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1. Introduction 

Japan faces critical challenges with aging 

infrastructure, highlighted by a recent major road 

collapse near Tokyo in early 2025, and overtourism 

straining transportation networks. In addition to 

these social issues, Japan’s mountainous terrain 

imposes strict geographical constraints, often 

making straight-line travel infeasible. Unlike 

typical navigation services for existing roads, 

infrastructure planning requires a construction-

oriented approach. Therefore, this study proposes a 

pathfinding framework for geographical terrain 

surfaces, simultaneously optimizing construction 

feasibility, slope safety, and fuel efficiency. 

 

2. Methodology 

2.1 Digital elevation model dataset 

While standard DEM datasets store elevations on a 

regular mesh, they often contain redundancy in flat 

areas. In contrast, Triangulated Irregular Network 

(TINs) adapt triangle sizes to terrain complexity, 

preserving features with reduced storage size.  

    In this study, DEMs are converted to TINs [1] 

based on a maximum vertical tolerance (𝜖𝑚𝑎𝑥). By 

setting 𝜖𝑚𝑎𝑥  to 1.0, 2.0, 5.0, and 10.0m, distinct 

models (denoted as TIN1.0-TIN10.0) are generated 

to evaluate pathfinding performance across varying 

resolutions. 

2.2 Routing candidates enhancement 

To enhance flexibility of path selection in the 

network, TIN edges are subdivided into N equal 

segments (N=3 in this study), and all internal 

vertices are fully interconnected. 

    Strict slope constraints are applied based on the 

Japanese Road Structure Ordinance. Specifically, 

the absolute maximum slope is limited to 12%. 

Velocities are assigned accordingly: 40km/h for 

(slopes ≤  8%) and 20km/h for (8% <  slopes ≤ 

12%). 

2.3 Optimal path identification 

The optimal path is identified by solving a shortest 

pathfinding problem using Dijkstra’s algorithm. 

Edge weights are assigned based on three 

optimization objectives: (1) Path length, defined as 

the Euclidean distance; (2) Estimated trip time, 

derived from distance and the assumed velocity (20 

or 40km/h); (3) Fuel consumption: estimated using 

the Virginia Tech Comprehensive Power-based 

Fuel consumption Model (VT-CPFM) proposed by 

Rakha et al. [2]. The VT-CPFM calculates fuel rates 

based on vehicle power, where road slope and 

velocity are dominant variables, assuming constant 

cruising speed. 

 

3. Experiments 

The study area is Izu-Oshima, where repeated 

volcanic activity has produced steep slopes and 

substantial elevation variation suitable for 

evaluating slope-constrained road route planning. 

We selected the existing “Mount Mihara Climbing 

Road” as the benchmark. Since the actual road 

navigates through the Yubadaira rather than 

connecting the origin and destination linearly, this 

intersection was designated as mandatory waypoint 

to ensure a realistic assessment.  

3.1 Characteristics of optimal paths 

Figure 1 presents comparisons between the TIN-

derived optimal paths and the existing road overlaid 

on a map. 

    Regarding optimization objectives, the shortest 

paths (red curves) exhibit a nearly straight path 

connecting the origin, waypoint, and destination. 

This is expected as it minimizes the pure Euclidean 

distance, regardless of topographic resistance or 

speed penalties. In contrast, a strong similarity is 

observed between the minimum time (blue curves) 

and fuel-efficient paths (green curves) across all 

TINs. In some segments, particularly between the 

waypoint and the goal, the two paths overlap in 

most locations. This is because both metrics 

penalize steep slopes. The minimum trip time 

metric avoids slopes over 8% to maintain the higher 

speed of 40km/h, while the fuel-efficient metric  
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Figure 1: Comparison of optimal paths generated 

by TIN1.0(top-left), TIN2.0(top-right), 

TIN5.0(bottom-left), and TIN10.0(bottom-right). 

avoids them to reduce the power required to counter 

gravity. 

    Regarding terrain resolution, the quality of the 

paths varies significantly. While the paths generated 

by TIN1.0, the highest resolution model, consists of 

linear segments, they are capable of reproducing 

detailed topographic contours. In contrast, the paths 

in TIN5.0 and TIN10.0 reveal more angularity and 

jagged segments. This unnatural zigzag implies that 

the algorithm is prone to making sharp turns along 

the edges of large triangles under the 12% slope 

limit. 

 

3.2 Quantitative characteristics 

Compared with the existing road, the proposed 

method achieved a reduction in path length across 

all the objectives. In the highest-resolution model 

(TIN1.0), the shortest path reduced the path length 

by 18% but yielded only a 2% reduction in fuel 

consumption. A key factor explaining this 

discrepancy is the accumulated elevation gain: the 

shortest path ascends 548m, exceeding the existing 

road’s 539m. This indicates that minimizing 

Euclidean distance introduces ups and downs, even 

though the elevation gain is cumulative. 

    In contrast, the fuel-efficient path on TIN1.0 

achieved a 9% reduction in fuel consumption. 

Although its path length is longer, the accumulated 

elevation gain decreases to 507m. This 

demonstrates that the fuel-efficient algorithm 

identifies routes that minimize changes in elevation, 

thereby saving the power required to resist gravity. 

The minimum time path shows a similar elevation 

gain (521m). However, to maintain the higher speed 

of 40km/h, steep slopes are aggressively avoided, 

resulting in only about a 2% shorter path than the 

existing road. 

    Worth noting is the impact of resolution 

reduction. While TIN5.0 yields results comparable 

to the higher-resolution models, TIN10.0 

significantly underestimates the path length and trip 

time. This implies that terrain smoothing becomes 

excessive at coarse resolutions, potentially causing 

additional construction costs such as land elevation 

or excavation. Hence, higher resolution TINs 

appear more suitable for realistic path planning, 

provided computational cost is not a limiting factor. 

 

5. Conclusion 

This study established an environmental-friendly 

pathfinding framework on three-dimensional 

terrain surfaces. By subdividing TIN edges, the 

proposed method enhances route flexibility while 

strictly adhering to the 12% slope regulation of the 

Japanese Road Structure Ordinance. The case study 

on Izu-Oshima Island confirmed its effectiveness: 

high-resolution TIN models generated feasible 

paths that achieved reductions of approximately 

18% in distance and 9% in fuel consumption 

compared to existing road. Thus, this research 

provides a practical tool for balancing construction 

feasibility, safety, and environmental efficiency in 

mountainous road planning. 
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