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THREE of SPADES
SEVEN of SPADES
SIX of SPADES
THREE of DIAMONDS
SEVEN of DIAMONDS
QUEEN of DIAMONDS

EIGHT of SPADES
KING of CLUBS
FOUR of HEARTS
QUEEN of HEARTS
ACE of SPADES
KING of HEARTS
ACE of DIAMONDS
JACK of CLUBS
THREE of HEARTS
FIVE of SPADES
NINE of DIAMONDS

The deck has 0 cards.

Testing and Debugging
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One of the advantages of working with the STL is that the classes and algorithms it pro-
vides have already been thoroughly tested. It’s easy, however, to let this fact give you a false
sense of security. In this chapter, we’ve been able to touch on only the highlights of the STL;
there are many more features that we haven’t seen. For example, many of the operations
and constructors are overloaded by other versions or have default parameters. A mistake
in writing a call may not trigger a compiler error, but instead call a version of an operation
with which you’re not familiar. If you will work extensively with the STL, it is important
to have access to a complete reference for the STL, and to take the time to understand the
sometimes cryptic notation of templatized functions and parameters.

When testing a program that uses a container, we must watch out for some special cases.
Obviously, attempting to operate on an empty container and going beyond the bounds of the
container are among those situations. Also watch for iterators that are moving the wrong
direction or by the wrong distance on each step. Popping the first element off of a stack or
queue at the start of a loop results in the equivalent of an off-by-one error, because the first
element of the container is never processed. Be aware of the special properties and boundary
conditions associated with each type of container you are using, and take the time to design
tests that ensure your code is not inadvertently violating them.
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Testing and Debugging Hints

1. When accessing a container, remember that the values returned by end and rend point
outside of the structure.

2. An iterator must be dereferenced to obtain the value it points to.

3. When declaring an iterator, remember that it must be qualified by the type that it will
point to—for example, list<string>::iterator.

4. Forward iterators are incremented to advance them and decremented to move them
backward. Reverse iterators move backward when they are incremented.

5. Whenever the underlying structure of a container changes, its iterators become invalid.
Accessing an invalid iterator after an insertion or deletion operation will cause errors.

6. Whenever you are deleting elements from a container, make sure that you check whether
it is empty.

7. Keep in mind that not all algorithms work with all containers. Check the documenta-
tion carefully.

8. Remember to copy the top element of a stack or queue before you pop it.

9. Choose a container that has the functionality you need. Additional capability often
comes at a cost in performance.

10. Many of the containers require that user-defined element types support some subset of
the relational operators. Be sure that your classes provide this support.

B Summary

® In this chapter, we explored the realm of data structures beyond arrays and singly linked lists.
Along the way we encountered vectors, bidirectional lists, stacks, queues, priority queues,
deques, trees, graphs, hash tables, sets, and maps. The programming universe is full of other
data structures, to the point that the options can sometimes feel overwhelming. Always keep
in mind that there are two sides to every data structure. The abstract side is the interface that
we use to clearly and conveniently solve a problem. The implementation side is chosen for
efficiency of operation. It is usually possible to wrap an implementation within an interface
in such a manner that we obtain the best of both worlds. In the end, almost any choice of
data structure will be a compromise in one way or another, so the best strategy is to choose
the abstract structure that best fits the problem, and then to determine whether the same or
another structure provides the most effective implementation.

The stack is a structure in which we insert and delete elements at one end. It is useful
when we need to recall information in the order that is the reverse of how it was inserted.
We thus say that a stack is a “last in, first out” (LIFO) structure. The queue is another linear
structure, but in this case elements are added at one end (the back) and removed from the
other end (the front). Therefore, a queue is a “first in, first out” (FIFO) structure. Queues are
often used in simulations of real-world waiting lines. A priority queue inserts information
according to a given ordering, keeping the data sorted and returning it in order.

Linear structures that have links running in both directions are said to be bidirectional.
We can traverse a bidirectional list from back to front as easily as we can go from front to
back. A second form of bidirectional structure is the double-ended queue, or deque. With
it, we can insert or remove elements at either end.

A binary tree is a branching data structure that has a root node with left and right sub-
trees. Each of the subtrees has a pair of links to its own subtrees, and so on. Nodes that have
two NULL links are called leaves. A node with non-NULL links is said to be a parent, and the
nodes directly below it are called its children. By arranging the values in a binary tree so that

‘ ‘ 71560_CH17_DaleWeems.indd 933 @ 4/16/09 8:02:07 AM



71560_CH17_DaleWeems.indd 934

® C ||

934 CHAPTER 17 Introduction to Data Structures Using the Standard Template Library

every left child’s value is less than its parent’s value, and every right child’s value is greater
than its parent’s value, we create a binary search tree. Finding a value in a binary search tree
containing N values takes log,(N) steps. An in-order traversal of the tree will visit all of the
elements in order; a binary tree may also be traversed in pre-order or post-order. Additional
links enable us to build arbitrarily complex networks of nodes, called graphs.

Hashing is a technique that computes an index for storing and retrieving values in a
structure in roughly constant time. The keys to effective hashing are developing a good hash
function and having enough extra space in the structure to minimize collisions. A chained
hash table uses an array of linked lists, where a collision results in a node being added to
the list associated with the array element where the collision occurred.

Binary search trees and hash tables are often used to implement associative lookup, in
which an arbitrarily complex key value may be used like an index to access associated data.
The set is a structure that stores unique values associatively, enabling us to determine whether
a given value is present in the set. A map extends the idea of a set by pairing another value
with the key so that we can retrieve it once the key has been located.

The C++ Standard Template Library provides templatized classes and functions that
represent many common data structures. Once you understand the principles behind the
STL, working with data structures becomes much easier. However, it is important to be
aware of the underlying properties of the STL classes so that you can choose the ones that
are most appropriate for a given problem.

Quick Check

1. Why would you choose one data structure in the problem-solving phase and then imple-
ment it with a different structure? (pp. 870-872)

What are the two basic operations on a stack? (pp. 873-875)
Is a queue a LIFO structure or a FIFO structure? (p. 875)
Why do we call a map an associative structure? (p. 917)

In what order does post-order traversal visit the nodes of a binary tree? (pp. 910-
911)

What is a collision in a hash table? (pp. 912-913)

. How would you declare an STL queue called nums, with a float specialization? (pp.
8§92-893)

8. Which 11st operation returns an iterator that points just beyond the last element? (pp.
888-890)

9. Which STL algorithm would you use to search a deque for a value? (pp. 902, 904)

10. The STL stack and queue containers both have pop operations. How do they differ?
(pp. 890-892)

11. How would you insert the number 42 into a map called matches, at a location with the
key value “answer"? (pp. 917-918)

o~ LN
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Answers

1. In problem solving, we want a structure that naturally fits the problem. In implementation, efficiency is also a
concern. 2. push and pop 3. FIFO. 4. Because it associates key—value pairs and allows us to look up values using
their associated keys. 5. Left subtree, right subtree, root. 6. The condition in which the hash function maps two
values to the same place in the structure. 7. queue<float> nums; 8.end() 9.find 10. The stack pop removes
the element at the back; the queue pop removes the element at the front. 11. matches["answer"] = 42;
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B Exam Preparation Exercises

1.

Given the following operations on a stack:

push(5), push(), push(@3), pop(), push(2), push(l), pop(), pop(

a. How many elements are on the stack?
b. What is the value at the top of the stack?
Given the following operations on a queue:

push(5), push(4), push(@3), pop(, push(2), push(l), pop(), pop(Q

a. How many elements are in the queue?
b. What is the value at the front of the queue?
Given the following operations on a priority queue:

push (1), push(7), push(3), push(2), push(5), pop(), push(10), pop(

a. How many elements are in the priority queue?

b. What is the value at the front of the priority queue?

c. What was the last value popped from the priority queue?
d. Where would the value 4 be inserted in the priority queue?
Given the following operations on a deque:

push_back(5), push_back(4), push_front(3), push_front(2), pop_back(,
push_back (1), pop_front(), pop_front()

How many elements are in the deque?

What is the value at the front of the deque?

What is the value at the back of the deque?

Write the current contents of the deque, indicating front and back.

Write an algorithm to perform in-order traversal of a binary tree.

Werite an algorithm to perform pre-order traversal of a binary tree.

Write an algorithm to perform post-order traversal of a binary tree.

What is the relationship of the values in the parent node and its two children in a
binary search tree?

If a binary search tree contains 63 nodes, what is the maximum time required to
search for a matching value among its nodes?

How many leaves are there in a binary search tree with 7 nodes?

What problem can result from resolving a collision in a hash table by incrementing
the index and using the next location in the table?

What do we mean by the “chain” in a chained hash table?

Is an iterator the same as a pointer? Explain.

What happens to an iterator after a deletion from a container?

Which operator do you use to advance an iterator?

Which operator causes an iterator to move backward?

In which direction does a reverse_iterator move when it is incremented?
Which aspect of vector does deque implement?

Which aspect of 1ist does deque implement?

POoT e e T
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What happens to a deque when the clear operation is called?

. What happens to a deque when the erase operation is called?

What are the five operations provided by stack?

. What are the six operations provided by queue?

What is the difference between the size and capacity of a vector?

. How does the vector at operator differ from the [] operator?

When would you use the reserve operation with a vector?
For map and set, what is returned by the upper_bound operation?

. Which primary capability does a map add to those of the set?

Name three set-theoretic operations from the STL algorithms library.

. You want a data structure that keeps track of whether shareholders are present at

a corporate meeting. Would you choose a map or a set? Explain.

Programming Warm-Up Exercises

1. Given the following vector initialization:

int fill[] = {1,2,3,4,5,6,7,8,9,10};
vector<int> ex1(fill, fill+sizeof(fill)/sizeof(int)));

What is output by each of the following code segments?

a.
b.

C.

d.

cout << exl.size() << " " << exl.front() << " " << exl.backQ;
cout << ex1[3] << " " << ex1[5] << " " << ex1[9];
exl.erase(exl.begin()+4);

cout << ex1[3] << " " << exl[4] << " " << exl[5];

vector<int>::iterator i;

exl.erase(exl.rbegin());
for {i = exl.begin()+2; i != exl.end(); i++)
cout << *j << endl;

2. Given the following 1ist initialization:

int fill[] = {12,15,7,42,43,9,11,52,30,10};
list<int> ex2(fill, fill+sizeof(fill)/sizeof(int)));

What is output by each of the following code segments?

a.

b.

cout << ex2.size() << " " << ex2.front() << " " << ex2.back();
cout << *ex2.begin() << " " << *(--ex2.end()) << " "
<< *ex2.rbegin() << " " << *(--ex2.rend());

ex2.insert (++ex2.begin(), 99);
ex2.pop_back();
cout << *ex2.begin();
list<int>::iterator i = ex2.begin();
while (i != ex2.end())
if (*i%2 == 0)
i = ex2.erase(i);
else
i++;
for {i = ex2.begin(); i != ex2.end(); i++)
cout << *i << endl;
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e. list<int>::iterator i;
ex2.sort();
for {i = ex2.begin()+2; i != ex2.end(); i++)
cout << *i << endl;
3. Given the following deque initialization:

int fill[] = {27,16,81,42,22,75,3,49,12,3,7,2,4};
deque<int> ex3(fill, fill+sizeof (fill)/sizeof(int)));

What is output by each of the following code segments?

a. cout << ex3.size() << " " << ex3.front() << " " << ex3.back();
b. cout << *ex3.begin() << " " << *(--ex3.end()) << " "
<< *ex3.rbegin() << " " << *(--ex3.rend());
C. cout << ex3[2] << " " << ex3[6] << " " << ex3[8];
d. exl.erase(exl.begin()+4);
cout << ex3[3] << " " << ex3[4] << " " << ex3[5];

e. ex2.insert(++ex3.begin(), 99);
ex3.pop_back();
cout << *ex3.begin();
f. list<int>::iterator i = ex3.begin();
while (i != ex3.end())
if (*i%2 == 1)
i = ex3.erase(i);
else
i++;
‘@% for {i = ex3.begin(); i != ex3.end(); i++)
cout << *i << endl;
4. Given the following 1ist initialization:

int fill[l = {1,2,3,4,5};
list<int> ex4(fill, fill+sizeof(fill)/sizeof(int)));

What is wrong with the following statement?
cout << *ex4.rend() << endl;

5. Given the following stack operations:

stack<char> ex5;
ex5.push('r'); ex5.push('a'); ex5.push('h'); ex5.push('c');
while (tex5.empty )

{ cout << ex5.top(); ex5.pop(Q; }

What is output?
6. Given the following queue operations:
queue<string> ex6;
ex6.push("Co"); ex6.push("nt"); ex6.push("ai"); ex6.push("ner");

while (lex6.empty ()
{ cout << ex6.top(); ex6.pop(); }

What is output?
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7. Given the following priority_queue operations:

priority_queue<float> ex7;
ex7.push(1.8); ex7.push(5.2); ex7.push(3.4); ex7.push(6.7);
while (1ex7.empty Q))

{ cout << ex7.top() << " "; ex7.popQ; }

What is output?

8. a. Write the declaration for a vector of int values, initialized to the numbers 1 through
10. You will need to define an array as part of the initialization process.

b. Write the declaration for an empty deque of int values.

c. Write statements that twice copy the contents of the vector declared in part (a)
into the deque declared in part (b). The first time, the elements should be pushed in
order at the back of the deque; the second time, they should be pushed at the front
so that they are in reverse order within the deque. Afterward, the values of front
and back, as applied to the deque, should both be 10, and the size of the deque
should be 20.

d. Assuming the operations in part (c) have been performed, write statements to output
the size of the deque, its first and last elements, and the values in locations 9 and
10.

e. Assuming the operations in part (c) have been performed, write a loop that pops an
element from both ends of the deque on each iteration and outputs these values in
two columns. The loop terminates when the deque is empty.

9. a. Write the declarations for three set containers that can hold int values. Initialize
the first set to hold the odd numbers in the range 1 through 9. Initialize the second ®
set to hold the even numbers from 2 to 10.

b. Given the declarations in part (a), write statements to store their difference in the
third set, and then output the contents of the third set. Does it matter whether you
pass the first set or the second set as the first argument to the difference algorithm?
That is, would the output differ if their places were reversed in the call?

c. Given the declarations in part (a), write statements to store the intersection of the
first two sets in the third set and then output its contents.

d. Given the declarations in part (a), write statements to store the union of the first
two sets in the third set and then output its contents.

10. a. Write the declaration for a map that associates values of type long int with values
of type string. The long int will be the key (index), and the string will be its as-
sociated data. You can imagine this data structure as holding Social Security numbers
(SSNs) and names.

b. Write a simple driver that inputs ten SSNs, with corresponding names, and stores
them in the map declared in part (a). It should then allow the user to input an SSN,
after which the matching name is output. Be sure that you handle cases of SSNs that
aren’t in the map.

c. Given the use of the map in part (b), explain why it is a better choice of data structure

than an array indexed by the SSN.

Which STL algorithm would you use to search through a list?

b. Ifyouwant to convert a string to uppercase, which STL algorithm makes that task
easier?

11.

d
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c. You want to rearrange the elements of 1ist into random order. Which STL algorithm
can take care of this task for you?

d. You want to search through a deque of int values, replacing every occurrence of 21
with 18. Which STL algorithm would be a good choice?

B Programming Problems

1. You are registering people for a campus club that charges dues. New members receive
a discount, and returning members pay the full fee. You have a file that contains the ID
numbers (which are integers) of existing members, and a file containing the ID numbers
for people who have signed up for this year. Write an application that determines which
of the people who have signed up for this year are new members and which are returning
members. The application should combine the two files so that there are no duplicates
and write the result out as a new file of existing members. It should also write out three
additional files: the first contains the ID numbers of past members who did not return,
the second contains the ID numbers of returning members, and the third contains the
ID numbers of new members.

2. A local movie theater has three ticket windows and two computerized ticket kiosks.
Some transactions, such as group discounts, can only be done at the ticket windows. An
arriving customer looks at the lines, and chooses to stand in the shortest one that can
handle his or her transaction. Group sales take four minutes to process. Normal ticket
sales take two minutes at a window and three minutes at a kiosk. Internet ticket sales
pickups take one minute at a kiosk and two minutes at a window. Write a simulation

® of this process, using queues to represent the five lines. The data set should consist of
randomly arranged customer arrivals, with 5% group sales, 20% Internet ticket sales
pickups, and 75 % regular ticket sales. A data set will contain 200 customers. All of the
customers tend to arrive shortly before the start of a movie, so we are simplifying the
simulation to say that they all arrive at the same time. From this simulation, the theater
wants you to determine the maximum length of each line, the average waiting time for
each line, and the time required for each line to empty.

As a hint, think about using a 1ist to create the data set by adding 10 group, 40
Internet, and 150 regular customers and then shuffling the list. The list is then traversed,
transferring each customer to the shortest queue that can handle the customer’s transac-
tion.

3. Implement the shopping cart simulation described in Section 17.2 so that it runs for a
specified number of minutes. A counter can be used to keep track of the current minute
in the simulation. Each time the counter advances, the simulation code handles all of
the actions to be performed during that minute. You can use a stack to represent the
column of waiting carts, and a priority queue to represent the active carts.

Each Ccart object should keep track of the total time it has been active. Use the
random-number generator to determine how many minutes (1 to 60) that a cart will
be active when it is taken out, and how many customers take carts out in each minute.
Keep in mind that the priority queue pops the element with the greatest value, so you
will want the Cart object’s < operator to indicate that carts with a later return time
have lower values. One way to do so is to represent the time as a negative number. For
example, a simulation of 1000 minutes would start at —1 and end at —1000. When a
cart is taken out, its return time becomes the current minute minus the time it will be
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active. That way, the cart at the head of the priority queue will have the return time
that is earliest in the simulation.

At the start of every minute, check the front of the priority queue to see if the front
cart’s return time is the same as the current minute, and move it back to the stack. Be
sure to check for more than one cart being returned in a given minute. Then determine
the number of carts to be taken out during that minute and their activity times, and push
them into the priority queue. Remember to watch out for empty container situations.
At the end of the simulation, any carts that remain active should be transferred back to
the stack. Then, for each cart, output its ID number and total activity time.

An application is needed to keep track of shareholders at an annual corporate meet-
ing. The application takes as input a file containing the shareholder names. When a
shareholder arrives, his or her name is checked against the list for permission to enter
the meeting. That name is then moved to a list of those present, which management
can request to see at any time. If the person leaves the meeting, his or her name should
be moved from the present list back to the shareholder list. We’ve described these data
structures as lists, but it should be apparent that a set is also a natural way of repre-
senting the data, given that the only operations are to search the set and move names
in and out. You can also use the Name class that we developed for this book, but the
ComparedTo function should be replaced with overloaded relational operators.

In Chapter 7, Programming Problem 2 involved an application to compute a person’s
weight on a different planet. Reimplement the application using a map, so that the planet’s
name (a string) can be used to retrieve the weight multiplication factor (a float).

6. Use the Deck class developed in this chapter as part of implementing a program that

1.

allows the user to play a game of solitaire. A 1ist is a natural way to represent the col-
umns of cards, because it provides an operator called splice that lets us move ranges
of elements from one 1list to another. Here’s an example call:

column5.splice(column5.end(), column3, column3.place, column3.end());

The result of the call is that the elements of the column3 1list, starting from the one
pointed to by the iterator place and going to its end, are removed from column3 and
inserted at the end of column5. The Deck class will provide a convenient way to deal out
the initial arrangement, and the Card class can be used to create the 1ist elements.

B Case Study Follow-Up

Expand the test driver for the Deck class so that it exercises the relational operators
supported by Deck, Suits, and Values.

Implement the remaining relational operators for the Suits and Values classes.

Some card games involve shuffling multiple decks. Add a parameterized constructor to
the Deck class that lets the caller specify how many standard 52-card decks should be
in the working deck.

Add support for begin and end operations that return iterators to the ends of the deck.
Also implement overloading of the [] operator to enable access to deck elements. You
can do so by simply calling the corresponding operators in the underlying deque.
After completing Exercise 4, implement a driver that lets you issue various commands to
the deck: deal a given number of cards, reshuffle the deck, and view the current contents

of the deck.
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6. Write a simulation that empirically determines the odds of being dealt four of a kind in a
5-card hand. As input, it should take the number of hands to try. Note that if more than
10 hands are requested, the program will have to create a new deck after 50 cards have
been dealt. You may have to simulate thousands of hands to get significant results. For
each hand, check whether four cards with the same value are present, and increment a
count. At the end, divide the total number of hands by this count to get the odds. For
example, if the result is 35, you can report the odds as 1 in 35 hands.

‘ ‘ 71560_CH17_DaleWeems.indd 941 @ 4/16/09 8:02:08 AM



‘ ‘ 71560_CH17_DaleWeems.indd 942 @ 416/09 8:02:08AM‘ ‘



