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Abstract 

This paper presents an advanced computational framework developed to support decision-making for the placement of the underground 
Einstein Telescope, a third-generation gravitational-wave observatory. The system aims to automate the search for an optimal location 
through a multi-criteria analysis approach. Because the ET is extremely sensitive to environmental noise sources—including seismic, 
thermal, and anthropogenic vibrations—its design prioritises underground construction. This strategy, also adopted for the Japanese 
KAGRA detector and in contrast to surface-based observatories such as LIGO and Virgo, minimises interference from surface activities 
while ensuring subsurface stability. 
The proposed methodology integrates Geographic Information System (GIS) data, incorporating a Digital Surface Model (DSM) to 
spatially represent relevant factors. The dominant site-selection criteria were identified and weighted according to their scientific and 
strategic importance in collaboration with the ET scientific community. An interactive parametric model was developed to interface 
directly with the GIS data, enabling evaluation of key factors and providing real-time analytical feedback on placement scenarios. 
Using an evolutionary algorithm combined with a composite fitness function, the system balances competing objectives and delivers 
optimised solutions, offering a robust decision-support tool for the early planning stages of the Einstein Telescope project. 
Although the Sardinia site is currently considered a preliminary case study, the methodology is generalisable and applicable to other 
candidate sites to host ET. 

1. Introduction

1.1 Einstein Telescope research infrastructure 

Einstein Telescope (ET) is a proposed underground infrastructure 
to host a third-generation, gravitational-wave observatory. The 
project was included in the European Strategy Forum on 
Research Infrastructures roadmap (ESFRI, 2021) and is currently 
in its preparatory phase. ET community is a large, international 
network comprising over 50 research units worldwide. 
Numerous European countries are actively engaged in the 
initiative, with three candidate sites identified. These sites are 
now working in parallel to demonstrate the technical and 
financial feasibility of hosting the project. The evaluation process 
to determine the optimal geometry for achieving the highest 
scientific performance is still ongoing. The existing gravitational 
wave detectors, Advanced LIGO and Advanced Virgo, are 
located on Earth's surface, where seismic noise significantly 
limits their sensitivity below 10 Hz. ET as a European project for 
a next-generation GW detector, aims to enhance sensitivity by 
tenfold at these low frequencies. To tackle seismic noise, one 
innovative solution is to construct the detector underground. This 
approach could revolutionise gravitational wave detection. 

ET builds on the success of current, second-generation laser-
interferometric detectors, Advanced Virgo and Advanced LIGO, 
whose breakthrough discoveries of merging black holes (BHs) 
and neutron stars over the past 5 years have ushered scientists 
into the new era of gravitational-wave astronomy.  An 
interferometer detects changes in the relative optical path length 
of laser beams travelling along orthogonal arms. In gravitational-
wave detectors such as Virgo, LIGO, and the envisaged ET, a 
passing gravitational wave slightly stretches one arm while 
compressing the other, inducing a phase difference in the 
recombined beams at the beam splitter. This phase difference is 

converted into an intensity variation at the photodetector, which 
is proportional to the strain induced by the wave. Third-
generation instruments, like ET, will push this technique to its 
limits by combining longer arm lengths, cryogenic mirrors, 
advanced seismic isolation, and quantum-noise suppression 
techniques to achieve improvements in strain sensitivity (B. P. 
Abbott et al., 2016; R. Abbott et al., 2023; Buikema, 2020; Hild 
et al., 2011). ET will achieve a greatly improved sensitivity by 
being realised underground, increasing the size of the current 
generation of interferometers to overcome 10km arm length, and 
by implementing a series of new technologies. These include a 
cryogenic system to cool some of the main optics to 10 – 20K, 
new quantum technologies to reduce the fluctuations of the light, 
and a set of infrastructural and active noise-mitigation measures 
to reduce environmental perturbations.  

The main research question of this study is how to effectively 
determine the placement of ET megastructure, considering its 
complex scientific, spatial and environmental constraints. 
Consequently, the primary objective is to develop and validate a 
parametric computational framework capable of optimising the 
spatial placement within a given candidate area. 

1.2 ET candidate sites 

Selecting the optimal place for the Einstein Telescope is a 
multifaceted process that requires balancing scientific and 
technical considerations with financial, political, and socio-
economic factors (Amann et al., 2020). A key aspect involves 
determining the ideal underground position while accounting for 
constraints and potential sources of error that could impact 
sensitivity. The interplay of these factors adds complexity to the 
evaluation and decision-making process.  
Site-characterisation studies are underway in the candidate sites, 
Sardinia (Italy) and Euregio Meuse-Rhine, to enable the optimal 
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site selection considering the feasibility of the construction and 
predict the impact of the local environment on the detector 
sensitivity and operation (Koley et al., 2022; Villani et al., 2024). 
A third potential site in the Lusatia Region, Germany, has 
recently been proposed, and teams have now joined efforts to 
advance the site preparation studies. The Italian proposal, led by 
the National Institute for Nuclear Physics (INFN), is planning to 
place ET in the area of the former Sos Enattos mine in Sardinia 
(Muccini et al., 2025). This decision rests on two complementary 
arguments tied to feasibility and pre-existing knowledge of the 
site (Naticchioni et al., 2020). 
 
The official site selection process for the ET is governed by the 
Board of Governmental Representatives (BGR). It is the link with 
and between involved governments and funding agencies. 
The computational framework presented in this study is intended 
as a preliminary decision-support tool to assist scientific and 
engineering teams during this preparatory phase, rather than a 
definitive placement directive. Also, the framework focuses on ' 
spatial placement optimisation within a pre-selected candidate 
area, rather than macro-level regional site selection. 
 
1.3 ET geometry configuration  

According to Sathyaprakash et al (2012) the ET design study 
team concluded that a triangular topology is the optimal strategy 
to achieve the sensitivity goal of a third-generation. The arms of 
the triangle are each used twice to form three Michelson 
interferometers, as shown in Figure 1.  

  
Figure 1 Triangular topology of ET, in which each arm of 
length L is used twice to form three detectors with a 60° 

opening angle, is equivalent to that of two L-shaped detectors of 
length 3L/4, whose arms house two detectors each 

(Sathyaprakash et al., 2012) 

Each V-shaped detector in the array has arms of 10 km in length, 
with an opening angle of α = 60° and the detectors are rotated 
relative to each other by an angle of 120°. However, the 
discussion is still open in the scientific community about whether 
two L-shaped separated interferometers are a better option than 
one triangle. The recent study of Branchesi et al. (2023) conclude 
that both options (the 10 km triangle and a 15 km 2L) are valid. 
Their comparison shows that, from the scientific point of view, 
the solution of 2L of 15 km oriented at 45◦ relatively is superior 
on basically all the metrics that they have considered, except for 
the nominal sensitivity to stochastic backgrounds. However, they 
acknowledge that whatever layout is decided ET will over-
perform the network of 2nd Generation observatories at their best 
expected sensitivities by several orders of magnitude in all 
relevant metrics. 
From a Construction, Civil Engineering and Technical point of 
view, the triangle option figures to be much more complex than 
the two L-shaped ETs since it includes two interferometer sides 
(laser tubes and related parts in every triangle segment). 
 
1.4 Multi-criteria decision-making 

The uncertainty in the ET infrastructure's geometry, coupled with 
site-specific constraints, creates a vast and complex solution 

space that is difficult to explore without developing a specific 
tool to support decision-making actions. Given the interrelation 
of the variables (location, rotation, shape and multiple 
constraints), the civil engineering design team adopted a multi-
criteria approach to connect the different aspects, analyse them 
and optimise the objectives. Multi-criteria analysis is a 
methodology that evaluates several factors in an integrated 
manner, instead of conducting different parallel or sequential 
evaluations considering a single or a few criteria at a time. It 
allows for a more comprehensive evaluation of alternatives and 
provides a stronger basis for decision making.  
 
In the Architecture, Engineering, and Construction sector (AEC) 
is increasingly adopting algorithmic optimisation techniques to 
address complex decision-making challenges while supporting 
Multi-criteria decision-making (MCDM), leveraging advances in 
computational tools and methodologies. MCDM provides a 
structured and transparent framework to support planners by 
integrating diverse metrics and facilitating informed decisions. 
 
MCDM is often combined with 3D parametric modelling, for a 
direct association to geometrical representation. By 
systematically varying these parameters, planners can assess a 
wide spectrum of scenarios, fostering a nuanced understanding 
of potential outcomes. This capability has proven invaluable in 
addressing the increasing complexity of modern construction 
projects, evolving from the idea of a single person activity to a 
multi-person activity, while adding complexity to the design 
process (Fischer et al., 2017). The AEC field, therefore, has seen 
a recent surge in the application of formal optimisation 
techniques to aid in Multidisciplinary building design and 
exploration (Muthumanickam et al., 2023). 
 
Parametric models are adaptable according to the values of the 
parameters. An interesting approach to finding optimal values of 
these parameters in the search domain, which normally contains 
an infinite number of possibilities, is that of evolutionary 
computation (EC). EC algorithms are inspired by the principles 
of natural selection and biological evolution. EC algorithms 
maintain a population of potential solutions that evolve over time 
through genetic operators such as mutation and crossover. The 
selection mechanism identifies the most promising individuals in 
the population to reproduce, thereby generating new solutions 
with potentially improved fitness values (Khamis, 2024). This 
approach is particularly well-suited for complex, multi-modal, 
and non-linear problems like the placement of ET. Although the 
foundations of EC date back to the late 1950s, early progress was 
constrained by limited computational power and methodological 
shortcomings (Back, Hammel, and Schwefel, 1997). Today, the 
landscape has significantly evolved. Robust libraries supporting 
EC algorithms are available in multiple programming languages 
and commercial platforms (Yavan, Maalek, and Toğan, 2024). In 
AEC sector, particularly in 3D model-based planning, software 
platforms like Rhinoceros and Revit offer integrated or modular 
support for EC. These tools are especially popular among 
professionals due to their visual programming interfaces and 
extensible ecosystems, enriched by a vibrant user community. 
Evolutionary algorithms extend traditional approaches by 
enabling the simultaneous optimisation of multiple criteria. 
These range from simple linear aggregation methods to more 
sophisticated Pareto-based ranking techniques  (Coello, Lamont, 
and Veldhuizen, 2007). However, EC techniques are not without 
limitations. Achieving optimal solutions often depends on the 
topology of the fitness landscape, and there is no guarantee of 
convergence to a global optimum within a finite time frame 
(Khamis, 2024; Rutten, 2013).  
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Evolutionary algorithms encompass different categories, 
depending on how and whether they address single-objective or 
multi-objective optimisation problems. In this work, we adopt a 
scalarisation approach for the optimisation problem as explained 
in the method paragraph (3.4). 
 

2. Related works 

From a civil engineering point of view, ET is a unique project 
and far from a typical infrastructure project from many points of 
view. On one hand, Stakeholders from the scientific part have 
very specific requirements to protect the project from the noise 
and fit their technical and optical network of tubes and 
suspension towers for the optical elements. On the other hand, 
there is in this first conceptual design study phase much 
undefined basic information to start from, like the shape, baseline 
configuration, location, or depth underground. However, there is 
a comparable project to ET in terms of size and complexity and 
comparable approaches to this work in terms of optimisation 
goals. 
A comparable existing infrastructure is the European 
Organisation for Nuclear Research (CERN) particle accelerator 
in Geneva. CERN is conducting a similar study to host a new 
underground Structure in the Geneva area for the Future Circular 
Collider, which will be a tunnel of 97.75 km (Abada et al., 2019). 
The Tunnel Optimisation Tool (TOT) was developed and used to 
assess the feasibility of the designs of the FCC study and their 
orientation with respect to the geology, terrain, surface 
constraints, their connection to the LHC and other siting 
considerations (Cook et al., 2015). TOT is focused on assessing 
the feasibility of FCC candidate designs from a Civil Engineering 
viewpoint, comparing them primarily regarding the local geology 
and terrain, surface constraints and connection to the LHC. The 
main functionalities are consolidated into a dashboard (Stanyard, 
Mertens, and Osborne, 2017). After two TOT versions a new tool 
web-application called GeoProfiler was developed. It offers more 
precise and integrated experience in shaft positioning and 
control. However, GeoProfiler does not include Evolutionary 
computation to automatically propose solutions, which is the goal 
of this work for ET. 
 
Regarding optimisation techniques, different recent studies 
highlight interesting use cases. An example is environmental 
performance in architectural design (Wortmann, 2017), as well 
as broader applications in urban planning, such as land use 
optimisation for economic, social, and suitability objectives 
(Sheikh et al., 2021). Other relevant studies focus on optimising 
the placement of public service facilities within an urban context. 
The work of Turkoglu and Genevois (2020) underscores the 
significance of service facility placement optimisation. However, 
in urban planning cases, often one single placement criterion is 
considered. Multi criteria approaches are considered only in 
limited cases. In the domain of underground infrastructure, 
MCDM has emerged as a central approach for addressing 
complex design and operational challenges. Applications include 
optimising utility tunnel placement to balance lifecycle costs 
(Genger, Hammad, and Oum, 2023), predicting excavation-
induced tunnel displacements (Tao et al., 2022), and refining 
tunnel alignments under uncertainty (Guo and Zhang, 2021). 
Innovations such as generative design systems for large-diameter 
tunnels crossing existing infrastructure demonstrate the potential 
of computational techniques to enhance design efficiency and 
precision (Lin, Zhang, and Tiong, 2023). Performance 
optimisation of tunnel boring machines under uncertain 
conditions further exemplifies the sector's advancement in 
adopting Multi Objective Optimisation for real-time problem-
solving (Liu, Li, and Liu, 2022). 

 
3. Method 

The study commenced with the identification of key factors 
influencing location selection from scientific, logistical, 
strategic, morphological, and geological standpoints. This phase 
was supported by extensive consultation and discussion within 
both the scientific and administrative communities, thereby 
ensuring an interdisciplinary and methodologically robust 
approach to addressing the challenges associated with site 
optimisation. Following the definition of the relevant constraints 
and variables, these elements were prioritised and, where 
appropriate, assigned quantitative weights. In accordance with 
this framework, the necessary data were compiled, and a 
parametric model was constructed to incorporate the identified 
constraints. Subsequently, an optimisation solver was employed 
to generate a set of optimised candidate solutions. 
 
3.1 Variables & Constraints 

The variables can be divided into two groups. The first group 
comprises ET geometry configuration–related variables, which 
are independent of both placement and the hosting site and should 
not be optimised because it is to be defined based on the scientific 
community.  
However, the possibility to vary the type and size of the 
infrastructure parametrically remains an important aspect in the 
parametric model for assessing the impact of the layout and 
comparing alternative solutions. They include the shape and 
length of the infrastructure and the number of emergency exits. 
The considered layouts are: 

• Equilateral triangle with a side length of 10km 
• Equilateral triangle with a side length of 15km 
• L-shape with two sides of 15km length 
• L-shape with two sides of the length of 20km 

 
The second group of variables consists of placement-related 
metrics, which depend on the characteristics of the site and the 
morphology of the Earth’s surface above ET. They are listed in 
the following Table 1. 
 

General Constraints 
Placement area domain 
Coordinates of the main vertex within the area domain 
Scientific Requirements 
Orientation of the infrastructure (Rotation) 
Morphological and Topographical Characteristics 
Tunnel Minimum vertical underground depth. 
Cavern Minimum vertical underground depth. 
Cavern Minimum earth cover (all directions) 
Environmental Conditions and Administrative Constraints 
Outside restricted areas 
Outside national, regional parks 
Outside protected and conservation areas 
Vertex near existing transport infrastructure 
Settling-related and Anthropic Interferences 
Distance from Industrial Areas 
Distance from Wind Farm 
Distance from Town 
Geological and Geotechnical Conditions 
Caverns to be placed outside weak geologic material 
Caverns to be placed in specific geologic material  

Table 1 List of placement-related metrics variables. 
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3.2 Scoring And Weighting  

The criteria mentioned earlier can be classified into two 
evaluation categories for the optimisation process: 
 
• Binary Solutions: Based on Boolean exclusion, where 

solutions outside a specific domain are automatically 
excluded. For example, placements within protected national 
park regions could be entirely disallowed. 

• Maximising or Minimising Distances: This involves 
optimising criteria such as maximising the distance from 
wind farms and minimising the volume of terrain that must 
be excavated. 

 
While binary criteria, such as avoiding restricted zones, are 
straightforward, definitive, and require no further refinement, the 
second category introduces numerous possibilities for 
optimisation. For instance, increasing the distance from noise 
sources would enhance the quality of the interferometer (the 
farther, the better), whereas reducing the distance from existing 
urban infrastructure would reduce some costs (the closer, the 
better). Therefore, the effect of maximising or minimising certain 
values could improve the solution of a specific criterion in a 
linear or logarithmic way. However, improving one criterion may 
conflict with others. This means that many involved criteria may 
be directly or indirectly in conflict, making it challenging to 
determine an optimal solution. This necessitates a weighting 
system to establish the relative importance of each criterion, 
allowing the optimisation algorithm to navigate trade-offs and 
prioritise objectives according to the project's strategic goals and 
focus on achieving the most meaningful trade-offs. 
 
To prevent criteria with larger numerical ranges from dominating 
the optimisation process, all variables are normalised to a 
standard, dimensionless scale before weighting. Specifically, 
each criterion’s value is re-mapped (e.g., to a 0–1 range) to 
eliminate discrepancies in units and magnitudes. This ensures 
that every criterion contributes proportionally to the aggregated 
fitness function, resulting in a balanced and representative 
optimisation outcome that reflects the decision-makers’ 
priorities. Consequently, an approximate priority weight 
parameter (from 1 to 10) was assigned to every criterion when 
applicable. 
The specific values assigned to these weights, at this phase of the 
project, should be considered as a first approximation, derived 
from preliminary surveys and consultations with the various 
scientific working groups involved in the ET project. Based on 
this consensus, criteria directly impacting the core scientific 
mission, such as isolation from seismic, thermal, and 
anthropogenic noise, were assigned higher priority weights. 
Conversely, criteria related to logistical convenience or 
infrastructural costs were assigned lower weights. However, 
these specific values are indicative, as the objective of this study 
is to validate the proposed computational workflow rather than to 
establish final design parameters. Because the developed 
framework is entirely parametric, the weighting system acts as a 
flexible interface. As the project advances, these weights can be 
seamlessly adjusted to generate new optimisation scenarios 
without requiring alterations to the underlying algorithm. 
 
3.3 Data and Processing 

For this analysis, three categories of data were generated or 
collected: 
Parametric model – encompassing aspects related to geometry 
and accessibility, such as overall shape and emergency exits. At 
this stage, the model should remain highly abstract. 

Context model – representing the terrain through a Digital 
Terrain Model (DTM) of the study area, with a spatial resolution 
appropriate to the required level of precision. 
GIS data –including layers such as urban areas, road networks, 
and the locations of wind turbines. 
 
Initially, the 3D models and GIS datasets must be aligned within 
a common reference system to ensure proper spatial 
correspondence. Subsequently, 2D GIS data should be converted 
to 3D where necessary. For instance, the locations of wind 
turbines, typically provided as 2D vector data, can be projected 
onto the Digital Terrain Model (DTM) surface using associated 
metadata to enable more accurate spatial calculations. 
 
The ET infrastructure model is then related to the terrain through 
two key operations: 
Computation of distances between the ET infrastructure and 
relevant environmental or anthropogenic features (Figure 2). 
Calculation of depth profiles along the tunnel and projection of 
access point locations onto the DTM. 
 
As these operations are fully parameterised within a 
computational framework, the tool provides instantaneous 
analytical feedback in response to modifications of the input 
positioning parameters. Specifically, it is capable of 
automatically determining the minimum and maximum 
underground depths along the tunnel for a given configuration, 
quantifying the minimum distances to specific categories of 
objects, and evaluating the maximum separation from existing 
supporting infrastructure. 

 
Figure 2 Conceptual layout of the ET Triangle interferometer. 
The tunnel axes are shown by the black line, and its projection 
onto the Digital Terrain Model (DTM) is shown by the red line. 
 
An additional critical aspect of the project concerns the design 
and placement of the main entrances to the underground 
infrastructure. A particularly promising alternative, where 
geological and spatial conditions permit, is the implementation 
of horizontal access through a ramp tunnel rather than a 
conventional vertical shaft. This configuration can substantially 
enhance logistical efficiency by facilitating the transport of 
technical components, vehicles, and personnel into the 
underground facility. By integrating the Digital Terrain Model 
(DTM) with the parametric ET model, this aspect can be 
systematically evaluated through the introduction of a criterion 
that constrains the maximum allowable inclination of an access 
tunnel. This criterion enables the generation of potential entrance 
points at the vertices of the two possible configuration 
geometries, allowing for the identification of the shortest viable 
access paths based on the projection of these vertex points onto 
the DTM (Figure 3).  
Up to this stage, the parametric model supports the systematic 
adaptation of the infrastructure’s position in accordance with 
varying conditions and input parameters, providing real-time 
feedback on alternative configuration states. However, the 
transition to automated optimisation necessitates the formulation 
of a suitable fitness function and the deployment of evolutionary 
computation techniques. 
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3.4 Variables & optimising criteria 

The criteria and optimisation parameters incorporated into this 
study, along with their corresponding constraints used to delimit 
the search space, are summarised in Table 2. Where appropriate, 
weighting factors were assigned to indicate the relative 
importance of individual criteria within the overall optimisation 
process. In this work, we adopt a scalarisation approach for the 
optimisation problem rather than using standard multi-objective 
optimisation algorithm, such as NSGA-II, which are typically 
employed to generate a Pareto front of non-dominated solutions. 
Specifically, the multiple criteria are transformed into a single 
scalar objective through a fitness function that computes the sum 
of all normalised then weighted criterion values. This enables the 
use of single-objective evolutionary solvers, such as Galapagos. 
This approach also provides good control over the fitness 
function and the weighting scheme, allowing the resulting 
solutions to be aligned with the project’s strategic priorities. 
 

4. Solution 

The geometric and positional variables used for ET, along with 
the corresponding input parameters and constraints considered 
for its placement, are summarised below: 
• ET geometry configurations: Triangle (10 km, 15 km) and 

L-shape (15 km, 20 km) 
• Search domain: Area defined by E, W, N & S coordinates. 
• Vertex 1 position: Xv1 and Yv1, as percentages of the 

domain's width and height 
• Elevation: Zv1, height of vertex 1 above sea level 
• Rotation: Orientation of the infrastructure around vertex 1 
 
4.1 Input data 

The primary data types used in the analysis include 3D models, 
2D GIS layers, and a set of parametric inputs. The input dataset 
consists of GIS data, providing spatial and morphological 
information for the predefined area where the infrastructure is to 
be placed. A key component is the DTM, represented as a mesh. 
in the tested dataset, a tessellation of 40 meters was applied over 
a 32 × 32 km area. This was obtained by the resampling of the 
10-meter DTM sourced from the SardegnaSit GIS portal, which 
is managed by the Sardinia Region.  

The DTM, like other input data, could be replaced with other 
data, including data with higher or lower resolutions, but this 
could affect computation times. 
This dataset, which covers the entire regional territory, was 
created from the 'contour lines' and 'spot heights' layers of the 
1:10,000 Geotopographic Database (DBGT 10K). 
Additional GIS layers include municipal boundaries, existing 
buildings, the road network (urban and suburban), restricted 
zones, and industrial areas. These were also obtained from the 
Sardinia Region's Geoportal. Populated areas were identified 
through a clustering process that aggregates buildings based on 
configurable parameters—for example, groups consisting of at 
least 50 buildings with inter-building distances of less than 150 
meters. These parameters are user-defined and can be adjusted to 
refine the analysis.  
The dataset also includes the 2D coordinates and installed power 
capacities (in kilowatts) of wind turbines located in the areas of 
Bitti, Buddusò, Nule, and Onanì, in Excel format. This data was 
obtained by the constant monitoring of projects on the official 
website of the Italian Ministry of the Environment and Energy 
Security (Ministero dell’Ambiente e della Sicurezza Energetica, 
2025). 
 
4.2 Analysis and visualisations 

The following analyses are implemented: 
Depth analysis: The tool evaluates the vertical positioning of the 
infrastructure relative to the ground surface. It identifies the 
points where the cover (depth) is minimum and maximum, 
displaying this information through a colour gradient. These two 
extremes are annotated with precise textual information 
specifying their location and the relative distance between them. 
 
Distance to road network: The software computes the minimum 
horizontal linear distance between each infrastructure vertex and 
the road network, including both urban and suburban roads. It 
identifies and displays the nearest road segments and highlights 
the closest feasible connection points. These distances are shown 
directly in the graphical viewer (Viewport). 
 
Distance to populated areas: This analysis estimates the 
shortest horizontal linear distance between ET vertices and 
nearby populated areas. The analysis helps estimate proximity to 
urban zones, with distances again visualised in the viewer for 
quick interpretation. 

 
Criteria & optimising parameters 
ID Criteria Aim Optimisation Constraints Weight 
        min max   
1 Search limits 

1,1 Vertex V1 location X (East west) Exclude solutions outside the constraint domain (specific area) n/a E. Coo. W. Coo. n/a 
1,2 Vertex V1 location Y (North south) Exclude solutions outside the constraint domain (specific area) n/a S. Coo. N. Coo. n/a 
1,3 Vertex V1 Altitude Exclude solutions outside the constraint domain (Elevation above sea level) n/a 100 800 n/a 
1,4 Rotation (V1 as base point) Exclude solutions outside the constraint domain (Angle relative to north) n/a N(-45°) N(+45°) n/a 

2 Morphological and Topographical Characteristics 

2,1 Tunnel earth cover (Vertical) Minimising the cover for the closest part of the tunnel to earth surface Minimise  40 M n/a 7 
2,2 Cavern earth cover (Vertical) Minimising the cover for the closest vertix to earth surface Minimise  120 M n/a 10 
2,3 Cavern earth cover overall (Vertical) Minimising the sum of vertical cover of the 3 Vertices Minimise  n/a n/a 10 

3 Environmental Conditions and Administrative Constraints 

3,1 Restricted areas No 2D intersection with ET geometry Avoid zone n/a n/a n/a 
3,2 Existing roads Close to ET vertices (The closer, the better) Minimise  n/a n/a 5 
3,3 Viaducts Far from ET Vetices (Outside the specified range & The farther away, the better) Maximise  3 KM n/a 10 

4 Settling-related and Anthropic Interferences 

4,1 Industrial Area "Nuoro" Far from ET Vetices (Outside the specified range) Avoid zone 15 KM n/a 10 
4,2 Wind turbines "Buddusò" Far from ET Vetices (The farther away, the better) Maximise  15 KM n/a 10 
4,3 Towns / populated zones Close to ET vertices (The closer, the better) Minimise  n/a n/a 2 
4,4 Industrial Area "Sologo" Far from ET Vetices (Outside the specified range) Avoid zone 15 KM n/a 7 

 Table 2 Criteria and optimisation parameters example of application for the Sardinia region 
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Distance to wind turbines: The software calculates the three-
dimensional spatial distance between each infrastructure vertex 
and the nearest wind turbine. The turbines, originally defined by 
2D coordinates and power ratings (in kilowatts), are projected 
onto the 3D terrain surface to reflect realistic ground conditions. 
This enables accurate measurement of tunnel-to-turbine 
distances. A user-defined threshold can be applied to filter and 
count the number of turbine blades falling within a critical 
proximity range. 
 
Adit access evaluation: The tool identifies optimal locations for 
semi-horizontal ramp access from the terrain surface to each 
vertex of the underground infrastructure. This analysis is based 
on radial projections from each vertex towards the surface, 
constrained by a user-specified maximum slope angle 
representing the steepest permissible incline. Among all possible 
projected paths, the software selects the shortest viable linear 
route that intersects the ground surface, effectively determining 
the most efficient and feasible access point. 

 
Figure 3 Conceptual detail of the ET Triangle vertex. The 

tunnel axes are shown by the black line, and their projection 
onto the Digital Terrain Model (DTM) is shown by the red line. 
In addition to these analytical capabilities, the software offers full 
visualisation of 2D GIS data, including municipal boundaries, 
buildings, roads, populated zones, restricted areas, industrial 
zones, and wind turbine locations. These visual layers serve as a 
critical validation aid, allowing planners to visually inspect and 
cross-reference infrastructure placement with relevant 
environmental and regulatory constraints. 
 
4.3 Technical Implementation  

The technical implementation of the multi-criteria analysis tool 
was developed using Rhinoceros 3D in conjunction with 
Grasshopper, a visual programming environment widely used for 
parametric and spatial modelling. For the optimisation process, 
the tool employs Galapagos, a built-in evolutionary solver in 
Grasshopper that is designed to solve single-objective 
optimisation problems (Rutten 2013). While Galapagos does not 
support true multi-objective optimisation, a custom fitness 
function was developed within the Grasshopper environment to 
enable a multi-criteria approach. This function aggregates 
different evaluation metrics—such as distances to roads, 
populated areas, wind turbines, and terrain depth—by first 
normalising each parameter and then applying user-defined 
weights. The weighted sum of these normalised values serves as 
the single scalar objective that Galapagos attempts to minimise 
or maximise. This approach effectively transforms the multi-
criteria problem into a single-objective one, allowing Galapagos 
to iteratively explore the solution space and identify optimal 
infrastructure locations that best balance the defined spatial and 
environmental constraints. The goal of this method is to provide 
greater control and transparency over the fitness function, 
enabling tailored optimisation that aligns more closely with 
project-specific priorities. 
To mitigate the risk of converging toward suboptimal solutions 
(i.e., local minima or maxima), it is essential to initiate the 
optimisation process from multiple, randomly generated starting 

conditions. By comparing the outcomes obtained from these 
independent runs, the robustness and consistency of the 
optimisation results could be assessed, thereby increasing the 
likelihood of identifying the global optimum within the defined 
search space. The integrated use of Rhinoceros and Grasshopper 
enables interactive visualisation of the solutions whenever input 
parameters or data are modified, as illustrated in Figure 4. 
The tests conducted so far have produced results within a few 
minutes on mid-range workstations. As expected, this 
computational performance depends on the resolution of the 
geometric models employed. 
 

 
Figure 4 An automatic model fit and display of analysis results 

as soon as the infrastructure layout is changed. 
 

5. Results 

The outcome of this research is a computational tool capable of 
analysing multiple configuration scenarios and proposing 
optimal placement options under varying conditions. The tool 
integrates advanced analytical and visualisation functionalities, 
enabling users to conduct spatial assessments and to interpret 
both input data and analytical outputs visually. It supports the 
display of reference GIS datasets as well as real-time parametric 
analyses based on the simplified geometry of the ET. The current 
version of the software enables both parametric and interactive 
evaluations of spatial relationships between the infrastructure and 
key environmental or infrastructural elements. In addition to 
facilitating the exploration of alternative design hypotheses, the 
tool also functions as a validation platform for proposals 
originating from various sources and stakeholders. Its modular 
architecture ensures scalability and extensibility, allowing 
additional criteria to be incorporated as the project progresses and 
new parameters become relevant. This flexibility ensures that the 
decision-making process can continuously integrate updated 
scientific, technical, and environmental considerations. A 
representative example of a result output is presented in Figure 
5. 
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Figure 5 Example of an output configuration and its associated 
parameters, based on one of the input parameter variations for 

the Sardinia sitei. 
 

6. Conclusion 

This study demonstrates the value of integrating GIS with 
parametric modelling as a coherent framework for supporting 
placement optimisation and spatial decision-making in complex 
infrastructural projects. The combination of these approaches 
enabled the systematic exploration of spatial constraints, the 
dynamic adaptation of design parameters, and the clear 
visualisation of alternative configuration scenarios. Building 
upon this foundation, the incorporation of evolutionary algorithm 
further strengthened the analytical capacity of the workflow, 
allowing the system not only to propose new solutions as 
parameters evolve throughout the design process but also to 
robustly evaluate alternative proposals originating from different 
stakeholders.  
A key strength of the proposed methodology is its degree of 
generalizability. Because the framework relies on parametric 
modelling and standardised GIS data formats, it is not strictly 
bound to the local morphology of the case study. The system can 
be readily applied to the other competing candidate sites, such as 
the Euregio Meuse-Rhine or the Lusatia Region. Adapting the 
tool to a new location simply requires updating the input datasets, 
namely, replacing the local DTM and the relevant 2D/3D GIS 
layers (e.g., infrastructure networks, restricted areas), and 
redefining the boundary domain. The core computational logic 
and optimization algorithms remain entirely valid and functional 
without requiring structural changes to the code.  
Such an optimisation-driven methodology has the potential to 
enhance the overall quality of the placement while also 
identifying cost-efficient configurations that may significantly 
influence project feasibility. Collectively, these contributions 
highlight the relevance of computational and data-driven 
methods in supporting transparent, efficient, and adaptable 
decision-making within contemporary infrastructure planning. 
 

7. Outlook 

Future developments of this research will focus on expanding the 
analytical scope of the proposed framework through the 
integration of detailed geological information and subsurface 
modelling. Incorporating multi-site assessments, geological 
stratigraphy, and geohazard analyses will enable a more 
comprehensive evaluation of risks and constraints associated 
with each potential location. Furthermore, the parametric model 
can be enriched with higher levels of geometric and 
informational detail, ultimately evolving toward BIM-GIS 
Integration environment. While the creation of a Digital Twin 
remains a long-term ambition, the incremental enrichment of the 
model will lay the foundational elements required for such an 
advanced representation. By integrating these additional layers of 
analysis and validation, the framework will become increasingly 
robust, offering improved predictive capabilities and 
strengthening the reliability of decision-making processes across 
subsequent project phases. 
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