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Figure 2 (Color online) Route of implementation of quantitative simulation techniques for paths based on cost surfaces
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Ancient human migration routes constitute critical pathways for cultural transmission and exchange, profoundly shaping the
diversification of civilizations. Scholarly investigations into these routes traces back to the 1960s, with European explorations of the
“cultural route” concept. Cultural routes represent interactive, dynamic processes that connect geographically disparate societies, serving
as vital conduits for intercultural exchange. As fundamental manifestations of cultural routes, ancient migration paths form physical
conduits between regions by linking point-based cultural heritage assets along their trajectories. These routes function as not only
geographical connections but also essential vectors for cultural inheritance. Traditional investigative approaches are still constrained by
regional variations in archaeological preservation and spatial legibility, permitting only macroscale inferences about population
movements during large-scale dispersal while failing to reconstruct comprehensive ancient transportation networks systematically. To
address these limitations, scholars have adopted spatial analytical techniques, such as the Least Cost Path (LCP) model. By quantifying
environmental factors to construct cost surfaces and integrating spatial node data, these methods enable quantitative reconstruction and
mechanistic analysis of ancient migration corridors.

Building upon established scholarship, this study presents a systematic synthesis of quantitative approaches to reconstructing ancient
migration routes. Our analytical framework examines three core methodological components that collectively advance path modeling
techniques. The first component focuses on transportation node selection, in which strategically positioned waypoints enhance spatial
trajectory accuracy through empirical validation. The second involves cost surface construction, employing either multifactor weighted
integration to comprehensively assess environmental parameters or cost function methodologies that mathematically transform landscape
variables into quantifiable energy and time expenditure metrics. The third component encompasses advanced route and network
generation algorithms, including Circuit Theory, Randomized Shortest Path Analysis, and Flow Accumulation Modeling, all operating
within the unified theoretical framework of Generalized-Spatial Cost Analysis.

This Generalized-Spatial Cost Analysis framework represents a significant methodological advancement by enabling sophisticated
simulations of species-specific movement patterns across diverse landscapes. It provides a dual analytical capacity that both maps the
spatial distribution of routes and explains their environmental determinants, thereby establishing an empirically robust foundation for
understanding ancient human mobility systems. The reliance of this framework on precisely calculated cost surfaces and resistance grids
allows for unprecedented accuracy in reconstructing historical movement patterns.

This study makes a seminal contribution to the field by integrating previously disparate spatial analytical methods, marking an
important transition from isolated geospatial techniques to comprehensive human—environment coevolution modeling. The developed
framework offers innovative analytical capabilities across three critical research domains: reconstructing civilizational processes,
predicting climate-influenced migration patterns, and assessing cross-cultural interactions. These advancements enable researchers to
address fundamental questions about human mobility and cultural transmission with greater precision than was previously possible.

We identify four key research trajectories that promise to transform the field in the future. The first involves developing high-resolution
spatiotemporal models that effectively incorporate environment—society interactions across multiple scenarios. The second focuses on
creating comprehensive geospatial atlases that synthesize migration route chronologies from diverse historical periods. The third
trajectory pursues technical breakthroughs in paleolandscape reconstruction through innovative multiproxy data fusion techniques. The
fourth focuses on advancing artificial intelligence architectures by incorporating physical constraints and developing robust
explainability protocols.

These interdisciplinary initiatives will elucidate the complex feedback mechanisms between human systems and their environmental
contexts. They will reveal the enduring socioecological significance of ancient mobility networks while fundamentally transforming our
understanding of prehistoric transportation systems. The methodological innovations presented in this work not only advance academic
research but also provide valuable insights for contemporary challenges related to human migration and environmental adaptation. By
bridging the gap between past and present mobility patterns, this work establishes a new paradigm for studying human movement across
temporal and spatial scales.

quantitative simulation of ancient routes, the diffusion and migration of ancient peoples, LCP (Least Cost Path),
spatial archaeology
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