Yang & Chien | Automated Coastal Spatial Informatics Pipeline — Supplementary Information
Supplementary Information for
An Automated Geospatial Informatics Pipeline for Multi-Scale Coastal Fractal Quantification Using Web Mapping APIs and MATLAB
Ciann-Dong Yang* and Horng-Hann Chien
Department of Aeronautics and Astronautics, National Cheng Kung University, Tainan, Taiwan
Correspondence to: *cdyang@mail.ncku.edu.tw
__________________________________________________________________
Document Overview & Outline
This Supplementary Information document provides the full technical methods, empirical datasets,  mathematical formulations, and MATLAB implementation pipeline, supporting the main manuscript. The analytical procedures are designed to establish a robust, computationally efficient geospatial informatics pipeline for multi-scale coastal spatial analysis. By integrating commercial web mapping APIs with automated MATLAB image processing, this framework provides a highly reproducible, low-computation exploratory tool for coastal spatial analysis.
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S1. Detailed Spatial Informatics Methodology (Steps 1–4)
The systematic characterization of terrestrial-aquatic interfaces is traditionally impeded by the "coastline paradox" first documented by Richardson and formalized by Mandelbrot. While traditional methods rely on scaling sampling grids over static, resolution-limited raster files, our geospatial informatics pipeline reverses the measurement dynamic. We maintain a constant physical-scale measuring grid on the display system—calibrated via a dimensionless coordinate-ratio parameter (), while programmatically scaling the target vector geography across continuous cartographic zoom levels via mapping APIs. This dynamic framework successfully mitigates scale-dependent resolution degradation and operator bias across an unprecedented spatial spectrum (schematically illustrated in Supplementary Fig. S1).
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	Supplementary Fig. S1 | Comprehensive Spatial Informatics Pipeline. This schematic outlines the automated four-step computational framework developed to calculate the box-counting fractal dimension  of global coastlines. Pristine spatial maps are programmatically retrieved via the Google Maps API, followed by a sequence of digital image processing in MATLAB (grayscale normalization, CCL noise filtration, Canny edge detection). Rather than programmatically scaling the grid on a static image, the algorithm keeps the measurement grid constant while dynamically scaling the vector coastline, extracting Db as the slope of a least-squares double-logarithmic regression line.



S1.1 Step 1: Automated Web-API Digital Map Acquisition and Firefox Rendering Protocol
To compile pristine, high-resolution geographic tiles, we utilize the Google Maps JavaScript API's native vector rendering engine. Because vector graphics are mathematically formulated rather than stored as static pixel arrays, the map canvas preserves absolute geometric details upon progressive scaling. We strip non-geomorphic features—including administrative lines, points of interest, transportation networks, and text labels—by deploying custom JSON style declarations to maximize the radiometric contrast between land (rendered as solid white) and water (rendered as solid black).
The automated stitching of high-resolution tiles is executed via MapCapt to compile a unified, ultra-high-resolution canvas of up to 10,000 x 10,000 pixels (100 million pixels). Crucially, empirical calibration dictates that map acquisition must be executed exclusively within a Mozilla Firefox (Gecko rendering engine) browser environment. WebKit-based rendering engines (e.g., Google Chrome and Apple Safari) introduce latent, single-pixel tile-boundary coordinate grid lines during high-resolution canvas stitching. These rendering lines subsequently trigger catastrophic false positives (spurious edges) during automated boundary edge detection. The Gecko engine of Firefox successfully suppresses these grid-line artifacts, ensuring pristine boundary data quality.
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	Supplementary Fig. S2 | Digital Map Acquisition and Web-API Styling Protocol. Phase A illustrates the raw map tile retrieval using custom JSON styles via the Google Maps API to eliminate human-made artifacts and maximize land-water color contrast. Phase B details the MapCapt automatic canvas stitching utility, which prevents manual tile alignment errors. Phase C highlights the mandatory execution within the Mozilla Firefox browser to suppress WebKit-induced single-pixel coordinate grid lines, ensuring artifact-free boundary extraction in subsequent steps.



S1.2 Step 2: Grayscale Normalization, CCL Noise Filtration, and Canny Edge Detection
The compiled high-resolution RGB map canvases are imported into MATLAB for automated edge extraction. The image processing sequence consists of the following phases:
Grayscale Conversion and Contrast Optimization: First, the multi-channel RGB image is converted to a single-channel grayscale image. We apply global histogram equalization (via MATLAB's 'adapthisteq' function) to stretch intensity values across the full grayscale spectrum, resolving localized illumination disparities and enhancing the separability of the terrestrial-aquatic interface.
Binary Segmentation: An automated thresholding algorithm partitions the continuous intensity values into a strict binary matrix, where land pixels are assigned a value of 1 (white) and marine background pixels are assigned 0 (black), creating a binary geomorphological mask of the target landmass.
Noise Filtration via Connected-Component Labeling (CCL): To guarantee that fractal measurements are conducted strictly on the continuous mainland coastline, we implement an 8-connectivity neighborhood labeling scheme to scan and label all isolated pixel clusters. Non-target elements (e.g., inland lakes, disconnected water bodies, minor offshore islets, and minor raster noise) are evaluated based on area. Any isolated component that constitutes less than 10% of the primary mainland's total pixel area is programmatically classified as noise and deleted from the binary mask, preventing synthetic inflation of the box counts.
Precise Edge Delineation: The precise coastline boundary is extracted using a multi-stage Canny edge-detection operator. The Canny operator executes sequential Gaussian smoothing, gradient search, non-maximum suppression, and hysteresis thresholding to produce a topologically continuous, closed, and single-pixel-wide shoreline contour.
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	Supplementary Fig. S3 | MATLAB Automated Image Processing Workflow. Schematic flow of the digital image processing sequence in MATLAB. Raw RGB tiles are transformed to grayscale, contrast-enhanced via histogram equalization, and binarized. The binary mask is processed through 8-connectivity connected-component labeling (CCL) to filter out disconnected noise under a 10% area threshold. The final boundary is delineated using a high-precision Canny edge operator, outputting a continuous, single-pixel-wide coastline boundary.



S1.3 Step 3: Dynamic Grid-Scaling Algorithm and Latitudinal Distortion Compensation
To implement the multi-scale fractal analysis without the resolution boundaries of static raster graphics, the MATLAB processing engine executes a dynamic coordinate-scaling loop. Rather than programmatically resizing grid overlays over a static image, the algorithm maintains an absolute constant physical-scale measuring grid on the display system while programmatically scaling the underlying scale-independent vector map geometry. 
The spatial resolution  (meters per screen pixel) at a specific geodetic latitude  and zoom level  is calibrated in the coordinate workspace using the Mercator projection scaling law:
	
	(S1)


where  m/pixel represents the equatorial resolution baseline at zoom level 0. To relate the physical dimensions of the superimposed measuring grid to actual geographic distances on the Earth's surface, the equivalent physical ground-truth scale  (meters) is dynamically calibrated as: 
	
	(S2)


In this formulation, the parameter  (pixels/cell) serves as a dimensionless coordinate-ratio mapping the physical grid geometry into the raster processing workspace. The superimposed physical grid is calibrated to maintain an absolute constant spatial density of  cells/cm on the physical display monitor. This density establishes a macroscopic, human-resolvable physical grid box side length of  mm, which is free from physical display rendering limitations or optical diffraction constraints.
Given the physical pixel pitch of the calibrated LCD monitor ( mm/pixel), the dimensionless coordinate-ratio  is mathematically derived as the ratio of these two macroscopic physical dimensions:
	
	(S3)


Algorithmic Mapping and Sub-Pixel Vector Resolution. Within the computational workspace, the extracted continuous boundary coordinates are represented as high-precision floating-point vector coordinates . To determine the grid cell occupancy without discretization error, the MATLAB algorithm maps these continuous coordinates into discrete grid cell indices  using the ceiling function:

	
	(S4)


Because the web-mapping API renders coastline boundaries with sub-pixel floating-point vector precision rather than discrete integer raster constraints, the fractional scaling value of  does not trigger coordinate overlap or grid-counting degeneracy. Adjacent coordinates are successfully resolved into distinct, non-overlapping grid indices in the floating-point workspace, preserving the geometric fidelity of the boundary contour.
Computational Safeguard: The "Sub-Pixel Security Guard" Protocol. To ensure mathematical and statistical rigor across all zoom levels, the computational pipeline integrates an automated "Sub-Pixel Security Guard" routine within the regression engine. This protocol continuously evaluates the relationship between the equivalent physical scale  and the minimum resolvable vector limit of the rendering canvas.
At extremely high zoom levels, if the equivalent physical scale  approaches or falls below the equivalent physical limit of a single raster pixel, the protocol flags the scaling region. This automated quality control step ensures that the ordinary least-squares (OLS) regression for slope estimation is restricted exclusively to valid, power-law scaling windows where the geometric boundary remains physically resolvable, preventing artificial leveling of the scaling curves and guaranteeing the integrity of the computed fractal dimension .
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	Supplementary Fig. S4 | MATLAB Dynamic Grid-Counting Loop and Scale Calibration. Illustration of the dynamic grid-counting loop. The physical grid size  is kept absolutely constant (established at  mm and calibrated via the dimensionless coordinate-ratio ), while the MATLAB algorithm loops through sequential zoom levels (Zoom 6 to 17) of the map. At each level, the equivalent physical scale ε is dynamically calibrated using the latitudinal projection factor (Eq. (S2)), mapping occupied grid cells N(ε) with high physical accuracy across different coordinates. 



S1.4 Step 4: Least-Squares Logarithmic Regression, Spatial Windowing, and Uncertainty Diagnostics
The compiled multi-scale dataset—consisting of physical scales  and corresponding occupied grid counts —is imported into a statistical regression module in MATLAB. The dependent and independent variables are transformed into double-logarithmic space:
	
	(S5)


A linear least-squares model is executed to compute the line of best fit, where the optimized slope m directly yields the empirical box-counting fractal dimension , and  represents the scaling constant. To ensure geomorphological rigor and technical validation, the regression pipeline supports targeted spatial scale filtering by customizing the fitting windows:
Baseline Validation Window (Full-Spectrum): For baseline validation analyses (Taiwan, Great Britain, and Norway), the regression is executed across the entire acquired spatial spectrum (Zoom 2 to 17) to capture full, uninhibited multi-scale geomorphic dynamics.
Macro-Scale Tectonic Window: For plate-tectonic taxonomy and continental conjugate margin comparisons, the fitting window is strictly restricted to Zoom levels 2 to 7 (corresponding to physical scales ϵ > 0.8 km). This high-pass spatial filter suppresses contemporary localized wave-induced erosion and anthropogenic modifications, isolating the low-frequency, deep-seated structural signatures deeply embedded in the continental crust.
Furthermore, to ensure statistical quality control, the MATLAB pipeline automatically calculates the Coefficient of Determination (), the Standard Error of the Estimate, and performs a residual variance analysis. Residual plots are inspected for systematic, non-linear deviations, which serve as crucial indicators of scale-dependent geomorphological transitions (such as the fjord-to-fjard structural shifts; the regression slope extraction for representative endmembers is illustrated in Supplementary Fig. S5).
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	Supplementary Fig. S5 | Least-Squares Logarithmic Regression and Slope Extraction. Demonstration of the double-logarithmic regression pipeline. Occupied grid cell counts  are mapped against inverse physical scales  in log-log space. The slope of the resulting least-squares linear regression line mathematically defines the box-counting fractal dimension Db. The plot contrasts the steep slope of Norway's rugged coastline () with the shallow slope of Taiwan's smooth margins ().



S2. Multi-Scale Spatial Informatics of Taiwan’s Coastline: Anthropogenic Ruggedness Inflation
Taiwan's coastline serves as a critical low-complexity, highly artificialized endmember within our global spatial database. We deployed the automated geospatial pipeline across twelve discrete spatial resolutions spanning from Zoom 6 (macro-scale, ~72.72 km/cm) down to Zoom 17 (micro-scale, ~35.5 m/cm), processing 4,974,657 occupied grid boxes at the highest zoom level.
S2.1 Grid Parameter g Calibration and Mathematical Derivation
Within the dynamic multi-scale geomorphological database, the spatial parameter calibration for Taiwan’s coastline demonstrates the quantitative alignment between physical display measurements and actual terrestrial coordinates. Under this framework, the physical measuring grid superimposed on the display system maintains an absolute constant spatial density of  cells/cm. This constant density establishes a macroscopic, human-resolvable grid box side length of:

This macroscopic physical size ensures that the observational grid is entirely free from rendering limitations or optical resolution boundaries of the display screen. The parameter  (pixels/cell) acts as a dimensionless coordinate ratio, mathematically mapping this physical grid geometry into the discrete raster-processing workspace in MATLAB. Specifically,  represents the ratio between the macroscopic physical grid box side length  and the physical pixel pitch  of the calibrated LCD monitor ( mm/pixel). This relationship is mathematically given as Eq. (S3). 
Because  is a dimensionless scaling parameter representing coordinate conversions rather than a physical screen pixel size, its sub-unity value does not introduce sub-pixel rendering degradation. On the contrary, since the web-mapping API renders the coastal boundaries with continuous, floating-point vector precision, mapping the coordinates in the MATLAB workspace using the fractional value of  preserves high-fidelity boundary geometries.
By applying this calibrated coordinate-ratio  to Eq. (S2) at the mean geodetic latitude of  (Taiwan) and an exemplary macro-scale zoom level of , the equivalent physical grid box size  on the Earth's surface is dynamically calibrated as:


This calibrated scale matches the physical cartographic display scale of the system. Given the physical grid density of $ cells/cm, the equivalent cartographic scale is evaluated as:

which corresponds with Supplementary Fig. S6 at . 
S2.2 Scaling Consistent Bulk Analysis
The double-logarithmic regression over the full scale spectrum (Zoom 6 to 17) demonstrates highly stable power-law scaling behavior (), yielding an overall bulk fractal dimension  of 1.0958. Compared to Great Britain () and Norway (), Taiwan exhibits the lowest overall geometric complexity within our validation suite. This low bulk dimension is geomorphologically dictated by the dominance of relatively smooth coastal margins, particularly along the western alluvial plains and extensive sandy shorelines.
S2.3 Scale-Dependent Transitions: Sandy Plains vs. Artificial Coastal Protection
While the bulk regression provides a single integrated index, localized scaling window analysis reveals a pronounced, non-linear transition in complexity as spatial resolution increases. The calculated fractal dimension exhibits a clear biphasic trend:
Intermediate-Scale Monotonicity: At intermediate spatial scales (Zoom 6 to 9), the coastline exhibits a structurally suppressed fractal dimension of 1.0227, reflecting the highly linear and smooth geometry of Taiwan's natural western alluvial plains and deltaic systems.
Micro-Scale Resurgent Complexity: Upon progressive magnification toward micro-scales (Zoom 14 to 17), the calculated fractal dimension escalates sharply to 1.1713, closely approaching the bulk complexity of Great Britain's natural coastline. This resurgent complexity is geomorphologically unique and is primarily driven by extensive anthropogenic coastal armoring. In contrast to Great Britain’s predominantly natural coastline, 56.29% of Taiwan's shoreline is occupied by artificial structures, including concrete tetrapods, seawalls, breakwaters, and port infrastructure. Under high-resolution rendering, these human-made, blocky, and highly fragmented structures introduce high-frequency geometric noise and localized ruggedness, demonstrating how localized human modifications can dominate the spatial scaling signal of modern coastlines (the full spatial spectrum and biphasic transition are plotted in Supplementary Fig. S6).
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	Supplementary Fig. S6 | Multi-Scale Fractal Analysis of Taiwan's Coastline. Quantitative evaluation of Taiwan's coastal complexity across Zoom levels 6 to 17. The bulk regression yields a fractal dimension  of 1.0958 with high linearity (). However, the localized spatial spectrum reveals a distinct biphasic transition: natural western alluvial plains dominate intermediate scales (), whereas micro-scales (Zoom 14–17) exhibit a sharp escalation to , synthetically inflated by concrete tetrapods and seawalls covering 56.29% of the shoreline.



S3. Multi-Scale Geomorphic Analysis of Norway: Glacial Valley Constraints and Biphasic Transitions
The glaciated coastline of Norway serves as the extreme high-complexity endmember within our global spatial database. We deployed our scale-independent, vector-based box-counting framework across eight discrete logarithmic resolutions ranging from Zoom 4 to Zoom 11.
S3.1 Linear Regression and Bulk Coastal Ruggedness
The digital preprocessing pipeline successfully isolates the contiguous Norwegian mainland and fjord channels, generating a binary boundary matrix. Across the full scale spectrum (Zoom 4 to 11), the cumulative grid occupancy  expands exponentially from 1,753 boxes at the macro-level to approximately 1.89 million boxes at the micro-level. Least-squares regression yields a highly robust linear trend line governed by the empirical scaling equation:
	 
	(S9)


The slope of this linearized dataset establishes an overall bulk fractal dimension  of 1.4395. This exceptionally high dimension quantitatively verifies the extreme ruggedness and geometric fragmentation of the Norwegian coastline. It substantially exceeds both the global baseline average of 1.416 and the regional European benchmark of Great Britain (), providing a mathematically rigorous indexing of Norway's deeply incised glacio-geomorphology.
S3.2 Scale-Dependent Fjord Anomaly and Fjard Rebound
Rather than exhibiting strict, mono-fractal scaling, the Norwegian coastline undergoes a distinctive, scale-dependent geomorphological transition that resolves a localized "fjord anomaly" governed by physical and lithological boundary limits:
Meso-Scale Peak Complexity (Zoom 4 to 7): Within finer spatial scale intervals, corresponding to physical grid edge lengths ϵ between 4 km and 500 m, the calculated fractal complexity surges to a localized peak of . This result displays high empirical consistency with physicist Jens Feder's classic calculations of  utilizing spatial intervals between 80 km and 600 m, confirming that the peak of Norway's structural irregularity is heavily concentrated within this geomorphological bandwidth.
Intermediate-Scale Depreciation (Zoom 6 to 9): As the measurement scale drops below the 500 m threshold (Zoom 6 to 9), the calculated fractal dimension experiences a transient structural depreciation. This geometric simplification is physically restricted by the U-shaped morphometry of glacial valleys. Glaciers typically maintain a characteristic depth-to-width ratio of approximately 0.45. This morphometric ratio, derived from the progressive lateral erosion of ice streams, establishes a minimum fundamental basal width on fjord formations, causing the calculated fractal dimension to decrease when the measurement unit falls below this physical threshold.
Micro-Scale Resurgence (Zoom 8 to 11): Upon transitioning to high magnification levels, the calculated Db resumes an increasing trend. This micro-scale structural rebound is geomorphologically driven by the emergence of "fjards"—the glaciated lowlands situated at the seaward outlets of fjord networks. Unlike the deeply incised, U-shaped glacial valleys that dominate meso-scales, these seaward fjards feature highly irregular, shallow, and chaotic geomorphic profiles. As the upstream fjord networks become generalized under high magnification, these intricate lowland structures dominate the system's geometric signal, resulting in a resurgent fractal dimension (this biphasic 'fjord-to-fjard' transition is illustrated in Supplementary Fig. S7).
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	Supplementary Fig. S7 | Norway's Scale-Dependent 'Fjord-to-Fjard' Geomorphological Transition. Multi-scale fractal analysis of the Norwegian coastline across Zoom levels 4 to 11. Least-squares regression yields an overall bulk dimension of  from Eq. (S9). The localized spatial spectrum captures a biphasic transition: meso-scales peak at  due to deeply incised glacial fjords, while a transient depreciation occurs below 500 m due to the 0.45 depth-to-width ratio of glacial valleys. Micro-scales (Zoom 8–11) exhibit a structural resurgence driven by the irregular geometries of seaward 'fjards'.



S4. Multi-Scale Geomorphic Analysis of Great Britain: Reference Natural Baseline
To establish a rigorous comparative baseline against highly complex glaciated terrains (Norway) and highly artificialized island systems (Taiwan), we present a systematic multi-scale fractal quantification of Great Britain’s coastline. As the historical foundation of the "coastline paradox" originally explored by Richardson and formalized by Mandelbrot, the British archipelago serves as the classic benchmark for testing scale-independent spatial methodologies.
S4.1 Historical Baseline and Scaling Consistency
By applying our vector-based box-counting framework across ten discrete logarithmic resolutions spanning from Zoom 3 to Zoom 12, we eliminate the subjective operator bias inherent in manual "yardstick" measurements. The computational pipeline processes the contiguous British landmass, with occupied grid counts expanding from macro-scale initializations to a total of 1,077,727 occupied grid cells at the highest resolution (Zoom 12). Double-logarithmic transformation and linear least-squares regression yield an exceptionally robust scaling consistency (>0.99) governed by the empirical equation:
	
	(S10)


The extracted slope establishes an overall bulk fractal dimension  of 1.1858. This precise quantification mathematically validates the persistent, non-Euclidean structural self-similarity of Great Britain’s coastal boundary across an extensive spatial spectrum.
S4.2 Natural Scaling Generalization vs. Synthetic Inflation
While the bulk regression provides a highly integrated scaling index, localized scaling window analysis reveals a distinct geomorphological trend that characterizes predominantly natural coastlines. At macro-scales (Zoom 3 to 6), Great Britain exhibits a localized fractal dimension of 1.2288, reflecting the highly irregular, macro-scale geological embayments, estuaries, and structural peninsulas of the western seaboard. However, upon progressive magnification toward micro-scales, the calculated fractal dimension exhibits a subtle yet systematic downward trend. This geometric simplification is characteristic of pristine, natural coastlines under continuous vector scaling, where high-resolution geomorphic features gradually become smooth and differentiable at sub-meter scales.
This natural generalization behavior stands in stark, illustrative contrast to the resurgent micro-scale complexity observed in Taiwan (where micro  escalates to 1.1713 due to 56.29% anthropogenic coastal armoring). Because Great Britain's coastline remains predominantly natural with negligible artificial modifications, its micro-scale geometric signal is free from the high-frequency synthetic inflation introduced by concrete tetrapods, seawalls, and port infrastructure. Consequently, at ultra-high resolutions, Great Britain’s natural coastline scales down to a mathematically smoother state, proving that our framework successfully isolates geological baseline complexity from anthropogenic geometric noise (see Supplementary Fig. S8 for the OLS regression and scaling trend).
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	Supplementary Fig. S8 | Fractal Dimension Analysis of Great Britain's Coastline. Multi-scale box-counting analysis of the British archipelago across Zoom levels 3 to 12. The dataset exhibits strict scaling consistency, culminating in 1,077,727 boxes at the highest resolution. The least-squares linear regression line is governed by Eq. (S10), establishing a bulk fractal dimension  of 1.1858. In contrast to Taiwan, Great Britain's natural coastline exhibits a subtle downward trend at micro-scales, demonstrating natural geometric generalization.



S5. Macro-Scale Planetary Baselines: Hemispheric Landmass Allocation and Glacio-Geomorphic Footprints
The macroscopic evaluation of global coastline complexity requires a unified statistical baseline to benchmark regional geomorphological and tectonic variations. By executing our scale-independent, vector-based computational framework across the entire terrestrial-aquatic boundary of the Earth, we establish a global baseline fractal dimension  of 1.416. This bulk dimension characterizes the non-Euclidean scaling behavior of the global coastline as a single integrated topological curve spanning a macro-to-micro spatial spectrum. To resolve macro-scale spatial disparities in geometric complexity, the global coastline dataset is programmatically partitioned along the equatorial plane  into Northern and Southern Hemispheric subsets. Linear least-squares regression analyses of the resulting multi-scale occupied grid counts map distinct power-law scaling trajectories in double-logarithmic space.
The empirical results reveal a pronounced structural divergence in coastal ruggedness between the two hemispheres. The Northern Hemisphere exhibits a substantially elevated fractal complexity of . In contrast, the Southern Hemisphere presents a significantly smoother, more linear scaling profile of . This fundamental geometric asymmetry is geomorphologically and geographically dictated by two primary macro-scale drivers:
Terrestrial Mass Allocation: The Northern Hemisphere encompasses the vast majority of the Earth's continental crust, accounting for approximately 67.3% of the global landmass, whereas the Southern Hemisphere retains only 32.7%. This highly skewed spatial distribution naturally amplifies the cumulative boundary interactions and topological degrees of freedom available for high-frequency geomorphic deformation in the north.
Geomorphological Heterogeneity (Glacial Footprints): The high-latitude regions of the Northern Hemisphere house the vast majority of the planet's deeply incised, highly fragmented glacio-geomorphological features. The extreme coastal ruggedness introduced by the extensive fjord and skerry systems of Northern Europe, Canada, and Greenland shifts the bulk hemispheric scaling law toward a higher-dimensional topological attractor. Conversely, the Southern Hemisphere’s sub-Antarctic margins exhibit far less high-latitude continental shoreline fragmentation, resulting in a structurally suppressed, lower-dimensional baseline (the hemispheric asymmetry and global baseline are compared in Supplementary Fig. S9).
The statistical stability () observed across both hemispheric regression models mathematically validates that this structural disparity is a persistent, scale-independent property of global geomorphology. By successfully isolating these hemispheric baselines, this multi-scale framework provides a rigorous geometric template for modeling planetary-scale boundary dynamics and long-term Earth surface processes.
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	Supplementary Fig. S9 | Hemispheric and Global Coastal Fractal Baselines. Comparative global fractal analysis of coastline complexities using the vector-based box-counting methodology. The total global baseline  is established at 1.416. The Northern Hemisphere () exhibits significantly greater geometric complexity than the Southern Hemisphere (), fundamentally driven by the disproportionately larger landmass allocation (67.3%) and the high density of glaciated fjord-rich coastlines in the north.



S6. Global Regional Taxonomy: Active Subduction vs. Cratonic Stability (16 subdivisions)
This section provides a systematic, partitioned scaling analysis of coastal complexity across 16 distinct geographical regions worldwide. By isolating regional boundaries across a multi-scale spatial spectrum from Zoom 0 to Zoom 7, this analysis establishes a global empirical taxonomy that maps local geomorphic expressions against the established global baseline average of . The mathematical extraction of the regional box-counting fractal dimension  is executed as the statistical slope of the linear least-squares regression line plotted on a double-logarithmic coordinate system.
Our global assessment resolves profound regional disparities in coastal structural complexity, revealing that the planetary dataset is bounded by two distinct geological endmembers:
Glacio-Geomorphic and Tectonic Amplification (High-Complexity Regimes): High-latitude North America exhibits the maximum global fractal dimension of . This extreme geometric irregularity is geomorphologically driven by the highly irregular, deeply incised, and heavily fragmented glacial fjord systems that characterize northern Canada and Greenland. At these scales, the intensive erosive legacy of continental ice sheets produces high-frequency boundary variations that systematically elevate the spatial scaling metric. Similarly elevated spatial complexities are resolved in Southeast Asia () and Northwest Europe (), where active plate margin volcanism, island arc accretion, and complex multi-scale tectonic folding continuously deform the terrestrial-aquatic interface.
Cratonic Stability and Passive Margin Smoothness (Low-Complexity Regimes): In stark contrast, the West Coast of North Africa registers the lowest coastal complexity within the global dataset (). This exceptionally smooth, linear, and low-stress geographic profile represents a structurally pristine passive margin. This minimum boundary complexity is closely mirrored by South Asia (), another stable, tectonically inactive cratonic margin that lacks active vertical orogenesis or intense wave-induced fragmentation.
The empirical results mathematically confirm a robust, first-order statistical association between regional coastal fractal dimensions and macroscopic geological drivers. High-complexity regimes () are fundamentally restricted to regions undergoing active convergent tectonics (e.g., subduction zones) or those shaped by Quaternary glacial morphodynamics. Conversely, low-complexity regimes () are systematically associated with ancient cratonic passive margins and transform boundaries that lack severe compressive stress and vertical displacement. This global regional partitioning demonstrates that coastal complexity is not a random localized phenomenon, but a quantifiable signature of planetary-scale lithospheric and climatological processes (the taxonomy of all 16 subdivisions is summarized in Supplementary Fig. S10).
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	Supplementary Fig. S10 | Regional Coastal Fractal Taxonomy Across 16 Global Subdivisions. Summary of multiscale regional scaling and fractal complexity across 16 global geographical subdivisions using Zoom levels 0 to 7. The comprehensive dataset establishes a global baseline complexity of 1.416. High-latitude North America exhibits the highest fractal complexity (), reflecting its highly irregular glaciated topography, whereas the West Coast of North Africa demonstrates the lowest complexity (), indicative of a remarkably smooth, tectonically stable passive margin.



S7. Comparative Analysis of the Americas: Plate-Kinematic Controls and the Transform Suppression Paradox
This section delivers a systematic, comparative spatial analysis of coastal fractal complexity across the Eastern and Western seaboards of the Americas. By restricting the multiscale evaluation to the macro-to-meso spatial bandwidth (Zoom 1 to Zoom 7), our framework effectively filters out localized contemporary geomorphological noise, isolating the first-order signatures of deep-seated geological forcing. The resulting spatial spectrum reveals a profound, quantifiable correlation between large-scale lithospheric processes, historical glacio-morphodynamics, and terrestrial boundary geometry.
S7.1 Glacio-Geomorphological Forcing in Southern Mid-Latitudes
The empirical spatial datasets reveal extreme geomorphological disparities in the mid-latitude regions of South America, establishing a clear link between Quaternary glacial history and modern fractal complexity:
The Patagonian Active Fjord Margin: The Mid-latitude West Coast of South America registers the highest geometric complexity within the continental transect, yielding an exceptionally elevated fractal dimension of . This pronounced irregularity is a direct geometric fingerprint of Quaternary ice sheet dynamics. Over geological epochs, massive glacial tongues acting as high-pressure flowing solids carved deeply incised, highly fragmented U-shaped valley networks into the active margin (Patagonia).
The Non-Glaciated Passive East Coast: In stark contrast, the corresponding Mid-latitude East Coast of South America—completely devoid of historical glacial overprints and fjord systems—exhibits a substantially lower dimension of . This localized transcontinental comparison quantitatively demonstrates that glacial erosion acts as a primary, high-intensity geomorphic driver capable of dramatically inflating coastal fractal complexity.
S7.2 Lithospheric Controls and Tectonic Signatures in Low-Latitude Margins
In the mid-to-low latitude regions of the Americas where glacial overprints are absent, macroscopic tectonic plate dynamics emerge as the paramount determinant of coastline irregularity. The low-latitude South American seaboards serve as a premier geomorphological proxy for active versus passive tectonic regimes:
Active Convergent Subduction Margin: The West Coast of low-latitude South America exhibits a significantly elevated fractal dimension of . This active Pacific margin is situated directly along a convergent plate boundary characterized by the continuous subduction of the denser Nazca plate beneath the South American plate. The associated compressive stress fields drive intense orogenesis, crustal deformation, rapid vertical uplift, and dense fault networks (associated with the Andean orogeny), structurally fragmenting the terrestrial boundary and amplifying geometric ruggedness.
Stable Passive Margin: Conversely, the East Coast counterpart presents a highly linear, tectonically inactive cratonic boundary yielding a much lower dimension of . Lacking active subduction zones and vertical tectonic displacement, this passive margin is governed by long-term surficial weathering and wave action, leading to a mathematically smoother boundary.
S7.3 The Transform Plate Boundary Paradox in Mid-Latitude North America
While active plate margins are generally associated with elevated fractal complexity, the mid-latitude North American region presents a contrasting, structurally suppressed tectonic scenario that reveals the nuanced geometric expressions of different plate boundary types:
Transform Boundary Complexity Suppression: The West Coast of mid-latitude North America exhibits a remarkably smooth, linear profile, registering a suppressed fractal dimension of . Although situated along a major active plate boundary, this Pacific margin is dominated by horizontal strike-slip transform tectonics (e.g., San Andreas fault system) rather than convergent subduction. Lacking the severe vertical orogenesis, compressive crustal fracturing, and extensive lithic splintering characteristic of subduction zones, horizontal faulting fails to generate high-frequency coastal ruggedness.
Passive Eastern Margin Comparison: Consequently, this active transform boundary maintains a substantially smoother geometry than the corresponding passive Atlantic coast of mid-latitude North America, which yields a higher dimension of . This paradoxical divergence confirms that active tectonic margins do not universally amplify coastal complexity; instead, the specific style of lithospheric displacement (convergent subduction vs. horizontal transform) acts as a first-order control on fractal dimension (the comparative results for Patagonian, low-latitude, and transform margins are illustrated in Supplementary Fig. S11).
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	Supplementary Fig. S11 | Comparative Fractal Analysis of Coastal Complexity Across the Americas. Comparative fractal analysis across the American continents. In the southern mid-latitudes, glaciated Patagonia registers extreme complexity () compared to the unglaciated east coast (). In low latitudes, convergent tectonics systematically amplify complexity on the west coast () versus the stable east coast (). In mid-latitude North America, the strike-slip transform boundary suppresses complexity (), making it smoother than the passive east coast ().



S8. Plate Tectonics Fingerprints and Conjugate Margin Symmetry
S8.1 Active Convergent Subduction Margin (Group 1) vs. Stable Passive Margin (Group 2)
To isolate deep-seated, crustal-scale lithospheric signatures from the high-frequency geomorphological overprints of Quaternary glacio-geomorphic processes, our database is strictly constrained to regional coastlines situated within the mid-to-low latitude band between 60°N and 60°S. This spatial filtering successfully excludes the extreme geometric noise introduced by high-latitude glacial valley carving, establishing a pristine global dataset optimized for evaluating pure tectonic controls on coastal geometry. The regional dataset bifurcates into two statistically distinct geodynamical groups:
Group 1: Active Convergent Margins (Orogenic Complexity Amplification): This group encompasses regional coastlines situated along active plate boundaries, primarily dominated by convergent subduction zones and multi-plate collisional interfaces. In these highly volatile geodynamical regimes, the continuous subduction of denser oceanic lithosphere beneath overriding continental plates drives intense, ongoing crustal deformation, localized tectonic accretion, compressional shortening, and rapid, massive orogenic uplift. These first-order geological forcing mechanisms systematically shatter, fold, and segment the continental boundary, manifesting morphologically as highly fragmented, sinuous, and rugged coastal geometries with prominently elevated fractal dimensions (). Examples include Southeast Asia (), Northeast Asia (), the Mediterranean Collision Interface (), and Oceania ().
Group 2: Structurally Suppressed and Transform Boundaries: This group consists of stable passive continental margins governed by prolonged thermal subsidence, or regions dominated by strike-slip transform plate boundaries. Lacking the compressive dynamics, severe vertical displacement, and extensive lithic fracturing characteristic of convergent margins, these coastlines undergo long-term, subaerial erosion and marine planation, tending toward highly linear, low-stress geomorphological baselines. Consequently, their fractal signatures hover close to the Euclidean baseline of 1.0. Examples include the West Coast of North Africa (), South Asia (), South Africa (), and the Mid-Latitude West Coast of North America ().
S8.2 Deep-Time Kinematic Legacies and Multi-Scale Scaling Similarity
The planetary-scale tectonic comparison culminates in a profound mathematical validation of conjugate margin symmetry, demonstrating that primary macro-structural tectonic signatures persist independently of millions of years of subaerial weathering and wave-induced marine erosion. By utilizing our macro-scale spatial filter (> 0.8 km, Zoom 2 to 7) to suppress contemporary high-frequency erosional noise, we isolate the low-frequency geometric signals deeply embedded in the continental crust.
Applying this quantitative filtering to the conjugate margins of the South Atlantic—the western coast of Africa (from the Cavalla River estuary to Vredenburg) mapped against the eastern coast of South America (from the Amazon River estuary to Bahía Blanca)—reveals an extraordinary degree of geometric symmetry. Under the > 0.8 km spatial filter, the box-counting regression yields highly convergent, scale-independent fractal dimensions for both continental margins:
· South American Margin 
· African Margin 
The absolute dimensional difference between these two historically contiguous boundaries is exceptionally small: . This translates to a negligible ~0.3% relative variance, demonstrating an extraordinary degree of geometric symmetry preserved across the South Atlantic basin. Furthermore, a joint scatter plot comparing the multi-scale occupied grid counts N(ϵ) of South America against Africa across the Zoom 2 to Zoom 7 spectrum reveals a near-perfect linear correlation: .
To rigorously establish the statistical significance and uniqueness of this morphological alignment, high-latitude North America is utilized as a divergent control baseline. Cross-comparison regressions benchmarking North American coastal geometries against the South American and African datasets yield substantially weaker linear correlations: North America vs. South America: ; North America vs. Africa: . These control regressions demonstrate that the high-degree geometric correlation between South America and Africa is highly unique and statistically non-coincidental, providing compelling, mathematically rigorous empirical evidence that primary macro-structural tectonic signatures (co-scaling symmetry) persist independently of modern coastal evolution (Supplementary Fig. S12).
[image: ]
	Supplementary Fig. S12 | Tectonic Fingerprints and South Atlantic Conjugate Margin Symmetry. Planetary-scale tectonic analysis. Active convergent boundaries (Group 1) systematically elevate fractal complexity via severe crustal deformation and rapid orogenic uplift, as exemplified by Southeast Asia (). Conversely, stable passive margins and transform boundaries (Group 2) exhibit structurally suppressed, linear profiles, notably North Africa () and the strike-slip West Coast of North America (). Applying a macro-scale spatial filter (> 0.8 km, Zoom 2–7) to suppress contemporary high-frequency wave-induced noise reveals an exceptionally robust linear correlation () and a negligible 0.3% relative variance between the conjugate margins of South America () and Africa (), representing deep-seated Gondwana rifting legacies.



S9 MATLAB Implementation and Automated Geomorphological Informatics Pipeline
This section presents the complete technical architecture, software and computational requirements, implementation blueprint, and execution guidelines for the automated multi-scale coastal fractal spatial analysis framework. The system is designed to preserve rigorous mathematical alignment with the spatial algebra formulas defined in Section S1 and the primary manuscript, ensuring deterministic reproducibility.
S9.1 Mathematical Model and Geometric Role of the Independent Pixel-Grid Baseline 
In traditional computational geometric box-counting analysis, the measurement grid size is often constrained by hardware specifications or display interfaces. The automated geospatial informatics pipeline (Automated GIS Pipeline) adopted in this study bypasses these constraints by functionally partitioning the physical display space from the digital computational space, introducing the independent digital pixel-grid baseline .
To facilitate multi-scale mapping, the pipeline utilizes two distinct scaling parameters operating in separate domains:
· The Parameter  in the Main Text (Physical Display Calibration Factor): Geometrically defined as , this parameter is bound to the physical grid width () and pixel pitch () of a specific hardware display, serving to align physical scale dimensions for human eye or real-world observations.
· The Parameter  in the Code (Digital Pixel-Grid Baseline): Programmed as an invariant integer value () in pure digital image space. This baseline not only guarantees the geometric independence of the coordinate projection calculations: 

but also completely eliminates the risk of coordinate overlapping when projecting pixels onto a grid where the scaling parameter falls below the 1.0 pixel threshold. In discrete integer coordinate spaces, sub-pixel mapping would cause different coordinates to collapse into identical grids, triggering "micro-scale grid-counting degeneracy" where the grid count  remains identically equal to the total boundary pixel count (), an analytical artifact known as trivial counting. The setting of  thus secures a rigorous and consistent geometric characterization in the invariant image pixel space.
Comparison Matrix of Coordinate Parameters
	Parameter
	 (Digital Pixel-Grid Baseline)
	 (Dimensionless Coordinate Scaling Parameter)

	Operational Domain
	Virtual digital image coordinate space (dimensionless)
	Physical observation and display hardware domain (physical dimensions)

	Standard Baseline Value
	Invariant integer (1.0 pixel)
	Hardware-dependent float ( pixels)

	Primary Function
	Controls discrete raster indexing; prevents trivial counting degeneracy
	Aligns macroscopic physical grid dimensions with image pixel dimensions

	Hardware Dependency
	Fully autonomous and independent of display specifications
	Bound to specific hardware physical pixel pitch ()



S9.2 Computational Environment and Toolbox Requirements
To deploy and execute the multi-scale coastal analysis pipeline, the following computational environment is required:
· Host Platform: MATLAB (R2020a or later recommended).
· Required Official Toolboxes:
· Image Processing Toolbox™: Specifically for local contrast enhancement (adapthisteq), global thresholding (graythresh, imbinarize), connected component extraction (bwconncomp), morphology operations (imfill), and edge detection (edge).
· Statistics and Machine Learning Toolbox™: (Optional) for advanced ordinary least-squares (OLS) regression diagnostics.
· External Dependencies: None. All modules are self-contained.
S9.3 Pipeline Architecture and Component Directory 
The computational pipeline consists of four tightly integrated functional modules:
	Module Name
	File Name
	Primary Academic Function
	Key Formulations Aligned

	Pipeline Controller
	main.m
	Orchestrates the analytical workflow, configures environmental parameters, compiles datasets, and generates diagnostic plots. Features an integrated scale-proportional Fractional Brownian Motion (fBm) generator.
	Eq. (S1), Eq. (S2)

	Digital Image Preprocessor
	preprocess_image.m
	Executes Contrast-Limited Adaptive Histogram Equalization (CLAHE), Otsu binarization, Connected Component Labeling (CCL) for offshore noise filtration, and topological hole filling to delineate the continuous marine-boundary coastline.
	Section S1.2

	Coordinate-Projection Engine
	grid_counting.m
	Performs coordinate-projection-based box-counting; includes an automated sub-pixel safety warning system when the calibrated grid parameter .
	Section S1.3

	Statistical Regression Module
	fractal_regression.m
	Executes Ordinary Least-Squares (OLS) regression in double-logarithmic space, calculating bulk  and scale-specific localized fractal dimensions .
	Eq. (S5)



Algorithmic Workflow and Data Flow
[ Input RGB Map Tiles (Multi-Zoom: z=6 to 11) ]
                           │
                        ▼ (main.m Orchestration)
┌──────────────────────────────────────────────┐
│             preprocess_image                 │ <── CLAHE & Otsu Thresholding
└──────────────────────────────────────────────┘ <── CCL Offshore Filter & Hole-Filling
                        │
                        ▼ (Continuous Single-Pixel Edge Map)
┌──────────────────────────────────────────────┐
│              grid_counting                   │ <── Latitudinal Projection
└──────────────────────────────────────────────┘ <── Non-Overlapping Box Binning
                        │ 
                        ▼ (Occupied Box Counts N(ε) vs. Scales ε)
┌──────────────────────────────────────────────┐
│            fractal_regression                │ <── Double-Log Linear Regression
└──────────────────────────────────────────────┘ <── Scale-Specific Local Db(n) Trend
                        │
                        ▼
[ Publication-Quality Plots & Db Statistics ]

S9.3 Deployment and Execution Instructions 
· Option A: Standard Multi-File Deployment (Recommended)
1. Extract the four individual MATLAB files (main.m, preprocess_image.m, grid_counting.m, and fractal_regression.m) into your active MATLAB working directory.
2. In the MATLAB Command Window, execute:
run('main.m')
3. The pipeline will automatically detect the absence of the ./maps directory, activate the high-fidelity synthetic Fractional Brownian Motion (fBm) simulation mode (Hurst exponent , theoretical ), execute the entire analysis, and export the diagnostic visualization fractal_analysis_results.png.
· Option B: Single-File Local Function Deployment (Ready-to-Paste Word/LaTeX)
For ease of electronic submission, all subsidiary modules can be appended directly beneath the main controller script in main.m as MATLAB Local Functions. Simply copy the entire block of code in Section S9.5, save it as main.m, and execute it. MATLAB will automatically resolve the local scopes.
S9.4 Core Analytical Implementations and Technical Features
A. Dynamic Latitudinal Scale Distortion Correction
To compensate for the Mercator projection's expansion toward the poles, the physical grid scale  (meters) is dynamically calibrated for each zoom level  and mean latitude  utilizing the equatorial baseline  m/pixel and screen calibration factor : 

This guarantees that spatial comparisons across divergent geographic zones remain physically grounded and unbiased.
B. Contrast Optimization via Contrast-Limited Adaptive Histogram Equalization (CLAHE)
To ensure robust edge detection, the preprocessing pipeline utilizes Contrast-Limited Adaptive Histogram Equalization (CLAHE) via MATLAB’s adapthisteq. Unlike global histogram equalization (histeq), which introduces artificial boundary noise by over-amplifying global contrast, CLAHE processes the canvas in local contextual tiles, enhancing the land-water boundary while suppressing high-frequency image artifacts.
C. Rigorous Topological Separation of Land vs. Water Noise
The spatial informatics pipeline establishes a clear, mathematically separate protocol for offshore noise filtration and inland lake removal. Connected Component Labeling (CCL) first scans 8-connected foreground components (landmasses) to purge minor islands under a 10% area threshold, while topological holes (lakes) nested inside the contiguous landmass are subsequently filled using the imfill operator. This prevents the Canny operator from extracting artificial inland shorelines, ensuring that subsequent grid-counting is restricted purely to the marine-terrestrial interface.
D. Sub-Pixel Security Guard System
When the virtual grid size parameter  falls below 1.0 pixel, dividing integer pixel coordinates by  and applying the ceiling function maps every discrete boundary coordinate onto a unique, non-overlapping grid box. This trivializes the counting engine, forcing  to artificially equal the total boundary pixel count. The grid_counting.m module introduces an automated check to warn the researcher of scaling range constraints, maintaining the physical and mathematical integrity of the box-counting results: 
if g_grid < 1.0
    warning('Grid parameter g_grid (%f) is less than 1.0 pixel. Trivial counting may occur.', g_grid);
end
E. Corrected High-Frequency fBm Noise Scaling
The synthetic coastline generator scales random noise proportionally with the zoom level index: . This ensures that higher magnification levels correctly expose higher levels of unresolvable sub-resolution micro-noise, simulating natural geomorphological scaling. 
S9.5 MATLAB Source Code
	% =========================================================================
% Script Name: main.m
% Description: Main execution pipeline for Automated Multi-Scale Coastal
%              Fractal Analysis. Computes bulk and scale-specific fractal
%              dimensions (Db) of coastal geomorphologies.
%              Includes an academic-grade Fractional Brownian Motion (fBm)
%              island generator for out-of-the-box demonstration.
% Reference:   Section S9, Revised Supplementary Information
% =========================================================================

clear; clc; close all;

fprintf('=========================================================================\n');
fprintf('       AUTOMATED MULTI-SCALE COASTAL FRACTAL ANALYSIS PIPELINE          \n');
fprintf('=========================================================================\n\n');

%% --- 1. Parameter Configuration ---
config.latitude = 24.0;         % Mean latitude of the analyzed region (degrees) for Mercator scale correction
config.g_phys = 0.8085;          % Physical display calibration factor (g = W_grid / p_m ≈ 0.8085 in main text)
config.g_grid = 1.0;             % Digital pixel-grid baseline (g_grid = 1.0 in code/S9.1 to prevent trivial counting)
config.S0 = 156543.03392;       % Standard Web Mercator equator base resolution (meters/pixel)
config.zoom_levels = 6:11;      % Multi-scale Zoom range (z_min to z_max)
config.demo_mode = true;        % Set to true to run with synthetic fractal coasts if no maps directory exists
config.map_dir = './maps';      % Directory containing multi-scale geotiffs or cropped map images

%% --- 2. Scale Parameter Initialization ---
num_zooms = length(config.zoom_levels);
epsilon = zeros(num_zooms, 1);  % To store physical grid sizes (meters)
N_epsilon = zeros(num_zooms, 1);% To store occupied grid counts

% Calculate physical grid sizes (epsilon) compensated for Mercator latitude distortion
% Equation: epsilon_z = g_phys * S0 * cos(theta) / 2^z
for i = 1:num_zooms
    z = config.zoom_levels(i);
    % We use config.g_phys (0.8085) for physical scale calibration to ground-truth meters
    epsilon(i) = config.g_phys * config.S0 * cosd(config.latitude) / (2^z);
    fprintf('Zoom %2d: Projected Physical Grid Size (epsilon) = %8.3f meters\n', z, epsilon(i));
end
fprintf('\n');

%% --- 3. Data Acquisition and Preprocessing ---
boundaries = cell(num_zooms, 1);
images = cell(num_zooms, 1);

if config.demo_mode || ~exist(config.map_dir, 'dir')
    fprintf('*** Warning: Maps directory not found or demo_mode is active. ***\n');
    fprintf('Generating synthetic multi-scale fractal islands using Fractional Brownian Motion (fBm)...\n\n');
    
    % Generate a high-resolution base fractal island (Hurst exponent H ~ 0.5, fractal dimension ~ 1.5)
    rng(42); % Set seed for reproducibility
    N_size = 2048;
    [X, Y] = meshgrid(linspace(-2, 2, N_size));
    
    % Spectral synthesis of fBm (1/f^beta noise spectrum)
    beta = 2.0; % Spectral exponent (H = (beta-1)/2 = 0.5)
    f_noise = zeros(N_size);
    for k = 1:8
        freq = 2^k;
        theta_k = rand() * 2 * pi;
        psi_k = rand() * 2 * pi;
        wavefront = freq * (X * cos(theta_k) + Y * sin(theta_k)) + psi_k;
        f_noise = f_noise + (freq^(-beta/2)) * sin(wavefront);
    end
    f_noise = (f_noise - min(f_noise(:))) / (max(f_noise(:)) - min(f_noise(:)));
    
    % Mask to make a circular island
    r = sqrt(X.^2 + Y.^2);
    island_mask = f_noise > (r * 0.45 + 0.1);
    
    % Downsample synthetic island to simulate zooming in (higher zoom levels capture finer details)
    for i = 1:num_zooms
        z = config.zoom_levels(i);
        scale_fac = 2^(z - config.zoom_levels(1));
        sub_size = round(300 + 100 * scale_fac); % Dynamic resolution representing higher zooms
        
        % Resize the base mask and add high-frequency noise representing micro-geomorphological features
        img_sub = imresize(double(island_mask), [sub_size, sub_size], 'bilinear');
        
        % Scale noise proportionally with (z - config.zoom_levels(1) + 1)
        % to ensure higher zoom levels correctly reveal high-frequency micro-noise.
        zoom_offset = z - config.zoom_levels(1) + 1;
        noise_sub = randn(sub_size) * 0.04 * zoom_offset;
        
        img_bin = (img_sub + noise_sub) > 0.4;
        
        % Convert to RGB representation for the preprocessing pipeline
        images{i} = cat(3, uint8(img_bin * 120 + 50), uint8(img_bin * 180 + 30), uint8(~img_bin * 200 + 30));
    end
else
    % Load actual geocoded maps from file directory
    for i = 1:num_zooms
        z = config.zoom_levels(i);
        file_path = sprintf('%s/map_zoom_%d.png', config.map_dir, z);
        if exist(file_path, 'file')
            images{i} = imread(file_path);
        else
            error('Missing map file: %s. Please verify your map directory or enable config.demo_mode.', file_path);
        end
    end
end

%% --- 4. Digital Image Preprocessing and Edge Detection ---
fprintf('Executing Preprocessing Pipeline...\n');
figure('Name', 'Multi-Scale Coastline Preprocessing and Boundary Extraction');
for i = 1:num_zooms
    z = config.zoom_levels(i);
    [boundaries{i}, N_pixels] = preprocess_image(images{i});
    fprintf('Zoom %2d: Extracted Coastline Boundary Pixels = %d\n', z, N_pixels);
    
    % Visualize a subset of processed edge maps
    subplot(2, ceil(num_zooms/2), i);
    imshow(boundaries{i});
    title(sprintf('Zoom %d Coastline', z), 'FontSize', 10);
end
fprintf('\n');

%% --- 5. Grid Counting Execution ---
fprintf('Executing Dynamic Grid Counting Engine...\n');
for i = 1:num_zooms
    z = config.zoom_levels(i);
    % Execute coordinate projection based box-counting using config.g_grid (1.0)
    N_epsilon(i) = grid_counting(boundaries{i}, config.g_grid);
    fprintf('Zoom %2d: Physical size %8.3f m -> Grid count N = %d\n', z, epsilon(i), N_epsilon(i));
end
fprintf('\n');

%% --- 6. Regression and Fractal Dimension Extraction ---
fprintf('Calculating Regression and Fractal Statistics...\n');
stats = fractal_regression(epsilon, N_epsilon);

% Display results to console
fprintf('=========================================================================\n');
fprintf('                           ANALYSIS RESULTS                              \n');
fprintf('=========================================================================\n');
fprintf('Bulk Fractal Dimension (Db)           = %6.4f\n', stats.Db);
fprintf('Regression R^2 Coefficient of Det.    = %6.4f\n', stats.R_squared);
fprintf('Standard Error of Slope Estimation   = %6.4f\n', stats.Standard_Error);
fprintf('=========================================================================\n\n');

% Print scale-specific localized fractal dimensions
fprintf('Scale-Specific Localized Fractal Dimensions D_b(n):\n');
for n = 1:length(stats.Db_local)
    fprintf('  Interval %d (Zoom %d -> %d): Local D_b = %6.4f\n', ...
        n, config.zoom_levels(n), config.zoom_levels(n+1), stats.Db_local(n));
end
fprintf('\n');

%% --- 7. Result Visualization ---
% Create publication-quality regression plot
fig_res = figure('Name', 'Coastal Fractal Analysis Regression Diagnostics');

% Left Plot: Double-Logarithmic Regression
subplot(1, 2, 1);
h_data = plot(stats.x, stats.y, 'ko', 'MarkerFaceColor', 'b', 'MarkerSize', 8); hold on;
h_fit = plot(stats.x, stats.y_fit, 'r-', 'LineWidth', 2);
xlabel('Log Grid Resolution: \log(1/\epsilon) [m^{-1}]', 'FontSize', 11, 'FontWeight', 'bold');
ylabel('Log Occupied Box Count: \log N(\epsilon)', 'FontSize', 11, 'FontWeight', 'bold');
title('Double-Logarithmic Regression', 'FontSize', 12, 'FontWeight', 'bold');
grid on;
legend([h_data, h_fit], {'Observed Data Points', ...
    sprintf('Fit: Log N = %6.4f \\cdot Log(1/\\epsilon) + %5.2f\n(R^2 = %6.4f, SE = %6.4f)', ...
    stats.Db, stats.intercept, stats.R_squared, stats.Standard_Error)}, 'Location', 'best');

% Right Plot: Scale-Specific Localized Fractal Dimension Trend
subplot(1, 2, 2);
scale_labels = cell(length(stats.Db_local), 1);
for n = 1:length(stats.Db_local)
    scale_labels{n} = sprintf('z%d\\rightarrow z%d', config.zoom_levels(n), config.zoom_levels(n+1));
end
plot(1:length(stats.Db_local), stats.Db_local, 'd-k', 'LineWidth', 1.5, ...
    'MarkerSize', 8, 'MarkerFaceColor', 'r');
set(gca, 'XTick', 1:length(stats.Db_local), 'XTickLabel', scale_labels);
xlabel('Scale Transitions (Zoom Level)', 'FontSize', 11, 'FontWeight', 'bold');
ylabel('Localized Fractal Dimension D_b(n)', 'FontSize', 11, 'FontWeight', 'bold');
title('Scale-Specific Local D_b(n) Profile', 'FontSize', 12, 'FontWeight', 'bold');
ylim([0.8, 2.0]);
grid on;

% Save visualization
saveas(fig_res, 'fractal_analysis_results.png');
fprintf('Analysis complete. Diagnostic plots saved as "fractal_analysis_results.png".\n');


function [boundary, boundary_pixels] = preprocess_image(img_rgb)
% =========================================================================
% Function Name: preprocess_image
% Description:   Executes morphological preprocessing, Connected Component
%                Labeling (CCL) for noise filtering, boundary extraction,
%                and topological hole-filling on raw RGB map crops.
% Inputs:        img_rgb - MxNx3 uint8 RGB image of the map crop
% Outputs:       boundary - Binary logical matrix containing the single-pixel
%                           coastline border (1 for edge, 0 for background)
%                boundary_pixels - Total number of boundary pixels extracted
% =========================================================================

% Step 1: Convert RGB image to Grayscale to evaluate luminosity gradients
if size(img_rgb, 3) == 3
    img_gray = rgb2gray(img_rgb);
else
    img_gray = img_rgb;
end

% Step 2: Apply Contrast-Limited Adaptive Histogram Equalization (CLAHE)
% CLAHE restricts local contrast amplification to avoid blowing out noise.
img_eq = adapthisteq(img_gray);

% Step 3: Global Image Thresholding via Otsu's Method
% Minimizes intra-class variance of the thresholded black and white pixels
level = graythresh(img_eq);
img_binary = imbinarize(img_eq, level);

% Step 4: Spatial Filtering via Connected Component Labeling (CCL)
% CCL is applied to the landmass mask (foreground = 1, representing land).
% This filters out isolated minor islands and offshore pixel noise.
% Inland lakes (represented by 0) are filled in Step 5 using 'imfill'.
ccl_struct = bwconncomp(img_binary, 8);
stats = regionprops(ccl_struct, 'Area');

if ccl_struct.NumObjects > 0
    all_areas = [stats.Area];
    max_area = max(all_areas);
    
    % Retain only land components with area >= 10% of the largest landmass
    cutoff_area = 0.10 * max_area;
    keep_indices = find(all_areas >= cutoff_area);
    
    filtered_binary = false(size(img_binary));
    for idx = 1:length(keep_indices)
        filtered_binary(ccl_struct.PixelIdxList{keep_indices(idx)}) = true;
    end
else
    filtered_binary = img_binary;
end

% Step 5: Fill interior topological holes (e.g., lakes or enclosed basins)
% This step fills in the background '0' holes (lakes) inside the '1' landmasses,
% effectively removing their internal shorelines so only the external marine
% coastline boundary is detected in the next step.
land_filled = imfill(filtered_binary, 'holes');

% Step 6: Edge Detection using Canny Operator
% Uses a dual-threshold edge tracker to produce an absolute, continuous
% 1-pixel-wide geomorphological coastline border without spatial aliasing.
boundary = edge(land_filled, 'canny');

% Extract the quantity of edge pixels
boundary_pixels = sum(boundary(:));
end


function [N] = grid_counting(boundary, g_grid)
% =========================================================================
% Function Name: grid_counting
% Description:   Highly-efficient coordinate-projection box counting algorithm
%                that counts the number of non-overlapping boxes of scale g_grid
%                intersected by the coastline boundary.
% Inputs:        boundary - Binary edge map (MxN logical matrix)
%                g_grid - Box-dimension scaling parameter (pixels, scalar)
% Outputs:       N - Total number of occupied grid boxes of dimension g_grid
% =========================================================================

% Extract index locations (row, col) of all active boundary pixels
[y_coords, x_coords] = find(boundary);

if isempty(y_coords)
    N = 0;
    return;
end

% Check for sub-pixel grid size warning
if g_grid < 1.0
    % A warning is issued here because g_grid < 1 pixel is mathematically trivial in raster image space.
    % Since coordinates are integers (e.g. 1, 2, 3...), dividing by g_grid < 1 scales coordinates up,
    % meaning that ceil(coords/g_grid) will map every unique pixel coordinate to a unique grid index.
    % Thus, N will equal the number of boundary pixels, which invalidates the scaling law.
    warning('Grid parameter g_grid (%f) is less than 1.0 pixel. Trivial counting (N = boundary pixels) may occur.', g_grid);
end

% Project coordinate arrays to the specified grid dimension g_grid.
% Divides the spatial bounds by physical width g_grid and rounds up (ceil)
% to identify discrete grid cell indices for each pixel.
grid_y = ceil(y_coords / g_grid);
grid_x = ceil(x_coords / g_grid);

% Identify unique coordinates in the projected matrix.
% Non-overlapping grid cells that contain at least one pixel of the
% coastline are combined and indexed.
unique_cells = unique([grid_x, grid_y], 'rows');

% The number of rows in the unique index array corresponds directly
% to N(epsilon), the number of grid boxes intersected by the boundary.
N = size(unique_cells, 1);
end


function [stats] = fractal_regression(epsilon, N_epsilon)
% =========================================================================
% Function Name: fractal_regression
% Description:   Conducts Ordinary Least-Squares (OLS) regression in double-
%                logarithmic space to determine the fractal dimension (Db).
%                Computes standard error, R^2, and scale-specific local slope Db(n).
% Inputs:        epsilon - Nx1 vector of grid scales (meters)
%                N_epsilon - Nx1 vector of corresponding occupied grid counts
% Outputs:       stats - Struct containing regression variables and metrics
% =========================================================================

% Transform input dimensions to double-logarithmic space
% x is the log of reciprocal grid size: log(1/epsilon)
% y is the log of occupied grid box counts: log(N)
x = log(1.0 ./ epsilon);
y = log(N_epsilon);
num_pts = length(epsilon);

% Compute Ordinary Least-Squares (OLS) regression parameters
% Model: y = slope * x + intercept
p = polyfit(x, y, 1);
slope = p(1);
intercept = p(2);

% Compute fitted values
y_fit = polyval(p, x);

% Compute residuals (errors between observed and predicted)
residuals = y - y_fit;
SS_res = sum(residuals.^2);

% Compute R-squared coefficient of determination
SS_tot = sum((y - mean(y)).^2);
R_squared = 1.0 - (SS_res / SS_tot);

% Calculate Standard Error (SE) of the slope parameter (Db)
% Degrees of freedom = N - 2
deg_freedom = num_pts - 2;
variance_residual = SS_res / deg_freedom;
variance_x = sum((x - mean(x)).^2);
Standard_Error = sqrt(variance_residual / variance_x);

% Save general bulk statistics
stats.Db = slope;
stats.intercept = intercept;
stats.x = x;
stats.y = y;
stats.y_fit = y_fit;
stats.residuals = residuals;
stats.R_squared = R_squared;
stats.Standard_Error = Standard_Error;

% Calculate Scale-Specific Localized Fractal Dimensions D_b(n)
% Evaluates localized scale transitions between adjacent zoom levels.
% Equation: Db(n) = [log N(n) - log N(n-1)] / log(2)
stats.Db_local = zeros(num_pts - 1, 1);
for n = 1:(num_pts - 1)
    stats.Db_local(n) = (log(N_epsilon(n+1)) - log(N_epsilon(n))) / log(2);
end
end
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the total white pixel count. single, continuous coastline.

Identifying and Filtering Closing Gaps for | SOBEL OPERATOR
- i i i i | " .
oo e g Tpostet s et | 2 Abslineating the
white object, noise and small islande then e-binarized t0 filter out Final Coastline Contour
are filtered out by relaining only objects boundary voids, ensuring the edge ‘The Canny operator is applied to detect the edges
that account for more than 10% of detection algorithm follows a of the white [andmass, producir

precision boundary fine for the

STEP 2: Pixel Value Standardization.

oE Consolidating

.E%D Land and

Dmmm Water Values.
am

Because landmasses often contain
varied grayscale values (roads,
forests), all non-ocean pissis are
adjusted to match the standard
“land" grayscale value to prevent
errors during segmentation.

STEP 4:
Image Binarization

Converting to a ;
Binary (0 and 1) Matrix
The grayscale image s transformed
into a pure black-ai e image
where the target object is white
{ivel value 1) and the background is
biack (pixel value 0).

Quantifying the Boundary

for Fractal Analysis

The total number of pixels (grids) along the
Canny-detected boundaryiscaluiated and
recorded, providing the N(s) value needed for

the Box-Counting Dimension plot.

‘Sobel
Operator

Lou: prone o “noise” in
complex areas ke ports.

prefered for precice
fine delincaton.

Canny.
Operator
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The Fractal Geometry of Taiwan’s Coastline:
A Multi-Scale Quantitative Analysis

METHODOLOGY: THE VECTOR-BASED PARADIGM

Ny

7

2. Automated Data
Capture

Headline: MapCapt
software via Mozilla
Firefox browser.

Supporting Detail:
High-resolution imagery
is captured withe
suppressing hidden
condrinate grid lines that
cause false gririness in
edge detection.

3. MATLAB Digital
Image Processing

Headline: Grayseale
conversion, binarization,
and Canny edge detection.

Supporting Detail:
These steps isolate a
single-pivel witth
terrestrial aquatic
boundary for precise
mathematical counting.

1. Precise Map
Control
Headline: Utilizing Google
Maps JavaScript API for
scale-independent vector
graphics.
Supporting Detail: This
allows for continuous
zooming without
resolution deccy, unlike
static raster images.

STATISTICAL DATA FOR TAIWAN’S COASTLINE

Total Box
Count (N)

Log(Box.

ting.

Box nting.
Scale (¥

og(Total
Box Count)

2.408

| 2709
3.010
2,048 5,668 3.311

1,024 5.307

874,331 4,096 5.942 3.612

240302 | 8192 | 63 | 3913

35.5m 4,974,657 | 16,384 | 6.997 4.214

QUANTITATIVE ANALYSIS OF TAIWAN’S GEOMETRY

70 "i“
6.5
y = 1.0958x + 2.0302

_ 60
% 55
é 50
§
E 45
¥

35

0 200

10 15 20 25 30 35 40 45
Scale Factor, In(1/¢)

OVERALL BULK
FRACTAL DIMENSION (D,)

Headline: Taiwan represents a low-complexity coastal endmember.

96.29%

ARTIFICIAL SHORELINE

Headline: Over half of Taiwan's coastline
is occupied by man-made structures.

Supporting Detail: Concrete tetrapods
and breakwaters create “high-frequency
geometric noiss” that dominates the
high-resolution fractal digital.

COMPLEXITY SHIFTS FROM T0 D, = 1.1713.

Natural smoothness dominates at intermediate scales, while
micro-scale complexity is driven by artificial coostal armoring.
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Mapping the World’s Most Complex Coastline:
The Norway Fjord Anomaly

A novel vector-based fractal methodology quantifies extreme geometric complexity, revealing fjord and fjard mechanisms.

65

THE METHODOLOGY: VECTOR-BASED FRACTAL ANALYSIS . . ,
. Fractal Dimension ¥
2

D, = 1.4395

O e

2

" y=1.4395x + 2.8558

as

Occupied Grid Count log10 N(n)
\

o)

o5 10 15
Inverse Scale Factor log10(1/e)
Data Table
Zoom Total Box Box-Counting Log(Total Lng(Box—
Beyond the Raster Limit Static Grid, Dynamic Scaling L"Z"' c"]“;'ga(”) s""'z" (s B“’;gz:"‘) c"“"‘(;"a%]s“""’)
Traditional box-counting is limited by The framework reverses the traditional 5 4:646 4 3:667 0_'502
static images; this method uses scale- dynamic by keeping the measuring grid 6 14,862 8 2260 0903
independent vector graphics from the constant (based on screen pixels) while - - -
Google Maps API, allowing for infinite zooming the vector map across 8-12 7 39,688 16 4597 1204
zoom without resolution loss. discrete levels. 8 99,990 32 5.000 1505
9 256,370 64 5.409 1806
LA 3 10 755,970 128 5879 2107
@z===) KEY FINDING: Eliminating Human Bias 1 1,890,356 256 6277 2408
) Automated processing via MATI,AB (binarization and Canny edge Purpose: Thi : o i ' hi
. 4 & 3 i « Purpose: This table provides the raw quantitative data used to derive Norway's high
@ {1_") detection) ensures a single-pixel-wide boundary, removing fractal dimension, demonstrating the scaling consistency across different zoom levels.
subjective manual errors from the fractal calculation.

« Exponential Data Growth: Occupied grid boxes expand from 1,753 at macro-scale
(Zoom 4) to approximately 1.88 million at micro-scale (Zoom 11).

GEOMORPHOLOGICAL INTERPRETATION: FJORD TO FJARD
Global Benchmarks

g N

2 : =

g B |

s 2 -

25

= W=

£ £z

The Fjord Anomaly (Zoom 4-7) The Fjard Transition (Zoom 8-11) 3 B |

Extreme complexity is physically restricted to a At micro-scales, complexity resurges due to “fjards"— | 2
100 km to 500 in bondwidth, dictated by the 0.45 shallow, chootic glociated lowlands at seaward outlets Norway Southeast Global  Great Taiwan  North

depth-to-width ratio of ancient glacial valleys. that are more irregular than the deep upstream fjords. Asia  Average Britain Africa
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logio N(g)

Occupied Grid Count

Double-Logarithmic Scaling Plot
z1

5.0 Fractal Dimension
D, =1.1858

5.5

5.0

4.5

4.0 y = 1.1858x + 2.8305

3.5

3.0 z3 @ Empirical Data

= OLS Fit: log N(¢) = 1.1858log(1/¢) + 2.8305

2.5

0.0 0.5 1.0 1.5 2.0 2.5
Scale Inverse: logio (1/¢)

Zoom Total Grids

Level n
z3

z4
z5
Z6
z7
z8
z9
Z10
Z11
Z12

N(n
629

1,542

3,442

8,231
19,505
43,260
96,365
198,873

451,074

1,077,727

log1oN(n)
2.798651
3.188084
3.536811
3.915453
4.290146
4.636087
4.983919
5.298576
5.654248

6.032509

l0g10 (1/€)
0.00000
0.30103
0.60206
0.90309
1.20412
1.50515
1.80618
2.10721
2.40824

2.70927
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Global Coastline Complexity: A Fractal Analysis of the Northern and Southern Hemispheres

Northern vs. Southern
Hemisphere Complexity

Northern Hemisphere (D, = 1.3835):
Significantly more complex

Largely due to its greater landmass
and varied geography.

-0 The global coasphere contains
67.3% of the world's land, including
extensive flord-rich regions

World Total Fractal Dimensic;n: 1

Southern Hemisphere
(D, = 1.299): Less complex

‘ Southern Hemisphere (D, = 1.299)
5 Contains only 32.7% of the land.

Less land, fewer complex
coastal features.

deg

Exhibits the highest fractal dimension, representing the
combined complexity of all continental and island boundaries.

4

Total Grids and Fractal Dimension of Northern Hemisphere, Southern Hemisphere, and the Whole World

Log Grid Count

Methodology: The Box-Counting Process

Precision Image Capture
Google Maps API and Firefox
used to precisely control
latitude, longitude, and zoom
levels (0-21) for consistent
scale.

Matlab Boundary Detection

Images underwent binarization
and Canny edge detection to
isolate coastlines and filter out
non-target objects.

Calculating the Slope

The fractal dimension (D,) is
determined by the slope of
the trend line when plotting
the logarithm of the total
grid count against the
ogarithm of the scale.

Zoom 5  Fractal Dimension

384632 1.3835
211592 1.299
1.416
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Global Regional Scaling and Fractal Complexity Analysis

A comprehensive translation dataset comparing the geographic complexity of global regions
based on grid counts across multiple zoom levels and resulting fractal dimensions.

Region

North America (High Latitude)
North America (Mid Latitude)
Central America (Low Latitude)
South America (Low Latitude)
South America (Mid Latitude)
Northwest Europe
Mediterranean

North Africa (West Coast)
South Africa

Arabian Peninsula

South Asia

Southeast Asia

Northeast Asia

Russia (North Coast)

Oceania

Antarctica

World 4384

Zoom 0 Zoom 1

1466
324
403
427
492
389
519
121
629
386
mz2
928
1708
920
3170
14039

5291
689
1716
759
1392
1198
2359
246
1359
9
599
3537
2278
5111
2718
8168
35819

Zoom2 Zoom 3

19188
1479
3832
1886
2774
3294
5218
499
2779
2650
1472
9716
4552
12190
5520
17524
92307

Zoom 4
56802
2514
9247
4364
5716
7840
11383
1008
6242
5290
3111
23141
19618
28131
13848
40558
231295

Fractal
Zoom5 Zoom6 Zoom7 piencion (Rank)

156963
6802
18882
8738
13062
22486
25129
2086
12933
13237
6124
67980
43725
67031
31032
86650

45370

26224

117263

1.6909 (1)
1.0651 (14)

1.353(5
1.1233(1

1.285(8
1.4416 (3)
1.3466 (6)
1.025 (16)
1.0923 (13)
1.1422 (1)
1.0852 (15)
1.4578 (2
1.4223 (4
1.3049 (7
1.2501 (9
1.1857 (10)

1.416

)
2)
)

)
)
)
)

Highest Complexity:
North America High Latitude

Lowest Complexity:

North Africa (West Coast)

This region exhibits the
highest geographic
complexity among all
measured areas.

This region suggests a
much smoother or simpler
geographic profile.

Global Average Complexity

A NotebookLM

The "World" as a whole
serves as a baseline for
comparing individual
regional complexities.
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? Coastal Complexity:

A Fractal Analysis of the Americas

West Coast Fractal East Coast Fractal
Dimension: 1.046 Dimension: 1.0872

Relatively lower complexity, I Slightly higher geometric:
influenced by transform S complexity than the West
plate boundaries. 2 Coast at these scales.

Zoom1:183 - Zoom 1:171

West Coast Complexity
Peaks at 1.1781 y Dimension: 1.0831
Higher dimension attributed South America Lacking a subduction
1o subduction zone at a _ Low-latitude Zone, presents a
convergent plate boundary, - smoother eoastiine
promoting orogenesis and compared to its Western

East Coast Fractal

i counterpart
A 2 Zoom 2:475 EIREEb s oo i e
dragon C 5 Zoom 3:1,030 Zoom 1: 164 Zoom 1: 263
e B = Zoom 4 1,519 Zoom 2:343 . Zoom 2 416 .
Zoom 5: 2,663 Zoom 3: 933 Zoom 3: 953

Zoom 4:1,969 . Zoom 4: 2,395

H X
Zoom 54,000 Zoom 5: 4,678

. East Coast i
West Coast at 1 3641 Fractal Dlmeqslo 1.1872
Exceptionally hgh fractal T o
dimension driven by fjord than the fj D);d heavy West
terrains in Patagonia, creating Goast at these Iattudes
extreme coastal intricacy. _ ot

Zoom 2:638

s |

Zoom 2:754 Zo0m3:1363 g
Zoom 3:1,411 Zoom 4:2,464 £
Zoom 4:3,252 Zoom 5:5,639
Zoom 5: 7,433

Zoom 6: 17,952
Zoom 7: 36,853

Zoom 6: 27,411
Zoom 7: 80,710
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Tectonic Fingerprints

How Plate Boundaries Sculpt Global Coastlines

o
r o

QUANTITATIVE PROOF
OF CONTINENTAL DRIFT

GROUP 1: GROUP 2:
HIGH-COMPLEXITY LOW-COMPLEXITY STABLE
ACTIVE MARGINS & TRANSFORM BOUNDARIES

r\m‘m@w /l’v?

O 7

Southeast Asia: D,, =1.4578

West Coast of North Africa: D, = 1.025

Continuous Crustal Prolonged
Subduction Folding Tagtonic

Stability

The 0.32%

Dimensional Variance
The Hactal dimensions of the East
Coast of South America (1.0482) and
the West Coast of Africa (1.0514) are
nearly identical, with an absolute

\
N Jifference of only 0.0082. The Transform Paradox
> Transform boundaries like the North American

West Coast (D, = 1.046) remain smouth because
horizontal fauTting lacks the vertical orogenesis

RZ = 0.9945 required to create ruggedness.

Near Perfe‘_:t c_orrelat_lon Passive Thermal Horizontal
A double-logarithmic regression Subsidence Faulting
shows a robust linear match

between these conjugate margins,
validating their historical “jigsaw” fit.

Rapid Vertical
Upl

Orogonic Complexity Amplification
Continuous subduction at convergent boundaries
shatters and segments the continental boundary through

intense crustal folding and rapid vertical uplift.

Macro-Scale Spatial Filtering

By filtering out modern erosional noise (scales ¥1.1 km), researchers
isolated the low-frequency structural signatures of ancient plate kinematics.

African

Region Comparison Correlation (R?) Result Passive Margin Smoothness

" B ica vs. Afri g Unlike active margins, stable regions like South
Mediterranean Collision Interface (D, = 1.3466) South America vs. Africa 0.9945 Near-Perfect Match K i X
Reflects the highly fragmented mo,phofog’y genemeg North America vs. South America  ~0.26 Weak Correlation LER( = U TR EEG Ly ey e

k Y % h o - marine planation, leading to highly linear
by the active multi-continental convergence. North America vs. Africa ~0.25 Weak Correlation coastal profiles.
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Mapping Complexity: Measuring Coastlines with Fractal Theory
Coastline Complexity Comparison

Extracting Clean Data via API Canny Edge Detection

Taiwan

Fractal Dimension (D)
Landmarks,

Roads ~1.10
A L Low
\ (Relatively smooth)
High-Resolution Map Stitchin Count (N) 3 . A
9 P 9 Occupled Boxes f United Kingdom
NN« (1/s)° Fractal Dimension (D)
& ~1.18
Moderate
Slope Calculation from Log-Log Plot ./ Norway
Fractal Dimension (D)
Use Mozilla Firefox
to prevent invisible = ~1.43
“hidden” grid lines = High
from interfering with 2 » Result (Ex(regmely
Moxzilla Firefox | edge detection. / Siope = Fractal Dimension (0) rugged/Fjords)

log(1/s)
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Step 1: Digital Map Acquisition & API Preprocessing for Fractal Analysis

Phase A: API Customization & Feature Filtering

Filter Human-Made

0
9 labels @D Artifacts via JSON Styling

(] aaminisuative
Q0 @

“PBI":

Toggle visibility of labels,
administrative geometry, and
PCIto 'OFF' leaving only

natural land-water interface.

Precise Scale Control
with Zoom Levels

Optimization of
Color Contrast

Before:
Low Contrast

After:
High Contrast

Integer zoom levels (0-21)
provide significantly higher
precision than manual resizing.

Adjusting map styles for color contrast
pronounced histogram distribution,
drastically reducing errors in later
MATLAB steps.

Phase B: High-Resolution Map Acquisition

Automated Stitching with MapCapt

5, MapCapt

Deploy MapCapt to automate movement and capture,
creating massive, high-resolution images (e.g. 7,500+ pixels)
without manual alignment errors

o0 o

Kaohsiung Harbor
W

Operational Efficiency
MapCapt: < 2 minutes

NEE)

Manual Stitching: 30+ minutes

MapCapt can capture complex areas like Kaohsiung Harbor
(3#8 grid) in under two minutes, versus 30 minutes manually.

Other Browsers
(e.g., Chrome, Edge)

Browser Envi

° Optimal Browser:
Mozilla Firefox

Detection Interference

Canny Edge Detection
algorithm
Chrome/Edge may render subtle
grid artifacts mistakenly identified
as coastines,, leading to
inaccurate fractal results.

Selection of
Mozilla Firefox

Firefox prevents idden’
Iatitude/longitude grid lines from
appearing, ensuring clean APl usage.

|

Ready for Fractal
Analysis in MATLAB

Final high-contrast, binary eady
image with only natural
geological edges.
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