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Scientific Abstract
Noise pollution is a significant environmental health risk, particularly in urban areas near airports and large infrastructures. This research project aims to empirically investigate the effectiveness of ground forming in mitigating outdoor noise associated with airports through controlled scale model experiments using robotic earthmoving technology. While preliminary simulations show promising results, empirical validation is necessary to establish its effectiveness. The study aims to bridge the gap between simulation and reality by conducting experiments with controlled scale models of various ground forms using robotic earthmoving technology to iteratively refine designs and assess noise reduction by controlling terrain modifications. These models will be assessed for noise reduction performance using an audio system that applies noise profiles typical of environments near airports and highways. The noise profiles are based on available recordings of commercial jets, ensuring that the scaled acoustic environment closely mimics real-world conditions, providing reliable data for analysis. The outcome of this research will contribute to a greater understanding of the fundamental aspects of urban noise mitigation through ground forming and provide valuable insights for architects, urban planners, and landscape designers. Additionally, the methodologies developed in this research will serve as a foundational approach that can be adapted for various scientific inquiries involving scale models and robotic technologies.

Introduction
Noise pollution is a significant environmental health risk, recognized as the second-largest pollution issue in Europe by the World Health Organization [1]. Urbanization and infrastructure expansion, particularly around airports, exacerbate exposure to harmful noise levels. Traditional noise mitigation methods, such as vertical barriers, often disrupt the landscape, negatively affecting local ecosystems, wildlife, and human activities [2]. While ground shaping is considered a potentially useful method to reduce noise, its effectiveness has not been experimentally examined, leaving its true impact unknown. For example, the Schiphol Airport in the Netherlands implemented a landscape design plan to combat noise nuisance pollution through ground shaping, but its effectiveness remains largely unquantified as there is no specific experimental research proving its success or comparing different ground shapes [3]. 
In addition to evaluating the effectiveness of ground shaping for noise reduction, this research aims to address the theoretical question: How do specific ground modifications influence noise propagation in outdoor environments? By examining the fundamental relationship between ground geometry and noise behavior, the study seeks to develop a deeper understanding of terrain–acoustic interactions. This research project addresses this gap by applying advanced methodologies, including scale models and robotic earthmoving technology, to empirically assess the noise reduction capabilities of various ground forms in conditions typical of high-noise environments.	Comment by Tom Moss Gamblin: This was originally the third para under Scientific Background, but works better tagged onto the intro
The research proposal includes a state-of-the-art review of current research on environmental noise, urban noise and mitigation methods, and robotic earthmoving, identifies the research gaps, and discusses the results of preliminary experiments. The methodology and experimental setup for assessing ground forming techniques are presented, followed by the expected outcomes, a research plan, and a Gantt chart outlining the research timeline.
I	Scientific Background
Rationale
Ground forming involves reshaping the terrain to influence environmental factors. In this context, this study aims to empirically evaluate the effectiveness of ground forming in reducing urban noise levels in the vicinity of airports. This research is crucial as it addresses a significant gap in the current understanding of noise mitigation strategies. By systematically exploring the relationship between ground shapes and noise reduction, this study aims to generate fundamental insights into terrain acoustics. By producing empirically backed evidence, the study will aims to advance knowledge in environmental acoustics, architecture, landscape design, and robotic earthmoving, providing insights that enhance our understanding of how terrain modifications can improve environmental quality and public health.
Novelty
Unlike traditional vertical noise barriers, ground forming is a landscape-friendly approach that could reduce noise without creating physical barriers. It offers the potential to create multifunctional landscapes that serve as recreational spaces, green areas, or even urban agriculture sites, making this approach more sustainable and better integrated within urban environments. However, the effectiveness of different ground modulations in reducing urban noise is not well understood, representing a significant gap in basic research. By utilizing scale models using robotic earthmoving, this research ensures that the designed ground forms are precisely realized in physical experiments. This approach not only provides empirical validation but also enhances the repeatability of the experiments and ensures that the outcomes are closely aligned with the theoretical designs, thereby increasing the reliability of the results. Furthermore, the methodologies developed in this study could be applied to other scientific inquiries, extending the impact of this research to contribute broadly to the study of environmental phenomena using scale models and robotic technologies.
Structure
The research proposal includes a state-of-the-art review of current research on environmental noise, urban noise and mitigation methods, and robotic earthmoving, identifies the research gaps, and discusses the results of preliminary experiments. The methodology and experimental setup for assessing ground forming techniques are presented, followed by the expected outcomes, research plan, and a Gantt chart outlining the research timeline.

State of the Art
This section outlines the key aspects of the research phenomenon by exploring current knowledge on environmental noise, urban noise mitigation methods, and robotic earthmoving. These subsections will help identify the existing gaps in the literature, which the proposed research aims to address.
Environmental and Urban Noise
Environmental noise is a significant public health issue, contributing to a range of adverse health effects including cardiovascular diseases, cognitive impairment, and sleep disturbance, and annoyance. Long-term exposure to environmental noise is associated with increased risks of ischemic heart disease, hypertension, and mental health issues. The World Health Organization (WHO) guidelines recommend that road traffic noise levels should not exceed 53 dB Lden (day-evening-night average) to avoid adverse health effects, and for night noise, not exceeding 45 dB Lnight to prevent sleep disturbance [4]. Continuous monitoring of noise levels and health outcomes is essential for evaluating the effectiveness of noise management strategies, and further research is needed to explore the long-term health effects of noise and the effectiveness of various noise reduction interventions [4], [5], [6], [7]. 
Recent studies highlight the increasing issue of urban noise pollution and its impact on public health [8], [9]. Traditional mitigation techniques have predominantly focused on indoor environments, often neglecting outdoor noise reduction. While innovative methods such as acoustic tiling in architecture have shown promise, they are rarely applied in outdoor settings [10]. Common strategies for reducing outdoor noise include the use of vertical barriers, which have been widely studied and implemented [11], [12]. Recently, using the landscape itself by forming the ground to mitigate noise has emerged as a contrasting approach, offering environmental benefits, but this method still lacks extensive supporting research and empirical validation.
Urban Noise Mitigation Methods
Two notable projects at Schiphol Airport in the Netherlands provide practical examples of contrasting approaches to noise mitigation. The first is a study conducted in 2010 that examined the effectiveness of a vertical barrier with a semicircular section designed to reduce low-frequency noise from starting aircraft starting up. This steep and tall structure achieved noise reductions of up to 10 dB, validating the use of scaled models for such experiments [13]. However, while reducing noise, this approach creates physical barriers that limit other land uses and does not integrate seamlessly into the landscape. 
In contrast, the landscape design implemented at Schiphol Buitenschot Park by H+N+S Landscape Architects integrates ground features such as ridges and valleys with the landscape to prevent noise propagation [3]. While this approach reportedly achieved a noise reduction of 5.5 dB, the design was not empirically tested prior to construction, and its effectiveness remains under-documented. These projects underscore the need for empirical research to evaluate ground shaping as a noise mitigation strategy that balances effectiveness with environmental integration.
Recent research has shown promising results in simulating the effectiveness of noise mitigation using ground forms. For instance, simulations examining the impact of terrain modifications on noise propagation found that specific ground shapes, such as concave and convex forms, can create acoustic shadows that effectively reduce noise levels by altering the reflection and absorption of sound waves. These studies demonstrated that with a noise source positioned at approximately 3 to 5 meters in height (the average height of a commercial airplane engine) and a listener at 1.5 meters, such ground shapes can significantly reduce noise levels in urban environments, with reductions ranging from 3.24 dB for a 1.5-meter mound to a maximum of 28.4 dB for a 5-meter-high mound, reflecting a considerable reduction in the perceived noise [14], [15]. However, the ground shapes examined were limited, and the patterns were not clearly defined but rather arbitrary, making it difficult to scientifically compare them and tie link noise-reduction performance and effectiveness with specific shapes. These findings require empirical examination to evaluate, validate, or challenge this approach. This study contributes by conducting experiments in a controlled acoustic lab environment that replicates noise conditions similar to those near airports and highways, bridging the gap between simulations and reality.
Robotic Earthmoving
Robotic technologies have advanced significantly in recent years, enabling precise and repeatable earthmoving tasks. Recent advancements have focused on autonomous excavation and landscape manipulation, as well as the use of mobile robotic platforms for earthworks. Mobile rRobots have been employed in various forms of soil manipulation, including shifting, leveling, and piling, which are crucial for construction and landscape projects [16], [17], [17]. In contrast to manual earthmoving, automated robots enable repeatability in earth shaping experiments. Moreover, previous research links specific robot motions to ground shape outcome, which enables the production of precise ground geometries based on computer-designed 3D models [18].
The development of parametric control and simulation tools has enhanced the capability of robotic platforms to execute complex tasks. Tools such as KUKA|prc and HAL enable robot control through 3D modeling platforms like Rhinoceros 3D and Maya, allowing for precise robotic manipulation [19], [20]. More advanced tools incorporate real-time control and feedback, enabling robots to adapt their actions based on environmental, spatial, and material changes [21].
Recent research has demonstrated the application of mobile robotic platforms in collaborative earthworks. For instance, multi-agent unmanned ground vehicles have been used to autonomously shape and manipulate aggregates on-site, highlighting the potential of these systems to perform large-scale autonomous earthmoving tasks  [22][21]. These advancements suggest that mobile robotic platforms can be used effectively used for precise ground forming, providing a robust foundation for evaluating their ground form effectiveness in noise reduction.

Research Gaps
Given the comparative lack of study of connection between terrain forms and acoustics, gaps in current research can be grouped into several areas:
1. Lack of Empirical Data on Ground Forming: Despite promising simulations, there is a lack of empirical data validating the effectiveness of ground forming for urban noise reduction.
2. Limited Comparison of Ground Shapes: Existing studies, such as those at Schiphol Airport, lack comprehensive performance metrics and comparative analysis of different ground shapes.
3. Insufficient Integration of Robotic Technologies: The potential of advanced robotic earthmoving technologies in precisely creating and testing various ground shapes has not been fully explored.
4. Lack of Outdoor Studies: Innovative noise reduction methods like acoustic tiling are rarely applied and studied in outdoor environments.

II	Research oObjectives and eExpected sSignificance
The following This section outlines the research's aim, specific objectives, and expected significance. 
Overall Aim
This study aims to empirically determine whether ground forms can effectively reduce noise effectively in controlled scale models that replicate noise profiles typical of environments near airports and highways. Beyond providing empirical validation, the study also aims to contribute to the theoretical framework of terrain–acoustic interaction. It will explore why specific ground shapes are effective in altering noise propagation, developing insights that can inform broader environmental acoustic theories.
Specific Objectives
1. To identify which specific ground forms are most effective in reducing noise within these scaled models.
2. To assess the implications of these findings for future full-scale outdoor testing and practical applications in urban planning, architecture, and landscape design.
3. To explore the potential of scale models and robotic methodologies for advancing the theoretical understanding of terrain–acoustic interaction and noise mitigation strategies.
Significance
This research addresses a crucial gap in the understanding of how terrain modifications can be effectively utilized for mitigating noise. By leveraging advanced robotic technologies, this study ensures precision and repeatability, which are essential for developing reliable experimental conditions. The anticipated impact includes not only the development of innovative, landscape-friendly noise reduction strategies but also the potential to significantly influence future urban planning practices and environmental policies. The findings could pave the way for more sustainable and integrated approaches to managing noise pollution in urban environments, contributing to improved public health and environmental quality.
Additionally, this research aims to contribute to the broader field of environmental acoustics and robotic construction by developing methodologies that can be adapted for various scientific inquiries. The use of scale- model experiments, combined with advanced robotic earthmoving technologies, provides a foundational approach that can be applied to other studies in acoustics, terrain modeling, and automated construction. By refining these methods, the project not only addresses practical challenges but also advances our understanding of how scaled experiments can inform full-scale applications in diverse fields, thereby strengthening its position as a significant contribution to basic science.
III	Detailed dDescription of the Proposed rResearch
This section provides a comprehensive overview of the research methodology, including the working hypothesis, experimental design, and analysis techniques to be employed.
Working Hypotheseis 
This research hypothesizes that specific ground shapes, created using advanced robotic earthmoving technologies, can achieve a significant reduction in urban noise levels compared to traditional vertical barriers. The research seeks to understand the relationship between the type of ground shape and the degree of noise reduction that can be achieved. This study operates under two main working hypotheses: 
(1) Specific ground shapes, created using robotic earthmoving, are expected to perform better than others in reducing urban noise levels. 
(2) The proposed noise reduction model is expected to reveal patterns in the interactions of key ground-shaping variables. Specifically, The the research seeks to model the relationship between noise reduction () and ground shape () using the formula:

where  represents the noise reduction in decibels, and the variables ​, ​, and ​, correspond to the type, height, and pattern of the ground shape, respectively. The coefficients , , and and , quantify the impact of each of these factors, while  accounts for any variability not captured by the model. We also explore whether this model is suitable and whether terrain shapes indeed have a consistent, linear impact on noise reduction, or if nonlinear factors are at play.
While the formula establishes a general model for noise reduction, quantifying the specific coefficients is beyond the scope of this study. This quantification will be reserved for future research that builds upon this work with more extensive data and seeks to refine the theoretical understanding of terrain acoustics.
Preliminary Research	Comment by Tom Moss Gamblin: Josh, this is supposed to come a bit later according to the template, but I see the value of keeping it this early as it informs the content of the Research design and methods section, and particularly the Measurement and 
Analysis subsection.  Is that acceptable?  If not, I guess just shuffle this down to appear after that material (and before Researcher Resources)
Previous research, published in the referenced papers [14], [15], has shown promising results in simulating the effectiveness of noise mitigation using ground forms (Figure 1). These studies demonstrated that certain ground shapes can significantly reduce noise levels in urban environments through simulations, providing a theoretical foundation for the potential of ground forming as a noise mitigation strategy. However, empirical validation is still needed to confirm these findings in real-world scenarios.
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	[bookmark: _Ref174402933]Figure 1. - The aAcoustic simulation of the noise propagation.


Preliminary experiments have shown promising results in using ground forming to reduce noise levels. Leveraging insights from previous aggregate-forming research [18], we applied computational design to generate specific geometries and employed robotic earthmoving to control sand movement and accurately shape these forms in a lab environment. Using a series of parametric designs and robotic earthmoving technologies, initial experiments indicated that certain ground shapes could significantly attenuate noise propagation (Figures 2, Figure 3, Figure 4, and Figurethrough 5). While Tthese preliminary results underscore the potential of ground forming as an effective noise reduction strategy, but they also highlight the need for empirical validation through controlled experiments. 	Comment by Tom Moss Gamblin: The prelim research has great visuals but could use a little extra detail on a) the methodology, b) the implications of the results as graphed in Fig 6.  Refs [14] and [15] look helpful here – to what extent are you 
a) tracking that methodology, 
b) focusing on digital workflow/integrating analysis with design?
 The graphs reveal variation in noise reduction across the examined ground shapes, with the convex shape consistently showing the highest reduction in noise intensity, as anticipated in our preliminary hypotheses (Figure 6). These results suggest that certain ground forms may indeed have a greater influence on noise attenuation, a hypothesis which will be further explored in subsequent tests and iterations.
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	[bookmark: _Ref174933495]Figure 2. – The preliminary experiment setup: (1) UR5E robot, (2) Intel RealSense Depth Camera D435 for 3D scans, (3) 10x5 10 × 5 cm flat shovel robotic end-effector, (4, 6) Interacoustics Affinity Compact system comprising a speaker for noise generation and a high-precision probe microphone for noise level measurement, and (5, 7) 120 × x60 × x15 cm plywood box covered with convoluted acoustic foam, and filled with dry sifted sand.
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	[bookmark: _Ref173800306]Figure 3. - The tToolpath for the robotic earthmoving designed using Rhino 3D. The diagrams illustrate the four toolpaths followed by the UR5E robot (left- to- right): Convex, Concave, Tri-Convex, and Random.
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	[bookmark: _Ref174933500]Figure 4. - The robotic earthmoving process displayed on the Convex toolpath.
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	[bookmark: _Ref174403020]Figure 5. - The gGround shapes documentation (left- to- right): photo, textured 3D scan, height map; the resulting ground shapes (top-down): flat surface, Convex, Concave, Tri-Convex, and Random terrain shapes.
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	[bookmark: _Ref176769452]Figure 6. - Noise level graphs for the examined ground modulations.



Research dDesign and mMethods
Feasibility
To assess the effectiveness of different ground shapes in reducing noise levels, scale model experiments in acoustics are utilized. This well-established method in engineering allows for simulating real-world scenarios on a smaller scale, providing controlled experiments and precise measurements [23].
Scale Model Experiments in Acoustics
Scale model esxperiments involve creating scaled-down versions of the actual environment and conducting tests to measure acoustic properties. This approach has been widely used to study the impact of different designs on noise propagation and attenuation, allowing researchers to evaluate the effectiveness of noise barriers, building layouts, and other mitigation strategies in a controlled setting.
In this research, scale model experiments will be conducted using a 1:500 scale to simulate urban noise conditions. At this scale, a 5 cm tall sand hill 5 cm tall generated by the robot in the scale model translates to a 2.5-meter mound in real life. Various ground shapes will be created using robotic earthmoving technology, and their effect on noise levels will be measured. 
The noise profiles will be based on available recordings of commercial jets measured at a distance from an airport [24]. The recordings will be used to produce a frequency spectrum similar to that shown in Figure 7. This approach ensures that the scaled acoustic environment closely mimics real-world conditions, providing reliable data for analysis. In case jet recordings are unavailable, white noise will be filtered using equalizer software to achieve similar profiles. 
	[image: ]

	[bookmark: _Ref174935439]Figure 7. - The frequency spectrum of several commercial jets [24].


Experimental SetupPhases
The experimental part of the study will be broken down into several phases:
1. Design Phase: Creating prototype ground shapes optimized for noise reduction based on parametric design principles and preliminary research.
2. Robotic Setup: Developing a robotic setup to shape the ground according to the designed prototypes.
3. Noise Simulation: Simulating urban noise conditions using a sound generation and measurement system.
4. Measurement and Analysis: Measuring noise levels and evaluating the effectiveness of each design ground shaping pattern using precision microphones.
Data collected from the scale model experiments will be used to (1) validate the noise reduction capabilities of the examined ground formations, (2) refine the theoretical models of ground shaping's impact on noise reduction, and (3) enhance the algorithms controlling the robotic earthmoving processes. By analyzing how different ground forms influence noise reduction, we can deepen the understanding of the underlying principles and improve the accuracy of the predictive models. This iterative process will ensure that the findings are robust and grounded in empirical evidence, contributing to the advancement of basic scientific knowledge in environmental acoustics and robotic construction.
Measurement and Analysis
4Measurements will be carried out using a high-precision microphones placed at strategic points to capture the noise levels before and after the implementation of ground shaping. sound distribution before and after the implementation of ground shaping. The setup will involve moving the microphone to various points in a predefined grid across the terrain model, enabling comprehensive and uniform measurement of noise levels, and allowing for an accurate assessment of spatial variations in noise intensity.
The data collected will be analyzed to determine the effectiveness of different ground shapes in attenuating noise. The analysis will involve both a visual interpretation of the noise level graphs to identify trends and patterns, and detailed numerical comparisons with the proposed noise reduction model. This dual approach will assess whether the observed outcomes align with the model’s predictions and highlight any discrepancies that may suggest areas for refinement. The analysis will further evaluate the individual impacts of key variables (ground type, height, pattern) as well as their interactions within the model, providing insights into how these factors contribute to overall noise reduction. A Testtest-retest method will be employedused to ensure the reliability and validity of the results.

Researcher Resources: Facilities and Equipment	Comment by Tom Moss Gamblin: This originally came after the Expected Results and Pitfalls section, but I moved it up to follow the template
The research will be conducted in two specialized labs, each equipped to thoroughly investigate the core aspects of the proposed study:
1. Architectural Robotics and Construction Automation Lab (ARCA Lab, Dr. Tom Shaked):
· Equipment: UR5E Robot, Rhino 3D+Grasshopper software, RealSense Stereo Camera, custom leveling and shaping tools.
· Usage: Designing and executing robotic earthmoving tasks, creating prototype ground shapes, and capturing 3D scans of the modulated ground.
2. Acoustics and Noise Research Lab (ANRL Lab, Dr. Nir Fink):
· Equipment: Interacoustics Affinity Compact system for generating sound and measuring sound pressure level (SPL) with a high-precision probe microphone for noise measurement at desired locations (frequency range 100-–16,000 Hz), and an SP100 free-field loudspeaker for presenting generated noise (frequency range 70-–20,000 Hz). The generated noise, presented at 70 dB SPL, was is a warble sweep-tone with a modulating frequency from 100 to 16,000 Hz over a 5-second period.
· Usage: Simulating urban noise conditions, measuring noise levels, and analyzing the effectiveness of different ground shapes.
Below is a The following table presentsing the research equipment used for this project:
	Equipment
	Lab
	Purpose

	UR5E Robot
	ARCA Lab
	Executing robotic earthmoving tasks

	Rhino 3D+GH software
	ARCA Lab
	Designing prototype ground shapes

	RealSense Stereo Camera
	ARCA Lab
	Capturing 3D scans of modulated ground

	Robotic leveling and shaping tools
	ARCA Lab
	Creating precise ground shapes

	Interacoustics Affinity Compact
	ANRL Lab
	Generating, measuring, and analyzing noise signals

	SP100 free-field loudspeaker 
	ANRL Lab
	Presenting noise patterns

	High-precision microphones
	ANRL Lab
	Measuring noise levels



Expected Results and Potential Pitfalls 
The experimental validation is anticipated to confirm the effectiveness of ground forming in reducing urban noise levels and identify the most effective ground shapes supporting noise mitigation. Potential pitfalls include the variability in environmental conditions and the complexity of accurately simulating urban noise dynamics. These challenges will be addressed through rigorous experimental controls and robust data analysis methods.
Potential pPitfalls
Frequency Limitations: In the preliminary experiment, the plywood box used was 100 cm long, reducing the effective distance between the noise source (loudspeaker) and the microphone to 85 cm. Given that the speed of sound in air is approximately 343 m/s at room temperature, a sound wave with a frequency of 403 Hz will have a wavelength that matches this distance. This means that fundamental frequencies of sound below 403 Hz in a wide-band propagating sound wave will not complete one full wavelength within the distance between the speaker and microphone, complicating the attribution of any resulting measurements to the ground-shaping. Higher fundamental frequencies (above 400 Hz) will complete several cycles (complete wavelengths), such as 10 cycles for a 4,000 Hz frequency component. To mitigate this issue, the setup can be adjusted to use a longer box, increasing the distance between the noise source and the microphone to ~170 cm, which will allow us to analyze propagating sound waves with frequencies as low as 200 Hz.
Microphone Constraints: The microphone used for measuring sound in the scaled experiment can measure frequencies in the range of 100-–16,000 Hz.  We acknowledge that urban noise consists of frequencies lower than 100 Hz and higher than 16,000 Hz. Although these frequencies will not be included in the scaled model measurements, we will measure them in the large-scale measurements with a dedicated Sound-Level-Meter covering the a 20-–20,000 Hz range.
Large-Scale Measurement: As the noise frequency bandwidth of commercial jets may include frequencies as low as 16 Hz (see Figure 7), a scaled model is limited in demonstrating the benefits of ground-shaping across the full frequency range. To overcome this limitation, increasing the experimental setup scale from 1:500 to 1:100 by utilizing a larger robot, such as the lab’s KUKA KR60 with a 2100 mm reach, can help mitigate some of these challenges. By increasing the size of the experimental setup, the distance between the noise source and the microphone can be extended, allowing for the analysis of lower-frequency sound waves and more accurately reflecting real-world conditions. However, it is important to acknowledge that even with these improvements, the scaled experiments represent a simplified model of reality, and full-scale experiments would be necessary for comprehensive validation of the findings.
Ground Form Variation: While there is a chance that the three ground forms (Convex, Concave, Tri-Convex) will show a similar noise reduction effect due to the similar horizontal distances between the longitudinal hills produced by the robot, a mitigation approach will involve testing additional ground shapes with varying geometries, including changes in height, spacing between the forms, and overall ground contour and pattern.

Research Plan	Comment by Tom Moss Gamblin: Josh: would this section need to be snipped out into a separate document?
The research project will span three years, with each year covering a full 12twelve-month period. The project is divided into key phases to ensure systematic investigation and incremental quantifiable progress.
Year 1: Literature Review, Hypothesis Formulation, and Design Phase
· Literature Review and Hypothesis Formulation (Months 1-–3): The project begins with a comprehensive review of existing literature on urban noise pollution, noise mitigation methods, and robotic earthmoving technologies. This will establish a theoretical foundation and refine the research hypothesis, focusing on the potential of specific ground shapes, formed through robotic technologies, to significantly reduce urban noise levels.
· Design Phase (Months 4-–6): Prototype ground shapes will be designed using parametric design principles, informed by the literature review and prior research.
· Robotic Setup Development and Initial Testing (Months 7-–12): The robotic setup, including programming and calibration of the UR5E robot, will be developed. Initial testing will ensure precise execution of earthmoving tasks, preparing for scale model experiments.
Year 2: Noise Simulation and Scale Model Experiments
· Noise Simulation Setup (Months 1-–3): The noise simulation environment will be established in the Acoustic Analysis Lab, replicating urban noise conditions to provide a controlled testing environment for the ground shapes.
· Scale Model Experiments - – Phase 1 (Months 4-–9): The first phase of experiments will be conducted using a 1:500 scale model to replicate real-world scenarios. Various ground shapes will be tested, with noise attenuation measurements recorded using high-precision microphones.
· Data Analysis - – Phase 1 (Months 10-–12): Data from the first phase will be analyzed to assess the effectiveness of the ground shapes. This will guide any necessary design or methodology adjustments for Phase 2.
Year 3: Continued Experiments, Data Collection, Analysis, and Dissemination
· Scale Model Experiments and Data Collection - – Phase 2 (Months 1-–6): The second phase will continue testing additional or refined ground shapes, expanding the dataset to cover different variables and conditions.
· Final Data Analysis and Interpretation (Months 7-–9): Data from both experiment phases will be analyzed using advanced statistical methods to identify the most effective ground shapes and understand the underlying noise reduction mechanisms.
· Final Report and Dissemination (Months 10-–12): The project will conclude with the compilation of findings into a comprehensive report, disseminated through peer-reviewed publications, conference presentations, and workshops targeting urban planners, architects, and policymakers.
Below is a Gantt chart representing the research plan and timeline:
	
	Duration (Months)

	Task/Duration (Months)
	Year 1
	Year 2
	Year 3

	Literature Rreview and Hhypothesis Fformulation
	1-–3
	
	

	Design Pphase
	4–-6
	
	

	Robotic Ssetup Ddevelopment and Iinitial Ttesting
	7-–12
	
	

	Noise Ssimulation Ssetup
	
	1-–3
	

	Scale Mmodel Eexperiments (Phase 1)
	
	4-–9
	

	Data Aanalysis (Phase 1)
	
	10-–12
	

	Scale Mmodel Eexperiments and Ddata Ccollection (Phase 2)
	
	
	1-–6

	Final Ddata Aanalysis and Iinterpretation
	
	
	7-–9

	Final Rreport and Ddissemination
	
	
	10–-12


Following this detailed plan, the project aims to assess the effectiveness of ground forming in reducing urban noise levels using a scaled version of a realityreal-world scenario. By leveraging advanced robotic technologies and rigorous experimental methods, this study will provide valuable insights and contribute to a greater knowledge of the fundamental aspects of urban noise mitigation through ground forming. The findings are expected to deepen our understanding of how terrain shaping influences noise propagation and offer valuable insights for architects, urban planners, and landscape designers. Ultimately, this research will advance our understanding of environmental noise mitigation strategies and the underlying principles governing their effectiveness.

Dissemination of Results 
The results of this research will be disseminated through peer-reviewed journal articles, conference presentations, and workshops aimed at urban planners and architects. Additionally, a summary of the findings will be shared with relevant policymakers to inform urban noise mitigation strategies. While this study will deepen our understanding of noise mitigation through terrain shaping, the use of scale models and robotic technologies has the potential to extend beyond noise reduction, offering new methodologies for studying other environmental phenomena that were previously challenging to investigate due to their scale.
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