Supplementary file
Code for MSPA analysis
###Reclassification of LULC map into binary image
# Extract built-up areas from each image
built_up_1990 = (image_1990 ==1).astype(int)  # 1 indicates built-up areas
built_up_2000 = (image_2000 == 1).astype(int)
built_up_2020 = (image_2020 == 1).astype(int)

built_up_1990, built_up_2000, built_up_2020
import numpy as np
import matplotlib.pyplot as plt
import rasterio
from matplotlib.patches import Patch, Arrow
from matplotlib.colors import ListedColormap
from skimage.morphology import remove_small_objects, binary_opening, skeletonize, label
from skimage.measure import regionprops

# North arrow function as provided
def add_north_arrow_v3(ax, location=(0.9, 0.9), length=0.1):
    arrow = Arrow(location[0] - 0.5 * length, location[1], 0, length, width=length/5, color="k")
    ax.add_patch(arrow)
    ax.text(location[0], location[1] + 1.5*length, 'N', ha='center', fontsize=15, color='k')

# Scale bar function as provided
def add_scale_bar_v8(ax, length_km, resolution, divisions=5, location=(0.1, -0.1), fontsize=15):
    length_px = length_km * 1000 / resolution
    primary_division_length = length_px / divisions
    secondary_division_length = primary_division_length / 2

    bbox = ax.get_window_extent().transformed(fig.dpi_scale_trans.inverted())
    x1, y1 = ax.get_xlim()[0] + location[0] * ax.get_xlim()[1], ax.get_ylim()[0] - location[1] * bbox.height * resolution
    x2, y2 = x1 + length_px, y1

    ax.plot([x1, x2], [y1, y1], color="k", linewidth=6)
    for i in range(divisions + 1):
        division_x = x1 + i * primary_division_length
        ax.plot([division_x, division_x], [y1, y1 + 0.025 * ax.get_ylim()[1]], color="k", linewidth=4)
    for i in range(divisions):
        division_x = x1 + i * primary_division_length + secondary_division_length
        ax.plot([division_x, division_x], [y1, y1 + 0.015 * ax.get_ylim()[1]], color="k", linewidth=4)

    ax.text((x1 + x2) / 2, y1 - 0.06 * ax.get_ylim()[1], f"{length_km} km", ha="center", va="top", fontsize=fontsize)

# MSPA analysis functions
def identify_core_areas(binary_image):
    return remove_small_objects(binary_image, min_size=100)

def identify_complex_structures(binary_image):
    skeleton = skeletonize(binary_image)
    labeled_skeleton = label(skeleton)
    bridges, islets, branches = {}, {}, {}
    for region in regionprops(labeled_skeleton):
        if region.eccentricity > 0.9:
            bridges[region.label] = region
        elif region.area < 50:
            islets[region.label] = region
        else:
            branches[region.label] = region
    bridge_img = np.isin(labeled_skeleton, list(bridges.keys())).astype(int)
    islet_img = np.isin(labeled_skeleton, list(islets.keys())).astype(int)
    branch_img = np.isin(labeled_skeleton, list(branches.keys())).astype(int)
    return bridge_img, np.zeros_like(binary_image), islet_img, branch_img

def mspa_analysis_for_year(binary_image):
    core_areas = identify_core_areas(binary_image)
    edges = binary_image ^ core_areas
    perforations = core_areas ^ binary_opening(core_areas)
    bridges, loops, islets, branches = identify_complex_structures(binary_image)
    return core_areas, edges, perforations, bridges, loops, islets, branches

def assign_indices_to_mspa_elements(*args):
    mspa_image = np.zeros_like(args[0])
    for i, element in enumerate(args, start=1):
        mspa_image[element == 1] = i
    return mspa_image

# Modified plotting function to include north arrow and scale bar
def plot_mspa_results(mspa_images, titles, resolution, class_mapping, standard_colors, save_path=None, dpi=600):
    # Setup figure and axes
    fig, axs = plt.subplots(1, len(mspa_images), figsize=(20, 7))

    # Setup colormap
    cmap = ListedColormap(['none'] + [standard_colors[val] for val in class_mapping.values()])
    norm = plt.Normalize(0, max(class_mapping.keys()) + 1)

    for ax, mspa_image, title in zip(axs, mspa_images, titles):
        ax.imshow(mspa_image, cmap=cmap, norm=norm)

        # Add elements
        add_scale_bar_v8(ax, 10, resolution, fontsize=15)
        add_north_arrow_v3(ax)

        # Set title and turn off axis
        ax.set_title(title, fontsize=16)
        ax.axis('off')

    # Add legend
    legend_patches = [mpatches.Patch(color=standard_colors[val], label=val) for val in class_mapping.values()]
    fig.legend(handles=legend_patches, loc='lower center', ncol=len(class_mapping), bbox_to_anchor=(0.5, 0), fontsize=14)

    plt.tight_layout()

    # Save the figure if a save path is provided
    if save_path:
        plt.savefig(save_path, dpi=dpi, bbox_inches='tight')

    plt.show()

# Define the class mapping and standard colors for MSPA elements
mspa_class_mapping = {1: 'Core', 2: 'Edge', 3: 'Bridge', 4: 'Loop', 5: 'Perforation', 6: 'Islet', 7: 'Branch'}
mspa_standard_colors = {'Core': 'green', 'Edge': 'blue', 'Bridge': 'cyan', 'Loop': 'magenta', 'Perforation': 'yellow', 'Islet': 'orange', 'Branch': 'red'}

# Perform MSPA analysis for each year and prepare images for plotting
mspa_results = []
for binary_image in [built_up_1990, built_up_2000, built_up_2020]:
    mspa_elements = mspa_analysis_for_year(binary_image)
    mspa_image = assign_indices_to_mspa_elements(*mspa_elements)
    mspa_results.append(mspa_image)
# Plot the MSPA results with north arrow and scale bar
plot_mspa_results(mspa_results, ['1990', '2000', '2020'], 30, mspa_class_mapping, mspa_standard_colors, save_path=" high_res_mspa_image.png")

