Discrete Quantum Walk

A discrete quantum walk is the quantum analogue of the classical random walk and serves as a
fundamental concept in quantum computing and quantum algorithms. It has applications ranging from
quantum search algorithms to quantum image processing. The discrete quantum walk provides a way to
explore quantum superposition and entanglement through a well—-defined lattice or graph structure

Discrete Quantum Walk Definition

In a discrete quantum walk, a quantum particle moves on a discrete graph or lattice according to
certain rules. Unlike classical random walks, where the position of the particle evolves based on
probabilistic transitions, quantum walks leverage quantum superposition to explore multiple paths

simultaneously.

Quantum Walk on a Line

Consider a simple 1D lattice where a quantum particle can occupy discrete positions. The evolution of
the particle's state over time is described by a unitary operator. The core components of a discrete
quantum walk include:

1.  Quantum State Preparation: The initial quantum state is typically a superposition of all possible
positions. For instance, if there are n positions, the initial state might be
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where |x) represents the particle being at position x.

2.  Quantum Walk Operator: The evolution of the quantum state is governed by a unitary operator, UUU,
which consists of a coin operator and a shift operator. The coin operator controls the internal
state (or "coin") of the particle, while the shift operator moves the particle based on its coin
state.

For a 1D walk, the coin operator could be represented by a matrix C acting on the coin space, and the
shift operator S moves the particle depending on the coin's state. The combined operator for a single

step of the walk is U=S* (C ® [)U, where | is the identity matrix acting on the position space.
3. Implementation of Quantum Walk: On a quantum computer, the implementation involves initializing
qubits, applying a series of unitary transformations (quantum gates), and measuring the final

state to obtain the distribution of the particle's position

Quantum Walk Algorithms

a) Discrete-Time Quantum Walk: This approach involves a coin space and a position space. The coin
operator GCC and the shift operator SSS are applied in a sequence. The quantum walk evolves by
repeatedly applying these operators to the quantum state

Coin Operator G : Defines the transition probabilities between different states
Shift Operator S: Updates the position based on the coin state.
The quantum walk is described by: | new state) = S*(C® 1) | current state)

b) Continuous—Time Quantum Walk: Instead of discrete steps, the particle evolves continuously over



time. The evolution is governed by a Hamiltonian, which is typically related to the graph's
adjacency matrix. The evolution operator is given by:
U(l‘)=eA—th

where H is the Hamiltonian matrix representing the walk's dynamics

Applications

Quantum Search Algorithms: Quantum walks can be used in algorithms for searching unsorted databases
more efficiently than classical algorithms. For example, Grover's search algorithm benefits from the
properties of quantum walks

Quantum Image Processing: Quantum walks can be applied to image processing tasks. By encoding pixel
values into quantum states and using quantum walks, one can achieve quantum—enhanced image
manipulation and analysis

Quantum Simulation: Quantum walks provide a framework for simulating quantum systems and studying
their behavior. This can be applied to problems in quantum chemistry and material science.

Implementation with Qiskit

In Qiskit, a discrete quantum walk can be implemented by defining a quantum circuit, initializing
qubits, and applying a series of quantum gates to perform the walk. For example, the implementation
involves:

1. State Initialization: Encode the initial state of the quantum walk using rotation gates based on
the problem's parameters (e.g., pixel values in the case of image processing).

2. Applying Quantum Gates: Use unitary gates such as Ry for state preparation and controlled gates
|ike CZ for implementing interactions between qubits

3. Measurement: Measure the final state of the qubits to obtain the result of the quantum walk
Conclusion

Discrete quantum walks represent a rich field of study with significant implications for quantum
computing. By leveraging the principles of quantum superposition and entanglement, quantum walks
provide powerful tools for a range of applications from search algorithms to image processing. The
ability to implement and simulate discrete quantum walks using quantum circuits highlights the
potential for practical quantum computing applications
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