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ABSTRACT
The Future Internet Architectures (FIA) constitutes a 10-
year effort by the U.S. National Science Foundation (NSF)
that was launched in 2006, with the announcement of the
Future INternet Design (FIND) research area within a Net-
work Technologies and Systems (NeTS) program solicita-
tion. This solicitation outlined a three-phase program to
“rethink” the Internet, beginning with FIND and culminat-
ing in the recently announced two-year awards for Future
Internet ArchitectureNext Phase (FIA-NP). Because many
readers may not be familiar with the thinking behind this
effort, this article aims to provide a historical context and
background for the technical papers included in this issue.

1. HISTORY
There were several ideas and events that led to the de-

velopment of the future Internet architecture effort. For
me, the idea emerged while I was on sabbatical (2000-2002)
from my position as director for the NSF’s NeTS program,
as a Visiting Scholar in the Department of Electrical Engi-
neering and Computer Sciences (EECS) department at the
University of California, Berkeley. As one of my sabbati-
cal activities I worked with Shankar Sastry, UC Berkeley
EECS Department Chair, and Vern Paxson of the Interna-
tional Computer Science Institute (ICSI), to hold an invited-
speakers’ seminar series on security and critical infrastruc-
ture. The speakers exposed the vulnerabilities of systems
that depended upon computer and communications systems
such as air traffic control, power grid, financial, and water
supply systems, especially as they became more ubiquitously
connected to the outside world via the Internet. I concluded
that it was crucial for NSF to broadly address security issues
in computer systems and to start by rethinking the Internet,
making security an integral part of the architecture. I won-
dered if we could expand Thomas Kuhn’s work1 on scientific
revolutions in the natural sciences to large-scale engineered
systems and induce a new paradigm in the absence of a cri-
sis.

A 2002 NSF-sponsored workshop, chaired by Jim Kurose,
University of Massachusetts, resulted in a report2 on net-
work testbeds. The report articulated the value of explor-
ing new and disruptive technologies, while at the same time
noting the challenges of conducting research concerning the
core infrastructure of the Internet. The testbed workshop

1T. Kuhn. The Structure of Scientific Revolutions (third
edition), University of Chicago Press, 1996.
2http://gaia.cs.umass.edu/testbed workshop

report made nine recommendations, mostly about the need
and specific requirements for network research testbed de-
velopment and support as well as the need for research in
areas that are ripe for advances enabled by such testbeds.
The report was a springboard for the NSF-funded Global
Environment for Network Innovations (GENI)3 but it also
played a role in FIND and FIA.

FIA was closely tied to the early development of GENI.
Shortly after joining NSF as a NeTS program director4,
Guru Parulkar, now at Stanford and ON.LAB, identified
a need for infrastructure on which networking and com-
puter systems researchers could perform experimental net-
work systems research beyond what was possible on existing
network research testbeds. Together with Peter Freeman,
then-Assistant Director for the NSF Directorate for Com-
puter Information Science and Engineering (CISE), Guru
broadened this idea to consider whether the community might
benefit from a national-scale infrastructure for systems re-
search. This led to the formation of GENI.

FIND and FIA were conceived during this GENI5 startup.
One of the early challenges that GENI faced was the short-
age of experiments and applications that uniquely and im-
mediately required a GENI-like facility. David Clark, from
the Massachusetts Institute of Technology (MIT), along with
others had written the “NewArch” paper6 for DARPA that
discussed the “goals and directions for a research effort aimed
at developing a next-generation Internet architecture”, but
never had an opportunity to implement these ideas. Im-
plementing new Internet architectures was a clear and com-
pelling example of appropriate research that could only be
tested at GENI’s scale. To advance this idea, David received
a small NSF grant to explore how his ideas might serve as a
test case of research leveraging GENI and also to work with
NSF to advance a wider community effort to explore this
space7.

3http://www.geni.net/
4Program Directors, Division Directors, and Assistant Di-
rectors typically have 2-4 year assignments in CISE. Officials
who played a significant role in the FIA effort are noted
here. Some program directors, like me, are permanent Gov-
ernment employees.
5GENI has a rich and interesting history that is outside the
scope of this paper
6http://groups.csail.mit.edu/ana/Publications/Develop-
ingaNextGenerationInternetArchitecture.pdf
7Other members of the networking research commu-
nity were also exploring architecture as a research
topic; e.g. Jon Crowcroft et al. with the Plutarch pa-
per (http://www.cl.cam.ac.uk/̃jac22/out/plutarch.pdf)
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The high-level rationale for the overall effort was summa-
rized in NSF briefings that were presented to the researchers
at that time and included a grand challenge for the research
community. Those briefings described how society’s needs
for an information technology infrastructure may no longer
be met by the present trajectory of incremental changes to
the current Internet. Furthermore, they noted that society
needed the research community to explore the trustworthy
Internet(s) of the future, taking into account lessons learned
from the successes of the current Internet while also meet-
ing the challenges of new requirements and new applications.
Research proposed by the community should be driven by
the requirement for long-range thinking unconstrained by
the current Internet to meet the needs of the 21st century.
Architectures should include all needed functionalities of an
Internet-scale architecture and build security into the de-
sign. As a result, research on “Future Internets” should cre-
ate a community that is better informed and educated about
network architecture design and ready to tackle challenges
facing society in the years and decades ahead.

2. FUTURE INTERNET DESIGN (FIND)
It soon became clear, however, that the research com-

munity was not prepared to create an Internet-scale, full-
functionality network architecture without some prepara-
tion, planning, and preliminary work. The 2006 NeTS solic-
itation8 included FIND, which called for new network com-
ponents, but also described FIND as phase one of a larger
three-phase challenge to the research community to design
new Internet architectures to meet the needs of the 21st cen-
tury. In that solicitation FIND was described as the begin-
ning of “a new conceptualization of networking research that
alters the nature of the research process-moving away from
business as usual within the relevant research communities
and towards a more collaborative, more integrated, more in-
clusive program of research. FIND will support fundamental
and possibly radical innovations in networking, leading to
architectural proposals for a next-generation internet which
we will call the “Future Internet”.”

The 2006 solicitation also described a second and third
phase that provided the roadmap for subsequent solicita-
tions. Phase two was envisioned as having one or more ar-
chitecture teams begin to assemble an overarching and co-
herent architecture, building on the insights from the work
put forward during phase one. Phase three was described
as expecting a smaller number of architectures that would
be reduced to practicefleshing out the details of protocols,
and producing integrated code that could run on a research
infrastructure.

Under the FIND program, Allison Mankin and I funded
approximately 55 projects and 160 PIs from over 50 in-
stitutions. We invited researchers with network architec-
ture projects funded elsewhere, including international re-
searchers, to participate in FIND PI meetings.

Toward the end of the FIND phase, we invited a FIND
Observer Team, which included Vint Cerf, Bruce Davie, Al-
bert Greenberg, Susan Landau and David Sincoskie, to pro-
vide a community perspective on the progress of the FIND

and Peterson et. al in their 2004 HotNets paper
(http://conferences.sigcomm.org/hotnets/2004/HotNets-
III%20Proceedings/peterson.pdf) are examples.
8http://www.nsf.gov/pubs/2006/nsf06516/nsf06516.htm

projects. The Observer Team’s report9 noted:

FIND has effectively put architectural research
“back on the map”. The majority of funded projects
tackle significant architectural issues. Further-
more, most of the projects seem to have taken the
“clean slate” approach, freeing the researchers
from thinking only about incremental improve-
ments to today’s technologies . . . By providing a
solid funding stream and a community engaged in
architectural research, FIND has enabled a gen-
eration of younger faculty to pursue research fo-
cused on network architecture. Several researchers
have noted that the architectural thinking that is
encouraged by FIND has directly influenced their
teaching in a positive way.

Equally important, the Team reinforced the goal to sup-
port the next stage with its first recommendation“Continue”.
The report further suggested supporting a small number of
well-funded, new integrative team efforts that take a co-
herent approach toward attacking such questions as secu-
rity, availability and resilience, economic viability, and bet-
ter management while meeting the needs of society.

As the FIND projects progressed and with the Observer
Team encouraging a move to the next phase, Taieb Znati,
then the Division Director (DD) for NSF’s Division of Com-
puter and Network Systems (CNS), charged my colleague
Victor Frost and me to tailor a “sandpit”10 experiment,
which resulted in a three-day Future Internet Summit in
which researchers interested in creating FIA teams could
coalesce around innovative architectural ideas. The open
call for participation resulted in the attendance of approxi-
mately 90 researchers from networking, security, application
areas, social science and the law. Attendees were selected
from those who had submitted white papers describing their
areas of expertise, interests, and potential contributions to
network architecture.

3. FUTURE INTERNET ARCHITECTURES
(FIA)

Subsequently, with support of Jeannette Wing, at that
time the AD for CISE, NSF issued the 2010 FIA solici-
tation11, inviting “research teams that include individuals
with expertise in a range of relevant disciplines and/or dif-
ferent research methods (from theoretical to experimental
to applications-driven) to submit innovative and creative
proposals that describe projects to conceive, design, and
evaluate trustworthy Future Internet architectures.” Four
projects were selected after an extensive merit review pro-
cess. The projects included MobilityFirst12, Named Data
Network13, Nebula14, and eXpressive Internet Architecture
(XIA)15. Later ChoiceNet16 was funded as a NeTS Large
project and the team, who had been part of the FIND com-
munity, was invited to join the FIA PI meetings because
9http://www.nets-find.net/FIND report final.pdf

10http://knowinnovation.com/expertise/sandpit/
11http://www.nsf.gov/pubs/2010/nsf10528/nsf10528.htm
12http://mobilityfirst.winlab.rutgers.edu/
13http://named-data.net/
14http://nebula-fia.org/
15http://www.cs.cmu.edu/x̃ia
16http://choicenet.info
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ChoiceNet offered a different service that could potentially
benefit all of the FIA projects. Papers from these projects
are included in this issue.

In addition to supporting the four FIA teams, ChoiceNet,
and FIA PI meetings, NSF also awarded other affiliated
grants to augment the overall project. The first was to
support David Clark to provide community input and cross-
project insight. The second was to fund the Values in Design
Council. Both are described below in more detail. An even
broader goal of the FIA program was to build an active and
vibrant community of researchers in the area of network ar-
chitecture research.

3.1 CROSS-PROJECT ARCHITECTURE RE-
SEARCH

About the same time the FIND projects were awarded,
David Clark was funded to serve as “architecture coordina-
tor,” to lead the PI meetings, and to maintain FIND and
FIA websites17. More recently he has been funded to con-
duct research in the area of architectural theory development
addressing such questions as: “What is a network architec-
ture?”; “What is the difference between an architecture and
an instance of an architecture?”; “How does one evaluate a
network architecture?”; and “What is the nature of intrinsic
security?” The goal of this effort is to draw on the various
projects to reach more general conclusions about the design
of networks, and in particular future Internets.

3.2 VALUES IN DESIGN COUNCIL (VID)
Because the Internet resides in political, social, cultural

and legal milieus, teams were encouraged to include re-
searchers from the social sciences. When only a few ex-
perts from these areas were initially included in the projects,
Helen Nissenbaum, New York University, was funded to
broaden the participation to include experts from these ar-
eas. With a small grant, she formed the Values in Design
Council that paid for travel for members to attend PI meet-
ings and broaden the discussion beyond the technical. For
example the VID Council developed a series of real-world,
canonical scenarios that the FIA projects used to discuss and
compare how a user of their architectures would respond in
each scenario.

3.3 BUILDING A COMMUNITY
Throughout the FIND and FIA programs, the projects

have served as a means to build a community that is deeply
exploring network architectures. Within this community
PIs and their students discuss common problems and ex-
plore different solutions. FIA has held two PI meetings per
year, each with a specific focus. The teams created a plan-
ning group which included David Clark, the FIA lead PIs, a
subject-area expert from each team, and NSF program di-
rector(s) to determine the meeting’s agendas and who would
be invited as external experts to bring additional perspec-
tives to the topic. The PI meetings were designed to explore
how the projects handled or were impacted by such issues
as security, economics and industrial viability, potential en-
vironments for early deployment, the evaluation of network
architectures, fault detection and handling, routing, the In-
ternet of Things (IoT), and network performance. Future
topics so far identified include discussions about FIA-Next
Phase research plans with an emphasis on the nature of

17www.nets-find.net and www.nets-fia.net

the “environments” each team selected, network neutrality
and the FIA architectures, and the privacy implications of
network design decisions. During the FIA phase, students
working on the FIA projects designed and held a student PI
meeting to discuss cross-project topics of interest to them.
A similar student meeting is being discussed for FIA-NP.

Now, in 2014, it is clear that GENI has matured, most
recently under the NSF leadership of Bryan Lyles, who also
works closely with the FIA effort. Over 50 GENI rackssmall
computing clustershave been deployed across the world and
GENI now is transitioning to operational status. Three of
the FIA projects have demonstrated their architectures us-
ing the GENI infrastructure at GENI Engineering Confer-
ences (GECs).

4. FUTURE INTERNET ARCHITECTURES-
NEXT PHASE (FIA-NP)

Under the leadership of Farnam Jahanian (currently the
AD of CISE) and Keith Marzullo (DD of CNS), in May 2014,
NSF continued its longstanding support of large-scale net-
work architecture projects and announced awards for Future
Internet ArchitecturesNext Phase (FIA-NP). These projects
leverage and propose to enhance existing FIA designs. Each
project aims to demonstrate working full-scale prototype
systems that will be tested and evaluated in one or more rel-
evant environments. In addition the projects will continue
to take into consideration the larger societal, economic and
legal issues that arise from the interplay between the Inter-
net and society.

The three FIA-NP awarded projects along with the envi-
ronments that they selected to demonstrate and stress test
their architectures are as follows:

MobilityFirst-NP is led by Dipankar Raychaudhuri of
Rutgers with collaborators at the University of Massachusetts
Amherst, the University of Wisconsin-Madison, the Univer-
sity of Michigan Ann Arbor, Duke University, MIT, and the
University of Nebraska-Lincoln. MobilityFirst will operate
in three environments: a mobile data services trial with a
wireless internet service provider (5Nines) in Madison, Wis-
consin; a content production and delivery network trial in-
volving WHYY and other public broadcasting stations in
Pennsylvania and a context-aware public service weather
emergency notification system with end-users in the Dal-
las/Fort Worth area.

Named Data Networking-NP is led by Lixia Zhang
of University of California-Los Angeles, with collaborators
at the University of Illinois at Urbana-Champaign, Univer-
sity of California-San Diego, Washington University, Uni-
versity of Michigan Ann Arbor, Colorado State University,
University of Memphis, and University of Arizona. The
NDN project is partnering with Open mHealth, a non-profit
patient-centric health ecosystem, and with UCLA Facilities
Management, which operates the second largest Siemens
building monitoring system on the West Coast, to deploy
and explore its architecture.

Peter Steenkiste at Carnegie-Mellon University leads the
eXpressive Internet Architecture (XIA) project, with
partners at the University of Wisconsin-Madison, Duke Uni-
versity, and Boston University. XIA will demonstrate and
exercise its network architecture in two network environ-
ments: a vehicular network deployment in the city of Pitts-
burgh and a large-scale video delivery environment.
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5. IMPACTS OF THE FUTURE INTERNET
PROGRAMS

As the FIA projects enter their final two years, it is not
too early to consider their likely legacies. In particular, they
should not be judged solely by their success in meeting the
grand challenge of being wholesale and widely adopted, al-
though that would surely be success in and of itself. However
stating only a single goal like “reinventing the Internet”,
while attention grabbing, diminishes the range of worthy
ways in which the project can make an impact. The fol-
lowing are examples of outcomes that would showcase the
merits of the FIA effort.

BUILD A CADRE OF INTERNET ARCHITECTS AND
LARGE-SCALE SYSTEMS DE SIGNERS
When the Internet was being developed and deployed, there
was a group of researchers who deeply understood how to
think about and design large-scale Internet systems. Many
of that generation no longer actively conduct research. At
the beginning of FIND, apart from participating in early
DARPA networking research projects or NSF infrastructure
projects such as NSFNET18, Gigabit Testbed Project19, or
PlanetLab20, few U.S. academic networking researchers had
significant experience in large-scale systems design, imple-
mentation, and evaluation. As noted earlier, a goal of FIA
has been to nurture and grow a new generation of systems re-
searchers capable of building and understanding large-scale
systems within social contexts.

TRANSFORMATIONAL RESEARCH
The FIA projects demonstrate creative, innovative and trans-
formational research that has helped reinvigorate research
on the Internet, particularly large-scale systems research.
The FIA projects have shown innovation both in terms of
new architectures but also in related publications21 funded
by the project. The idea of “clean-slate” design enabled re-
searchers not funded by these projects to become bolder and
less constrained in their research.

IMPACT ON THE CURRENT INTERNET
It would be a success if the FIA projects influence the In-
ternet in much the same way ideas from IPv6 resulted in
changes to IPv4. The solicitation for FIA-NP proposals re-
quired that funded projects test out their architectures in
real-world environments as a way to further develop and
strengthen the designs, but also to showcase real-world use
cases. If the ideas prove to be good ones, it is likely that
the current Internet, perhaps through the Internet Engineer-
ing Task Force (IETF)22, will incorporate some of them.
The Internet Research Task Force (IRTF), for example, has
recently chartered the Information-Centric Networking Re-
search Group (ICNRG)23, which builds on ideas from the
NDN FIA projects and related research activities worldwide.

18http://www.nsf.gov/about/history/nsf0050/internet/launch.htm
19http://www.cnri.reston.va.us/gigafr/sections1-3-03.htm
20http://www.planet-lab.org/
21See the project websites given above or NSF abstracts of
FIND and FIA awards that list publications associated with
each award https://www.fastlane.nsf.gov/a6/A6Start.htm

22http://www.ietf.org/
23https://irtf.org/icnrg

SUCCESSFUL DEPLOYMENT AND ADOPTION
One or more of the FIA projects may result in an alter-
nate Internet architecture that finds a home in enterprises
that want one or more features offered by the FIA projects-
for example, networks that offer ease of deployment, rapid
response to change, and more security. As virtualization be-
comes the norm, such alternate architecture(s) might coexist
in parallel with the current Internet. It is also conceivable
that a single architecture could emerge as the dominant In-
ternet architecture.

SPINOFFS
Another successful outcome would be ideas from the project
that are spun off into companies. Creating and deploying
new services and applications developed by the researchers
or founding new businesses using the insights or designs from
the projects would be a success. It seems likely that ideas
from FIND, FIA and FIA-NP will be incorporated into prod-
ucts in startup companies or adopted by established indus-
try into their products and services.

ARCHITECTURAL LESSONS LEARNED
A final success for the FIA program will be the publica-
tion of lessons learned as a result of engaging in research
associated with these projects, focusing PI meetings around
cross-cutting topics, and in-depth analysis of design trade-
offs and decisions and of the architectures themselves. These
include developing a principled approach to the design of
network architectures, clarifying design decisions and trade-
offs by comparing different choices made by different teams,
and creating a first cut at defining and developing method-
ologies for evaluating network architectures. Others include
consciously designing systems within social contexts and ex-
ploring the implications for network neutrality within the
context of the FIA architectures. Since FIA projects were
required to design-in security, having something to say about
the nature and effectiveness of intrinsic security would also
be important. With discussions among the FIA teams and
in particular with David Clark, who is focusing on these
issues, we are beginning to see the formulations of these
lessons learned.

6. CONCLUSION
We won’t know for a long time what research and soci-

etal impacts the ideas developed during the FIA projects
will ultimately have. Just as Active Networks24 (funded
by DARPA), which was met with skepticism in its early
days, resulted in many ideas that have been refactored and
reused in new ways even today, ideas from FIND, FIA and
FIA-NP may have a long futures. These projects are works-
in-progress as are the lessons learned within and across the
projects. Researchers funded by this project will publish
on many of these broader topics. Overall work from the
FIA effort is expected to make important contributions and
hopefully lead to a positive difference in the world.

The views expressed in this article are those of the author
and not of the National Science Foundation.

24http://www.sds.lcs.mit.edu/darpa-activenet/
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