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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.

A simulated experimental platform was constructed using heterogeneous node agents communicating through 

constrained low-bandwidth channels. Results indicate that adaptive mesh restructuring improves spatial coverage by approxi

mately 17% while reducing synchronization overhead under high-noise conditions. The thesis further introduces a lightweight 

encoding strategy for maintaining coherence during partial node failures.

The document intentionally contains diverse structures including equations, code blocks, tables, diagrams, quotations, 

and references in order to stress-test advanced typesetting workflows in Typst.

1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 

routing

High 

coordination 

overhead

Physhan 2022 Adaptive 

clustering

Unstable under 

noise

Neruthes 2024 Probabilistic 

mesh repair

Energy 

intensive

Current Thesis 2026 Morphological 

adaptation

Simulation-only 

validation
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
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The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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encoding strategy for maintaining coherence during partial node failures.
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 

routing

High 

coordination 

overhead

Physhan 2022 Adaptive 

clustering

Unstable under 

noise

Neruthes 2024 Probabilistic 

mesh repair

Energy 

intensive

Current Thesis 2026 Morphological 

adaptation

Simulation-only 

validation
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 

routing

High 

coordination 

overhead

Physhan 2022 Adaptive 

clustering

Unstable under 

noise

Neruthes 2024 Probabilistic 

mesh repair

Energy 

intensive

Current Thesis 2026 Morphological 

adaptation

Simulation-only 
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation
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High 

coordination 
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noise
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 

routing

High 

coordination 

overhead

Physhan 2022 Adaptive 

clustering

Unstable under 

noise
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.

A simulated experimental platform was constructed using heterogeneous node agents communicating through 

constrained low-bandwidth channels. Results indicate that adaptive mesh restructuring improves spatial coverage by approxi

mately 17% while reducing synchronization overhead under high-noise conditions. The thesis further introduces a lightweight 

encoding strategy for maintaining coherence during partial node failures.
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 

routing

High 

coordination 

overhead

Physhan 2022 Adaptive 

clustering

Unstable under 

noise

Neruthes 2024 Probabilistic 

mesh repair

Energy 

intensive

Current Thesis 2026 Morphological 

adaptation

Simulation-only 

validation
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.

A simulated experimental platform was constructed using heterogeneous node agents communicating through 

constrained low-bandwidth channels. Results indicate that adaptive mesh restructuring improves spatial coverage by approxi

mately 17% while reducing synchronization overhead under high-noise conditions. The thesis further introduces a lightweight 

encoding strategy for maintaining coherence during partial node failures.
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation

Nguyen et al. 2021 Hierarchical 
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High 
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Energy 
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.

A simulated experimental platform was constructed using heterogeneous node agents communicating through 
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:

Author Year Approach Limitation
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High 
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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Abstract

The increasing deployment of autonomous sensing systems in urban and industrial environments has motivated renewed 

interest in distributed morphological computation. This thesis investigates how local geometric adaptation in sensor arrays 

may improve resilience, energy efficiency, and environmental observability. While most prior architectures rely on centralized 

coordination, the present work evaluates decentralized control laws inspired by swarm intelligence and adaptive topology 

optimization.

A simulated experimental platform was constructed using heterogeneous node agents communicating through 

constrained low-bandwidth channels. Results indicate that adaptive mesh restructuring improves spatial coverage by approxi

mately 17% while reducing synchronization overhead under high-noise conditions. The thesis further introduces a lightweight 

encoding strategy for maintaining coherence during partial node failures.
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1    Introduction

Autonomous sensor systems are increasingly embedded into 

transportation networks, marine observatories, industrial 

control systems, and ecological monitoring infrastructure. 

Traditional deployments often assume static geometries and 

deterministic communication pathways. However, environ

ments characterized by turbulence, interference, or partial 

node degradation require more adaptive approaches.

Morphological computation refers to the delegation of 

computational complexity into the physical or topological 

structure of a system. In distributed arrays, topology itself be

comes a computational substrate. Local interactions between 

nodes may generate emergent global behavior without cen

tralized orchestration.

The following relation is frequently used to model com

munication decay:

𝑆(𝑑) = 𝑆0𝑒−𝛼𝑑

where 𝑆(𝑑) represents signal strength over distance 𝑑, and 𝛼 

is the attenuation coefficient.

1.1    Contributions

The thesis provides three primary contributions:

• A distributed adaptation model for geometric restructuring.

• A lightweight synchronization mechanism for unstable 

links.

• A simulation framework supporting heterogeneous sens

ing nodes.

1.2    Structure of the Thesis

The remainder of this document is organized as follows:

1. Chapter 2 reviews theoretical foundations.

2. Chapter 3 introduces the system architecture.

3. Chapter 4 presents simulation methodology.

4. Chapter 5 discusses evaluation results.

5. Chapter 6 concludes with future directions.

2    Background

Distributed systems research has historically focused on con

sistency, fault tolerance, and scheduling efficiency. Sensor-

network research introduced additional concerns related to 

power constraints and environmental uncertainty.

2.1    Related Work

Previous researchers explored several approaches:
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2.2    Mathematical Model

Node interaction is represented as a weighted graph:

𝐺 = (𝑉 ,𝐸,𝑊)
where:

• 𝑉  denotes the node set,

• 𝐸 represents communication edges,

• 𝑊  defines edge weights.

Energy consumption per cycle is approximated by:

𝐸𝑡 = ∑
𝑛

𝑖=1
(𝑐𝑖 + 𝑡2𝑖 )

The network objective function minimizes:

𝐽 = 𝜆1𝐶 + 𝜆2𝐿 + 𝜆3𝑃
with:

• 𝐶 = communication cost,

• 𝐿 = latency,

• 𝑃  = power usage.

3    System Architecture

The proposed architecture consists of autonomous sensing 

nodes organized into semi-flexible communication clusters.

3.1    High-Level Diagram

Node A

Relay B

Node C

Gateway D

The mesh topology enables rerouting during intermittent 

communication failure. Adaptive reconnection is triggered 

whenever local confidence scores fall below threshold values.

3.2    Internal Node Pipeline

Each node executes four primary stages:

Stage Description

Acquisition Environmental data collection from local 

sensors

Normalization Signal conditioning and noise reduction

Consensus Exchange of state vectors with 

neighboring nodes

Adaptation Topology restructuring and route 

recalculation

4    Implementation

The implementation prototype was written in a hybrid 

environment combining Rust-based simulation kernels with 

Python orchestration scripts.

4.1    Example Rust Module

pub struct SensorNode {

    pub id: usize,

    pub energy: f64,

    pub neighbors: Vec<usize>,

}

impl SensorNode {

    pub fn update(&mut self, dt: f64) {

        let drain = 0.015 * dt;

        self.energy = (self.energy - 

drain).max(0.0);

    }

    pub fn active(&self) -> bool {

        self.energy > 0.1

    }

}
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