Simulation stack:
Python (backend)
Javascript/html (frontend)
Dependencies:
1. Fastapi (web server)
2. Tensorflow lite (ai inference)
3. Pil/pillow (image processing, simulation replacement for opencv)
4. Numpy (MAAAATH)



Physics
Kinematics
The robot moves on a flat surface and has a direction it is facing. At any moment, its situation can be described by:

where:
1. x(t) = horizontal position (cm)
2. y(t) = vertical position (cm)
3. theta(t) = direction (radians)
4. t = time
this is called a state vector.
Motion Model (Unicycle Model)
The robot moves like a vehicle, it can move forward, turn but not slide sideways.
This type of motion is simulated using the unicycle model.
The robot has 2 control inputs:
1. v = forward speed (cm/s)
2. w = angular speed (rad/s)
The mmotion equations are:




Explanation for the equations above:
Cos(theta) and sin(theta) split the forward movement into x and y directions
If the robot faces to the right, x is the variable changing
When facing up, y is the variable changing.
W controls how fast the robot turns.



Navigation and control
Target direction and angle error
When the robot wants to move to a target point (x,y), it first calculates the desired direction.
The desired heading angle is:

Where:
(x,y) = current robot position
(xt, yt) = target position
The heading error is the difference between where the robot should face and where it does face: 
This value tells the robot:
Positive  turn left
Negative  turn right
Zero  already facing the correct direction
Proportional controller (P-Controller)
To correct the direction smoothly, the robot uses a Proportional controller.
The angular speed is:

Where:
1. w = turning speed
2. Kp = proportional constant
3. e-theta = heading error
meaning:
1. if the error is large  turn faster
2. if the error is small  turn slow and gentle
this wasn’t part of our original code, I only realized we need this when making the simulation, so I added this to our actual code as well.

mapping 
the robot does not know the size of the panel before mapping. It  determens the boundary by detecting collision in four directions, up, right, down, left
form this, the robot finds:

These values makes a rectangular area:
A = (xmax – xmin) * (ymax – ymin)
Where A = total panel area
Path planning
The robot plans a path going inwards in a spiral
After each loop of the rectangular area, the boundary shrinks by a fixed amount. 
The shrinking distance is defined as:

Where:
1. w = robot width
2. o = overlap ratio (0.5 = 50%)
the boundary at loop k are:




And the spiral stops when:
 or 


Dirt detection
Each camera image is processed by the neural network.
The network outputs a probability: 
P(dirty | image)
If P(dirty) > r then the location is marked as dirty.
R = threshold value 
Cleaning route optimization
Distance calculation
The distance between 2 dirty spot I and j is:

Nearest neighbor algorithm
After scanning the solar panel, the robot can have found several dirty spots. Each spot is then positioned as (x1,y1),  (x2,y2), (x3,y3), …. , (xn,yn)
Where n is the total number of dirtyt spots found
The robot then needs to decide in which order to clean them.
Lets say the robot is at position i. we then have to calculate all the distances from the current robot position to the dirty spots found : di1, di2, di3 …
The robot then chooses the smallest distance, which in math is written as: 

This simply means: choose the value of j for which the distance dij is the smallest.
Min  gives the smallest value
Arg min  gives which point produces the smallest value



After choosing an order to go, so 123 etc, the total distance traveled is the sum of all individual distances between consecutive spots. 

Which basically means:


