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Abstract
Existing and near-term quantum computers may not be large
enough to support fault-tolerance. Such systems with few
tens to few hundreds of qubits are termed as Noisy Intermedi-
ate Scale Quantum computers (NISQ), and these systems can
provide benefits for a class of quantum algorithms. In this
paper, we study the problem of Qubit-Allocation (mapping
of program qubits to machine qubits) and Qubit-Movement
(routing qubits from one location to another for entangle-
ment) for NISQ machines.
We observe that there can be variation in the error rates

of different qubits and links, which can impact the deci-
sions for qubit movement and qubit allocation. We analyze
publicly available characterization data for the IBM-Q20 to
quantify the variation and show that there is indeed signifi-
cant variability in the error rates of the qubits and the links
connecting them. We show that the device variability has
a significant impact on the overall system reliability. To ex-
ploit the variability in error rate, we propose Variation-Aware
Qubit Movement (VQM) and Variation-Aware Qubit Allocation
(VQA), policies that optimize the movement and allocation of
qubits to avoid the weaker qubits and links, and guide more
operations towards the stronger qubits and links. Our evalua-
tions, with a simulation-based model of IBM-Q20, show that
Variation-Aware policies can improve the system reliability
by up to 1.7x. We also evaluate our policies on the IBM-Q5
machine and demonstrate that our proposal significantly
improves the reliability of real systems (up to 1.9X).

CCS Concepts • Hardware→ Quantum technologies.

Keywords Compilers, Quantum Computers, Noisy Inter-
mediate Quantum Computers

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear
this notice and the full citation on the first page. Copyrights for components
of this work owned by others than ACMmust be honored. Abstracting with
credit is permitted. To copy otherwise, or republish, to post on servers or to
redistribute to lists, requires prior specific permission and/or a fee. Request
permissions from permissions@acm.org.
ASPLOS ’19, April 13–17, 2019, Providence, RI, USA
© 2019 Association for Computing Machinery.
ACM ISBN 978-1-4503-6240-5/19/04. . . $15.00
https://doi.org/10.1145/3297858.3304007

ACM Reference Format:
Swamit S. Tannu and Moinuddin K. Qureshi. 2019. "Not All Qubits
Are Created Equal: A Case for Variability-Aware Policies for NISQ-
Era Quantum Computers" . In 2019 Architectural Support for Pro-
gramming Languages and Operating Systems (ASPLOS ’19), April
13–17, 2019, Providence, RI, USA.ACM, New York, NY, USA, 13 pages.
https://doi.org/10.1145/3297858.3304007

1 Introduction
Quantum computers can accelerate conventionally hard prob-
lems such as prime-factorization, and simulation of materials
and molecules [10, 27]. Quantum algorithms use quantum
bits (qubits) to exploit the properties of superposition and
entanglement and rely on quantum operations to change
the state of the qubits. In the last two decades, the field
of quantum computing has moved from theoretical ideas
to realizable systems (albeit at a small scale). The last two
years represent significant milestones in the field of quan-
tum computing, as Google IBM, and Intel have announced
blueprints for quantum computers with 72, 50 and 49 qubits
respectively [11, 15, 16]. Theses prototype quantum comput-
ers provide an opportunity to understand the challenges in
building a practical quantum computer and use these insights
to improve the design of future quantum computers.

Qubits are fickle as the qubit devices can lose state due to
decoherence or operational errors. Qubits can be protected
against errors using Quantum error correction codes (QEC).
Unfortunately, QEC requires significant overheads, typically
incurring 10-100 physical qubits to encode one fault-tolerant
qubit. Existing and near-term quantum computers with tens
to hundreds of qubits may not have the capacity to utilize
QEC due to the limited number of qubits. Such quantum com-
puters with 10 to 1000 noisy qubits are termed as Noisy Inter-
mediate Scale Quantum computers (NISQ) [25]. Even though
NISQ machines lack fault-tolerance, they can still provide
benefits for a class of quantum applications [22]. In this paper,
we study policies for Qubit-Movement (routing a data-qubit
from one location to another) and Qubit-Allocation (mapping
of program qubits to the physical qubits) for NISQ machines.
Quantum computer harness its power from the ability

to create an entangled collective state. An entangled state
is generated by coupling a pair of qubits using two-qubit
operation. A quantum machine can entangle only the qubits
that have a link between them. Existing quantum computers
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Figure 1. (a) A hypothetical quantum computer with �ve-qubits � the number on the edge denotes the success probability
when that edge is used (b) Variation-Aware Qubit Mapping (VQM) can use more SWAP instructions and yet have higher
probability of success (c) Variation-Aware Qubit Allocation (VQA) select the mapping that improves overall system reliability.

from IBM, Google, and Intel are designed using networks
that o�er limited connectivity, only to a few of the neigh-
boring qubits, and this connectivity dictates the qubits that
can be entangled. For example, Figure 1(a) shows a hypo-
thetical quantum computer with �ve qubits where circular
nodes represent the qubits and edges represent the coupling
links between qubits. A pair of qubits can only be entangled
if there exists a coupling link between them. Fortunately,
quantum computers provide aSWAPinstruction that can
exchange the state of two neighboring qubits. For example,
we want to entangle data qubitQ1 and data qubitQ3 which
are initially residing at physical qubit-A, and physical qubit-
C respectively. We can perform this operation in two steps:
�rst swap the data between qubit-A and qubit-B such that
Q1 andQ2 interchanges positions. Next, entangle qubit data
Q1 andQ3. In quantum programs, a large number of SWAP
instructions are inserted to move data so that entanglement
between arbitrary qubits can be performed.

The Qubit-Movementpolicy deals with the problem of
selecting a route to move the state of one qubit to another.
For example, in Figure 1(a), we may choose the route A-B-
C for going from A to C, as doing so would minimize the
number of SWAP operations. TheQubit-Allocationpolicy
deals with the problem of mapping of program qubits to the
physical qubits. For example, in Figure 1(a), if we want to
map three program qubits to �ve physical qubits, we would
choose any of 3 connected qubits (for example,Q1 maps to
A, Q2 maps to B, andQ3 maps to C), as placing qubits nearby
results in e�cient movement. Prior studies [26, 28, 34] have
proposed qubit allocation policies based on minimizing the
number of SWAPs. These studies assume uniformity in the
cost of performing SWAPs. However, in reality, we expect
variation in the behavior of di�erent qubits and links, and
optimizing for a uniform behavior may not result in the best
policy when device variation is taken into account.

To demonstrate that there is variation in the error-rates of
di�erent qubits and links, we analyze thepublicly-available
characterization data for the IBM-Q20 (20 qubits) machine.
Such a characterization is performed for the IBM-Q20 several

times a day, and we analyze the data for 52 days. We present
the statistics of coherence time for all the 20 qubits, the error
rate in performing single-qubit operations, and the error-rate
in performing two-qubit operations across di�erent qubits.
For all these metrics we observe signi�cant variation in the
behavior of di�erent qubits and links � in essence, qubits
and links are not created equal. For example, our detailed
analysis for the links connecting di�erent qubits show that
the error rates can vary by as much as 7x across di�erent
links in the system. Such variation can have a signi�cant
impact on the overall system reliability (Section 3).

To analyze the impact of variation on the overall system
reliability, we use theProbability of Successful Trial (PST)
metric. The PST metric indicates the probability that the pro-
gram �nished successfully without any error. As IBM-Q20
is not open to the public, we build a reliability evaluation
infrastructure to compute the PST for the IBM-Q20 machine
using the machine con�guration and error rates based on the
characterization data. Our evaluations show that the device
variation has a signi�cant impact on the system reliability.
To improve system reliability, we should steer more instruc-
tions and movement to strong qubits and links, and fewer
instructions and movement on weaker qubits and links. We
propose suchVariation-Awarepolicies to exploit the varia-
tion in the behavior of qubits and links, assuming error-rates
are known at compile time (Section 4).

We proposeVariation-Aware Qubit Movement (VQM)pol-
icy that routes the qubit from source to destination based
on minimizing the probability of failure. For example, in
Figure 1, the success probability of each link is denoted as
a weight of the edge. Let us assume, we want to entangle
data qubitQ1 and data qubitQ3. A conventional variation-
unaware policy will use a path that minimizes the number
of SWAP instructions, taking the path A-B-C, resulting in
an overall probability of success of 42% for these operations.
With VQM, we would take the route A-E-D-C, even though
this route has more SWAP instructions, since it has an over-
all probability of success of 56.7%, as shown in Figure 1(b).
VQM shows a signi�cant improvement in PST (Section 5).
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