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Purpose of this Workshop

The NSF has identifi€@uantumLeapas a national priority through i8ig ldeadnitiative and provided
financial supporto the UIDP to convene a strategic set of corporate leaders (complemented by academic
government and other representatives) to determine the need and interest in supporting industry
inspired, academicalgngaged research centers through substantive investments from both the
corporate and government sectorfhe goal of creatingne or nore industry-university collaborative
research centers would be to bolster the country's standing in this broad aremanftum leap
(communications computing- materials- sensingpy identifying the strength of funding commitments
from interested indufrial organizations to invest in the usespired research roadmap we seek to create
through this workshop.

¢ KS ¢ 2NJ] aKk2 Liéterning what typé &f indiugryinspired, industryinitiated academic
research consortia will helf).S industry maintain and enhance its global leadership and competitive
position in application areas involving quantum science and technologies and serve the commercial
needs of companies that would participate and invest in such consortia.

This report summarizes the keysightsand is not intended to be a detailed record of the entire
proceedings. We encourage you to share this document inttrested parties.

Executive Summary

University and industry representatives expressed high interest in the current state of the art and
potential for quantum technologies under two broad groups. The first includégstry developersf
guantum technologies, dominated by information technology comeasiuch as Google, IBMtel, and
Microsoft, as well as set of smaller startup companies. These companies have large and active groups
researching anddeveloping core quantum technologies for quantum bits (qubits) that span qubit
representatiors based m a range of physics models through programming models to applicatidrese
companies aralso forming strategic partnerships with academic institutions (both inside and outside the
U.S) to achieve their business goals. Within this group, there angodpnities to partner with
government agencies to support larger scale efforts (and subsequent financial commitments) using
existing vehicles such as jointly issued solicitations where both government and indudiupdco
programs that academic (as wed athers such as national la researchers can earn.

The second large group consisted of potential quantum technologprs spanning aerospace and
defense, vehicles and transportation, pharmaceuticals and health, daggstics and supply chain
managemat, and a diverse set of science and engineering domains. Many of these can be best
c har act ematchingidtentty eind Wwaiting expectantly” Me mber s of thi s group
substantially in research or development but recognize that quantuchrielogies could either provide
competitive advantage if they were early adopters or disruptions for business models currently predicated
on traditional computing and communication technologies. Most members of this category expressed
limited willingness @ invest significant resources until quantum technologies were more mature;
however, some company representatives were willing to consider an investment of modest resources for
collaborative efforts provided through mechanisms such as the IN@kstry-University Cooperative
ResearctCentersprogram.


https://nsf.gov/about/congress/115/10bigideas.jsp

University researchers are pursuing many of these same goals in collaboration with industry pawners.
analysisof global publications shows that there ishaher level of academicorporate collaboration
between U.S. universities and major U.S. companies than that found gloBailyexample, thalata
showed that over ninety percent (90%) of all papers Googlautbors and over eighty percent (80%) of
papers that IBM and Microsoft author have at least cmeademic ceauthor. Generally, quantum
technology research is both international and highly competitive, with high quality research being
conducted worldwide supported primarily by government investments, notably in China and the
European Union.

Quantum omputers open possibilities that have little equivalent in classical simulat®ince 2012,
venture capital funds have invested over $334 million into companies specializing in quantum
computing™ Globally, the market for quantum computing and technologies is expected to grow at a
compound annual growth rateaCAGIRof 24.6% through 2024, when the products and services market
would reach $8.45 billioH.More than twenty countries are currently comfieg in the quantum spade

with Chinese and European countries receiving significant government assistance. The European
Commission is pursuing a $1.13 billion quantum technologies strategic plan, while China has invested $10
billion into its National Latratory for Quantum Information Scienc¥és.

State of the Art

Theworkshop participants quickly acknowledged that although quantum technologies are often viewed
as synonymous with quantuoomputing, they encompass a much widange including quantum semsgj

and measurement, communicatioandcryptographyln addition,several technology areaaenearer to
commercialization andleployment. The state of the art varies substantially acrasse areas, with
guantum sensingand communication having alreadipeen demonstrated and entering commercial
deployment.

Severalalternative hardware approaches to quantum computing are currently being explored, with
regular press reports trumpeting impending quantum suprenfagye., the crossover point where
guantum canputing solves a problem beyond the practical reach of traditional computihg)ever,
much work remains before reliable quantum computing systearsbebuilt and demonstrated. Current
systems are both unreliable and subject to decoherence via envirotahigreractions Eror correction

and scaling are active areas of research and developnier@uantum error correction, emny physical
gubits are required to represent a single logical qubit suitable for application programminigh
increases the numbeof qubits required for a viable quantum computérhese challenges are further

I Calto, DanielQuantum Computing Repoilsevier. March 20, 2018.

Ho, A., McClean J., and Ong, Sl Promise and Challenges of Quantum Computing for Energy Stiwalge.
Volume 2. Page 810.
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v Bajpai, PQuantum Computing: What It Is, And Who The Major Playerd\&stlag, March 26, 2018.
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exacerbated by the cooling and power management designs required to interface a quantum computer
to a traditional computing system.

Challenges and Opportunities

All workshop participants expressed excitement regarding the future of quantum technologies, though all
were equally cognizant of the technical, organizatiorsagial, and financial challenges inherent in
developing and accelerating quantum technology elepment. University and industry representatives
identified several distinct,though complementary challenges. Most agreed that the highly
interdisciplinary nature of quantum technology research would benffim inclusion of quantum
technology conceptsn standard science and engineering curricula. This absence limits the available
workforce, both in academia and industry.

Challenges

9 Startupand operatingcosts for quantum technology laboratori@$he high costs of experimental
infrastructure are ahigh barrier to entry for new participantdhis favors wellunded, extant
laboratories when seeking new funds and limits educational opportunities.

1 Recruiting and sustaining multidisciplinary tearBg.its nature, quantum technologies research
requires nultidisciplinary research and development teams, which may be difficult to recruit and
sustain.

i Facilitating breign national accesand employment.international students dominate many
science, technology, engineering, and mg8TEMpraduate programshut technology access
restrictions limit their opportunities for participation in quantum research and development
programs.

1 Enabling technology availabilityQuantum experimentation depends on the availability of
supporting technologies (e.g., cryogenicolas), severabf which havelimited commercial
demand. Like all nascent technologies, quantum depends®development and nurturing of
the entiretechnologyecosystem.

1 Supporting industmacademic partnershipsAll participants agree that building drenhancing
partnerships that exploit what academic and industry partners do best was crucial to quantum
technology development Many noted the common barriers to such collaborations (e.g.,
intellectual property, personnel movement, and proprietary datatpction).

1 Ensuring U.S. preeminenc&iven the potentially transformative potential of quantum
technologies- communications, cryptography, sensing, and computithe national security
and economic competitiveness risks from loss of U.S. preeminenceonmputing and
communication technologies are deep and profourithe U.S. government needs to begin
defining appropriate rules (e.g., International Traffic in Arms Regulationshose technologies
deemed cruciahndallow companies freedom to operate @ther quantum areas.

1 Aligning market incentivedlost companies are currently unwilling to invest at substantial
levelsuntil competitive advantage on business problems is clebeeause of the relativelpng
time horizon and uncertainties surrounding @utum technologiesin a postevent survey, few
attendees expressed a time horizon beydiv@ (5)years. Companies were overwhelmingly
interested insupportinguseinspired researclprojectsas expressechPa st eur ' s quadr ant
(Figure }andwhich have immadiate use for societynformation technology companieseagan
exception to this hesitancy.
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Opportunities

1 Deepening the talent pipelinédithough publication data suggests strong universigustry
partnerships, it is important to deepen the talent pipeline and broaden understamdiggantum
approaches to classical technologiegthin industry This would leadto more quality
proposals/@rtnershipsamongindustry, academia, and government.

1 Coevolution of technology and applicatioiibere is a need to broaden the understanding of the
opportunities and benefits quantum technologies offer compared to classical approaches into the
user and aplication community Greater insight into application mapping to quantum devices
would inform technology development. Similarly, broader understanding and education on
guantum capabilities would inform application exploration.

1 Accelerating gantum communication and sensingQuantum sensing and communication
technologies are more mature than quantum computing, with near term opportunities to
accelerate their deployment and commercializatioand leverage academimrporate
partnerships.

1 Expandhg materials science researckuiven its dependence on materials properties, greater
exploration of materials properties (purity, defects, and properties) for quantum device
fabrication would advance quantum device testing and prototyping.

1 Enhancing gvernment mcentives and supporDrawing on lessons learned from domestic and
international collaboration projects and mechanismbere was unanimous agreement that
government can and must play a critical role in supporting basic research in quantum
technologiesand in facilitating academiindustry collaborations

Recommendations and Next Steps

There was no clear consensus among academic and industry participants on a single néhisstepld
be partly due tothe broad and diverse interests of the companiepresented at the event Advances
are required in many domains, including materials science, reliability and resilience, classical support

Vist okes DE. Pasteur’'s Quadrant. Basic science and techi
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technologies, programming models, and application mapping and development. This suggests the need
for greater coodination and a need to point towards government facilitation towards the efficient use of
resourcesin a wide range of enabling physical science and information technology research via a
combination of individual investigator and cerdeaised support.

The breadth of quantum technologies research challenges and the nascent state of many quantum
technologies led several industry participants to question the #iean business value othe
governmentsponsored partnership models that have been applied in otleenains Thefive- to 10-year

return on investment (ROI) horizdior quantum technologies i®o far for most companies to invest
heavily or even for noAT companies to invest in modest@®thers suggested that the level sbme
programs (such as tHeSH/UCR@rogram)istoo low to advance the field substantially, particularly when
potential applications are still so poorly understood.

There was broad agreement on the need éasy and inexpensive ways for industry to participate and
monitor researctprogress (e.g. industry days or webinars) before pursuing M8% QGpportunities for
Academic Liaison with Industry (GOARgartnershipsfor Innovation (PFl)pr VUCRC mechanisms.
Likewise, theranust beother mechanismsia which industry casuggestpplication challenges for NSF
academic investmentsuch as responding to the NSF Emerging Frontiers in Resgatdmnovation
Another example is joint solicitatiorthe NSFComputerand Informational Science and Engineering
Directorate has jointlyissued solicitations with companies (or groups of companies) where academic
researchers can apply for these joint funds using the NSF grant mechanism.

Otherssuggested theeed for aSemiconductor Manufacturing Technolo@EMATEQGkhodelasa non

profit industry-government consortiumbecause of the national security implications of quantum
technologieswhere members could participate at differing levé&shersraised the important role of the
Depart ment of Energy’ s n at eseanch land dexvddopmeantthabs ifoe s as
developingtechnologies, citing laboratory work on renewable energy as an example.

Despite widely varying perspectives, thelief that the U.Sgovernment must play a greater role than at
present as a facilitatarconverer, andfunder, was unanimousAs is the case in the defense industry, the
government is also a purchaser or consumer of products using technology funded through applied
researchRecommendationsicluded:

1 Government@inding for integrativeacademiaesearch centerg/hether through existing or newly
created grant mechanisms

1 Broaderinformal and formakducation and curriculum development on quantum technologies
1 Ensuring testbed availability for experimentation
1 Explorationof flexible universityindugry collaboration modelsincluding:

0 Hducation on quantum capabilitieg® industry, especially neiT companies that will be
future users
Problem matching to investment levels
Development of quantuninspired algorithms for classical problems
Flexibleinvegment models for multiple participation levels (technical and strategic)
Encouraging both technical and strategic universigustry collaborations

O o0 oo

Broadly, therewas substantive discussion surrounding the need for a technology and applications
readinessoadmap to help shape and identify promising areas and mechanisms for public and private
investment, on multiple time scales:



1 Nearterm. Targeting technologies (e.g., quantum sensors) at or near commercial readiness,
where targeted corporate investment$id university startups could transition ideas to practice.

1 Mediumterm. Identifying ideas and approaches where universitjustry partnerships on a
three- to five-year timeline could bring ideas to the nei@rm, enabled by strategic roadmaps.

1 Longterm. Investing government resources to build basic research knowledge, coupled with
strategic investments by information technology companies.

Varying PerspectivesGlobal Quantum Landscape

Elsevier provided an overviéwf the current quantum technologies landscape using publicly available
information and their data analytics toolslsing the Topics of Prominence modeling technique as
described in the presentatidri ¥, Elsevier looked at quantum computing as a comporithe larger

field of quantum technologies. The quantum computing field was aggregated via keywords linked to a
larger computer science ontology; it did not come directly from the topical model itself and was a
“constructed” t opi wmcomputingtopictatke thelpreasemad topics coring
from the model itself. Actual topics coming directly from the model can be seen below:

World
Summary  Topics Awarded Grants  Published Viewed Cited Economiclmpact Authors Institutions  Countries

Export

earch the World's Topics
ERT @ Whee quantum com™*

Anumber of key conclusions about the state of quantum computing in t&evs. globally can be drawn
from the analysisFor example there is a higher level of acadenuarporate between LS universities

x Calto, DanielQuantum Computing Repo#lsevier. March 20, 2018.

*Klavans, R. and Boyack, K.Which Type of Citation Analysis Generates the Most Accurate Taxonomy of Scientific
and Technical KnowledgéBurnal of the Association for Information Science and Technology, 68(49%84

2017.

X'Klavans, R., & Boyack, K. W.1(ZOResearch portfolio analysis and topic prominedogrnal of Informetrics,

Volume 11, Issue 4, November 2017, Pages 1158l

xi Boyack, K.W. and R. KlavansCRation and analysis of largeale bibliometric networksSpringer Handbook of
Science ad Technology Indicators, 2018 (to appear).



and major US corporations than the level of acaderiorporate collaboration found globally.
Quantum computing ia compettive field, with highimpact research being done global§th
significant financial resources being dedicated to researching the field

The graph below showtstal scholarly output from 2012017 in quantum computingptaling about
10,000 papers (inctling conference proceedings) globally with around 2,@@persfrom the US. The
x-axis represents the percentage of universitgustry collaboration: 7.7% for the.§), only 1.2% for the
rest of the world. The size of the bubble indicates how ofteese papers were cited in worldwide
patenting activity—111 papers per thousand in the&J or over 11% of all papers and conference
proceedings written, vs. 21 papgpsr thousandor the rest of the world-a ratio of over 5:1. When
measuredby overall feld-weighted citation impactghe U.S also stands out from the rest of the world
in quality terms, with around 30% of®& papers among the top 10% cited worldwideysus15% for
non-U.S papers (top 10% among all fields and all papers published)

Major U.S corporations, including Google, Microsoft, IBM, and Intel, are deeply embedded in the
research networkor quantum computing technologies in a way that other global firms are @oér
ninety percent 90% of all papers Google eauthors and oveeighty percent 8099 of papers that IBM
and Microsoft author have at least one academieacibhor. These papers are often very highly cited. In
addition, national laboratories and.8 funding agencies are an important contributor to overall output.

Quantum Computing: Academic-Corporate Collaboration and Patent Citations per
Scholarly Output, US vs. Non-US

Benchmarking

Scholarly Ovtpet
S

3 : g : 7 i
Academic. Coepoeate Colaboraton{)
Scholarly Outpet
Types of publications inchided: 2

Academic-Corporata Collaboration 2t (3 FPe & pusiications induded: ¥

v Pabent-Citations per Scholarly Outpet
pub tons inchuded: o

Papes are credited to the headquarters location for each corporation in the madghrdless of the
sponsoring R&D locatioActualacademic ceauthors for major LB firms are overwhelmingly &
institutions. The togdifteen collaborators for Google, foxample, are all L& institutions. Only one non
U.S university, ETH Zurich, is among the tayenty. Competingirms, including Google, IBM, and
Microsoft, are frequent cauthors(among the top 20 collaborators for each compganin the geomap
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below, thecolor intensityrepresentshe level of academicorporate collaborationwith the size of the
bubble being the number of QC publicatiofifie dark redlotsrepresentU.S tech companiesU.S
universities also haviar higher levels ohcademiecorporatecollaboration tharthe others. Europe and
Asia arepale in comparison, buine or two Japanese firms also have a fairly high level of collaboration.

Quantum Computing Research Worldwide--Academic-Corporate Collaboration

- R

oe

(
G

Theanalysis demonstratethat the US quantum computing landscape differs in fundamentalys

from the remainder of the worldeading tostrong and potentially positive implications forSJprimacy

in quantum computing and quantum technologies. The integraubinationof corporations,

universities, national labs, and funding agencies indt&may allowfor the simultaneous pursuit of

productive fundamental research of the highest quality, while working on solving practical problems in
Pasteur’s quadrant and bringing promising technol

Given the implications fazryptography and national security in quantum computing, and its potential
importance to innovations of a wide variety, theSgovernmentshould evaluatdeingmore deeply
involved in support for quantum computing than is usual for new technologiesy @lenlines of the
SEMATECH collaboration. The N&paBment of Energy (DOENd others may be able to function
effectively as a broker between the fundamental and applied research being done in the academic
community with the commercial needs and us#ghe corporate community, perhaps using existing
programs and vehicles to help different kinds of entities to connect.

As a significant contributor to federal R&D, tbepartment ofDefense (DOD vitally importanto
funding support for certain aspés of these technologies. Any increased level of involvemettidoy
DOD and other US funding agencies will need to be balanced with the need to preserve an open
research environment internationally, share findings, accelerate quantum computing reseatch, a
transform research findings into new technologies, products, and services of benefit to all.
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China is currently pursuing quantum technologies with substantial financial resources and broad

research efforts, while the United Kingdom and Australian guwents have welbrganized initiatives

at the national level bringing together government, industry, and acadehhi@a.European Union

recently |l aunched the € 1 bil | ¥foausin@Qanguantumm Technol
communications, sensing, siiation, and computingl.S. primacy in these technologies is by no means
guaranteed.

SessiorHighlightsProvided by Attendees
Current IndustryUniversity Collaborationg, Quantum Technologies

This panel session discussed experisificen academia anthdustry on different collaboration

methods to explore quantum technologies. One of the key themes was that quantum technology is a
relatively nascent field, but there's opportunity to learn from what has been done domestically and
internationally to furher understanding and development of quantum technologies. It is also important
to find ways to deepen the pipeline for talent in quantum (e.g. USRA's Quantum Ac&jlamwell as
broaden understandingf industry experts so they can begin to see how itaspproaches could be
changed by quanturtechnologies

Key Takeaways:
1 Academic and corporate researchers and technologistalld ekamine how
development can be acceleratdyy implementing effectivecollaboration/partnership

methods.
9 Bridging the gajin understanding between classical approaches and quaringpired
approachesill help to accelerate industtys i d e n tthefareas ahelie quantum f

technologies anbe mostvaluable andvill lead to more quality partnerships between
industry, acadmia, and government.

1 There isanopportunity to accelerate development of quantum technologies by
understanding what areas within the ecosystem need help (e.g. supply chain, talent
pipeline, "realworld" use cases to explore).

Industry Round Table Evalwating the Current Technology Research and Commercialization Landscape

Industry idooking to addresghe most immediatecommercializatioropportunities Panelists
recommended that universities focus on basic research in hardware, basic research ohralgositd
guantum applications.

Key Takeaways:

1 Equipment manufacturers are beginning to invest in quantum computing. There is a
need to secure the supply chain.

1 Panelistsecommended increasg governmentinvestment inquantumfields,
recognizingguantumtechnologies as a national security issue, and estahbtigiroof
points to facilitate universitgndustry partnerships.

1 Universities should seek to determine what problems can be solved with quantum
technologies.

Xii Bajpai, PQuantum Computing: What It Is, And Who The Major PlayerdNastlag, March 26, 2018.
https://www.nasdaq.com/article/quanturaccomputingwhat-it-isand-who-the-major-playersare-cm939998
XV Feynman Aademy.USRAhttps://www.usra.edu/quantumcomputing#feynman
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Facilitated Breakout Session; Communicats

Participants éscussed quantum applications in communicati@apacity, spatial nodeand orbital
angular momentum (OAM). Loftlistance quantunsecured communication, i.e. quantum key
distribution (QKD), in fibers need repeaters.

Key Takeaways:
1 Earlyguantumapplications may be in capacity and robustness.
1 Itis valuable to defin¢éhe quantum classical divide aa@termine ifis it useful
1 There is dongerterm need forquantum repeaters and engineering infrastructure

Facilitated BreakouSession: Materials

Session participants were unable to define materials for quantum comppteajselybut agreedthat
researcherare ina very earlstageof hardware building and material developmefitiere is a need for
new materials that are resistéto defects. Participants recommended that the government find ways
to incentivize materials scientists and chemists to stildyrole ofmaterials andnaterialsprocessing
within quantum technology performance.

Key Takeaways:
1 Agencies such d&¢éSFcanestablish a materialresearctprogramaimed at achieving
Josephson Junction behavior at room temperature.
1 Governmentsan attractiveintermediary toconvenematerials scientists, chemists,
guantum physicists, and industry together to identify key chajéento address.
9 Educational materials for the general scientific community are needed to explain the
differences between quantum and classical computing.

Facilitated Breakout Session: Sensing

Quantum sensing will have a huge néamm impact and large nriet, if the problems relevant to
industry can be identified and addressed. Academia and industry need to be integrated in quantum
sensing areas.

Key Takeaways:
1 Quantum sensing will have a large néamm impact.
1 Adifferent metric than one based on thmumber of publications to assefsculty
productivitywill foster academiéndustry collaboration.
1 Participants identified a need to train classical engineers into quantum engineers.

Facilitated Breakout Session: Simulation

Attendees agreed thdt s i mul ati on” here refers to the use of
systems (e.g., chemistry), and not the use of classical computing to simulate quantum computers. Two
key themes throughout the discussion included the core role of-higdlity qubit technologies and

error correction in enabling successful simulations, and the highly interdisciplinary nature of quantum
simulation research and development teams.

Key Takeaways:
I Success and limitations in guantum simulation will depend upon thetguxlthe
underlying qubit technology. Error rates and methodologies for addressing errors are
also key.

13



1 Government funders should recognize and support not just researchers trained directly
in quantum simulation, but researchers with classical simuldtamckgrounds who want
to take the leap into quantum simulation.

1 Simulation teams are highly interdisciplinary, as demonstrated by industry quantum labs
and paper authorship lists. Expertise is needed in quantum information, simulation,
programming, machin&arning, computer architecture, and the target domain.

Current Approaches to Federal Support for Industdpiversity Engagement

The session focused on understanding federal funding and support mechaniamversity and
industry collaboration anéngagementPresentergliscussed hovindustry andacademia can engage
with them and leveragavailablefunding. The NSF has specific programs that cartilized(e.qg.
I/UCRCo fund additional quantum technology initiativeSIASA Quail has funding flgorithms
development and research use of theiVilave machine, USAF Research Lab is an early adopter of
technologiesandDoD is funding quantum technology R&D programs

Key Takeaways:
9 There are multiple ways to obtain federal support bt engagemets.
1  Workshop participantsvere encouraged to engageith a diverse number of
government agencies for support
9 Panelists explained that they are open to new mechanisms for partnership.

Academic Leadership Panel

Quantum technology is more than quantwuomputing quantum emmunication and sensingave
nearer term potential for commercial deploymemanelistsaasseted that industry-university
partnerships arebest when the values of each groaperespected by the othePerhaps most
importantly, ndustry and government suppoare needed to make advancés this space.

Key Takeaways:

9 Education should be broashsedbecause it ifSundamental to quantum systems.
Interdisciplinary education is needed.
Panelistsvere rot able to determine a clear raap for quantum technologies.
Faculty startup costs are a significant hurdle to hiring more faculty. Shared facilities may
be a way to address this

)l
)l

Role of Small Businesses in Advancing Quantum Technology Commercializafi@hWare Case Study

Foundedin 2014 by a world&lass team of aerospace and finance professionals, physicists, computer
scientists, and quantum algorithm exper@C Ware develops hardwaegnostic enterprise software
solutions running on quantum computei®CWare has been successimifocusing theibusiness
development, getting some initial large business partners and seed funding from an investor fund. The
role of startups is being a bridge to applications and customers. The core physafizifiga quantum
computermay be deepesearch, buthere is much work to be done in developing the resthaf
softwarestackandsolving "problems of interest”" to commercial business.

Key Takeaways:
1 As with much of IT, startuge best suited fosoftware, services and everything above
bare-metal/materials.
9 Startups need to work with partners to identify a clear vakeded result and drive
towards it for initial traction.

14



9 University researchers, technology incubator corporations, and governagaricies
can be strategically aligned to identify addressable problems that can be solved.

Promising Areas for Collaboration and Setting Priorities Among the Technology Thrusts

In this session, research areas ifedustry-university collaborationvere icentified and prioritized

among quantum technology thrusts (e.g. quantum computing, simulation, materials, sensing). Industry
university engagement mechanisms (existing and new) that may beswedd for useinspired

guantum research were also exploreditiregard to research thrusts, the wide gap between the
problems that industry wants to solve (e.g. weather forecasting, genomics, pharmaceuticals,
cryptography, lossless materials) and the current capability of quantum technology (often in the early
coneept stages) poses challenges in creating compelling value propositions, attracting industry interest,
securing industry dollars, and developing research roadmaps and timeReesarch frameworks and
engagement mechanisms that disk investment are critial because of the higthegree of uncertainty

in quantum technology and the associated limited resources.

Key Takeaways:

1 Toaddfocusto researchdomains knowledge gaps common to multiple quantum
thrusts (e.g. noise mitigation, quantum heuristibgo level system theory, supply chain
focused quantum enablers) should pgoritized ashigh impact topics to derive
maximum value from the limited resources available for early stage quantum
investments.

1 Arange of nationally coordinated industepngagemenimodels (e.g./IUCRC, GOALI,
Patforms for Advanced Wireless Resear@uantum Leap triplets, Expeditions in
Computing) are available at NSF for partnership.

1 Quantum research activities should emphasize workforce development not only for
university studers, but also for academic and industry practitioners.
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Appendix A
Agenda

11:00 AM - 4:00
PM

WednesdayMarch 14, 2018

Workshop Checkn and Registration

12:00-12:30 PM

GENERAL MEETING BEGINS

12:30-12:45 PM

Survey Results

Prior to the event, aurvey was distributed to industry representatives and
relevant insights will be shared with the workshop attendees.

12:45-1:30 PM | Quantum Technologieg Review of the Current R&D Landscape
El sevier wildl provide findings fr¢
technology capabilities and benchmark against global activities.

1:30-1:45 PM BREAK

1:45-2:30 PM Current IndustryUniversity Collaborations Quantum Technologies

There are a number of contemporary academmicporate partnerships seeking
to leverage each other's strengths and assets in order to advance their qua
technologies missions and goals. This session will highlight several of these
current partnerships.

WednesdayMarch 14, 2018

2:30—-3:30 PM

Industry Round Table Evaluating the Current Quantum Technology Researc
and Commercialization Landscape

Many companies are exploring strategfes developing a business case for
making investments in quantum technologies. This session will feature com
representatives who are actively evaluating how they can exploit the curren
quantum technology landscape to create viable business lines.

3:30-3:45 PM

BREAK

3:45-4:45 PM

Facilitated Breakout Sessions by Application Areas

These breakout sessions will allow attendees to consider how academic
corporate collaborations can advar
|l eap” thrust areas.

Communications

Computing
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Materials
Sensing

Simulation

4:45-5:15 PM

Report Outs

5:15-5:50 PM

Current Approaches to Federal Support for Industoyiversity Engagement

This session will consider some of the current quantum technology effotte a
federal level and funding mechanisms available for future investments.

5:50-6:00 PM

Day 1 Recap

During this session, workshop participants will be asked to identify key issue
and findings that can be used to drive Day 2 discussions and advance the
workshop goals.

Thursday March 15 2018

8:00-8:15 AM Charge for Day 2

8:15-9:30 AM Academic Leadership Panel
This panel will explore academia's interest in quantum technologies and hov
academic leaders are pursuing collaborations in this area.

9:30—-10:00 AM | Role of Small Businesses in Advancing Quantum Technology Commercializ

University starfups and small businesses are a critical component to the
guantum technology innovation ecosystem. This session will explore how th
small firms an play a role in future efforts between large universities and
companies.

10:00-10:15 AM

BREAK

10:15-11:15 AM

Facilitated DiscussionPromising Areas for Collaboration and Setting Prioritie
Among the Technology Thrusts

Attendees will share theinterests in making investments in specific research
and commercialization areas.

11:15 AM-12:15
PM

Recommendations for Next Steps

The workshop's primary goal is to identify prime areas fecraation among
companies, government and universities. Td@ssion will utilize the learnings
gathered from this event to accomplish this goal.

12:15-12:30 PM

Conclusion

17



AppendixB
List of Participants

Kirby Linvill
Accenture

Augustine Urbas
Airforce Research Lab

Larry Grace
Amgen

George Seegan
Amgen

Kayj Shannon
Amgen

Clena Abuan
BP

W.S. Sampath
Colorado State University

Ellen Kosik Williams
Corninginc.

Mark Schmidt
Deere & Company

Gregory Gabrenya
D-Wave Systems

Daniel Calto
Elsevier

David Everard
Elsevier

Holly Falkkrzesinski
Elsevier

Hansel Monroy
Ford Motor Company

Donald McConnell

Georgia Institute of Technology

Alan Ho
Google

David George
HP Inc.

Bea Tam
HP Inc.

Tommy Gardner
HP Inc.

Tyrel McQueen
Johns Hopkins University

Dani Couger
Lockheed Martin
Kresimir Mihic
Oracle Labs

Joan Redwing
Penn State University

Yong Chen
Purdue University

Randall Correll
QC Ware

Davide Venterelli
RIACS USRA

John Martin
Samsung Semiconductor

Hemant Shukla
Siemens

Christine McGuiness
Solvay

Gretchen Baier
The Dow Chemical Company

Anthony Boccanfuso
UIDP

Liz Kennell
UIDP

Tuhin Sahai
United Technologies Research Center

Zheshen Zhang
University of Arizona



Pramod Khargonekar
University of California, Irvine

Shyue Ping Ong
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Appendix D

Additional References

Daniel Lidar
University of Southern California

Federico Spedalieri
University of Southern California

Dan Reed

University of Utah, formerly of University of

lowa

David Bell
USRA/RIACS

David Ott
VMware

Chris Ramming
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1. National Science Foundatiomtps://www.nsf.qov/.
2. NSF' s 1 0htiysi/vawwingd. @@ rews/special reports/big ideas/guantujsi.

3. IUCRC: Industiyniversity Cooperative Research Centers Program.
https://www.nsf.gov/eng/iip/iucrc/home.jsp

4. Grant Opportunities for Academic Liaison with Industry (GOALI) Proposal.

https://www.nsf.gov/endg/iip/goali.jsp

o1

Partnerships for Innovation (PRi}tps://www.nsf.gov/eng/iip/pfi/index.jsp

6. Emerging Frontiers and Muligtiplinary Activities (EFMA).
https://www.nsf.gov/div/index.jsp?div=EFMA

~

USRA's Feynman

Oupd/ \mvitwwisra. eAuggaattenmagademy/

8. Platforms for Advanced Wireless Research (PAWR).
https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505316
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