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Report

What is a graph search algorithm? 
A graph search algorithm is a computational method designed to traverse the nodes and edges of a graph in a systematic manner, typically starting from one or more initial nodes and proceeding until a specific goal is met (for example, reaching a target node, exploring all reachable nodes, or discovering optimal paths). As the Memgraph guide puts it, “graph search algorithms form the backbone of many applications, from social network analysis and route planning to data mining and recommendation systems” [1]. 
Graph search methods are often classified into uninformed and informed (heuristic) approaches. Uninformed strategies, such as breadth-first search (BFS) or depth-first search (DFS), do not use domain knowledge or estimates of remaining cost, and instead explore the structure more exhaustively. By contrast, informed strategies guide the search using additional information (heuristics) to focus on promising directions. 
Graph search algorithms in Games programming
As someone fascinated by first person shooter games, it is exciting to see how graph search algorithms underpin the movement and decision-making of non-playable characters (NPCs). Modern game engines often combine navigation meshes (navmeshes) with graph search algorithms such as A* to produce “efficient and believable NPC navigation” [2].

Research by Y. Björnsson [3] draws attention to how an optimised version of the A* algorithm known as Fringe search has become a very popular choice of navigation for NPCs in video games as it has been proven through research to outperform the conventional A* search by up to “25%-40% faster on average depending on the model”. 

Dijkstra's Algorithm
Dijkstra’s algorithm published in 1959 and named after its founder Edsger Dijkstra [4], is a distinguished method for finding the shortest paths from one source node to all others in a weighted graph only when a graph has non-negative edge weights [5]. It works by repeatedly selecting the node with the smallest current distance and updating the distances of its neighbours if shorter routes are found. Once a node is settled, its distance is said to be the true shortest path from the source.

In “Implementation of Dijkstra’s Algorithm to Determine the Shortest Route in a City” [6], the authors model a small city network and show that the shortest route from city A to city G is A → C → D → E → G, with a total distance of 6km. Whereas without Dijkstra, the route visits unnecessary paths producing a less optimal and more time costly result.

As discussed, by D. Fan and P. Shi [7], Dijkstra’s algorithm is also valued for its robustness and adaptability to communication networks. Its predictable behaviour makes it a useful benchmark for comparing more advanced shortest-path methods. Together, these studies demonstrate the lasting importance of Dijkstra’s algorithm in both theory and real-world applications [6], [7].

A* Algorithm
The A* search algorithm introduced by P.Hart [8] is a pathfinding method that cleverly balances efficiency and accuracy by combining two ideas. Firstly, it considers the actual cost of reaching a node from the start, and secondly, it uses a heuristic. A heuristic put simply, allows us to prioritise our options when multiple are presented to us and it gives us an estimate of the remaining cost to the goal. 

To support this cost structure, R. Dechter and J. Pearl during an investigation of the optimality of A*[9] determined that A* uses an evaluation function defined as f(n) = g(n) + h(n), where g(n) represents the cost from the start node s to the current node n, and h(n) provides a heuristic estimate of the remaining cost to reach a goal. Because g(n) preserves path order and h(n) depends solely on the node itself, the combined function f(n) is also order-preserving, which justifies retaining only a single parent per node during the search process.

Furthermore, R. Dechter and J. Pearl share, if the heuristic h(n) is admissible that is, it never overestimates the true remaining cost, then f(n) acts as an optimistic estimate of any solution passing through n. 

In summary, A* prioritises paths that seem most promising based on a smart prediction using a heuristic cost. M.Pound [10]. This makes A* it one of the most effective algorithms for finding the shortest route in maps, games, and navigation systems.

Dijkstra's Algorithm vs A* Algorithm
In pathfinding, Dijkstra’s algorithm guarantees the shortest path by exploring all possible routes, making it optimal but computationally intensive. On the other hand, A* improves on Dijkstra by incorporating a heuristic to estimate the remaining cost to the goal, prioritising paths that appear most promising. 
Based on several journals and reports, the video "Pathfinding Algorithm Comparison: Dijkstra's vs. A (A-Star)"* [11] illustrates this distinction, noting that A* “uses a heuristic to guide the search, potentially reducing the number of nodes explored.” However, it also warns that “if the heuristic is not well-designed, A* may perform similarly to Dijkstra’s algorithm.”

Development Process

Wall-hugger algorithm

Advik Narendran and others [12] discuss the Wall Follower Algorithm (I have named this wall-hugger), In his study, emphasizing its simplicity and effectiveness in robot navigation, particularly in environments like mazes or narrow spaces. Narendran notes that its low computational demand and ease of implementation make it particularly useful in applications like cleaning robots and warehouse automation, where robots can operate effectively with minimal complexity.

I implemented the wall-hugger algorithm as a baseline pathfinding approach before tackling A*. The algorithm follows a simple priority-based movement strategy: attempt to turn left, continue straight if blocked, turn right if that fails, and finally turn around as a last resort. This mimics keeping one hand on a wall and following it through the maze.

I structured the Navigate() function to loop continuously, checking each direction in order and using FreeToMove() until the player reached the target. I created helper functions, TurnLeft(), TurnRight(), and TurnAround(), to handle directional rotations, which kept the code clean and reduced repetition. 

The FreeToMove() function retrieved the player's current position and validated whether movement in each direction would hit a wall. I chose to calculate the next position within this function rather than passing coordinates, which made the logic more self-contained in my opinion.



Head scratchers with Wall-hugger
During my first attempt, my code got stuck in an apparent infinite loop. In Automatic mode, the cursor kept flashing, indicating a process was running, but nothing happened.
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I reviewed my code and after some time, spotted the issue. 

[image: A screenshot of a computer program

AI-generated content may be incorrect.]Dead end logic should occur in an else block below.   



Example dead-end case. Notice the player cannot move left, straight, or right the player must turn around.
[image: A black background with white letters
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I added an else block, and a debug print statement to confirm getting stuck. 
The else block should be called when my CanMove method returns false for the directions Left, Straight ahead, and Right. 
 
[image: A screen shot of a computer program
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This confirmed to me that I needed a solution to turn around if I get stuck after checking if there’s a wall to my left, ahead of me, and to my right. 
[image: A screenshot of a computer
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I added a TurnAround method by modifying the TurnLeft logic. I adjusted the case statement, so the resulting direction is always the opposite of the current direction passed in.

[image: A screen shot of a computer program
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I called my new method in the else block, but I noticed the output seemed to be stuck again! 
 [image: A screen shot of a computer program
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I added logs to the else block to investigate and found that I was encountering the same issue. The algorithm was repeatedly checking the same directions.

[image: A screen shot of a computer program
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Resolving the issue
I ran the code in debug mode, setting a breakpoint on the first line of the else clause. 

[image: ] 

I used the Threads & Variables feature in CLion IDE to inspect the state of the oppositeDirection variable. I expected it to change from the previous direction, 'left', to 'right', but it didn't.
 
[image: ] Direction successfully updated.

The variable result was set to “ok” which was also expected behaviour, as I had now moved in the opposite direction which was free space. 
[image: ] 
I created a variable scope bug in the else block by declaring oppositeDirection as a local variable, limiting its scope to just that block. When the player moved backward, I didn’t update currentDirection to reflect the new facing direction. As a result, in the next loop iteration, the algorithm used the stale currentDirection value instead of the updated one.

To fix this issue, I set currentDirection = oppositeDirection; before calling grid->MovePlayer(oppositeDirection), ensuring the variables state remained consistent with the player's actual facing direction throughout the navigation.  
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A* Algorithm Implementation

Development Process
The implementation of the A* pathfinding algorithm involved several key design decisions. 

Before implementing this algorithm, I realised one of the most challenging aspects was choosing the appropriate data structures. I knew I required a Node class which was quite straight forward as I had already several versions of a Node class from class lectures to use as a reference. 

What was interesting to me was the queue decision. I knew I needed a queue but hadn’t explored the idea of a priority queue before, so I did some research to gain an understanding and found [13] from CppNuts particularly useful. That was a win-win situation because it eliminated the sorting overhead with a single queue. 

For the Heuristic of choice, I chose Manhattan distance (also called Taxicab geometry) [14] because the player can only move in four directions: up, down, left, and right. Had diagonal movement been possible, it might have been worth exploring the Chebyshev distance instead. 

A critical challenge was implementing the priority queue for the open list. Since std::priority_queue requires comparison logic, I created a custom functor class, CompareNode, which overloads operator(). This allowed the priority queue to order nodes by f-cost (g-cost + h-cost), creating a min-heap that always processes the best available node first.

The RunAStar() function manages an openList priority queue of nodes to explore and a closedList set of visited nodes. In each iteration, the algorithm extracts the currentBestNode (the node with the lowest f-cost) from the openList, adds it to the closedList, and checks if it’s the target using IsTarget(). If not, it retrieves the neighbours in four directions (up, down, left, right) by iterating through the directions array. For each valid neighbour that passes FreeToMove() and hasn't been visited, a new Node is created with updated g-cost and h-cost and then pushed to the openList for future evaluation.
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Another challenge I faced was what to do in the situation where the current best node’s position was the targets position. I.e. a valid path found.

Once the target node was identified, I reconstructed the path from start to finish. I created an empty vector to store the path and set a temporary pointer to the current best node (the confirmed target). Then, I traced backwards through the node chain by following each node’s parent pointer, adding each node’s coordinates to the path vector, until I reached the start node, whose parent was nullptr.

Since the backwards traversal built the path from target to start, I used the standard library’s reverse() function to flip the vector, producing a path that ran correctly from start to target. I initially missed this step, which caused a bug (see the A* headscratcher section).

Finally, I returned the corrected path ready for the traverse method to use.



Reusable Logic
I was pleased that I could reuse a pair of functions from my wall-hugger algorithm. They were essentially plug-and-play and didn’t require any changes to their parameters or return values.
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Head scratchers with A* algorithm

While developing this algorithm I faced a number of issues.

I couldn’t determine the cause for why I couldn’t store the current best node as a result from popping my openList but I later discovered that unlike other languages, C++ returns void from pop(); So, it’s effectively a delete method. 
 
Node* currentBestNode = openList.pop(); // get current best node

To work around this issue, I used the top(); method which will get me the pointer to the Node with the lowest f-cost.  
Node* currentBestNode = openList.top(); // get current best node
openList.pop();


Reversed Path Navigation Issue 

Once I had implemented all parts of the algorithm, I ran it and, after fixing some teething issues like incorrect variable assignments and functions declared in the wrong place, I encountered what appeared to be an indefinite problem (see output below).
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I used the PrintGrid() method to visually track the player’s movement and set a breakpoint in TraversePath(), where I noticed the path input was backwards. Tracing the issue, I realised that following parent pointers from the target node naturally builds the path in reverse. The fix was simple: I wrapped the reconstructed path in std::reverse() to flip it into the correct order, and the algorithm worked correctly.




OLD SOLUTION WITH INCORRECT PATH ORDER

[image: A screen shot of a computer program
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NEW SOLUTION WITH std::reverse CALL
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Wall Hugger vs A* algorithm performance test results

	Algorithm
	Single Run
	Benchmark

	Wall Hugger
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	A* Algorithm
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Conclusion

As expected, A* significantly outperforms the wall-hugger algorithm. In the single run, A* used 4,691 grid accesses and 40 moves compared to wall-hugger's 47,329 accesses and 96 moves approximately 90% fewer accesses and 58% fewer moves. 

Benchmark results show A*'s mean accesses (4,195) are roughly 11 times lower than wall-hugger's (37,018). The wall hugger's high access count demonstrates its laborious and expensive traversal process, while A*'s heuristic guidance makes it far more computationally efficient.
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void GridNavigatorAutomatic::Navigate()

il
// Initialising direction and result here for clarity.
movedirection currentDirection = movedirection::up;
moveresults result = moveresults::ok;

while (result != movpresults::complete)

{
movedirection leftDirection = TurnLeft(currentDirection);
movedirection pightDirection = TurnRight(currentDirection);
if (CanMove(leftDirection))
{
currentDirection = leftDirection;
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(currentDirection))
{
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(rightDirection))
{
currentDirection = rightDirection;
result = grid->MovePlayer(currentDirection);
Iy
i
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void GridNavigatorAutomatic::Navigate()

il
// Initialising direction and result here for clarity.
movedirection currentDirection = movedirection::up;
moveresults result = moveresults::ok;

while (result != moveresults::complete)

{
movedirection leftDirection = TurnLeft(currentDirection);
movedirection pightDirection = TurnRight(currentDirection);

if (CanMove(leftDirection))

{
currentDirection = leftDirection;
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(currentDirection))
{
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(rightDirection))
{
currentDirection = rightDirection;
result = grid->MovePlayer(currentDirection);
Iy
else {
cout << "Stuck in a dead end!" << endl;
Iy
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Process finished with exit code 143 (interrupted by signal 15:SIGTERM)
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movedirection GridNavigatorAutomatic::TurnAround(movedirection current) {

{

switch (current)

{
case movedirection::up: return movedirection::down;
case movedirection::left: return movedirection::right;
case movedirection::down: return movedirection::up;
case movedirection::right: return movedirection::left;
Iy

return current;
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void GridNavigatorAutomatic::Navigate()

{

// Initialising direction and result here for clarity.
movedirection currentDirection = movedirection::up;
moveresults result = moveresults::ok;

while (result != moveresults::complete)

{

movedirection leftDirection = TurnLeft(currentDirection);
movedirection pightDirection = TurnRight(currentDirection);

if (CanMove(leftDirection))

{
currentDirection = leftDirection;
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(currentDirection))
{
result = grid->MovePlayer(currentDirection);
Iy
else if (CanMove(rightDirection))
{
currentDirection = rightDirection;
result = grid->MovePlayer(currentDirection);
Iy
else {
movedirection gppositeDirection = TurnAround(currentDirection);
result = grid->MovePlayer(oppositeDirection);
}
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else {
cout << "I am here" << endl;
movedirection gppositeDirection = TurnAround(currentDirection);
result = grid->MovePlayer(oppositeDirection);
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32 else {

> movedirection oppositedirection = TurmAround(currentdirection);

34 result = grid->MovePlayer(oppositeDirection);

35 Iy

36 }

1517 }

38

39 55 movedirection GridNavigatorAutomatic::TurnLeft(movedirection current)
40 {

41 switch (current)

42 {

43 case movedirection::up: return movedirection::left;

44 case movedirection::left: return movedirection::down;
45 case movedirection::down: return movedirection::right;
46 case movedirection::right: return movedirection::up;
47 }

48 return current;

GridNavigatorAutomatic::Navigate

Debug % asd_maze_pathfinding_implementation

GO Il & ¥ &P : Threads & Variables ~ Console (3 LLDB  Memory View

+/ Thread-1-<com.ap...thread> (307112) . v oppositeDirection

S ———R | SR

main Source.cpp:38 > B this = {GridNavigatorAutomatic *} 0x10098c6a0

22 currentDirection = {movedirection} left

29 result = {moveresults} ok

29 leftDirection = {movedirection} down

39 rightDirection = {movedirection} up




image14.png
32 else {

(] movedirection oppositeDirection = TurnAround(currentDirection); oppositeDirection: right currentDirectio
3> result = grid->NovePlayer(oppositeDirection); oppositeDirection: right
35 Iy

36 +

37 }

38

39 55 movedirection GridNavigatorAutomatic::TurnLeft(movedirection current)

40 {

41 switch (current)

42 {

43 case movedirection::up: return movedirection::left;

44 case movedirection::left: return movedirection::down;

GridNavigatorAutomatic::Navigate

Debug % asd_maze_pathfinding_implementation

GO Il & ¥ &P : Threads & Variables ~ Console (3 LLDB  Memory View

~/ Thread-1-<com.ap...thread> (307112) . v oppositeDirection

GridNavigatorAutomatic::Navigate() GridNaviga result = {movedirection} right
main Source.cpp:38 > B this = {GridNavigatorAutomatic *} 0x10098c6a0

22 currentDirection = {movedirection} left

29 result = {moveresults} ok

29 leftDirection = {movedirection} down

39 rightDirection = {movedirection} up

39 oppositeDirection = {movedirection} right




image15.png
[} movedirection gppositeDirection = TurnAround(currentDirection);
result = grid->MovePlayer(oppositeDirection);

5 movedirection GridNavigatorAutomatic::TurnLeft(movedirection current)

il

switch (current)

{
case movedirection::up: return movedirection::left;
case movedirection::left: return movedirection::down;
case movedirection::down: return movedirection::right;
case move| up ;

I enum class movedirection @ ¢

return current;
GridNavigatorAutomatic::Navigate

Debug % asd_maze_pathfinding_implementation

G O I AV 2O T Threads & Variables ~ Console LLDB  Memory View
+/ Thread-1-<com.ap...thread> (307112) | v | result

GridNavigatorAutomatic::Navigate() GridNaviga result = {moveresults} ok

main Source.cpp:38 > B this = {GridNavigatorAutomatic *} 0x10098c6a0

22 currentDirection = {movedirection} left

29 result = {moveresults} ok
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else {
movedirection gppositeDirection = TurnAround(currentDirection);
currentDirection = oppositeDirection;
result = grid->MovePlayer(oppositeDirection);
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while (!openList.empty()) {
Node *currentBestNode = openList.top(); // get current best node
openList.pop();
//add current best node's coordinates to the closedList (mark as visited).
closedList.insert(v: & {[&] currentBestNode->x, [&] currentBestNode->y});

if (IsTarget(currentBestNode->x, currentBestNode->y, targetCoordinates)) {
vector<pair<int, int> > reconstructedPath;
Node *temp = currentBestNode;

while (temp != nullptr) {
// using emplace_back as suggested by CLion IDE to 'directly in-place the vector'
reconstructedPath.emplace_back( [&] temp->x, [&] temp->y);
temp = temp->parent;

i

// reverse the path since it has been built backwards.

reverse( first: peconstructedPath.begin(), last: reconstructedPath.end());

return reconstructedPath; //return the reversed path. (path from start to target)
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157 55 int GridNavigatorAutomatic::GetPlayerXAxis() const {

158 // Outer loop represents grid columns

159 for (int y = 0; y < 20; y++) {

160 // Inner loop represents grid rows

161 for (int x = 0; x < 20; x++) {

162 if (grid->GetGridSquare(x, y) == griditem::player) {
163 // Returning coordinate value of x when the player is found on the grid.
164 return x;

165 +

166 +

167 }

168

169 return -1;

170 }

171

172 5 int GridNavigatorAutomatic::GetPlayerYAxis() const {

173 for (int y = 0; y < 20; y++) {

174 for (int x = 0; x < 20; x++) {

175 if (grid->GetGridSquare(x, y) == griditem::player) {
176 // Returning coordinate value of y when the player is found on the grid.
177 return y;

178 k

179 +

180 }

181 return -1;

182 }
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while (lopenList.empty()) {
Node *currentBestNode = openList.top(); // get current best node
openList.pop();
//add current best node's coordinates to the closedList (mark as visited).
closedList.insert( v: & {[&] currentBestNode->x, [&]currentBestNode->y});

if (IsTarget(currentBestNode->x, currentBestNode->y, targetCoordinates)) {
vector<pair<int, int> > reconstructedPath;
Node *temp = currentBestNode;

while (temp != nullptr) {
// using emplace_back as suggested by CLion IDE to 'directly in-place the vector'
reconstructedPath.emplace_back( [&] temp->x, [&] temp->y);
temp = temp->parent;

return reconstructedPath; /Vreturn the path
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while (lopenList.empty()) {
Node *currentBestNode = openList.top(); // get current best node
openList.pop();
//add current best node's coordinates to the closedList (mark as visited).
closedList.insert( v: & {[&] currentBestNode->x, [&]currentBestNode->y});

if (IsTarget(currentBestNode->x, currentBestNode->y, targetCoordinates)) {
vector<pair<int, int> > reconstructedPath;
Node *temp = currentBestNode;

while (temp != nullptr) {
// using emplace_back as suggested by CLion IDE to 'directly in-place the vector'
reconstructedPath.emplace_back( [&] temp->x, [&] temp->y);
temp = temp->parent;

+

// reverse the path since it has been built backwards.

reverse( first: reconstructedPath.begin(), last: reconstructedPath.end());

return reconstructedPath; //return the reversed path. (path from start to target)
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"/Users/matthewalessandro/Documents/Learning/Uni Stuff/Year 3/Tim/Assignment/asd-maze-pathfinding-implementation/cmake-build-debug/asd_maze_pathfinding_implementation"
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Run [ asd_maze_pathfinding_implementation x
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"/Users/matthewalessandro/Documents/Learning/Uni Stuff/Year 3/Tim/Assignment/asd-maze-pathfinding-implementation/cmake-build-debug/asd_maze_pathfinding_implementation"
Enter choice:

. 1: Manual mode (for learning the environment).

- 2: Automatic mode, single run (for testing of your code.

= 3: Benchmarking mode, 10,000 runs of automatic mode.

= 2

& Grid Acesses: 4691

Grid Moves: 40
Wall hits: 0

Process finished with exit code 0
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Process finished with exit code 0
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