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Funding Opportunity Announcement (FOA) Issue Date: Thursday, December 8, 2016

First Deadline for Questions to ARPA-E-CO@hg.doe.gov: 5 PM ET, Friday January 6, 2017

Submission Deadline for Concept Papers: 5 PM ET, Tuesday January 17, 2017

Second Deadline for Questions to ARPA-E-CO@hq.doe.gov: 5 PM ET, Friday, April 14, 2017

Submission Deadline for Full Applications: 5 PM ET, Monday, April 24, 2017

Submission Deadline for Replies to Reviewer Comments: 5 PM-ET, Thursday,June 15,2017

Expected Date for Selection Notifications: July 2017 FOA Cancelled

Total Amount to Be Awarded Approximately $9.5 million, subject to
the availability of appropriated funds.

Anticipated Awards ARPA-E may issue one, multiple, or no
awards under this FOA. Awards may
vary between $250,000 and $9.5
million.

e For eligibility criteria, see Section Ill.A of the FOA.
e For cost share requirements under this FOA, see Section III.B of the FOA.

e To apply to this FOA, Applicants must register with and submit application materials
through ARPA-E eXCHANGE (https://arpa-e-foa.energy.gov/Registration.aspx). For detailed
guidance on using ARPA-E eXCHANGE, see Section IV.H.1 of the FOA.

e Applicants are responsible for meeting each submission deadline. Applicants are strongly
encouraged to submit their applications at least 48 hours in advance of the submission
deadline.

e For detailed guidance on compliance and responsiveness criteria, see Sections III.C.1
through I11.C.3 of the FOA.

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qgov/faq. For questions that

have not already been answered, email ARPA-E-CO@hq.doe.qov (with FOA name and number in subject line); see FOA Sec. VII.A.
Problems with ARPA-E eXCHANGE? Email ExchangeHelp@hg.doe.gov (with FOA name and number in subject line).
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MODIFICATIONS

All modifications to the Funding Opportunity Announcement (FOA) are highlighted in yellow in the body

of the FOA.
Mod. No. Date Description of Modifications
01 01/10/2017 | e Extended the Submission Deadline for Concept Papers to January
17, 2016, see Cover page and Required Documents Checklist.
02 3/10/2017 e Inserted certain deadlines, including the deadlines for submitting

questions and Full Applications. See Cover Page and Required
Documents Checklist.

e Revised the following sections of the FOA to provide guidance on
required application forms and the content and form of Full
Applications and Replies to Reviewer Comments: Required
Documents Checklist and Sections IV.D, IV.E, and IV.G of the FOA.
Applicants are strongly encouraged to use the templates provided on
ARPA-E eXCHANGE (https://arpa-e-foa.energy.gov).

e Inserted criteria that ARPA-E will use to evaluate Full Applications, see
Section V.A.2 of the FOA.

e Inserted criteria that ARPA-E will use to evaluate Replies to Reviewer
Comments in Section V.A.3 of the FOA.

e Inserted information on the anticipated announcement and award
dates, see Section V.C of the FOA.

e Inserted information concerning Full Application Notifications, see
Section VI.A.3 of the FOA.

e Inserted Administrative and National Policy Requirements, see
Section VI.B of the FOA.

e Inserted Reporting Requirements, see Section VI.C of the FOA.

e C(larified timeframe and FAQ response location under
Communications with ARPA-E, see Section VII.A of the FOA.

e Revised language for Rights in Technical Data, see Section VIII.H of the
FOA.

e Provided clarification on third party evaluation for Categories 1 and 2,
see Section I.F of the FOA.

03 9/1/2017 The Department of Energy has cancelled Funding Opportunity

Announcement DE-FOA-0001714. Any pending applications made

under this announcement will not be further considered. The

cancellation of this funding opportunity is based on programmatic
priorities and does not represent an assessment of the technical merits
of any proposals submitted in response to the funding opportunity.

Current ARPA-E and other Department of Energy funding opportunities
are posted on grants.gov. ARPA-E funding opportunities are also
posted on ARPA-E eXCHANGE (https://arpa-e-foa.energy.gov). Please
address any questions on these funding opportunities to the person or
office listed on the respective announcement.

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qgov/faq. For questions that

have not already been answered, email ARPA-E-CO@hq.doe.qov (with FOA name and number in subject line); see FOA Sec. VII.A.
Problems with ARPA-E eXCHANGE? Email ExchangeHelp@hg.doe.gov (with FOA name and number in subject line).
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REQUIRED DOCUMENTS CHECKLIST

For an overview of the application process, see Section IV.A of the FOA.
For guidance regarding requisite application forms, see Section IV.B of the FOA.

For guidance regarding the content and form of Concept Papers, Full Applications, and Replies to Reviewer
Comments, see Sections IV.C, IV.D, and IV.E of the FOA.

OPTIONAL/ FOA
SUBMISSION COMPONENTS MANDATORY | SECTION DEADLINE
e Each Applicant must submit a Concept Paper in Adobe PDF
format by the stated deadline. The Concept Paper must
not ex.ceed 4 pages in length and must include the 5 PM ET,
following: Tuesday
Concept Paper 0 Concept Summary Mandatory IvV.C January 17
0 Innovation and Impact 2017 ’
0 Proposed Work
0 Team Organization and Capabilities
e Each Applicant must submit a Technical Volume in Adobe
PDF format by the stated deadline. Applicants may use the
Technical Volume template available on ARPA-E eXCHANGE
(https://arpa-e-foa.energy.gov). The Technical Volume
must include the following:
0 Executive Summary (1 page max.)
0 Sections 1-5 (30 pages max.)
e 1. Innovation and Impact
e 2. Proposed Work
e 3. Team Organization and Capabilities
e 4. Technology to Market
e 5 Budget
O Bibliographic References (no page limit) 5 PM ET,
0 Personal Qualification Summaries (each PQS limited Monday
Full Application to 3 pages in length, no cumulative page limit) Mandatory IV.D April 24"
e The Technical Volume must be accompanied by: 2017
0 SF-424 (no page limit, Adobe PDF format);
0 Budget Justification Workbook/SF424A (no page limit,
Microsoft Excel format)
0 Summary for Public Release (250 words max., Adobe
PDF format);
0 Summary Slide (1 page limit, Microsoft PowerPoint
format) — Applicants may use the Summary Slide
template available on ARPA-E eXCHANGE
(https://arpa-e-foa.energy.gov); and
0 Completed and signed Business Assurances &
Disclosures Form (no page limit, Adobe PDF format).
0 U.S. Manufacturing Plan (1 page limit, Adobe PDF
format)
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e Each Applicant may submit a Reply to Reviewer Comments

Reply to in Adobe PDF format. This submission is optional. 5 PM ET,
. Applicants may use the Reply to Reviewer Comments . Thursday,
Reviewer i Optional IV.E
Comments template available on ARPA-E eXCHANGE (https://arpa-e- June 15,
2017

foa.energy.gov). The Reply may include:
O Upto 2 pages of text; and
O Upto 1 page of images.
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I. FUNDING OPPORTUNITY DESCRIPTION

A. AGENCY OVERVIEW

The Advanced Research Projects Agency — Energy (ARPA-E), an organization within the
Department of Energy (DOE), is chartered by Congress in the America COMPETES Act of 2007
(P.L. 110-69), as amended by the America COMPETES Reauthorization Act of 2010 (P.L. 111-
358) to:
“(A) to enhance the economic and energy security of the United States through the
development of energy technologies that result in—
(i) reductions of imports of energy from foreign sources;
(ii) reductions of energy-related emissions, including greenhouse gases; and
(iii) improvement in the energy efficiency of all economic sectors; and
(B) to ensure that the United States maintains a technological lead in developing and
deploying advanced energy technologies.”

ARPA-E issues this Funding Opportunity Announcement (FOA) under the programmatic
authorizing statute codified at 42 U.S.C. § 16538. The FOA and any awards made under this
FOA are subject to 2 C.F.R. Part 200 as amended by 2 C.F.R. Part 910.

ARPA-E funds research on and the development of high-potential, high-impact energy
technologies that are too early for private-sector investment. The agency focuses on
technologies that can be meaningfully advanced with a modest investment over a defined
period of time in order to catalyze the translation from scientific discovery to early-stage
technology. For the latest news and information about ARPA-E, its programs and the research
projects currently supported, see: http://arpa-e.energy.gov/.

ARPA-E funds transformational research. Existing energy technologies generally progress on
established “learning curves” where refinements to a technology and the economies of scale
that accrue as manufacturing and distribution to develop drive down the cost/performance
metric in a gradual fashion. This continual improvement of a technology is important to its
increased commercial deployment and is appropriately the focus of the private sector or the
applied technology offices within DOE. By contrast, ARPA-E supports transformative research
that has the potential to create fundamentally new learning curves. ARPA-E technology
projects typically start with cost/performance estimates well above the level of an incumbent
technology. Given the high risk inherent in these projects, many will fail to progress, but some
may succeed in generating a new learning curve with a projected cost/performance metric that
is significantly lower than that of the incumbent technology.

ARPA-E funds technology with the potential to be disruptive in the marketplace. The mere
creation of a new learning curve does not ensure market penetration. Rather, the ultimate
value of a technology is determined by the marketplace, and impactful technologies ultimately
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become disruptive — that is, they are widely adopted and displace existing technologies from
the marketplace or create entirely new markets. ARPA-E understands that definitive proof of
market disruption takes time, particularly for energy technologies. Therefore, ARPA-E funds the
development of technologies that, if technically successful, have the clear disruptive potential,
e.g., by demonstrating capability for manufacturing at competitive cost and deployment at
scale.

ARPA-E funds applied research and development. The Office of Management and Budget
defines “applied research” as “systematic study to gain knowledge or understanding necessary
to determine the means by which a recognized and specific need may be met” and defines
“development” as the “systematic application of knowledge or understanding, directed toward
the production of useful materials, devices, and systems or methods, including design,
development, and improvement of prototypes and new processes to meet specific
requirements.”! Applicants interested in receiving financial assistance for basic research should
contact the DOE’s Office of Science (http://science.energy.gov/). Office of Science national
scientific user facilities (http://science.energy.gov/user-facilities/) are open to all researchers,
including ARPA-E applicants and awardees. These facilities provide advanced tools of modern
science including accelerators, colliders, supercomputers, light sources and neutron sources, as
well as facilities for studying the nanoworld, the environment, and the atmosphere. Projects
focused on the improvement of existing technology platforms along defined roadmaps may be
appropriate for support through the DOE offices such as: the Office of Energy Efficiency and
Renewable Energy (http://www.eere.energy.gov/), the Office of Fossil Energy
(http://fossil.energy.gov/), the Office of Nuclear Energy (http://www.energy.gov/ne/office-
nuclear-energy), and the Office of Electricity Delivery and Energy Reliability
(http://energy.gov/oe/office-electricity-delivery-and-energy-reliability).

B. PROGRAM OVERVIEW

The objective of the FACES Program is to develop advanced information technologies which will
dramatically reduce the need to travel for the purpose of communication, thereby reducing
travel-related energy consumption and its associated greenhouse gas emissions, as well as
increasing the efficiency of energy use and improving economic security.

Telecommunication technology has advanced significantly since the invention of the telegraph,
yet we are still far from this ideal. Today’s telecommunication technologies still lack essential
characteristics demanded by human interaction. ARPA-E believes that extraordinary
technological shifts over the past two decades have created an opportunity to dramatically
improve the utility of telecommunication technology.

This digital form of transportation has the potential to reduce communication-related travel
energy consumption by several orders of magnitude because information networks consume

1 OMB Circular A-11
(http://www.whitehouse.gov/sites/default/files/omb/assets/all current year/all 2014.pdf), Section 84, p. 8.
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substantially less energy than all traditional forms of transportation (such as planes, trains, and
automobiles). Travel for the purpose of in-person communication is responsible for roughly 8%
of the United States’ energy consumption, so the ultimate success of this Program could yield a
reduction in energy consumption of several quadrillion BTUs per year in the US alone.

Of essential importance is that an individual would prefer to use the “digital transportation”
Technologies developed under the FACES Program rather than the energy-, time-, and cost-
intensive status quo of physical travel, thereby providing a substantial incentive for market
adoption. If the FACES Program is successful, the United States will benefit from the positive
externalities of decreased dependence on petroleum and therefore increased energy security,
decreased energy-related emissions, and increased efficiency of communication-related energy
expenditure.

To achieve these goals, the FACES Technologies must provide an experience that meets or
exceeds the current benefits of in-person interactions. ARPA-E believes that technical advances
in computer technology, sensors, displays, computer graphics, and information networks, all of
which have changed the world in their own right, will allow this high-quality communication
across any distance.

The FACES Program will focus on communication systems employing “Digital Humans”. A Digital
Human (DH) is a bandwidth-efficient, three-dimensional digital representation of a person that
is nearly indistinguishable from the communication partner in real life.

These DH communication systems must provide highly natural and immersive communication
that is preferable to physically travelling, and have the potential to be very low cost in their
implementation so that the average person can afford to communicate in this way. ARPA-E has
identified three critical elements to developing DH communication systems as means of
decreasing energy consumption (note: the following is a summary - the Technical Categories of
Interest in Subsection E, and Performance Targets in Subsection F, below are controlling for
application submissions):

1. ARPA-E seeks advances in real-time motion capture and digitization of the full human form,
coupled with the real-time reconstruction and display of the resultant full human likeness at
the other end of an information network, yielding an audiovisually-realistic DH-based digital
transportation platform.

2. ARPA-E seeks innovative, complementary advances in the requisite Technology components
of real-time capture, digitization, reconstruction, and other related hardware and software
tools deemed necessary for or conducive to digital transportation.

3. ARPA-E seeks innovative studies of travel-replacement thresholds, new metrics for realism
and immersion of telecommunications systems, and for systematic evaluation of DH
technologies.
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FACES Technologies will be subject to rigorous and quantitative evaluation metrics, and must
demonstrate progress towards meeting travel-replacement thresholds. The development and
use of the travel-replacement thresholds for digital transportation will be an important
contribution of this Program.

(Section IX of the FOA provides an explanation of terms and concepts used in this FOA.)
C. BACKGROUND
Transportation Energy Consumption and Emissions

Over one-quarter of the energy-related emissions in the United States emanate from the
activities of the transportation sector,?and transportation energy consumption is expected to
continue to increase for the foreseeable future (Holtberg 2016).

An unavoidable aspect of nearly all present-day transportation technologies is that the energy
source must be carried onboard the vehicle. Gasoline powers most automobiles; diesel powers
most heavy-duty trucks; and jet fuel powers most airplanes.3

The dominance of these liquid fuels is a result of their enormous energy density and low cost.
At 32 MJ/I, the energy density of gasoline is more than an order of magnitude higher than that
of lithium-ion batteries and nearly 1000 times higher than uncompressed natural gas.*

There is substantial opportunity to improve upon the existing transportation supply chain in
order to reduce the energy use in transportation. In its short history, ARPA-E has made several
such investments, focusing on electric vehicle batteries, natural gas tanks and compressors,
lightweighting, alternative fuel production methods with low lifecycle emissions, and
autonomous vehicle powertrains, among others.> These Programs sought to create
transformative changes within the present paradigm of automobiles and liquid transportation
fuels, and have made several important contributions to date.

Another viable approach is to consider how we could satisfy, with much less energy-intensive
technologies, the public’s demand for transportation. A high level dichotomy of transportation
energy expense is that of moving things versus moving people.

2 https://www.epa.gov/ghgemissions/us-greenhouse-gas-inventory-report-1990-2014

% http://www.eia.gov/Energyexplained/?page=us_energy_transportation

* https://en.wikipedia.org/wiki/Energy_density

®If further interested in ARPA-E transportation-related Programs, visit our webpage and search for BEEST,
AMPED, MOVE, RANGE, LITECAR, Electrofuels, PETRO, REMOTE, TRANSNET, NEXTCAR or METALS.

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qov/faq. For questions that have

not already been answered, email ARPA-E-CO@hgq.doe.gov (with FOA name and number in subject line); see FOA Sec. VIIA.
Problems with ARPA-E eXCHANGE? Email ExchangeHelp@hg.doe.gov (with FOA name and number in subject line).

AR-311-09.16


http://arpa-e.energy.gov/faq
mailto:ARPA-E-CO@hq.doe.gov
mailto:ExchangeHelp@hq.doe.gov
http://arpa-e.energy.gov/?q=arpa-e-site-page/view-programs

1. Freight transportation results from a demand to have cargo physically exist in a place
where it is not presently. This type of transportation is responsible for ~30% or 278 GW
(8 quadrillion BTU/yr) of transportation energy expenditures.®

2. When people are transported, however, it is their presence that is demanded for one
reason or another. Passenger transportation is responsible for ~70% or 568 GW (17
quads/yr) of transportation energy consumption.>’

When presence is demanded it is either psychological or physical presence, or some
combination of both. Our psychological perception of presence is the understanding of the
environment and people therein that we derive through the eyes, ears, nose, mouth, and
dermis. Our physical presence is our ability to use our bodies to interact with the physical
environment. Both of these types of presence are very important, and in some cases very
difficult to deconvolute.

For purposes of discussing the energy embodied in demand for passenger transportation, we
propose a trichotomy based on these high-level objectives of passenger transportation:

1. Communication: We move from one place to another predominantly to convey or
consume information, e.g. business trip, drive to office, etc.

2. Labor: We move from one place to another predominantly to interact physically with
the environment, e.g. drive to factory, farm or restaurant, etc.

3. Experience: We move from one place to another predominantly to “experience”, e.g.
trip to the beach, the Pantheon, or a religious gathering.

In an attempt to ascertain how much energy the U.S. uses for each of the objectives outlined
above, ARPA-E performed a detailed analysis relying heavily on the National Household
Transportation Survey.® For more details regarding how this ARPA-E analysis was performed,
please refer to the Advanced Telepresence Request for Information from September 29th, 2015
on the ARPA-E website.

Figure 1 shows the breakdown of transportation energy consumption in the United States for
2011. Our analysis indicates that, of United States total energy consumption, roughly:

8% is associated with passenger transportation for communication (7.5 Q, 251 GW)
5% is associated with passenger transportation to experience (4.9 Q, 164 GW), and
5% is for labor objectives (4.6 Q, 154 GW), with some overlap between categories.

® Freight Facts and Figures 2013. U.S. Department of Transportation. 2011 data.
http://www.ops.fhwa.dot.gov/freight/freight_analysis/nat_freight_stats/docs/13factsfigures/pdfs/fff2013_h
ighres.pdf

" Transportation Energy Data Book: Edition 33-2014

8 National Household Transportation Survey. U.S. Department of Transportation. 2009 dataset.
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It is on this basis that ARPA-E considers communication technologies as potential energy-
reduction technologies. If we can develop ultra-low energy communications technologies that
are preferable to today’s practice of driving or flying for the purposes of in-person
communication, we could substantially alter the course of increasing passenger transportation
and dramatically improve U.S. economic competitiveness and environmental sustainability.
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Figure 1. Transportation Energy Consumption, United States 2011
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Telecommunications Technologies and Travel Behavior

There has long been the demand to alleviate the burdens of travel. Travel costs time, it costs
money, and it is often uncomfortable. Generally speaking, efforts to avoid travel burdens can
follow two courses: one may invent ways to make the travel less burdensome, that is, faster,
cheaper, or more convenient and comfortable; or one may find ways to avoid it altogether.
Telecommunication has long been viewed as holding promise in the latter category.

The electronic telegraph, for example, surely diminished some of the need to take horse and
carriage to deliver messages in the late 19th century. But, of course, the telegraph didn’t
eliminate travel altogether. As telecommunication has improved, with transformational
technologies like the telephone, televideo, and the internet, there was increasing enthusiasm
regarding the possibility of eliminating face-to-face meetings (Owen 1962; Harkness 1977,
Murtishaw et al. 2001; van Wee 2015).

Over the same time period, there was a commensurate transformational improvement in
passenger transportation technologies. In the 20th century alone, the world witnessed global
proliferation of trains, automobiles, and planes. It is now possible, and frequently practiced, to
travel across the United States and back in one day for a business meeting. A similar trip in the
early 1800s would have taken several months. As transportation technologies continue to get
faster, more comfortable, and more efficient, one would expect them to continue to be used
more® And, indeed, history shows as transportation technologies improved, miles traveled per
capita and time spent travelling rose dramatically (Mokhtarian 2009).

Telecommunication and transportation technologies can therefore be seen in part as
competing technologies, though in part they also augment each other (Mokhtarian 2009).
Global commerce, for example, relies heavily on telecommunication to function. It also stands
to reason that the additional connections made across the globe by our communication
technologies have prompted additional need to travel long distances. In fact, long-distance
business travel has grown to 1% of total U.S. energy use.’

A fundamental question remains regarding our desire to travel for in-person communication.
Could there exist a telecommunication technology that we would prefer to physically travelling
in most cases? If so, what minimum technology characteristics would be required to most
effectively replace communication-related travel? If there existed a technology that would
surpass this postulated travel-replacement threshold in a given circumstance, we would call it a
digital transportation technology.

This question has not yet been answered definitively, and ARPA-E hopes to investigate it
thoroughly with this Program. We have substantial reason to believe that such future advances
in telecommunications could make considerable headway in decreasing passenger
transportation.

% https://en.wikipedia.org/wiki/Jevons's_paradox
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Digitizing Human Communication

Numerous studies seek to explain the limited ability of telecommunications technologies to
replace in-person interactions. In general, they have hypothesized that telecommunications
systems lack: 1) a true sense of presence one typically feels when co-located in a physical
environment with other individuals; 2) the technical characteristics required to achieve an
immersive environment which eliminates distractions from physical reality, thereby achieving
the same level of focus one has in a face-to-face meeting; and 3) the fidelity of interaction
between participants to achieve the naturalness and ease of conversation inherent to face-to-
face communication (Kock 2004; Youngblut 2003).

Achieving presence, the psychological sense of being in an environment, requires that
participants “experience the [virtual environment] as the more engaging reality than the
surrounding physical world and consider the environment specified by the displays as places
visited rather than as images seen.” (Slater & Wilbur 1997) To meet this standard of presence, a
telecommunications technology must facilitate social presence (awareness of the other person)
(Biocca et al. 2003), spatial presence (awareness of the environment) (Steuer 1992), and self-
presence (awareness of one’s own self). (Cummings et al. 2015; Aymerich-Franch et al. 2012) In
particular, social presence requires the ability to build connectedness and intimacy between
individuals via sharing both verbal and nonverbal cues. The transference of information through
conveyance of facial expressions, body language, vocal cues, gestures, etc. is generally
understood to enable the communicating parties to engage in high value communication
objectives not readily accomplished using just text or voice-based modalities (Bente 2008).
Common scenarios that are difficult to accomplish with current telecommunications systems
include building trust, communicating feelings, resolving conflicts, negotiating contracts, and
exchanging sensitive information (Standaert et al. 2015).

Required for presence is a high degree of immersion facilitated by the technological
characteristics of the communications modality (e.g. cell phone, monitors, commercial 3D
displays, etc.). Achieving immersion requires eliminating distractions from the surrounding
physical environment (Slater & Wilbur 1997) by enhancing specific technological aspects. Such
characteristics include: field of view, scale, and resolution of the display; sound quality; update
rate; user perspective; stereoscopic vision; tracking-level of the users, etc., and are easily
measured by quantitative analysis (Cummings et al. 2015).

In contrast to the independent quantitative and psychological definitions of immersion and
presence, naturalness aims to combine the features into a comprehensive, unifying theory.
Inherent to achieving a natural telecommunications experience are 5 key features which can be
directly mapped to technology characteristics (Kock 2004): 1) colocation, requiring spatial
audio, realistic interpersonal distance, agency of the user; 2) synchronicity, the quick or
immediate exchange of communicative information, requiring low latency communication; 3)
conveyance and observance of facial expressions, requiring shared gaze and high fidelity
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microexpressions; 4) conveyance and observance of body language, requiring posture, hand
movement & expressions; and 5) conveyance and interpretation of speech, requiring high
sound clarity, accurate voice timbre.

While presence, immersion, and naturalness are interconnected, each is necessary to
comprehensively capture the required components of telecommunications.

The wealth of literature on these topics is consistent with efforts in the telecommunications
industries to meet these requirements. For instance, audio quality has steadily improved with
high-definition (aka ‘wideband’, ‘superwideband’, and ‘fullband’) audio now available on some
networks and devices. Higher sampling rates and bit depths encompassing a wider range of
speech frequencies have advanced sound quality beyond the 8 kHz sample rate and 8-bit depth
commonly used for landline telecommunication (ITU-T G.711), reducing overlapping
conversation and the cognitive load associated with differentiating between similar sounds (Cox
et al. 2009). Enhanced video capabilities have been incorporated to convey the verbal and
nonverbal cues thought necessary for intimate communication. State-of-the-art
videoconferencing, such as the CISCO™ IX5000 Telepresence system?° (first announced in
2014), can now transmit verbal and nonverbal cues using high-quality, 1080p60 video
transmitted at data transmission rates of greater than 10,800 kbps, compared to 128 kbps
required for low-quality video conferencing. Larger screen sizes also depict users as life-size,
and additional functionality enables eye contact between participants. The enhanced presence
and naturalness enabled by larger displays and higher quality video was shown to move the
efficacy of the system closer to face-to-face communication in some instances (Standaert
2015). However, significant limitations still prohibit a truly natural experience: depiction of
individuals is limited to the waist-up, other participants are displayed only in 2D, and the
environment is only that portrayed on the screen. Despite increased utilization of more
advanced videoconferencing systems, the required capital investment, high bandwidth
connections, and dedicated infrastructure limits more wide-scale adoption.

Virtual environments, such as Linden Lab’s Second Life™?*!, have also enabled digital
communication. These platforms require much less bandwidth than videoconferencing by
representing the users as digital, animated characters. The effects on communication
(attention, trust, collaboration, etc.) influenced by incorporating digital representations of users
has been widely studied with varying results. We direct the reader to the numerous review
articles citing and cited by Bente et al. (Bente 2008). However, a key limitation of virtual
environments is the absence of realistic representations of the user and other communicating
participants, limiting the ability to achieve true self- and social presence.

10 ARPA-E has included the names of products and companies in this FOA to illustrate the current state of the art in
this field. Inclusion of these trademarks is not a government endorsement of the trademarked products or
company names, and trademark owners have not endorsed the purpose of the FACES FOA.

1 http://secondlife.com/
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More recently, similar systems have been developed using head mounted displays, enabling
higher degrees of presence and immersion in a 3D environment (Bailenson 2016). Higher
immersion is attributed to the increased ability of 3D systems to eliminate distractions from the
surrounding physical environment. Enhanced social presence is facilitated by the ability to see a
full individual in 3D, interact collaboratively, and manipulate the 3D environment. In fact, the
recent “Dell and Intel Future Workforce Global Study” found that 66% of global employees
would be willing to use virtual or augmented reality in their professional lives (PBS Research
2016).

To merge the level of immersion capable in 3D environments with the visual fidelity of
information transferred by high-quality video, we look towards developing a DH with the
necessary qualities of photorealism, human-like representation, and behavior consistent with
the levels of fidelity expected from in-person interactions. In a 3D environment, developing a
realistic DH enables higher degrees of naturalness by more realistically conveying body
language, facial expressions, and hand motions. Also allowed is interaction between
participants, achieving necessary abilities like variation of interpersonal distance, eye contact,
collaboration on challenging tasks, etc. In a 2D environment like a digital display, the DH
inherently requires less bandwidth than 4k video.

Fully digitizing all aspects of the animated communicative human form could yield tremendous
progress towards replacing travel with digital transportation technologies.

State of the Art of Digital Human Construction and Animation

Tremendous strides have been made in the art of performance capture and digitization of
humans in the gaming and film industries over the last two decades. Gamemakers and
filmmakers who employ digital graphics characters have pushed the boundary of what is
technically feasible in realism, naturalness, and rendering of humans to achieve better
entertainment experiences for their audiences. It is important to note that these industries are
not bound by the constraint of real time visualization or operation in the same way a
communication technology is, as their goal is primarily to produce entertaining content that is
consumed with at most minimal interaction (for example, through a game controller).
Therefore much of their graphics work is done ex situ by graphics engineers and rendering
farms out of convenience.

Research towards a true DH has yielded compelling prototypes, which have demonstrated the
ability to capture the state of a performer with very high fidelity, both statically and
dynamically. Generally, the performer is detected by some array of sensors, digitized as a set of
blendshapes corresponding to a prefabricated, high-fidelity rig of the performer, and then later
reconstructed in a digital environment for display. Modern graphics cards have demonstrated
the ability to reconstruct and display a DH in real time'2.

12 NVIDIA GTC 2013 Keyonte: https://www.youtube.com/watch?v=5d1Z0YU4gpo
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For example, the Digital Ira project, developed by The Institute for Creative Technologies at the
University of Southern California in conjunction with NVIDIA™ and Activision™, serves as one
of the most photorealistic DH models demonstrated to date (Figure 2). Numerous research
groups have built on this realism by developing effective wrinkle modelers (Cao et al. 2015,
Nagano et al. 2015), gaze trackers and compensators (Kuster et al. 2012), and hair modelers
(Luo et al. 2013).

Challenges remain in translating these DH prototypes into a digital transportation platform.
Capture methods sometimes require cumbersome sensor configurations or markers,
digitization is sometimes done ex situ from the performance capture data, hair is often omitted,
only select parts of the body are captured in high fidelity, precise mouth movements are
lacking, and details around the eyes and mouth during expressions leaves something to be
desired. Advances in all of these areas are required to achieve a DH-based digital transportation
technology.

Activision R&D Property of Activision PulSiSRingG

Figure 2. Digital Ira represents the state of the art for extremely high quality digital human
representation. For more information see http://ict.usc.edu/prototypes/digital-ira/.

The principle behind using DHs in a communication platform follows a generic workflow that
applies to all telepresence platforms. Figure 3 shows this workflow schematically. This 7-step
process consists of capture, digitization, network upload, server-side operations, network
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download, reconstruction, and display. The network upload and download steps are assumed
to follow internet protocols and will not be discussed or investigated as part of this FOA.

Experts in a variety of industries have made tremendous progress in each of the remaining
steps. The following is an attempt to describe the state of the art of each as it pertains to the
objective of creating a DH-based digital transportation platform. This summary does not
capture all of the salient work that has been done in this space. ARPA-E expects Applicants to
familiarize themselves with all prior art relevant to their submission, and requires submissions
to represent substantial contributions to advancing the state of the art, not merely incremental
improvements.

Capture

Static capture of a subject and rigging of a DH is mature art with many methods available. The
Digital Ira project is one example (Alexander et al., 2013) of high quality capture and
construction of a DH from a Lightstage™?3. Other lower fidelity examples, which still require
improvement, include using multiple low-quality photographs from a camera phone (Cao et al.,
2016) and using 2D video footage (Ichim et. al, 2015). ARPA-E will focus primarily on motion
capture (mocap) for this FOA.

The entertainment industry has a number of solutions for capturing the movements, gestures,
and general state of a performer. Commonly used body-mounted capture devices require a
number of fiducial markers to be placed on the face and body, e.g. those from Vicon™?14,
PhaseSpace™?>, OptiTrack™16, etc. Rooms can be fully instrumented with mocap sensors,
offering large performance areas and the potential for tracking several people concurrently.
While these mocap systems have matured and yield excellent precision, structured
environments and fiducial markers present a challenge for wide proliferation of DH
communication platforms. The ideal mocap system would not require any structuring of the
environment or modification of the performer. Markerless mocap systems have been
demonstrated with reasonable quality, for example researchers have used commodity-grade
digital cameras employing machine vision, Microsoft Kinect™, and Intel RealSense™ to capture
motion information for digitization. Purpose-built mocap sensors have been made to capture
hand movements, e.g. Leap Motion™. Eye gaze tracking sensors have successfully been
demonstrated inside head mounted displays by Fove and others. Markerless mocap still
requires substantial improvement to yield the accuracy and precision ARPA-E believes is

necessary.
1. 2. 3. 4. 5. 6. 7.
Capture Digitization | Network [ Server-Side Network Reconstruction | Display
Upload Operations Download

13 https://home.otoy.com/capture/lightstage/
¥ https://www.vicon.com/

5 http://www.phasespace.com/

16 http://optitrack.com/
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Figure 3: The Digital Transportation workflow requires these seven steps to be performed in
series. The capture-to-display latency must be below values that make humans uncomfortable
when communicating, which have been shown to be around 150 ms (International
Telecommunication Union, 2003).

Digitization

The digitization step takes raw captured data and turns it into sensible instructions for a
computer on the other end of an information network to reconstruct the DH. Some methods
for static digitization of a person are well developed, such as those used in the Digital Ira
project. The most mature methods employ deep knowledge of human facial expressions, e.g.
the Facial Action Coding System (FACS) poses (Hjortsjo, 1970; Ekman and Friesen, 1978) to
generate a “basis set” of blendshapes that can be weighted to construct any facial geometry in
combination. Simply transmitting blendshape weights for reconstruction dramatically reduces
bandwidth requirements of high quality visual information transmission. Other methods
employ a musculoskeletal model of the head anatomy to yield high quality static digital
representations of people, such as those used in the BabyX project (Sagar et al, 2014) and to
reconstruct faces for forensic analysis (Wilkinson 2004). These methods may have the
advantage of more natural facial expression and the capacity for predictive modeling of
dynamic facial physics to smooth out short network disruptions.

Digitization of motion capture information is less advanced. Digital Ira, for example, used 6
video feeds for markerless mocap, yet calculated blendshape weights ex situ. Calculating
optimal blendshape weights in real time has proved to be challenging computationally, and
diminishing returns on communication experience in relation to the tradeoff between
blendshape-weight accuracy and digitization latency have not been explored. Additional
digitization methods to increase realism and naturalness include wrinkle modeling, skin
modeling, and hair modeling. ARPA-E expects substantial improvements to the state of the art
in real time digitization will be required to achieve the levels of realism and naturalness called
for by the FACES Program.

Server-side operations

The backbone of a functional end-to-end DH communication system is the server that manages
the digitized information flowing to and from various clients. Information can be simply “passed
through”, as is primarily the case with 2D televideo codec transmission services like Skype™,
Facetime™, Hangouts™, etc. In more complicated communication environments, such as those
developed by SecondLife™, AltspaceVR™, and HighFidelity™, more operations are performed
on the server. These include reconciling virtual physics, adding virtual effects or objects,
correcting gaze and other virtual “fixes”, and yield customizable, highly interactive, server-
hosted virtual environments for communication.

Reconstruction
When digitized information is received over an information network, it must be reconstructed
into a DH that is real and natural enough to provide a high quality communicative experience.
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This step is intimately tied to the digitization step, as they must cooperate to display the
captured information in an agreeable form to an observer. Graphics processing is essential for
effective reconstruction of the real-time DH model, which requires substantial computing
power. Modern graphics processing has demonstrated the ability to reconstruct characters
based on digitized instructions in extremely high detail in real time on consumer hardware.
Graphics processing is now cheaper and more efficient than ever before; the average cost per
gigaflop of computing power has continued its exponential decrease for the last 70 years
(Nordhaus, 2007), and energy required for this computation has continued to decrease
exponentially over this same period (Koomey et al, 2011). For this reason, we believe that
graphics computational power per watt will proceed to levels necessary for future digital
transportation systems without ARPA-E investment.

Display

The display of audiovisual information to an observer using a digital transportation platform
should be, to a large extent, consistent with the display of entertainment content. Display
technology is advancing at a rapid pace, and ARPA-E expects that all commercially available
display technologies are on a development path that does not need further government
investment. These include, but are not limited to, high definition 2D displays used for monitors,
cell phones, and televisions, consumer 3D displays, closed-view head mounted displays like the
Oculus Rift™ and the HTC Vive™, open-view augmented reality displays like the Microsoft
Hololens™, virtual reality cave and projector technologies, and several others. ARPA-E believes
there are underfunded display categories that are not currently commercially available, such as
true holographic displays, direct retinal projection, true light field displays, and displays that
have features such as the ability to occlude bright real-world objects in an augmented reality
display scenario. Future display concepts are expected to be necessary to solve inherent
problems or inconveniences associated with commercially available display technologies, such
as the vergence-accommodation conflict (Hoffman et al., 2008) or the necessity to wear a
display as is the case with all modern head mounted displays.

D. PROGRAM OBJECTIVES

The FACES Program aims to accelerate the development of photorealistic, low cost, natural and
immersive DH communication systems that people would prefer to use rather than physically
traveling for communication purposes, thereby obviating the energy and emissions associated
with travel for in-person communication and improving U.S. energy and economic security.

ARPA-E believes that significant energy and emissions reductions via digital transportation are
within reach given recent advances in energy efficiency of information networks; cost
reductions in computer hardware and dramatic increases in processing and computational
power; decreasing display costs and increasing display quality; and an increased understanding
of how computer graphics technology can create lifelike digital representations of humans in
natural motion.
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The FACES Program will focus solely on communication systems employing DH, as opposed to
high-resolution 2- or 3D video transmission. The potential advantages of DH-based
communication systems are as follows:

1. High bandwidth efficiency: only minimal data detailing how to move the DH is required
to convey communicative information

2. Eye contact, gaze: effectively simulate gaze angle and shared gaze, allow for
communication through the eyes

3. Convey detailed facial expressions: detailed facial reconstruction in real-time will allow
for accurate communication through facial expressions and microexpressions

4. Posture: full-body reconstruction will enable greater use of postural communication

5. Body language: full body motion capture will enable communication through gestures
and other body language

6. User agency: users gain the ability to move themselves in a virtual space and change
viewing perspective or location

7. Interpersonal distance: ability to choose interpersonal distance with DH is
communicative

8. Scalable display resolution: the DH reconstruction can be scaled to arbitrarily high
display resolution without increasing transmission bandwidth

9. Inherently a 3D object: a DH by definition exists in the same dimensionality as real life

10. Immersive display: 3D digital representations are conducive to immersive audiovisual
displays

11. Cross-platform compatibility: a DH can be immersed in a 3D virtual space (e.g. a
conference room) or displayed on a 2D screen like traditional televideo

12. True-to-life representation: viewing angles and lighting can be rendered digitally so one
is not constrained to specific view angles or poor lighting that can lead to unflattering
representations

The DH-based communication systems to be developed in the FACES Program must provide
highly natural and immersive communication, be preferable to physically travelling, and have
the potential to be very low cost so that average people could conceivably afford to
communicate this way.

Specific objectives of the FACES Program are:

e Increase realism of digital humans: ARPA-E seeks to increase the extent to which a DH-
based communications platform can reproduce the interactions inherent in face-to-face
communication. A critical component is the development of a photorealistic DH,
captured, digitized, and rendered in real-time. Technologies proposed in FACES should
have the ability to capture and display a full human that is perceived as true-to-life.

e Ensure decreased transportation energy and emissions: Of essential importance is that
users would prefer the FACES method of telecommunication over physically travelling.
Adoption of such communications platforms requires a substantial increase in the
naturalness of DHs to nearly perfect levels, though a quantitative description of
diminishing returns on perceived quality does not exist. Parallel evaluation of FACES
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Technologies is necessary to assess likelihood of adoption and likelihood, if adopted, to
replace travel. The FACES Program will explore individual communication Technology
characteristics to correlate levels of realism, immersion, and naturalness to the
likelihood of user adoption and travel replacement.

e Enable real-time motion capture and digitization of digital humans: ARPA-E expects
motion capture and digitization to be done in real-time with extremely high quality and
accuracy. For interpersonal communication, there exists an expectation of simultaneity
which requires digitization computations to be performed extremely quickly. The
motion capture technologies are expected to have the ability to be integrated into a
display, and the performance area must be commensurate with the display viewing
area. For instance, while it is not uncommon to have a conversation while sitting at
one’s desk, the Technology should consider the possibility that the sitting person may
stand or move around during the course of such a conversation while still in view of the
display.

¢ Increase immersion of digital transportation systems: The DH communication
Technologies developed under the FACES Program should enable a sense of presence or
of “being there” in a digital environment in a fashion that “shuts out physical reality”
(Lombard & Ditton 1997). FACES seeks to advance these specific technical components
which include, but are not limited to, tracking-level, field of view, sound quality, update
rate, user perspective, resolution, and stereoscopic vision.

e Increase presence in digital systems: The DH communication Technologies should
enable a sense of presence in the digital environment, presence with other users of the
environment, and self-presence, maintaining awareness of oneself within the
environment. Achieving the multiple dimensions of presence is predicated on the
fidelity of the DH and the immersion characteristics of the platform.

e Develop quantitative “travel-replacement thresholds”: ARPA-E is interested in
developing a set of quantitative travel-replacement criteria which a DH communication
platform must meet in order for people to choose it over traveling for communication
purposes. These thresholds will serve as guidance for FACES Technology developers to
focus their efforts in the second year of the Program.

e Decrease system cost: Adoption of digital communication Technologies requires that
the commercial cost must be able to be equal to or less than today’s widely adopted
consumer telecommunications technologies if they were to reach high-volume
production scale (e.g. personal computers, home televisions, cell phones, etc.).

e Ensure interoperability: The Technologies funded under FACES must be portable across
current or anticipated hardware and software. This includes, but is not limited to,
commercially available displays, head-mounted displays, graphics cards, operating
systems, computer chipsets, virtual world platforms, gaming engines, etc.
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E. TECHNICAL CATEGORIES OF INTEREST

ARPA-E seeks to fund innovative approaches to generate low-cost, natural and immersive DH
communication systems that obviate the need for travel-related energy use in a substantial
number of cases. In order to achieve this goal, ARPA-E has identified three Technical Categories
of Interest:

1. Real-time capture, digitization, and reconstruction of a human
2. Complementary digital transportation Technologies
3. Travel-replacement Thresholds and Technology Evaluation

Category 1: Real-time capture, digitization, and reconstruction of a human

General description: Advances in real-time markerless capture, digitization, and reconstruction
of a full human in motion are essential to decrease transportation-related energy usage. We
expect solutions will need to meet or exceed the naturalness and immersion of in-person
communication in order to displace travel. Applicants applying to Category 1 may propose
either a technology demonstration project with a period of performance up to 36 months or an
initial proof of concept demonstration project with a period of performance of up to 18
months. Projects that demonstrate significant success may have the potential to receive follow-
on funding, subject to the availability of funds..

Category 1 requires:
® Markerless capture and digitization of a participant’s physical likeness and movement,
with strong emphasis on capturing and accurately reproducing the face in live motion
e Network upload, transmission, and download
® Reconstruction and display of a participant’s likeness maintaining a high level of
naturalness at high display resolution, in real time

Solutions proposed in Category 1 are expected to incorporate, at a minimum:
e Real-time markerless capture of nonverbal behavior: e.g. facial expressions (including
microexpressions), head and body movement, posture, gestures, etc.
Gaze direction and shared gaze
Potential for display-integration of capture technology in future displays
Capability to capture under variable lighting with moving subject in defined space
Accurate mouth and tongue movement
Real-time reconstruction of all non-occluded body parts relevant to verbal and
nonverbal communication
e Real-time reconstruction and display of high-resolution facial features (e.g. wrinkles,
hair, pores, mouth, and accurate tongue behaviors)
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e Ability to immerse a DH in any lighting environment, to include skin translucence effects
based on subsurface scattering, accurate diffuse and specular lighting interactions for
multilayer skin structure

e Ability to port into environments with a large number of participants

e Portability across multiple display modalities — e.g. two-dimensional displays of various
sizes, stereoscopic displays, light field displays, etc.

e Ability to integrate into virtual environments

e Highly bandwidth-efficient transmission

Applicants may consider a priori capture and building of a digital model; if so, approaches to
generating and updating these models should be discussed.

Testing of Category 1 Technologies will require:

e Demonstration of high quality, real-time, bidirectional communication between two
people through DHs using several different display modalities

e Demonstration of high quality, real-time, bidirectional communication for a group of
five DHs using several different display modalities

e Evaluation of DH Technologies using in-house capabilities or those of an independent
third party

e Demonstration of progress towards meeting the travel-replacement thresholds
determined by ARPA-E, which may be determined based on research outcomes
performed by Category 3 Awardees

e Initial hypothesis for commercialization strategy, including target customer, value
proposition, barriers to adoption, and required partner ecosystem for productization
and adoption

Category 2: Complementary digital transportation Technologies

General description: Additional Technologies may be beneficial or necessary to the ultimate
success of digital transportation displacing physical travel. Category 2 seeks Technologies that
will complement developments from Category 1, which the applicant argues will substantially
increase the likelihood of technology adoption and associated travel reduction. Submissions to
Category 2 must represent dramatic and unequivocal advances to the state of the art.
Applicants applying to Category 2 may only propose an initial proof of concept demonstration
project with a period of performance of up to 18 months and a budget of less than S1M.
Projects that demonstrate significant success may have the potential to receive follow-on
funding, subject to the availability of funds.

Of specific interest in Category 2 are Technologies which accelerate the development of digital
transportation and realize the objectives of FACES. ARPA-E will consider complementary
component-level advances in the digital transportation workflow (i.e. one, or a combination of:
capture, digitization, server-side operations, reconstruction and display).
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Examples of such Technologies of interest in Category 2 may include and are not limited to:

e Capture: Advanced markerless capture of the body’s state, such as technologies and
interfaces to recognize and convey extra-sensory information (pulse, tone, level of
interest, attentiveness, etc.), non-visual means of capturing body state (e.g. audio
extraction of facial features)

e Digitization: Novel methods for data reduction or augmentation of the captured
content

e Server-side operations: physics models of interaction, 3D or 360 degree immersive
video transmission-based communications solutions with extremely low bandwidth
usage

e Reconstruction: occlusion solutions, optimized apportioning of server-side machines for
increased DH-based communications performance, predictive modelers for expressive
facial behavior, high fidelity skin, hair and clothing modeling

e Display: holographic displays, technologies to avoid vergence-accommodation conflict
or other display inadequacies (e.g. lightfield displays), incorporation of local
surroundings

e System integration and usability: technologies for translating additional senses (e.g.
scent); technologies for easily creating and manipulating extremely high quality DHs,
worlds, or objects with minimal cost and effort

N.B. The examples provided above are purely illustrative and not meant to prescribe or limit
the scope of proposed advances. ARPA-E may make one, multiple, or no awards that qualify
as complementary advances to digital transportation objectives.

Applicants in Category 2 are required to describe:

e The potential impact that the proposed project would have on the FACES objectives

e The proposed Technology, including its basic operating principles, how it is unique and
innovative, and why it represents a substantial improvement over the state of the art.

e The proposed Technology’s target level of performance (Applicants should provide
technical data or other support to show how the proposed target will be met)

e A path towards integration with Category 1 efforts for bidirectional communication

® The current state-of-the-art in the relevant field and application, including key
shortcomings, limitations, and challenges

e How the proposed Technology will overcome the shortcomings, limitations, and
challenges in the relevant field and application

e The key technical risks/issues associated with the proposed Technology development
plan

e Why ARPA-E funding is needed for the success of the proposed project

e |nitial hypothesis for commercialization strategy, including target customer, value
proposition, barriers to adoption, and required partner ecosystem for productization
and adoption

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qov/faq. For questions that have
not already been answered, email ARPA-E-CO@hgq.doe.gov (with FOA name and number in subject line); see FOA Sec. VIIA.
Problems with ARPA-E eXCHANGE? Email ExchangeHelp@hg.doe.gov (with FOA name and number in subject line).
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Category 3: Travel-replacement Thresholds and Technology Evaluation

General description: Despite the expanse of literature examining how interpersonal interaction
varies in digital environments and what characteristics are necessary to achieve communicative
levels which meet those of face-to-face communications, no studies have systematically
evaluated how to achieve reduction of travel. In fact, as more immersive telecommunications
technologies have achieved higher market penetration, U.S. travel per capita has continued to
rise. Thus, ARPA-E aims to determine what qualities are necessary to reduce travel per capita,
not purely sustain user adoption. Applicants applying to Category 3 may propose a technology
demonstration project with a period of performance up to 36 months. Projects that
demonstrate significant success may have the potential to receive follow-on funding, subject to
the availability of funds.

Reducing travel is dependent on the ability of a communications technology to achieve the
types of communications that still necessitate face-to-face interactions. While text-based and
video-based modes currently allow participants to accomplish tasks, routinely exchange
information, and find solutions to problems, these technologies are limited in their ability to
facilitate building trust, communicating feelings, resolving conflicts, negotiating contracts, and
exchanging sensitive information (Standaert et al. 2015). Furthermore, conversations between
groups of people necessitate sharing of communicative information in ways that may differ
from requirements of one-on-one communication.

ARPA-E seeks submissions which leverage state-of-the-art digital communications and travel
behavior research. Category 3 Awardees’ research may independently and objectively inform
the Technology development paths of Category 1 and Category 2. Specifically, ARPA-E is
interested in determining which technical aspects of a digital communications system are most
strongly correlated to likelihood of adoption, sustained utilization, and resulting reduction of
travel. Category 3 Awardees will be expected to assess technical and communicative aspects of
interaction between 2 - 5 users of a digital communications system.

The aims of the Technology evaluation are to:

1. Define travel-r