Dynamic Arrays
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How can we implement ADTVector?

« AVector can be seen as an abstract resizable “array”

* So it makes sense to implement it using a real array

- store Vector's elements in the array

- vector_get_at, vector_set_at are trivial

e Butwhat about vector_1insert_last?

- Arrays in C have fixed size

Dynamic arrays Dynamic arrays
* Main idea: resize the array * Main idea: resize the array
- such arrays are called “dynamic” or “growable” - such arrays are called “dynamic” or “growable”
* Problem: we need to copy the previous values * Problem: we need to copy the previous values
« A possible algorithm for vector_1insert_last « A possible algorithm for vector_1insert_last
- Allocate memory for size+1 elements - Allocate memory for size+1 elements
- Copy the size previous elements - Copy the size previous elements
- Setthe new element as last - Setthe new element as last
- Increase size - Increase size
« What is the complexity of this? « What is the complexity of this?
- O(n), because of the copy!
- Can we do better?
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Improving the complexity of insert

* Idea: allocate more memory than we need!
- eg. allocate memory for 100 “empty” elements
> capacity: total allocated memory
o size: number of inserted elements

- Insertis O(1) if we have free space (just copy the new value)
 Does this change the complexity?

- in the worst-case?

- inthe average-case?
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* No, for some values of n the operation is still slow!

- For any values, “average-case” makes no differece

Amortized-time complexity

* We see here the value of amortized-time complexity
- Asingle execution can be slow
- But "most” are fast

- In many application we only care about the average wrt all executions

e Assume we reserve 100 more elements each time

- How many steps each insert takes on average?

Amortized-time complexity

* We see here the value of amortized-time complexity
- Asingle execution can be slow
- But "most” are fast

- In many application we only care about the average wrt all executions

e Assume we reserve 100 more elements each time

- How many steps each insert takes on average?

* Intuitively: 155 So still O(n), same complexity!
- Same for any constant number of empty elements k
- Remember, complexity cares about large n! Thinkn > k

- Can we do better?




How to improve the complexity

Idea: the number of empty elements must depend on n

- Use more empty elements as the Vector grows!

Standard approach: reserve a - n extra elements

- forsome constant a > 1, called the growth Factor
Common values

-a=2

-a=1.5
In this class we will use a = 2

- we always double the capacity

A property to remember

* Consider the geometric progression with ratio 2
1,21,22,...,2"
* Summing n terms, we get the next one minus 1
1+2t 4224 ... 42" =21 1

* So each termis larger than all the previous together!

- Thisisimportant since sereral quantities double in data structures

From linear to constant time

We always double the capacity
- What is the amortized-time complexity of insert?

We do ninsertions starting from an empty Vector

- Assume the last one was “slow” (the most “unlucky” case)

How many steps did we peform in total?
- mstepsjust for placing each element
- msteps for the last resize
- How many for all the prevous resizes together?

L 41=n—1

So less than 3n in total!

.3n
- Onaverage: 7 = O(1)

- Key point: previous inserts are insignificant compared to the last one




Removing elements

What about vector_remove_last?

 Simplest strategy: just consider the removed space as “empty”
- vector_remove_last is clearly worst-case O(1)

- Insertis not affected (we never reduce the amount of free space)

« Commonly used in practice

- eg.std::vectorin C++

* Problem: wasted space

Recovering wasted space

* Idea: if half of the array becomes empty, resize
- the opposite of the doubling growing strategy
- Is this ok?

o]
Recovering wasted space Recovering wasted space
* Idea: if half of the array becomes empty, resize * Better strategy
- the opposite of the doubling growing strategy - when only i of the array is full
- i ?
Is this ok? - resizeto % of the capacity!
» Careful - So we still have “room” to both insert and remove
- thisis ok if we only remove
5 binati Y ‘ . ohtb ow! * We can show that even a combination of insert+remove is O(1)
- but a combination of remove+insert might become slow! amortized-time
 Think of the following scenario
- Insert m elements with n = 2%
- The vectoris now full
- Perform a series of: insert, remove, insert, remove, ...




Implementation

Types

// Eva VectorNode egivai pointer o€ autdé 10 Struct.

struct vector_node {
Pointer value; // H Tiun tou KouBou.

Y
// Eva Vector eivai pointer g€ autd TO Struct

struct vector {
VectorNode array; // Ta degdougva, mivakag amo struct ve
int size; // Mdoa otolxela €XouUE TPOOBETEL
int capacity; // 600 XWpo EXOUUE OEOUEVTEL
DestroyFunc destroy_value; // Xuvdptnon mou KATAOTPEPEL EVA OTOl
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Implementation

Vector vector_create(int size, DestroyFunc destroy_value) {
// APX1KA TO vector TMEPLEXEL Size UN-OPXLKOMOLNUEVA OTOLXELA, QA
// OEOUEVOUUE XWPO yla TOUAdxioTov VECTOR_MIN_CAPACITY yia va amo
// MoAAamAd resizes
int capacity = size < VECTOR_MIN_CAPACITY ? VECTOR_MIN_CAPACITY :

// Agouguon pviung, yia to Struct kai 1o array.
Vector vec = malloc(sizeof(*vec));
VectorNode array = calloc(capacity, sizeof(*array)); // apxikomo

vec->size = size;

vec->capacity = capacity;
vec->array = array;
vec->destroy_value = destroy_value;

return vec;

Implementation

Random access is simple, since we have a real array.

Pointer vector_get_at(Vector vec, int pos) {
return vec->array[pos].value;

}

void vector_set_at(Vector vec, int pos, Pointer value) {
// Av umdpxel ouvvdptnon destroy value, TNV KaAOUUE yla
// TO OTolXelo mou avtikabioTatat
if (value != vec->array[pos].value && vec->destroy_value != NULL)
vec->destroy_value(vec->array[pos].value);

vec->array[pos].value = value;

Implementation

Insert, we just need to deal with resizes.

void vector_insert_last(Vector vec, Pointer value) {
// MeyaAwvoupe tov mivaka (av XPELAOTEL), WOTE va XWPAEL TOUAdX1O
// otoixetia. AimAaoiddovpue Kdbe @opd TO capacity (OnuUAVTiKO yia T
// moAumAokdtnta!)
if (vec->capacity == vec->size) {
vec->capacity *= 2;
vec->array = realloc(vec->array, vec->capacity * sizeof(*new_

}

// MeyaA®VoupE TOV MIVAKA KAl TPOOOETOUUE TO OTOLXELO
vec->array[vec->size].value = value;
vec->size++;




Takeaways

* Dynamic arrays are the standard way to implement ADTVector

* Insertis O(1)
- but amortized-time!

- would you use a dynamic array in the software controlling an Airbus?

* Removeisalso O(1)

- also amortized, if we care about recovering wasted space

* Random access (get/set) is always worst-case O(1)




