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Potential to disrupt

100 years

Fastest supercomputer

T minute

Execution Time

Quantum computer

Problem size
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Potential applications

Agriculture

.("

Manufacture fertilizer with less energy

Energy

Model photosynthesis for cheaper
solar cells, battery tech, materials
for carbon capture

Logistics
Traffic routing, network optimization,
manufacturing workflow

Machine learning

Reinforcement learning, search,
sampling, neural networks
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Finance

Portfolio selection, risk
management, trading decisions

Pharma

Time-to-market for new
drugs, molecular simulation to
find stable configurations
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What does it mean for me?
When should | get involved?

How can | get started?
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Quantum community

Hardware Industry Application Tooling
providers specialists developers

&l %\ ﬁi%

Governments Researchers Educators
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Catalyst for innovation

Build on Braket Research on Braket Teach on Braket

Secure Operational Integrated Technical Simple Marketing Developer

and private consistency services support pricing platform environment

Amazon Braket

Quantum hardware providers
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Amazon Braket
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Build Test Run Analyze
* Managed notebooks * Free simulator in the » Access multiple * Monitor progress
« Example algorithms SDK for debugging quantum computers - Notify on completion

e Tutorials * Fully managed, high- * Integrate quantum and

. _  Measure performance
performance simulators classical resources
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Hybrid classical-quantum algorithms

Classical CPU

A : : Update
/ Machine learning parameters
w to optimize

quantum circuit

parameters

oy, I
~&R T i
NS Saye: S

Return execution circuit
results

Classical and quantum processors act

L Quantum hardware
as CO-processors, optimizing quantum or simulator
algorithms to minimize the impact of
noise and errors
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Shots - tasks - jobs

Classical computer
Lilll

|q0)- H * * H — TTIT1
191) 5 R(0) 3:-'“1:
Quantum computer
Shot Task Hybrid job
Single execution of quantum Series if repeated shots Sequence of classical and
operation on a device on a device quantum compute cycles

(10s-10,000s shots per task) (10s to 1,000s of tasks per job)

aws
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Amazon Braket hybrid jobs

Easily design and manage the execution of
hybrid algorithms

* Fully managed execution of arbitrary
algorithm code and quantum tasks

« Job monitoring and algorithm metrics in the
Braket console and CloudWatch

* Prebuilt or “bring your own" algorithm
* On-demand priority access

ER .

&8 A\WS Cloud

. Amazon Braket

Yo L& e
Managed simulators

[ | ]

J

Amazon CloudWatch

po -

Job instance

> (container)

A

Users
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Amazon ECR

Quantum processors
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Submitting an Amazon Braket hybrid job

Submitting a quantum task

Define device
Provide circuit
Run quantum task

Submitting a hybrid job

adWs

S

Define device

Select your container image
Provide input data

Provide algorithm code
Create hybrid job

device = AwsDevice("arn:aws:braket:::device/quantum-simulator/amazon/sv1l")
result device.run(bell, s3 folder, shots = n_shots)

job

= AwsQuantumJob.create(
device arn=device_ arn,

source module="gcbm job.py"|,

job name=f"gcbm-training-{n_qubits}-" + str(int(time.time())),
image uri=image uri,

entry point="gcbm job:main",

hyperparameters=hyperparams,

input_data_config=input data(),

wait until complete=True,

© 2021, Amazon Web Services, Inc. or its affiliates. All rights reserved.



k the status of your Braket jobs

Amazon Braket Amazon Braket Jobs

Devices Preview Mode

Notebooks Create job is available via the SDK during Preview.

Jobs (10+)

Announcements

Job name

gcbm-training-4-1635824575

gcbm-training-4-1635787471

JobTest-autograd-1635566743

JobTest-autograd-1635566612

braket-job-default-1634056857512

braket-job-default-1634049870233

Status

(=) RUNNING

(%) CANCELLED

() COMPLETED

(%) COMPLETED

(%) COMPLETED

(%) COMPLETED

Devices

arn:aws:braket::

arn:aws:braket::

arn:aws:braket::

arn:aws:braket::

arn:aws:braket::

arn:aws:braket:

‘ C ] Actions ¥

:device/quantum-simulator/amazon/sv1

:device/quantum-simulator/amazon/sv1

:device/quantum-simulator/amazon/sv1

:device/quantum-simulator/amazon/sv1

:device/qpu/iong/ionQdevice

:device/qpu/iong/ionQdevice

Created at

Nov 02, 2021 03:43 (UTC)

Nov 01, 2021 17:24 (UTC)

Oct 30, 2021 04:05 (UTC)

Oct 30, 2021 04:03 (UTC)

Oct 12, 2021 16:41 (UTC)

Oct 12, 2021 14:44 (UTC)
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lts stored in Amazon S3

Amazon Braket Amazon Braket Jobs JobTest-autograd-1635566743

Devices JobTest-autograd-1635566743

Notebooks

customizable monitoring capabilities Track job
status changes

Summary

Status Total run time Total tasks

Announcements @ COMPLETED @ Not yet implemented @ Not yet implemented
Monitor Results

Details Event times

Job name Job ARN Created at
JobTest-autograd-1635566743 arn:aws:braket:us-east-1: ;job/JobTest-autograd-1635566743 Sat, 30 Oct 2021 04:05:44 GMT

Devices . Started at
Execution role

arn:aws:braket:::device/quantum-simulator/amazon/sv1 Sat, 30 Oct 2021 04:06:57 GMT
3 arn:aws:iam::$ role/AmazonBraketJobsPreviewRole

Status reason Ended at

Structured 53: SOUI’CE COde, Sat, 30 Oct 2021 04:13:10 GMT
checkpoint files, results

Source code and instance configuration Stopping conditions

Handler Instance type Max runtime (seconds)

gaoa_source.qaoa_algorithm_script:start_here ml.mb5.large 432000

Script source Instance count
s3://amazon-braket-us-east-1 /jobs/JobTest-autograd- 1

1635566743 /script/source.tar.gz
Volume size (GB)

Checkpoint data path 30

© 2021, Amazon Web Services, Inc. or its affiliates. All rights reserved.




Monitor quantum algorithms

Amazon Braket Amazon Braket Jobs qcbm-training-4-1635824575

Devices qcbm-training-4-1635824575

Notebooks

Summary
Tasks

p— pannine « Customizable
« Define how to monitor progress
Settings Tasks | Resuts | Tags * Real time in CloudWatch and

the Amazon Braket console
 Ability to intervene or make

adjustments if your algorithm isn’t

converging (or has converged early)
« Access logs from your container

20 25
Iteration number

aws
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AWS Management Console

AWS services

P Recently visited services

¥ All services

{C} Compute
EC2
Lightsail [4
Lambda
Batch
Elastic Beanstalk
Serverless Application Repository
AWS Outposts
EC2 Image Builder
AWS App Runner

Containers

Elastic Container Registry

Elastic Container Service

Elastic Kubernetes Service

Red Hat OpenShift Service on AWS

Storage

S3

EFS

FSx

S3 Glacier
Storage Gateway
AWS Backup

Database
RDS
DynamoDB
ElastiCache

2% Developer Tools
CodeStar
CodeCommit
CodeArtifact
CodeBuild
CodeDeploy
CodePipeline
Cloud9
CloudShell
X-Ray
AWS FIS

Customer Enablement
AWS 1Q [

Support

Managed Services

Activate for Startups

Robotics
AWS RoboMaker

Blockchain

Amazon Managed Blockchain

Satellite
Ground Station

Quantum Technologies
Amazon Braket

Building cloud solutions with Amazon Bra

Amazon Braket is one of over 175
fully featured cloud services

% Machine Learning
Amazon SageMaker
Amazon Augmented Al
Amazon CodeGuru
Amazon DevOps Guru
Amazon Comprehend
Amazon Forecast
Amazon Fraud Detector
Amazon Kendra
Amazon Lex
Amazon Personalize
Amazon Polly
Amazon Rekognition
Amazon Textract
Amazon Transcribe
Amazon Translate
AWS DeepComposer
AWS Deeplens
AWS DeepRacer
AWS Panorama
Amazon Monitron
Amazon HealthLake
Amazon Lookout for Vision
Amazon Lookout for Equipment

Amazon Lookout for Metrics

[~] Analytics
Athena

AWS Cost Management

AWS Cost Explorer

AWS Budgets

AWS Marketplace Subscriptions
AWS Application Cost Profiler

Front-end Web & Mobile
AWS Amplify

Mobile Hub

AWS AppSync

Device Farm

Amazon Location Service

AR & VR

Amazon Sumerian

Application Integration
Step Functions

Amazon AppFlow

Amazon EventBridge
Amazon MQ

Simple Notification Service
Simple Queue Service
SWF

Managed Apache Airflow

Business Applications
Amazon Connect

Amazon Pinpoint
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Custom APIs for quantum and HPC resources

» Access to multiple classical
and quantum processors S8 AWS Cloud

. Secure APIs . . Classical compute

« Custom images .
 Multiple HPC resources Amazon Braket

Amazon EC2
o E—
88% < Amazon ECR .

Users AWS Batch

Amazon API AWS ParallelCluster
Gateway

N
A 4

aws
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Build event-driven applications

. . .. S A\WS Cloud
Customize event-driven applications for a ou ‘ Storage
: : — g
variety of quantum and classical tasks
« Store data and results :
« Classical post processing and analysis EEN ' Analytics

« Classical HPC and ML comparisons

N ‘ Database

« Analytics pipelines

. —>
* Organization-level user management Amazon EventBridge
I ‘ Machine learning
—>
8 Compute
T Amazon Braket ; F

aws
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Quantum computing at
JPMorgan Chase & Co.

Marco Pistoia, PhD

Head of Research & Quantum Computl :
Distinguished Engineer ~ 

aws
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Quantum investment in financial services

The financial industry is predicted to be

the first sector to benefit from quantum Who could create value
computing, even in the short term with quantum computing?
This is due to the abundance of high- lobal energy and materio
complexity financial use cases that can  Advanced industies
. rma and medi roduct
be solved more efficiently and relecom, media, and technology
accu rately W|th quantum Comput“‘]g’ Public sector, professional services
. . Healthcare systems, services
InClUdIng Travel, transport, and logistics

Insurance
Consumer goods

- Portfolio optimization

 Derivative pricing 0 5 10 15 20 25 30

B Percentage in the near term

« Risk analysi
SK ana lys S McKinsey & Company, “A game plan for quantum computing,” https://www.mckinsey.com/business-
functions/mckinsey-digital/our-insights/a-game-plan-for-quantum-computing

« Machine learning

aws JPMORGAN CHASE & CO.
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The road to
quantum
advantage

aws

S

Quantum
science

* Create the
fundamental
theoretical and
physical building
blocks of
quantum
computing

Quantum
readiness

 Build portfolios
of quantum
algorithms and
applications for
future use in
production

« Remain on top of
the hardware
ecosystem

« Start transitioning
research assets
into business
solutions

JPMORGAN CHASE & Co.

Quantum
advantage

« Commercial
advantage to
solving real-world
problems with
quantum
computers more
efficiently and
accurately than
with classical
computers

© 2021, Amazon Web Services, Inc. or its affiliates. All rights reserved.



Quantum algorithms and financial use cases

Problem Best Quantum Quantum Speedup Considerations Relevance to finance

classical algorithm time
time

Linear systems O(N) HHL poly(log(N)) Exponential ¢ Strict conditions, e.g.,, Awell- -+ Portfolio Optimization’
A¥=b:A ecCVN zbhecN conditioned and sparse in
both classical and quantum
QAOA Heuristic Unproven * Empirical
bi 2l optimizati * Suitable for near-term + Portfolio Optimization23
Combinatorial optimization over 0(2M) devices . Natural Language
N elements : - ,
Grover's 0(2V/2) Quadratic  « Data loading Processing
* Oracle for cost function
Monte Carlo integration with 1 Amplitude 1 Quadratic » Data loading * Derivative Pricing*>
error € 0 €2 Estimation 0 € + Payoff function * Risk Analysis

JPMorgan Chase Publications

T NISQ-HHL: Portfolio Optimization for Near-Term Quantum Hardware, arXiv:2110.15958, 2021

2 Grover Adaptive Search for Constrained Polynomial Binary Optimization, Quantum 5, 428, 2021
3 Contributed to Qiskit Open Source Project

4 Option Pricing Using Quantum Computers, Quantum 4, 291, 2020

> The Efficient Preparation of Normal Distributions in Quantum Registers, arXiv:2009.06601, 2020

adws JPMORGAN CHASE & CO.
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Walk-through:
Portfolio optimization
using QAOA in

Amazon Braket
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Problem definition and input data generation

c @ © & htp an.notebook 1.sagemaker.aws/lab v | Q Search

File Edit WView Run Kernel Git Tabs Settings Help

gaca_orchestration.ipynb >

num_assets = ¢
seed = 123

nerate e urn covariance rix frc
stocks = [("S % i} for i in range(num_assets)]

data = RandomDataProvider(tickers=stocks,
start=datetime. ime({2016,1,1),
end=datetime.date e(2016,1,38),
seed=seed)

data. run()

mu = data.get_period_return_mean_vector()

sigma = data.get_period_return_covariance_matrix()

q = 8.5
budget = num_assets /
penalty = num_assets

portfolio = PortfolioOptimization({expected_returns=mu, covariancesssigma, risk_factorsg, budget=budget)
qp = portfolio.to_quadratic_program()
Qo= QuadraticProgranTalubal) conyert(gnl

Idata {'matrix': gp.to_ising() [@].to_matrix{), 'num_assets' : num_assels}l

cost = lambda b: -portfolio.portfolio_expected_value(np.array(b)) + g#portfolic.portfolio_variance(np.array(b)) + penalty * (np.sumib) -budget )2

choices = []
for i in range(16):
b = list(map(lambda x: int(x), list(bin(i)[2:].2fi11(4))})
choices,append{{[ stocks[i] for i, ¢ in enumerate(b) if c== 1 ], b, np.round{costinp.array(b}),4)))

choices = sorted(choices, key=lambda x: x[2])

print('Classically computed values')
for ¢, b, i in choices:
print(f'cost value {i} \t Stocks chosen {c} = {b}")

Classically computed
|c05t value -0.0149 Stocks chosen ['STOCK@', 'STOCK3'] = [1, @, @, l]I
cost value -9.814 Stocks chosen P =11, &, 1,
cost value -98.813 Stocks chosen ['STOCK®', °STOCK1'] = [1, 1, @,
cost value -2.001 Stocks chosen ['STOCK2', 'STOCK3'] = [e, @, 1,
cost value 0.9882 Stocks chosen ['STOCK1', °STOCK3'] = [@, 1, @,
cost value @.0008 Stocks chosen ['STOCK1', 'STOCK2'] = [e, 1, 1,
cost value 3.985 Stocks chosen ['STOCK®', °"STOCK2', 'STOCK3'] = [1, @, 1, 1]
cost value 3.986 Stocks chosen ['STOCKR'] = [1, @, @, @]
cost value 3.9861 Stocks chosen ['STOCK@', °'STOCK1', 'STOCK3'] = [1, 1, @, 1]
cost value 3.987 Stocks chosen ['STOCK®B', °"STOCK1', 'STOCK2'] [1, 1, 1, @]
3
3
4
4

cost value 3.9992 Stocks chosen ['STOCK3'] = [@, @, @, 1]
cost value
cost value
cost value

.9999 Stocks chosen ['STOCK2'] = [@, @, 1, @]
.2 Stocks chosen ['STOCK1', *
.aee9 Stocks chosen ['STOCK1'] = (@, 1, @, @]

cost value 15.9861 Stocks chosen ['STOCK@', 'STOCK1', 'STOCK2', "STOCK3'] = [1,
cost value 16.8 5tocks chosen [] = [@, @, @&, @]

STOCK2', 'STOCK3'] = [e, 1, 1, 1]

JPMORGAN CHASE & CoO.
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Hybrid job: Orchestration script - 1

« c ® © & https:/famazon-braket-jobs-dylan.notebook.us-east-1.sagemaker.aws/lab 80% LT &

Run  Kernel

aws JPMORGAN CHASE & Co.

N1 © 2021, Amazon Web Services, Inc. or its affiliates. All rights reserved.



Hybrid job: Orchestration script - 2

“ G © © & https://amazon-braket-jobs-dylan.notebook.us-east-1.sagemaker.aws/lab 80% s ¢ Q search

File Edit View Run Kernel Git Tabs Settings Help

M gaoa_orchestration.ipynb

B + ¥ 0O [ » m C Code v @ conda_braket O

start_time = time.time()
Ijob = Astuantuman.rrnatntI
Evice_arn=device_arn,
source_module="gaoa_source",
# Any unigue works. Note 5@8-character 1 t in job name

# (c t out to use default

job_name="JobTest-"+interface+"-"+str(int(time.time())),

urrent location
ntry_point an:\_r,nurce.qana_alqcrjthm_scr‘_pt:star‘._herc",l
copy_checkpoints_from_job=copy_checkpoints_from_job,

# general parameters

input_data={
"aws=jobs-demo": setup_input_stream()

1T © e T
5 ntly and as
wait_until_complete=True,
aws_session = aws_session
)

end_time = time.time()

Initializing Braket Job: arn:aws:braket:us-east-1: :job/JobTest-autograd-1636837383

JPMORG! E&Co.
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Hybrid job: Execution logs

Cost function decreases
over successive steps

\ 4

aws

S

Console output showing the iterations of QAOA

Optimization Start
Initial cost: 0.020403764¢
Metrics - TlmL~tunp-1bJL
Completed iteration 1
Time to complete iteration: 35.
Cost at step 1: -0.05099053417
Metrics timestamp=163
Completed iteration 2
Time to 'npletﬁ iteration:
ost at 2: -0.01611511254
Metrics timestamp=1636037790.
Completed iteration 3
Time to complete iteration:
Cost at step 3:
Metrics - TlmL~thP~leUU
Completed iteration 4
Time to complete iteration:
Cost at step 4: -@.2&7835W3”Eﬁ
Metrics timestamp=
Completed iteration 5
Time to complete iteration:
Metrics - timestamp=16360378
Cost at step 5: -0.620684485
Code Run Finished

7
L
o=
30/ .
o | =
£0

0037745.

163003/804.

Cost=0.02040376407389139;

639763593673700 second
6635974
4867501: 9509

Cost=-0. 90534176

08893966675 seconds
042529
059769 Cost=-0.016115112540

42529;

seconds
-0.015259242152207439;
seconds

2835938

seconds
-0.62068448526

. 73350644111633
595645; Cost
75412

JPMORGAN CHASE & Co.
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Hybrid job: Results - 1

“— G © & https://amazon-braket-jobs-dylan.notebook.us-east-1.sagemaker.aws/lab

File Edit WView Run Kernel Git Tabs Settings Help

gaoa_orchestration.ipynb
|

B + ¥ O » 1 C¢ Code v @
now up

S0
P o
ater

# May need to wait a bit before metrics
# If metrics aren't there, run a bit 1
print(job.metrics())

{'timestamp': [1635995216.907278, 1635995214.1605859, 1635995199,.8321674, 1635995189.6867228, 1635995177.8122215, 1635995116.8680234], 'Cost': [-0.6687441596746455, -0.6536281298
2428866449232], ‘'iteration_number': [5.8, 4.8, 2.8, 2.8, 1.9, 8.8]}

# A demonstration of plotting the metrics

import matplotlib.pyplot as plt

from matplotlib.ticker import MaxNLocator
import pandas as pd

df = pd.DataFrame(job.metrics())
ax = plt.figure().gcal)

ax.xaxis.set_major_locator(MaxNLocator(integer=True))
figure = df.plot(x="iteration_number', y="Cost', ax=ax)

00 { T Cost
014

0.2 4

3

eraton_numiber

JPMORGAN CHASE & CoO.
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Hybrid job: Results - 2

File Edit View Run Kernel Git Tabs Settings Help

gaoa_orchestration.ipynb
B + X O [ » m C Code v O
result = job.result()

answer = [ stocks[i] for i, c in enumerate(result['answer']) if c== '1' ]

b = result['answer']

print(f'QAOA chosen stocks: : {answer} = {b}')
QAOA chosen stocks: : ['STOCK@', 'STOCK3'] = ['1', 1. FetCh I’ESUltS and dISpl.ay
portfolio chosen by QAOA

2. Identify the solution in the
probability distribution
corresponding to the best
portfolio

w
v
5
2 0.06
(o]
&

aWwWs JPMORGAN CHASE & CO. . . )
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AWS Cost Management Console

AWS Cost AWS Cost Management Home
Management

Current month costs Forecasted month end costs October trends @

Cost Explorer $1 3.1 9 ™ 125% $1 5.25 M 156% Account usage

Over last month Over last month L1 Sandbox 254 | ) costs are up $6.32 (119%)
Reports
Region usage

Budgets Daily unblended costs ($) @ Explore costs us-east-1 costs are up $7.56 (206%)

Cost Anomaly Detection

Rightsizing recommendations Sep-20

Cost: $0.21
Savings Plans
Overview
Inventory
Recommendations
Purchase Savings Plans

Utilization report

Coverage report

Cart o

0i.lIIIIIIIII.-IIIII"IIIIIIIIII -

Reservations Sep-01 Sep-06 Sep-11 Sep-16 Sep-21 Sep-26 Oct-01* Oct-06* Oct-11* Oct-16* Oct-21* Oct-26*

Overview

. Recently accessed reports  View all reports
Recommendations

Utilization report

Coverage report You have not accessed any reports recently from this device. To view all of your reports, visit the report library.

JPMORGAN CHASE & CoO.
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CloudWatch Resource Monitor

CloudWatch Try out the new interface

n_” - / 1524\ : . - ~
Favorites Untitled graph 2021-10-29 (18:35:00) - 2021-10-29 (18:42:34) ~ Line Actions £ Q

Dashboards Percent
Alarms
Logs

Metrics

0
Explorer 18:35 18:35 18:35 18:35 18:36 18:36 18:37 18:38 18:38 18:38 18:38 18:39 18:39 18:39 18:39

® DiskUtilization MemoryUtilization @ CPUUtilization
Streams

Events All metrics Graphed metrics (3) Graph options Source
Application monitoring :
Math expression v @ Dynamic labels v @ Statistic: Average v Period: 5 Minutes v Remove all

Insights
v Label Details Statistic Period Y Axis Actions

Settings
@ DiskUtilization /aws/braket * DiskUtilization * Host: BraketJob- -braket-job-default-1...  Average 5 Minutes VAN ]
Getting Started MemoryUtilization /aws/braket * MemoryUtilization * Host: BraketJob- -braket-job-defaul... Average 5 Minutes VAN I %]

@ CPUUtilization /aws/braket * CPUUtilization * Host: BraketJob- ‘braket-job-default-1...  Average 5 Minutes N QRO

JPMORGAN CHASE &
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The quantum stack

Interface

Domains

Applications

Algorithms

Circuits

Devices

aws

S

Amazon Braket

JPMORGAN CHASE & Co.

Cloud services

No installation required
with cloud-based access
Environment consistency
across all users

Low runtime overhead when
quantum is integrated into a
cloud system

Cloud services seamlessly
integrated (billing,
monitoring, access control)
Support for diverse
technical users, such as
guantum researchers and
domain experts

Hybrid computing

Ideal in the NISQ era for
executing algorithms on
near-term devices while
offering proper scaling
Automatic resource
management when
executing classical/quantum
hybrid applications

Hardware agnosticism

Ability to run algorithms
on multiple computers
and simulators with
minimal effort

© 2021, Amazon Web Services, Inc. or its affiliates. All rights reserved.



Actionable takeaways

« Urgency to become quantum ready now
= Stay abreast of the growing quantum ecosystem and understand its effects

. Identify first-wave applications

= Build internal connections with product teams and use case owners

« Support scaling of quantum technology
= Identify your place in the quantum stack to build supporting assets

aws JPMORGAN CHASE & CO.
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What's your next step?
Quantum Q .
curious d

{/ Quantum
? pragmatists

Quantum .(
enabler
F

Quantum
pioneer

aws



Resources

aws.amazon.com/braket

aws.amazon.com/quantum-solutions-lab

ipmorgan.com/technology/flare

aWwWs
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https://aws.amazon.com/braket
https://aws.amazon.com/quantum-solutions-lab
https://www.jpmorgan.com/technology/flare

Thank you!

aws
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