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Revision lecture

• Exam format
• Some topics: time and space complexity, big-O, 

hash tables
• Some multiple choice questions from the last two 

exams 
• Summary of data structures and which one to 

choose when.

Exam Format

• Should attempt four out of six questions (only 
the first four will be marked! Cross out the 
answers you don’t want to be marked).

• Question 1 is a compulsory question (multiple 
choice, covers the whole course).

• The other three out of five are up to you.  

Multiple choice

• Multiple choice is straightforward `select one 
correct option’. 

• If you select the right option, you get marks, if 
not, you get 0 marks for that part (no negative 
marks!).

Complexity

• Time complexity of an algorithm: how the 
running time depends on the size of the input to 
the algorithm. 

• Space complexity: how much extra memory the 
algorithm requires, depending on the input size. 
Memory required to store the input is not 
counted.

How to describe time/space usage of 
an algorithm

• Suppose we have an algorithm and some way of 
specifying the size of input to the algorithm (as a 
non-negative integer number).

• We could just run the algorithm for input sizes 
1,2,3,…, and measure how much time it takes 
and how much memory it requires, then plot the 
values and extrapolate the functions. 

How to describe time/space usage of 
an algorithm

• Problems with this approach:
• machine dependent - timing and memory usage are 

measured on a particular machine, with particular 
operating system etc.

• requires extrapolation - could be wrong. It may look 
like it is growing quadratically, but turn out to really 
grow exponentially.
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Time/space usage functions

• Instead, we analyse the algorithm and produce 
abstract time and space usage functions.

• Time usage function: for each input size n, how 
many basic operations the algorithm performs 
(we are usually interested in the worst case).

• Space usage function: for each input size n, how 
many extra memory units the algorithm uses. 

Example: time usage function

int algorithm(int n) {
// time cost of basic steps:

int k = 0;   // assignment c1
while (n > 1) {// comparison c5

n = n/2; //division and assignment c1+c2
k++;    // addition and assignment c1+c3

}
return k;   // return c4

} 
t(n) = c1 + log2 n (c1+c2+c1+c3 + c5) + c5 + c4

number of times n can be divided by 2 before getting 1

Example: space usage function

int algorithm(int n) {
// extra memory:

int k = 0;   // space for an int, say c
while (n > 1) {

n = n/2; 
k++;    

}
return k;   

} 
s(n) = c (does not depend on n)

Example: another space usage 
function

int[] duplicates(int[] arr) {
// extra memory:

int[] arr1 = new int[2*arr.length];   
// 2*n*c, where n is the size 

of arr and c the memory required to store an 
int
for (int i = 0; i < arr1.length; i++) {

//i is another new variable, requires c bits
arr1[i] = arr[i/2];
arr1[i+1] = arr[i/2]; 

}
return arr1;   

} s(n) = 2nc + c 

Big O

• Big O notation is used to classify time/space 
growth functions into more general classes: e.g. 
constant, logarithmic, linear, quadratic growth

• Big O describes an upper bound on the growth 
rate of a function

• Intuitively, f(n) ∈O(g(n)) means that f grows no 
faster than g

• Or, that the graph of f can be bounded from 
above by a graph of k*g(n), for some constant k, 
for all values of n except possibly some initial 
ones. 

Big-O Notation 

" Given functions f(n) and g(n), 
we say that f(n) is O(g(n)) if 
there are positive constants
c and n0 such that
f(n) ≤ cg(n)  for n ≥ n0

" Example: 2n + 10 is O(n)
� 2n + 10 ≤ cn
� (c − 2) n ≥ 10
� n ≥ 10/(c − 2)
� Pick c = 3 and n0 = 10
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Big-Oh Example

• Example: the function n2 is 
not O(n)

� n2 ≤ cn
� n ≤ c
� The above inequality cannot 

be satisfied since c must be a 
constant 
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Example from multiple choice 
question 2002

What is the tightest upper bound on the growth rate of running time 
for the following algorithm:

int algorithm(int n) {

int k = 0;   
while (n > 1) {

n = n/2; 
k++;    

}
return k;

}

(i) O(1) (ii) O(log n) YES (iii) O(n) (iv) O(n log n) (v) O(n2)

Examples from multiple choice 
questions 2002, 2003

We know that its running time is described by:
t(n) = c1 + log2 n (c1+c2+c1+c3 +c5) + c5 + c4
It is clear that t(n) is in O(log n): for all n > 2,
t(n) ≤ (c1 + c1 + c2 + c1 + c3 +c5+ c5+c4) * log2 n

Other examples

• f(n) = 10 n + log 2 n
• what is the tightest upper bound on time of
int power(int n, int k) {

int result = n;
for (int i = 1; i < k; i++) {

result = result * n;
}

}

Choices: (i) O(n), (ii) O(k) YES, (iii) O(nk), (iv) O(n*k), (v) O(1)

And finally

• An algorithm has O(f(n)) growth rate. If the 
input size increases 10 times, what will be the 
likely increase in the time?
• if f(n) is n (linear growth)?
• if f(n) is n2 (quadratic growth)?
• if f(n) is log2 n (logarithmic growth)?

And finally

• An algorithm has O(f(n)) growth rate. If the 
input size increases 100 times, what will be the 
likely increase in the time?
• if f(n) is n (linear growth)? - also 100 times
• if f(n) is n2 (quadratic growth)? - 10,000 times
• if f(n) is log2 n (logarithmic growth)? 6-7 times
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Loop invariants

• Loop invariant is an assertion which is true before the loop is 
executed for the first time, and after every execution of the loop.

• Which of the following is the invariant of:
int sum = 0;
for(int i = 0; i < arr.length; i++) {

sum+=array[i];
}
(i)sum = 0
(ii) sum = Σ j<i arr[j] YES
(iii)sum = Σ j≤i arr[j] 
(iv)sum = Σ j≤i+1 arr[j]
(v) sum = Σ j<arr.length arr[j]

Hash tables

• A data structure which stores pairs (key,value).
• For example, (module code, module description)
• Idea: given the key, it should be very fast to 

insert the pair in the table, or find the value 
associated with it. 

• So, the table is an array of (key, value) pairs. 
Each key is converted to an array index using a 
hash function.

Hash function

• Suppose we want a hash function for module 
codes: G5[1,2,3,A,B,C][A-Z][A-Z][A-Z], for 
example G5BADS.

• We only need to look at the last four values in 
the module code (G5 prefix is the same for all of 
them).

• The number of all possible keys is 6*26*26*26 
(6 choices for the level, 26 choices for each of 
the three letters). In principle, we can keep them 
in an array of size 105456. Each module code 
can be given a unique hash code.

Hash function

• For simplicity, replace 1,2,3 with D,E,F. Then we need to hash 
strings [A-F][A-Z][A-Z][A-Z].

• Let A be 0, B 1,…,Z 25. Each string 
C1 C2 C3 C4 

• is a number on base 26:
C1*263 + C2*262 + C3*261 + C4*260

• For example, AAAA is 0:
0* 263 + 0*262 + 0*261 + 0*260

• FZZZ is  105455:
5* 263 + 25*262 + 25*261 + 25*260 = 87880 +16900+650+25 = 

105455

Hash function

• However, in practical terms, this is a wasteful 
table, because some 50 or so modules will be 
kept in an array of size of more than 100,000.

• If we want the load factor (ratio of items to size) 
to be something like 50%, we need an array of 
size 100 (better a prime number, e.g. 101).

• To make our original hash codes to fit into the 
array, we can divide them modulo 101.

• Store records which get hashed to the same slot 
in a list (binary search tree is an overkill here).

Summary of data structures in the 
course

• Arrays 
• Vectors (resizable arrays)
• Linked lists
• Stacks and queues
• Trees (search trees and also heaps)
• Hash tables
• Graphs
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General purpose data structures 

• Unordered array 
• Ordered array
• Linked list
• Ordered linked list
• Binary search trees
• Balanced binary search trees 
• Hash tables

Time complexity of insertion

• Unordered array:                                   O(1)
• Ordered array:                                       O(N)
• Linked list:                                            O(1)
• Ordered linked list:                               O(N)
• Binary search trees:           O(N) worst case,       
• O(log N) on average.
• Balanced binary search trees:         O(log N) 
• Hash tables:                                     O(1)

Which one to choose (from Lafore’s
textbook)

start small
amount 
of data?

amount 
of data

predictable?

linked list
yes no

search, 
insertion 
very fast?

no

hash
table

yes search 
fast?

yes
ordered 

array
yes

no
no

unordered 
array

key order
random?

binary
search

tree

yes
balanced binary

search tree

no

Choosing a data structure

• Decision diagrams such as this should be taken 
with a pinch of salt.

• Given a problem, there are sensible and less 
sensible choices  of a data structure, both from 
the ease of programming point of view and from 
efficiency point of view.

• Just like choosing a right tool for the job, some 
of it is obvious and some of it is down to 
experience or even to personal preference


