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Abstract: 34 

Continuous multi-scale representation enables geographic features to evolve smoothly across 35 

Levels of Detail, avoiding abrupt transitions between independently generalized datasets. 36 

However, existing approaches provide limited support for complex transformations involving 37 

different geometric and topological configurations. This study generalizes the LoD Transition 38 

Space framework to represent continuous transformations between polygons, polylines, and 39 

points. The proposed approach uses straight-skeleton-based geometric primitives to construct 40 

continuous 2D+1D transition volumes and decomposes complex transformations into localized 41 

LoD Transition Regions. The framework supports polygon-to-boundary-polyline, polyline-to-42 

polyline, polygon-to-polygon, and N-to-M polygon transformations, including aggregation, 43 

merging, splitting, simplification, and collapsing. Horizontal slicing of the resulting 3D model 44 

generates intermediate representations at arbitrary Levels of Detail while maintaining 45 

geometric continuity and topological consistency.  The approach was evaluated using real-46 

world datasets from OpenStreetMap, NUTS, ATKIS, and Polish administrative and BDOT10k 47 

data. The experiments demonstrate that the framework can represent both regular and irregular 48 

multi-scale transformations, including cases where source and target geometries have complex 49 

spatial relationships or identical target extents. The proposed 3D model provides a unified 50 

representation for continuous map generalization and supports the generation of consistent 51 

intermediate representations across scales. 52 

 53 

Keywords: LoD Transition Space; vario-scale representation; map generalization; straight skeleton; 54 

continuous level of detail; topological consistency. 55 
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1. Introduction 64 

The increasing use of web-based Geographic Information Systems (GIS) and interactive 65 

mapping requires geographic data to be represented continuously across scales. However, most 66 

systems still rely on discrete Levels of Detail (LoDs), where independently generalized datasets 67 

are selected at predefined scales. This can cause abrupt changes during zooming, as features 68 

suddenly appear, disappear, merge, or change shape. Discrete LoDs also introduce data 69 

redundancy and make it difficult to maintain consistent spatial relationships across scales (Van 70 

Oosterom, 2005; van Oosterom and Meijers, 2011, 2014). Vario-scale representation addresses 71 

these limitations by treating scale as a continuous dimension, allowing representations at 72 

arbitrary scales to be derived from a unified model (Ai, 2010; van Oosterom and Meijers, 73 

2014). 74 

The Space-Scale Cube (SSC) provides a framework for representing geographic features 75 

together with scale as a 2D+1D structure, where the third dimension represents the evolution 76 

of features across scales (Meijers and van Oosterom, 2011; van Oosterom et al., 2014). The 77 

Dual Half-Edge (DHE) provides a complementary topological structure for representing and 78 

navigating the integrated geometry (Boguslawski and Gold, 2016). Nevertheless, a general 79 

geometric framework for constructing continuous transitions between different feature types 80 

and complex generalization operations remains limited. 81 

Previous works established a straight-skeleton-based LTS approach for polygon-to-point and 82 

polygon-to-polyline transitions and integrated it with the DHE and SSC frameworks (Gholami 83 

et al., 2025, 2026). However, more complex transformations, including polygon-to-polygon, 84 

polygon-to-boundary-polyline, polyline-to-polyline, and N-to-M polygon transitions, require 85 

additional geometric and topological mechanisms. These transformations are important for 86 

map generalization operations such as merging, aggregation, simplification, splitting, 87 

collapsing, and smoothing. 88 

This study generalizes the LoD Transition Space (LTS) framework to support these complex 89 

transformations. The proposed method represents LoD evolution as an additional dimension 90 

and constructs continuous 2D+1D transition volumes using straight-skeleton-based geometric 91 

primitives. Complex transformations are decomposed into localized LoD Transition Regions 92 

and integrated into a unified transition space. Horizontal slicing of this space enables the 93 

generation of arbitrary intermediate LoDs while maintaining geometric continuity and 94 

topological consistency. 95 
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The main contributions are: (1) a generalized LTS framework supporting diverse geometric 96 

and topological transformations; (2) a volumetric construction strategy for complex map 97 

generalization operations; and (3) a straight-skeleton-based reflection and extrusion method for 98 

polygon-to-boundary-polyline transitions. The proposed framework is demonstrated using 99 

synthetic and real-world datasets to evaluate its ability to generate continuous intermediate 100 

representations across scales. 101 

2. Related Work 102 

Research relevant to continuous LoD representation can be grouped into three areas: 103 

continuous geometric transformations, vario-scale map generalization, and topological 104 

consistency. 105 

2.1. Continuous geometric transformations 106 

The geometric basis of continuous feature transformation originates from the lifespan model, 107 

which describes the validity of geographic features across scale (Ai and Li, 2009), and from 108 

the straight skeleton and roof model. A straight skeleton is generated through inward wavefront 109 

propagation, where edge and split events describe progressive geometric changes (Aichholzer 110 

et al., 1996; Huber, 2011). Extensions of straight-skeleton methods have addressed irregular 111 

polygon configurations (Li et al., 2018; Li et al., 2019), while skeleton-based approaches have 112 

also been used for polygon-to-polyline transformations (Haunert and Sester, 2008; Li et al., 113 

2022; Ren et al., 2021; Biedl et al., 2015). 114 

Dimension-changing transformations between polygons, polylines, and points have been 115 

studied for feature collapse, aggregation, and geometric interpolation. Polygon-to-point 116 

transformations have been investigated by Wolf (2009), Choi and Hwang (2009), Gedicke et 117 

al. (2021), and Kronenfeld et al. (2020), while polygon-to-polygon and polyline-to-polyline 118 

transformations have been addressed using interpolation and morphing approaches (Barequet 119 

et al., 2003; Barequet and Vaxman, 2007; Kels and Dyn, 2011; Forsch et al., 2024; Dalstein et 120 

al., 2015). Related approaches have also reconstructed 3D objects from 2D contours using 121 

interpolation and straight-skeleton techniques (Oliva et al., 1996; Turk and O’Brien, 2005), 122 

and topology-preserving representations have emphasized the validity of intermediate 123 

geometries (Zeng et al., 2021). Road-network studies similarly demonstrate the importance of 124 

stable structural elements during continuous transformations (Strano et al., 2012). 125 
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Gholami et al. (2025) integrated the Straight Skeleton, Dual Half-Edge (DHE), and 126 

Space-Scale Cube (SSC) to support polygon-to-point and polygon-to-polyline transitions. 127 

However, the approach mainly addressed individual polygon collapse and did not provide a 128 

unified solution for neighboring features and more complex multi-feature transformations. 129 

DHE provides an appropriate topological foundation for such extensions because it supports 130 

representation and navigation of complex 3D geometries (Boguslawski, 2011; Boguslawski 131 

and Gold, 2016). Table 1 summarizes representative studies according to their primary 132 

dimension-changing transformations. 133 

Table 1. Cited works are grouped by their primary dimension-changing transformation. 134 

Object transformation References 

Polygon-to-point 

(Gholami et al., 2025), (Wolf, 2009), (Choi 

and Hwang, 2009) , (Gedicke et al., 2021) 

and (Kronenfeld et al., 2020). 

Polygon-to-polyline 

(Gholami et al., 2025), (Aichholzer et al., 

1996), (Haunert and Sester, 2008), (Li et al., 

2022), (Gedicke et al., 2021), (Biedl et al., 

2015), (Ren et al., 2021), (Haunert and 

Sester, 2008). 

Polygons-to-polygons 

(Gedicke et al., 2021), (Sarmah et al., 2023) 

, (Barequet et al., 2003), (Forsch et al., 2024), 

(Dalstein et al., 2015), (Barequet and 

Vaxman, 2007), and (Kels and Dyn, 2011). 

Polyline-to-polyline 
(Forsch et al., 2024) , (Dalstein et al., 2015), 

and (Zhang et al., 2024). 

2.2. Map generalization and vario-scale representation 135 

Map generalization transforms detailed geographic data into smaller-scale representations 136 

through operations such as simplification, aggregation, displacement, typification, and 137 

elimination. Conventional approaches generally produce discrete LoDs, whereas vario-scale 138 

representation treats scale as a continuous dimension and enables smooth transitions between 139 

representations (Ai, 2010; van Oosterom and Meijers, 2014). 140 

The Space-Scale Cube (SSC) provides a fundamental framework for this concept by 141 

representing 2D geographic features together with scale as a 2D+1D volumetric structure 142 
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(Meijers and van Oosterom, 2011; van Oosterom et al., 2014). The vertical extent represents 143 

the lifespan of features across scale, while topological data structures such as the DHE support 144 

integrated geometric and relational information (Karim et al., 2017). Previous work has 145 

demonstrated the application of such structures to multi-scale data management (Gholami et 146 

al., 2024). Other approaches have explored graph-based aggregation (Rottmann et al., 2021; 147 

Rottmann et al., 2025), triangulation-based methods (Jones et al., 1995), continuous road-148 

network generalization (Šuba et al., 2016), vector pyramids (Yang et al., 2021), matrix-based 149 

representations (Huang et al., 2017), and Fourier-based continuous models (Liu et al., 2016). 150 

GHS-SmartDissolve provides an effective approach for producing dissolved polygon layers 151 

but does not explicitly represent the intermediate transition states (Schiavina et al., 2023). 152 

Similarly, generic representations for heterogeneous point, line, and polygon datasets have 153 

been proposed without incorporating a continuous scale dimension (Rolland et al., 2024). 154 

Continuous LoD transitions have also been investigated for 3D building models (Kada et al., 155 

2015; Yang et al., 2024). However, existing approaches generally focus on particular object 156 

types or mesh-based transformations and do not provide a unified framework for simultaneous 157 

map generalization operations involving different geometry types. 158 

Recent work by (Gholami et al., in press) addressed the topological integration of separate 159 

multi-scale datasets using a primal–dual data structure, producing a unified 3D vario-scale 160 

representation and reducing geometric redundancy through deep integration. However, that 161 

framework primarily establishes structural relationships among existing representations rather 162 

than explicitly modeling the continuous geometric evolution between them. The present study 163 

complements this approach by introducing an LTS-based framework for constructing and 164 

slicing the transition between source and target representations. 165 

2.3. Topological consistency 166 

Preserving topology during map generalization is essential for avoiding invalid spatial 167 

relationships. Topology-preserving simplification has been investigated by Saalfeld (1999) and 168 

Visvalingam and Whyatt (2017), while the 9-intersection model has been extended to represent 169 

spatial relationships under different levels of resolution and abstraction (Tinghua and Yaolin, 170 

2003). Gorshkov et al. (2022) compared the 9IM, topological chain, and E-WID models, while 171 

Cheng et al. (2023) introduced concept-neighborhood graphs for evaluating topological 172 

similarity during dimension-changing transformations. Torres-Avilés et al. (2025) further 173 
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proposed an efficient representation for computing DE-9IM relationships over large polygon 174 

datasets. 175 

Despite these developments, existing approaches generally evaluate or preserve topology at 176 

discrete states rather than explicitly modeling its continuous evolution during LoD transitions. 177 

Similarly, existing geometric interpolation methods do not directly integrate continuous 178 

transformation with a topology-aware vario-scale representation. 179 

Therefore, a gap remains between continuous geometric transformation, vario-scale 180 

representation, and topology-preserving map generalization. The present study addresses this 181 

gap by extending the LoD Transition Space (LTS) framework of Gholami et al. (2026) to 182 

polygon-to-boundary-polyline, polygon-to-polygon, polyline-to-polyline, and N-to-M polygon 183 

transformations. The proposed approach represents these transformations as continuous 184 

2D+1D volumes that can be sliced at arbitrary LoDs, providing a unified framework for 185 

generating intermediate representations while maintaining geometric continuity and 186 

topological consistency. 187 

3. Method and Materials for the LTS for other cases 188 

This section extends the LTS by detailing the LTS construction for diverse geographic feature 189 

types, such as lines and complex polygon networks, beyond the initial polygon-to-point case. 190 

3.1 Polygon-to-boundary-polyline transition 191 

The purpose of this section is to describe the polygon-to-boundary-polyline transition 192 

transitions a polygon to a subset of its boundary edges. 193 

As shown in Fig. 1, given a polygon 𝑃 (source at ݈ = 0) and a subset ܵ (target at ݈ = 1) 194 

as inputs, the proposed approach generates the 3D representation of the LoD transition space 195 

between these source and target geometries in four steps. 196 
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 197 

Fig. 1. The flowchart of steps to generate the polygon-to-boundary-polyline transition. 198 

The proposed approach consists of four steps. 199 

Step 1. Construct the LTS using the straight skeleton over the ݈-range such that the highest 200 

point has ݈ = 0.5. Thus, ܪ௣ = ,ݔ) ,ݕ 0.5), and the horizontal plane passing through this point 201 

is defined by ݈ = 0.5, denoted as the ܪ௣ plane. 202 

Step 2. Classify the transition faces into two categories: Leaving Source (LS) faces and 203 

Meeting Target (MT) faces. An LS face corresponds to a transition face (݁௜) where ݁௜ ∈ ܵ, and 204 

an MT face corresponds to a transition face (݁௜) where ݁௜ ∉ ܵ. 205 

Step 3. Reflect the MT faces across the ܪ௣ plane. The reflection transformation of a vertex 206 

with coordinates (ݔ, ,ݕ ݈) across the ܪ௣ plane yields (ݔ, ,ݕ 1 − ݈); thus, transform each vertex 207 

of the MT faces individually. 208 

Step 4. Add extrusion edges between the reflected MT faces, the LS faces, and the source faces 209 

to construct the extrusion faces. This step extends the LTS lifespan to the full ݈-range.  210 

This methodology ensures a continuous and smooth transformation between the source 211 

polygon and the target boundary subset, facilitating the generation of intermediate levels of 212 

detail.  213 

For illustration, consider the polygon 𝑃 as the source with ܧ = {݁1, ݁2, … , ݁9}, and one 214 

subset of ܧ as the target, for instance ܧܤ = {݁5, ݁6, ݁7, ݁8, ݁9}. 215 
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 216 

Fig. 2. Generating the polygon-to-boundary-polyline transition; (a) construct the 3D smooth 217 

transition of polygon-to-point (step 1). (b) reflection of MT faces across a horizontal plane 218 

(step 3). (c) construct the extrusion faces (step 4) then the final polygon-to-boundary-polyline 219 

transition is constructed. (d) slicing illustration in 9 horizontal planes. 220 

In summary, the polygon-to-boundary-polyline transition can be achieved by extruding 221 

the polygon-to-point transition along the MT faces, as this preserves the straight skeleton's 222 

planar transition faces while extending the structure to the full ݈-range, ensuring a continuous 223 

and watertight solid volume. 224 

Due to the reflection across the ܪ௣ plane (݈ = 0.5), each vertex ݒ௜ = ௜ݔ) , ௜ݕ , ݈௜) in an 225 

MT face (where ݈௜ ≠ 0.5) maps to a new vertex at ݒ௜௠௧ = ௜ݔ) , ௜ݕ , 1 − ݈௜), as illustrated by 226 5ݒ 

and 5ݒ௠௧ in Fig. 2b. This symmetric reflection maintains geometric consistency and avoids 227 

discontinuities in the transition. 228 

For each edge in the target subset ܵ, extrusion faces are constructed by connecting its 229 

vertices to their reflected counterparts: 230 

● If the edge (e.g., ݁5) is horizontal and not on the ܪ௣ plane, the extrusion yields 231 

a rectangular face. 232 

● If one vertex lies on the ܪ௣ plane, the face forms an isosceles triangle. 233 
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● If neither vertex is on the ܪ௣ plane and the edge is non-horizontal, the face is an 234 

isosceles trapezoid. 235 

These extrusion faces, combined with the LS and reflected MT faces, complete the 236 

polygon-to-boundary-polyline transition, forming a solid volume whose horizontal slices at 237 

any ݈ ∈ yield the intermediate polygon geometry (Fig. 2d illustrates nine slices animating the 238 

LoD transition from polygon-to-boundary-polyline). 239 

This construction guarantees smooth, topologically valid LoD transitions: slicing from 240 ݈ = 0 (full polygon 𝑃) to ݈ = 1 (boundary line subset ܵ ) produces monotonic shrinkage without 241 

self-intersections, and vice versa. 242 

The LTS for boundary-line-to-polygon is obtained by reversing ݈ in the polygon-to-243 

boundary-polyline transition via ݈′ = 1 − ݈, thereby swapping the roles of source (boundary 244 

line subset at ݈′ = 0) and target (polygon at ݈′ = 1), as depicted in Fig. 3. 245 

 246 

Fig. 3. Reversing the LTS; (a) polygon-to-boundary-polyline transition and (b) LTS for 247 

boundary-line-to-polygon. 248 

3.2 Polygon-to-polyline transition 249 

In polygon-to-polyline transition, the source polyline ܵ = ,1ݏ⟩ ,2ݏ … , ݈ ௡⟩ atݏ = 0  transits to a 250 

target polyline ܶ = ,1ݐ⟩ ,2ݐ … , ݈ ௡⟩ atݐ = 1. The construction of the LTS involves three main 251 

steps: project ܶ onto the plane of ܵ and identify the appropriate LoD transition regions based 252 

on their topological relationships; construct the LTS for each LTR; and remove certain 253 

extrusion and source edges, or in some cases, transition faces. 254 

Step1. After projection of the polylines there are 57 possible topological relationships 255 

between two polylines (Egenhofer and Herring, 1990). If the polylines do not overlap, they 256 

define one or more areas between them, which serve as LTRs. These polylines may intersect 257 

at their endpoints (Fig. 4a), at non-endpoints (Fig. 4c), or not intersect at all (Fig. 4b). If 258 
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endpoints do not touch, bridge edges (dotted lines in Fig. 4b and 4c) connect them to enclose 259 

the LoD transition region. However, non-overlapping cases can be unsatisfactory for several 260 

reasons: in dangling edge cases, bridge edges may intersect the polylines, preventing an LTR 261 

that includes all segments; or the polylines may be weakly connected. Overlapping cases are 262 

also unsatisfactory, as no LTR exists. 263 

 264 

Fig. 4. The LoD transition region (LTR) for polyline-to-polyline is defined by two input 265 

polylines source and target whether with their (a) intersection, (b) along with their bridge edges 266 

(dotted lines), or (c) both. 267 

Step2.  With the LTR defined, Step 2 involves constructing the individual polygon-to-268 

boundary-polyline transition solid volumes for each identified LTR. For each LTR, source and 269 

target edges, along with any applicable bridge edges, are identified. Bridge edges can be treated 270 

as either source or target edges; in this paper, they are considered source edges and removed 271 

later if necessary (see Fig. 6). In Fig. 5, the construction of the LTS for the polyline-to-polyline 272 

transition for the two polylines in Fig. 4a is illustrated. In this case, there are no bridge edges, 273 

so the polygon-to-boundary-polyline transition is constructed with the polygon 𝑃 as the source 274 

ܧ) = {݁1, ݁2, … , ݁9}) and one subset of ܧ as the target (ܧܤ = {݁5, ݁6, ݁7, ݁8, ݁9}). 275 

Step 3. The final step involves removing all target edges from the source polygon 276 

(݁5௦, ݁6௦, ݁7௦, ݁8௦, ݁9௦) and the extrusion edges of vertices belonging to two target edges 277 

(݁௩6௘௫, ݁௩7௘௫, ݁௩8௘௫, ݁௩9௘௫). The remaining solid volumes form the LTS for the polyline-to-polyline 278 

transition. 279 
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 280 

Fig. 5. LTS for polyline-to-polyline when endpoints touch: (a) construction of the polygon-to-281 

boundary-polyline transition; (b) removal of some source and extrusion edges; and slicing 282 

illustrations from (c) top and (d) isometric views. 283 

In Fig. 5c, d illustrates the slicing of the solid volumes, showcasing the generation of 284 

intermediate LoDs between the source and target polylines, which is crucial for achieving 285 

smooth transitions in vario-scale representations. 286 

In the LTR containing a bridge edge, the decision of whether to remove its 287 

corresponding faces depends on whether these bridge edges contribute to the structural 288 

integrity or visual continuity of the intermediate LoDs. This determination can be guided by 289 

analyzing the impact of such removals on the overall geometric and topological coherence of 290 

the vario-scale representation. In Fig. 6a-d, the impact of removing the corresponding bridge 291 

faces is shown, along with their slicing illustrations. 292 
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 293 

Fig. 6. LTS for polyline-to-polyline process when polylines do not intersect at all: (a) 294 

construction of the LTS including bridge edges and its (b) slicing illustration; (c) removal of 295 

the LS faces of bridge edges and their corresponding extrusion faces, and its (d) slicing 296 

illustration. 297 

3.3 Polygon-to-polygon transition 298 

In the polygon-to-polygon transition, the source polygon at ݈ = 0, is denoted by ܵ, and a target 299 

polygon at ݈ = 1, is denoted by ܶ. The proposed framework generates a unified 2D+1D solid 300 

representation that enables smooth and topologically consistent transitions between the two 301 

polygonal states through continuous slicing along the LoD dimension. 302 

The proposed construction of the polygon-to-polygon transition space is divided into 303 

three main steps: 304 

1. overlay and identification of active LoD Transition Regions, 305 

2. construction of local LTS solid volumes within each active LTR, and 306 

3. splicing of the generated LTS volumes into a single coherent transition space. 307 

Step 1. Overlay and Identification of Active LTRs 308 
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In the first step, the target polygon ܶ is projected onto the plane ݈ = 0 (see Fig. 7a), 309 

such that both polygons ܵ and ܶ are represented in a common two-dimensional space. After 310 

overlay, the polygons may exhibit one of the six standard topological relationships defined in 311 

the DE-9IM model: disjoint, touch, overlap, contains/within, equals, and covers/coveredBy 312 

(Egenhofer and Herring, 1990). 313 

At the current stage, the proposed polygon-to-polygon framework focuses on the 314 

satisfying cases in which the interiors of the polygons overlap, i.e., ܵ∘ ∩ ܶ∘ ≠ ∅ and ܵ ≠ ܶ, 315 

which correspond to the overlap, contains/within, and covers/coveredBy relationships. The 316 

disjoint and touch relationships are considered non-satisfying cases in this work, since they 317 

require additional handling strategies to preserve spatial continuity and topological consistency 318 

during the transition process. 319 

To determine the regions where geometric transformation actively occurs, the 320 

symmetric difference between the source and target polygons is computed: ܵΔܶ = (ܵ ∪ ܶ) −321 (ܵ ∩ ܶ). The resulting regions define the active LTRs, whereas the intersection ܵ ∩ ܶ defines 322 

the inactive LTRs (see Fig. 7a). Consequently, smooth geometric evolution occurs only within 323 

regions where the source and target polygons differ, while unchanged regions remain 324 

geometrically stable throughout the transition. 325 

For the subsequent construction of the polygon-to-polygon transition space, two 326 

alternative modeling strategies can be considered. In the first strategy, the transition is 327 

decomposed into a collection of localized transformations within the active LTRs. Depending 328 

on the geometric configuration of each region, the corresponding LTS solid volumes are 329 

generated using polyline-to-polyline, polygon-to-point, or point-to-polygon transitions. These 330 

local transition volumes are subsequently connected through their adjacent vertical edges to 331 

produce a continuous global LTS. 332 

In the second strategy, the transition is modeled using polygon-to-boundary-polyline 333 

and boundary line to polygon transformations across both active and inactive LTRs. The 334 

resulting transition volumes are then integrated by merging their adjacent vertical faces. 335 

In this paper, we adopt the first strategy, as it provides a more flexible and geometrically 336 

robust framework for modeling complex polygonal transformations while preserving local 337 

topological relationships throughout the LoD evolution. 338 

Step 2. Construction of Local LTS Volumes 339 
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The second step involves constructing the LTS solid volumes for each active LTR 340 

according to its geometric characteristics. 341 

If an active LTR contains both source and target boundary segments (e.g., 3ܴܶܮ 342 ,2ܴܶܮ ,1ܴܶܮ, and4ܴܶܮ in Fig. 7a), the transition volume is constructed using the previously described 343 

polyline-to-polyline approach, where source edges at ݈ = 0 gradually transform into target 344 

edges (see Fig. 7b). 345 

If an active LTR contains only source edges e.g.5ܴܶܮin Fig. 7a, the region represents 346 

a disappearing component of the source polygon. In this case, the transition is modeled using 347 

the polygon-to-point LTS, where the polygonal region continuously collapses into a point as 348 ݈ → 1 (see Fig. 7). 349 

Conversely, if an active LTR contains only target edges e.g.6ܴܶܮin Fig. 7a, the region 350 

corresponds to a newly emerging component in the target polygon. Such regions are modeled 351 

using the Pt2P LTS, where a point at ݈ = 0 progressively expands into the target polygonal 352 

geometry at ݈ = 1 (see Fig. 7b). 353 

In Fig. 7c, the slicing illustration before splicing is shown. Since the individual LTS 354 

volumes for the polyline-to-polyline transitions in each active LTR are not connected at their 355 

boundaries, they cannot form a closed shell. Consequently, the corresponding slicing geometry 356 

for each LTS for polyline-to-polyline appears as an open polyline. To resolve this, we perform 357 

a splicing operation that merges adjacent polyline-to-polyline volumes by their shared vertical 358 

edges, ensuring a watertight integration of the generated components.  359 

Step 3. Splicing of Local LTS Volumes 360 

The final step consists of spatially integrating the locally generated LTS solid volumes 361 

into a single continuous polygon-to-polygon transition space (see Fig. 7d). This integration is 362 

performed by splicing adjacent LTS volumes along their shared vertical edges, ensuring 363 

geometric continuity and topological coherence across neighboring transition regions. 364 
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 365 

Fig. 7. Polygon-to-polygon transition process : (a) input source and target polygons with 366 

overlapping regions, including the identification of active LTRs (brown regions) and inactive 367 

LTRs (black regions), (b) independent construction of local LTS solid volumes for each active 368 

LTR together, illustrative horizontal slices, (c) before and (d) after splicing ; In the slicing 369 

visualizations, resulting polylines are represented by black solid lines, while polygonal regions 370 

are illustrated as filled brown polygons. 371 

Furthermore, when the source and target polygons contain holes, whose interiors do not 372 

overlap, as illustrated in Fig. 7, two alternative strategies can be considered. 373 

The first strategy treats each hole independently by allowing holes to appear or 374 

disappear individually during the LoD transition process. In this approach, disappearing holes 375 

are modeled using polygon-to-point transitions, while emerging holes are generated using Pt2P 376 

transitions. 377 

The second strategy aims to transform corresponding holes smoothly and continuously 378 

by constructing the polygon-to-polygon transitions between the holes themselves. However, 379 

since non-overlapping holes correspond to disjoint topological relationships, they currently fall 380 

into the category of unsatisfying cases for which a robust transition model has not yet been 381 

introduced. Therefore, in the present work, we adopt the first strategy and handle holes through 382 

independent appearance and disappearance operations. For addressing the cases of disjoint or 383 
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touching polygons, future work will explore methods for creating intermediate geometries that 384 

bridge the gap or separate the touching boundaries. 385 

The resulting global LTS forms a manifold 2D+1D structure that supports smooth 386 

interpolation between the source and target polygons while avoiding discontinuities and visual 387 

artifacts during the LoD transition process. This systematic assembly of localized transition 388 

volumes provides a robust framework for modeling complex polygonal transformations across 389 

continuous levels of detail. Furthermore, because the constructed LTS represents a continuous 390 

volumetric space, infinitely many intermediate polygonal states can be generated by slicing the 391 

transition space at arbitrary values of ݈ ∈ [0,1]. This approach significantly advances existing 392 

multi-LOD representation techniques by enabling continuous geometric and topological 393 

transformations rather than relying on discrete state changes. 394 

3.4 N-to-M-polygons transition 395 

N-polygons-to-M-polygons is an extension of the polygon-to-polygon transition, where the 396 

complexities introduced by varying numbers of input and output geometries. This extension 397 

necessitates a sophisticated approach to establish correspondence mappings between 398 

disconnected components, especially when considering scenarios involving polygon splitting 399 

and merging events. 400 

To address transitions from ܰ source polygons to ܯ target polygons, we first compute 401 

the union of all source polygons to form a single composite source geometry ܵ , and analogously 402 

union all target polygons into a composite target ܶ. This reduces the ܰ:  problem to an 403 ܯ

effective single polygon-to-polygon transformation, for which the LTS construction process 404 

(including LTR identification, local LTS volume generation, and splicing) proceeds identically 405 

as described in the previous section. The core challenge in such N-to-M-polygons 406 

transformations lies in defining a coherent and continuous morphing process that accurately 407 

reflects the geometric and topological evolution from source to target.  408 

4. Applications in Vario-scale representation 409 

The proposed LTS framework was evaluated using several real-world datasets representing 410 

different types of multi-scale geometric transformation. The experiments focus on polygonal 411 

aggregation, irregular multi-scale transitions, and hierarchical regional structures. 412 

4.1. polygonal Aggregation 413 
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The first application considers the aggregation of detailed building footprints into a more 414 

generalized representation. A real-world dataset from Great Neck, New York, USA, was used 415 

to demonstrate the transition from multiple building polygons to an aggregated target region 416 

(Fig. 8a). 417 

After projecting the target onto the source layer, the target contains the corresponding source 418 

features. Their symmetric difference therefore forms a polygon with multiple holes, with the 419 

outer boundary defined by target edges and the inner boundaries by source edges. The proposed 420 

LTS construction generates a continuous transition between these configurations while 421 

preserving their geometric and topological relationships (Fig. 8b). Horizontal slicing produces 422 

intermediate representations at arbitrary LoDs, demonstrating a gradual aggregation process 423 

rather than a discrete change between source and target geometries (Fig. 8c). 424 

 425 

Fig. 8. polygonal aggregation using the proposed LTS framework: (a) first case study area in 426 

Great Neck, New York, USA; (b) constructed LTS representing the smooth aggregation 427 

process between polygonal features; (c) illustration of horizontal slicing from top view, 428 

demonstrating the generation of continuous intermediate geometries throughout the 429 

aggregation transition. 430 

4.2. Irregular Geometry Transitions in Multi-scale Layers 431 

Real-world multi-scale datasets often involve several generalization operations simultaneously 432 

rather than a single regular transformation. To evaluate this situation, the NUTS 2024 polygon 433 

dataset from the Eurostat GISCO database was used. A region of the South Aegean islands in 434 

Greece was selected because of its fragmented multipart geometry and complex coastal 435 
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boundaries (Fig. 9a). The 03M dataset was used as the source and the 10M dataset as the target 436 

(Fig. 9b). 437 

The transition involves several operations simultaneously, including aggregation, 438 

splitting, merging, exaggeration, simplification, elimination, orientation, and displacement. For 439 

example, Fig. 9b1 shows simultaneous simplification and exaggeration, Fig. 9b2 illustrates 440 

aggregation followed by splitting, and Fig. 9c1 demonstrates merging followed by 441 

simplification. The resulting LTS provides a continuous transition between these 442 

heterogeneous configurations and maintains the overall topological structure throughout the 443 

transformation (Fig. 9c). Horizontal slicing generates intermediate representations across the 444 

LoD range (Fig. 9d). 445 

 446 

Fig. 9. Application of the proposed LTS framework to non-regular multi-scale polygonal 447 

structure;(a) case study area covering the South Aegean islands in Greece. (b) projection of the 448 

source and target polygonal layers ;(c) constructed LTS representing the continuous transition 449 

between the multi-scale polygonal layers; (d) top-view visualization of horizontal slicing. 450 

Some transformations produce disjoint source and target regions after projection, for 451 

which symmetric difference may not provide a direct transition region. In these cases, the 452 
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framework uses the available geometric relationships to represent the appearance and 453 

disappearance of features through the transition process. Cases in which the symmetric 454 

difference is empty require specialized strategies, as demonstrated below. 455 

4.3. Regional hierarchical structure 456 

Hierarchical regional datasets provide a different challenge because a target region may 457 

completely contain the union of its source regions. In such cases, the symmetric difference is 458 

empty and cannot directly define active LTRs. Two strategies were therefore investigated. 459 

The first strategy performs sequential merging of neighboring polygons using polygon-460 

to-boundary-polyline transitions. The German ATKIS dataset, representing a rural area near 461 

Hamburg at a nominal scale of 1:50,000, was used for this experiment. The dataset contains 462 

525 source polygons, which are progressively merged according to feature importance until a 463 

single generalized target region is obtained (Fig. 10a). An LTS is constructed for each 464 

consecutive merging step, and the resulting transition spaces are integrated into a unified LTS, 465 

where (l=0) represents the initial configuration and (l=1) the final configuration (Fig. 10b). 466 

Horizontal slicing provides the intermediate states of the merging process (Fig. 10c). 467 

 468 

Fig. 10. Application of the first proposed LTS framework to regional hierarchical structures; 469 

(a) illustration of the four-step polygonal merging process; (b) constructed LTS for the smooth 470 

merging of two neighboring polygonal regions; (c) top-view visualization of horizontal slicing. 471 
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The polygon-to-boundary-line construction illustrated in Fig. 10b collapses polygon 472 

502 onto its non-shared boundary line (ID 218). Tracking the number of edges composing the 473 

shared boundary across the nine horizontal slices of the resulting LTS reveals a non-monotonic 474 

transition, from 12 edges at the source level (l0) to 49 edges at the target level (l1) — matching 475 

the fixed, topologically invariant edge count of the non-shared boundary line, which remains 476 

constant throughout all nine slices. Between these endpoints, the edge count exhibits localized 477 

fluctuation (12→10→11→20→19→18→24→36→49) rather than a linear progression. This 478 

behavior reflects a shift in which geometric configuration dominates the straight-skeleton 479 

bisector structure of the shared boundary: near l0, the shared boundary is governed primarily 480 

by the leaving faces of the source polygon, producing minor edge-collapse events; as the sweep 481 

progresses toward l1, the bisector structure increasingly reflects the meeting faces adjacent to 482 

the target line, pulling the edge count toward the target's own vertex density. Because these 483 

two governing configurations differ geometrically, the transition is not linear in edge count, 484 

even though the underlying area/positional transformation remains smooth and monotonic — 485 

mirroring the invariant-reference behavior observed for the parent polygon in the Fig. 11, 486 

where the target geometry likewise remains fixed while the transitioning source geometry 487 

evolves toward it. 488 

The second strategy performs simultaneous collapse when the target completely 489 

encompasses the source geometries. It combines polygon-to-boundary-polyline transitions for 490 

source polygons adjacent to the target boundary with polygon-to-point transitions for internal 491 

polygons. This approach was applied to the administrative hierarchy of Poland, focusing on 492 

the Lower Silesian Voivodeship between LoD2 and LoD1. Since the symmetric difference 493 

between the source and target is empty, the combined strategy allows internal county polygons 494 

to disappear while boundary polygons progressively transform into the larger voivodeship 495 

boundary (Fig. 11b). The resulting LTS provides continuous intermediate representations 496 

through slicing (Fig. 11c). 497 
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 498 

Fig. 11. Application of the second proposed LTS different of regional hierarchical structures; 499 

(a) administrative boundaries of Poland—light purple and gray polygons show LoD1 and 500 

LoD2; (b) constructed LTS for the administrative boundaries; (c) top-view visualization of 501 

horizontal slicing; each source polygon is illustrated with an individual color, and target 502 

polygon is shown with light brown. 503 

To quantitatively evaluate this transition, the geometric evolution of the 29 source 504 

county polygons was examined across nine horizontal slices. Table 2 summarizes the total 505 

edges and faces count, number of features split into multiple faces, and number of features that 506 

had completely collapsed at each LoD. 507 

The results in Table 2 show that all 29 source features are ultimately collapsed. The 508 

edge and face count does not vary monotonically because the transition geometry is governed 509 

by different straight-skeleton configurations near the source and target states. Nevertheless, the 510 

overall geometric transformation remains continuous and monotonic. As shown in Table 2, the 511 

number of split features increases over the interval [l0, l0.5] and then decreases monotonically 512 

over [l0.5, l1], whereas the number of collapsed features increases monotonically throughout. 513 

Overall, the experiments demonstrate that the proposed LTS framework can represent 514 

both regular and complex real-world transformations. The Great Neck case demonstrates 515 

polygonal aggregation, the South Aegean case demonstrates simultaneous heterogeneous 516 

generalization operations, and the ATKIS and Lower Silesian cases demonstrate hierarchical 517 

transformations where the symmetric difference between source and target is empty. In all 518 
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cases, horizontal slicing provides continuous intermediate representations across the LoD 519 

range. 520 

Table 2. Aggregate geometric statistics for the 29 source county polygons across the nine horizontal 521 

slices of the LTS shown in Fig. 11c. 522 

Slice 
Total  

edges 

Total  

faces 

Features that 

 split (>1 face) 

Features 

 already collapsed 

l0 2125 30 0 0 

l0.125 1894 37 6 0 

l0.25 1612 51 13 0 

l0.375 1389 51 11 1 

l0.5 1202 55 16 3 

l0.625 1035 42 6 4 

l0.75 966 41 7 4 

l0.875 877 35 5 14 

l1 902 1 0 29 

 523 

5. Discussion 524 

Some transformations represent challenging or “unsatisfying cases,” such as when source and 525 

target polygons become disjoint after projection or when two polylines cannot directly form a 526 

valid LTS. These cases can be handled by first applying appropriate displacement or orientation 527 

to establish the required correspondence, constructing the LTS, and then gradually applying 528 

the displacement or orientation to the intermediate LoDs. This enables smooth transitions even 529 

when standard morphing approaches cannot directly establish a valid transition. 530 

A key advantage of the proposed framework is that the LTS consists of planar faces, 531 

reducing geometric complexity while maintaining monotonicity during transformation. Unlike 532 
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approaches that triangulate straight-skeleton-based transition surfaces, the proposed method 533 

directly extrudes skeletal faces into the LTS. This avoids unnecessary triangulation and reduces 534 

the number of faces while providing a suitable structure for dynamic horizontal slicing. The 535 

planar representation also supports stable geometric evolution and, when integrated with the 536 

DHE structure, provides a topological basis for maintaining feature connectivity during scale 537 

transitions. 538 

A specific LoD can be extracted by intersecting the 2D+1D LTS with a horizontal plane 539 

at the corresponding LoD value. Although a slice may occasionally produce multiple geometric 540 

primitives, these represent parts of a single continuous 3D feature. To maintain semantic and 541 

topological consistency in such cases, three mechanisms are employed: (1) attribute 542 

propagation, by assigning the original feature attributes to the resulting fragments; (2) structural 543 

connectivity, by connecting fragments using bridge edges derived from the straight skeleton; 544 

and (3) geometric adjustment, by normalizing skeleton nodes to eliminate valleys and ensure a 545 

consistent collapse toward the target representation. 546 

These properties make the proposed LTS suitable for complex continuous LoD 547 

transformations while maintaining geometric simplicity, topological consistency, and efficient 548 

slicing. Further research is required to systematically evaluate the remaining unsatisfactory 549 

configurations and extend the framework to additional transformation scenarios. 550 

6. Conclusion 551 

This paper presented a generalized LoD Transition Space (LTS) framework for constructing 552 

smooth and continuous transitions between geometric features within a vario-scale 553 

representation environment. Building upon previous work on polygon-to-point transitions 554 

based on straight skeletons and dual half-edge structures, this approach extends the concept of 555 

continuous LoD modeling to support a broader range of transformations, including polygon-556 

to-polygon, polygon-to-polyline, polyline-to-polyline, and many-to-one polygon transitions. 557 

The proposed framework models geometric transformations as continuous 2D+1D 558 

solid volumes, where the additional dimension represents the LoD evolution parameter. By 559 

decomposing transformations into localized LoD Transition Regions and constructing 560 

dedicated transition primitives for each, the method enables the generation of infinitely many 561 

intermediate representations through horizontal slicing while preserving geometric continuity 562 

and topological consistency. 563 
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The framework supports several important map generalization operations, including 564 

merging, aggregation, simplification, splitting, collapsing, and smoothing. Experimental 565 

results using synthetic examples and real-world datasets demonstrate that the proposed method 566 

effectively handles complex polygonal structures, multipart geometries, and hierarchical 567 

regional transformations while maintaining smooth transitions across scales. 568 

The presented approach currently focuses on topological cases in which source and 569 

target geometries exhibit overlapping interiors. Non-satisfying relationships, such as disjoint 570 

and touching configurations, remain challenging because they require additional mechanisms 571 

to preserve spatial continuity during the transition process. Similarly, smooth transformations 572 

between non-overlapping holes and disconnected components require further investigation. 573 

Future work will focus on extending the framework to support disjoint topological 574 

relationships, improving the handling of complex many-to-many transformations, and 575 

developing automated strategies for transition-region decomposition and correspondence 576 

matching. Additional research will also investigate the integration of semantic constraints, 577 

adaptive weighting schemes, and GPU-based implementations for real-time continuous map 578 

generalization and interactive visualization. 579 

Beyond geographic applications, the proposed LTS framework has potential relevance 580 

in other domains involving continuous geometric transformation, including morphing 581 

animation, medical shape reconstruction, procedural modeling, and topology-aware geometric 582 

editing. Consequently, the framework provides a promising foundation for future research on 583 

continuous multi-scale geometric representation and topology-preserving spatial 584 

transformation. 585 
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