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ABSTRACT

Background. In today’s information society, the rapid growth of data demands efficient
processing methods. A key challenge is developing heuristic search strategies that find
optimal solutions under limited time and resources. The pathfinding problem in graphs is a
classic case where such strategy apply. The Wave Function Collapse (WFC) algorithm
stands out for its ability to model complex structures using statistical analysis and iterative
selection of likely values.

Materials and Methods. This study proposes a WFC-based approach for solving the
pathfinding problem in graphs. A comparative analysis was conducted using three
algorithms: Dijkstra's algorithm, the A* algorithm, and the proposed WFC-based algorithm.
Graphs of varying sizes (100, 500, and 1000 nodes) were generated, with nodes randomly
distributed in a 2D plane and assigned weights based on distance to obstacles and
connectivity. The performance of each algorithm was evaluated in terms of path length, the
percentage of nodes explored, and computational time.

Results and Discussion. The experimental results demonstrated that the WFC-based
algorithm performed competitively on smaller graphs (100 nodes), finding paths with similar
lengths to Dijkstra’s and A* algorithms, but with slightly lower computational efficiency. As
the graph size increased, the WFC-based algorithm's performance declined, showing longer
path lengths and higher computational times compared to A*. Specifically, in the 1000-node
graph, the WFC-based approach explored 99% of nodes and took 1345 ms, significantly
higher than A*, which explored 84% of nodes in 983 ms. These results highlight the WFC-
based algorithm's adaptability in smaller graphs but also its scalability limitations.

Conclusion. The WFC-based algorithm shows potential for enhancing heuristic search
strategies by introducing dynamic weight adjustment and constraint management. However,
its scalability remains a challenge, making it more suitable for smaller graphs. Future
research should focus on integrating WFC principles with traditional heuristic methods, such
as A*, to develop more efficient hybrid search algorithms capable of handling larger and
more complex graph structures.

Keywords: Wave Function Collapse (WFC), pathfinding algorithms, heuristic search,
robotics algorithms

INTRODUCTION

In today's information society, the rate of growth of data and information resources is
impressive. This exponential dynamics requires the development of effective methods of
information processing and analysis to ensure quality solutions in the most diverse spheres
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of life [1], industry 4.0, and robotics [2]. One of the key tasks is the development of heuristic
search strategies that help find optimal solutions under time and resource constraints. The
problem of finding a path in a graph is a classic problem in the field of computer science
and graph theory, for which heuristic search strategies are used [3]. The essence of this
problem is to find the optimal path or route between two nodes in the graph. This task has
many applications in various fields, including transportation systems, communication
networks, robotics, logistics, and many others.

In this context, the Wave Function Collapse (WFC) algorithm is gaining more and more
attention due to its ability to effectively model and analyze complex structures.

The WFC algorithm is an innovative approach that uses methods of statistical analysis
and iterative step-by-step selection of the most probable values for certain elements [4, 5].
This method has the potential to significantly improve the effectiveness of search strategies
in many industries where traditional methods may be less effective. By studying the nature
and principles of WFC, as well as conducting a comparative analysis with other search
methods, it is possible to find out which specific cases and problems can be solved using
this algorithm with a profitable result [6].

Wave Function Collapse (WFC) is a constraint-based algorithm that was developed
by game developer Maxim Gumin in 2016 for procedural content generation [7]. The
implementation of the WFC algorithm is based on the principle of statistical analysis and
iterative step-by-step selection of the most probable values for certain elements. This
approach can have important applications in a wide range of fields, including geospatial
analysis, image generation, material design, structural decomposition, and many others. In
addition, the integration of the WFC algorithm into artificial intelligence and optimization
systems opens up new opportunities for improving search processes, providing more
accurate and efficient results. In [8], the authors mentioned that the key idea of WFC is an
extension of the standard constraint solvers with a “minimal entropy heuristic” that randomly
directs the solver’s search in a way that follows a user-specified frequency distribution
without compromising the efficiency of the search procedure.

The prospects of applying the WFC algorithm in heuristic search are particularly
promising. Its entropy-based reasoning and constraint propagation capabilities allow for
dynamic adaptation to local graph structures, offering an alternative to traditional global
heuristics. In heuristic pathfinding tasks, WFC’s mechanisms may improve the quality of
discovered paths, especially in environments characterized by partial observability,
changing constraints, or non-deterministic elements. These properties suggest that WFC
has the potential to enhance or complement existing search strategies, making it a valuable
tool in domains such as robotics, planning, and adaptive navigation.

MATERIALS AND METHODS

Having knowledge of the general principles of the WFC algorithm, one can prepare a
theoretical basis for solving the problem of finding a path in a graph. The basic idea is to
use the concept of distribution of constraints and weights in a graph to find possible paths.

Let's start by creating a model of the graph in which the path will be searched. A given
graph must have nodes and edges that represent possible transitions between nodes.

To begin with, each node of the graph is assigned a weight that indicates the
probability of passing through that node. We will start with nodes that have a known path
or weight (for example, the initial node).

Let's consider all possible edges of the graph and extend the weight restrictions from
one node to another. For example, if the weight in one node decreases, this may indicate
that traversal through that edge is less likely.

Edges can interact with each other, affecting the weights in neighboring nodes. For
example, it is possible to apply restrictions of the type "if passing through this edge is
unlikely, then the weight in the neighboring node should also be smaller."
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Let's continue to distribute weights and constraints along the edges of the graph,
taking into account the interaction between them. Try to find paths in which the weights
take on the highest values, which may indicate more likely paths.

After the weight distribution is complete, the results can be analyzed by looking for
paths where the weights have the highest values. These can be potential optimal paths
through the graph.

Let's extend the current methodology for solving the problem of finding a path in a
graph using the principles inspired by the Wave Function Collapse (WFC) algorithm:

1. Model the Graph

¢ Define the graph G = (V, E)) where V represents the set of nodes and E represents
the set of edges connecting the nodes.

e Assign each node v € VV a weight w(v), representing the probability or cost of
passing through that node. Initialize these weights based on known paths or heuristic
values.

2. Initialize Weights and Constraints

¢ |dentify initial nodes with known weights or paths. Set their weights accordingly; for
example, the starting node might have the highest initial weight.

¢ Initialize the edges with weights or constraints that will be used to propagate the
influence from one node to another.

3. Propagate Weights and Constraints

e Foreachedge e = (u,v) € E:

- If w(u) it decreases, indicating traversal through u is less likely, propagate this
decrease to v by adjusting w(v).
— Conversely, if w(u) increases, increase w(v) accordingly.

e Define rules for how edges interact. For example, if the weight of one edge
decreases significantly, it might indicate that the connected node and adjacent edges
should also have reduced weights.

4. Iterative Weight Adjustment

¢ lterate over all edges and nodes, adjusting weights until the changes converge to a
stable state where weights no longer change significantly between iterations.

o Define a convergence threshold € to determine when the weights have stabilized. If
the change in weight for all nodes between iterations is less than €, the process is
considered converged.

5. Analyze Results and Identify Paths

o After weight distribution is complete, identify paths from the starting node to the
target node(s). Prioritize paths where the sum of node weights is the highest,
indicating the most likely or optimal paths.

e Use a pathfinding algorithm (such as Dijkstra's or A*) that incorporates node weights
to find the optimal path. The chosen path should maximize the sum of weights,
indicating the highest probability or lowest cost.

6. Validation and Iteration

e Validate the found paths using known benchmarks or through empirical testing to
ensure that the methodology yields correct and efficient paths.

e If necessary, refine the weight assignment rules, edge interaction constraints, and
iteration criteria based on validation results. Iterate through the process to enhance
accuracy and efficiency.

The WFC-based graph pathfinding process is illustrated in Fig. 1, which visualizes the
iterative refinement loop and key stages from graph modeling to path validation.

Example Application
Consider a simple graph with nodes A4, B, C, and D, and edges connecting them:
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WFC-based Graph Pathfinding Algorithm

Model the Graph
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assign weights to ndes
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Propagate Weights & Constraints

Adjust weights iteratively
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the highest summed weihts

Validation
Needed?

Fig. 1. Flowchart of the WFC-based graph pathfinding algorithm.

— Yes

1. Graph Initialization:
e V={A4B,C D}
* E={(AB),(B,()(CD)(4D)}
e Initial weights: w(4) = 1, w(B) = 0.5, w(C) = 0.3, w(D) = 0.2
2. Weight Propagation:
¢ Adjust weights iteratively based on edge constraints:
— If traversal through (4, B) is likely, increase w(B).
— Ifw(C) it decreases significantly, reduce w(D).
3. Identify Optimal Path:
e After convergence, use a pathfinding algorithm to find the path with the highest
summed weights:
— Possible paths: A= B—->C—->D, A->D
— Select the path with the highest total weight.

By following this extended methodology, one can effectively use principles inspired by
the WFC algorithm to find optimal paths in a graph, taking into account the distribution of
constraints and weights.

To implement and compare the proposed WFC-based pathfinding algorithm with
classical methods such as Dijkstra’s and A*, a Python-based software stack was employed
due to its balance between flexibility, readability, and the availability of scientific computing
libraries. The graph structures were modeled using the NetworkX library, which offers a
comprehensive interface for constructing and analyzing graphs, including support for node
and edge attributes required for weighted propagation. Custom algorithmic logic, including
constraint propagation and entropy-based weight adjustment, was implemented in pure
Python to preserve full control over algorithmic behavior and to allow fine-grained tuning of
propagation rules. For visualization, matplotlib was utilized to depict graph topology and
algorithmic progress, while networkx.drawing enabled seamless rendering of grid-based
layouts. Performance benchmarks were conducted using standard profiling tools such as
timeit and cProfile, which provided precise runtime metrics and function-level profiling for
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identifying computational bottlenecks. Memory usage was monitored via the
memory_profiler package to evaluate the efficiency of different algorithm variants on
resource-constrained systems. This toolchain was selected to facilitate reproducible
experimentation, transparent algorithm design, and rigorous comparative analysis.

RESULTS AND DISCUSSION

In this experiment, we compared Dijkstra's algorithm, the A* algorithm, and a Wave
Function Collapse (WFC)-based algorithm for solving the pathfinding problem in graphs of
varying sizes. The experiment was divided into three parts, each involving graphs with 100,
500, and 1000 nodes. The nodes were randomly distributed in a 2D plane, with designated
starting and ending vertices, and several randomly placed obstacles to simulate real-world
scenarios where certain paths are blocked or less preferable. Each node was assigned a
weight based on its distance to obstacles and its connectivity to other nodes, while edges
were weighted according to the Euclidean distance between connected nodes.

Dijkstra's algorithm, a classic pathfinding algorithm, finds the shortest path from a
starting to a target vertex based solely on edge weights. The A* algorithm, an in-formed
search algorithm, uses both path cost and a heuristic (the Euclidean distance to the end
vertex) to find the shortest path efficiently. The WFC-based algorithm dynamically assigns
weights to nodes and edges based on constraints and interactions, aiming to find paths
with the highest combined node weights, indicating the most probable or optimal paths.

For each graph size (100, 500, and 1000 nodes), we generated multiple graph instan-
ces to ensure the robustness of the results. Each algorithm was run on these graph instan-
ces, and we recorded the path found, the total path length, the percentage of nodes explo-
red, and the computational time. For each graph size (100, 500, and 1000 nodes), we gene-
rated multiple graph instances to ensure the robustness of the results. Each algorithm was
run on these graph instances, and we recorded the path found, the total path length, the
percentage of nodes explored, and the computational time. Results shown in Tables 1-3.

Table 1. Results for a graph of 100 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 34 97 712
A* 34 83 458
WFC-based 34 92 489

Table 2. Results for a graph of 500 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 245 97 817
A* 173 86 503
WFC-based 204 95 678

Table 3. Results for a graph of 1000 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 447 97 1005
A* 412 84 983
WFC-based 479 99 1345
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In the 100-node graphs, all three algorithms found paths of equal length. Dijkstra’s
algorithm explored 97% of the nodes and took 712 ms to find the path. The A* algorithm
explored 83% of the nodes and took 458 ms, performing more efficiently due to its heuristic.
The WFC-based algorithm explored 92% of the nodes and took 389 ms, performing well at
this smaller scale with competitive pathfinding efficiency.

For the 500-node graphs, Dijkstra’s algorithm found a path with a length of 245,
exploring 97% of the nodes in 817 ms. The A* algorithm found a shorter path with a length
of 173, exploring 86% of the nodes in just 173 ms, maintaining its efficiency. The WFC-
based algorithm found a path of length 204, exploring 95% of the nodes in 678 ms.
Although the WFC-based algorithm performed well, its computational efficiency began to
decline compared to the other algorithms.

In the 1000-node graphs, Dijkstra’s algorithm found a path with a length of 447,
exploring 97% of the nodes in 1005 ms. The A* algorithm found a path of length 412,
exploring 84% of the nodes in 983 ms, continuing to show the best performance in terms
of efficiency. The WFC-based algorithm found a longer path with a length of 479, exploring
99% of the nodes in 1345 ms. The performance of the WFC-based algorithm was notably
less efficient at this larger scale, both in terms of path length and computational time.

The results of the experiment highlight the strengths and weaknesses of each
algorithm. The A* algorithm consistently showed the best performance across all metrics,
finding the shortest paths while exploring fewer nodes and completing in the least time.
Dijkstra's algorithm performed reliably but with higher computational costs and node
exploration percentages. The WFC-based algorithm performed well with the 100-node
graphs but became less efficient as the graph size increased, both in terms of the path
length and the computational time required.

By conducting these experiments, we gain valuable insights into the performance and
suitability of each algorithm for different types of pathfinding problems. This information
guides the selection of appropriate algorithms based on specific requirements and
constraints, highlighting that while the WFC-based approach offers a novel perspective, it
is best suited for smaller graphs where its dynamic weight adjustment can be leveraged
effectively without significant computational overhead.

CONCLUSION

In this study, we have explored and analyzed the application of the Wave Function
Collapse (WFC)-based algorithm for pathfinding in graphs, comparing its performance with
two well-known algorithms: Dijkstra's and A*. Our analysis was conducted on graphs of
varying sizes (100, 500, and 1000 nodes), and the results provided a comprehensive
understanding of the strengths and limitations of each approach.

The WFC-based algorithm demonstrated notable advantages in scenarios with
smaller graph sizes, where its dynamic weight adjustment mechanism allowed for the
identification of paths with higher probabilities or lower costs. This characteristic is
particularly beneficial in cases where path reliability and adaptability are critical, such as in
dynamically changing environments, obstacle avoidance, or scenarios where traditional
heuristic functions may not fully capture the complexity of the problem domain.

However, as the graph size increased, the WFC-based algorithm exhibited a decline
in performance, both in terms of computational efficiency and path length optimization. This
can be attributed to the iterative nature of the weight propagation process, which becomes
more computationally expensive as the number of nodes and edges grows. Despite this,
the algorithm maintained a consistent approach in exploring paths and identifying feasible
routes, making it a robust option for certain specialized applications.

Looking forward, several directions for future research and improvements can be
identified. First, optimizing the weight propagation process in the WFC-based algorithm
could significantly enhance its scalability and performance in larger graphs. Techniques
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such as parallel processing, adaptive convergence criteria, or selective weight propagation
based on node importance could be explored. Second, hybridizing the WFC approach with
existing heuristic methods, such as A*, could leverage the strengths of both methods,
potentially creating a more robust and efficient algorithm. Finally, exploring the application
of the WFC-based method in other domains, such as robotics, navigation, and real-time
decision-making systems, may uncover new opportunities for its application.

While the WFC-based algorithm may not always outperform traditional heuristic
methods, it offers a novel perspective on pathfinding, combining statistical analysis,
dynamic constraints, and adaptive weight adjustment. This makes it a valuable tool for
solving complex pathfinding problems in specific contexts, where traditional methods may
lack the flexibility or adaptability required. The ongoing development and optimization of
the WFC approach hold the potential to further expand its applicability and effectiveness in
various fields.

Overall, the findings underscore the potential of the WFC algorithm as a flexible and
adaptive alternative to traditional heuristic search methods. Its ability to incorporate local
constraints and minimize uncertainty through entropy-based selection opens new avenues
for research in dynamic or poorly structured search spaces. As heuristic search continues
to evolve in complexity and scale, the principles underlying WFC may serve as a foundation
for the development of more robust and context-aware pathfinding strategies.
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NMEPCMNEKTUBN BUKOPUCTAHHA ANIFTOPUTMY KONAMCY XBUNbOBOI
®YHKLUII ANnA BOOCKOHAINEHHA EBPUCTUYHUX CTPATENA NOLUYKY

HerHuc-Pomar Pyduk'>Q, Onekcitl KywnHip©Q
Kagpedpa padioghisuku ma Komm’romepHUX mexHosoail,
Jlbgigcbkuli HayioHanbHUU yHiesepcumem imeHi lIeaHa ®paHka
8yn. ['eH. TapHascbkoeo, 107, 79017, m. Jlbeig, YkpaiHa

AHOTALIA

BeTyn. Y cyyacHomMy iHbopMaLiiHOMy CyCnifnbCTBi LWBUAKE 3pOCTaHHA AaHUX BUMarae
edeKTMBHMX MeToAiB 06pobku. KnovoBmM 3aBoaHHAM € po3pobka eBpUCTUHHUX CTpaTerin
MoLUyKy, SKi 3Haxo4ATb ONTUMAarbHI pilleHHs1 3a obmexeHoro yacy Ta pecypcis. NMpobnema
MOLLYKY LUNSXY B rpadhax € knacuyHMm BUNagKOM 3aCTOCYBaHHA Takux cTpaTeriv. Anroputm
konancy xBunboBoi yHkuii (WFC) BMAINAeTbCA CBOEID 30aTHICTIO MOAENOBATK CKNagHi
CTPYKTYpW 3a [AOMOMOrOK CTaTUCTUYHOrO aHanidy Ta iTepaTMBHOrO BMOOPY WMOBIpHUX
3HaYeHb.

Matepianu Ta metoau. Y UbOMY AOCRIAXEHHI 3anponoHOBAHO Miaxid A0 BUPILLEHHS
3ajadi nowyky wnsxy B rpadgpax, Ha ocHosi anroputmy WFC. Byno nposeaeHo
MOPIBHANBHWUIA aHani3 TpbOX anroputmis: anroputMmy [enkctpu, anroputmy A* Ta
3anponoHoBaHoro anroputmy, Ha ocHoBi WFC. "'padum pisHoro poamipy (100, 500 Ta 1000
BYy3niB) 6ynu 3reHepoBaHi 3i BUNaAKOBMM PO3MOAiNoM BY3MiB Ha NMOLLMHI Ta NPU3HAYEHHAM
Bar 3arnexHo Bif BiACTaHi 4O nepewkos i 3B'A3HOCTi. [pOAYKTUBHICTL KOXHOIO anroputMmy
ouiHIOBanaca 3a TakMMW MOKa3HUKaMu: [AOBXWHA 3HAMOEHOro Lnsxy, BigCOTOK
JocnigKeHnx By3niB Ta Yac 064YMCNEHHS.

Pe3ynbTatn. Pe3ynbtatu ekcnepumeHTy nokasanu, Lo anropuTtm, Ha ocHosi WFC,
OEMOHCTPYE KOHKYPEHTOCMPOMOXHICTb Ha HeBenukux rpadax (100 Byani), 3Haxoasuu
LUNSIXM 3i CXOXOH AOBXMHOK 0 TUX, WO 3HaxoasaTb anroputmu Oenkctpu Ta A*. OgHak 3i
30inbLUEHHAM po3Mipy rpada Moro epekTUBHICTb 3HXKYBanacs: LUNSAXY cTaBany JOBLUUMU,
a yac BMKOHaHHS 36inbLlyBaBcs nopiBHAHO 3 A*. 3okpema, Ha rpadi 3 1000 Byanis nigxig
WFC pocnigme 99% By3niB 3a 1345 mc, Wwo 3Ha4vHo Ginblue, Hix y A*, skuin gocniame 84%
By3niB 3a 983 mc. Lli pesynbTtatu nigkpecniooTs agantueHictb WFC Ha HeBenukumx rpadax,
arne TakoX BKa3yloTb Ha Moro obMexxeHy macliTaboBaHicTb.

BucHoBku. AnroputMm, Ha ocHoBi WFC, mae noTeHujian ans nokpaweHHs eBPUCTUYHMX
CTparTerii NOLWYKy LMSAXOM AMHAMIYHOTO KOPWUryBaHHsI Bar Ta ynpasniHHA 0OMEXEeHHSMN.
OpgHak Woro MacwTtaboBaHiCTb 3anuwaeTbcsi npobnemoto, Wwo pobutb Moro GinbLu
npuaaTtHuM Ans Hesemnukvx rpadie. ManbyTHi gocnigkeHHA MalTb 30cepeanTucs Ha
iHTerpauii npyHumnisa WFC i3 TpagvuinHiMm eBpUCTUYHUMN MeToAamMu, Takumuy sk A*, ans
po3pobku Binbll edeKTUBHMX TOPUAHUX anropyuTMIB MOLUYKY, 34aTHWX nNpauioBaTy 3
BENVKUMW Ta CKNagHUMm CTPyKTypamu rpadis.

Knrouoei cnoea: konanc xsunboBoi dyHkuii (WFC), anropuTmmu nOLyKy LUAAXY,
€BPUCTUYHWIA NOLLYK, anropuTMm poboTOTEXHIKM
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