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Abstract—Microcontrollers are seen everywhere in everyday 

life. Items such as cell phones, remotes, and electronic games use 
them. This paper investigates the electronic game Lights Out that 
uses a microcontroller and explains how one could compute a 
winning strategy for the game. It demonstrates a couple of 
different methods and works through the proofs of them.  
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I. INTRODUCTION 
ICROCONTROLLERS are small computers on a single 
integrated circuit consisting internally of a relatively 

simple CPU, clock, timers, I/O ports, and memory. They are 
used in automatically controlled products and devices, such as 
automobile engine control systems, implantable medical 
devices, remote controls, power tools, and toys. The device 
that this paper is on is the electronic game Lights Out. 

In this paper, I will go over several different methods that 
can be used to find a solution for the game Lights Out. I will 
first go through a mathematical method that involves the uses 
of linear algebra to find a winning strategy using the fewest 
number of moves. Then I’ll talk about a method that doesn’t 
involve the use of an electronic device and one that was 
described to me by one of my colleagues. 

 

II. LIGHTS OUT RULES AND OBSERVATIONS 

A.  Basic Rules 
Lights Out is an electronic game manufactured by Tiger 

Toys in 1995. It consists of 25 buttons, each of which can be 
lit up, which form a 5 by 5 array. Each button can be in one of 
two states (on or off). At the start of play, a pattern of lit 
buttons is chosen by the microcontroller. By pressing the 
buttons, the player can alter the state of some subset of the 
buttons according to the rule. The effect of pressing a button is 
to toggle the state of that button, and its immediate vertical 
and horizontal neighbors. The goal of the game is to turn all  
the buttons to the off state. 

The game has three modes. In the first mode, you are 
presented with 50 increasingly difficult puzzles. You have to 
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solve one puzzle before you can move on to the next. The goal 
of this game is to solve each initial set-up in the minimum 
possible number of moves; however you are allowed to go 
over this minimum by ten. The second mode gives you 
another 1000 puzzles to solve. Mode three allows the player to 
enter your own puzzles, however not all the possible 
configurations of states are solvable. This will be 
demonstrated later in the paper. 

B. Observations 
The first initial observation about the game is that each 

button needs to be pressed no more than once. This 
observation comes from the fact that pressing a button twice is 
like not pressing it at all. Since pressing a button toggles the 
state of that button and of its immediate vertical and horizontal 
neighbors, pressing that same button again will reverse the 
states and toggle the buttons back to their original states. The 
key consequence of this observation is that all the calculations 
can be done in modulo 2. That is, pressing a button an even 
number of times is like not pressing it at all and pressing it an 
odd number of times is the same as pressing it only once. This 
consequence will be very important in calculating the 
solutions mathematically.  

The second initial observation is that the state of each 
button only depends on how many times it and its immediate 
vertical and horizontal neighbors are pressed. This observation 
indicates is that the order in which you press the buttons is 
irrelevant to the resulting configuration. 

A third observation comes directly from the first 
observation. If we start with the board completely off and 
press a sequence of buttons to get a configuration, then 
starting with that configuration and pressing the same 
sequence of buttons will result in all the lights turning off. 
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Figure 1.  An example of how to play the game. The green squares 
represent lights that are on. The red dots are the selection of the play. This 
starting configuration can be solved with only pressing four buttons 
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III. LINEAR ALGEBRA SOLUTION 
One way to guarantee a solution in the fewest number of 

buttons pressed is to use linear algebra. This can be done with 
basic matrix operations, some Gauss-Jordan elimination, and 
an understanding of the column and null space of a matrix. 

Since there are two states to the buttons, on and off, we can 
do all of our calculations in modulo 2 by letting one represent 
on and zero represent off. We can then think of the 5 by 5 
array as a 25 by 1 vector, as in 

 
                           Tbbbbbb ),,,,,( 2524321=  (1) 
 
where b1, b2, b3, … ,b24, b25 will represent the state of each 
button related to Fig.  (2). This vector will be referred to as the 
configuration of the array. A configuration b  is obtained by 
pressing a sequence of buttons, which we will denote as  

 
                         Txxxxxx ),,,,,( 2524321=  (2) 
 
where x1, x2, x3, … ,x 24, x25 will represent whether that 
particular button is pressed. If we start with all the lights out 
and the configuration b  is obtained by strategy x , then 
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It is now straightforward to rewrite this system of linear 
equations as the matrix product bxA = , where A is the 25 by 
25 matrix 
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In this matrix, I is the 5 by 5 identity matrix, O is the 5 by 5 
matrix of all zeros, and Z is the matrix 
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A key observation to make about Z is that it is symmetric, 
and therefore A is also symmetric. To find a solution for the A 
given configuration b , we must find the strategy x  that 
satisfies bxA = . To do this, we will prove two theorems. 

A. Theorem 1 
Given a starting configuration, we first need to check to see 

if the configuration is winnable. We say that configuration b is 
winnable if there is a strategy x  that satisfies bxA = .[1] 
Therefore, Theorem 1 states a configuration b  is winnable if 
and only if it is orthogonal to the two vectors 1n  and 2n , where 

 
           ( )Tn 0,0,1,1,0,1,0,1,0,1,1,1,0,1,1,1,0,1,0,1,0,1,1,1,01 =  (6) 
and 
         ( )Tn 1,0,1,0,1,1,0,1,0,1,0,0,0,0,0,1,0,1,0,1,1,0,1,0,12 = . (7) 
 

To prove this theorem, we first need to understand some 
definitions and theorems about the column and null space of a 
matrix. For configurationb to be winnable, it must have a 
strategy x  that satisfies bxA = , meaning that configuration 
b is winnable if and only if it belongs to the column space of 
A, denoted as Col (A).  

Since A is symmetrical, the row space of A, denoted as Row 
(A), is equal to Col (A). From the definitions of the row space 
and the null space, we know that Row (A) is equal to the 
orthogonal complements of the null space of A, denoted Null 
(A). Since the null space of a matrix is not affected by the 
Gauss-Jordan elementary row operations, let matrix E be the 
reduced row echelon form of matrix A. We can then see that 
Null (A) = Null (E).  

It then follows that b is winnable if and only if it belongs to 
the orthogonal complements of Null (E). Since we are looking 
for the orthogonal complements of Null (E), we need to find 
an orthogonal basis for the Null (E). To find a basis for the 
Null (E), we will interpret matrix E as a system of equations 
and then solve for the dependent variables. We can see in the 
equations  
 

               

2525

2424

252423

25243

242

251

252423

25243

242

251

0

0
0
0

ee
ee

eee

eee
ee
ee

eee

eee
ee
ee

=
=

+=
=

+=
=
=

⇒

++=
=

++=
+=
+=

, (8) 

 

 
Figure 2.  How the buttons on a 5 by 5 are viewed as a 25 by 1 vector 
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that by doing the calculations in modulo 2, that the negatives 
become positive. By writing the independent variables in 
terms of the dependent variables we get 
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The resulting collection of vectors will be the basis for the 
Null (E). So a basis for the Null (E) is 1n  and 2n , the same as 
(6) and (7). 

To check to see if these two vectors form an orthogonal 
basis, we must simply show the dot product of the two vectors 
is equal to zero. We find out that 821 =⋅ nn , but since we are 
doing our calculations in modulo 2, we see that 021 =⋅ nn , and 
that 1n  and 2n  are an orthogonal basis for the Null (E). 

Since b is winnable if and only if it belongs to the 
orthogonal complements of Null (E), then b is winnable if and 
only if it is orthogonal to the two vectors 1n  and 2n , thus 
proving Theorem 1. 

B. Theorem 2 
Theorem 2 states that if b is winnable, then the four winning 

strategies are  
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where 1n  and 2n  are the same as (6) and (7) and R is the 
product of the elementary matrices which perform the 
reducing row operation, RA=E .[1]  

Since E has two independent variables, 24x and 25x , then the 
four configurations we can choose for them are  
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Let’s choose 024 =x and 025 =x . We can then see the 
product xxE = . We can then substitute in RA=E and 

bxA = to get 
 
                         bRxARxEx === . (13) 
 

Therefore, one solution is bRx = . By looking at the other 
configurations for 24x and 25x , we can let 24x and 25x be as 
shown in (11). As a result, we can see that the four winning 
strategies are the four in (10).  

C. Graphical User Interface 
Using Theorems 1 and 2, we now have a way to 

mathematically check to see if a starting configuration is 
winnable. If it is winnable, we now have four equations that 
will find for a strategy that will turn all the lights out. To find 
the strategy with the fewest number of buttons pressed, you 
simply need to count the number of buttons that need to be 
pressed for each of the four strategies.  

Since we are dealing with large matrices, 25 by 25, doing 
this computation by hand would be long and tedious. With the 
help of a computer algebra system or programming language 
capable of handling matrices like Maple, Mathematica, or R, 
one could compute the winning strategies. Due to my current 
knowledge, I did my computation in R and created a graphical 
user interface where one could enter a starting configuration 
and the GUI would return “No Solution” if there was no 
winning strategy or it would return the winning strategy with 
the fewest number of moves. 

 

IV. SOLVING USING LIGHT CHASING 
A way that one could solve Lights Out without using a 

computer algebra system was first introduced to me by one of 
my colleagues [9]. Upon listening to him explain this method 
to me, which he called the “Binary Method,” I did a little 
research and found that the method he was explaining was the 
Light Chasing Method. 

The idea of the Light Chasing Method is to separate the 5 
by 5 array into a 1 by 5 and a 4 by 5 array and then work on 
turning all the lights out in the 1 by 5 array. Then you would 
continue to separate the remaining array until you got down to 
a 1 by 5 array. An easy way to think about this is by turning 
out all the lights on the top row. One achieves this by simply 
pressing the buttons on the second row that are directly 
underneath a lit buttons on the top row. The top row will then 
have all its lights off. By repeating this step for the second, 
third, and fourth rows (i.e. chase the lights all the way down to 
the bottom row), you may have solved the puzzle, but it is 
more likely that there will now be some lights left on in the 
bottom row. If so, there are only seven possible 
configurations. Depending on which configuration you are left 
with, you will need to press some buttons in the top row. You 
can determine which buttons you need to press from the 
Figure 3.  

The problem with the Light Chasing Method is that you will 
most likely end up pressing some buttons more that once, 
which means you won’t solve the game in the fewest number 
of buttons pressed and will end up replaying the board. A 
simple solution to this is once you get down to your bottom 
row, restart the board and start by pressing the corresponding 
buttons in the top row to clear the board. 

If you don’t have the Figure 3 with you, my colleague that 
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introduced me to this method explained that one should think 
of the five buttons in the top row as a five digit binary number 
staring at zero and increasing by one each time. If you press 
the buttons in the top row and it doesn’t clear the board then 
continue on to the next binary number. For example, first try 
00000, 10000, 01000, and 00100 where a one represents 
pressing the corresponding button. If you continue this, you 
will find that there are only 32 different ways to press the 
buttons in the top row. We proved earlier in this paper that 
there are 4 winnable solutions, so an eighth of the possible 
ways to press the buttons in the top row will clear the board. 
Using a geometric distribution and the “Binary Method”, you 

have a 0.5512 probability of clearing the board within the first 
six attempts, with a mean of eight attempts.  

The other problem with solving lights out using Light 
Chasing is there is no way of checking to see if a board is 
winnable unless you go through all 32 different combinations.  

V. CHANGES TO THE GAME 
So far this paper has just talked about the original 5 by 5 

Lights Out, but since its release in 1995, Tiger Toys have 
created several other variations to the game. 

 The game Lights Out Cube consists of a 3 by 3 by 3 cube 
of lights and is played just like ordinary lights out. When you 
press a button at the edge of a 3x3 square, the affected lights 
wrap around onto the adjacent faces. 

The Lights Out Keychain, also referred to as Lights Out 
Mini, is a 4 by 4 array of lights that plays on a torus. Playing 
on a 4 by 4 torus there is a unique board because every 
possible starting configuration is solvable and each solution is 
unique. 

Lights Out Deluxe is a version of Lights Out played on a 6 
by 6 array and offers some different game variations. These 
variations are slight changes in the rules. One variation is 
called Lit Only where you are only allowed to press buttons 
that are currently on.  

Tiger Toys’ latest Lights Out is called Lights Out 2000. 
This game plays 3-state Lights Out. The lights cycle through 

red, green, and off. This creates a significantly different and 
challenging game. 

There are also hundreds of different variations that could be 
made to the game. First of all, the board could take on almost 
any shape it wants. Whether it is an n by n board, a circle, or a 
randomly scattered board, as long as you know which buttons 
toggle when you press a given button, you can play Lights 
Out.  

 

VI. CONCLUSION 
This paper has shown a variety of different methods that 

can be used to solve the electronic game Lights Out. One 
could use a computer algebra system capable of handling 
matrices where you know you can get an answer right away or 
use a guessing method like the “Binary Method” where you 
keep trying different sequences until onefinds a solution. 

Having read this paper, I hope that I have inspired you to 
search the internet for an online version of Lights Out so you 
can practice the methods that I have talked about or a method 
of your own. If reading this paper has made you ambitious 
enough, go buy a microcontroller and try to recreate the game 
Lights Out. 
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Figure 3.   After chasing the lights down to the bottom row, you will have
turned the lights out or have one of seven remaining configuration as shown
in the left column. By pressing the buttons in the top row that are in the right
column of the row of the remaining configuration and repeat the Chasing
Lights Method you will turn all the lights out.  
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