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Topic description

Qubit routing by swap insertion is a subroutine in the process of compiling quantum algorithms onto specific
hardware. Quantum algorithms are usually formulated in the circuit model of quantum computation. Such
a circuit consists of wires representing qubits as well as gates representing operations applied to pairs of
qubits. In the circuit model, gates may be applied on any pair of qubits. However, this is not the case
in currently available quantum processors. Here, two-qubit gates can only be applied on specific pairs
of qubits defined by the hardware connectivity graph. Now the task is to find a mapping of qubits in the
quantum circuit to qubits in the hardware graph such that for each two-qubit gate the corresponding circuit
qubits are located at neighboring hardware qubits. The example in Figs. 1a and 1b shows that this is not
always possible directly.

(a)

0

2

1

3

(b) (c)

Figure 1: Example for a quantum circuit (a) consisting of four logical qubits (horizontal wires) as well
as two-qubit gates (filled bullets with vertical lines). Although drawn here indistinguishable, two-qubit
gates are different in general and the order matters. The circuit in (a) is not compatible with the hardware
connectivity graph shown in (b). The routed circuit in (c) is equivalent to the quantum circuit in (a) and
fulfills the hardware connectivity restrictions from (b). The initial mapping is shown on the left. Swap
gates (crosses with vertical lines) change the mapping.

In such a case, it is necessary to insert additional swap gates into the algorithm. They effectively swap
the positions of two circuit qubits in the hardware graph. The result is a circuit meeting the connectivity
restrictions which is equivalent to the original one when taking into account the permutation resulting
from initial mapping and swap gates. A simple example for this procedure is shown in Figure 1c. When
solving the routing by swap insertion problem, a natural objective is to minimize the number of swap gates
added.

Qubit routing is an NP-hard problem and exact approaches based on integer programming or satisfiability
suffer from intractable runtimes [1, 2]. However, heuristics leave large room for improvement [3].

In general, the order of the two-qubit gates in the circuit matters. Some relevant applications, however,
have blocks of commuting gates, i.e., sequences of gates in which the order is not relevant. Then, the
order of gates is an additional degree of freedom which can be optimized in order to further reduce swap
overhead. This has been exploited by several heuristic approaches [4, 5, 6].

The goal of this thesis is to develop, analyze, implement and evaluate an exact integer programming
model for qubit routing with commuting gates.

Preknowledge in quantum computation is not required, however basic familiarity with discrete optimization
is necessary.

This thesis will be supervised jointly by the the Department of Data Science (Frauke Liers) and the
Fraunhofer IIS.
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