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Abstract 

Evaluating large-scale spatial organization in natural landscapes is challenging, 

particularly when geometric patterns are distributed across multiple reference 

points rather than centered on a single location. Earlier work identified spiral-

like configurations in the Bosnian Valley of the Pyramids. The present analysis 

extends those observations by testing whether such configurations conform to 

logarithmic spirals derived from Fibonacci growth models. High-resolution Li-

DAR data and geodetic coordinates are used to construct fixed geometric spirals 

anchored to prominent topographic and hydrological features. To determine 

whether observed alignments could arise by chance, Monte Carlo simulations 

are applied to randomized spatial distributions constrained by identical spatial 

boundaries. Several spiral trajectories intersect key landscape features more fre-

quently than expected under random placement. These intersections recur across 

independent anchor points and do not rely on a single geometric center. The 

results indicate non-random spatial structure consistent with Fibonacci-based 

spiral models within the applied constraints. No inference is made regarding 

cultural intent, symbolic meaning, or chronology. The focus of the work is meth-

odological, emphasizing reproducible GIS-based testing of spatial organization 

in complex landscapes. 
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1. Introduction 

Large-scale spatial organization has long been recognized as a feature of complex 
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landscapes, yet distinguishing structured patterning from coincidental arrangement 

remains difficult. Advances in geospatial data acquisition and analysis now allow 

such questions to be addressed using explicit geometric definitions and statistical 

controls rather than visual correspondence alone. In archaeological and geomorpho-

logical contexts, this shift has encouraged the evaluation of spatial hypotheses 

through reproducible methods grounded in GIS, remote sensing, and probabilistic 

modeling [1]-[3]. 

Among the geometric forms that have been examined in landscape studies, loga-

rithmic spirals occupy a particular position because they are defined by fixed growth 

laws and can be specified independently of scale, orientation, or absolute distance. 

Fibonacci-based spirals, in particular, provide a mathematically constrained model 

that can be tested quantitatively against spatial data. Their appearance in natural 

systems is well documented, and their application as analytical templates allows 

hypotheses of spatial coherence to be evaluated without requiring symbolic or cul-

tural assumptions [4]. At the same time, the flexibility inherent in spiral fitting de-

mands careful control to avoid selective pattern recognition or post hoc interpreta-

tion. 

Previous work in the Bosnian Valley of the Pyramids has documented a range of 

geometric relationships at multiple spatial scales, including summit-to-summit 

alignments, equilateral triangular configurations, and proportional spacing among 

prominent landscape features [5]-[11]. Exploratory analyses have also suggested the 

presence of Fibonacci-based spiral configurations linking pyramidal structures, tu-

muli, hydrological nodes, and subterranean features within the valley [6] [9] [10]. 

These earlier studies were primarily descriptive and comparative in nature. While 

they established internal geometric consistency, they did not attempt to formally 

assess whether such configurations exceed what might be expected from random 

spatial distributions. 

Recent methodological work has emphasized the importance of explicit statistical 

testing when evaluating large-scale spatial similarity. Monte Carlo simulation, nor-

malization of spatial coordinates, and rotation- and scale-invariant comparison tech-

niques provide a means of testing whether observed geometric relationships are un-

likely to arise by chance under defined constraints [12]. Fibonacci-based metrics 

have been applied in this context not as indicators of intent, but as quantitative tools 

for evaluating proportional structure within complex point networks [11]. This ap-

proach highlights the distinction between detecting non-random spatial structure and 

inferring cultural meaning, chronology, or purpose. 

The present study builds on earlier observations by subjecting Fibonacci spiral 

configurations in the Bosnian Valley of the Pyramids to explicit probabilistic test-

ing. High-resolution airborne LiDAR data, geodetic measurements, and inde-

pendently defined landscape features are used to construct fixed spiral models with 

predefined tolerances. Multiple Monte Carlo null models are then applied to evalu-

ate whether observed spiral intersections occur more frequently than would be ex-

pected under randomized spatial conditions. Particular attention is given to reducing 
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degrees of freedom by fixing geometric rules a priori, treating anchor points inde-

pendently, and applying conservative positional uncertainty thresholds. 

This paper does not attempt to establish cultural intentionality, symbolic inter-

pretation, or construction chronology. Nor does it assume prior knowledge of Fibo-

nacci geometry by any historical population. Instead, it addresses a narrower meth-

odological question: whether the spatial configuration of selected landscape features 

exhibits statistically detectable structure when tested against constrained random 

models. By focusing on reproducibility, transparency, and probabilistic evaluation, 

the study aims to contribute to GIS-based approaches for assessing non-random 

spatial organization in complex landscapes, while clearly separating observational 

results from interpretive inference. 

Several geological investigations interpret the Visoko hill formations as natural 

clastic sedimentary structures formed through uplift and erosion. These interpreta-

tions remain part of the broader scientific debate. The present study does not attempt 

to resolve geomorphological origin but instead evaluates spatial organization under 

explicit geometric hypotheses independent of cultural attribution. 

2. Materials and Methods 

2.1. Geospatial Data Sources 

 

Figure 1. Geographic context of the Visoko Valley within Bosnia and Herzegovina. Regional 

satellite view showing the location of the Visoko Valley in relation to major geographic 

boundaries and surrounding terrain. The Bosnian Pyramid of the Sun and adjacent summit-

level features analyzed in this study are situated within this mapped area. The figure provides 

spatial context for the projected Gauss–Krüger coordinate framework used in subsequent ge-

ometric modeling and Monte Carlo testing. (source: Google Earth; Landsat/Copernicus im-

agery; acquisition date: 13 December 2015) [7]. 
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Figure 2. Principal triangular slope faces of the Bosnian Pyramid of the Sun. The image 

illustrates the dominant planar slope surfaces forming the pyramidal morphology of the hill. 

These triangular faces define the geometric reference structure used in subsequent spatial 

modeling and serve as the anchor location for the logarithmic spiral analysis. No inference 

regarding origin or construction is implied; the figure documents observable topographic ge-

ometry relevant to the coordinate-based framework applied in this study. The sharply defined 

triangular faces documented here form the basis for subsequent planar and spiral-based geo-

metric modeling performed in this study. 

The analysis is based on high-resolution geospatial datasets acquired for the Bos-

nian Valley of the Pyramids over multiple survey campaigns (Figures 1-6). Primary 

elevation data were obtained from airborne LiDAR surveys conducted between 

2015 and 2022 using RIEGL LMS-Q680i scanners operated by Airborne Technol-

ogies GmbH (Austria). The resulting point clouds have an average density of ap-

proximately 10 points per square meter, with reported horizontal accuracy better 

than ±20 cm and vertical accuracy better than ±15 cm. 

These LiDAR datasets were supplemented by geodetic measurements provided 

by the State Institute for Geodesy of Bosnia and Herzegovina, cadastral maps from 

the Municipality of Visoko, and verified summit coordinates collected through dif-

ferential GPS field surveys. All datasets were cross-checked for internal consistency 

before analysis. Coordinates were transformed into a common planar reference sys-

tem suitable for distance and angular computation. 
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Figure 3. Three-dimensional topographic rendering of the Bosnian Pyramid of the Sun high-

lighting the northern face. The model is derived from high-resolution elevation data and dis-

plays the planar morphology of the northern slope surface in relation to surrounding terrain. 

This face constitutes one of the principal geometric surfaces referenced in the coordinate-

based spatial framework used for subsequent spiral modeling. The visualization documents 

measurable topographic geometry without interpretive attribution. The verified true-north 

alignment establishes the Bosnian Pyramid of the Sun as a fixed geodetic reference structure 

for the spiral anchoring procedures described in Section 2.3. 

2.2. Selection of Landscape Features 

A fixed set of landscape features was selected prior to geometric analysis. These 

include the summit points of major pyramidal formations, selected tumuli, and 

prominent hydrological nodes, such as river confluences, that represent stable geo-

morphological features of the valley. Feature selection was constrained by two cri-

teria: 1) positional reliability based on LiDAR and geodetic verification, and 2) re-

currence in prior independent surveys and mappings. 

No features were added or removed during spiral fitting. This constraint was im-

posed to limit post hoc selection and reduce degrees of freedom in subsequent anal-

yses. Features whose identification relied solely on speculative interpretation or in-

sufficient topographic resolution were excluded. 

For statistical testing presented in Sections 3.4–3.6, only summit-level topo-

graphic maxima verified through LiDAR and geodetic control were included. Hy-

drological nodes, tunnel entrances, and energetic vertices were excluded from 

Monte Carlo evaluation and are discussed qualitatively only. 

2.3. Construction of Fibonacci-Based Spiral Models 

Logarithmic spirals derived from Fibonacci growth models were constructed using 

fixed mathematical definitions. Spiral geometry followed the standard logarithmic 

form where the growth factor bbb corresponds to the golden ratio (ϕ ≈ 1.618). Scal-

ing and rotation were permitted, but the growth law itself was not modified. 
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Figure 4. LiDAR-derived digital elevation model of the Bosnian Valley of the Pyramids. 

The high-resolution terrain dataset provides the topographic basis for identifying summit-

level features and extracting projected Gauss–Krüger coordinates used in subsequent geo-

metric and statistical analyses. Elevation gradients and morphological structure are shown 

without geometric overlays. The DEM also defines the maximum valley diameter used to 

establish predefined spiral scale bounds in Section 2.8. 

 

Spiral models were anchored to individual landscape features treated as inde-

pendent nodes (Figure 7-13). No single anchor point was assumed a priori to be 

central or dominant. For each anchor, spiral orientation and scale were adjusted only 

within predefined limits necessary to accommodate coordinate normalization and 

landscape extent. These limits were fixed before analysis and applied uniformly 

across all tested configurations. 

 

 

Figure 5. Triangular spatial configuration among the Bosnian Pyramid of the Sun, Bosnian 
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Pyramid of the Moon, and Bosnian Pyramid of the Dragon. Satellite imagery and topographic 

mapping illustrate the near-equilateral triangular arrangement formed by the summit cen-

troids of these three features. Distances between vertices are derived from projected Gauss–

Krüger coordinates and shown for geometric comparison. The configuration is presented de-

scriptively as part of the broader spatial framework analyzed in this study; no causal or chron-

ological interpretation is implied. Measured side-length deviations from perfect equilateral 

geometry are below 5%, confirming geometric regularity independent of spiral fitting proce-

dures. 

2.4. Intersection Criteria and Tolerance Thresholds 

To determine whether a landscape feature intersected a spiral trajectory, a maximum 

radial deviation threshold was defined. A feature was considered intersected if its 

centroid lay within a fixed distance tolerance from the spiral curve at the corre-

sponding angular position. Tolerance values were selected conservatively based on 

combined positional uncertainty from LiDAR accuracy, geodetic error, and local 

terrain variability. 

The same tolerance thresholds were applied across all spiral scales and anchor 

points. No adaptive or scale-dependent tolerances were introduced. A minimum of 

three independent feature intersections was required for a spiral configuration to be 

retained for statistical evaluation. This requirement was imposed to reduce the like-

lihood of isolated or coincidental matches. 

Intersections were evaluated against the continuous spiral curve, not discrete Fib-

onacci square vertices. Radial distance from feature centroid to nearest point along 

the parametric spiral curve was computed numerically. 

Monte Carlo simulations applied identical curve-based intersection logic to ran-

domized datasets. 

 

Figure 6. Geometric configuration of the Sun–Moon–Dragon triangle within the Visoko Val-

ley. Left panel: schematic representation of the principal summit-level features including the 

Bosnian Pyramid of the Sun, Moon, and Dragon, with additional reference features (Četnica, 

Krtnica, Bedem, Temple of Mother Earth, Love). The red lines define the near-equilateral 

triangular configuration analyzed independently of spiral modeling. Right panel: topographic 

map overlay showing summit locations, indexed feature markers, 2000 m scale bar, and north 

orientation. The black circular envelope represents the spatial boundary used to constrain 
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Monte Carlo simulations and spiral scale bounds. No features were added post hoc during 

geometric evaluation. 

2.5. Planar Approximation and Terrain Considerations 

Geometric analysis was performed using planar projections rather than fully terrain-

following models. This choice reflects the scale of the study area and the focus on 

horizontal spatial relationships rather than slope-following paths. Elevation data 

were used to verify feature identity and stability, but not to distort spiral geometry 

itself. 

While terrain constraints such as ridges and basins influence feature placement, 

these factors were addressed indirectly through the null models applied in statistical 

testing rather than by modifying spiral geometry post hoc. 

2.6. Monte Carlo Simulation and Null Models 

To assess whether observed spiral intersections could arise by chance, Monte Carlo 

simulations were performed using randomized point configurations. For each sim-

ulation run, landscape features were randomly redistributed within the same spatial 

boundaries as the empirical dataset, preserving point count and overall extent (Fig-

ures 14-18). 

 

 

Figure 7. Definition and construction of the Fibonacci (Golden Section) spiral model used 

in this study. Schematic representation of the Fibonacci (Golden Section) spiral constructed 

from a sequence of contiguous squares whose side lengths follow the Fibonacci series (0, 1, 

1, 2, 3, 5, 8, 13, 21, 34, …). Quarter-circle arcs drawn within each square generate a contin-

uous logarithmic spiral whose growth factor converges toward the golden ratio (φ ≈ 1.618), 

as illustrated by successive ratios of adjacent Fibonacci numbers (e.g., 21:13 ≈ 1.618). This 

geometric construction defines the reference spiral model applied throughout the present 

study. Spiral orientation (clockwise and counter-clockwise), scaling, and rotation are treated 

as variable parameters, while the Fibonacci sequence fixes the growth ratio. The model is 

used consistently for all spatial analyses, ensuring methodological uniformity and enabling 

direct comparison between observed configurations and randomized spatial simulations. The 

Fibonacci spiral is employed here as a quantitative geometric template rather than a symbolic 

motif, allowing reproducible testing of spiral intersections, anchor points, and spatial recur-

rence patterns centered on the Bosnian Pyramid of the Sun.  
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A total of 100,000 simulations were conducted for each tested configuration. For 

each randomized dataset, identical spiral construction rules, tolerance thresholds, 

and intersection criteria were applied. The frequency with which randomized con-

figurations produced equal or greater numbers of spiral intersections than the ob-

served data was recorded and interpreted as an empirical probability under the de-

fined constraints.  

Energetic vertices were excluded from quantitative spiral–intersection testing due 

to lack of independently verifiable geophysical definition. 

2.7. Independence and Reproducibility 

To evaluate analytical robustness, spiral fitting and intersection assessment were 

repeated independently using identical parameter definitions but separate execution 

of the workflow. Analysts were not informed of expected outcomes during config-

uration testing. Agreement between independent analyses was assessed by compar-

ing retained spiral configurations and intersection counts. 
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Figure 8. Logarithmic spiral model anchored at the Bosnian Pyramid of the Sun. The spiral 

is constructed using a fixed Fibonacci growth factor (φ ≈ 1.618) and predefined scale 

bounds. Intersections are evaluated under uniform tolerance constraints. 

 

Figure 9. Logarithmic spiral configuration anchored at the Bosnian Pyramid of the Sun. The 

spiral is constructed using a fixed Fibonacci growth factor (φ ≈ 1.618) and evaluated 

across predefined scale bounds and rotational increments. Summit-level feature centroids are 

plotted in projected Gauss–Krüger coordinates. Intersections are defined as points whose or-

thogonal distance to the continuous parametric spiral curve does not exceed the uniform po-

sitional tolerance (±20 m). No adaptive parameter adjustment was introduced beyond the 

bounded scale–orientation grid specified in Section 2. 

 

All geometric constructions and statistical evaluations were performed using re-

producible GIS and numerical analysis workflows. Parameter values, tolerance 

thresholds, and simulation settings were fixed prior to evaluation and applied con-

sistently throughout the study. 

2.8. Spiral Scaling Procedure and Control of the Look-Elsewhere 
Effect 

The spiral scale was not continuously optimized post hoc to maximize the number 

of intersections. Instead, spiral scaling was discretized over a predefined finite range 

derived from the valley's spatial extent. Specifically, scale factors were sampled at 

fixed logarithmic increments within bounds determined a priori by (a) minimum 

inter-feature distance and (b) maximum valley diameter. 

Identical scale-search procedures were applied to both empirical and randomized 

datasets within Monte Carlo simulations. For each simulation, the same bounded-

scale grid and orientation grid were used. The maximum intersection count per con-

figuration was recorded, ensuring that the null model incorporated the same degrees 

of freedom as the empirical fitting process. 

This symmetric treatment prevents inflation of statistical significance through 

post hoc optimization. 
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2.9. Summit-Constrained Anchor Permutation Test 

To address potential geomorphological clustering effects not captured by uniform 

spatial redistribution, a summit-constrained permutation test was implemented. 

All ten summit-level locations listed in Table X were treated as candidate spiral 

anchors. For each summit Si, the Fibonacci spiral model was anchored at Si and 

evaluated using identical geometric and statistical constraints: 

•Fixed golden-ratio growth factor (φ ≈ 1.618), 

•Predefined scale bounds (Section 2.8), 

•Identical orientation grid, 

•Uniform positional tolerance (±20 m), 

•Minimum requirement of three intersections. 

No parameter relaxation or anchor-specific adjustment was permitted. 

Let N denote the total number of summit anchors (N = 10). The empirical per-

mutation probability was defined as: 

p_perm = {I(Si)≥I(SSun)}/N 

Where: 

•p_perm = permutation probability 

•I(Si) = maximum intersection count for summit Si 

•I(SSun) = intersection count for the Bosnian Pyramid of the Sun 

•N = total number of summit anchors tested 

This test preserves summit-level geomorphological realism while evaluating 

whether the Sun anchor exhibits exceptional spiral coherence relative to other real 

topographic maxima. 

3. Results 

3.1. Overview of Spiral Configurations 

Application of Fibonacci-based spiral models to the selected landscape features pro-

duced multiple configurations meeting the predefined intersection criteria. These 

configurations were distributed across different anchor points and did not converge 

on a single geometric center. Spiral trajectories intersected combinations of pyram-

idal summits, tumuli, and hydrological nodes within the tolerance thresholds de-

fined a priori. 
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Figure 10. Detail view of spiral–summit intersections under the accepted configuration. Or-

thogonal deviations between summit centroids and the continuous logarithmic spiral are 

shown relative to the ±20 m tolerance threshold. All geometric parameters, including spiral 

growth factor, scale discretization, and orientation bounds, remain fixed across empirical and 

null-model evaluations. The figure illustrates the spatial relationship under the defined mod-
eling constraints without interpretive attribution. 

Not all tested anchors produced configurations satisfying the minimum intersec-

tion requirement. Several spiral constructions resulted in fewer than three intersec-

tions and were therefore excluded from further evaluation. Only configurations 

meeting the fixed criteria were retained for statistical testing. Examples of retained 

spiral configurations anchored to different landscape features are shown in Figures 

8-10. 
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Figure 11. Orthogonal deviation analysis for summit–spiral intersections under the accepted configuration anchored at the Bosnian 

Pyramid of the Sun. For each intersecting summit, the shortest perpendicular distance from the summit centroid to the continuous 

parametric logarithmic spiral curve is computed in projected Gauss–Krüger space. All deviations are evaluated against the fixed ±20 

m tolerance threshold defined in Section 2.4. The spiral growth factor (φ ≈ 1.618), scale bounds, and rotation grid remain identical 

to those applied in Monte Carlo simulations. 
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Figure 12. Geometric construction of the accepted Fibonacci-based spiral configuration in projected coordinate space. The spiral curve 

is generated using fixed growth parameters and discretized scale increments within predefined bounds. Summit-level features included 

in the three-intersection configuration are displayed relative to the continuous spiral trajectory. No parameter tuning or post hoc ad-
justment beyond the bounded search grid was applied. 
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Figure 13. Spatial representation of summit-level intersections within the ±20 m positional tolerance under the Sun-anchored config-

uration. Intersections are defined as summit centroids whose orthogonal deviation from the spiral curve does not exceed the fixed 

threshold. The visualization illustrates the accepted configuration under uniform geometric constraints and serves as a reference for 
omparison with null-model distributions presented in Figures 14–17. 

3.2. Spatial Distribution of Spiral Intersections 

For retained configurations, spiral trajectories intersected key landscape features at 

locations that were spatially dispersed across the valley. Intersections occurred at 

varying spiral scales and angular positions, indicating that alignment was not re-

stricted to a narrow spatial window or a single orientation.  

Across independent anchor points, similar patterns of intersection were observed. 

In particular, multiple spiral configurations intersected prominent elevated features 

as well as hydrological reference points, suggesting that intersections were not lim-

ited to a single feature class. Positional deviations between feature centroids and 

spiral curves remained within the predefined tolerance range for all retained cases. 
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The spatial dispersion of spiral intersections across the valley is summarized in Fig-

ures 11-13. 

3.3. Consistency across Independent Anchors 

Comparison of spiral configurations anchored to different landscape nodes revealed 

recurring geometric behavior. While the specific features intersected by individual 

spirals varied, the overall frequency of intersections and their spatial dispersion 

showed consistent patterns across independent anchors. 

No configuration relied on fine-tuned adjustment of scale or orientation beyond 

the predefined limits. Configurations that required excessive adjustment to achieve 

intersections were rejected automatically by the fixed criteria. This constraint lim-

ited the number of retained configurations and reduced the influence of subjective 

fitting. 

3.4. Monte Carlo Simulation Results 

Monte Carlo simulations applied to randomized spatial datasets produced signifi-

cantly fewer spiral intersections than observed in the empirical data. Across 100,000 

randomized iterations per configuration, only a small proportion yielded intersec-

tion counts equal to or exceeding those observed for the retained spiral models (Fig-

ures 14-18). 

The resulting empirical probabilities indicate that the observed configurations oc-

cur infrequently under random spatial redistribution constrained by identical bound-

aries and point counts. These probabilities varied modestly across anchor points but 

remained consistently low for all retained configurations. 

3.5. Anchor Sensitivity Analysis 

To further evaluate whether the observed Fibonacci spiral coherence depends spe-

cifically on anchoring at the Bosnian Pyramid of the Sun, an additional anchor sen-

sitivity test was performed within the same geometric and statistical framework de-

fined in Sections 2.3–2.6. 

Using identical spiral growth laws (ϕ ≈ 1.618), predefined scale bounds, rota-

tion limits, intersection thresholds, and positional tolerances (±20 m LiDAR-level 

accuracy), spiral models were re-anchored sequentially at alternative major summit 

locations within the predefined feature set. These included: 

• Bosnian Pyramid of the Moon 

• Bosnian Pyramid of the Dragon 

• Temple of Mother Earth 

All parameters were held constant. No tolerance relaxation or anchor-specific ad-

justment was introduced.  
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Figure 14. Distribution of maximum spiral intersections across 100,000 Monte Carlo simulations using uniform spatial redistribution 

within the valley boundary. The empirical Sun-anchored result is indicated for comparison. 

 
Figure 15. Monte Carlo distribution under ±20 m positional tolerance. The empirical intersectioncount for the Sun anchor is shown-

relative to the simulated distribution. 

 
Figure 16. Intersection frequency under randomized spiral orientation while holding origin and scale bounds constant. The observed 

configuration is plotted relative to the null distribution. 

https://doi.org/10.4236/ijg.2026.172007


S. Osmanagich et al. 
 

 

DOI: 10.4236/ijg.2026.172007 129 International Journal of Geosciences 

 

                                   

Figure 17. Monte Carlo simulation, random spiral origin, 100.000 runs. 

 

Figure 18. Spiral intersection testing applied to non-pyramidal hilltops within the same geo-

graphic boundary. Results show intersection requencies under identical modeling constraints 
for comparison with summit-level features. 

3.5.1 Intersection Stability Across Anchors 

Under identical criteria requiring a minimum of three intersections: 

• The Bosnian Pyramid of the Sun consistently yielded ≥3 intersections within 

tolerance. 

• Alternative anchors produced either: 

o Fewer than three intersections under fixed tolerances, or 

o Configurations requiring orientation adjustments beyond predefined rota-

tional bounds. 

Thus, only the Sun-anchored configuration met the full acceptance criteria with-

out parameter relaxation. 
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3.5.2 Comparative Monte Carlo Frequencies 

For the Sun-anchored spiral: 

• ±20 m tolerance simulation (Figure 15): p ≈ 0.006 

• Random rotation test (Figure 16): p ≈ 0.003 

• Random origin test (Figure 17): p ≈ 0.001 

When the spiral origin was randomized across the valley (Figure 17), the proba-

bility of achieving three or more intersections dropped to approximately 0.1%, plac-

ing the Sun-anchored configuration at the extreme upper tail of the null distribution. 

Alternative summit anchors did not produce configurations with comparable em-

pirical probability under identical simulation constraints. 

3.5.3 Anchor Dependence and Model Robustness 

The anchor sensitivity test indicates that: 

1. Spiral coherence is not invariant under arbitrary relocation of the origin. 

2. The Bosnian Pyramid of the Sun exhibits a higher intersection stability relative 

to alternative summit anchors. 

3. The statistical strength of the configuration increases under stricter positional 

tolerances (±20 m). 

These results suggest that the detected spatial coherence is sensitive to anchor 

placement and that the Bosnian Pyramid of the Sun exhibits comparatively higher 

spiral coherence under defined constraints. 

While multiple anchors yielded spiral configurations under broader testing (Sec-

tion 3.1), only the Sun anchor satisfied the strict ±20 m tolerance without parameter 

relaxation. 

Importantly, this finding does not imply intentional design or causation. It indi-

cates only that, within the fixed Fibonacci-based geometric model and Monte Carlo 

framework applied here, the Sun-centered configuration exhibits stronger statistical 

persistence than alternative anchor placements. 

3.6. Summit-Constrained Anchor Permutation Results 

Under strict ±20 m tolerance, the Bosnian Pyramid of the Sun yielded three spiral 

intersections satisfying all predefined geometric constraints. 

Across the remaining nine summit anchors, no configuration produced three or 

more intersections under identical scale, orientation, and tolerance parameters. 

Thus: 

p_perm=0.10 

Only one of ten summit-level anchors (Bosnian Pyramid of the Sun) produced 

equivalent spiral coherence. 

This result indicates that the Sun-anchored configuration is not generic among 

valley summits and occupies a restricted region of the summit-constrained parame-

ter space. 

Importantly, the permutation probability (0.10) is higher than the valley-wide 

Monte Carlo probability (≈0.006), reflecting the stricter geomorphological realism 
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of the summit-constrained null model. The combined tests therefore evaluate com-

plementary hypotheses: 

• Valley-wide rarity (Monte Carlo randomization), 

• Summit-level anchor distinctiveness (permutation test). 

The permutation probability is necessarily higher because it evaluates summit-

level distinctiveness rather than valley-wide randomness. 

Because the number of summit-level anchors is finite (N = 10), the permutation 

probability reflects discrete resolution (0.1 increments) rather than a continuous dis-

tribution. 

3.7. Independent Analysis Comparison 

Independent execution of the analytical workflow, using identical parameter defini-

tions, produced results that were closely matched. Retained spiral configurations 

identified in the primary analysis were also identified in the independent analysis, 

with only minor differences in intersection counts attributable to numerical round-

ing at tolerance boundaries. Results of the independent analysis are compared with 

the primary analysis in Figure 15. 

Overall agreement between analyses supports the robustness of the geometric 

constructions and statistical outcomes under the applied constraints. Independent 

analyses yielded consistent configurations. 

An agreement between independently executed workflows indicates that the ob-

served results are not dependent on analyst-specific implementation choices. 

3.8. Summary of Observational Results 

Taken together, the results show that multiple Fibonacci-based spiral configurations 

intersect selected landscape features more frequently than expected under random-

ized spatial conditions. These configurations recur across independent anchor 

points, meet predefined tolerance criteria, and remain stable under independent ex-

ecution of the analytical workflow. 

No inference regarding cultural intent, symbolic meaning, or chronological se-

quence is implied by these observations. The results are presented solely as empir-

ical outcomes of the geometric and statistical procedures employed. 

Collectively, the results establish a structured but constraint-dependent spatial 

signal that is detectable through reproducible GIS-based testing under explicitly de-

fined null models. 

4. Discussion 

4.1. Interpretation of Observed Spatial Structure 

The results demonstrate that several Fibonacci-based spiral configurations intersect 

selected landscape features more frequently than would be expected under random-

ized spatial distributions constrained by identical boundaries and point counts. This 

pattern recurs across independent anchor points and remains stable under repeated 

analysis using fixed geometric rules and tolerance thresholds. Taken together, these 

https://doi.org/10.4236/ijg.2026.172007


S. Osmanagich et al. 

 

 

DOI: 10.4236/ijg.2026.172007 132 International Journal of Geosciences 

 

observations indicate the presence of non-random spatial structure within the ana-

lyzed landscape under the specific modeling assumptions applied (Figures 8-10). 

It is important to emphasize that statistical improbability under a given null model 

does not, by itself, establish causation or intentional design. The findings indicate 

structured spatial coherence, not purpose. The value of the results lies in demonstrat-

ing that certain geometric relationships can be detected and evaluated quantitatively, 

rather than inferred visually or narratively (The overall pattern of spatial structure 

identified in this study is summarized schematically in Figure 16). 

4.2. Model Choice and Alternative Geometric Explanations 

Fibonacci-based logarithmic spirals were selected for analysis because they are de-

fined by fixed growth laws and can be specified independently of scale and orien-

tation. This makes them suitable for quantitative testing within a constrained ana-

lytical framework. Their use in the present study does not imply that Fibonacci ge-

ometry is privileged as an explanatory principle, nor that alternative geometric mod-

els are excluded a priori. 

Other geometric forms, including radial patterns, spline-based curves, or arbitrary 

alignments, could potentially be fitted to complex landscapes. However, such mod-

els often involve additional degrees of freedom that complicate statistical evalua-

tion. Without fixed growth parameters, it becomes difficult to define consistent null 

models or to apply uniform acceptance criteria across multiple configurations. In 

this context, Fibonacci spirals serve as a mathematically constrained test case rather 

than a definitive explanation of spatial organization. A conceptual comparison be-

tween Fibonacci-based spirals and alternative geometric models is illustrated in Fig-

ure 17. 

4.3. Selection Bias and Control of Degrees of Freedom 

One of the principal challenges in exploratory spatial analysis is the risk of selection 

bias arising from flexible model fitting or post hoc adjustment. Several measures 

were taken in the present study to mitigate this risk. Landscape features were se-

lected prior to analysis based on positional reliability and recurrence in independent 

datasets. Spiral growth laws, tolerance thresholds, and minimum intersection re-

quirements were fixed in advance and applied uniformly across all tested configu-

rations. 

Configurations that failed to meet predefined criteria were excluded automati-

cally, and no adaptive tuning was performed to improve fit. The use of multiple 

independent anchor points further reduced the influence of any single reference lo-

cation. While these measures do not eliminate all sources of bias, they impose mean-

ingful constraints on model flexibility and limit the scope for selective pattern 

recognition. 

4.4. Role and Limits of Monte Carlo Null Models 

Monte Carlo simulation provides a practical means of evaluating whether observed 
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spatial configurations could plausibly arise by chance under defined constraints. In 

this study, randomized point distributions preserved the same spatial extent and 

point count as the empirical dataset, allowing direct comparison between observed 

and simulated outcomes. 

At the same time, null models based on random redistribution are necessarily 

simplified representations of landscape processes. They do not explicitly incorpo-

rate geomorphological constraints, resource distribution, or historical land-use pat-

terns [12]. The statistical results should therefore be interpreted within the limits of 

the chosen null model. Low probabilities indicate improbability under random 

placement, not proof of intentional planning or exclusion of all natural explanations.  

4.5. Geological and Geomorphological Considerations 

Natural processes can generate structured spatial patterns, particularly in landscapes 

shaped by erosion, tectonics, and hydrology. Ridge lines, drainage networks, and 

elevation gradients may influence the placement and preservation of prominent fea-

tures over time. The present analysis does not attempt to disentangle these processes 

from potential anthropogenic contributions. 

However, the recurrence of spiral intersections across independent anchors and 

feature classes suggests that the observed patterns are not solely the result of a single 

geomorphological driver. Further work, incorporating terrain-aware null models 

and comparative landscapes, would be required to assess the relative contributions 

of natural and cultural factors more fully. 

A fully terrain-matched control valley within the Dinaric Alps would provide an 

ideal comparative test of geomorphological spiral mimicry. While such replication 

lies beyond the scope of the present study, future work incorporating terrain-aware 

null models and cross-valley comparison would further clarify whether the detected 

signal is valley-specific or characteristic of regional geomorphology. 

4.6. Mathematical Context: Fibonacci Spirals and Pattern  
Recognition 

Recent work in applied mathematics and computational modeling has emphasized 

that spiral patterns, including those approximating Fibonacci structure, arise within 

a broad class of constrained geometric and dynamical systems. Rather than being 

treated as symbolic or exceptional forms, Fibonacci spirals are increasingly exam-

ined as mathematically defined outcomes of specific growth rules, optimization 

constraints, or pattern-forming mechanisms. This perspective is particularly rele-

vant when spiral geometries are used as analytical templates rather than explanatory 

end points. 

Several contemporary studies illustrate how Fibonacci-like spirals can emerge 

from explicit mathematical processes without recourse to visual fitting or interpre-

tive selection. Reaction–diffusion and chemotactic models, for example, have been 

shown to generate phyllotactic and spiral arrangements governed by well-defined 

equations and boundary conditions [13]. Similarly, computational disk-stacking and 
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packing models demonstrate that both Fibonacci and non-Fibonacci spiral configu-

rations can arise depending on local constraints, highlighting the importance of 

model specification and null comparison in pattern recognition [14]. 

At the same time, recent geometric work has explored generalized spiral con-

structions derived from Fibonacci-type recursions, extending the classical logarith-

mic spiral into broader mathematical families with distinct analytical properties 

[15]. These developments underscore two points relevant to the present study. First, 

Fibonacci-based spirals represent one mathematically constrained class among sev-

eral possible spiral models. Second, their suitability for quantitative testing derives 

from their fixed growth laws and reproducibility, not from any presumption of uni-

versality or intentional design [16]-[18]. 

Within this contemporary mathematical context, the use of Fibonacci spirals in 

the present analysis is best understood as a methodological choice. The spirals serve 

as formally defined geometric hypotheses that can be tested against spatial data us-

ing explicit tolerances and probabilistic controls. Recent advances in spiral model-

ing and pattern recognition reinforce the importance of such constraint-based ap-

proaches and caution against interpreting geometric correspondence in the absence 

of statistical evaluation. 

4.7. Methodological Implications 

Beyond the specific case study, the analysis illustrates how fixed-geometry models, 

combined with probabilistic testing, can be applied to complex spatial datasets. The 

emphasis on predefined parameters, reproducibility, and explicit null models pro-

vides a framework for evaluating non-random spatial organization while avoiding 

over-interpretation. 

The approach is not limited to Fibonacci spirals or archaeological contexts. Sim-

ilar methods could be applied to other landscapes, urban layouts, or spatial networks 

where questions of structure versus coincidence arise. In this sense, the study’s con-

tribution is primarily methodological rather than interpretive (The analytical work-

flow applied in this study is summarized in Figure 18). 

4.8. Scope and Limitations 

Several limitations should be acknowledged. The number of analyzed features is 

finite, and results may be sensitive to feature selection and spatial resolution. While 

LiDAR data reduce measurement uncertainty, landscape evolution over time may 

affect the stability of certain reference points. In addition, the present study focuses 

on planar spatial relationships and does not incorporate three-dimensional model-

ing. 

Crucially, no chronological framework is established, and no claim is made re-

garding the contemporaneity or origin of the analyzed features. The results should 

therefore be understood as an evaluation of present-day spatial configuration under 

defined analytical constraints. 
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5. Conclusions 

This study examined whether large-scale spatial configurations in the Bosnian Val-

ley of the Pyramids exhibit structured geometric relationships, using fixed Fibo-

nacci-based spiral models and explicit statistical controls. By combining high-reso-

lution LiDAR data, predefined geometric rules, and Monte Carlo simulation, the 

analysis evaluated observed spiral intersections against constrained random spatial 

distributions. 

The results indicate that several spiral configurations intersect selected landscape 

features more frequently than expected under the applied null models. These con-

figurations recur across independent anchor points and remain stable under repeated 

analysis using identical parameters. Within the limits of the modeling assumptions, 

the findings demonstrate a non-random spatial structure detectable through repro-

ducible GIS-based methods. 

No inference is made regarding cultural intent, symbolic meaning, construction 

chronology, or causation. The study does not propose Fibonacci geometry as a priv-

ileged explanatory principle, nor does it exclude alternative natural or anthropo-

genic processes. Instead, it illustrates how mathematically constrained geometric 

models, when combined with probabilistic testing, can be used to evaluate spatial 

organization without relying on visual pattern recognition or interpretive assump-

tions. 

More broadly, the approach presented here is applicable to other complex land-

scapes where questions of structure versus coincidence arise. By emphasizing trans-

parency, parameter control, and statistical evaluation, the study contributes to meth-

odological frameworks for analyzing spatial patterning in archaeological, geomor-

phological, and related geospatial contexts. 

6. Assumptions and Limitations 

The analysis presented in this study is subject to several assumptions and limitations 

that should be made explicit. 

First, the geometric models tested here rely on planar spatial relationships. Alt-

hough high-resolution LiDAR data were used to verify feature positions and stabil-

ity, spiral construction and intersection testing were performed in two dimensions. 

This approach reflects the scale of the study area and the focus on horizontal spatial 

organization, but it does not capture potential three-dimensional or slope-dependent 

effects. 

Second, the selection of landscape features necessarily constrains the analysis. 

Only features with well-defined positions and independent verification through Li-

DAR and geodetic data were included. While this reduces positional uncertainty 

and interpretive ambiguity, it also limits the number of available reference points. 

Different feature selections could produce different geometric outcomes, although 

predefined selection criteria were used to reduce subjectivity. 

Third, Fibonacci-based logarithmic spirals were examined as a mathematically 

constrained test model rather than as a comprehensive description of all possible 
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spatial structures. Other geometric forms or spatial processes may also generate 

structured patterns in complex landscapes. The present analysis does not exclude 

such alternatives and should be understood as evaluating one class of constrained 

geometric hypotheses under explicit rules. 

Fourth, the Monte Carlo null models employed here assume random redistribu-

tion of features within fixed spatial boundaries. These models do not explicitly ac-

count for geomorphological constraints, resource distribution, or historical land-use 

processes that may influence feature placement. As a result, statistical probabilities 

derived from these simulations reflect improbability under the specified random 

model rather than proof of intentional design or exclusion of natural processes. 

Finally, no chronological framework is established in this study. The analysis 

evaluates the present-day spatial configuration only and does not address the tem-

poral relationships among the analyzed features. Consequently, no conclusions are 

drawn regarding contemporaneity, cultural transmission, or planning sequences. 

Within these assumptions and limitations, the study aims to provide a transparent 

and reproducible assessment of spatial structure using fixed geometric models and 

probabilistic testing. Future work incorporating terrain-aware null models, ex-

panded feature sets, and independent replication would help further clarify the 

origin and significance of the observed spatial patterns. 
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