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We build quantum computers because…
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Motivation

Physical (raw) qubits - not well behaved

● faulty - affected by environmental noise and 
manufacturing inconsistencies

● solitary (not many) on a device
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Error-corrected qubits - controlling the risks 

● not faulty - or controlled failure rates
● difficult to achieve due to lack of hardware qubits, 

not scalable classical software etc.

JB Mauney, noted for picking the rankest bull when given the choice 



Speed-Ups - Quantum computers are faster …

Exponential - LOG(N)

● finding the prime factors of an integer – Shor’s 
algorithm

○ given a composite number N 
○ find a non-trivial divisor of N 

● solving a set of linear equations – HHL
○ a N × N Hermitian matrix A
○ a unit vector b
○ find the solution vector  A x = b
○ maintains its logarithmic scaling in N only for 

sparse or low rank matrices

Quadratic - SQRT(N)

● unstructured search that finds with high 
probability the unique input to a black box 
function – Grover’s algorithm

○ cryptanalysis AES
○ combinatorial optimisation
○ travelling salesman
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Quantum Machine Learning
Quantum Machine Learning - QML

● Using quantum computers like neural networks
● Explore the interplay of ideas from quantum computing 

and machine learning

Differentiable programming

● Paradigm where the algorithms are not hand-coded, 
but learned

● Implemented in software libraries such as TensorFlow 
and PyTorch

A quantum gradient

● the vector of partial derivatives of a quantum function
● can be computed by quantum computers
● gradient-based optimization is widely used in QML

With materials from https://pennylane.ai/qml/ 6



Barren plateaus - gradients vanish without additional 
mitigating steps Gradient descent without some additional strategy cannot circumvent 

following exponential challenges on a quantum device in polynomial 
time

Comparison with classical deep neural network gradients

● the different scaling of the vanishing gradient
● the complexity of computing expected values.

Gradient vanishes exponentially:

● classical deep neural network -> in the number of layers
● quantum circuit -> in the number of qubits

Number of paths:

● In the classical case, exponential in the number of layers
● In the quantum case, exponential in the number of gates

Estimation cost

● classical neural network -> limited by machine precision. 
Even if the gradient is small, as long as it is consistent 
enough between batches, the method may eventually 
succeed.

● On a quantum device, estimation is a random walk with 
exponentially small probability of exiting the barren plateau

Maria Kieferova https://youtu.be/YDiT40If-3U
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Quantum RAM - QRAM - exponential number of memory 
cells (physical qubits)
The bucket brigade architecture is a form of 
QRAM that uses qubits to store classical 
information. It consists of 3 main parts:

1. Addressing qubits: These qubits hold the 
address for the memory cell we wish to 
read/write

2. Routing nodes: These are nodes made up 
of qubits that find the memory cell based 
upon the states of the addressing qubits

3. Memory cells: These are made up of 
qubits that store classical information 
that we wish to read or write to

https://quantumcomputinguk.org/tutorials/implementing-qram-in-qiskit-with-code
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Very Large Scale



Classical Computers and RAM
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Operating Systems for quantum computers
● “A set of interrelated components working 

together toward some common objective”
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1960’s – IBM System/360

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9153285 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9153285


von Neumann Architectures

● A processing unit with both an arithmetic logic 
unit and processor registers

● A control unit that includes an instruction 
register and a program counter

● Memory that stores data and instructions
● External mass storage
● Input and output mechanisms
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Oppenheimer

von Neumann



Processor Registers
● User-visible registers

○ available to all user programs or applications
○ data registers and address registers 

● Control and status registers 
○ control the operation of the processor
○ usually visible only to the operating system 

● Program Counter (PC): the address of the 
next instruction to execute 

● Instruction register (IR): the mostly recently 
fetched instruction 

Intel 8080A https://newbedev.com/where-are-registers-and-what-do-they-look-like
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Memory hierarchy

● Typically there are several levels
○ Data path itself (latches, etc., not visible to programmer)
○ Registers (visible to the programmer/compiler)
○ Cache (not visible to the programmer/compiler, but OS 

handles)
■ L1 (often zero-wait, usually per core)

● Often separate for code and data
■ L2 (shared)
■ L3 (can be found off-chip)

○ Main memory (usually DRAM)
○ Disk memory

● Differences in sizes and speeds are significant
● Note that the same data can reside in several places
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QRAM
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Original idea
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Circuit implementation

https://quantumcomputinguk.org/tutorials/implementing-qram-in-qiskit-with-code
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Circuit implementation
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Fault-Tolerance

The read-only aspect of QROM makes it distinctly different from QRAM in 
that one can read from QROM but cannot write to it during the course of a 
computation

QROM
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Using parallelised Toffoli gates
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Using parallelised Toffoli gates
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Using Fredkin gates
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… and more fault-tolerance

The parameters of interest:
● are the error probability per gate, denoted by ϵ, 
● the overall fidelity of the addressing circuit (i.e. the probability of a right-path), denoted by prp, 
● and the number of levels in the qRAM addressing binary tree denoted by n 
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