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Abstract: In the technical world, 'design’ often implies having a set of specifications to which
the resulting design replies. This, in turn, often implies that you know what it is that you are
designing - i.e. that you have a definition of it. The current state of cyberinfrastructure calls into
question both of these assertions. This brief paper will suggest some important considerations.

Context

It isimportant in any rationd discussion of a subject on which there may be subjective opinions
Bwhich certainly indudes thetopics to bediscussed here Bto undestand notonly thelinguistic
utterances of the author or speaker, butalso to know ther perspective (context) and viewpoint
(where they stand in looking at the subject at hand). Only thenisit fair to critiquethar message

Theauthor of this brief note, a computer scientist, comes from the community of toolmakers that
create cyberinfrastructure. After hisinitial activity as a scientific programmer starting forty-five
years ago, he has notbeen a user of scientific cybeinfrastructure other than in his research on
design process and software engineering, and in educationd activities. Asan educator, hetaught
courses onthe soda impacts of computing for ove thirty years, which provides an important
pat of his context. Asagovanment official at NSF in thelate 19808 he was a member of the
small, interagency writing team tha developed thefirst puldic strategy for high-performance
computing and communications(HPCC) Boneof the primary progenitors of current
cyberinfrastructure activity. When hereturned to NSF in 2002 he became the official recipient
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of thereport of the Blue RibbonPand on cyberinfrastructure (the Atkins Report)*, and from then
until 2005was responsble for thefunding of NSF@ current cyberinfrastructure activities and
planning for future cyberinfrastructure devel opment Bin short, initial implementation of the
Atkinsreport. Since 2005,hehas been oneof thegroup of senior NSF officials responsble for
guiding NSF® cyberinfrastructure activities,

His viewpoint then is tha of one knowledgeable in the technological founddionsof
cyberinfrastructure; well aware of thetypes of impacts of cyberinfrastructure on sodety,
organizations and individuds; experienced in governmenta infrastructure efforts; and desirous
of seeing cyberinfrastructure realize its patential for revolutionizing many areas of human
activity.

In the context of this perspective and viewpoint, the objective for this pgoer (and the
accompanying presentation at the Conference), isto comment on the process of QlesigningO
cyberinfrastructure in the hopethat thiswill aid other discussonsof thedesign of
cybeinfrastructure. A necessary precursor to any design process is to know wha it istha oneis
designing Bi.e. what isthe definition of thedesired artifact.

Islt Possibleto Define Cyberinfrasructure?

One often hears: QVha is cyberinfrastructure?0 Do we aready have a cyberinfrastructure?OQNill
my cyberinfrastructure work in Europe? Or, in California20O(How does it differ from
supecomputing?@oesit indudethe PC on my desk or in my lab?0 Almog everyonedealing
with cyberinfrastructure has struggled with his or her own version of such questions which isgood
Dread onto see why.

These questionssuggest tha the definition of cyberinfrastructure may be broad, even at themog
ingrumental level. For example, thecyberinfrastructure that is needed by an educationd researcher
working with kindegartners will likely be very different from tha needed by paticle physcists
interested in andyzing the exabytes of daathat will be generated by the projects at CERN. Thus
as apractical matter (uppemod in the mindsof those attempting to build new cyberinfrastructures)
when defining (specifying) a paticular cyberinfrastructure, it isimperative to grapple with the
intended uses of the cyberinfrastructure.

It isuseful to consder theorigin of theterm. To do tha propely, we need to go back in history.
Infrastructure in the sense of roads water supplies, and so forth isavery old and well-undestood
term. Inrelatively recent times, for our purposes here beginning with the pos-WW 2 period, the
conaept of infrastructure for the condud of science (labs equipment, suppot personnd, etc.
provided for general use going beyonda specific project) began to be explicitly consdered. A good
example is the NSF-suppotted facilitiesin Antarctica, daing back to the 19503, that were built to
provide aplatform for awidevariety of polar studies. That effort continuestoday, providing oneof
themod important pieces of infrastructure for scientific research.

! Report of the National Science Foundation Blue-Ribbon Advisory Panel on
Cyberinfrastructure (AtkinsReport), Januay 2003 NSF
(http://www.nd.goviod/od/reports/toc.jsp)
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When the moden computer and its usagein science in the 19503 came about, it was natural that it
quickly became a part of thedeveloping scientific infrastructure in advanced sodeties. There were,
of course, many individud uses of computersin research labs butagoodplace to mark as the start
of wha we now are calling cyberinfrastructure was the 1960s 1t was then tha the NSF undetook a
program of suppoting Academic Computing Centers on a number of U.S. campuses. Those
facilities, open to a broad scientific community and not dedicated to specific projects, provided the
initial introdudion for thousndsof faculty and students to the use of computersin scientific
research and education.

NSF@ suppot for scientific computing infrastructure took anurnber of different forms over the
years tha won®bedetailed here. One example with which the author is familiar was the
Coordinated Experimental Research (CER) Program started in the late 1980sin respons to serious
concern over theterrible state of computing infrastructure for the condud of computer science and
engineering research in universities. Tha program, which continued more or lessinits origind
form into the 1990sand continues today in othe forms, had ahugeimpeact in energizing and
enabling computer science and engineering research and educationin this county. Thousndsof
students and faculty in CS& E departments were able to explore experimentally avariety of topics
tha hdped lay thefounddion for much of the computing revolution of the 1990sand beyond For
example, many of the basic concepts for distributed computing were developad and explored on the
equipment provided in the CER Program. Theimpact was felt far beyond traditiond CS&E since
those resources were often used to explore new topics tha thelack of equipment would have
prevented. Oneparticularly impactful result was the development of some of the core algonithms
later used in the humen genome project.?

NSF agan led in theearly 1980sin providing supecomputing resources for the open scientific
community. Thecreation of thefirst two NSF Supercomputer Centers at the University of lllinas
and the University of California, San Diego, came aboutin response to severa studies and reports
doaumenting the potential for science in deployment of produdion versionsof this emerging class
of computers. Thisactivity led to thecreation of additiond centers, more studies, and an evolution
of this activity throughseveral formsto wha NSF today spendsseveral hunded millionsof dollars
annudly onintheaggregae. Suppat for lower capability machines continued througha variety of
forms directly from theresearch programs in each discipline

Theneworking part of thestory also goes back thirty-five years or more. For example, avery early
local ring distributed computing project was undetaken at the University of California, Irvine in
theearly 1970sby Prof. David Farber with NSF suppott.® Wide-area networking suppot by NSF
began with Theory Net, which morphed into CSNet, and eventudly NSFNET. These developments
and much technical work in avariety of suppotingfields alongwith early neworking deployment
by the NSF Supacomputer centers, eventudly merged with the ARPANnet and under NSF guidance
led in theearly 1990sto wha we now call thelnternet. Furthe research and advanced

2 GeneMyers, talk at NSF, September 9, 2002.

% DCS Project, UC Irving 19701977 See
http://en.wikipedia.org/wiki/Grid_cmputing#Qiginsfor ashort history and
references to early reports.
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development, induding the Gigebit Testbed projects, Mosaic, and many of the search and digital
signd processing fundanentals tha unde gird today@ Internet and World WideWeb have
continued up to today unde NSF suppot.

The GENI Project*, mentioned again below, continues this history of pushing forward the
boundaies of computation and communication capabilities. This project, currently in the planning
and initial research stage, isamed at encouraging fundamental research on networking and
distributed system fundamentals by providing a magjor experimental ingrument that will suppot
such investigaions Inaddition, eventudly it will also suppot awider set of investigaionsinto
topics that are essential to thefuture of cyberinfrastructure for al areas of activity. Theimpeusfor
this project is the consensusamongthos tha have built the current Internet, which formsthe
fundamental fabric onwhich cyberinfrastructureis built, tha we are nearing the limits of those
structures. Thelnternet, however, has become so essential and ubiquitoustha it isimpossible to
expeiment onit directly with new fundamental structures. The GENI Project aimsto suppot the
research necessary to this @einvention of the Internet.O

This brief historical excursionis meant to providearicher context in which to consder the
ddinition of cyberinfrastructure. This history is, as you might expect, much richer than has been
outiined here andis well worth propa doaumentation. It also indudes significant contributonsby
individuds and ingitutionsnot suppoted by NSF, althoughin the area of scientific computing and
communicationsinfrastructure for the open science community, NSF has longbeen theleader.

Before looking specificaly at the etymology of theterm Qryberinfrastructure,Oseveral things
should beclear from this history:

¥ Scientific infrastructure tha indudes computers and communicationsgear may often lead
similar infrastructure in other domeins(e.g. busness), but eventudly (and rather quickly)
becomes the commodity infrastructure for awide variety of usages (something we mugt
expect will continue);

¥ Theinfrastructure for onegroup of scientists and engineers (e.g. computer scientists) may
bedifferent in many respects with tha needed by another group(e.g. particle physcists),
both in compostion and capability;

¥ Advanced infrastructure for agiven set of users, changes over time as new technologies
become available (e.g. early 56kB connectionsbeween supecomputers have been replaced
today by dedicated fibes).

The author(3 predecessor at NSF, Prof. RuzenaBajcsy, used® theterm @yberinfrastructureGin
setting up the Blue RibbonPand on cyberinfrastructure®, chared by Dan Atkinsof Michigan (now
at NSF where he headsthe Office of Cyberinfrastructure). Thecontext in which shewas working
was theresult of the history outlined aboveand clearly led to the creation of aterm for

* See www.ndf.govicise/cnggeni/ and www.geni.net .

® In asimilar, but dightly different context, theterm was appaently first used in a
press briefing on PDD-63 on May 22,1998with Richard Clarke. See
http://en.wikipedia.org/wiki/Cyberinfrastructure for references.

® Atkins Report, op cit., @Chageto the Committee.O
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infrastructure that attempts to capture the integration of computng, communications and
information for the suppot of other activities (especialy scientific in the case of NSF)”.

Theddinitiontha the Atkins Report starts with is given by andogy to indugrial infrastructure such
as trangportation or power systems. (rhenew term, cyberinfrastructure, refersto infrastructure
based upondistributed computer, information and communication technology®.O This was clearly
congstent with the computing and communications infrastructure that had grown upin the
scientific community over the past forty years. Much of theexisting scientific cyberinfrastructure
is based on NSF research in computing and communications, and, at least in theopen scientific
community, significant amounts of theinfrastructure were origindly deployed with NSF suppot.
This madethe general acceptance by NSF of therecommendaionsof the Report alogical
consequence, and use of this definition a naural starting point.

The AtkinsReport ddinition (and thereport itself) containsthe seed of amuch broader scope
however, when it indudes Gnformation.O Indeed, much of thediscussionin the NSF community
has already appropriately shifted fromwhether paticular pieces of hardware or communications
gear areto beindudel in acyberinfrastructure to what informationisinduded and howisit to be
interfaced. A condructive way to look at thisisthat it is yet another ingance of yesterday®@
cyberinfrastructure definition (which basically jus induded gear) is evolving to indudesoftware,
database, and more.

As JohnKing has arguad®, it is agoodthing at this stagetha we don®have a single, onesizefits

all definition because each discipline mug sort outwha it needswhile at the same time those of us
hdping build cyberinfrastructure need to explore aternaive technical approaches. It isclear tha
this evolutionay process mug, paforce, continueunaaed. At thesametime, at appropriate points
we can sngpshot a current definition for the purpose of undetaking specific developments,
acquigitions and deployments. This undestanding places certain strong requirements on thedesign
of cyberinfrastructure tha we will address bd ow.

While undestanding tha ambiguity in the definition of cyberinfrastructure is to be expected at this
and, very likely, any future stage, NSF and other agendes need aworking definition that will
permit them to moveforward with funding programs aimed at serving the scientific community.
Theworking definition has been, very smply, that cyberinfrastructure is the integration of
hardware, middleware, software, data bases, sensors, and human resources, all interconnected by a
network (the Internet in almost all cases). When you pull al of thesetogeher, youge a
comprehengve cyberinfrastructure that is already revolutionizing discovery, learning and
innovdion across the science and engineering frortier. At the same time, the expangon of this
ddinitionto indudeinformation, virtud organizations and other entities, is dready undeway
while at the same time the early opeationd versonsof an integrated infrastructure are just
beginning to appear.

Theintendal take-away fromthis discussonthenis:

" RuzenaBgjczy, private communication, 2007
8 Atkins Report, op cit., p. 1.
® Private communication to NSF management, 2008.
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Cyberinfrastructure can have many definitions and, to some extent, the definition is in the
eye of the beholder.

Designing Cyberinfrastructure
If we can@define cyberinfrastructure unambiguotsly, how can we possibly design it?

Actudly, tha is quite possible once you take the pogtion tha a cyberinfrastructure is a subgrate
tha isfairly stable and uponwhich other congructionsare built. Call those other condructions
wha you like Bspecialized cyberinfrastructures, knowledgeecologies, etc.; remember, this author
is presenting the viewpoint of abuilder of wha isintendel to bethelowest level and mog genera
cyberinfrastructure. Design of complex systems that are open-ended has become a commontask in
the systems design world, even thoughhowto doit isnotyet a science.

Theissuethen isto inaure tha wha onedesigns(for thelowest level cyberinfrastructure) admits
thewidest possible condrudionsto bebuilt ontop of it. We dor® and can®know wha all of those
condructionswill bein thefuture, butwe at least knowto consder how every design decision may
effect future congructionstha will use the cyberinfrastructure. Thisis notthe place to gointo the
details of how oneshould approach theissue of insuring generality, butthere are three fundamental
prindples tha are worth noting.

First, remember tha al thelaws and policiesin the world cannotexpand wha the undelying
technology can do'®, while at the same time tha technology is guaanteed to changealmogt
continuousy and dramatically (consder the changes in thetrangort technology and speedsover
thelifetime of thelnternet). So, thetechnical design of cyberinfrastructure is very important, not
jud so tha it works for today but so that it will enable continud changeundeneath while still
presenting a stable platform on which the highe-level congructionscan bebuilt. At thesametime,
theddinition of the stable platform will need to evolve in several ways and this, too, mus be
planned for. Thisisan old, butnotcompletely solved, problem in building computer and
networking systems, nonghdess, agoodbit is known abouthow to proceed. Thefuture
possibilities for innovaive condructionsontop of the cyberinfrastructure will belargdy shgped by
theundelying neworking Bwhich iswhy the GENI Project is so important.

Second, it isvery important for the designea's of the cyberinfrastructure to keep in mind that onee
built, laws, policies, and practices will beimposed tha will shgpe (and by definition, limit) the
possibilitiesfor later expansonand use. To enable wide and stable usage, laws, pdicies, and
practices are needed, of course, butthetechnical designitself can shgpethe possibilities of wha
trangpiresin tha realm. For example, if the basic design incorporates technical elementsthat are
notin thepublic domain, then thelater possibilities for policies and laws will be very different than
if public domain elements were used.

Third, thedesigna's of the basic cyberinfrastructure should also consder the processes by which
any modificationsor expangonsto it will beeffected. Asthos processes are also designdd, it is

1 Thisis thefundamental thesis of Larry Lessig®book Code Laws.
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impeative tha expertsin thesodal and organizationd aspects of changework closely with the
technical designe's who are the experts in how technical changes can bemade The success of the
current Interngt, for example, was clearly enabled by the changeprocesses (primarily the IETF
process) initialy set up by thetechnical designasand thar funding suppoters (the commercial
sector was uninterested in networking at that paintin time). Tha success, however, may well have
been serendipitousand, in any event, we now have alot of experiencein what works and what
doesn@®

L et@ consgde some consquences of these points:

Multiple cyberinfrastructures will certainly exist. Thisisfineand approprate, butthecritical issue
ishow can they relate? In technical terms. How can we interface, for example, a
cyberinfrastructure being used by microbiologists and a (different) cyberinfrastructure beng used
by climatologists? Thetechnical answer that makes the mog sense to this author liesin thenaure
of the network architectures and the daa structures and ontological methodstha areused. Thisis
onereason why NSF isinvesting in the research proposd by the GENI Project*! alongwith
significant work in multiple ways on dealing with large collectionsof daa (curation, organization,
ontological methods searching, and so on).

Thetechnical architecture of a cyberinfrastructure, while beng theinitial and mog fundamental
factor affecting the design of the cyberinfrastructure, is notthe only factor. Indeed, if done
propely, then thetechnical architecture will enable and permit the widest possible space of
cyberinfrastructures of a more specific naure to be built and everything else (policies, rules, laws,
etc.) will only serveto limit the space of possibilities. Theastounding success of the Internet to
enable avery widerangeof innovdionsin many different fieldsis generally attributed to two
things thefact tha thefundamental architecture of the Internet (the TCP/IP protocols) enables
such awiderangeof eventud and unknown (to theorigind Internet designea's) applicationsand
tha, at least until now, there have been a minimum of laws and govenmental policies tha unduly
restricted what can be carved out of the very largedesign space enabled by the undelying technical
architecture™.

An extremely important corollary is tha there mug be much more communication between the
technical and other communities. Thetechnica community mus be aware of the broader policy,
legd, and usage possibilities as a specific cyberinfrastructure is designed and, to the extent possible,
involve those communities at theearliest possible stagesin thedesign processes. At thesametime,
thepolicy, legd, and usage communities need to assist the technical community and undestand tha
effective and reasonable laws, policies, and usage procedures cannotbe developel in ignorance of
thetechnology.

YGENI, op. cit.

12 The generality of the TCP/IP protocol tha has enabled so much expansonis
starting to show its limits, however. IPv6 was created to address some of the
limitationsof number of nodes, and newer services and security requirements may
notberealizable in apractica mannea. Thelessonistha even fantastic generality
hasitslimits.
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A find comment concernsundestanding how cyberinfrastructure isused (and who theusersreally
are). While there are several thousind users of today@ mog advanced scientific infrastructure, very
few, if any, policy or legd experts have actud experience with uangit. Likewise, for themore
common cyberinfrastructure tha is behind e-govanment, alot of current busness activity, and,
increasingly, persond and entertainment uses, very little organized and accurate characterization of
uses and usersis available on which policy andlegd experts can base condructive and effective
policiesandlaws. It will beessential as we moveforward notonly to develop such systematic
undestandings butto pay attention to them in fashioning policies and laws.

Summary
Returning to the questionsposed by thetitle of this short note:
1t is possible to define cyberinfrastructure.

In doing so, however, onemud remember tha thedefinition will evolve and the nature of the
definition dependsvery much onthe use of definition.

Likewise,
1t is possible to design cyberinfrastructure.

Thedesign process mug condrudively involve the technical, policy, legd, and usage communities
and aim for adesign that admits of open-ended changeboth aboveand bdow the defined platform.

Working oninfrastructure has never been consdered a GexyQOor high-statusundetaking,
especially for technical people. Yet, thedefinition, design, and deployment of cyberinfrastructure
offers the oppatunity of enormousleverage and impact of one® professiond work. If done
propely, theresult will far outive any of ud



