hat a path exists
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ge

Children
 the vertices immediat
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* /the ¥ertex immediatelyabove é\v is the parent of v

alled a subtree

(15*2520 (506)

e
two binary trees called the

habis-either empty
yv-thatsatisfies the
ollowing condi

1. allKeys(ifany) i ft subtree of the foat precede the key in
the root

2. the key in the root precedes all keys
3. the left and right subtrees are-againbi

(15*2520 (506)

d

Consider: a binar

*>one orthem ll-"'{
i

* howmanyd

(15*2520 (506)




Binary Tree mplemertation

Bi Wtim

inked lists, trees.ar it ysing'many elemen r
all with the same baslic structure

bu||d|ng block: typedef struct TreeNode t
{

KeyType *key;

DataType *data;

TreeNode *left;

TreeNode *right;
} TreeNode;

KeyType *getKey() {...}
DataType *getData() {...}
TreeNode *getLeft() (...}
TreeNode *getRight() {...}

/* note there are other possible
representations for a tree */

(15*2520 (506)

Rrs_ intermsof the tree

SO0

ith a leading
ina TreeADT

— all such functio
underscore as they

(15*2520 (506)

= \Repeat thi

= Stopping condition:
« find the key (success)
* empty subtree (failuxe)

(15*2520 (506)

of its

seciated with-the target kKey

aftse) and fill in a
{s is generally

and equals

(15*2520 (506)




Binary Tree Se Ie@m

»/\w/\

DataType *_treeSearch(TreeNode *root, KeyType *target)
{
if (root !'= NULL)
{
if (equals(target, getKey(root))
return (getData (root)) ;
else if (lessThan(target, getKey(root)))
return (_treeSearch(getLeft (root)) ,target)) ;
else
return (_treeSearch(getRight (root) , target)) ;
}
return (NULL) ;

} /* _treeSearch*/

= This is still tail recursio

« easily removed with Io adde

(15*2520 (506)

= lter ion(tail xecursion fe
=/ Note: n ot is passed by value si n|f|cance of this again?)

DataType *_treeSearch(TreeNode *root, KeyType *target)
{

while (root !'= NULL)
{
if (equals(target, getKey(root))
return (getData (root))) ;
else if (lessThan(target, getKey (root))
root = getLeft (root) ;
else
root = getRight (root) ;
}
return (NULL) ;

} /* _treeSearch */

(15*2520 (506)

Ata given node-there
order:

1. visit the node itself (j.e.
2. traverse the left subtree
3. traverse the right subtree

(15*2520 (506)

Tr

—traverse_left, visit,
e P STO DER
— trave

= Traversal functions fag
specify thanks to the

(15*2520 (506)




T;eﬁrsa\lem{antm

void _preorder (TreeNode *root)
{
if (root !'= NULL)

{
visit (root) ; void _postorder (TreeNode *root)
_preorder (getLet (root {
_preorder (getRight (ro if (root != NULL)
} {
} /* _preorder */ _postorder (getLeft (root)) ;
_postorder (getRight (root)) ;
void _inorder (Tr¢ visit(root) ;
{ }
if (root != N } /* _postorder */
{

_inorder (getLeft (root)) ;

visit (root) ;

_inorder (getRight (root)) ;
}

} /* _inorder */

(15*2520 (506)

* / buijtt-up from simple operators
arnld operands of an arit j

(15*2520 (506)

* merits? disadvahtag

(15*2520 (506)

~retrieval (find av&

» deletion(may wish
always easy)

* output, size, etc.

(15*2520 (506)




Tr pecificati

ith two
ea UBTREE of
ei €mpty t s a keyand
sa 'sthe followm onditions:
. all keys (ifany) in eft stbt key in the root
2. thekey.in the rootfprecedes &

3.

note: the general defiqitiqn

(15*2520 (506)

* heigh
— obtain the current heigl
leaf)
— PRE:n/a
— POST: provides curreqt he

(15*2520 (506)

create a new tree initiali
PRE: size >0
POST: tree is initialize

— new node inserted.inte perties are preserved

(15*2520 (506)

determine if a tree is emp!
PRE: n/a
POST: true if tree is empty,

others?

(15*2520 (506)




= \Key a ]
general (as was the ./ i s previousl|
o

¢ key.and datamay no be

= Binary Search-Trees

(15*2520 (506)

Tcomp. :

_ if ttsdess: aev u’a

=it 'smore:new
e

— ifitis equal: dup &

It should be obvious,tha
permits a direct imple

(15*2520 (506)

implementation alternative

(15*2520 (506)

In/se@ﬁﬁﬁnw\wﬂgn

TreeNode *TreeNodeCreate (KeyType *key val, DataType *data_val)

{
TreeNode *new = NULL;

if (new = calloc(1l,sizeof (TreeNode)))
return (NULL) ;

key = key_val;
data data_val;
left NULL;
right = NULL;

return (new) ;
} /* TreeNodeCreate */

= as noted previously,

ey.and data may not/'b
arguments

(15*2520 (506)

parate




serton mplementaton cont)

|n;e@{m<rom

TreeNode *_insert(TreeNode *root, KeyType *key, DataType *data)
{
if (root == NULL)
return (TreeNodeCreate (key, data));
else if lessThan(key, getKey(root))
setLeft(root, _insert(getLeft(root), key, data));
else if greaterThan (key, getKey(root))
setRight (root, _insert(getRight (root), key, data));
else
/* duplicate key */

return (root) ;

} /* _insert */

(15*2520 (506)

recursive call)

* the local variables

recursive calls, so $
— use a tmp reference|
— still need to return the root argument

(15*2520 (506)
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pty subtrees
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DM rom\mxsm

. s empty
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JAN

m of the deletedNode and
propriate node of therigh

I NI

of the right subtree

anghes until an empty
oint)

= verify that this presen

(15*2520 (506)

ne plon<empty subtree

i

*/ adjust link from parent,of del

(15*2520 (506)

= Implementation note:
* we will do the delete in &
remove it

« could combine this into oke, b
COHESION)

ste

(15*2520 (506)




Deletion-imple tation

TreeNode *_delete(TreeNode *root, KeyType *key)
{
if (root !'= NULL)
{
if (equals(key, getKey (root)))
return (_removeNode (root)) ;
else if (lessThan(key, getKey (root)))
setLeft (root, _delete(getLeft(root), key));
else if greaterThan (key, getKey (root))
setRight (root, _delete(getRight(root), key));
}

/* otherwise nothing to delete */
return (root) ;

} /* _delete */

(15*2520 (506)

Deletion Implementation (cont.)—

TreeNode *_removeNode (TreeNode *node)
{
TreeNode tmp; /* used to find place for left subtree */

/* what if node is null? */

if (getRight(node) == NULL)
/* attach left subtree in place of deleted node */
return (getLeft (node)) ;

else if (getLeft(node) == NULL)
/* attach right subtree in place of deleted node */
return (getRight (node)) ;

/* cont... */

(15*2520 (506)

Deletion Implementation (cont.)—

else /* neither subtree is empty */
{

/* go to farthest left of the right subtree of the
deleted node: this is attachment point for left
subtree of deleted node --- attach right subtree of
deleted node in place of the deleted node */

tmp = getRight (node) ;

while (getLeft(tmp) != NULL)

tmp = getLeft (tmp) ;
setLeft (tmp, getLeft(node)) ;
return (getRight (node)) ;
}

} /* removeNode */

e Consider carefully how\these\fuhctions are workin

consistancy
CI5*2520 (506)
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* what about equality?

(15*2520 (506)

H}i{p em\tiow\

int max(int vl, int v2)
{

return((vl < v2) ? v2 : vl);

} /* max */

int _height (TreeNode *root)
{
if (root == NULL)
return (0) ;
else
return(l + max(_height(getLeft (root)),
_height (getRight (root)))) ;

} /* _height */

(15*2520 (506)

= /AssUming all data values are
ine the sum of all data

Nrite~a functionthat refu
rom.the rootto-a e

= All of these-arenot

* you must take carelde

need to get done (and \when it.should be do

(15*2520 (506)

eightis ultimate of-the tree
how-well distrib e tree
* perfec gomparisons

are needed for an

(15*2520 (506)
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average BST requires approxiry
somparisons as a completely ﬁ dced tree

’k\:\,... ety 39% Mmore

SO0

(15*2520 (506)
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* indrawings we indicate

= Does this definition, i
adjacent levels?

(15*2520 (506)

otherAVL:

O ~CO_0/
©

(15*2520 (506)
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AL Tree mplemenatn

'/M dify the no Wﬁ balance factor \

typedef enum { LHIGH, EQUAL, RHIGH } balance t;

typedef struct TreeNode_ t
{
KeyType *key;
DataType *data;
TreeNode *left;
TreeNode *right;
balance_t bf; /* balance factor of this node */

} TreeNode;

balance_t getBF() { .. }

(15*2520 (506)

.M@Nm i ioy(e create op }oi\

TreeNode *TreeNodeCreate (KeyType *keyval, DataType *dataval)

{
key = keyval;

data = dataval;
left = right = NULL;
bf = EQUAL;

} /* TreeNodeCreate */

(15*2520 (506)

compare new key to that in the,rop
appropriate

Y ottha \ ML,L..-‘- other subtree
ﬁ%’ ee Yo réstole balance)

= e.g. consider growth of A , with balance facta
following (in order):
* ktevpamuh

ter sub ov fdﬁ&"
—>new node ad 0 JLA?{

(height-of subtree ¢

tre, on addition of the

(15*2520 (506)

13



eases

= Need additionatboolea

rebalancing-information

* change in height is wjth
from point of origin

« for expedience we will\use

(15*2520 (506)

A pseﬂmmmple\ ntati

TreeNode
*_insertAVL(TreeNode *node, KeyType *key, DataType *data,
int *taller)
{
if (root == NULL)
{
*taller = 1;
return (TreeNodeCreate (key, data)) ;
}
else if (lessThan(key, getKey(root)))
{
setLeft(root, _insertAVL(getLeft (root), key,data, taller));

if (taller) /* left subtree is taller */
{

switch (getBF (root))

{

(15*2520 (506)

A pseﬂmmmple\ ntati W

LHIGH: /* node was already left high */

root = _leftBalance (root) ;
*taller = 1;
break;

EQUAL: /* node is now left high */
setBf (root, LHIGH) ;
break;
RHIGH: /* node now has balanced height */
setBf (root, EQUAL);
*taller = 0;
break;

}
}
else if (greaterThan (key, getKey(root)))

{
setRight (root,_ insertAVL(getRight (root)  key,data,taller));

if (*taller) /* right subtree is taller */
{

(15*2520 (506)

A pseﬂmmmple\ ntati W

switch (getBf (root))
{
LHIGH: /* node now has balanced height */
setBf (root,EQUAL) ;
*taller = 0;
break;
EQUAL: /* node is now right high */
setBf (root, RHIGH) ;
RHIGH: /* node was already right high */

root = _rightBalance (root);
*taller = 0;
break;

}
else
/* duplicate key */

} /* _insertAVL */

(15*2520 (506)
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=\ Letrbe
right subtree

= There are 3 cases
of x

(15*2520 (506)

«/ adjustment of balancing is {in gene do(explicitly in implementation

h
h1

total height =h + 3
CI5"2520 (506)

4l height =h + 2

total height =h + 3 alheight =h + 2
CI5"2520 (506)

(15*2520 (506)
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Case 3:Xis L

| |
ubtftee rooted at x
an|left subtree of the root (7,
itg inglertion
en the-height o
ertion which is’a
= Note
. duced by the
CI5*2520 (506)

/*
T o o o o o e e e e e e e e e o
* _leftRotate
* - rotate a binary tree to the left
T o o o o o e e e e e e e e e o
* PRE:
* right subtree of the root is non-empty
T o o o o o e e e e e e e e e o
*  POST
& returns the new root of the subtree, the former
* root’s right subtree; former root’s right subtree
* is the left subtree of the former root’s right
& subtree; new root’s left subtree is the former root
T o o o o o e e e e e e e e e o
* ERRORS:
* (right subtree of the root is empty)
T o o o o o e e e e e e e e e o
*/

CI5*2520 (506)

Left Rotation Implementation (cont.) -

Right ance ementation

TreeNode *_leftRotate(TreeNode *root)

{
TreeNode *tmp;

if (getRight(root) == NULL)
/* ERROR - can’t rotate an empty subtree */
else
{
tmp = getRight (root) ;
setRight (root, getLeft(tmp)) ;
setLeft (tmp, root) ;
return (tmp) ;
}

} /* _leftRotate */

(15*2520 (506)

/*

* _rightBalance
- rebalance an AVL tree that is right heavy

* EQUAL

* POST:
* returns the new root of the subtree, which now
& satisfies the constraints of an AVL tree

* ERRORS:

(15*2520 (506)
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Right Balance Imple nta}im

Right Balance Imple nta}im

TreeNode *_rightBalance (TreeNode *root)
{
switch (getBf (getRight (root)))
{
RHIGH: /* single rotation left */
setBf (root, EQUAL) ;
setBf (getRight (root) , EQUAL) ;
return (_leftRotate (root)) ;
break;
LHIGH: /* double rotation left */
switch (getBf (getLeft (getRight (root))))
{
RHIGH:
setBf (root, LHIGH) ;
setBf (getRight (root) , EQUAL) ;
break;

(15*2520 (506)

EQUAL:
setBf (root, EQUAL);
setBf (getRight (root) , EQUAL) ;
break;

LHIGH:
setBf (root, EQUAL);
setBf (getRight (root) , RHIGH) ;
break;

}

setBf (getLeft (getRight (root)), EQUAL) ;
setRight (root, _rightRotate (getRight(root));
return (_leftRotate (root)) ;
break;
EQUAL:
/* ERROR - right subtree cannot have equal balance */
}

} /* _rightBalance */

(15*2520 (506)

= he. eonside
* slightly-more
consider

however you are e
more fully when yo

(15*2520 (506)

of need

n
possible AVL tree
0 laverage case for vanilla BST))
ON.
—%. parisofis to’be
about /og,n + 025, ‘
— difficult to approa
CI5*2520 (506)
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—\_ must mark empty subtyee pgsitio,
AN
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© 0]0.
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