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Standard reminder to set phones to
silent/vibrate mode, please!
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* Today's class:

« We'll discuss one possible implementation for trees
(the general type of trees)

 We'll look at tree traversal — strategies to visit
every element in the tree following a given
sequence

- Breadth-first traversal

- Depth-first traversal — two types (for now), depending on
whether we deal first with “self” node or with the (strict)
descendants.
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* We recall from several lectures ago, some
examples of typical operations on hierarchically
ordered data (determine precedence between
elements, nearest common predecessor,
depth).
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Trees

* We recall from several lectures ago, some
examples of typical operations on hierarchically
ordered data (determine precedence between
elements, nearest common predecessor,
depth).

 To implement those, and others, it seems clear
that we need a data structure that follows quite
closely our “visual” idea of a tree.
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* For example, if | simply give you an unordered
list of IDs for elements, and then an unordered
list of iImmediate predecessor pairs, would you
be able to perform those operations?
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Trees

* For example, if | simply give you an unordered
list of IDs for elements, and then an unordered
list of iImmediate predecessor pairs, would you
be able to perform those operations?

e |Let's see ...
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (more or less easy). What is the root of
that tree?
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (more or less easy). What is the root of
that tree?

- Ok, soit's G

- Follow-up question: what was the run time that it took for
you to find that answer?



UNIVERSITY OF

WATERLOO ECE-250 — Algorithms and Data Structures (Winter 2012)

Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (more or less easy). What is the root of
that tree?

- Ok, soit's G

- Follow-up question: what was the run time that it took for
you to find that answer? (I'll bet it took you ©(n?))
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (a little tougher): What is nearest
common predecessor of E and S?
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (a little tougher): What is nearest
common predecessor of E and S?

- So, we won't even try this one !l (and | bet if some of
you got the answer in less than 45 to 60 seconds it is
because you drew the corresponding tree !!)
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}

* Question (a little tougher): What is nearest
common predecessor of E and S?

- Of course, if | actually show you the corresponding tree,
then very different story ...
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Trees

 Example:
e Elementsare: T, H, D, G, E, P, A, S

» Associations are (denoted as pair {parent,child} ):
- {T, E}, {P, D}, {G, H}, {P, S}, {T, A}, {P, T}, {G, P}
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Trees

e S0, it makes sense that our implementation of a
tree would provide data that makes it possible
to “follow the associations”

* Exactly as they graphically appear on a
diagram, allowing us (our brains) to easily
follow the associations.
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* Atypical implementation could be similar to
what you did (hopefully you did it... right?) in lab
O for a linked list:
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Trees

* Atypical implementation could be similar to
what you did (hopefully you did it... right?) in lab
O for a linked list:

 Aclass Node to represent nodes.

« Aclass Tree that will own a collection of Node
objects, and will have, among others, a pointer to
the root node.
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Trees

* Atypical implementation could be similar to

what you did (hopefully you did it... right?) in lab
O for a linked list:

 Aclass Node to represent nodes.

e Aclass Tree that will own a collection of Node

objects, and will have, among others, a pointer to
the root node.

* As we mentioned last time, by analogy with a linked
list, the tree class only needs to know about the root
node, and then nodes will point to their children.
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template <typename Type>
class Node

{
Type d_element;
Node<Type> * d _parent;
std::list<Node<T> *> d_children;
// or std::vector — could store them as an array
public:

Node (const Type & obj, Node<Type> * parent);

Type retrieve() const;

Node<Type> * parent() const;

int degree() const;

bool is root() const;

bool is leaf() const;

Node<Type> * child (int n) const;
int height() const;

void insert (const Type & obj);

};



UNIVERSITY OF

WATERLOO ECE-250 — Algorithms and Data Structures (Winter 2012)

Trees

* This tree, with six nodes, would be stored as follows:

%)

A
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element
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list_tail e
node:count j @ @

parent “» parent parent

element. element element

list_head e list head e list_head e
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* The implementations are, for the most part,
straightforward:

template <typename Type>
bool Node<Type>::is root() const

{
}

return parent() == NULL;
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Trees

* The implementations are, for the most part,
straightforward:

template <typename Type>
int Node<Type>::degree() const

{
}

return d_children.size();

template <typename Type>
bool Node<Type>::is leaf() const

{
}

return degree() == 0;
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* This one is maybe a little trickier (but not too
much):

template <typename Type>

void Node<Type>::insert (const Type & obj)

{
Node<Type> * subtree = new Node<Type>(obj, this);
d _children.push_back (subtree);

¥
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Trees

* This one is maybe a little trickier (but not too
much):

template <typename Type>
void Node<Type>::insert (const Type & obj)
{

Node<Type> * subtree = new Node<Type>(obj, this);
d _children.push_back (subtree);

}

 We pass this as parameter to the constructor, so that that
node has this node (the one executing the insert) as its parent.



UNIVERSITY OF

WATERLOO ECE-250 — Algorithms and Data Structures (Winter 2012)

Trees

e Suppose we wanted to compute the size
(number of nodes) in the tree (say that we
added a method Node<Type>::size() const:
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Trees

e Suppose we wanted to compute the size
(number of nodes) in the tree (say that we
added a method Node<Type>::size() const:

* Hopefully you recall the nice recursive definition
for a tree... So, that would seem to suggest
that size() could perfectly be a recursive
function! :
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Trees

template <typename Type>
int Node<Type>::size() const

{

int count = 1; // counting this one

for (list<Node<Type> *>::iterator ch = d _children.begin();
ch !'= d _children.end();
++ch)

{
}

count += ch->size();

return count;
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Trees

template <typename Type>
int Node<Type>::size() const

{
int count = 1; // counting this one
for (list<Node<Type> *>::iterator ch = d _children.begin();
ch !'= d _children.end();
++ch)
{
count += ch->size();
¥
return count;
¥

 Huh ... where's the end of the recursion? (i.e., shouldn't a
recursive call always be inside a conditional statement?)
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Trees

template <typename Type>
int Node<Type>::size() const

{
int count = 1; // counting this one
for (list<Node<Type> *>::iterator ch = d _children.begin();
ch !'= d _children.end();
++ch)
{
count += ch->size();
¥
return count;
¥

 Well, it doesn't have to be an if or if-else — the loop indirectly
introduces the condition; if d_children is empty (which
happens for leaf nodes), then the recursive call is not executed.
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» Side note: lIterators in the STL (I'm using the
STL's linked list class template, std::list) are
designed to have a syntax similar to pointers.

* They take advantage of operator overloading,
which allows us to define functions and
methods that will be invoked when we use a
certain operator with an object of that class.
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Trees

e S0, the loop

for (list<Node<Type> *>::iterator ch = d _children.begin();
ch '= d _children.end();
++ch)

IS nothing more than a “disguised” version of:

for (list_iterator ch = d_children.begin();
Ich.at_end();
ch.advance())
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Trees

e S0, the loop

for (list<Node<Type> *>::iterator ch = d _children.begin();
ch '= d _children.end();
++ch)

IS nothing more than a “disguised” version of:

for (list_iterator ch = d_children.begin();
Ich.at_end();
ch.advance())

 The method advance(), for instance, is called
operator++() — and it's invoked when using ++
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Trees

 The at_end() issue is a little bit trickier — since
iterators are like pointers, class list also returns
an iterator pointing to one-past-end, so that with
the help from overloaded operators == and !=
(functions operator==() and operator!=()), we
can check if we are already outside the range.
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Trees

* Closing the parenthesis ... Say now that we
want to obtain the height of the tree.
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Trees

* Closing the parenthesis ... Say now that we
want to obtain the height of the tree.

* Recursion again ... Right?
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Trees

template <typename Type>
int Node<Type>::height() const
{

int h = 0; // counting this one, we have height 0

for (list<Node<Type> *>::iterator ch = d _children.begin();
ch !'= d _children.end();

++ch)
{
h = std::max(h, 1 + ch->height());
}
return h;
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Trees

* And since our next topic is tree traversals...
How are these recursive functions traversing
the tree? (i.e., in what order are they visiting
the nodes of the tree?)
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Trees

* And since our next topic is tree traversals...
How are these recursive functions traversing
the tree? (i.e., in what order are they visiting
the nodes of the tree?)

 We'll answer this on the board (and no, the
answer is not in the next slides, so if you feel
like taking notes, by all means do ... )
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Trees

* Recursive implementations typically lead to a
depth-first traversal:

* We first go as deep as possible below each node
before visiting any sibling node.
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Trees

* Recursive implementations typically lead to a
depth-first traversal:

* We first go as deep as possible below each node
before visiting any sibling node.

* The other typical traversal is breadth-first — all
siblings are visited first, before moving to the
next depth.
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Trees

» Graphically, depth-first traversal goes like this:
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Trees

 Breadth-first traversal:
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Trees

* Breadth-first traversal can be implemented with
a queue (a FIFO data structure)
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Trees

* Breadth-first traversal can be implemented with
a queue (a FIFO data structure)

» Depth-first requires a stack (LIFO)
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Trees

* Breadth-first traversal can be implemented with
a queue (a FIFO data structure)

» Depth-first requires a stack (LIFO)

« Huh?? Didn't we already see some depth-first
examples? We didn't use a stack
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Trees

* Breadth-first traversal can be implemented with
a queue (a FIFO data structure)

» Depth-first requires a stack (LIFO)

« Huh?? Didn't we already see some depth-first
examples? We didn't use a stack — did we??
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Trees

* Breadth-first traversal can be implemented with
a queue (a FIFO data structure)

» Depth-first requires a stack (LIFO)

« Huh?? Didn't we already see some depth-first
examples? We didn't use a stack — did we??

« Actually, we did use a stack — quite hidden, but we
did use the stack of the processor !! (each instance
of the recursive function correspondes to a node,
and the stack pointer keeps track of which instance
it has to return to)
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Trees

e |et's look at breadth-first traversal:

 We'll use a queue for the nodes (could be a queue
holding pointers to the nodes). The procedure is:
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Trees

e |et's look at breadth-first traversal:

 We'll use a queue for the nodes (could be a queue
holding pointers to the nodes). The procedure is:
- Enqueue the root node.

- While the queue is not empty:

 Dequeue an element
* Enqueue all of the children of the just dequeued node
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Trees

e |et's look at breadth-first traversal:

 We'll use a queue for the nodes (could be a queue
holding pointers to the nodes). The procedure is:
- Enqueue the root node.

- While the queue is not empty:

 Dequeue an element
* Enqueue all of the children of the just dequeued node

- Neat, huh?
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue:
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue: G
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue:
Dequeue element (got G)
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue:
Enqueue G's children
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue: P H
Enqueue G's children
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue: - H
Dequeue element (got P)
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue: H
Enqueue P's children
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Trees

o Let's try it with the tree from our example:

© (1) (&
® ©

Queue: HD TS
Enqueue P's children
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Trees

o Let's try it with the tree from our example:

o Yo

© (1) (&
® ©

Queue: H D TS

Etc. (sofar,we've had G,P,andH,D, T, S
coming in that order)
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Trees

* An important notion with depth-first traversals
comes from the observation that each node is
visited more than once:

 When in our way down to visit the children nodes,
and when we get back from each of the children.
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Trees

* An important notion with depth-first traversals
comes from the observation that each node is
visited more than once:

 When in our way down to visit the children nodes,
and when we get back from each of the children.

* What if we require some processing for the
present node”? When would we do it? On our
way down, or on our way back?
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Trees

* This leads to the distinction between pre-order
and post-order depth-first traversals:

* Pre-order means that we first process the current
node, then move to the children.
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WATERLOO
Trees

* This leads to the distinction between pre-order
and post-order depth-first traversals:

* Pre-order means that we first process the current
node, then move to the children.

* Post-order means that we first process the children,
and then we process the current one.
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Trees

* This leads to the distinction between pre-order
and post-order depth-first traversals:

* Pre-order means that we first process the current
node, then move to the children.

* Post-order means that we first process the children,
and then we process the current one.

- Later on (a few lectures from now), we'll see in-order
traversal — a notion that is only applicable for certain

types of trees.
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Trees

S0, which one should we use? Or, if both are
necessary, when do we use each?
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Trees

S0, which one should we use? Or, if both are
necessary, when do we use each?

 Answer is: depending on the required processing,
we determine which one is required:
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WATERLOO

Trees

 For example, given a tree containing a directory
structure in memory (each node is a directory,
containing a list of files as the node's data, and
a list of subdirectories being the child nodes):
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WATERLOO

Trees

 For example, given a tree containing a directory
structure in memory (each node is a directory,
containing a list of files as the node's data, and
a list of subdirectories being the child nodes):

 |f we want to print the hierarchy of directories, we'd
require pre-order depth-first traversal — need to
first print the name of the current directory, then the
contents (including subdirectories)
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WATERLOO

Trees

 For example, given a tree containing a directory
structure in memory (each node is a directory,
containing a list of files as the node's data, and
a list of subdirectories being the child nodes):

* |If, however, we're doing something like computing
the total disk space used by all the files in the
directory and all subdirectories below, then either

one could work
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WATERLOO
Trees

 For example, given a tree containing a directory
structure in memory (each node is a directory,
containing a list of files as the node's data, and
a list of subdirectories being the child nodes):

* |If, however, we're doing something like computing
the total disk space used by all the files in the
directory and all subdirectories below, then either

one could work

- We have to add the total of all subdirectories with the
total for the current directory — doesn't really matter
which one we do first: we do one, then do the other one,
then add the two results.
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Trees

 What about the HTML rendering example?
* Breadth-first, or depth-first?
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Trees

 What about the HTML rendering example?

* Breadth-first, or depth-first?

o Clearly depth-first. we need to know about how all
nested tags (the children/descendants) affect the
geometry of the containing tag.
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Trees

 What about the HTML rendering example?

* Breadth-first, or depth-first?

o Clearly depth-first. we need to know about how all
nested tags (the children/descendants) affect the
geometry of the containing tag.

e S0, pre-order or post-order?
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Trees

 What about the HTML rendering example?

* Breadth-first, or depth-first?

o Clearly depth-first. we need to know about how all
nested tags (the children/descendants) affect the
geometry of the containing tag.

e S0, pre-order or post-order?

- This one is clearly post-order. we need to know the
effect of all the children (nested tags) before being able to
determine (taking into account our own attributes such as
margins and padding) what to do and how to render the
current node.
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Trees

 What about the HTML rendering example?
* Breadth-first, or depth-first?

o Clearly depth-first. we need to know about how all
nested tags (the children/descendants) affect the
geometry of the containing tag.

e S0, pre-order or post-order?

- Actually, there's a slight twist — depending on the
attributes of a tag, its size may be constrained, and thus
that could affect the rendering of the nested tags; and
this would point to pre-order. So, in reality, in this
situation we may need a hybrid (processing for the
current node happens both before and after the children)
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Summary

* During today's class:

* \We continued with topics on Trees
* Looked at some implementation approaches

* |nvestigated traversal strategies:

- Breadth-first (visit all siblings before descending)

- Depth-first (go as deep as possible before moving to the
next sibling)

* Pre-order traversal (process current node, then children)
» Post-order traversal (process all children, then current node)
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