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Improved coherence leads to gains in quantum annealing performance

Summary

D-Wave has fabricated a series of quantum processing units
(QPUs) possessing the same design but different materials
within the QPU. In order to demonstrate the sensitivity of
QPU performance to materials-related noise, a common set
of identical spin glass problems, similar to those studied in
a July 2018 Science article [4], has been posed to two such
QPUs. The experimental results confirm a positive corre-
lation between reduced noise and improved performance
with at least a 25x speed up in solving spin glass problems
having been observed.

Introduction

Spin glasses are considered the archetypal represen-
tation of a computationally challenging class of prob-
lems referred to as non-deterministic polynomial (NP)-
hard [1]. Such problems can be extremely challenging
to solve using existing classical digital computing tech-
nologies. There have been both theoretical [2] and ex-
perimental [3] indications that a quantum mechanical
algorithm referred to as quantum annealing (QA) may
provide a computational advantage in this case.

In [4], researchers at D-Wave studied the physics of
phase transitions within quantum spin glasses on a cu-
bic lattice. This study was important because it experi-
mentally verified that quantum mechanics plays a sig-
nificant role in D-Wave QPUs. Moreover, the presence
of those phase transitions is a prerequisite to finding
any possible computational advantage afforded by QA.

Figure 1: An illustration of one particular 8 x 8 x 8 cubic lat-
tice instance studied in [4]. Red and blue spheres represent
the two possible states of the magnetic moments. Silver bars
represent antiferromagnetic interactions that favor alternat-
ing (red-blue) ordering of the moments. Gold bars represent
randomly added ferromagnetic interactions that favor uni-
form (blue-blue or red-red) ordering. These latter interactions
serve to disorder the otherwise antiferromagnetic (alternat-
ing) ordering of the moments.

With the existence of the aforementioned phase transi-
tions established, the next critical question is how well
does such a system perform as a solver of spin glass
problems? Furthermore, do improvements in quantum
coherence translate into improvements in that perfor-
mance? Observation of a positive correlation between
coherence and performance would be an indicator that
D-Wave’s technology roadmap may provide an advan-
tage over classical computation in the long run.
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Experiments

D-Wave has maintained an ongoing effort to improve
the quality of the materials used in its QPU fabrication
process. Modifications and refinements to the process
are carefully tested at the single-device level and only
those changes that consistently result in reduced noise
are then considered qualified for use in a full-scale QPU
production process.

In order to determine whether there is a correlation be-
tween noise and performance, we have characterized
two QPUs possessing the same design but manufac-
tured using two different processes that will be referred
to as FAB1 and FAB2 herein. Note that the FAB1 pro-
cess bears the most resemblance to the process that
was used to manufacture the commercially available
DW2000Q QPUs to date. Noise was characterized by
two standard metrics: macroscopic resonant tunneling
(MRT) peak width and low frequency bias noise power
spectral density. Performance was characterized using
a set of 100 spin glass instances that were defined on a
graph given by the intersection of the working physical
qubits on each QPU and a perfect 8 x 8 x 8 cubic lattice.
Optimal annealing times were found for each instance
[5], from which a measure of solution time was calcu-
lated.

Results

Within the context of QA as implemented by D-Wave, it
has proved convenient to partition noise properties into
two broad categories in relation to coherence: Low fre-
quency noise that can be related to dephasing and high
frequency noise that can be related to energy exchange
(see [4]). The former can be characterized by measur-
ing the time-dependent drift of biases on the individ-
ual physical qubits within a QPU [6]. The latter can be
characterized by measuring time-dependent relaxation
in the limit of small quantum fluctuations. This particu-
lar measurement is referred to as macroscopic resonant
tunneling (MRT) [6].

Representative noise measurements and relevant best
fit parameters for the two QPUs under consideration
are summarized in Fig. 2 and Table 1, respectively. The
low- and high-frequency noise amplitudes were
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Figure 2: Macroscopic resonant tunneling (MRT) rate versus
qubit flux bias for one representative qubit from each of the
QPUs used in this study. The illustrations in the top left cor-
ner illustrate the physical picture of MRT wherein a qubit pre-
pared in one spin state tunnels at some rate into the opposing
state.

QPU  1/f Amp. (u®y/+/Hz) MRT width (u®y)
FAB1 6.0+£0.5 145+X
FAB2 3504 33+X

Table 1: Summary of low- and high-frequency noise metrics
for the QPUs used in this study.

roughly a factor of 2x and 5x lower, respectively, in
the FAB2 QPU relative to the FAB1 QPU.

Having quantitatively established that the FAB2 pro-
cess results in lower noise relative to the FAB1 process,
the next task was to quantify the relative problem solv-
ing performance on cubic spin glass instances. One way
to accomplish this task is to measure the probability
Pgs of observing a ground state solution to a given in-
stance as a function of the anneal time ¢, required to
complete the QA algorithm. One can then convert these
two quantities into a nominal solution time ¢; using the
intuitive expression

ta
= pe )
For example, if one only observes a ground state once
in 1000 reads (Pgs = 1/1000) at t, = 1ps, then one
needs to run the QA algorithm about 1000 times at f, =
1 us in order to observe at least one solution, hence the
solution time f; = 1000 x 1 ys= 1ms.
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Figure 3: Comparison of QPU performance on cubic spin glass instances. (Top) Ground state (solution) probability Pgs versus
QA time t, for an example instance. Solid red curve corresponds to Eq. 2. (Bottom) Calculated solution time t; versus t, for
representative easy, mean, and hard instances that were run on both the FAB1 QPU and the FAB2 QPU. The minimum value of
ts for each instance is indicated by a horizontal dashed line and point on the vertical axis. Relative reductions in the minimum
value of ts are indicated on the plot for each instance.
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An example plot of Py versus t, is shown for an
instance run on the FAB1 QPU in the top panel of
Fig. 3. The measurements indicate that Pys monotoni-
cally grows with f,. The behavior can be captured by
the phenomenological form

Pgs = Ae~ "/l tuﬁ ’ )

which is similar to generalized spin glass relaxation for-
mulae. Substituting Eq. 2 into Eq. 1 gives a functional
form that can be used to fit traces of t; versus {,.

Example data and fits of t; versus ¢, for three represen-
tative instances are shown in the bottom panel of Fig. 3.
For all but the representative hard instance run on the
FAB1 QPU, the data can be fit to Eq. 2. From these fits
and the lowest point for the aforementioned data trace,
optimal anneal times and therefore minimum solution
times can be identified. For all three instances shown,
there is a systematic and well resolved factor of 20 re-
duction in minimum ¢, in favor of the FAB2 process.

A correlation plot of the minimum ¢, for all 100 in-
stances run on both QPUs is shown in Fig. 4. For a
typical randomly selected instance, the minimum f; is
a factor of 25x lower for the experimental fabrication
process. Moreover, this trend holds true over nearly a
factor of 10 000 in solution times, with easy instances
located at low fs and hard instances located at high t;.
There is some scatter in the correlation plot that can be
bounded by factors of 5x (lower bound) and 100x (up-
per bound) on the speedup in favor of the experimental
fabrication process. These results are very encouraging
because they indicate that modest reductions in noise,
as summarized in Table 1, lead to significant reductions
in solution time.

Conclusions

The results presented herein provide strong validation
for continued efforts to reduce noise in D-Wave QPUs.
The experimental fabrication stacks examined in this
study are but an intermediate step in an ongoing effort
to improve D-Wave’s technology. We anticipate that ad-
ditional and more substantial modifications currently
being driven by detailed materials science investiga-
tions will imminently be qualified for full-scale man-
ufacturing.
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Figure 4: Comparison of QPU performance on 100 cubic spin
glass instances. On average, the FAB2 ¢, is 25 lower than the
FABI t;, and is bounded by lower and upper scale factors of
5x and 100 %, respectively.
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