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With the continuous development and application needs of robots, games and
intelligent navigation, maze-solving algorithms have also begun to be researched in relation
to traditional graph-search algorithms. The three maze-solving algorithms and their
corresponding results in this paper are DFS, BFS and A*, and they are all based on graph-
search methods for 2D-grid mazes. A* is based on the Manhattan distance. Experiments are
carried out on the three types of mazes (sparse, dense and complex) and the three scales
(10x10, 20x20 and 50x50), and the main indicators are execution time, path length, visited
nodes and scalability. BFS and A* both return the shortest path; however, A* has visited
fewer nodes than BFS. For example, 419 vs. 1480 in the 50x50 maze; DFS can find the
maze in the shortest time but has a longer path. As OCaml has pattern matching and
recursion, it can be used to implement the above search algorithm.

Maze solving, pathfinding, OCaml, search algorithms

The old problem of maze solving in computer science and artificial intelligence has been widely
applied to robot navigation, autonomous systems, games, path planning, etc. The first purpose of a
maze-solving algorithm 1is to find a path from the starting position to the end and at the same time
keep the computational effort and search scope relatively small. Maze solving has had some
practical value and theoretical benefits, so many types of graph-search and path-finding algorithms
have been tested in various areas for a long time.

Many search algorithms have been put forward to solve the problem of maze-solving, such as
Depth-First Search (DFS), Breadth-First Search (BFS), Dijkstra's algorithm and A* search. DFS is
relatively simple to code and generally uses a smaller amount of memory, partly because of its
recursive nature, it is relatively small. However, it will not be the shortest way either. BFS can
always find the shortest path in an unweighted graph, but its memory consumption will be large
when the search space is extensive. Dijkstra's algorithm and A* search are somewhat more
sophisticated ways to increase the speed of exploration by adding path costs and heuristic
information, so they do not need to expand nodes level by level. Previously, it has been shown in
some studies that heuristic-driven search is generally more efficient than basic graph traversal
algorithms for large, complicated mazes, and thus, it may accelerate the speed of search and path

© 2026 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).

23



Proceedings of CONF-APMM 2026 Symposium: Applied Mathematics and Quantitative Modeling
DOI: 10.54254/2753-8818/2026.PU36012

planning [1, 2]. Recently, some studies have also been carried out to solve the problem of complex
networks by combining heuristic search strategies with swarm intelligence and optimisation
techniques [3].

In addition to algorithm Design, the selection of a programming paradigm can also impact how to
build and maintain the search algorithm. The old way of solving maze-searching problems is
generally imperative programming, but functional programming has gained more attention recently
and is often used due to recursion and immutable data structures [4]. Compared with imperative
programming, functional programming can be relatively simple to implement for recursive search,
and it may also improve the clarity and organization of the code.

Of all the functional programming languages, OCaml is very suitable for the construction of
algorithms due to its robust static type system, pattern matching, algebraic data types and a fast
compiler [5, 6]. Therefore, OCaml is relatively easy to use for writing recursive algorithms and
graph problems. Recently, some studies have begun to apply OCaml for maze generation and
pathfinding, and it has been found that functional programming can also be used in search-based
problems [7, 8]. However, most of the existing papers have been studying single algorithms one by
one and have conducted only minor performance comparisons. There is no common test set for
some classical search algorithms in the same OCaml framework that has been widely studied; that is
to say, the recursive implementation strategy and the general performance or correctness of the
resulting path have not been well verified.

To solve the above problem, a maze-solving framework will be built in OCaml, and then the
three general search algorithms: DFS, BFS, and A* search will be tested. Mazes of different sizes
and complexities will be employed in the experiment to test the algorithm, and based on some
performance indicators such as running time, path length, number of visited nodes and scalability,
comparisons will be made. The paper also studies how functional programming methods are applied
in the design of recursive algorithms, and evaluates how suitable OCaml is for pathfinding and
graph-search problems; it is noted that OCaml is not one of the first languages people think of for
this purpose.

Maze solving is often considered to be a graph-search problem. Each of the mazes shown here is a
two-dimensional grid, each walkable cell is a node, and the connection between adjacent cells is an
edge. The objective is to find a valid path from the start node to the goal node.

This kind of representation is widely used in the research of pathfinding because it is possible to
compare different search algorithms in the same framework [9, 10]. All of the algorithms were
written in OCaml. The reason for this choice of language is its good handling of recursion and the
availability of pattern matching and functional programming functions for graph traversal and search
problems [5, 11].

Based on the above studies, it has been found that both maze density and obstacle distribution affect
the behaviour of search algorithms [12, 13]. Therefore, this work produced three types of mazes

with different structural characteristics, which are named Sparse Maze, Dense Maze and Complex
Maze.
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The sparse maze has relatively few obstacles and offers several other paths from the start node to
the end node. Dense mazes, on the other hand, had a relatively high proportion of blocked cells, and
in practice, the number of paths that could still be traversed was limited. More difficult mazes with
many branches and dead ends have been added to increase the difficulty of the maze; therefore,
there is a relatively high probability that the algorithm will waste time exploring unnecessarily.

To investigate how different sizes of mazes can affect the operation efficiency of the algorithm,
the three grid sizes chosen in this paper are 10x10, 20x20 and 50x50. For every pair of maze
category and maze size, five different maze instances were created. As shown in Table 1, in total
there were 45 such experiments. Generally speaking, the above experiment can be divided into two
sections based on the level of maze complexity and size of the search space.

Table 1. Experimental setup

Maze Type Maze Size Number of Instances
Sparse 10x10 5
Sparse 20x20 5
Sparse 50%50 5
Dense 10x10 5
Dense 20x20 5
Dense 50%50 5
Complex 10x10 5
Complex 20%20 5
Complex 50x50 5

Depth-First Search (DFS) is a type of graph traversal that goes as deep as it can in a particular
search path and then backs up to explore other paths. Recursion was used in OCaml for the DFS
implementation in this paper to conduct a search using recursion and pattern matching. In order to
have a stack-like search, recursion is employed, and a list of visited nodes is used to avoid repeated
traversal of the same location. The algorithm will stop when it reaches the goal node or has no more
reachable paths. DFS is relatively simple to implement and is in line with the functional
programming model due to its recursive nature. BFS is generally lighter on memory than DFS
because it only needs to store one path during the search at any given time. DFS is based on the
principle of path discovery, not path optimality, so it cannot ensure that the shortest path will be
obtained; especially in large or highly branched maze environments, this is a problem.

BFS is Breadth-First Search; it explores all the neighbouring nodes at the current depth and then
moves to the next level in the search tree. A Queue is used for the algorithm, and therefore the nodes
will be processed in the order of discovery. It is the same as DFS; therefore, a list of visited nodes
has been stored to avoid revisiting them. BFS is based on the distance of nodes from the start node,
so it can find the shortest path in an unweighted maze. Therefore, BFS is often used when the main
goal is to find a short path. However, the algorithm often needs to be run on a large amount of
memory because many frontier nodes must be kept in memory at the same time. As the size and
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complexity of the maze increase, so will the required memory and processing time; thus, it will be
relatively slow for searching.

2.5. A* algorithm

A* search is a way to find the path that takes advantage of cost-based and informed search. A* has a
function that takes into account both the path cost to the current location and an estimate of how far
it is from the destination to select the better candidate node among those generated by DFS and
BFS.

f(n) = g(n) + h(n) (1

Given that the movement in the maze is limited to the four directions, a Manhattan Distance
heuristic will be used here. The heuristic function is given by:

h(n) = |zn — zg| + |yn — yg| (2)

At runtime, the node with the smallest evaluation value is chosen to be expanded in order to
restrict the search scope and focus the search on a region that may contain the optimum solution. A*
is faster than BFS in terms of searching for nodes and will run fewer times to find the shortest path.
Therefore, A* is often used as an efficient algorithm to solve the problem of mazes, especially when
the search space is large or the structure of the maze is complex.

2.6. Evaluation metrics

In order to evaluate the actual performance of the search algorithm, this paper will use four indices:
Execution Time, Path Length, Visited Nodes and Scalability.

Execution Time is employed to estimate the computational expense of solving a maze, and it
generally indicates how efficient an algorithm is. Path Length is the number of nodes in the final
solution path, so it has been used to evaluate the optimality of the path. Visited Nodes, on the other
hand, is the total number of nodes explored in a search run, and this can show the efficiency of the
search. Scalability is to determine how the performance of an algorithm changes with an increase in
the size of the maze, and thus it can be observed that how well each method handles large and
complex search spaces. Together, these indicators can show how good a solution is and how efficient
it is in terms of computation; it is not enough to consider only one factor.

3. Results and discussion
3.1. Overall performance comparison

Table 2 shows the mean experimental results of all maze configurations.

Table 2. General experimental results

Maze Size Algorithm Exec. Time (ms) Path Length Visited Nodes
10x10 DFS 0.004 24 28
10x10 BFS 0.023 22 60
10x10 A* 0.014 22 25
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Table 2. (continued)

20%20 DFS 0.018 76 83

20x20 BFS 0.136 68 247
20%20 A* 0.124 68 132
50x50 DFS 0.089 252 297
50x50 BFS 1.021 234 1480
50x50 A* 0.422 234 419

There are some differences among the three algorithms. DFS is fast and visits a small number of
nodes. The Paths obtained by DFS were generally longer than those obtained by BFS and A*.

BFS is always the shortest path, but it has to expand many more nodes. A* is the same as BFS in
path quality and has fewer explored nodes. The above are in line with the previous studies on maze-
solving and pathfinding algorithms [1, 14].

3.2. Execution time analysis

Figure 1 is the execution time of the three algorithms with different maze sizes. The length of the
execution time increased with the size of the maze. DFS had the shortest execution time in all the
experiments. BFS had the longest execution time, especially in the 50x50 maze. A* is between DFS
and BFS.
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Figure 1. Execution time of the three algorithms vs. maze size (log scale) (picture credit: original)

The reason for this can be explained by the search method of each algorithm. DFS has only one
branch and needs to back up when it cannot proceed further. BFS will list all the reachable nodes
level by level and thus has a relatively high time complexity. A* is directed by a heuristic function to
guide the search, so it can avoid some of the unnecessary exploration that BFS has to do.
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Figure 2. Execution time of the three algorithms by maze type (picture credit: original)

Figure 2 breaks down the execution time by maze type. The same trend can be seen in the
categories of sparse, dense and complex; as maze complexity increases, the advantage of A*
becomes more obvious.

3.3. Path length analysis

Figure 3 is the average path length of the three algorithms, and it is not very surprising. BFS and A*
had the same path length for all mazes. Both ways have a mean path length of 234 nodes for the
50x50 maze, and they are roughly equal. DFS has a longer path length and is about 252 nodes long
on average; it is relatively long.

Path length vs. maze size
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Figure 3. Average path length as a function of maze size (picture credit: original)

The above results are in line with what this study expected from the algorithm. BFS has the
property of finding the shortest path in an unweighted graph by design, and A* can still be optimal if
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it has an admissible heuristic [10, 14]. DFS is to find a possible or reasonable path that works; it
does not need to be the shortest one. Therefore, the experiments show that there are longer paths
even when the mazes are the same size and structure.

3.4. Efficiency of search

Figure 4 is the number of nodes visited by the three algorithms. BFS explored many more nodes
than the others. The average number of nodes visited by BFS in the 50x50 maze was around 1480,
and it was DFS that visited fewer nodes. A* has been visiting more nodes than DFS and BFS so far.
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Figure 4. Number of visited nodes as a function of maze size (picture credit: original)

The reason is how each search works. BFS will visit all reachable nodes in an organised manner
before it reaches the goal. DFS will not expand too many nodes; if it finds a valid path, it will stop at
that time. Early stopping may be too early, and the solution will not be ideal. A* is a combination of
the two; it can use a heuristic function to guide the search in the direction of the goal rather than
exploring randomly or searching exhaustively from the beginning.
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Figure 5. Number of visited nodes by maze type (log scale) (picture credit: original)
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Figure 5 is then shown to break down the visited node counts by maze type. The gap between
BFS and A* is relatively large in a large number of mazes. Therefore, it can be seen that the
heuristic guidance will be more beneficial as the size of the search space increases and the structure
becomes more complex.

3.5. Scalability analysis

Figure 6 is shown below, and the number of visited nodes changes with the size of the maze area.
All the algorithms need more computing power when the maze is large. However, the rates of
growth were different. BFS had the most rapid growth in the number of expanded nodes, and DFS
was relatively slow.

Scalability: search effort vs. maze area
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Figure 6. Mean visited nodes vs. maze area (N2, log scale) (picture credit: original)

A* had a relatively small scale. Although the number of explored nodes increased with the size of
the maze, the rate of growth was much slower than that for BFS. As shown in the above results, A*
is relatively fast for large maze environments and needs to be searched promptly.

3.6. Heuristic effectiveness of A*

Figure 7 compares the number of nodes visited by A* with that of BFS. Based on the above results,
A* has only explored 41 per cent of the nodes that BFS has explored in a 10x10 maze; it is 54 per
cent for a 20x20 maze and 28 per cent for a 50x50 maze.
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Heuristic efficiency: A* explores far fewer nodes
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Figure 7. Efficiency of A* search vs. BFS (percentage of visited nodes) (picture credit: original)

As the size of the maze increases, so does the decrease. Therefore, the heuristic information will
not be explored unnecessarily and still obtain the same solution quality. Based on the theory of A*
proposed by Hart et al. [14], it is expected that the heuristic function will be admissible and
consistent for faster search.

3.7. Algorithm comparison

Table 3 presents a summary of the qualitative characteristics of the three search algorithms in this
paper.

Table 3. Features of the three search algorithms

Shortest Path Main Data

Algorithm  Search Strategy Guarantee Structure Advantages Limitations
Low memorv: simple Path usually non-
Depth-first Stack / . ry; sump optimal; may
DFS No . recursive design; quick
(LIFO) recursion explore deep dead
to reach a goal ends
Expands many
Breadth-first . Guarantees shortest nodes; high
BES (FIFO) Yes (unweighted) Queue path; complete memory on large
mazes
. . Per-node heuristic
_ =g+ .
A* Best-first, f=g Yes (admissible h) Priority queue  Optimal; expands far and priority-queue

h (Manhattan) (heap) fewer nodes than BFS
p

overhead

DEFS follows one path in the maze until it cannot continue; then, it backtracks and tries another.
This way does not require much memory, and in OCaml it can be written quite naturally using
recursive functions, although it can be relatively high in terms of call stack. Still, DFS itself cannot
guarantee that it will find the shortest path.
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BFS adds the search level by level, starting from the start node. Therefore, BFS will always find
the shortest path in an unweighted graph. BFS is that it needs to visit a large number of nodes before
finding the goal, especially in a large search space.

A* is the sum of the actual cost accumulated so far and the heuristic guidance; thus, it can direct
exploration more efficiently. The Manhattan Distance heuristic was employed in this paper to
estimate how far the current state is from the goal state. The above way can guide A* to a better
location and still guarantee the shortest path.

The features in Table 3 are in good agreement with the experimental results presented in Table 2
above. BFS and A* produced the same path length for all mazes, so both could find the shortest
path. Meanwhile, DFS had longer paths; it is because the search stops as soon as a valid path is
found, and does not continue to find the optimal one.

There were also variations in the extent. DFS visited the fewest nodes but did not have an optimal
path. A* examined more nodes than DFS, but it was still far from BFS. In the 50x50 case, the
average number of nodes expanded by BFS over each run was about 1480, and that of A* was only
about 419. Thus, A* could better balance the search cost and the quality of the path.

According to the experimental results above, DFS is relatively easy to implement and has a small
memory footprint; BFS can be employed to find the shortest path, and A* is suitable for solving
large-scale maze-solving problems.

The Algorithm works and, based on the experiments carried out, it is considered a suitable language
for maze-solving. Recursion and Depth-First Search are more in line with functional programming;
they feel quite natural. Pattern matching can be used to simplify the code for handling nodes and
checking neighbors; it is sometimes slightly longer. It is organised more neatly with OCaml modules
than this paper had expected in the beginning.

Although imperative languages are often used for pathfinding problems, it can be seen that
OCaml is also suitable for writing an efficient graph-search algorithm. Generally speaking, OCaml
is a suitable language for the teaching and research of maze-solving and pathfinding.

The three popular pathfinding algorithms are DFS, BFS and A*; they will be presented and
compared in this paper through a common maze-solving framework in OCaml. Over 45 experiments
have been conducted in the three kinds of mazes (sparse, dense, and complex) and the three sizes
(10x10, 20%20, and 50x%50), and the methods are evaluated in three ways: execution time, path
length, and the number of visited nodes. Generally speaking, the results show that DFS runs the
fastest, but it is not always the shortest path. BFS will find the shortest path, but it will have to
explore more nodes. A* is still the optimal shortest-path algorithm and can also reduce the amount
of search work significantly, so it is generally used in practice. A certain problem is that only the
three classic algorithms are employed, and the mazes are static and unweighted. Weighted graphs,
changing environments and swarm optimisation are not mentioned, but they will be topics for future
studies.
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