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Abstract—Where's Waldo (Where's Wally) is a puzzle where
the reader has to look for a character named Waldo with his
unique face and clothes in the puzzle image. There are several
ways to solve this puzzle, one of which is by using a string
matching algorithm, which utilizes image processing techniques,
conversion to binary, and an algorithm to look for patterns in the
form of samples of Waldo's face in binary in the puzzle as the
text.
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L INTRODUCTION - WHO 1S WALDO?

Where’s Wally? is a British series of children’s puzzle
books created by British illustrator Martin Handford. The
books consist of a series of detailed illustrations spread over
two pages depicting a dozen or more people doing various
funny things in a particular location. Readers are challenged to
find a character named Wally and his friends hidden
throughout the pages. The books are distributed all over the
world and the name of Wally changes based on the country.
For this paper, we use the American version, Where’s Waldo.
Waldo is recognizable by his red-and-white striped shirt,
bobble hat, and glasses, but many of the illustrations contain
red herrings involving the use of deceptive red-and-white
striped objects. The next entry in the long-running book series
adds another target for readers to find in each illustration.

In this paper, we try to search for Waldo using the String
Matching algorithm, where we will convert the Where's Waldo
puzzle into binary and then into Ascii text. Then, several
sample photos from Waldo will be used to also be converted
into Ascii as a pattern and searched for in Ascii text. A
percentage match approach is also used, to prevent total
matches not being found, so that Waldo's position in the
puzzle can be determined from the part of the text that has the
highest match.

Image 1.1. Waldo is here!

1I. Basic THEORY - How To FIND WALDO?

A. What is a String Matching Algorithm?

The string matching or pattern matching algorithm is an
algorithm for searching for the existence of a "pattern" string
in a longer "text" string. For example, a string matching
algorithm can search for the word (pattern) "play" in the text
"I play basketball" and return the index or which character it
starts with, in this case the 3rd character, the 2nd index. The
string matching algorithm is widely used in search engines,
image analysis, and bioinformatics. There are 3 string
matching algorithms, namely brute force, Knuth-Morris-Pratt
(KMP), and Boyer Moore (BM).

B. How does it work?

In brute force (general), string matching is done by
iterating the character index from left to right of the pattern
and from left to right of the text. If the two characters at a
particular index match, an increment is performed on both
indexes. If a mismatch occurs at the pattern index which is not
0, the pattern index will return to index 0, but if a mismatch
occurs at pattern index 0, an increment is made to the text
index. The brute force algorithm does not have special
handling if a mismatch occurs so it is the slowest algorithm of
all string matching algorithms. The brute force algorithm has a
complexity of O(mn).
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Teks: NOBODY NOTICED HIM
Pattern: NOT

NOBODY NOTICED HIM

1 NOT

2 NOT

3 NOT

4 NOT

5 NOT

6 NOT

7 NOT
8 NOT

Image 2.2.1. Brute force string matching algorithm

The Knuth-Morris-Pratt or KMP algorithm performs index
iteration from left to right of the pattern and from left to right
of the text. Systematic search if both characters at a certain
index match using brute force. However, KMP utilizes an
array called a border array (also called a failure array), where
the array has the length of the pattern minus 1, which contains
the largest prefix of border[0.j-1] that is a suffix of
border[1..j-1]. During string matching, if a mismatch occurs,
you will see the value of the border at index j-1 where j is the
pattern index that does not match a particular index in the text.
Then, this value will become the new pattern index. If there is
a mismatch at the zero pattern index, an increment will be
made to the text index. The KMP algorithm is much faster
than brute force with an algorithm complexity of O(m+n).
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Image 2.2.2. KMP string matching algorithm

The Boyer Moore or BM algorithm is a string matching
algorithm with index iteration from left to right of the text, but
from right to left patterns, different from previous algorithms.
If the two characters match, an index increment is performed
on the text and an index decrement is performed on the
pattern. The BM algorithm utilizes the last occurrence array,
which is an array with the size of the number of unique
characters in the text, with each element in the array
representing the last index of a character appearing in the
pattern or -1 if it does not appear in the pattern. If a mismatch
occurs, treatment will be carried out based on 3 cases. The
first case, if character ¢ at index i text does not match the
character at index j pattern, but is to the left of character index

Jj, index j will jump to the last index where character c is
located before index j using the last occurrence array.
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Image 2.2.3. Case | of mismatch in BM algorithm

The second case is if character c is to the right of character
index j, an increment is carried out at index j (j+1).
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Image 2.2.4. Case 2 of mismatch in BM algorithm

The final case is if the character ¢ is not in the pattern, an
increment is made at index i (text) and resets index j to be the
last index in the pattern.
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Image 2.2.5. Case 3 of mismatch in BM algorithm

The BM algorithm is also faster than brute force, with an
algorithm complexity of O(nm+A).
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Image 2.2.6. BM string matching algorithm
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C. How to use it to find Waldo?

Before going into the string matching method, there are
several ways to solve the Where's Waldo puzzle:

test case, and the output from the program will be
confirmation of whether Waldo is present, the time
for the program to do string matching, and if there is
Waldo in the puzzle, there will be a black box around

1. Search for it manually using our eyes. Waldo's face in the original image.
2. Using machine learning or artificial intelligence.
Nowadays, technology has become increasingly B.  Program Flow
ad\_/anced. .Humans can ut'ilize ML or Al that is The program flow is as follows:
trained 1u51p%1 some Whelre }Sl Walgof puzzleh§a}rlnple 1. The program will ask the user to enter a puzzle image
material, with 1ts 1conic clothes a‘n aces, which can that Waldo will look for in the tc folder.
then be used to solve other Where's Waldo puzzles. P
RS 2. The wuser enters the file name (along with its
3. Using similarity percentage. . . ) .
. ’ ; . ' extension) into the program. If the file is not in the tc
As mentioned in the previous point, Waldo's face and folder. th 11 ask th ¢ ter it
clothes are quite iconic, so if we search the puzzle older, h efE’ng,ram r’l ELS € use.ruo re-en Erl’ )
based on the color or shape of Waldo's face or 3. Once t ¢ file is va id, the user wi enter.t e string
clothes, we can get various percentages for several matching algorithm they want to use, either brute
parts of the puzzle. Then, we can take the piece that force, KMP’ or BM. If the algorlthrp is invalid, the
has the highest percentage as the piece in the puzzle program will ask the user to re-enter it.
where Waldo is there. 4. The user selected puzzle image will be converted into
4. Using string matching. a bitmap file.
By using a string matching algorithm, we can find 5. From the bitmap file, it will be converted into a
Waldo's position in the image. However, based on the binary string, into the text of the algorithm.
algorithm, text and patterns are needed. Of course, 6. [Iteration is carried out for each bitmap file in the
when working on a Where's Waldo puzzle, the puzzle database that becomes the pattern. Each bitmap will
itself can be text3 however, there is I’lOthiI?g that can be taken in the middle, measuring 80 x 1 pixels or
be used as a basis for the pattern. For this paper, a horizontally, then also converted into a binary string,
limitation is given, namely that there is a pattern in as a pattern.
the form of Waldo's face contained in a puzzle in a 7. String pattern matching is carried out on the text
ﬁi’ﬁ?ﬁn Sl;e- ?O’lzhefprog}fam does not }OOk fgr 'W2;1d0 using the selected string matching algorithm.
indly, but looks for the position o .Wa 0s lace 8. If found, the time needed for the program to perform
which is a pattern in the puzzle which is text. Details . . . . .
. . . string matching will be displayed and the initial
of the implementation strategy for the string . . . .
) . . : puzzle image will be displayed with a black square
matching algorithm are explained in the next chapter. .
around Waldo's face.
e IMPLEMENTATION - TiME T0 FIND WALDO! 9. [If it is not found, it will only display the time and the

The implementation chapter will include the limitations
that will be used and an explanation of the concept and flow of
the program along with its implementation using the Python
programming language (on CLI) with the OS, time and pillow
libraries.

A. Limitations

The following are the limitations used in program
implementation

1.

As explained in the previous chapter, a kind of
database will be used in the form of a collection of
Waldo faces found in a particular Where's Waldo
puzzle as a pattern. The puzzle itself will function as

words, Waldo not found.

C. Implementation

Following is the implementation of the program in Python:

1.

Additional algorithm for cropping an image to 80x80
pixels based on certain x and y.

crop_image_to_80x88(input_image_path, output_image_path):
image = Image.open(input_image path)

width, height = image.size
left = 68

top = 568

right = left + 8@

bottom = top + 8@

text. This means that if Waldo is not found in an
image, there are 2 possibilities, there is no Waldo in
the image or the part of the image that contains
Waldo is not in the database.

2. Each Waldo face that becomes a pattern will have a
bitmap format with a size of 80x80 pixels. Data
collection was done by converting the original puzzle
into a bitmap first and then cutting the image to the
size of 80x80 pixels around Waldo's face.

3. The database will only be a local folder in the
program, as well as the puzzle which is the input or 2.

cropped_image = image.crop((left, top, right, bottom))

cropped_:

print(”Ima

Image 3.3.1. Brute Force string matching algorithm
implementation in Python

String matching algorithm
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a. Brute Force

KMP_search(pattern: str

m = len({pattern)
n = le
Li

earch(pattern, text):

m = len(pattern)

for i in range(n - m + 1):

match =
in range(m):

if pattern[i]
j a=
ie=

return -1

pattern[i] I= text[i]:

Image 3.3.2.1. Brute Force string matching algorithm
implementation in Python

b. KMP

Image 3.3.2.2.2. KMP string matching algorithm
implementation in Python

c. BM

border[8] = @

ccurrence_function{pattern):
if pattern[i] == pattern[length]:

1

Image 3.3.2.3.1. Last Occurrence Function in Python

Image 3.3.2.2.1. Border Function in Python
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@staticmethod

BM_search(pattern, text):
last = last_occurrence_function(pattern)
m = len(pattern)

n = len(text)
found =

] found:
if pattern[j] == text[i]:

i€ § == @:
found =

lo = last[erd(text[i]}]
i=1+m- min(j, 1+ lo)
j=m-1

Image 3.3.2.3.2. BM string matching algorithm
implementation in Python

3. Image manipulation algorithm
a. Convert image to bitmap format

image to bmp(input_image path, output_image path):
image = Image.open(input_image_path}

bitmap = image.convert('1l'}

bitmap.save(output_image path)

Image 3.3.3.1. Algorithm to convert image to bitmap

b. Convert image to binary string

image_to_binary(input_image path}:
image = Image.open(input_image_path)

image = image.convert("L")
width, height = image.size

binary_data = ""
for ¥ in range(height):
for x in range(width):
pixel = image.getpixel((x, v))
binary_data += "1" if pixel < 128 else "@'

return binary_data

Image 3.3.3.2. Algorithm to convert image to binary

c. Crop to take out the middle of the image

crop_middle row(input_image path, output_image path):
image = Image.open(input_image path)

width, height = image.size
row_index = height ff 2
cropped_image = image.crop((®, row_index, width, row_index + 1))

cropped_image. save(output_image_path}

Image 3.3.3.3. Algorithm for cropping the middle of an image

d. Mark Waldo on the picture by painting a black
square

draw_square_around_index(image_path, n):
image = Image.open{image_path}
width, height = image.size

draw = ImageDraw.Draw(image)

row = n // width
col = n % width

square_size = 68
thickness = 15

top_left_x = max{@, col - sguare_size)
top_left_y = max{@, row - sguare_size)
bottom_right_x = min(width - 1, col + square_size)
bottom_right_y = min(height - 1, row + square_size)
for i in range(thickness):
draw.rectangle(
[top_left_x - i, top_left_y - i, bottom_right_x + i, bottom_right_y + i],
outline="black™”

)

image.save( ' ./result/image_with_square.bmp')
image.show(}

Image 3.3.3.4. Algorithm to show where is Waldo in the
original image

4. Main program

if __name__

print("--
print{"Put the i

print{"Which image

while
filename
filepath

= input(">>> ")
= os.path.join("tc', filename)
if os.path.isfile(filepath}:

reak

"File '{filename}' not found in the

print{"Whic

print("1. B

print({"2.

print("3.

algorithm = int(input(">

while algorithm [1, 2, 31:
algorithm = int{input(">> "))

print()

start_time = time.time()
filepath = os.path.join("./tc", filename)

image_converter.image_to_bmp(filepath, "./temp/converted_image.bmp"}

file_binary = image_converter.image_to_binary("./temp/converted_image.bmp")

Image 3.3.4.1. Main program part 1
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ataname)
verter.crop_middle_row(datapath, "./te
data_binary = image_converter.image to_binary("./ter
data_binary_length = len(data_binary)

if algorithm == 1:

bf.brute _search(data_binary, file_bi

(MP_search(data_binary, file bina

bm.BM_search(data_binary, file_binary)

idx)

Image 3.3.4.1. Main program part 2

IV. TESTING AND ANALYSIS - WALDO FounDp!

A.  Example of using the program
Below is an example of how the program is run to find
Waldo in a puzzle image (Image 4.1.1) using the KMP
algorithm.

3 A 54

Image 4.1.1. A Where’s Waldo puzzle

Let me help you find Waldo!

Put the imape you wanmt to find in the tc folder!

Which image do you want to

»»>» 1.]pg

Which algorithm do you wamt to
1. Brute Force

2. Knuth-Morris-Pratt

Elapsed time: 2.1326
Waldo found!

B.  Analysis of each string matching algorithm

Below is a comparison of the three string matching
algorithms with three different puzzles.

Table 4.2.1. Comparison of time needed for each string
matching algorithm (in seconds)

Test Process time

case Brute Force KMP BM
1 2.23 2.09 2.12
2 1.19 1.00 1.08
3 1.77 1.46 1.71

Based on the table above, it can be seen that the KMP
algorithm is the fastest algorithm, followed by the BM
algorithm and the brute force algorithm. However, the time
difference between the three algorithms is not much different.
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V. CoNcLUSION - WITH WALDO!

The string matching algorithm can be an alternative for
finding Waldo in the Where's Waldo puzzle. However,
limitations are needed in the form of Waldo data samples
which become patterns and specific image processing
techniques so that it can be ensured that Waldo is found in
puzzles that definitely contain Waldo.

For Waldo searches with string matching alone, all three
algorithms are quite fast, with KMP being the fastest, followed
by BM and brute force.
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