Appendix 1, Table A1. Comprehensive Inventory of Morphometric Attributes Identified Across 24 Reviewed Studies: Operational Definitions, Spatial Scales, and References
Note: Dimensions marked with an asterisk (*) contain attributes used exclusively for external validation, socioeconomic correlation, or performance assessment—such as traffic indicators, emission metrics, or model performance proxies—rather than intrinsic morphometric descriptors of physical urban form. These attributes are documented for methodological transparency but fall outside the scope of core morphometric attributes focused on geometric, topological, or shape properties of urban elements. Attributes are assigned to the finest operational scale at which they are computed. Operational definitions are reproduced verbatim from source extractions where provided. References follow the shorthand convention: J. Zhang et al., 2025 = Zhang et al. (Traditional Villages); L. Zhang et al., 2025 = Zhang et al. (Grids to Dendrites); Tian et al., 2025 = Tian et al. (Non-isomorphism).

	Morphometric Dimension
	Attribute Name
	Operational Definition
	Spatial Scale
	References

	Geometric Extent
	Footprint area
	Planar surface area of building footprint or block/mesh polygon
	Building/Block/Mesh
	(Bei et al., 2019; Chen & Qian, 2025; Huang et al., 2024; Jia et al., 2024; T. Liu et al., 2025; Y. Liu et al., 2025; Z. Liu et al., 2026; Lu & Tong, 2025; Yan et al., 2019, 2022; Yang et al., 2025; Zhao et al., 2020) 

	
	Perimeter
	Total boundary length of footprint or polygon
	Building/Block/Mesh
	(Bei et al., 2019; Chen & Qian, 2025; Jia et al., 2024; T. Liu et al., 2025; Y. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Lu & Tong, 2025; Yan et al., 2019, 2022) 

	
	Mean radius
	Average Euclidean distance from centroid to boundary vertices
	Building
	(Chen & Qian, 2025; T. Liu et al., 2025; Z. Liu et al., 2026; Yan et al., 2019, 2022) 

	
	Height / Elevation
	Vertical dimension (absolute height in meters or normalized elevation)
	Building
	(Jia et al., 2024; Z. Liu et al., 2026; Z. Liu & Song, 2025; Lu & Tong, 2025; Yang et al., 2025) 

	
	Stories / Number of floors
	Discrete count of building levels
	Building
	(Z. Liu & Song, 2025)

	
	Volume
	Three-dimensional spatial extent (footprint area × height)
	Building
	(Jia et al., 2024; Z. Liu et al., 2026; Z. Liu & Song, 2025; Lu & Tong, 2025) 

	
	Slenderness ratio
	Height-to-area ratio (H/A) or height-to-radius ratio quantifying vertical proportionality
	Building
	(Z. Liu et al., 2026; Z. Liu & Song, 2025)

	
	Segment length
	Euclidean length of road segment
	Street segment
	(De Sabbata et al., 2023; Gharaee et al., 2021; M. E. Molefe & Tapamo, 2023, 2024; Wu et al., 2025; L. Zhang et al., 2025) 

	
	Midpoint coordinates
	Geographic position (longitude/latitude) of segment centroid or node location
	Street segment
/Intersection
	(Gharaee et al., 2021; M. E. Molefe & Tapamo, 2023, 2024; Neira & Murcio, 2025) 

	
	Block area
	Planar surface area of street block or mesh polygon
	Block/Mesh
	(Huang et al., 2024; Y. Liu et al., 2025)

	
	Block perimeter
	Total boundary length of street block or mesh polygon
	Block/Mesh
	(Huang et al., 2024; Y. Liu et al., 2025)

	Shape Configuration
	Compactness 
	Shape regularity measured as area-to-perimeter squared ratio
	Building/Block
	(Chen & Qian, 2025; Jia et al., 2024; T. Liu et al., 2025; Y. Liu et al., 2025; Yan et al., 2019, 2022; Yang et al., 2025) 

	
	Circularity (IPQ)
	Isoperimetric quotient: 4πA/P² measuring boundary efficiency
	Building/Block
	(Bei et al., 2019; Y. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Yan et al., 2019, 2022; Yang et al., 2025; Zhao et al., 2020) 

	
	Max circularity / Gibbs compactness
	Alternative circularity formulations beyond standard IPQ
	Building
	(Z. Liu & Song, 2025)

	
	Fractality index
	Boundary complexity: 1−log(A)/2log(P) or log(A)/log(P)
	Building
	(Bei et al., 2019; Chen & Qian, 2025; Jia et al., 2024; T. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Yan et al., 2019, 2022) 

	
	Shape coefficient / index
	Generic boundary complexity metric (Lu et al. formulation)
	Building
	(Lu & Tong, 2025)

	
	Elongation
	Aspect ratio of smallest bounding rectangle (length/width)
	Building/Block
	(Bei et al., 2019; Chen & Qian, 2025; Jia et al., 2024; T. Liu et al., 2025; Y. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Yan et al., 2019, 2022) 

	
	Concavity
	Ratio of actual area to convex hull area (A/convex hull)
	Building
	(Bei et al., 2019; Chen & Qian, 2025; T. Liu et al., 2025; Yan et al., 2019, 2022) 

	
	Convexity
	Complement of concavity; regularity of boundary shape
	Block/Mesh
	(Huang et al., 2024; Y. Liu et al., 2025)

	
	Form factor
	Ratio of area to area of minimum enclosing circle
	Block
	(Y. Liu et al., 2025)

	
	Rectangularity (N1-R)
	Ratio of polygon area to area of minimum enclosing rectangle
	Mesh
	(Huang et al., 2024)

	
	Shape ratio (N2-SR)
	Compactness via aspect ratio of enclosing rectangle (mesh-specific)
	Mesh
	(Huang et al., 2024)

	
	Overlap index
	Intersection-to-union ratio with equal-area reference circle
	Building
	(Chen & Qian, 2025; T. Liu et al., 2025; Yan et al., 2019, 2022) 

	
	Shifting degree of adjacency weight
	2D metric (D<sub>w</sub>, D<sub>h</sub>) quantifying SBR offset from centroid
	Building
	(Bei et al., 2019)

	
	Boundary points
	20 equidistant points sampled along segment boundary to capture curvature
	Street segment
	(Gharaee et al., 2021; M. E. Molefe & Tapamo, 2023, 2024) 

	
	Grid index (N4-GI)
	Average right-angledness of interior corners capturing orthogonality
	Mesh
	(Huang et al., 2024)

	
	Maximum containment ratio (N6-MCAR)
	Overlap potential with neighboring meshes
	Mesh
	(Huang et al., 2024)

	
	Maximum fusion rectangularity (N7-MFR)
	Rectangularity after merging mesh with neighbors
	Mesh
	(Huang et al., 2024)

	
	Maximum fusion grid index (N8-MFGI)
	Orthogonality after neighbor fusion
	Mesh
	(Huang et al., 2024)

	Spatial Orientation
	SBRO
	Orientation angle of smallest bounding rectangle's long axis
	Building/Block
	(Bei et al., 2019; Chen & Qian, 2025; Jia et al., 2024; T. Liu et al., 2025; Y. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Yan et al., 2019, 2022; Yang et al., 2025; Zhao et al., 2020) 

	
	WSWO
	Most frequent orientation angle among wall segments
	Building
	(Chen & Qian, 2025; T. Liu et al., 2025; Yan et al., 2019, 2022) 

	
	Wall orientation frequency
	Frequency distribution of wall segment orientations
	Building
	(Chen & Qian, 2025)

	
	Bearing distribution
	Orientation angle distribution of road segments
	Street segment
	(Tian et al., 2025)

	Contextual Density
	FAR
	Floor Area Ratio: total floor area divided by plot/block area
	Building/Plot
/Block
	(Jia et al., 2024; T. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Lu & Tong, 2025) 


	
	GSI / GCR / BCR
	Ground/Building Coverage Ratio: footprint area divided by plot/block area
	Building/Plot
/Block
	(Jia et al., 2024; T. Liu et al., 2025; Z. Liu et al., 2026; Z. Liu & Song, 2025; Lu & Tong, 2025) 

	
	Voronoi influence ratio
	Building area divided by area of Voronoi-derived influence zone
	Building
	(Chen & Qian, 2025; T. Liu et al., 2025; Lu & Tong, 2025; Yan et al., 2019, 2022) 

	
	Open Space Ratio / Porosity
	Proportion of non-built space within influence zone or block
	Building/Block
	(Lu & Tong, 2025)

	
	Volume-Area Ratio
	Ratio of building volume to footprint area
	Building
	(Lu & Tong, 2025)

	
	Building count
	Number of buildings within block or graph
	Block
	(T. Liu et al., 2025; Z. Liu et al., 2026) 

	
	Lot coverage limit
	Regulatory constraint on maximum plot development ratio
	Block
	(Jia et al., 2024)

	
	Average shortest path
	Mean Euclidean distance between building centroids within block
	Block
	(Jia et al., 2024)

	
	Footprint area ratio (building/block)
	Ratio of individual building footprint to containing block area
	Building/Block
	(T. Liu et al., 2025)

	
	Building area ratio (floor area/block)
	Ratio of total floor area to block area
	Building/Block
	(T. Liu et al., 2025)

	Block/Mesh Topology
	Dead-end count
	Number of cul-de-sac segments bounding a block
	Block
	(Y. Liu et al., 2025)

	
	Number of dead ends
	Count of terminal edges in block/mesh boundary
	Block/Mesh
	(Y. Liu et al., 2025)

	Topological (Node-Level)
	Degree centrality
	Number of direct connections (used as node feature)
	Intersection
/Segment
	(De Sabbata et al., 2023; M. Molefe, 2025; Sugama, 2025; Tian et al., 2025; Wu et al., 2025)

	
	Topological centralities suite
	Eigenvector, betweenness, closeness centrality, clustering coefficient
	Segment
	(M. Molefe, 2025)

	
	Degree distribution metrics
	Percentage of nodes with degree ≤2, =3, =4, ≥5
	Intersection
/Node
	(De Sabbata et al., 2023; M. Molefe, 2025; Sugama, 2025; Tian et al., 2025; Wu et al., 2025)

	
	Average node degree (k_avg)
	Mean number of edges connected to each node
	Intersection
/Node
	(Tian et al., 2025)

	
	Circuity average
	Average ratio of network path distance to straight-line distance
	Network/Path
	(Tian et al., 2025)

	
	Orientation entropy
	Measure of directional diversity in road network
	Network
	(Y. Liu et al., 2025)

	
	Intersection proportions
	Proportion of nodes by degree category
	Network
	(Y. Liu et al., 2025)

	Edge/Relationship Features
	Edge type encoding
	10 distinct relationship types: Main/Auxiliary roads + 8 compass directions (N,S,E,W,NE,NW,SE,SW)
	Edge/Road segment
	(L. Zhang et al., 2025)

	
	Normalized geodesic distance
	Normalized shortest-path distance between intersections
	Edge
	(Wu et al., 2025)

	
	Normalized angular deviation
	Normalized sum of left/right angles between adjacent segments ÷ 360°
	Edge
	(Wu et al., 2025)

	
	Shape similarity (edge)
	Intersection-to-union ratio of adjacent blocks
	Edge (Block adjacency)
	(Y. Liu et al., 2025)

	
	Arrangement degree
	Angular alignment of block orientations
	Edge (Block adjacency)
	(Y. Liu et al., 2025)

	
	Bridge count/percentage
	Number/proportion of edges whose removal disconnects the graph
	Edge/Network
	(L. Zhang et al., 2025)

	
	Dead-end percentage
	Proportion of edges with a node of degree 1
	Edge/Node
	(L. Zhang et al., 2025)

	
	Average triangles per node
	Mean number of 3-node cycles per node, representing local clustering
	Node/Local neighborhood
	(L. Zhang et al., 2025)

	
	Sinuosity
	Ratio of path length to end-to-end Euclidean distance
	Path/Segment
	(L. Zhang et al., 2025)

	Graph Embedding / Heterogeneity*
	Hits@1 Score
	Proportion of test queries where correct entity is ranked first; used as proxy for spatial heterogeneity
	Network/Grid cell
	(L. Zhang et al., 2025)

	
	Graph classification accuracy
	Accuracy of GNN/graph kernel in distinguishing road network structures; used to quantify non-isomorphism
	Network/Grid cell
	(Tian et al., 2025)

	
	Node embedding dimensionality
	Low-dimensional vector representation (e.g., 100-dim) capturing topological and attribute similarity
	Node
/Intersection
	(J. Zhang et al., 2025; L. Zhang et al., 2025)

	Multi-Modal Semantic*
	Image features (CLIP)
	Frozen CLIP image encoder outputs (512-dim) from satellite/topographic/texture images
	Settlement
/Grid cell
	(J. Zhang et al., 2025)

	
	Text features (CLIP+GPT-4o)
	Summarized village introduction text embedded via CLIP text encoder (≤248 tokens)
	Settlement
	(J. Zhang et al., 2025)

	
	Humanities factors
	Categorical/tabular data: Folklore, Architecture, Clan, Village History, Famous People
	Settlement
	(J. Zhang et al., 2025)

	
	Geographic factors
	Continuous/tabular: Altitude, Elevation, Water network density, Distance to waterbody, Climate variables, NDVI, Arable land %
	Settlement
/Grid cell
	(J. Zhang et al., 2025)

	
	Societal factors
	Continuous/tabular: Population density, Night light index, Urbanization rate, POI count, GDP, Road length, Distance to ancient stage road, Texture dispersion/density
	Settlement
/Grid cell
	(J. Zhang et al., 2025)

	Settlement–Landscape Relational
	Village–Mountain Relationship
	Spatial location of settlement boundaries relative to hills; quantified by distance (D) and enclosure (C)
	Settlement
	(J. Zhang et al., 2025)

	
	Village–Water Relationship
	Geometric relationship between settlement physical boundary and river system
	Settlement
	(J. Zhang et al., 2025)

	
	Village–Field Relationship
	Positional relationship between village boundary and cultivated field space; quantified by distance (D) and enclosure (C)
	Settlement
	(J. Zhang et al., 2025)

	
	Natural environment type
	Dominant natural environment type defined by comparative area coverage of mountains, water, and fields
	Settlement
	(J. Zhang et al., 2025)

	
	Water–Field Pattern
	Abstract geometric pattern of settlement-field morphology; quantified by average field side length (D) and area (A)
	Settlement
	(J. Zhang et al., 2025)

	
	Typical pattern sequence
	Interface ordering characteristics of village-mountain-water-field elements centered on settlement boundary
	Settlement
/Village
	(J. Zhang et al., 2025)

	
	Shape index of settlement boundary
	S = P/(1.5√λ−√λ+1.5)√(A/π)/π, where P=perimeter, A=area, λ=long-to-wide side ratio
	Settlement
/Block
	(J. Zhang et al., 2025)

	
	Degree of boundary fragmentation
	D = 2log₁₀(P/4)/log₁₀(A), where P=perimeter, A=area of settlement boundary
	Settlement
	(J. Zhang et al., 2025)

	
	Degree of plot dispersion
	S = (1/n)∑√[(xᵢ−x̄)²+(yᵢ−ȳ)²]; R = S/d, where (x,y)=centroid coordinates, d=diagonal length
	Settlement/Plot system
	(J. Zhang et al., 2025)

	
	Colony density
	Proportion of total plot area within settlement boundaries to total settlement study boundary area
	Settlement
/Block
	(J. Zhang et al., 2025)

	
	Mean area of cluster plots
	Average area of individual plots within settlement boundaries
	Settlement/Plot
	(J. Zhang et al., 2025)

	
	Road network curvature
	C = D/D₀, where D = actual road length, D₀ = road network length in topological model
	Road segment
/Network
	(J. Zhang et al., 2025)

	
	Road network density
	Total length of road segments per unit area
	Network/Grid cell
	(J. Zhang et al., 2025; L. Zhang et al., 2025)

	
	Average road width
	Average width of primary and secondary road networks within settlement
	Road segment
	(J. Zhang et al., 2025)

	
	Road network alignment-landscape
	Geometric relationship between road network characterization and landscape morphology
	Network
	(J. Zhang et al., 2025)

	
	Road network alignment-wind direction
	Geometric relationship between main road alignment and prevailing wind direction
	Network
	(J. Zhang et al., 2025)

	
	Road network structure typology
	Qualitative classification: Grid pattern, Fishbone pattern, or Mixed pattern
	Network/Grid cell
	(J. Zhang et al., 2025)

	Socioeconomic / Performance*
	Traffic index
	Composite measure of commute time, dissatisfaction, CO₂ emissions, and system inefficiencies
	City/Region
	(L. Zhang et al., 2025)

	
	CO₂ emission index
	Grams of CO₂ attributable to daily commute by passenger (return trip basis)
	City/Region
	(L. Zhang et al., 2025)

	
	Time index / Inefficiency index
	Average one-way commute time (min); estimated dissatisfaction from commute duration
	City/Region
	(L. Zhang et al., 2025)

	
	Intersection density
	Number of road intersections per square kilometer
	Grid cell
/Network
	(L. Zhang et al., 2025)

	
	Road length / Road number
	Total length (km) or count of road segments within study area
	Network/Grid cell
	(L. Zhang et al., 2025)






















Appendix 2 Table A2. Graph Construction Methodologies Across 24 Reviewed Studies: Node Definitions, Representation Paradigms, Edge Logic, and Spatial Constraints
Note: This inventory documents the methodological choices underlying graph representation in each reviewed study. Columns are organized as follows: (1) Node Element: the physical or abstract urban entity represented as a graph node (e.g., building centroid, road intersection, data modality); (2) Representation Paradigm: the graph-theoretic framing (primal, dual, constrained triangulation, hierarchical fusion, etc.); (3) Edge Definition Logic: the rule or algorithm determining node connectivity (e.g., Delaunay adjacency, topological connectivity, Voronoi influence, attention-based); (4) Spatial Constraints / Boundary Handling: how natural or administrative boundaries (roads, rivers, parcels, grid cells) constrain graph construction; (5) Edge Weighting Scheme: the function or attribute used to weight connections (e.g., Gaussian distance decay, unweighted adjacency, GAT attention); (6) Graph Scope: the spatial extent of the constructed graph (intra-block, city-wide, grid-cell, ego-network, multi-modal scaffold).
	Study
	Node Element
	Representation Paradigm
	Edge Definition Logic
	Spatial Constraints / Boundary Handling
	Edge Weighting Scheme
	Graph Scope

	(Z. Liu et al., 2026)
	Building centroids
	Proximity graph
	Fully connected intra-block (all-to-all connections)
	Road-defined urban blocks; graphs constructed independently per block
	Gaussian distance decay: w<sub>ij</sub> = exp(−(d<sub>ij</sub>/σ)²), d<sub>ij</sub> = centroid distance, σ = block std. dev.
	Intra-block (each block = independent graph)

	(L. Zhang et al., 2025)
	Road intersections
	Primal graph
	Topological connectivity: edges = road segments linking intersections
	None specified (city-wide network)
	Unweighted edges; 10 discrete relationship types encoding functional hierarchy + compass direction
	City-wide directed graph

	(J. Zhang et al., 2025)
	Input/communication nodes (data modalities)
	Abstract fusion graph
	Predefined input→communication connections + GAT-learned communication edges
	None (semantic relationships, not spatial)
	Dynamically weighted via GAT attention mechanism
	Multi-modal fusion scaffold (non-spatial)

	(Yang et al., 2025)
	Building centroids
	Constrained Delaunay Triangulation (CDT)
	Delaunay edges retaining only Type 1 (≥2 buildings) & Type 2 (outside buildings) triangles; Type 3 (within-building) removed
	Road/river networks partition space; CDT applied within natural boundaries
	Nearest distance between building footprints (not centroid-to-centroid)
	Intra-block constrained graphs

	(Wu et al., 2025)
	Road intersections
	Primal graph
	Topological connectivity: edges = road segments linking intersections
	Optional 1km² grid-cell partitioning for localized analysis
	Two edge attributes: (1) normalized geodesic distance; (2) normalized angular deviation (sum of left/right angles ÷ 360°)
	City-wide or grid-cell networks

	(Tian et al., 2025)
	Intersections & segment endpoints
	Primal graph
	Topological connectivity after topology simplification (simplify=True)
	1km × 1km grid cells (400 cells per city)
	Unweighted undirected edges
	Localized (1km² cells)

	(Sugama, 2025)
	Road intersections
	Primal graph
	Topological connectivity (all roads modeled uniformly)
	15km radius city networks
	Unweighted undirected edges (explicitly excludes functional differentiation)
	City-wide (15km radius)

	(Neira & Murcio, 2025)
	Street junctions
	Primal graph
	Topological connectivity after node merging (<10m threshold)
	1km × 1km grid cells centered on city centroids (39,364 cities/towns)
	Unweighted adjacency matrix; spatial extent implicitly encoded via normalized (x,y) coordinates
	Localized (1km² cells)

	(M. Molefe, 2025)
	Road segments
	Dual graph (line graph transformation)
	Two segments connect if sharing a common intersection in primal graph
	None specified
	Unweighted edges; morphological signal isolated via pure topology
	City-wide segment adjacency

	(Lu & Tong, 2025)
	Building centroids
	Voronoi influence zone adjacency
	Buildings connect if Voronoi-derived influence zones share boundary adjacency
	Block-wise construction: process repeated independently within pre-divided urban blocks
	Unweighted edges (weight = 1)
	Intra-block constrained graphs

	(Z. Liu & Song, 2025)
	Building centroids
	Intra-plot Delaunay Triangulation
	Delaunay edges within cadastral parcel boundaries
	Cadastral parcels (plots); edges >200m trimmed; plots with <3 buildings excluded
	Euclidean centroid-to-centroid distance
	Intra-plot constrained graphs

	(Y. Liu et al., 2025)
	Street blocks (meshes)
	Mesh adjacency graph
	Rook adjacency: blocks connect if sharing common boundary edge (not corner)
	1km × 1km patches; grid-boundary intersections included as blocks
	Edge features: (1) shape similarity (intersection/union ratio); (2) arrangement degree (angular alignment)
	Patch-level (1km²) tissue graphs

	(T. Liu et al., 2025)
	Building centroids
	Multi-variant proximity graphs
	Three variants compared: (1) k-NN; (2) Delaunay Triangulation; (3) Minimum Spanning Tree
	Road/river networks partition space into blocks; graphs constructed within blocks
	Euclidean centroid-to-centroid distance
	Intra-block constrained graphs

	(Chen & Qian, 2025)
	Building centroids
	Road-constrained Delaunay Triangulation
	First-order Delaunay neighbors within road-constrained sub regions
	Road networks partition space; 0.01m inward buffer ensures min. inter-building distance >0; 0.01m outward convex hull buffer ensures graph closure
	Euclidean centroid-to-centroid distance
	Intra-subregion constrained graphs

	(M. E. Molefe & Tapamo, 2024)
	Road segments
	Dual graph (line graph transformation)
	Two segments connect if sharing a common intersection in primal graph
	None specified
	Unweighted edges; geometric signal encoded via node features (length, 20 boundary points, coordinates, speed limit)
	City-wide segment adjacency

	(Jia et al., 2024)
	Residential building centroids
	Delaunay Triangulation
	Delaunay edges on building centroids
	Cadastral parcels: each residential block forms independent graph; no cross-block edges
	Euclidean centroid-to-centroid distance
	Intra-block constrained graphs (2,196 blocks Shenzhen; 1,742 blocks Hong Kong)

	(Huang et al., 2024)
	Road meshes (polygons)
	Mesh adjacency graph
	Meshes connect if sharing common boundary edge or intersection point
	Road network polygonization defines mesh cells
	Unweighted edges; contextual signal via mesh fusion features (N6–N8)
	City-wide mesh tissue graph

	(M. E. Molefe & Tapamo, 2023)
	Road segments
	Dual graph (line graph transformation)
	Two segments connect iff sharing a common intersection in primal graph
	None specified
	Unweighted edges; geometric signal encoded via node features (length, 20 boundary points, coordinates, speed limit)
	City-wide segment adjacency

	(De Sabbata et al., 2023)
	Street junctions
	Ego-network sampling
	Topological connectivity within 500m street-distance radius
	Ego-graphs centered on each junction (min. 8 nodes retained)
	Edge attribute: street segment length (min-max normalized 50–500m); node attribute: degree (min-max normalized 1–4)
	Localized ego-networks (500m radius)

	(Yan et al., 2022)
	Building centroids
	Voronoi-like tessellation
	Buildings connect if Voronoi partitions share boundary adjacency
	Physical constraints (roads, rivers) partition space into blocks before graph construction
	Unweighted edges; 0.01m negative buffer handles touching boundaries
	Intra-block constrained graphs

	(Gharaee et al., 2021)
	Road segments
	Dual graph (line graph transformation)
	Two segments connect if sharing a common intersection in primal graph
	Two-view neighborhood sampling: (1) fixed-length local view L<sub>l</sub>; (2) random walk global view L<sub>g</sub> = 2×L<sub>l</sub>
	Unweighted edges; geometric signal via 56–58-dim node features (length, 20 boundary points, coordinates, speed limit)
	City-wide segment adjacency

	(Zhao et al., 2020)
	Building centroids
	Constrained Delaunay Triangulation + skeletonization
	Buildings connect if sharing ≥1 triangle edge in CDT
	Building outlines + surrounding street segments form CDT constraints; skeletonization of gap space
	Inverse squared weighted distance: W = 1/d² (incorporating skeleton length & triangle height)
	Intra-block constrained graphs

	(Yan et al., 2019)
	Building centroids
	Multi-variant proximity graphs
	Two variants compared: (1) Delaunay Triangulation (fully connected); (2) Minimum Spanning Tree (sparse subset of DT)
	Road/river networks used as hard boundaries to partition space before graph construction
	Nearest distance between building outlines (not centroid-to-centroid)
	Intra-block constrained graphs

	(Bei et al., 2019)
	Building centroids / contour key points
	Constrained Delaunay Triangulation
	Delaunay neighbors within block boundaries
	CDT partitions buildings into blocks; each block forms independent graph
	Euclidean distance or shifting degree of adjacency weight (D<sub>w</sub>, D<sub>h</sub>)
	Intra-block constrained graphs








Appendix 3 Table A3: Complete inventory of graph-based learning approaches across the 24 reviewed studies, organized by learning paradigm
Note: Studies are grouped by learning paradigm (Unsupervised: n=8; Supervised: n=14; Semi-supervised: n=2). Output granularity indicates the primary prediction unit: Node = individual urban element (building, segment); Graph = aggregated unit (block, network patch); Edge = relationship between elements. Full methodological details, including hyperparameters and evaluation metrics, are available in the original publications.
	Study
	Paradigm
	Learning Objective
	Model Family & Key Innovation
	Output Granularity

	Unsupervised Approaches

	Liu et al. (2026)
	Unsupervised
	Discover block-level morphological typologies through joint structural and metric analysis
	Contrastive GAT + Autoencoder: Multi-head attention with contrastive loss on augmented intra-block graphs; fused with block-level morphometrics
	Graph (urban block)

	Yang et al. (2025)
	Unsupervised
	Cluster buildings into perceptually coherent groups for cartographic generalization
	Distance-biased GAT + Spectral Clustering: Attention enforcing spatial proximity; clustering on learned similarities
	Node (building)

	Wu et al. (2025)
	Unsupervised
	Quantify similarity between city-scale road networks via dynamic topological response
	Graph Cellular Automata: Differentiable logic gates; similarity from Jensen-Shannon divergence of state evolution
	Graph (road network)

	Sugama (2025)
	Unsupervised
	Embed global street networks to reveal regional topological patterns
	graph2vec: WL kernel + doc2vec; pure topology, no geometry or semantics
	Graph (city network)

	Neira & Murcio (2025)
	Unsupervised
	Learn generative representations of street networks for synthesis and classification
	VGAE + Transformer: Autoregressive coordinate modeling + GCN-based structural embedding
	Graph (1km² segment)

	Lu & Tong (2025)
	Unsupervised
	Identify urban form types at building/block scale using spatial relationships
	GCN + K-means: 3-layer spectral convolution on Voronoi-derived graphs; clustering on embeddings
	Node (building)

	Liu & Song (2025)
	Unsupervised
	Classify cadastral plots by internal building configuration
	Distance-decay GAT: Attention on intra-plot Delaunay graphs; attention pooling for plot-level representation
	Graph (cadastral plot)

	De Sabbata et al. (2023)
	Unsupervised
	Embed street junctions to characterize urban-suburban transitions
	Graph Autoencoder (GIN): Modified GIN with edge attributes; 2D embeddings for visual interpretation
	Node/Graph (junction + neighborhood)

	Supervised Approaches

	Yan et al. (2019)
	Supervised
	Classify building groups as regular vs. irregular patterns
	Spectral GCN: Chebyshev polynomial approximation (K=3); global mean pooling + FC layers
	Graph (building group)

	Yan et al. (2022)
	Supervised
	Predict centroid positions for building grouping (cartographic generalization)
	Spectral GCN: 5-layer Chebyshev GCN with skip connections; regression output + k-means
	Node → Graph (via post-processing)

	Zhao et al. (2020)
	Supervised
	Semantic segmentation of buildings into 5 pattern types (e.g., grid-like, curvilinear)
	Spectral GCN + SpecTN: Chebyshev convolution with spectral transformer; multi-scale skip connections
	Node (individual building)

	Gharaee et al. (2021)
	Supervised
	Road-type classification using structural and visual features
	GAIN: Attention-weighted SUM aggregation with cross-entropy loss
	Node (road segment)

	Liu et al. (2025)
	Supervised
	Classify building groups into 3 patterns (irregular/grid/linear)
	DGCNN: 17 GCN layers + SortPooling + knowledge graph embedding layer (bilinear fusion)
	Graph (building group)

	Jia et al. (2024)
	Supervised
	Classify residential blocks into 3 high-density Asian patterns
	Spectral GCN: 2-layer GCN with Delaunay graphs; features at building and block scales
	Graph (residential block)

	Huang et al. (2024)
	Supervised
	Detect road grid patterns via hierarchical mesh-to-segment cognition
	TAGCN: Topology-adaptive GCN (K=3) on road meshes; rule-based non-grid exclusion
	Graph (road mesh)

	Liu et al. (2025)
	Supervised
	Classify street networks into 6 morphology types (grid, dendritic, etc.)
	Hybrid SBGNet: Graph Transformer (edge-aware) + Chebyshev GCN + ResNet-34 (image) + MLP (global)
	Graph (street network patch)

	Zhang et al. (2025)
	Supervised
	Multi-task classification of 17 traditional village spatial subtypes
	Hierarchical GNN: GCN + GAT + CLIP fusion; relation-aware pooling per subtype
	Graph (village)

	Zhang et al. (2025)
	Supervised
	Quantify spatial heterogeneity via road network edge classification
	Relational GCN: 10 discrete edge types encoding functional/directional road properties; DistMult scoring
	Edge/Node (intersection embeddings)

	Molefe (2025)
	Supervised
	Classify road segments into 5 functional types using structural features only
	Standard GCN: 2-hop aggregation with mean pooling; 5D topological features (centrality metrics)
	Node (road segment)

	Molefe & Tapamo (2024)
	Supervised
	Road-type classification robust to noisy OSM attributes
	DAE + GNN: DAE compresses 58D raw features → GNN (GCN/GraphSAGE/GAT) with 2-hop aggregation
	Node (road segment)

	Molefe & Tapamo (2023)
	Supervised
	Road-type classification using compact structural representations
	DAE + GCN: DAE preprocessor + 2-hop GCN with max-pooling aggregation
	Node (road segment)

	Tian et al. (2025)
	Supervised
	Quantify structural non-isomorphism via city identification
	EdgeCNN: Edge-based convolutions on continuous node coordinates; outperforms WL kernel
	Graph (1km² road network cell)

	Semi-Supervised Approaches

	Chen & Qian (2025)
	Semi-supervised
	Predict optimal number of building clusters per block to guide cartographic generalization, using minimal expert annotations
	Two-stage hybrid: (1) Supervised GAT predicts graph-level cluster count (2) Unsupervised spectral clustering guided by predicted count
	Graph → Node (graph-level prediction informs node-level clustering)

	Bei et al. (2019)
	Semi-supervised
	Jointly classify building spatial states (edge/inner/free) and recognize block-level morphological patterns (I/L/grid/single) using limited labeled examples
	Multi-task spectral GCN: Single Chebyshev GCN backbone with two output heads (node-level state + graph-level pattern) trained with partial labels
	Node + Graph (simultaneous node- and graph-level predict



Appendix 4, Table A4. Cross-study performance summary across the 24 reviewed studies, organized by learning paradigm.
Note: Studies are grouped by learning paradigm (Unsupervised: n=8; Supervised: n=14; Semi-supervised: n=2). Performance metrics vary by paradigm: unsupervised studies report clustering quality indices (Silhouette, NMI, ARI) or embedding fidelity measures, while supervised studies report classification accuracy, F1 score, or task-specific metrics. Direct cross-study comparison should be interpreted with caution given heterogeneity in datasets, evaluation protocols, and task definitions. All values are reproduced from the original publications.
	#
	Study
	Node
	Edge Strategy
	Paradigm
	What to Extract
	Already Known

	1
	Z. Liu et al. (2026)
	Building
	Fully connected intra-block
	Unsup. (GCL+AE)
	Clustering quality: Purity, NMI, ARI (land-use reference); Silhouette score; Random Forest accuracy/F1 for functional prediction
	13 block types via K-means on 10-dim AE embeddings; ~30% of discriminative info in inter-building spatial relationships

	2
	Yang et al. (2025)
	Building
	CDT
	Unsup. (LA-GAT)
	Cluster Compactness, Silhouette Coefficient, Adjusted Rand Index (ARI) vs. manual annotations
	LA-GATs: Silhouette 0.65, ARI 0.87; ~21% ARI improvement over K-means in residential areas; distance bias +15% ARI

	3
	Wu et al. (2025)
	Intersection
	Primal street
	Unsup. (GCA)
	Silhouette (>0.9 target), Soft-Silhouette, CH, DB indices; Internal consistency index I_C(c); Spearman correlations with land value/space syntax
	GCA-Sim achieves Silhouette >0.9; 20% of parameter settings induce strong structural amplification ("network resonance")

	4
	Sugama (2025)
	Intersection
	Primal street
	Unsup. (graph2vec)
	Cosine similarity/distance (0–2 range) between city embeddings; MDS clustering coherence; cumulative similarity distributions
	Regional clustering: Europe (0.777–0.838), NA (0.868–0.931), Asia-Pacific (0.807–0.887); Asia shows exceptional internal diversity

	5
	Neira & Murcio (2025)
	Intersection
	Primal street
	Unsup. (VGAE)
	Topological fidelity (KDE: street length, degree, circuity); Geometric fidelity (block area/form factor); K-means cluster coherence (K=7)
	Synthetic circuity matches real (1.039 vs. 1.033); 7 morphological types with regional coherence; megacity centers cluster in rare type 6

	6
	Lu & Tong (2025)
	Building
	Voronoi adjacency
	Unsup. (GCN+K-means)
	Silhouette Score, CH Index, DB Index, BIC, Elbow Method (optimal k); Patch aggregation count post-merging
	Graph-based clustering yields 46% fewer patches (1,791 vs. 3,337); significant inter-cluster differences in FSI, Unbuilt Area, GSI

	7
	Z. Liu & Song (2025)
	Building
	Delaunay intra-plot
	Unsup. (GAT)
	Silhouette score for k-means (optimal k=7); Space Matrix (FAR vs. GSI) separation of identical-density plots
	7 plot types identified; framework separates plots with identical FAR-GSI but different internal configurations (tower/slab/composite)

	8
	De Sabbata et al. (2023)
	Junction
	Primal street
	Unsup. (GAE)
	Qualitative embedding mapping (DBSCAN clusters, urban-suburban gradients); Kendall's τ with centrality metrics
	Embeddings capture distinct urban form patterns; strongest correlations with segment lengths and junction degree

	9
	Yan et al. (2019)
	Building
	Delaunay (DT)
	Sup. (GCN)
	Overall accuracy, per-class accuracy, kappa coefficient for regular vs. irregular patterns; cross-city generalization
	98.68% test accuracy (Guangzhou); 94.71% cross-city (Shanghai); outperformed SVM (92.93%/75.59%) and RF (95.14%/87.75%)

	10
	Yan et al. (2022)
	Building
	Voronoi-like tessellation
	Sup. (GCN)
	Adjusted Rand Index (ARI) for grouping accuracy; comparison vs. density-based and ArcGIS polygon aggregation
	Guangzhou 1:2000: ARI=0.729 (79% >0.6); cross-scale: ARI=0.383; cross-city Shenzhen: ARI=0.667; outperformed baselines

	11
	Zhao et al. (2020)
	Building
	CDT + skeletonization
	Sup. (GCN+SpecTN)
	Classification accuracy and mean IoU for 5 pattern types (collinear/curvilinear/grid-like/rectangular/high-density)
	90.24–93.12% accuracy; mean IoU 77.01–83.40%; outperformed MST and GSCARF in boundary precision

	12
	Gharaee et al. (2021)
	Road segment (dual)
	Dual street
	Sup. (GAIN)
	Micro-averaged F1 for 5 road types in transductive/inductive settings; architecture comparison (GCN/GraphSAGE/GAT/GIN/GAIN)
	GAIN: 0.71 F1 unsupervised transductive (+20% vs. baseline); 0.81 F1 supervised transductive; 0.59 F1 inductive

	13
	T. Liu et al. (2025)
	Building
	k-proximity / DT / MST
	Sup. (DGCNN)
	Accuracy for 3 patterns (irregular/grid/linear); comparison across graph construction methods
	99.03% train / 95.89% test accuracy; outperformed spectral GCN (60.54%) and original DGCNN (93.75%)

	14
	Jia et al. (2024)
	Building
	Delaunay (DT)
	Sup. (GCN)
	Classification accuracy for 3 Asian residential patterns; cross-city generalization on Hong Kong dataset
	97.95% train / 94.91% test (Shenzhen); 93.77% accuracy on Hong Kong; depth=2 architecture optimal

	15
	Huang et al. (2024)
	Road mesh
	Dual street
	Sup. (TAGCN)
	Precision, recall, F1 for grid detection; cross-city validation on Amsterdam/Denver
	Changchun: 97.68% accuracy, 96.99% precision, 90.09% recall, 93.41% F1; outperformed baselines by 0.79–44.87%

	16
	Y. Liu et al. (2025)
	Block/Intersection
	Multi-branch (rook adjacency)
	Sup. (Hybrid SBGNet)
	Overall accuracy for 6 morphology types; per-branch ablation (graph/image/global); ROC/PR AUC, F1
	0.91±0.01 train / 0.80±0.01 test accuracy; ROC AUC 0.97, PR AUC 0.88, F1 0.80; 5–33% PR AUC improvement over baselines

	17
	J. Zhang et al. (2025)
	Abstract nodes
	Semantic (modality-based)
	Sup. (Hierarchical GNN)
	Accuracy/F1 per subtype and S/V/R groups; multi-modal vs. single-modal; ablation on fusion coefficient β
	Overall: 0.821 accuracy / 0.907 F1 (best prior: 0.806/0.892); joint training +6% gain for parcel tasks; GAT communication edges +4% avg accuracy

	18
	L. Zhang et al. (2025)
	Intersection
	Primal (relational, 10 edge types)
	Sup. (RGCN)
	Hits@1 as heterogeneity metric; typology differentiation via K-means; Pearson correlations with traffic/CO₂/road density
	Hits@1 distinguishes typologies: Dendritic ≈0.57 > Mixed ≈0.51 > Polygonal ≈0.48 > Grid ≈0.42; correlations: traffic R=0.36, CO₂ R=0.43, density R=0.48

	19
	M. Molefe (2025)
	Road segment (dual)
	Dual street
	Sup. (GCN)
	Micro-averaged F1 for 5 road types; comparison vs. raw features only and raw+GCN baselines
	73% test F1 (Johannesburg, mean aggregator, M=4); 71% (Linköping, M=8); outperforms raw-only (59%) and raw+GCN (58%); within 4% of DAE+GCN (75%)

	20
	M. E. Molefe & Tapamo (2024)
	Road segment (dual)
	Dual street
	Sup. (DAE+GNN)
	Micro F1 comparing GCN/GraphSAGE/GAT with 58D→8D DAE compression; aggregator function comparison
	Best: GSAGE-Max 78% (Linköping), GSAGE-Mean 84% (Johannesburg); DAE preprocessing +19–20% F1 over raw baseline

	21
	M. E. Molefe & Tapamo (2023)
	Road segment (dual)
	Dual street
	Sup. (DAE+GCN)
	Classification accuracy with DAE preprocessing; micro F1 for 5 road types
	75% test F1 (Linköping); outperforms baseline (59%) and GCNN-only (58%); DAE compresses 58D→8D before convolution

	22
	Tian et al. (2025)
	Intersection
	Primal street
	Sup. (EdgeCNN)
	Classification accuracy as non-isomorphism metric; regional patterns; correlations with road density/CO₂/traffic
	EdgeCNN: 85% accuracy (vs. WL 80%, GIN 75%); Europe: 0.777–0.838, NA: 0.868–0.931, Asia-Pacific: 0.807–0.887

	23
	Chen & Qian (2025)
	Building
	Voronoi-like (road-constrained)
	Semi-sup. (GAT+SC)
	ARI, ACC, NMI for building clustering; comparison with K-means, DBSCAN, VGAE/ARVGA/DAEGC
	Two Ningbo datasets: ARI 0.6851/0.5348, ACC 0.4632/0.5531, NMI 0.7523/0.5941; outperformed all baselines; better orthogonal feature preservation

	24
	Bei et al. (2019)
	Building
	CDT
	Semi-sup. (GCN)
	Node-level state accuracy (edge/inner/free); graph-level pattern accuracy (I/L/grid/single); kappa; cross-city generalization
	92.71% node state accuracy; 89.83% pattern recognition (Xi'an); kappa 0.832/0.847; cross-city tested (Beijing→Xi'an)
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