CS62 Class 10: Selection & Insertion sort
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Announcement: checkpoint retakes

* You may submit checkpoint retakes to get up to 50% of your points lost back.
* | will only give points back for each question if all conditions are true:

* 1. You write an explanation of why you got the answer wrong originally (ideally
explain your misconception, but could be as simple as “ran out of time”)

* 2. You write the correct new answer
* 3. You write an explanation of why the new answer is correct

* Please upload a PDF to Checkpoint 1 Retake assignment on Gradescope by this
Friday 2/27 11:59pm.

* Many ways to do this: 1) print out old test from Gradescope, mark up correct
answers in red pen, and re-scan. 2) Write retake answers on a new sheet of
paper and scan (or write digitally and upload PDF)

* Unsure? Slack us!



Agenda

* From last time: comparators
* More rules of sorting
* Selection sort

* |Insertion sort



Comparators



Example - Employee

public class Employee A

private int 1id;
private String name;
private int salary;

public Employee(int id, String name, int salary) {
this.1id = 1id;

this.name = name,

this.salary = salary;

}

Two Comparator<k>s - different syntax, but both do comparisons

public static Comparator<Employee> nameComparator = new Comparator<Employee>() A
public int compare(Employee el, Employee e2) {
return el.name.compareTo(e2.name);
I3

b

public static Comparator<Employee> salaryComparator() A
return (Employee el, Employee e2) —> Integer.compare(el.salary, e2.salary);
}



Sorting with Collections with Comparator

* If we instead choose to use a Comparator, instead of Comparable, interface, we
can use

* Collections.sort(list, someComparator)

* e.g., Collections.sort(employees, Employees.nameComparator)
where employees is an ArrayList of Employee objects

* e.g.,, Collections.sort(employees, Employees.salaryComparator())

* If the elements in list can’t be compared with Comparator, or do not
implement the Comparable, throws a ClassCastException.



public class Employee implements Comparable<Employee> {

private int 1id;

Full Employee Class

private int salary;

public Employee(int id, String name, int salary) {
this.id = 1id;

this.name = name;

this.salary = salary;

}

public int compareTo(Employee e) {
if (this.id < e.id) {
return -1;
} else if (this.id > e.id) {
return 1;
} else
return 0,
// return Integer.valueOf(this.id).compareTo(Integer.valueOf(e.id));
// return Integer.compare(this.id, e.id);

}

public static Comparator<Employee> nameComparator = new Comparator<Employee>() {
public int compare(Employee el, Employee e2) {
return el.name.compareTo(e2.name);
I3

};
public static Comparator<Employee> salaryComparator() {

return (Employee el, Employee e2) —> Integer.compare(el.salary, e2.salary);
}

public String toString() {
return "Name: " + name + " ID: " + id + " Salary: " + salary;
¥



In class warm up

public static void main(String[] args) {

new Employee(5, "Yash", 100000);
Employee e2 = new Employee(8, "Tharun'", 25000);
Employee e3 = new Employee(4, "Yush', 10000);
List<Employee> list = new ArraylList<Employee>();
list.add(el);

list.add(e2);

1ist.add(e3);

System.out.println(list); What does main() print?

Employee el

Collections.sort(list);
System.out.println(list);

Collections.sort(list, Employee.nameComparator);
System.out.println(list);

Collections.sort(list, Employee.salaryComparator());
System.out.println(list);



public static void main(String[] args) A

new Employee(5, "Yash", 100000);
Employee e2 = new Employee(8, "Tharun", 25000);
Employee e3 = new Employee(4, "Yush", 10000);
List<Employee> list = new ArrayList<Employee>();
list.add(el);

list.add(eZ);

list.add(e3);

Employee el

Unsorted list (order they were added)
System.out.println(list);

// [Name: Yash ID: 5 Salary: 100000, Name: Tharun ID: 8 Salary: 25000, Name: Yush ID: 4 Salary: 10000]

Collections.sort(list); Sorted by ID number (Yush, Yash, Tharun)
System.out.println(list);

// [Name: Yush ID: 4 Salary: 10000, Name: Yash ID: 5 Salary: 100000, Name: Tharun ID: 8 Salary: 25000]

Collections.sort(list, Employee.nameComparator); :
System.out.println(list): Sorted by alphabetical name (Tharun, Yash, Yush)

//[Name: Tharun ID: 8 Salary: 25000, Name: Yash ID: 5 Salary: 100000, Name: Yush ID: 4 Salary: 10000]

Collections.sort(list, Employee.salaryComparator()); Sorted by lowest->highest salary (Yush, Tharun, Yash)
System.out.println(list);
// [Name: Yush ID: 4 Salary: 10000, Name: Tharun ID: 8 Salary: 25000, Name: Yash ID: 5 Salary: 100000]



Summary

interface purpose key methods used for
Iterable<E> for-each loops iterator() JCF defaults
Iterator<k> manual iteration hasNext(), next() custom looping
Comparable<E> natural ordering compareTo(E) default sorting
Comparator<kg> custom ordering compare(E,E) external rules sorting

* Iterable<E> vs Iterator<E> - [terable<E> is automatically called in a for each loop. Iterator<E> is a class
that specifies hasNext() and next() methods. The iterator() method of an Iterable<E> must return an

object of a class that implements Iterator<kt>.

- Comparable<E> vs Comparator<k> - Comparable<E> defines the “natural ordering” of how
comparisons should go. Just like how Iterator<kE> defined the control for looping, Comparator<k>

defines the custom control for comparisons.






How many different algorithms for sorting can there be?

* Short answer: a ton!

* Adaptive
heapsort

® Bitonic sorter
* Block sort

®* Bubble sort
®* Bucket sort

® (Cascade
mergesort

® (Cocktail sort

Comb sort
Flashsort
Gnome sort
Heapsort
Insertion sort
Library sort
Mergesort

Odd-even sort

Pancake sort
Quicksort
Radixsort
Selection sort
Shell sort
Spaghetti sort

Treesort



Two useful sorting abstractions

» We will refer to data only through and

. . Is v less than w?
v.compareTo(w) < 0;

. Exchanges will result to swapping an element in an array a at index i with

one at index j.

E temp = a[1];
al1]=al]];
alj]=temp;



Rules of the game - Cost model

. we count and . If a sorting algorithm
does not use exchanges, we count

* There are other types of sorting algorithms where they are not based on
comparisons (e.g., radixsort, which processes numbers digit by digit into buckets).

We will not see these in CS62, but stay tuned for C5140.



Rules of the game - Memory usage

+ Extra memory is often as important as running time. Sorting algorithms are
divided into two categories:

. . use constant O(1) or logarithmic O(logn) extra memory, beyond the
memory needed to store the elements to be sorted.

: . use linear O(n) extra memory.

» Also called space complexity



Rules of the game - Stability

» Stable: sorting algorithms that sort repeated elements in the same order that
they appear in the input.

>~

< D

< D

M~ €

Not stable
5 2

vY ¢
v

v

v

Stable
7 5 2 5
Ad A vy ¥ v Vv X
o & v
v 9V A AN A A v 9V
L G j/ G
2 5 5 7
@ vY ¥ ADd & ADd &
v A o &
A A AA v 9V v 9V
l G G L

<N

'k 4

>~
< D
< D

M~ €

https://en.wikipedia.org/wiki/Sorting algorithm#/media/File:Sorting_stability playing cards.svg



https://en.wikipedia.org/wiki/Sorting_algorithm#/media/File:Sorting_stability_playing_cards.svg

Selection Sort




Selection sort: basic algorithm

3 | 44 38 | 5 | 47 1 36 | 26

» Divide the array in two parts: a on the left and an
the right.

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

44

38

47

36

26

* Repeat:

» Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

38

47

36

26

* Repeat:

* Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

26

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

1 38| 5 47 | 3 | 36

26

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.



Selection sort

26

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

SAENE

47

44

36

26

* Repeat:

 Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

| 5 | 47

44

36

26

* Repeat:

» Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

THE 5 [ a7 4] 36

26

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

s

47

44

36

26

* Repeat:

» Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

| 47 | 44 | 36

26

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

s

47

44

36

38

* Repeat:

* Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

38

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

“

36

38

* Repeat:

» Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

38

* Repeat:
 Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

s s s w

47

38

* Repeat:

 Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

[44]] 47

38

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

EEERERE

47

44

* Repeat:

 Find the smallest element in the unsorted subarray.

» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

EEEREREIEI I

44

* Repeat:
 Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

[47

44

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

» Move subarray boundaries one element to the right.




Selection sort

RIEIEEIEIE IR

47

* Repeat:
* Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

EEEREREIEI RN

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.




Selection sort

BEEREREIEI LI

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.



Selection sort

* Repeat:
» Find the smallest element in the unsorted subarray.
» Exchange it with the leftmost unsorted element.

* Move subarray boundaries one element to the right.
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2.1 SELECTION SORT DEMO

Algorithms
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https://algs4.cs.princeton.edu/lectures/demo/21DemoSelectionSort.mov


https://algs4.cs.princeton.edu/lectures/demo/21DemoSelectionSort.mov

Worksheet time!

* Using selection sort, sort the array with elements [12,10,16,11,9,7].

* Visualize your work for every iteration of the algorithm (draw a new row for each
time an element is swapped).



Worksheet answers

Selection Sort

e
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6th

https://subscription.packtpub.com/book/application_development/9781785888731/13/ch13lvl1sec89/selection-sort


https://subscription.packtpub.com/book/application_development/9781785888731/13/ch13lvl1sec89/selection-sort

Worksheet time!

* Fill in the blanks to implement selectionSort:

public class SelectionSort {
public static <E extends Comparable<E>> void selectionSort(E[] a) {

int n = ;
for (int 1 = 0; i < n; i++) {
int min = ;
for (int j = ; ; ) {
if (aljl.compareTo(alminl) __ 0) {
min = p
s
s

// do the swap
Let's talk about this signature: it's a static generic method.

<E extends Comparable<E>> - type parameter.

\ ! the type of E should implement Comparable
(so .compareTo does not throw a compiler error)




Worksheet answers

public static <E extends Comparable<E>> voild selectionSort(E[] a) {
int n a.length;
for (int 1 = 0; 1 < n; 1++) {
int min = 1;
for (int j = 1+1; jJ < n; J++) {
1f (a[j].compareTo(a[min])<0){
min = 7Jj;

i — At iteration i

i — Find the index min of the |
I smallest

}
}
E temp = a[1];
a[i]=a[min];
a[min]=temp;

}

+ Invariants: At the end of each iteration i:
* the array a is sorted in ascending order for the first i+1 elements
* No entry in is smaller than any entry in



Run time & memory usage & stability

public static <E extends Comparable<E>> void selectionSort(E[] a) {
int n = a.length;
for (int 1 = 0; 1 < n; 1++) {
int min = 1i;
for (int j = i+1l; j < n; j++) {
1if (a[j].compareTo(a[min])<0){

min = j;
}
}
E temp = a[i];
a[i]=a[min]; Think of it “programmatically”: 2 for loops that go to n and increase by a constant #
a[min]=temp;
) Think of it “mathematically”: each number is how many times the inner loop runs,
) and each + is for adding them up because of the outer for loop

» Comparisons (calls to compareTo): 1 +2 + ... + (n —2) + (n — 1)=n(n — 1)/2, that is O(n?).
« Exchanges: n or O(n), making it useful when exchanges are expensive.

* Running time is quadratic, even if input is sorted.

* In-place, requires almost no additional memory.

« Not stable, think of the array [5_a, 3, 5_b, 1] which will end up as [1, 3, 5_b, 5_al.



Insertion Sort



Insertion sort

38

SO | 47 1

36

26

+ Keep a

* Repeat:

on the left and an

» Examine the next element in the unsorted subarray.

on the right.

» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

3 |44 | 38 | 5 | 47 | 1 36 | 26

4

» Examine the next element in the unsorted subarray.

* Repeat:

* Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

44 | 38 ' 5 |47 | 1 | 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

-44 38 5 |47 | 1 | 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

-44 38| 5 |47 | 1 | 36 | 26

» Examine the next element in the unsorted subarray.

* Repeat:

» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

38 | S5 | 47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

-38 5 |47 | 1 | 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.

» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

-38 5 |47 | 1 | 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
+ Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

47 | 1 36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

b ENENET

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

b EEEET

» Examine the next element in the unsorted subarray.

* Repeat:

» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

36 | 26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
* Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

» Examine the next element in the unsorted subarray.

* Repeat:

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.

* Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.

* Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

26

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort
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* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.

* Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.

 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.

* Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
» Find the location it belongs within the sorted subarray and insert it there.

» Move subarray boundaries one element to the right.



Insertion sort

* Repeat:
» Examine the next element in the unsorted subarray.
 Find the location it belongs within the sorted subarray and insert it there.

* Move subarray boundaries one element to the right.
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2.1 INSERTION SORT DEMO

Algorithms
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http://algs4.cs.princeton.edu

https.//algs4.cs.princeton.edu/lectures/demo/21DemolnsertionSort.mov


https://algs4.cs.princeton.edu/lectures/demo/21DemoInsertionSort.mov

Worksheet time!

* Using insertion sort, sort the array with elements [12,10,16,11,9,7].

* Visualize your work for every iteration of the algorithm (draw a new row for each
time an element is inserted).



Worksheet answers
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https://subscription.packtpub.com/book/application_development/9781785888731/13/ch13lvl1sec90/insertion-sort?query=insertion%20sort



https://subscription.packtpub.com/book/application_development/9781785888731/13/ch13lvl1sec89/selection-sort
https://subscription.packtpub.com/book/application_development/9781785888731/13/ch13lvl1sec90/insertion-sort?query=insertion%20sort

Worksheet time!

* Fill in the blanks to implement insertionSort.

public class InsertionSort {
public static <E extends Comparable<E>> void insertionSort(E[] a) {
int n = ;

for (int i = @: i < n; i++)
for (int j = ; ; ) |

if (al__].compareTo(al 1) <0) {
// do the swap

} else {
break:



Worksheet answers

public static <E extends Comparable<E>> void i1nsertionSort(E[] a) {
int n = a.length;
for (int 1 = 0; 1 < n; 1++) {
for (int jJ = 1i; 3 > 0; j—--) {
1f(a[j].compareTo(a[]J-1]1)<0){
E temp = a[j];

a[jl=al]J-11;
al[j-1]=temp;

}

else/{
break:;

}

}

» Invariants: At the end of each iteration 1:

» the array a is sorted in ascending order for the first 1+1 elements



Insertion sort: mathematical analysis for worst-case

public static <E extends Comparable<E>> void insertionSort(E[] a) {
int n = a.length;
for (int 1 = 0; 1 < n; 1++) {
for (int jJ = 1i; j > 0; J--) {
if(a[j].compareTo(a[]J-1])<0){

E temp = a[]j];
a[jl=al[Jj-1];
a[Jj-1]=temp;

}

else/{
break;

}

0+1424+...+(n=2)+ (n— D=n(n - 1)/2, that is On?.
0+ 142+...+(m=2)+ (n—1=n(n—-1)/2, that is On>).
» Worst-case running time is

, requires almost no additional memory.



Insertion sort: average and bhest case

public static <E extends Comparable<E>> void insertionSort(E[] a) {
int n = a.length;
for (int 1 = 0; 1 < n; 1++) {
for (int 3 = i; 3 > 0; j-=-) {
if(a[j].compareTo(a[]J-1]1)<0){

E temp = a[]j];
aljl=al]j-11;
a[j-1l]=temp;

}

else({
break;

}

}

» Best case: n— 1 comparisons (go to break statement) and 0 exchanges for an already sorted array.

+ Average case: quadratic for both comparisons and exchanges ~n?/4 when sorting a randomly ordered array.

https://www.toptal.com/developers/sorting-algorithms/insertion-sort

https://stackoverflow.com/questions/17055341/why-is-insertion-sort-%CE%98n2-in-the-average-case



https://www.toptal.com/developers/sorting-algorithms/insertion-sort
https://stackoverflow.com/questions/17055341/why-is-insertion-sort-%CE%98n2-in-the-average-case

Lecture 10 wrap-up

» HW4: Calculator due today 11:59pm.

* No quiz in lab, but lab programming activity on JUnit tests: a way to unit test
your code in Java.

» Checkpoint 1 regrades are due by Friday 11:59pm. Please upload on
Gradescope.

Resources

* Online textbook website - elementary sorts:

* 8(!) practice problems behind this slide

* Insertion and selection sort are all over the internet since every CS student learns
them: Google around for more resources!


https://algs4.cs.princeton.edu/21elementary/
https://algs4.cs.princeton.edu/21elementary/
https://algs4.cs.princeton.edu/21elementary/
https://algs4.cs.princeton.edu/21elementary/

Practice Problem 1 - Recommmended textbook 2.1.1

»  Show all the steps of how selection sort would sort [E, A, S, Y, Q, U, E, S, T, I, O, N]in the style of
the following trace which visualizes the array contents just after each exchange.

al] L
i min 1 2 3 4 5 6 7 8 910 0 ecamined to find
O RTEXAMP L E the minimum
0 6 O RTEXAMPL E -
1 4 0O R TE X S MP L E T
2 10 R T O X S M P L E-
3 9 T 0O X S M P L R
4 7 0O X S M P T R
5 7 X S 0O P T R
6 8 S X P T R
7 10 X S T R
8 : > T X entries 1n gray are
9 9 I X in final position
10 10 X
A EELMOTPR RTST X

Trace of selection sort (array contents just after each exchange)



Practice Problem 2 - Recommended textbook 21.2

What is the maximum number of exchanges involving any particular element
during selection sort? What is the average number of exchanges involving one
specific element x?



Practice Problem 3 - Recommended textbook 21.3

» Give an example of an array of n elements that maximizes the number of times the
testa[j].compareTo(a[min])<0 succeeds (and, therefore, min gets updated)
during the operation of selection sort.



Practice Problem 4 - Recommmended textbook 2.1.4

Show all the steps of how insertion sort would sort [E, A, S, Y, Q, U, E, S,
T, I, O, N]in the style of the following trace which visualizes the array

contents just after each insertion.

W e N O Wb W

p—
-

N N BN C b O WO

A

A

A~ O

E

-~ N

E

~

M

—

—

al]
5
X

Cc C U A n H X

e 7 8 9 10
A M P L E entries in gray

d ot vy
t‘s' oll‘ ?-('.L

eniry In rea

isaly]

eniries in black
moved one position

.. - ’ - _. ‘ -
right for insertion

W U A WV —H X
X ™ - X
i un - X
—- - X

X
X

Trace of insertion sort (array contents just after each insertion)



Practice Problem 5

* For insertion sort, describe an array of n elements where the if statement in the
inner loop is always false and the loop terminates. Now describe an array of n
elements where the if statement is always satisfied.



Practice Problem 6 - Recommended textbook 2.1.6

* Which method runs faster for an array with all keys identical (like [1, 1, 1, 1]),
selection sort or insertion sort?



Practice Problem 7 - Recommended textbook 2.1.7

* Which method runs faster for an array in reverse order (e.g. [5, 4, 3, 2, 1)),
selection sort or insertion sort?



Practice Problem 8 - Recommmended textbook 2.1.8

* Suppose that we use insertion sort on a randomly ordered array where items
have only one of three values. Is the running time linear, quadratic, or something
in between?



ANSWER 1

«  Show all the steps of how selection sort would sort [E, A, S, Y, Q, U, E, S, T, I, O, N] in the style of the following
trace which visualizes the array contents just after each exchange.

—

I min O 1 2 3 4 5 6 7 8 9 1011

EAS Y QUEJ ST I ON
0O 1 EASYQUEJ ST I ON
1 1 ESYQUEJ ST I ON
2 b S YQUEST I ON
3 9 Y QU S S T I ON
4 11 QU S S T Y ON
5 10 US S T Y OAQ
6 11 S S T Y UAQ
/7 S T Y U S
8 11 T Y U S
9 11 Y U 1T
10 10 Uy
11 11 Y

A EE I NOQSSTUY



ANSWER 2

»  What is the maximum number of exchanges involving any particular element during
selection sort? What is the average number of exchanges involving one specific
element x?

*  The maximum number of exchanges is n. See the example below:
al |

I min O 1 2 3 4 5 6 7 8 9 1011

Z ABCDEFGHI I ) K
0 1 ZABCDEFGHII J K
1 2 Z B CDEFOGH I ) K
2 3 Z CDEFGH I ) K
3 4 Z DEFGHI ) K
4 5 Z EFGH I J K
5 6 Z F GCGH I J K
6 7 Z G H I ) K
/ 8 Z H | J K
8 9 Z | J K
9 10 Z )] K
10 11 L K
11 11 Z

A BCDEFGHII J K Z

»  The average number of exchanges for a specific element is exactly 2, because there
are exactly n exchanges and n items (and each exchange involves two items).



ANSWER 3

» Give an example of an array of n elements that maximizes the number of times the
testa[j].compareTo(a[min])<0 succeeds (and, therefore, min gets updated)
during the operation of selection sort.

» Any array in reverse order would do, for example, [6, 5, 4, 3, 2, 1].



ANSWER 4

Show all the steps of how insertion sort would sort [E, A, S, Y, Q, U, E, S,
T, 1, O, N]in the style of the following trace which visualizes the array

contents just after each insertion. al ]

6 7 8 9 1011

3 4 5
Y QU E S T I ON

O 00 NN OO & W IN = O
n C =<

—
-
H bS5 W OO B N BN WIN O O

—
—
WV N VN - C <

©C O 0O w

O O v n - C =<
wv un -4 C <

- - C <

cC C =<

< =<



ANSWER 5

* For insertion sort, describe an array of n elements where the if statement in the
inner loop is always false and the loop terminates. Now describe an array of n
elements where the if statement is always satisfied.

* if statement always false when the array is already sorted, e.g., [1, 2, 3, 4], and
also it all the elements are the same, e.g. [1, 1, 1, 1]

* if statement always true when the array is in reverse order, e.g., [4, 3, 2, 1].



ANSWER 6

* Which method runs faster for an array with all keys identical, selection sort or
iInsertion sort?

* Insertion sort is faster because it will only make one comparison per element (i.e.,
s linear) and will not need to exchange any elements. Instead, selection sort will
still run in quadratic time.



ANSWER 7

* Which method runs faster for an array in reverse order, selection sort or insertion
sort?

* Selection sort. Big O says both are quadratic, but selection sort needs only »
exchanges, while insertion sort n?/2 exchanges



ANSWER 8

* Suppose that we use insertion sort on a randomly ordered array where items
have only one of three values. Is the running time linear, quadratic, or something
in between?

* Quadratic. Insertion sort's running time is linear when the array is already sorted
or all elements are equal. With three possible values the running time is
guadratic.



