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Binary Search Tree

A binary search tree is a binary tree that satisfies three properties:

® Each node vis associated with a key key(v)
e All the keys in the left subtree of v are smaller than key(v)

o All the keys in the right subtree of v are grater than key(v)
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Binary Search Tree

A binary search tree example
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Binary Search Tree

We can perform many operations on binary search trees (BST):

Search
Insertion
Deletion
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Binary Search Tree

We can perform many operations on binary search trees (BST):

Search DONE
Insertion DONE
Deletion TODO
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Binary Search Tree - Element Deletion

To delete an element from a BST we have 3 different cases:
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Binary Search Tree - Element Deletion

To delete an element from a BST we have 3 different cases:

22/49\82
/ 47/ \88
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1. The node to delete is a leaf
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Binary Search Tree - Element Deletion

To delete an element from a BST we have 3 different cases:

1. The node to delete is a leaf 49
2. The node to delete has just 1 child / \
22 82

47/ \88
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20 94
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Binary Search Tree - Element Deletion

To delete an element from a BST we have 3 different cases:

1. The node to de
2. The node to de
3. The node to de
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ete is a leaf 49
ete has just 1 child /
ete has 2 children /22 Q
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Binary Search Tree - Element Deletion

Case 1: The node to delete is a leaf

49
Any guess? 22/ \82

/ 47/ \88

»
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Binary Search Tree - Element Deletion

Case 1: The node to delete is a leaf

We can just delete the node! Super Easy
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/ 47/ \88

»

91

17

LUISS

11



Binary Search Tree - Element Deletion

Case 1: The node to delete is a leaf

We can just delete the node! Super Easy
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Binary Search Tree - Element Deletion

Case 1: The node to delete is a leaf

We can just delete the node! Super Easy
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Binary Search Tree - Element Deletion

Case 2: The node to delete has just one child

49

Any guess? 22/ \82
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Binary Search Tree - Element Deletion

Case 2: The node to delete has just one child

We can delete the node and put the child 49
In the same place of the parent / \
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Binary Search Tree - Element Deletion

Case 2: The node to delete has just one child

We can delete the node and put the child 49
In the same place of the parent Easy! / \
22 82

47/ \88
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Binary Search Tree - Element Deletion

22 82

VEREPVARN
N

Case 3: The node to delete has two children.
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Binary Search Tree - Element Deletion

Case 3: The node to delete has two children.

It is slightly more complex compare to others.

The node to delete is replaced with its in-order successor (or
predecessor).

LUISS
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Binary Search Tree - Element Deletion

22 82

VEREPVARN
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Case 3: The node to delete has two children.
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Binary Search Tree - Element Deletion

Case 3: The node to delete has two children. /
/22 /82\
17 477 38
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Binary Search Tree - Element Deletion

Case 3: The node to delete has two children.
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Binary Search Tree - Element Deletion

Case 3: The node to delete has two children.
47
o
17/
\20
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Binary Search Tree - What they are used for?

e BSTs are used for indexing

LUISS r
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Binary Search Tree - What they are used for?

(/é \\I
e BSTs are used for indexing /\-/
o
Be aware that a BST can become unbalanced /653
/
What is the problem? (@
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Binary Search Tree - What they are used for?

e BSTs are used for indexing
e TreeMap and TreeSet data structures in java are internally
implemented using self-balancing BSTs to avoid unbalanced cases

LUISS
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right 40
/ \ /
35
/ \
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Binary Search Tree - Exercises

Just to recap, a post-order visit is done as follow:

40
Algorithm Postorder(tree) ./ \

Postorder(left->subtree)

Postorder(right->subtree) / \ / \

Visit the root 35

/\ /\

LUISS
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Binary Search Tree - Exercises

We start exploring 40 and call again the function @
on the left node

/\ /\

35

/\ /\

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root
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Binary Search Tree - Exercises

We start exploring 30 and call again the function

40
on the left node \
a / \
25 35
/N / \
15 28
Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root
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Binary Search Tree - Exercises

We start exploring 25 and call again the function

40
on the left node / \

@”\ /\
/\

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root
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Binary Search Tree - Exercises

We start exploring 15 and call again the function

40
on the left node... But it has no children! / \
So we can mark it as visited!

35

65 ° ¢
Algorithm Postorder(tree)

Postorder(left->subtree) Nodes visited: 15
Postorder(right->subtree)
Visit the root

LUISS
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Binary Search Tree - Exercises

We return to 25 and call again the function on the

40
right node / \

E{\ /\
/\

Postorder(left->subtree) Nodes visited: 15
Postorder(right->subtree)
Visit the root

Algorithm Postorder(tree)

LUISS



Binary Search Tree - Exercises

We start exploring 28 and call again the function
on the left node... But it has no children!

So we can mark it as visited!

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS
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25 35
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Nodes visited: 15, 28
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Binary Search Tree - Exercises

We return to 25

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS
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35
15 28

Nodes visited: 15, 28

/\
/\
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Binary Search Tree - Exercises

We return to 25 but we finished the exploration so 40
we mark it as visited and we can return to 30 \

a / \
25 35
il / \
15 28
Algorithm Postorder(tree)

Postorder(left->subtree) Nodes visited: 15, 28, 25
Postorder(right->subtree)
Visit the root

LUISS



Binary Search Tree - Exercises

Then we call again the function on the right node,

40
namely, 35 \
a / \
25 35
/N / \
15 28
Algorithm Postorder(tree)

Postorder(left->subtree) Nodes visited: 15, 28, 25
Postorder(right->subtree)
Visit the root

LUISS



Binary Search Tree - Exercises

Then we call again the function on the right node,

namely, 35 and since it has no children we can
mark it as visited

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS
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Nodes visited: 15, 28, 25, 35
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Binary Search Tree - Exercises

We return to 30 and since the exploration is done
we mark it as visited

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

40\
Ot

35

/25\ / \

Nodes visited: 15, 28, 25, 35, 30
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Binary Search Tree - Exercises

Now try to finish the exercise by yourself!

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

40\
Ot

35

/25\ / \

Nodes visited: 15, 28, 25, 35, 30
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Binary Search Tree - Exercises

Solution!

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

N
aVaN

35

/\ /\

Nodes visited: 15, 28, 25, 35, 30, 45, 55, 70, 60,

50, 40
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS r
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right Foo!
Y
0N
'\_( ,/'I
t".- -\Il
A~
[ .\ :
/"7—‘\"‘
’ X (’\. /"’ ; N
EIRRS,
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Postorder(tree) B AL
BH
Postorder(left->subtree) i
Postorder(right->subtree) X)) (O

Visit th
isit the root Nodes visited: A

LUISS JrF 43



Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E, L
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right root

&) (8)

= R
/7 \ //‘-‘\‘
(1)

A~

Algorithm Postorder(tree) ':\“,'
Postorder(left->subtree) e ., N
Postorder(right->subtree) &) Q)

Visit the root Nodes visited: A, E, L

LUISS
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right root

Algorithm Postorder(tree) )R

Postorder(left->subtree) Ly
Postorder(right->subtree) \"/
Visit the root

Nodes visited: A, E, L, O

LUISS
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E, L, O, N
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E, L, O, N, |
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right Foo!
y
ZN
(c)
™
"/ \’:
(A
:\11/; :,\.\f/fn
/"' l'\
~ 2~
Algorithm Postorder(tree) )R
Postorder(left->subtree) i
Postorder(right->subtree) X)) \O)

Visit the root Nodes visited: A, E, L, O, N, |

LUISS

95



Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right root

Algorithm Postorder(tree) (&) (¥

Postorder(left->subtree) ki By
Postorder(right->subtree) L) \8/

Visit the root Nodes visited: A, E, L, O, N, I, Y

LUISS
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right

Algorithm Postorder(tree)

Postorder(left->subtree)
Postorder(right->subtree)
Visit the root

LUISS

Nodes visited: A, E, L, O, N, Y, S
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Binary Search Tree - Exercises

Perform a post-order visit of the tree on the right root

Algorithm Postorder(tree)

Postorder(left->subtree) ki By
Postorder(right->subtree) L) \8/

Visit the root Nodes visited: A, E, L, O, N, Y, S, C

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right oot
N o O\
(A) (s)
N \7_"/
,/" I“'.
|/ 2 ('\ "/II’ -:\\
.\'I ) .,\'\_ /,'
/"' l'\.
/7 *'\l ) :\\
Algorithm Inorder(tree) )R
BEA
v/ \
In_o_rder(left->subtree) A~ ";”_\‘
Visit the root &)\

Inorder(right->subtree) Nodes visited:

LUISS r
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right oo
Y
0N
'\( ,/’I
n"" -\',
\;
AN
,/‘]-‘I“'.
/--('\ //II’-
:‘\.,I_‘/Vl :"\
/"' l'\.
‘,/’ *'\l ) :\\
Algorithm Inorder(tree) )R
S
/
In_o_rder(left->subtree) A~
Visit the root \I)

Inorder(right->subtree) Nodes visited: A

LUISS r



Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right Foo!
NN
(A) (S )
>R
"4 (’\. /}-‘\
() (¥)
/" .'\.
“/’ *,\_ ) _‘\\
Algorithm Inorder(tree) B AL
BEA
./ \
In_o_rder(left->subtree) A~ /\
Visit the root &)\

Inorder(right->subtree) Nodes visited: A, C

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right Foo!
Y
0N
'\_( ,/'I
I\
,"‘ l
TR |
(\,\ ;
(E) (YY)
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Inorder(tree) B AL
BEA
./ \
In_o_rder(left->subtree) A~ /\
Visit the root \I) \O)

Inorder(right->subtree) Nodes visited: A, C

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right

Algorithm Inorder(tree)

Inorder(left->subtree)
Visit the root

Inorder(right->subtree) Nodes visited: A, C

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right

Algorithm Inorder(tree)

Inorder(left->subtree)
Visit the root

Inorder(right->subtree) Nodes visited: A. C. E

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right

Algorithm Inorder(tree)

Inorder(left->subtree)
Visit the root

Inorder(right->subtree) Nodes visited: A. C. E. |

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right

Algorithm Inorder(tree)

Inorder(left->subtree)
Visit the root

Inorder(right->subtree) Nodes visited: A. C. E. |

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

Algorithm Inorder(tree) )R

Inorder(left->subtree) .
Visit the root \"/'
Inorder(right->subtree) Nodes visited: A C. E. | L

LUISS JrF 67



Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

Algorithm Inorder(tree) l:\“;

Inorder(left->subtree) W o
Visit the root (L) (

Inorder(right->subtree) Nodes visited: A C.E. | L. N

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

Algorithm Inorder(tree) )R

Inorder(left->subtree) A/
Visit the root L) @

Inorder(right->subtree) Nodes visited: A CE. | L N. O

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

® ()

: ,'/‘
S
OXO,

~

Algorithm Inorder(tree) \E) Q
Inorder(left->subtree) e (.
Visit the root <L) (@)

Inorder(right->subtree) Nodes visited: A CE. | L N. O

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

P AN

Algorithm Inorder(tree) \Z) )
Inorder(left->subtree) ol B
Visit the root L) \9)

Inorder(right->subtree) Nodes visited: A CE. | L N. O

LUISS

71



Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right Foo!
Y
0N
'\_( ,/'I
I\
,"‘ ll‘
TR |
(\,\ ;
’ X (’\. /"’ ; N
(E) (YY)
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Inorder(tree) B AL
BEA
./ \
In_o_rder(left->subtree) A~ /\
Visit the root \I) \O)

Inorder(right->subtree) Nodes visited: A, C.E.I.L.N. O. S

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

':\\ J " J
=
/---(’\
I
/" .'\.
& N ) :\\
Algorithm Inorder(tree) B AL
BEA
./ \
Inorder(left->subtree) e . 9
Visit the root \L) Q)

Inorder(right->subtree) Nodes visited: A, C, E, I, L, N, O, S, Y
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right Foo!
Y
0N
'\_( ,/'I
I\
,"‘ l
TN
': :\
FE) (YY)
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Inorder(tree) B AL
BEA
./ \
In_o_rder(left->subtree) A~ /\
Visit the root \I) \O)

Inorder(right->subtree) Nodes visited: A, C, E, I, L, N, O, S, Y

LUISS
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Binary Search Tree - Exercises

Perform a in-order visit of the tree on the right root

We found the solution!

e \/ AN
(A) (S )
4 2
l/' ‘ 4‘-‘\ “"’L ‘_.\A
'\-.I,/'I .._\‘\./vl
."" "\
2~
Algorithm Inorder(tree) N8R
P\
r/ \
Inorder(left->subtree) o (.
Visit the root L) \9)

Inorder(right->subtree) Nodes visited: A, C, E, I, L, N, O, S, Y
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
/I|
~
(A) (S )
>R
"4 (’\. /}-‘\
() (¥)
/" .'\.
“/’ *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BEA
_ / \
Visit the root o o .
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited:

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
/I|
~
(A) (S )
4 2
"4 (’\. /}-‘\
() (¥)
/" .'\.
“/’ *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BH
Visit the root i
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right

Algorithm Preorder(tree)

Visit the root
Preorder(left->subtree)

Preorder(right->subtree) Nodes visited: C, A

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right

Algorithm Preorder(tree)

Visit the root
Preorder(left->subtree)

Preorder(right->subtree) Nodes visited: C, A

LUISS

79



Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right

Algorithm Preorder(tree)

Visit the root
Preorder(left->subtree)

Preorder(right->subtree) Nodes visited: C, A, S

LUISS

80



Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right

Algorithm Preorder(tree)

Visit the root
Preorder(left->subtree)

Preorder(right->subtree) Nodes visited: C, A, S, |

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
Y
0N
'\_( ,/'I
I\
'
~
(A) (8)
>R
/""‘-’\. /)’ .
() (¥)
," .'\l
) :\\
Algorithm Preorder(tree) O
BEA
_ / \
Visit the root sl N
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C, A, S, I, E

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

Algorithm Preorder(tree) \E)

Visit the root e
Preorder(left->subtree) (L) (

Preorder(right->subtree) Nodes visited: C, A, S, I, E

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right root
y
0N
'\_( ,/'I
I\
'
~ AN
(A) (S )
4 2
//--(’\. /}-‘\
) (Y)
.{’,‘ II
7~ *\
Algorithm Preorder(tree) "\"‘,'
Visit the root e . O
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C, A, S, I, E, N

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

Algorithm Preorder(tree) )R

Visit the root N\
Preorder(left->subtree) 0 \O)

Preorder(right->subtree) Nodes visited: C A S | E. N. L

LUISS JrF 85



Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

Algorithm Preorder(tree) ll

Visit the root e

Preorder(left->subtree) SIAN

Preorder(right->subtree) Nodes visited: C A S | E.N. L

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

Algorithm Preorder(tree) )R

Visit the root A~ |
Preorder(left->subtree) 5,

Preorder(right->subtree) Nodes visited: C, A, S, I, E, N, L, O

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

&) (8)

= R
/7 \ //‘-‘\‘
(1)

~

Algorithm Preorder(tree) ':\“,'
Visit the root b Y
Preorder(left->subtree) &) (0

Preorder(right->subtree) Nodes visited: C, A, S, I, E, N, L, O

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

Algorithm Preorder(tree) B AL

Visit the root ki By
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C, A, S, I, E, N, L, O

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
y
0N
'\_( ,/'I
I\
,"‘ :
TR |
(\,\ ;
(E) (YY)
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BH
Visit the root i
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C, A, S, I, E, N, L, O

LUISS
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Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right roof

1{ "“‘
//--(’\.
(1)
/" .'\.
/7 *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BEA
. . ? AR
Visit the root o o .
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C.A. S. . E.N. L. O. Y

LUISS JrF o1



Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
y
0N
'\_( ,/'I
I\
,"‘ l
TR |
(\,\ ;
(E) (YY)
/’I ‘.'\.
“/’ *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BH
Visit the root i
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C.A. S. . E.N. L. O. Y

LUISS



Binary Search Tree - Exercises

Perform a pre-order visit of the tree on the right Foo!
~ 2N
(A) (S )
4 2
"4 (’\. /}-‘\
() (¥)
/" .'\.
“/’ *,\_ ) _‘\\
Algorithm Preorder(tree) B AL
BH
Visit the root i
Preorder(left->subtree) \L) Q)

Preorder(right->subtree) Nodes visited: C.A. S. . E.N. L. O. Y
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