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quantum computing theory overview
quantum hardware/simulators, software

applications: entanglement, chemistry,
grover, optimization, graphs, neural
networks

quantum supremacy, future



schrodinger: EW = HW¥
wavefunctions: state (W) + conjugate (W7)
<bralket>: <W| H|W>

linear operators: H==A ¢ (W « * == [I])



* Quantum Physics 130 (ucsd)

« Quantum Mechanics in Simple Matrix Form /

Linear Operators for Quantum Mechanics
(Jordan)

* Differential Forms with Applications to the
Physical Sciences (Flanders) / Linear and
Geometric Algebra / Vector and Geometric
Calculus (Macdonald)



« scott aaronson: arXiv:1607.05256
(chapter 1+2)

 np complete problems
e sat solvers vs oracles

* linear vs exponential complexity



rigetti: 30 qubits
ion trap: 11 qubits
simulator: sv1: 34 qubits, tn1: 50 "qubits’

dwave: quantum annealing, 2k/5k
‘qubits’



~flops vs circuit size




entanglement

* bell's theorem
- entanglement

* rigetti demo



physical chemistry
simulate hydrogen atoms
measure hartree-fock energy directly

pennylane vge demo: h2
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Grover diffusion operator
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Repeat O(v/N) times

* lon trap demo



Choose a combinatorial problem

Transform to the QUBO/Ising
model:

a) Construct an energy function
using Boolean/Ising variables

b) Degree reduction, if needed
c) Construct a logic graph

Find a minor embedding of the
logical graph into the Chimera

Figure 12. (left) Logical Ising graph for the QUBO function hg in Eq. (17) and (right) a minor embedding of this graph. The
logical graph has 23 variables and its minor embedding requires 51 physical qubits. The numbers and colors of the vertices in

Figure 8. Main steps for programming a D-Wave S}’St em the logical graph are the same as in the minor embedding. Bold black lines correspond to the mapped edges and bold color lines
) ) correspond to chain of qubits.

c arxiv:1803.03372




Adjacency Pattern

Figure 1: The column algorithm:
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the adjacency matrix pattern (left) and embedding into

the the D-Wave 2X quantum processor (right) of the quadratic binary polynomial for

M = 200 099.




quantum annealing linear optimization
quadratic unconstrained binary optimization

quantum approximate optimization
algorithm

traveling salesman problem dwave demo

quantum algorithms, arxiv: 1804.03719



(A) Input data Quanv 1 FC1 FC2
(Output)

Encoding Random quantum circuit Decoding
(Initialization) (Measurement)

|qo>
lgr>
|q2>
|gs>
ox = q(ix)

f= Q(Ux, e q, d)

Fig. 1.: A. Simple example of a quanvolutional layer in a full network stack. The quanvolutional layer contains several quan-
volutional filters (three in this example) that transform the input data into different output feature maps. B. An in-depth look at
the processing of classical data into and out of the random quantum circuit in the quanvolutional filter.
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Figure 1: (a) Simplified illustration of CNNs. A sequence of
image processing layers—convolution (C), pooling (P), and
fully connected (FC)—transforms an input image into a series
of feature maps (blue rectangles), and finally into an output
probability distribution (purple bars). (b) QCNNs inherit a
similar layered structure. (c) QCNN and MERA share the

same circuit structure, but run in reverse directions.

Cluster
Test

Figure 15. A simple hybrid architecture in which the outputs
of a truncated QCNN are fed into a classical neural network.

+ tensorflow quantum mnist demo



Classically verifiable

Supremacy regime
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Fig.4 | Demonstrating quantumsupremacy. a, Verification of benchmarking
methods. Fygg values for patch, elided and full verification circuits are
calculated from measured bitstrings and the corresponding probabilities
predicted by classical simulation. Here, the two-qubit gates are appliedina
simplifiable tiling and sequence such that the full circuits canbe simulated out
ton=53,m=14inareasonableamount of time. Each datapointis anaverage over
tendistinct quantum circuitinstances that differ in their single-qubit gates (for n
=39,42and 43 only twoinstances were simulated). For each n, eachinstanceis
sampled with N, of 0.5-2.5 million. Theblack line shows the predicted Fygz based
onsingle- and two-qubit gate and measurementerrors. The close
correspondencebetween all four curves, despite their vast differencesin

Classical sampling at Fgycamore

2 weeks
Classical verification

10,000 yr

n = 53 qubits
Ir_ Prediction
I .
| X Elided (+50 error bars)

16 18
Number of cycles, m

complexity, justifies the use of elided circuits to estimate fidelity inthe
supremacy regime. b, Estimating Fyggin the quantum supremacy regime. Here,
thetwo-qubit gates are appliedinanon-simplifiable tiling and sequence for
whichitis muchharder tosimulate. For thelargest elided data (n=53, m=20,
total N,=30 million), we find an average Fy;z > 0.1% with 5o confidence, where o
includes both systematic and statistical uncertainties. The corresponding full
circuit data, not simulated but archived, is expected to show similarly
statistically significant fidelity. For m=20, obtaining amillionsamples on the
quantum processor takes 200 seconds, whereas an equal-fidelity classical
sampling would take 10,000 years on a million cores, and verifying the fidelity
would take millions of years.
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« 43 qubit average, demoed 76 qubit



frontier

107 more qubits
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number qubits (quantity) 2: Noisy Intermediate-Scale Quantum (NISQ)

3: Quantum Computing with error correction
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theory of quantum computing
different applications

demos of different hardware and
software approaches

future is you



