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1 Bioinformatics

(a) A long DNA sequence is used as a training set for parameter estimation of the
DNA statistical model. The observed counts of sixteen dinucleotides NXY are
as follows: 

T C A G
T 306 228 126 114
C 144 102 216 138
A 222 120 132 126
G 114 102 132 132


Calculate:

(i) the transition probabilities PTT and PAG of the first-order Markov model
of the DNA sequence; [3 marks]

(ii) the transition probabilities PTT and PAG of the first-order Markov model
of the DNA sequence complementary to the given sequence. [3 marks]

(b) Build the tree from the following distance matrix between species A,B,C,D
using the UPGMA (Unweighted Pair Group Method using arithmetic
Averages) method. [7 marks]

A B C D
A 0.26 0.34 0.29
B 0.42 0.44
C 0.44
D

(c) Describe how you would build a hidden Markov model (HMM) to predict
protein secondary structure. [7 marks]
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2 Computer Design

(a) What do RISC and CISC stand for and what are the differences in practice?
[6 marks]

(b) Some instruction sets use a register file and others use an operand stack for
intermediate storage. How does the code density compare between these two
approaches? [4 marks]

(c) Early computers used just an accumulator rather than a register file or stack.
How does the code density compare between accumulator and stack machines?

[4 marks]

(d) Compact RISC instruction sets typically use a fixed 16-bit instruction size. If
three operands are to be specified, each of n bits, then (16 − 3 × n) bits are
left for the opcode. If n = 3 then we cannot access enough registers and if
n = 4 we do not have enough opcode bits. In practice we usually need 5 bits
for the opcode leaving 11 bits to specify three registers. Using 11 bits to store
three operands, how many registers can be specified and how might these three
operands be decoded? [6 marks]

3 Complexity Theory

(a) Give definitions for the complexity classes SPACE(f) (for any function f); L
and NL. [6 marks]

(b) Consider the following decision problem:

Reachability: Given a graph G = (V,E) and two distinguished vertices
s, t ∈ V , does G contain a path from s to t?

(i) Explain why Reachability is in the complexity class NL. [7 marks]

(ii) Show that if Reachability were in the class L, we would have L = NL.
[7 marks]
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4 Quantum Computing

(a) The no-cloning theorem is a statement that is often said to show that a
quantum state |φ〉 cannot be exactly duplicated.

(i) Give a mathematically precise statement of the no-cloning theorem.
[2 marks]

(ii) Give a proof of the no-cloning theorem. [4 marks]

(b) The quantum teleportation protocol is a means by which one party, Alice, can
send a quantum state to another party, Bob, by transmitting just two classical
bits, provided that the two already share an entangled 2-qubit state.

Explain how the quantum teleportation protocol works, sketching any circuit
that may be used. [6 marks]

(c) The Deutsch–Jozsa problem assumes that we are given a function
f : {0, 1} → {0, 1} in the form of a quantum black box performing a unitary
operation Uf : |ab〉 7→ |a(b⊕ f(a))〉.

Sketch a circuit with only one use of Uf that determines whether f is constant
or balanced. Explain carefully what measurement is performed and why it
gives the desired result. [8 marks]

5 Computer Graphics and Image Processing

(a) Assume that you have an algorithm that can fill 3D triangles with a constant
colour. Explain what additional information and additions to the algorithm
are required to Gouraud shade the triangles. [6 marks]

(b) Given the algorithm in (a), explain what additional information and additions
to the algorithm are required to texture map the triangles using bilinear
interpolation, including an explanation of how the bilinear interpolation is
done. [6 marks]

(c) Explain the advantages and disadvantages of using nearest-neighbour
interpolation compared with bilinear interpolation. [3 marks]

(d) Explain why a MIPmap would be useful for texture mapping and how one
could be incorporated into the algorithm from (b). [5 marks]
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6 Compiler Construction

(a) Languages like Lisp, Prolog and Python are said to be dynamically typed.
Explain this concept and its implications for the size of a run-time storage cell
needed to hold a value which may be an integer or floating-point value.

[4 marks]

(b) Consider the following object-oriented program in Java style:

class A { int a,b; };

class B extends A { int c,d1,d2,d3,d4,d5,d6,d7,d8,d9; };

...

static void f(A x) { x.a = 1; }

static void g(B x) { x.c = 2; }

static void h() { A p = new A(); f(p); g(p); }

static void k() { B p = new B(); f(p); g(p); }

static void main() { h(); k(); }

(i) Explain the run-time structure of values of type A and B. Indicate a
constraint on the layout of these structures needed to support inheritance.

[3 marks]

(ii) Indicate why the above program would not compile in Java and insert a
single cast to make it compile. Why are two casts not required?

[2 marks]

(iii) What happens when your Java program in part (ii) is executed?
[2 marks]

(iv) Make an analogy to part (a) to argue why a Java value of type A requires
more storage than that required for two integers. [2 marks]

(v) C++ traditionally allows values of type A to occupy just the space required
by two integers. Comment on the implications for safety if this were
allowed in Java. [2 marks]

(c) Explain where storage for new comes from. Some languages have a primitive
dispose which de-allocates space allocated by new, but Java does not. Explain
the implications of this for Java implementation, particularly how a program
can perform new A() every millisecond but never run out of memory. Suppose
that, while executing such a program, a new B() is executed. Explain, giving
reasons, whether this is guaranteed to succeed in a situation where exactly half
the memory available for new is in use. [5 marks]
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7 Concepts in Programming Languages

(a) Explain what is understood by static and dynamic scope in the context of
programming languages.

Write a program fragment in pseudocode such that its execution under static
scoping and under dynamic scoping yields different outcomes. Justify your
answer.

[7 marks]

(b) The type system of the programming language Pascal has a rich set of data-
structuring concepts, including variant records.

Recall that variant records have a part common to all records of the type
and a variable part (discriminated via an optional tag field) specific to some
subset of records. For instance, consider the variant-record type UBtree of
unary/binary branching trees below:

type kind = (unary,binary) ;

type UBtree = record

value: integer ;

case k: kind of

unary: ^ UBtree ;

binary: record

left: ^ UBtree ;

right: ^ UBtree

end

end ;

Explain how variant records introduced weaknesses into the Pascal type
system.

Give an encoding of the UBtree type as a datatype in SML, and explain why
the aforementioned weaknesses do not arise in SML.

[7 marks]

(c) Explain how function types are encoded in the programming language Scala,
exemplifying your answer.

[6 marks]
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8 Databases

(a) Define the notion of a safe query in the relational calculus. [2 marks]

(b) Suppose that we have schemas R(A, B) and S(B, C), and that the number
of tuples in R is r and the number of tuples in S is s. Suppose that both R
and S are not empty, and that neither contains duplicates.

For each of the following relational algebra queries, state in terms of r and s
the minimum possible and maximum possible number of tuples in the result.

(i) σp(R× S) [2 marks]

(ii) πA, C(R× S) [2 marks]

(iii) πB(R)− (πB(R)− πB(S)) [2 marks]

(iv) R
◦
./L S (left outerjoin) [2 marks]

(v) R
◦
./ S (full outerjoin) [2 marks]

(c) Again, suppose that we have schemas R(A, B) and S(B, C). Make no
assumptions about functional dependencies. Let b be some value from domain
B. Consider the following relational algebra queries.

1. πA,C(R ./ σB=b(S))

2. πA(σB=b(R))× πC(σB=b(S))

3. πA,C(πA(R)× σB=b(S))

Two of these queries always return the same result, while one may not. Which
one is different? Give a simple database instance in which this query returns
a different result.

[8 marks]
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9 Mathematics for Computation Theory

(a) Prove Arden’s Rule for events, that X = A*B is the least solution of the
inequality X > B +AX. [5 marks]

(b) Let M =

(
A B
C D

)
be a partitioning of an (n × n) event matrix. You may

assume that, with the same partitioning, the matrix

M* =

(
(A+BD*C)* A*B(D + CA*B)*

D*C(A+BD*C)* (D + CA*B)*

)

The deterministic finite automaton M has a 3-symbol alphabet {a, b, c}, and a
single accepting state α, the initial state. The transition diagram is as follows:

α

β γ

a

a

a

b

b

b

c
c

c

Show that the event accepted by M can be denoted by the regular expression{
a+ (c+ bc*a)(b+ ac*a)*c+ (b+ cb*a)(c+ ab*a)*b

}
*

[12 marks]

Explain, with reference to M , what is happening in the term
(c+ bc*a)(b+ ac*a)*c in the brackets above. [3 marks]
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10 Computation Theory

(a) Explain what is meant by each of the following statements:

(i) “c is a code for the total recursive function f : N→ N.” [2 marks]

(ii) “F is a recursively enumerable set each of whose elements is a total
recursive function f : N→ N.” [3 marks]

(b) In each of the following cases state with reasons whether the set is recursively
enumerable:

(i) the set A of all total recursive functions a : N→ N such that a(n+ 1) >
a(n) for all n ∈ N [6 marks]

(ii) the set D of all total recursive functions d : N→ N such that d(n+ 1) 6
d(n) for all n ∈ N [9 marks]

11 Software Engineering and Design

An online music retailer has decided to create a new service product. Customers
will be able to pay for electronic “gift tokens” (of any value). They receive a short
identification code that they can send to a friend by email. When the friend receives
this code, they can visit the company website and use it to purchase MP3 tracks
up to the specified value. Any remainder stays in an account that the recipient can
use later.

Demonstrate your understanding of the Unified Modeling Language (UML) and
associated design process, by sketching four different types of diagram that could
be used in the design of the above service. For each diagram, explain what purpose
this type of diagram would have within the design process. [5 marks each]
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12 Digital Communication I

(a) For each of these examples of addressing, state whether it is flat or hierarchical
and why:

(i) postal;

(ii) telephone;

(iii) Ethernet (MAC) address;

(iv) Internet (IP) address. [4 marks]

(b) Compare class-based and classless addresses as used in the Internet. [4 marks]

(c) Why were classless addresses introduced? [1 mark]

(d) Consider a router of IP packets.

(i) What information must be held in a routing-table when classless addresses
are used? [3 marks]

(ii) Describe Longest-Prefix Match, providing an example of its use.
[3 marks]

(iii) Describe the process of routing-table lookup that leads to the default-
route being used and comment on the circumstance in which an IP router
does not have a default-route. [3 marks]

(e) Considering your answers to part (d), describe two challenges for router-
vendors following the introduction of classless addressing. [2 marks]

END OF PAPER
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