning to accelerate real-
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Lme layout generaLon. In the marine engineering sector, Shin et al. [46] executed 

automated machinery space rouLng by training neural networks on expert human design 

histories. Kim et al. [47] opLmized this learning framework using curriculum learning 

protocols, thereby significantly reducing the execuLon Lme required to synthesize feasible 

3D layouts.  

3. Formula+ons of Objec+ve Func+ons 

The proposed opLmizaLon framework evaluates the candidate piping layouts by 

simultaneously quanLfying geometric efficiency, constructability constraints, and structural 

safety requirements. To evaluate these compeLng engineering parameters without 

introducing subjecLve assumpLons, this study presents a mulLdimensional formulaLon in 

which each objecLve funcLon is nondimensionalized using a specific baseline value, thereby 

eliminaLng reliance on arbitrary weighLng factors. The opLmizaLon rouLne systemaLcally 

minimizes a scalar overarching total evaluaLon index, 𝐹, defined as the algebraic sum of 

the following components: 

• EvaluaLon index of seismic resistance, 𝑓! , represenLng the normalized maximum 

analyzed stress. 

• EvaluaLon index of piping length, 𝑓", characterizing material and spaLal efficiency. 

• EvaluaLon index of the bend number, 𝑓# , to minimize dynamic pressure drops and 

fabricaLon costs. 

• Penalty funcLon of obstacle interference, 𝑃$, to strictly enforce boundary clearance 

condiLons. 
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This secLon mathemaLcally defines these consLtuent funcLons to establish the 

determinisLc framework used by the MulL-ObjecLve GeneLc Algorithm (MOGA). 

3.1. Evalua<on Index of Piping Length (𝒇𝑳) 

The evaluaLon index for piping length, 𝑓", is formulated to quanLfy the spaLal and 

material efficiency of a candidate rouLng soluLon. Minimizing the total piping layout length 

is a foundaLonal economic metric heavily used across historical automated rouLng 

workflows, spanning early determinisLc search algorithms [17], [20], [21] to stochasLc 

evoluLonary metaheurisLcs [32], [33], as it directly impacts procurement expenditures, 

required insulaLon volume, and the overall physical footprint within the facility. 

Furthermore, in high-seismicity regions, restricLng the aggregate rouLng length minimizes 

the total mass of the piping system, thereby reducing the seismic inerLal loads on the 

structural supports. From a hydraulic perspecLve, minimizing the length is equally vital for 

suppressing the total pressure drop induced by internal fluid-wall fricLon.  

Figure 1 schemaLcally illustrates the geometric relaLonship used in this rouLng 

evaluaLon, defining the spaLal correlaLon between a synthesized mulL-bend path and the 

ideal theoreLcal boundaries. To eliminate scale dependencies across varying layout 

environments, the objecLve funcLon 𝑓" is normalized by comparing the total piping length 

against the absolute theoreLcal shortest path, expressed as follows: 

𝑓" =
𝑙 − 𝑙&'(
𝑙&'(

(1) 

where 𝑙 is the cumulaLve length of the synthesized piping layout computed as the sum of 

the discrete straight segments: 
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𝑙 = +𝑙)

*

)+,

(2) 

 

Figure 1: Schema/c representa/on of the piping length calcula/on, illustra/ng the rela/on between the 

synthesized path length 𝑙 and the baseline minimum orthogonal distance 𝑙!"#. 

Here, 𝑙)  represents the length of the 𝑖-th straight segment extracted from the 

sequence of coordinate points defining the path. As characterized by the orthogonal 

trajectory boundaries depicted in Figure 1, the baseline parameter 𝑙-)*  represents the 

minimum orthogonal distance between the specified start and end terminals, determined 

via the 3D Manhahan distance metric to reflect orthogonal rouLng constraints: 

𝑙-)* = |𝑥. − 𝑥/| + |𝑦. − 𝑦/| + |𝑧. − 𝑧/| (3) 

The subscripts 𝑠  and 𝑒  denote the coordinates of the start and end points, 

respecLvely. When a synthesized layout executes the absolute shortest orthogonal 

trajectory without any topological detours, the value of 𝑓" becomes zero, establishing a 

lower bound for the length opLmizaLon loop. 

3.2. Automated Support Placement Logic 
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In the proposed framework, structural supports are automaLcally populated onto 

the synthesized rouLng trajectory to establish the boundary condiLons necessary for 

subsequent spectral modal analysis. The dynamic structural compliance of a piping system 

under seismic acceleraLon depends strongly on the total number and precise spaLal 

distribuLon of these support nodes. While convenLonal rouLng literature predominantly 

isolates path exploraLon from structural boundary synthesis or bounds calculaLons to fixed, 

inflexible support intervals, as implemented in our research group's baseline framework [13], 

this study implements a segment-wise, dynamic automated placement rouLne. Based on 

the primary piping parameters, including the outer diameter, wall thickness, and material 

density, the algorithm scans the localized geometric features of the synthesized path. It 

assigns support properLes according to two explicit determinisLc rules: 

• Terminal Boundary Anchors: The start and the end points of the main pipeline are 

uncondiLonally treated as complete structural anchors. These nodes model the rigid 

boundary connecLons to major terminal components, such as vessels, pumps, or tanks.   

• Straight-Segment Midpoint Splivng: The length of the 𝑖 -th individual straight pipe 

segment, 𝑙) , is extracted from the coordinate sequence. This length is conLnuously 

benchmarked against the maximum allowable support span, 𝑙.01*, derived from the 

frequency span method: 

𝑙.01* =
𝜋
2𝑓,

7𝐸𝐼𝑔
𝑤

(4) 

where 𝑓, is the reference target frequency (configured to 10 Hz to bound typical single-

digit seismic moLon components), 𝐸  is Young's modulus, 𝐼  is the secLonal second 
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moment, 𝑔 is the acceleraLon of gravity, and w is the weight per unit length. Based on this 

reference framework, if a straight segment length saLsfies 𝑙) > 𝑙.01*, a single support node 

is automaLcally generated at the exact geometric midpoint of that segment. Conversely, if 

𝑙) ≤ 𝑙.01*, the straight segment is kept unsupported. 

To execute the global structural calculaLons, these generated support nodes and 

terminal points are integrated into the overall sLffness matrix. As boundary condiLons for 

complete fixaLon, the terminal anchors are modeled with an absolute axial/shear rigidity of 

9.0 × 1014 N/m and a bending rigidity of 9.0 × 1014 N⋅m. The automated intermediate 

support points are integrated with an idenLcal translaLonal sLffness of 9.0 × 1014 N/m 

combined with a specified rotaLonal bending rigidity of 9.0 ×  108 N⋅m. This modular 

constraint automaLon ensures that structural metrics can be derived iteraLvely across 

generaLons without requiring manual finite-element remodeling. 

3.3. Evalua<on Index of Bend Number (𝒇𝑩) 

Beyond the total layout length, the complexity of pipeline fabricaLon and spaLal 

installaLon is a primary cost driver in plant engineering projects. Each addiLonal direcLonal 

change or elbow requires progressive component sourcing, manual welding, non-

destrucLve tesLng (NDT), and introduces localized stress concentraLon points. For these 

reasons, minimizing bend frequency has been treated as a criLcal, standard objecLve 

funcLon in numerous seminal piping opLmizaLon models [17][24][33]. Mechanically, within 

the proposed framework, a high frequency of bends combined with automated support 

placement (governed by the reference support span 𝑙.01* ) can augment global seismic 

resistance by sLffening the structure. However, from a fluid-dynamics perspecLve, excessive 
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direcLonal changes must be strictly limited because every elbow introduces severe localized 

head losses, thereby penalizing hydraulic efficiency. 

To balance this trade-off between seismic sLffness and hydraulic-fabricaLon 

efficiency, the evaluaLon index 𝑓#  for the bend number is formulated as a normalized 

dimensionless raLo that penalizes unnecessary deviaLons from the ideal orthogonal path. 

The objecLve funcLon is defined as follows: 

𝑓# =
𝑛3 − 𝑛3,-)*
𝑛3,-)*

(5) 

where 𝑛3  is the total number of 90-degree elbows present in the computaLonally 

synthesized piping layout, and 𝑛3,-)*  represents the theoreLcal minimum number of 

bends required to successfully connect the start and end terminals through the obstacle 

field along the shortest path. By implemenLng this dimensionless formulaLon, when the 

evoluLonary opLmizaLon algorithm synthesizes a layout topology that achieves the 

absolute minimum required direcLonal changes, the value of 𝑓# converges to zero. 

3.4. Evalua<on Index of Seismic Resistance (𝒇𝑺) 

The evaluaLon index of seismic resistance, 𝑓!, is formulated to bridge the gap in 

the literature, where dynamic structural behaviors is either omihed or limited to simplified 

frequency indicators [36]. This study establishes an explicit framework for stress evaluaLon 

based on the "Technical Code for Seismic Design of Nuclear Power Plants" (JEAC 4601) [2]. 

In contrast to staLc gravitaLonal evaluaLons, seismic inerLal loads are inherently dynamic 

and frequency-dependent. To evaluate these dynamic characterisLcs within an iteraLve 
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opLmizaLon loop, this study uses linear response spectrum modal analysis. The overall 

computaLonal procedure for the seismic stress evaluaLon is systemaLcally illustrated in 

Figure 2. 

 
Figure 2: SchemaLc flowchart of the overarching MOGA-A* hybrid layout opLmizaLon 

framework, delineaLng the iteraLve loop between determinisLc segment-wise path 
generaLon and mulL-objecLve evoluLonary selecLon. 

The dynamic response is derived by solving the generalized eigenvalue problem for 

the mulL-mass piping model: 

([𝐾] − 𝜔)6[𝑀]){𝑢}) = 0 (6) 

where [𝐾] represents the global sLffness matrix configured by the layout topology and 

automated support locaLons, [𝑀] is the overall mass matrix accounLng for the weight of 

the pipe, internal fluid, and insulaLon, 𝜔)  is the 𝑖-th natural angular frequency, and {𝑢})  

denotes the corresponding eigenmode vector. To evaluate the peak response under realisLc 

extreme loading condiLons, the acceleraLon response spectrum observed during the Great 

East Japan Earthquake is introduced as the seismic input baseline, as plohed in Figure 3. 
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Figure 3: Design floor response spectrum used as the dynamic seismic input baseline, derived from the 

accelera/on /me history observed during the Great East Japan Earthquake, outlining the spectral 

accelera/on peak regions cri/cal to the piping structural resonance evalua/on. 

The dimensional displacement vector for each mode, 𝑋), is calculated by scaling 

the eigenmode vector with the modal parLcipaLon factor, 𝛽), and the spectral acceleraLon, 

𝑎): 

𝑋) = 𝑢) ⋅ O
𝑎)
𝜔)6
P ⋅ 𝛽) (7) 

The modal moment vector for each mode, 𝑀) , is subsequently obtained by 

mulLplying the displacement by the sLffness matrix: 

𝑀) = [𝐾] ⋅ 𝑋) (8) 

To synthesize the peak dynamic response, the modal moment vectors are 

superimposed using the Square Root of the Sum of the Squares (SRSS) method. This SRSS 

combinaLon is executed independently for the two horizontal seismic components (x and y 

direcLons) and the single verLcal component (𝑧 direcLon) to yield the direcLonal moment 
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vectors, 𝑀7, 𝑀8, and 𝑀9. The total resultant seismic moment vector, 𝑀, at each spaLal 

coordinate is then determined via a secondary SRSS combinaLon across all three coordinate 

axes: 

𝑀 = S𝑀7
6 +	𝑀8

6 +	𝑀9
6 (9) 

Finally, the total generated stress, 𝑆:, at any specific coordinate point 𝑗 is derived 

by superimposing the staLc stress induced by internal operaLng pressure and the dynamic 

bending stress induced by the seismic moment: 

𝑆: =
𝐵;(𝑃𝐷)
2𝑡

+
𝐵6𝑀:
𝑍

(10) 

where 𝑃  is the internal operaLng pressure, 𝐷  is the outer piping diameter, 𝑡  is the 

nominal wall thickness, 𝑍  is the secLonal modulus, and 𝐵;  and 𝐵6  represent the 

standardized code stress coefficients for straight secLons and elbows. The objecLve funcLon 

𝑓! is defined by extracLng the absolute maximum stress value across all evaluated node 

coordinates and normalizing it against the allowable design stress, 𝑃1< , to establish a 

dimensionless opLmizaLon metric: 

𝑓! =
max_𝑆:`
𝑃1<

(11) 

Under this mathemaLcal formulaLon, the opLmizaLon rouLne is subjected to the 

absolute constraint that the maximum generated stress must remain strictly below the 

code-defined allowable limit (𝑓! < 1.0). 

3.5. Penalty Func<on of Obstacle Interference (𝑷𝑶) 

To ensure geometric feasibility in densely congested plant environments, a discrete 

penalty funcLon, 𝑃$, is introduced to enforce collision-avoidance boundaries. NavigaLng 
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around pre-exisLng industrial equipment, structural steel structures, and adjacent piping 

systems has remained a primary geometric constraint throughout the evoluLon of 

automated rouLng algorithms. Within this framework, any synthesized layout that 

encroaches upon a prohibited or occupied volume is immediately classified as an invalid 

topological soluLon. 

To evaluate these spaLal interferences determinisLcally, both the mulL-bend 

piping segments and the plant obstacles are modeled using Oriented Bounding Boxes (OBBs), 

as schemaLcally illustrated in Figure 4. SpaLal collision between these geometric volumes 

is verified by applying the SeparaLng Axis Theorem (SAT), which checks for overlap in 

orthogonal projecLons along all potenLal separaLng axes. If the SAT rouLne idenLfies an 

intersecLon between any piping segment OBB and an obstacle OBB, a step-barrier penalty 

is applied. The penalty funcLon 𝑃$ is formulated in a clean mathemaLcal case structure as 

follows: 

𝑃$ = c10 if interference exists
0 otherwise

(12) 

where the constant penalty value of 10 is strategically selected to establish a high-cost 

mathemaLcal barrier within the mulL-dimensional fitness landscape. Because the 

cumulaLve sum of the normalized objecLve funcLons (𝑓!, 𝑓" , 𝑓#) typically falls within a 

numerical range of 2.0 to 4.0, assigning a major value of 10 ensures that any candidate 

soluLon exhibiLng geometric interference is relegated to an inferior fitness Ler. This 

mathemaLcal scaling prevents non-viable offspring from proliferaLng into subsequent 

generaLons during the evoluLonary selecLon phase, guaranteeing that the Pareto-opLmal 

search is restricted exclusively to collision-free design spaces. 
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Figure 4: Geometric collision detec/on mechanism using Oriented Bounding Boxes (OBBs), illustra/ng 

the spa/al interference evalua/on between a synthesized piping segment and a plant obstacle volume. 

3.6. Overarching Evalua<on Index and Nondimensionaliza<on Strategy 

To synthesize balanced Pareto-opLmal layouts without introducing engineering 

subjecLvity, the individual mathemaLcal objecLves must be integrated into a unified 

evaluaLon framework. TradiLonal mulL-objecLve layout opLmizaLons developed in the 

literature [17], [37], [48] predominantly rely on the convenLonal weighted-sum method, in 

which separate objecLves are aggregated via linear combinaLons weighted by arbitrary 

factors. However, the assignment of these scalar weights is inherently dependent on human 

intuiLon or iteraLve trial and error, introducing opLmizaLon biases that overprioriLze 

certain parameters at the direct expense of others. 

To eliminate this methodological bias, the framework established in this study 

employs a comprehensive nondimensionalizaLon strategy. As mathemaLcally detailed in 

SecLons 3.2 through 3.4, each consLtuLonal evaluaLon index—namely the seismic 

resistance index 𝑓! , the piping length index 𝑓" , and the bend number index 𝑓# —is 

individually normalized within its respecLve subfuncLon by its corresponding theoreLcal 

minimum or code-defined allowable ceiling parameter. Because this localized normalizaLon 



 23 

process converts every compeLng engineering goal into a dimensionless metric operaLng 

on an equivalent numerical scale, the overarching total evaluaLon index, 𝐹, is formulated 

as a direct algebraic sum combined with the geometric obstrucLon penalty: 

𝐹 = 𝑓! + 𝑓" + 𝑓# + 𝑃$ (13) 

By using this equitable dimensionless formulaLon, any localized structural or spaLal 

enhancement translates into a strictly proporLonal numerical progression within the 

evoluLonary selecLon loop. For example, a fracLonal reducLon in dynamic seismic stress 

corresponds to an equivalent fracLonal improvement in material rouLng length. 

Consequently, the mulL-objecLve geneLc algorithm can perform an unconstrained global 

search across the mulL-dimensional fitness landscape, successfully mapping the balanced 

Pareto-opLmal front without requiring manual weight tuning or incurring scaling distorLons. 

4. Proposed Hybrid Op+miza+on Algorithm 

The automated synthesis of opLmized 3D piping routes in highly constrained 

industrial plant environments requires a computaLonal strategy that balances global 

topological exploraLon with localized geometric precision. To saLsfy these compeLng 

operaLonal requirements, this study implements a hierarchical hybrid framework that 

couples a MulL-ObjecLve GeneLc Algorithm (MOGA) with the determinisLc A* pathfinding 

algorithm. While the integraLon of metaheurisLcs and pathfinding baselines has been 

conceptually explored in other rouLng domains, the framework developed herein builds a 

physics-informed architecture in which every stochasLcally generated layout is rigorously 

validated for geometric clearance and structural seismic compliance. 
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The comprehensive operaLonal flowchart for this integrated architecture is shown 

in Figure 5. As visually outlined in the layout synthesis loop, the overarching algorithmic 

structure does not simply run the geneLc operators and pathfinding in isolaLon; instead, it 

establishes a conLnuous data-exchange network where the global MOGA layer dictates 

strategic topological targets, while the embedded local A* layer dynamically resolves 

localized spaLal feasibility. This hierarchical interacLon ensures that the evoluLonary search 

is performed exclusively within a populaLon of fully valid, collision-free candidate 

geometries. The detailed computaLonal progression of this evoluLonary pipeline is 

governed by five discrete sequenLal phases, as delineated in the following subsecLon. 

 
Figure 5: Comprehensive opera/onal flowchart of the integrated MOGA-A* hybrid op/miza/on 

algorithm, illustra/ng the evolu/onary lifecycle from stochas/c midway point ini/aliza/on to Pareto-

op/mal selec/on. 
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4.1. Genera<onal Workflow of the Evolu<onary Pipeline 

The opLmizaLon rouLne executes a structured, mulL-phase generaLonal pipeline 

to progressively transmute a diverse pool of iniLal layout candidates into highly refined, 

code-compliant structural configuraLons. The computaLonal workflow is parLLoned into 

five discrete phases: 

Phase 1: Stochas<c Popula<on Ini<aliza<on: 

The evoluLonary cycle begins with GeneraLon 0, which constructs a populaLon of 

specialized piping chromosomes. To eliminate convenLonal human design biases and 

prevent the search space from prematurely converging on geometric local minima (such as 

simple straight-line paths), a stochasLc midway point strategy is employed. For each 

genotype, a series of intermediate coordinate target nodes are randomly scahered within 

the permissible 3D design volume. The local A* algorithm sequenLally connects these 

coordinates, yielding a diverse iniLal pool of conLnuous, collision-free paths with alternaLve 

mulL-bend trajectories. 

Figure 6 schemaLcally visualizes this early-stage generaLon process execuLng 

within the discrete grid space. As illustrated by the direcLonal sequence vectors, the local 

A* pathfinding heurisLc acts as a segment-wise connector; it dynamically synthesizes the 

first path segment from the fixed start terminal to the stochasLcally allocated connect point 

(midway point), and subsequently completes the overarching pipeline topology by rouLng 

from the connect point to the end desLnaLon nozzle. This dual-segment iniLalizaLon 

mechanism effecLvely forces the early populaLon to explore unconvenLonal spaLal 
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corridors around complex obstacle blocks. 

 
(a) Rou/ng from the start to the midway point 

 
(b) Rou/ng from the midway point to the end 

 
(c) Example of piping layout on 1st genera/on: combina/on of (a) and (b) 

Figure 6: Compara/ve rou/ng trajectories during the early evolu/onary stage, illustra/ng the segment-

wise path synthesis connec/ng the start terminal, stochas/cally allocated midway points, and the end 

des/na/on node. 

Phase 2: Fitness Evalua<on and Non-Dominated Sor<ng: 

Each synthesized layout is subjected to the mulL-dimensional evaluaLon rouLne 

detailed in SecLon 3. The total piping length index 𝑓", the bend frequency index 𝑓#, and 

the maximum structural seismic stress index 𝑓! are derived concurrently. Based on these 

metrics, the populaLon is categorized using the Non-dominated SorLng GeneLc Algorithm 
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II (NSGA-II) framework. Individuals are ranked into discrete non-dominaLon fronts based on 

Pareto dominance, and a crowding-distance metric is calculated to maintain topological 

diversity across the fitness landscape. 

Phase 3: Selec<on and Evolu<onary Refinement: 

The evoluLonary cycle selects high-performing layout genotypes to funcLon as 

parents via tournament selecLon. GeneLc operators—consisLng of adapLve crossover and 

targeted mutaLon—are applied directly to the midway point coordinate sequences to 

generate next-generaLon offspring. During this reproducLve phase, the determinisLc A* 

algorithm operates as an embedded real-Lme repair mechanism. It automaLcally 

recalculates and recalibrates the local path segments between any newly inherited or 

modified waypoints, ensuring that the resulLng offspring maintain strict geometric validity 

and obstacle clearance despite drasLc structural alteraLons. 

Figure 7 schemaLcally illustrates an architectural example of this geneLc 

restructuring process. As delineated in the chromosome mapping, the crossover operator 

isolates specific segments from the midway-point arrays of two elite parent configuraLons 

and recombines them. This localized structural recombinaLon enables the framework to 

synthesize a hybrid offspring layout that simultaneously inherits the material-efficiency 

strengths of Parent 1 and the localized structural resilience profiles of Parent 2. 
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Figure 7: Schema/c representa/on of the gene/c crossover mechanism, demonstra/ng the exchange of 

midway point sequence segments between selected parent genotypes to yield hybrid offspring. 

Phase 4: Itera<ve Genera<on Convergence: 

The operaLons configured in Phases 2 and 3 are executed iteraLvely across 

hundreds of successive generaLons. Throughout this computaLonal evoluLon, the 

chromosome pool discards structurally deficient, high-stress layout configuraLons. The 

populaLon progressively concentrates around the mulL-dimensional Pareto-opLmal front, 

where any further reducLon in material expenditure (𝑓" or 𝑓#) directly compromises the 

dynamic structural safety margin (𝑓!). 

Phase 5: Automated Decision Support: 

The opLmizaLon terminates upon saLsfying a predefined generaLonal limit or 

convergence stability threshold. The final output presented to the plant engineer is a 

distribuLon of disLnct Pareto-opLmal layout configuraLons rather than a single scalar 
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soluLon. This framework provides a mulL-criteria decision-support plaqorm, enabling 

engineers to select the specific piping geometry that matches the project-specific 

operaLonal boundaries. 

4.2. Hierarchical Architecture: The Global-Local Synergy 

To handle the extreme dimensionality characterisLc of 3D plant models, the 

computaLonal architecture is divided into two mutually reinforcing, hierarchical layers. This 

formal separaLon of concerns isolates global macro-topology decisions from localized 

micro-pathfinding operaLons: 

Global Strategic Layer (MOGA): 

This upper-level rouLne governs the macro-topological evoluLon of the piping 

paths. It operates as a stochasLc search mechanism that evaluates overarching layout 

strategies, determining complex structural features such as obstacle-bypass direcLons, 

support-alignment vectors, and the deliberate synthesis of mulL-bend expansion loops to 

alter the system's natural frequency. The MOGA directly manipulates the length and 

coordinates of the midway point array, thereby shi]ing the pipeline's global skeletal profile. 

Local Tac<cal Layer (A*) 

This lower-level rouLne operates as a high-speed, determinisLc local path 

generator. It treats the coordinate nodes provided by MOGA's geneLc sequence as localized 

sequenLal targets and computes the shortest possible grid-based path segment between 

them. By delegaLng the intensive geometric calculaLons of collision avoidance and spaLal 
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grid navigaLon exclusively to the A* loop, the framework guarantees that every 

chromosome returned to the MOGA for fitness evaluaLon represents a conLnuous, 

collision-free route. This hierarchy prevents the geneLc algorithm from expending 

computaLonal cycles on disjointed or structurally invalid geometries. 

4.3. Piping Gene and Midway point Strategy 

The fundamental data structure driving the opLmizaLon loop is a specialized, 

variable-length piping chromosome ℂ that encodes the layout trajectory as an ordered 

sequence of 3D Cartesian coordinate nodes. TradiLonal grid-based geneLc algorithms 

frequently encode each direcLonal voxel step as a discrete gene, which o]en results in 

broken path segments or severe topological disintegraLon under standard stochasLc 

mutaLon operators. To eliminate this limitaLon, this study implements a specialized midway 

point strategy: ℂ = [𝑃.>1?> , 𝑃@,;, 𝑃@,6, . . . , 𝑃@,A , 𝑃/*B] 

The start terminal coordinate 𝑃.>1?>  and the end terminal coordinate 𝑃/*B  

remain spaLally fixed, represenLng the designated physical equipment nozzles. The 

intermediate coordinate array, consisLng of 𝑃@,)  (where 𝑖  ranges from 1 to 𝑘 ), 

represents an evolving set of spaLal targets that serve as gravitaLonal steering nodes for 

the rouLng trajectory. The MOGA is tasked with concurrently opLmizing both the total 

number of intermediate waypoints, 𝑘 , and their exact spaLal coordinates within the 

permissible design volume. This variable-length chromosome encoding empowers the 

framework to autonomously synthesize complex expansion geometries—such as omega-

shaped loops or significant mulL-bend detours—that increase the flexibility of the piping 

system and shi] its natural frequency away from seismic resonance zones. 
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4.4. Evolu<onary Operators Integrated with A* Search Heuris<cs 

To ensure that the populaLon remains geometrically viable when operaLng within 

densely populated obstacle fields, standard geneLc operators are augmented with 

determinisLc A* pathfinding heurisLcs: 

Adap<ve Crossover: 

This operator isolates two successful parent genotypes and exchanges porLons of 

their midpoint sequences at a stochasLcally determined crossover point. If Parent A exhibits 

highly efficient rouLng within the iniLal design quadrant and Parent B features an opLmized 

terminal connecLon, the crossover operaLon generates an offspring chromosome that 

inherits both structural and material advantages. The embedded A* algorithm immediately 

re-routes the connecLon boundary between the newly juxtaposed segments, dynamically 

adjusLng the local voxels to ensure the hybrid path does not collide with adjacent 

obstrucLons. 

Targeted Muta<on 

MutaLon acts as the primary computaLonal mechanism for introducing structural 

innovaLon and maintaining geneLc diversity. It executes across three stochasLcally selected 

operaLonal modes: 

(1) Coordinate Shi]ing: Jihering the spaLal posiLon of an exisLng waypoint 𝑃@,)  by a 

randomized displacement vector to fine-tune local segment alignment, enhance 

automated support posiLoning, or miLgate localized stress concentraLons. 

(2) Point InserLon: InjecLng a new intermediate waypoint into the chromosome array to 
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force a geometric detour. This operaLon is criLcal for navigaLng around newly 

encountered plant obstacles or deliberately introducing flexibility-enhancing curves 

into the pipeline. 

(3) Point Removal: DeleLng a redundant waypoint from the sequence to straighten the 

local trajectory. This operator drives the chromosome toward geometric minimizaLon, 

reducing unnecessary elbows to opLmize both 𝑓# and 𝑓". 

Figure 8 schemaLcally illustrates the geometric mechanics of these three stochasLc 

mutaLon modes acLng on the spaLal midway point sequences. As indicated by the 

trajectory alteraLons, each operator systemaLcally modifies the chromosome's skeletal 

framework before rouLng validaLon. Every mutaLon applied to a chromosome is 

immediately validated by the local A* connector. If a mutaLon places a waypoint within an 

impassable obstrucLon or creates an unconnectable segment, the framework executes real-

Lme repair heurisLcs or discards the offspring, prevenLng lethal genotypes from degrading 

the computaLonal efficiency of the generaLonal loop. 

 
Figure 8: Geometric path transi/ons induced by the point removal operator, demonstra/ng the 

trajectory simplifica/on and bend reduc/on achieved via redundant waypoint dele/on. 
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4.5. Mul<-Objec<ve Pareto Selec<on and Decision Analysis 

The framework deploys the NSGA-II selecLon mechanism to construct and 

maintain a well-distributed, non-dominated Pareto front. By concurrently opLmizing the 

three compeLng engineering subfuncLons—the length index 𝑓", the bend index 𝑓#, and 

the seismic stress index 𝑓! —the system maps out the comprehensive performance 

envelope of the design space. This mulL-objecLve output redefines the engineering 

workflow, shi]ing it from a tradiLonal search for a single intuiLve layout to a quanLfiable 

analysis of structural and economic trade-offs. 

The computaLonally synthesized Pareto-opLmal set rouLnely isolates three 

disLnct classes of engineering configuraLons: 

The Minimum-Length Configura3on: 

Characterized by minimal material investment and low pressure drops, opLmizing 

spaLal footprint and logisLcs, but operaLng with reduced structural safety margins near the 

code-permissible seismic stress ceiling (𝑓! approaches 1.0). 

The Minimum-Stress Configura3on 

Characterized by maximum seismic resilience and high structural safety margins, 

achieved via deliberate mulL-bend expansion loops that decrease peak dynamic stress, but 

incur increased procurement, insulaLon, and welding expenditures. 

The Compromise Configura3on 

A balanced, mid-ground topology that saLsfies all standardized regulatory codes 

while restricLng unnecessary material detours, opLmizing overall system reliability. 
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By evaluaLng these non-dominated soluLons, plant engineers can quanLfy the 

exact material cost associated with structural safety—specifically, the piping length or the 

number of extra elbows required to achieve a discrete reducLon in peak seismic stress. This 

high data transparency ensures robust, defensible, and reliable engineering decisions for 

criLcal industrial infrastructure. 

5. Case Study SeKngs 

This secLon defines the spaLal environment parameters, physical material 

properLes, and the configuraLons of the mulL-objecLve geneLc algorithm (MOGA) used to 

validate the proposed hybrid rouLng framework. These boundary parameters are 

established to replicate the high-congested constraints characterisLc of actual industrial 

infrastructure, providing a determinisLc validaLon benchmark for the mulL-objecLve 

rouLng synthesis. 

5.1. Design Space and Obstacle Layout 

The numerical design environment is modeled as a large-scale, 3D rectangular 

spaLal grid volume. To ensure industrial relevance, the geometric coordinates and internal 

structural configuraLons are reconstructed and genericized from publicly available safety 

analysis reports and official technical design documents of the Onagawa Nuclear Power 

Plant. This benchmark environment has been simplified for academic evaluaLon purposes 

while strictly preserving the representaLve level of spaLal congesLon and physical 

compartmentalizaLon found in real-world energy faciliLes. 
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Boundary Dimensions 

The search space is defined by the coordinates (𝐿7 , 𝐿8 , 𝐿9) 	= (32, 60, 20) m. This 

vast volume provides a high degree of rouLng freedom, allowing the algorithm to explore 

various corridors ranging from direct paths to complex, mulL-bend detours. 

Target Terminals: 

To simulate a typical connecLon between major equipment, the starLng point 

(𝑥., 𝑦., 𝑧.) is fixed at (7, 0, 17) m, and the desLnaLon point (𝑥/ , 𝑦/ , 𝑧/) is located at (30, 

60, 2) m. 

Obstacles: 

Five primary structural obstacles are placed within the space to represent "keep-

out" zones. Their center coordinates and overall dimensions (𝑤7 , 𝑤8 , 𝑤9) are detailed in 

Figure 9 and Table 1. 

 
Figure 9: 3D isometric arrangement of the spa/al obstacle blocks and keep-out zones within the 32 

× 60 × 20 m plant design environment. 
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Table 1: Center coordinates and width of obstacles (unit: m) 

Obstacle 𝒙 𝒚 𝒛 𝒘𝒙 𝒘𝒚 𝒘𝒛 
Obstacle 1 14 15.5 17.2 10 4.5 1.4 
Obstacle 2 14 30 12.3 10 15 2.1 
Obstacle 3 14 30 3.6 10 15 3.0 
Obstacle 4 16 56.5 12.3 15 2.5 2.1 
Obstacle 5 16 5.5 10.5 16 5.5 3.5 

5.2.  Material Proper<es and Design Stress Limits 

The evaluated piping model is configured with carbon steel for high-temperature 

service (STPT410), which is a standard structural material choice in high-pressure energy 

piping codes. The core mechanical properLes and the calculated design seismic stress limit, 

𝑃1<, are summarized in Table 2. 

Table 2: Mechanical Proper/es of STPT410 

Property Symbol Value 
Design Yield Point 𝑆8 245 MPa 
Design Tensile Strength 𝑆F 404 MPa 
Design Stress Intensity 𝑆- 103 MPa 
Allowable Stress 𝑃1<  309 MPa (min(3𝑆-, 2𝑆8)) 

To maintain complete consistency with the structural code requirements defined in 

JEAC 4601, the allowable stress threshold 𝑃1<  used in the seismic evaluaLon index 𝑓! 

(SecLon 3.1) is mathemaLcally formulated via the following min-max boundary: 

𝑃1< = min_3𝑆-, 2𝑆8` (14) 

EvaluaLng this criterion using the material characterisLcs of STPT410 yields 

min_3𝑆-, 2𝑆8` = min (309, 490) = 309 MPa. This computed value funcLons as a strict 

penalty threshold within the MOGA loop; any candidate route geometry that generates a 
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localized peak equivalent stress exceeding this boundary (𝑓! ≥ 1.0) is immediately treated 

as a structurally invalid offspring. 

5.3. Support Auto-Placement Framework: Frequency Span Execu<on 

To automate the iteraLve definiLon of localized finite-element boundary condiLons, 

the segment-wise automated support rouLng rouLne applies the frequency-span method 

detailed in SecLon 3.4. The spaLal discreLzaLon and geometric assignment mechanics of 

this support allocaLon process are systemaLcally illustrated in Figure 10. 

Theore<cal Support Span:  

Based on the reference target cutoff frequency of 𝑓, = 10 Hz configured to isolate 

the pipeline from single-digit seismic floor excitaLon bands, the maximum allowable 

theoreLcal support span 𝑙.01* is computed as 9.23 m.  

Implementa<on Logic: 

The automated module scans the precise length of each straight pipe secLon, 𝑙), 

within the chromosome trajectory and enforces the following determinisLc acLons: 

1. Case 1 (𝑙) > 𝑙.01*): 

A translaLonal rigid support constraint is automaLcally assigned at the exact 

geometric midpoint of the individual straight segment. This spaLal splivng suppresses high-

amplitude low-frequency vibraLon modes and controls the local seismic inerLal stress. 

2. Case 2 (𝑙) ≤ 𝑙.01*) 

The straight secLon is preserved as a completely unsupported segment, allowing 
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the localized pipeline topology to retain its inherent structural flexibility, thereby absorbing 

dynamic displacements. 

By applying this dynamic boundary allocaLon framework, the support node 

distribuLon autonomously shi]s and adapts as the macro-rouLng geometry evolves across 

generaLons, establishing a highly coupled physics-informed layout synthesis. 

 
Figure 10: Schema/c illustra/on of the segment-wise support alloca/on process, demonstra/ng the 

midpoint spli`ng rule executed by the automated frequency span algorithm. 

5.4. GA Configura<on and Op<miza<on Setup 

The Non-dominated SorLng GeneLc Algorithm II (NSGA-II) is deployed to govern 

the mulL-objecLve evoluLonary search. The operaLonal geneLc control parameters are 

configured based on the engineering metrics compiled in Table 3.  

Table 3: GA Configura/on Parameters 

Parameter Value 
Number of Genera<ons 100 
Number of Individuals 100 
Crossover Rate 0.85 
Muta<on Rate 0.05 (5%) 
Selec<on Method Binary Tournament SelecLon 
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The definiLon of these generaLonal control boundaries was validated through 

preliminary numerical sensiLvity sweeps. For the designated 32 × 60 × 20 m plant coordinate 

design space, the mulL-objecLve Pareto-opLmal front consistently achieves stability and 

mathemaLcal convergence within 100 generaLons, establishing an opLmal balance 

between the global exploraLon of alternaLve topologies and total computaLonal runLme.  

The enLre computaLonal pipeline—encompassing determinisLc A* pathfinding, 

automated support allocaLon, mulL-objecLve geneLc operators, and the response-

spectrum modal-analysis solver—was implemented in Python 3. All iteraLve generaLonal 

simulaLons were executed seamlessly, without third-party finite-element so]ware 

dependencies, thereby maximizing data exchange efficiency between the global and local 

layers. 

6. Results and Discussion 

This secLon presents a quanLtaLve and qualitaLve evaluaLon of the mulL-

objecLve opLmizaLon framework implemented in the 3D industrial piping environment. By 

coupling the A* pathfinding heurisLc's determinisLc grid-navigaLon capabiliLes with the 

MOGA's global space exploraLon, the system simultaneously visualizes and resolves the 

highly coupled trade-offs among structural safety limits, spaLal efficiency, and 

constructability requirements. 

6.1. Convergence Characteris<cs of the Overarching Evalua<on Index 

The evoluLonary opLmizaLon loop demonstrated stable mathemaLcal 

convergence and robust structural adaptaLon throughout the designated 100-generaLon 
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runLme. The overarching total evaluaLon index, 𝐹, which serves as the cumulaLve metric 

balancing the normalized length 𝑓", bending frequency 𝑓#, and the seismic stress index 𝑓!, 

exhibited a conLnuous, asymptoLc decay profile.  

As shown in Figure 11, the total evaluaLon score 𝐹 of the elite individual in the 

iniLal populaLon (GeneraLon 0) was recorded at 11.82. This elevated score directly reflects 

the spaLal and geometric inefficiency triggered by the stochasLc midway point allocaLon 

phase, which rouLnely introduces redundant path detours, excessive pressure drops, and 

complete structural misalignment relaLve to the supporLng framework. By the final 

evoluLonary cycle (GeneraLon 100), the overarching index F decreased smoothly to 0.8, 

represenLng a total opLmizaLon reducLon of approximately 93.2%. This clean convergence 

trajectory confirms that the fitness landscape effecLvely navigated toward high-efficiency 

topological regions while systemaLcally discarding structurally non-compliant candidates. 

 
Figure 11: Convergence history of the overarching total evalua/on index F across 100 successive 

genera/ons, illustra/ng the genera/onal reduc/on in layout inefficiencies. 

A detailed examinaLon of the evoluLonary history reveals that the structural 

seismic stress values experienced localized numerical fluctuaLons during the iniLal 20 
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generaLons. This transient behavior corresponds to the MOGA's macro-topological 

exploraLon phase, where the algorithm systemaLcally sweeps the alternaLve rouLng 

corridors to determine which coordinate paths to execute around the boundaries of the five 

rigid structural obstacles. Once these macroscopic corridor selecLons stabilized, the index 

fluctuaLons dampened progressively, indicaLng that the chromosome pool successfully 

converged into a localized design space where geometric clearance and structural safety 

criteria were concurrently saLsfied.  

The generaLonal progression of each objecLve subfuncLon is compiled in Figure 

12. Specifically, the generated dynamic seismic stress plohed in Fig. (a) varies in complete 

correlaLon with the structural trajectory modificaLons (Figs. (b) and (d)) and the successful 

eliminaLon of spaLal obstacle interference (Fig. (c)). These inter-dependent trends confirm 

that the evolved elite individuals successfully synchronized their automated support node 

placements with the macro-piping geometry to suppress peak resonant modal responses. 
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(a) Stress 

 

(b) Length 

 

(c) Collision 

 

(d) bend 

Figure 12: Genera/onal history of the individual objec/ve func/ons and constraints: (a) peak seismic 

stress index 𝑓$, (b) total piping length 𝑙, (c) obstacle collision status 𝑃%, and (d) total bend count 𝑛&. 

6.2. Structural Analysis of Intermediate Genera<ons: Geometry vs. Seismic Resilience 

The numerical results highlight the highly non-linear trade-offs governing 

geometric path minimizaLon and structural safety margins, proving that a physically shorter 

layout trajectory does not inherently yield a seismically compliant design. This characterisLc 

engineering behavior was explicitly observed during the generaLonal transiLon between 

the elite individuals of GeneraLon 3 and GeneraLon 4. 
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As compiled in the structural dataset of Table 4, the elite individual of GeneraLon 

4 achieved a significantly lower overarching evaluaLon index of 3.72 and a drasLc reducLon 

in peak seismic stress to 254.42 MPa. In comparison, its GeneraLon 3 predecessor 

generated an extreme, structurally catastrophic stress response of 957.15 MPa, while failing 

spaLal clearance constraints due to an acLve obstacle collision. Although the unpenalized 

structural-geometric baseline score of GeneraLon 3 was recorded at 4.43, the presence of 

the acLve obstrucLon encroachment immediately triggers the step-barrier penalty, 

relegaLng it to an inferior fitness Ler. 

Crucially, this vital enforcement of structural safety between the two consecuLve 

generaLons was achieved by deliberately increasing the total piping length from 98 m to 

120 m and expanding the total bend frequency from 7 to 11. 

Table 4 Compara/ve evalua/on and structural dataset of the elite individuals in Genera/on 3 and 

Genera/on 4 

Metric Parameter GeneraLon 3 GeneraLon 4 

Total evaluaLon index 𝑭 [-] 4.43 (Unpenalized) 3.72 

Peak Seismic Stress [MPa] 957.15 254.42 

Total Piping Length 𝒍 [m] 98 120 

Obstacle Collision Status [-] Yes No 

Total Bend Count 𝒏𝒃 [-] 7 11 

The physical rouLng topologies of these two intermediate generaLons are visually 

contrasted in Figure 13. In GeneraLon 3 (Fig. (a)), the layout executed a highly direct, near-

linear orthogonal path between the terminals. While this configuraLon opLmized material 

volume, it synthesized an excessively rigid structural framework whose fundamental natural 
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frequency coincided directly with the high-amplificaLon resonance band of the input 

seismic floor response spectrum.  

Conversely, the GeneraLon 4 individual (Figure 13(b)) autonomously evolved an 

extended "S-curve" detour corridor. While this topological modificaLon increased both the 

material length index 𝑓"  and the bend index 𝑓# , the expanded geometry lowered the 

global structural sLffness matrix profile, successfully shi]ing the system's fundamental 

natural frequency away from the dynamic resonance peak. In industrial seismic piping 

engineering, the strategic integraLon of orthogonal bends and localized detours funcLons 

idenLcally to a structural expansion loop; it enables the pipeline to absorb extreme dynamic 

inerLal energy through distributed elasLc, flexible bending deformaLon rather than 

concentraLng lethal, destrucLve forces at fixed equipment nozzle connecLons or rigid 

support structures. This behavior proves that the MOGA-A* hybrid rouLne can 

systemaLcally discover non-intuiLve, highly effecLve, flexible layouts that saLsfy stringent 

structural safety criteria without requiring manual engineering guidance. 
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(a) Genera/on 3 

 

(b) Genera/on 4 

Figure 13: 3D spa/al rou/ng trajectories of intermediate genera/ons: (a) the highly rigid and non-

compliant layout of Genera/on 3, and (b) the seismically decoupled flexible detour layout of 

Genera/on 4. 

6.3. Qualita<ve Comparison of Ini<al and Final Converged Layouts 

Visualizing the spaLal rouLng pathways provides a clear qualitaLve validaLon of 

the topological evoluLon from the early stochasLc generaLons to the final converged 

Pareto-opLmal soluLon. The structural layout configuraLons are shown in Figure 14, where 

the blue spheres denote the terminal nozzle coordinates, the light blue triangles indicate 

the automated intermediate support locaLons assigned via the midpoint splivng rule, and 

the red markers mark the peak-generated seismic stress coordinates. 

The early-stage rouLng configuraLons, represented by the elite individual of 

GeneraLon 1 (Figure 14(a)), were characterized by highly fragmented, erraLc trajectories 

containing numerous redundant bends that contributed nothing to obstacle avoidance or 

seismic decoupling. Furthermore, because the straight-segment geometries were poorly 

coordinated, the automated support allocaLon module le] excessively long unsupported 
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spans vulnerable to severe low-frequency gravitaLonal sagging and high seismic inerLal 

stress concentraLons at the fixed boundaries. 

 

(a) Ini/al genera/on 

 

(b) Final genera/on 

Figure 14: Visual comparison of the 3D piping layout evolu/on: (a) the chao/c, unop/mized trajectory 

of the ini/al genera/on, and (b) the regular, highly regular converged layout topology achieved at 

Genera/on 100. 

In complete contrast, the final opLmized layout synthesized at GeneraLon 100 (Fig. 

(b)) exhibits a highly regular, balanced orthogonal geometry. The total number of elbows 

was strictly pruned to the absolute mathemaLcal minimum required to clear the spaLal 

obstacle blocks while preserving localized seismic flexibility. The automated intermediate 

supports are opLmally distributed in full compliance with the structural span threshold. This 

coordinated configuraLon successfully controlled the global response, ensuring that the 

maximum calculated equivalent stress was restricted to 145.46 MPa—safely below the 

code-permissible 𝑃1<  limit of 309 MPa. The clean rouLng corridors eliminate unnecessary 

direcLonal deviaLons, demonstraLng that the automated opLmizaLon framework aligns 

perfectly with standard plant engineering design requirements. 

6.4. Results Focused on Individual Objec<ve Minimiza<on  
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To rigorously map the mulL-objecLve sensiLvity and validate the behavior of the 

balanced fitness funcLon 𝐹 , a series of isolated opLmizaLon runs were executed by 

focusing exclusively on single independent objecLves. 

When the opLmizaLon rouLne was configured to minimize the seismic dynamic 

performance index 𝑓! solely, the resulLng layout topology converged to the highly flexible 

configuraLon illustrated in Figure 15. This specialized structure yielded an excepLonally low 

peak dynamic stress of 20.21 MPa. Compared to the balanced mulL-objecLve soluLon of 

GeneraLon 100 (Figure 14(b)), which generated 145.46 MPa, the peak structural stress was 

reduced by an addiLonal 86.1%. However, this extreme seismic opLmizaLon requires 

massive material expenditures, tortuous detours, and a high density of automated supports, 

which severely penalizes spaLal and procurement efficiency. 

 

Figure 15: 3D piping rou/ng layout synthesized by minimizing the seismic resistance objec/ve func/on 

𝑓$ exclusively, priori/zing extreme flexibility at the expense of material efficiency 

Conversely, when the evoluLonary pipeline was restricted to minimizing the piping 

length index 𝑓", the layout converged to the absolute shortest trajectory plohed in Figure 

16. This path is topologically idenLcal to the direct, linear candidates observed in the iniLal 
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generaLon, operaLng at the absolute lower bound length of 98 m. While highly cost-

effecLve from a procurement and insulaLon standpoint, this unyielding linear path 

possesses extreme structural sLffness. Consequently, under design-basis seismic excitaLon, 

it triggers severe dynamic amplificaLon and resonance, yielding stress values that violate 

code compliance. 

 

Figure 16: 3D piping rou/ng layout synthesized by minimizing the piping length index 𝑓', illustra/ng the 

rigid, linear trajectory that violates seismic safety ceilings. 

Finally, the layout synthesized by focusing solely on minimizing the bend frequency 

index 𝑓# is illustrated in Figure 17. Although this run achieved the theoreLcal minimum 

elbow count, the individual was completely non-viable. Due to the complete lack of 

geometric flexibility and poor alignment with the support span limits, the peak dynamic 

stress at the locaLon indicated by the red marker in Figure 17 reached a criLcally high, 

structurally catastrophic value, triggering immediate selecLon rejecLon. This cross-

objecLve comparison confirms that the balanced soluLon achieved in Figure 14(b) 

represents the most stable, reliable, and pracLcal layout topology for realisLc industrial 

operaLons.  
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Figure 17: 3D piping rou/ng layout synthesized by minimizing exclusively the bend number objec/ve 

func/on 𝑓(, resul/ng in severe structural stress concentra/ons due to inadequate geometric flexibility. 

6.5. Computa<onal Performance and Algorithmic Scalability  

The pracLcal viability of any automated opLmizaLon framework in industrial plant 

engineering is directly constrained by its overall computaLonal overhead. The numerical 

performance results indicate that the hierarchical MOGA-A* hybrid strategy is highly 

efficient and scalable for real-Lme design support. The complete opLmizaLon run—

encompassing spaLal synthesis, A* path repair, support allocaLon, and finite-element 

modal evaluaLon of 10,000 unique layout candidates (100 individuals across 100 

generaLons)—was completed in exactly 46 minutes and 19 seconds. This performance 

averages to approximately 0.28 seconds per individual layout evaluaLon. 

This high computaLonal speed was achieved by using linear-response spectrum 

modal analysis as a physics-informed surrogate model instead of performing full nonlinear 

transient finite-element simulaLons. While a single non-linear Lme-history FEM run across 

a complex mulL-bend pipeline rouLnely requires several minutes to solve, the modal 

superposiLon approach used herein successfully captures the essenLal mass parLcipaLon, 
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global sLffness matrices, and natural frequency spectra required to accurately rank 

candidate safety profiles within a fracLon of a second. In a convenLonal industrial design 

workflow, a rouLng task of this geometric and structural complexity requires weeks of 

iteraLve, manual data exchange between CAD layout designers and structural stress analysts. 

By completely automaLng the "Generate-Repair-Evaluate" cycle, the proposed framework 

compresses the total design lead Lme to under an hour, enabling rapid, mulL-criteria 

scenario analysis. 

6.6. Summary of Engineering Implica<ons 

The findings of this research indicate that the hybrid MOGA-A* strategy establishes 

a systemaLc, determinisLc methodology for criLcal infrastructure piping design. By 

modeling the spaLal rouLng trajectory as an evolving sequence of coordinates that 

dynamically adapts to structural feedback, the framework moves beyond simple geometric 

collision avoidance toward a true physics-informed automated design paradigm. 

The algorithm's capacity to autonomously discover that a longer, more tortuous 

route can significantly improve global structural safety margins by serving as a flexible 

expansion loop has direct implicaLons for high-safety-Ler nuclear and chemical facility 

engineering. It ensures that dynamic seismic resilience is embedded directly into the 

pipeline's macro-geometry from the iniLal conceptual design phase, rather than being 

treated as a reacLve, expensive remediaLon step that involves the secondary addiLon of 

heavy snubbers, spring hangers, or massive structural steel supports. UlLmately, the 

framework demonstrates that parLLoning opLmizaLon tasks into hierarchical layers—

delegaLng determinisLc constraints to pathfinding heurisLcs and mulL-objecLve trade-offs 
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to evoluLonary selecLon—is an excepLonally powerful methodology for resolving high-

dimensional engineering problems in congested 3D environments.  

7. Conclusion 

This study established a physics-informed automated 3D piping rouLng framework 

by hierarchically coupling the determinisLc pathfinding capabiliLes of the A* algorithm with 

the global mulL-objecLve exploraLon of the NSGA-II metaheurisLc. The framework 

concurrently opLmized piping length, bend frequency, and peak equivalent seismic stress 

derived via linear response spectrum modal analysis, while embedding spaLal obstacle 

interference as a strict step-barrier penalty funcLon. The quanLtaLve and qualitaLve 

validaLon of this hybrid system within a congested 3D benchmark space modeled a]er the 

Onagawa Nuclear Power Plant yielded the following core engineering conclusions: 

• Complete Popula<on Feasibility Preserva<on: The integraLon of the local A* 

pathfinding rouLne as a segment-wise connector within the geneLc pipeline 

guaranteed a 100% populaLon feasibility rate across all generaLons. This hierarchical 

architecture successfully eliminated the chronic issue of invalid or disjointed path 

topologies during stochasLc crossover and mutaLon operaLons, ensuring stable 

geometric convergence even within highly restricted design corridors. 

• Autonomous Synthesis of Seismic Flexibility Mechanisms: The mulL-objecLve 

opLmizaLon successfully mapped the non-linear trade-offs between material rouLng 

efficiency and dynamic structural safety margins. The framework autonomously 

discovered that a strategic increase in total piping length (from 98 m to 120 m) and 
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elbow count (from 7 to 11) could lower the peak equivalent seismic stress by 73.4% 

(from 957.15 MPa down to 254.42 MPa). This explicitly demonstrates that the 

algorithm can systemaLcally synthesize non-intuiLve flexible layouts that shi] the 

system's fundamental natural frequency away from seismic resonance peaks. 

• High Computa<onal Throughput via Surrogate Modeling: Using lightweight response-

spectrum modal analysis as a structural surrogate model enabled the framework to 

complete the generaLon, real-Lme repair, and physics-based evaluaLon of 10,000 

unique design candidates in exactly 46 minutes and 19 seconds. This average evaluaLon 

rate of 0.28 seconds per individual confirms that the proposed framework is highly 

scalable for rapid, interacLve industrial engineering deployment. 

By embedding structural material characterisLcs and code-defined design stress 

limits (such as 𝑃1< 	= 309 MPa for STPT410 carbon steel) directly into the conceptual rouLng 

phase, the proposed framework compresses the tradiLonal, fragmented design cycle from 

weeks to under an hour. Furthermore, this geometry-based flexible layout strategy 

effecLvely minimizes the project's reliance on expensive, reacLve secondary miLgaLon 

hardware, such as heavy seismic snubbers, spring hangers, or rigid structural bracing 

networks. 

The technical scope of this methodology is bounded by several mathemaLcal 

simplificaLons that establish explicit direcLons for future invesLgaLons: 

1. Algorithmic Robustness and StochasLc VerificaLon (Part II): The spaLal rouLng 

configuraLons and dynamic stress reducLons captured in these macro-computaLonal 

profiles require extensive validaLon of algorithmic robustness. Part II of this co-
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authored invesLgaLon will focus exclusively on the staLsLcal reproducibility, trial-to-

trial reliability, and iniLal-value dependency of the hierarchical opLmizaLon framework, 

building directly upon the preliminary numerical assessments to establish a 

mathemaLcally rigorous verificaLon protocol for the synthesized design spaces. 

2. Advanced Boundary CondiLon Modeling: The automated support allocaLon rouLne 

used in this work assumed idealized, rigid translaLonal constraints. Subsequent 

iteraLons must incorporate complex, non-linear boundary constraints, including pipe-

support fricLon coefficients, physical structural gaps, and the localized flexibility 

matrices of equipment nozzles. 

3. MulL-Physics Fitness IntegraLon: While the current total evaluaLon index F isolates 

seismic stress, piping length, and elbow counts, future framework expansions will 

integrate thermal expansion loading states, internal fluid-induced pressure drops, and 

strict maintenance access envelopes into a unified, mulL-physics opLmizaLon 

environment. 
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NOMENCLATURE 

𝑎)  Spectral acceleraLon for the 𝑖-th mode, m/s2 

𝐵;, 𝐵6 Standardized primary code stress coefficients for straight secLons and elbows 

ℂ SpaLal coordinate vector represenLng the layout chromosome 

𝐷 Outer diameter of the piping system, m 

𝐸 Young's modulus of the piping material, Pa 

𝐹 Overarching total evaluaLon index / objecLve funcLon 

𝑓, Reference target dynamic cutoff frequency, Hz 

𝑓# EvaluaLon index of bend number 

𝑓" EvaluaLon index of piping length 

𝑓! EvaluaLon index of seismic resistance 

𝑔 AcceleraLon of gravity, m/s2 

𝐼 SecLonal second moment of area m4 

𝑘 Total number of intermediate midway points within a chromosome 

[𝐾] Global structural sLffness matrix, N/m 

𝑙 CumulaLve physical length of the synthesized piping layout, m 

𝑙)  Physical length of the i-th individual straight pipe segment, m 

𝑙&'( Minimum theoreLcal orthogonal distance based on 3D Manhahan distance, m 

𝑙.01* Maximum allowable theoreLcal support span determined via frequency span 

method, m 

𝐿7 , 𝐿8 , 𝐿9 Global dimensional boundaries of the rectangular plant search space, m 

𝑀 Total resultant dynamic seismic moment vector, N⋅m 

[𝑀] Global finite-element structural mass matrix, kg 
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𝑀)  Modal seismic bending moment vector for the 𝑖-th individual eigenmode, N⋅m 

𝑀:  Total resultant seismic moment at node coordinate 𝑗, N⋅m 

𝑀7 , 𝑀8 , 𝑀9 DirecLonal synthesized seismic moment vectors along coordinate axes, 

N⋅m  

𝑛3 Total number of 90-degree elbows present in the synthesized layout 

𝑛3,&'( TheoreLcal minimum number of bends required to clear spaLal obstrucLons 

𝑃 Internal operaLng pressure of the pipeline, Pa 

𝑃1<  Code-defined design allowable seismic stress threshold, Pa 

𝑃$ Penalty funcLon of obstacle interference 

𝑃.>1?> , 𝑃/*B  Fixed Cartesian coordinates of the start and end equipment nozzle 

terminals 

𝑃@,)  SpaLal Cartesian coordinates of the 𝑖-th evolving intermediate midway point 

𝑆:  Total generated code-equivalent stress calculated at specific node coordinate 𝑗, Pa 

𝑆- Design stress intensity ceiling parameter specified by structural codes, Pa 

𝑆F UlLmate tensile strength of the structural material, Pa 

𝑆8 Minimum yield point of the structural material, Pa 

𝑡 Nominal wall thickness of the pipe secLon, m 

{𝑢})  Structural eigenmode vector associated with the 𝑖-th natural frequency 

𝑤 Aggregate structural weight distributed per unit length of the pipeline, N/m 

𝑤7 , 𝑤8 , 𝑤9 Orthogonal spaLal width dimensions of rectangular obstacle blocks, m 

𝑋)  Dimensional displacement response vector computed for the 𝑖-th mode, m 

𝑥., 𝑦., 𝑧.  Individual Cartesian components of the start nozzle terminal, m 
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𝑥/ , 𝑦/ , 𝑧/  Individual Cartesian components of the end nozzle terminal, m 

𝑍 SecLonal modulus of the piping configuraLon, m3 

Greek Characters 

𝑏𝑒𝑡𝑎)  Modal parLcipaLon factor derived for the 𝑖-th natural frequency 

𝜔)  Natural angular frequency computed for the 𝑖-th structural mode, rad/s 
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Figure Cap<on List 

Figure 1: SchemaLc representaLon of the piping length calculaLon, illustraLng the 
relaLon between the synthesized path length 𝑙 and the baseline minimum 
orthogonal distance 𝑙min. 

Figure 2: SchemaLc flowchart of the overarching MOGA-A* hybrid layout opLmizaLon 
framework, delineaLng the iteraLve loop between determinisLc segment-wise 
path generaLon and mulL-objecLve evoluLonary selecLon. 

Figure 3: Design floor response spectrum used as the dynamic seismic input baseline, 
derived from the acceleraLon Lme history observed during the Great East Japan 
Earthquake, outlining the spectral acceleraLon peak regions criLcal to the piping 
structural resonance evaluaLon. 

Figure 4: Geometric collision detecLon mechanism using Oriented Bounding Boxes 
(OBBs), illustraLng the spaLal interference evaluaLon between a synthesized 
piping segment and a plant obstacle volume. 

Figure 5: Comprehensive operaLonal flowchart of the integrated MOGA-A* hybrid 
opLmizaLon algorithm, illustraLng the evoluLonary lifecycle from stochasLc 
midway point iniLalizaLon to Pareto-opLmal selecLon. 

Figure 6: ComparaLve rouLng trajectories during the early evoluLonary stage, 
illustraLng the segment-wise path synthesis connecLng the start terminal, 
stochasLcally allocated midway points, and the end desLnaLon node. 

Figure 7: SchemaLc representaLon of the geneLc crossover mechanism, 
demonstraLng the exchange of midway point sequence segments between 
selected parent genotypes to yield hybrid offspring. 

Figure 8: Geometric path transiLons induced by the point removal operator, 
demonstraLng the trajectory simplificaLon and bend reducLon achieved via 
redundant waypoint deleLon. 

Figure 9: 3D isometric arrangement of the spaLal obstacle blocks and keep-out zones 
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within the 32 × 60 × 20 m plant design environment. 

Figure 10: SchemaLc illustraLon of the segment-wise support allocaLon process, 
demonstraLng the midpoint splivng rule executed by the automated frequency 
span algorithm. 

Figure 11: Convergence history of the overarching total evaluaLon index F across 100 
successive generaLons, illustraLng the generaLonal reducLon in layout 
inefficiencies. 

Figure 12: GeneraLonal history of the individual objecLve funcLons and constraints: 
(a) peak seismic stress index 𝑓𝑆, (b) total piping length 𝑙, (c) obstacle collision 
status 𝑃𝑂, and (d) total bend count 𝑛𝑏. 

Figure 13: 3D spaLal rouLng trajectories of intermediate generaLons: (a) the highly 
rigid and non-compliant layout of GeneraLon 3, and (b) the seismically decoupled 
flexible detour layout of GeneraLon 4. 

Figure 14: Visual comparison of the 3D piping layout evoluLon: (a) the chaoLc, 
unopLmized trajectory of the iniLal generaLon, and (b) the regular, highly regular 
converged layout topology achieved at GeneraLon 100. 

Figure 15: 3D piping rouLng layout synthesized by minimizing the seismic resistance 
objecLve funcLon 𝑓𝑆 exclusively, prioriLzing extreme flexibility at the expense of 
material efficiency 

Figure 16: 3D piping rouLng layout synthesized by minimizing the piping length index 
𝑓𝐿, illustraLng the rigid, linear trajectory that violates seismic safety ceilings. 

Figure 17: 3D piping rouLng layout synthesized by minimizing exclusively the bend 
number objecLve funcLon 𝑓𝐵, resulLng in severe structural stress 
concentraLons due to inadequate geometric flexibility. 

  



 66 

Table Cap<on List 

Table 1: Center coordinates and width of obstacles (unit: m) 

Table 2: Mechanical ProperLes of STPT410 

Table 3: GA ConfiguraLon Parameters 

Table 4 ComparaLve evaluaLon and structural dataset of the elite individuals in 
GeneraLon 3 and GeneraLon 4 

 


