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| will describe my research in metacomputer architecture, a term | coined in
1988, in which one builds virtual ensembles of computers, storage, networks,
and visualization devices into an integrated system. Working with a set of
colleagues, | have driven development in this field through national and
international workshops and conferences, including SIGGRAPH,
Supercomputing, and iGrid. Although the vision has remained constant over
nearly two decades, it is only the recent availability of dedicated optical paths,
or lambdas, that has enabled the vision to be realized. These lambdas enable
the Grid program to be completed, in that they add the network elements to the
compute and storage elements which can be discovered, reserved, and
integrated by the Grid middleware to form global LambdaGrids. | will describe
my current research in the four grants in which | am PI or co-PI, OptiPuter,
Quartzite, LOOKING, and CAMERA, which both develop the computer science
of LambdaGrids, but also couple intimately to the application drivers in
biomedical imaging, ocean observatories, and marine microbial metagenomics.
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Metacomputer:
Four Eras

* The Early Days (1985-1995)
 The Emergence of the Grid (1995-2000)
 From Grid to LambdaGrid (2000-2005)

« Community Adoption of LambdaGrid (2005-2006)
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Metacomputer:

The Early Days (1985-1995)
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The First Metacomputer:
NSFnet and the Six NSF Supercomputers

NSFNET 56 Kb/s Backbone (1986-8)

NCAR JVNC

SDSC
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NCSA Telnet--“Hide the Cray”

One of the Inspirations for the Metacomputer

e NCSA Telnet Provides Interactive Access
— From Macintosh or PC Computer
— To Telnet Hosts on TCP/IP Networks

* Allows for Simultaneous Connections
— To Numerous Computers on The Net
— Standard File Transfer Server (FTP)

— Lets You Transfer Files to and from
Remote Machines and Other Users

John Kogut Simulating
Quantum Chromodynamics

He Uses a Mac—The Mac Uses the Cray
ucsD
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From Metacomputer to TeraGrid and OptlPuter:

15 Years of Development

INFORMATIONWEER e
[:nmuulmg Without
awe Boundaries

TeraGri ke 1 e OptlPuter
¥ W *‘.. | ‘.ﬁ-
d PI ‘Metacomputing’ " l‘ -
gurus Charles Catlett - v | PI
and Larry Smarr;

want to link
you to the
nation’s IT
TEsSOUTCES roos
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Long-Term Goal: Dedicated Fiber Optic Infrastructure

Using Analog Communications to Prototype the Digital Future

“What we really have to do is eliminate distance between

individuals who want to interact with other people and SIGG RAPH 1 989
with other computers.”

— Larry Smarr, Director, NCSA

m

ﬂ i

“We’re using satellite technology...to demo
what It might be like to have high-speed
fiber-optic links between advanced
computers in two different geographic locations.”

— Al Gore, Senator
Chair, US Senate Subcommittee on Science, Technology and Space

NCSA
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NCSA Web Server Traffic Increase Led to

NCSA Creating the First Parallel Web Server
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Metacomputer:

The Emergence of the Grid (1995-2000)
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I-WAY Prototyped the National Metacomputer

-- Supercomputing ‘95 I-WAY Project

« 60 National & Grand Challenge
Computing Applications
« [|-Way Featured:
— IP over ATM with an OC-3 (155Mbps) Backbone
— Large-Scale Immersive Displays
— |-Soft Programming Environment
— Led Directly to Globus

UlnmsNCSA

CitySpace

vucsbD http://archive.ncsa.uiuc.edu/General/Training/SC95/GIl.HPCC.html

UClrvine Source: Larry Smarr, Rick Stevens, Tom DeFanti




The NCSA Alliance Research Agenda-

Create a National Scale Metacomputer

A Nationwide
Parallel Computing

Environment

How to get there? ﬂ]mugh a scalable software environment
coupling the small parallelism (afew pmcesmrs) of the desktop to the large-scale
parallelism (thousands ﬂfpmcesmrs) in Alliance machines.

Ken Kennedy, Charles F. Bender, John W.D. Connolly, John L. Hennessy,
Mary K. Vernen, and Larry Smarr

The Alliance will strive to make computing routinely
parallel, distributed, collaborative, and immersive.
--Larry Smarr, CACM Guest Editor
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From Metacomputing to the Grid

* lan Foster, Carl Kesselman (Eds),
Morgan Kaufmann, 1999

« 22 chapters by expert authors
including:

— Andrew Chien,
— Jack Dongarra, G RI D

— Tom DeFanti,

"A source book for the history
of the future” -- Vint Cerf

— Andrew Grimshaw, e e B,
— Roch Guerin, ¥ @

— Ken Kennedy, y I

— Paul Messina, Meeting Held N

— CIliff Neuman, at Argonne

— Jon Postel, Sept 1997

— Larry Smarr,
— Rick Stevens,
— and many others

UClIrvine http://www.mkp.com/grids




Exploring the Limits of Scalability

The Metacomputer as a Megacomputer

 Napster Meets Entropia
— Distributed Computing and Storage Combined

— Assume Ten Million PCs in Five Years
— Average Speed Ten Gigaflop
— Average Free Storage 100 GB

— Planetary Computer Capacity
—100,000 TeraFLOP Speed
— 1 Million TeraByte Storage

1000 TeraFLOPs is Roughly a Human Brain-Second
— Morovec-Intelligent Robots and Mind Transferral
— Kurzweil-The Age of Spiritual Machines
— Joy-Humans an Endangered Species?
— Vinge-Singularity

UucCcsD Source: Larry Smarr Megacomputer Panel ‘il}’

UCIrvine SC2000 Conference



Metacomputer:

From Grid to LambdaGrid (2000-2005)
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Challenge: Average Throughput of NASA Data Products

to End User is < 50 Mbps
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Each Optical Fiber Can Now Carry

Many Parallel Line Paths or “Lambdas”

WAVELENGTH DIVISION MULTIPLEXING (WDM)

®* EXPLOITS
— EMORMOUS BANDWIDTH OF SILICA FIBER
— HIGH-GAIN WIDEBAND OPTICAL AMPLIFIERS

20 |
10 L RAMNGE OF HIGH GAIN EDFAS
g L R
E " 4 TH=z
2
o
x 4T 25 THz (
o
- CH TR R
02 |
o | WDM CHANNELS TH HA .
1.2 1.3 1.4 15 &_5\1_?
WAVELENGTH (pum) “Lambdas”
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States are Acquiring Their Own Dark Fiber Networks --

lllinois’s I-WIRE and Indiana’s I-LIGHT

Etari!ght
Argenne . NU-Chicago)

L-LEGE T

vic . LislacdlSA . UIUC/NCSA

151155 N, Bickiga
Dioeal Fiara

Stalal oty Gomplie Today Two Dozen
S or State and Regional
Optical Networks

Hum b indicatle Sber count(sirands) catietti@mes. anl.gov

&’
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From “Supercomputer—Centric”

to “Supernetwork-Centric” Cyberinfrastructure

1 E+06 Terabit/s
32x10Gb “Lambdas” [+

1.E+05 s 9
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The OptlPuter Project —

Creating a LambdaGrid “Web” for Gigabyte Data Objects

 NSF Large Information Technology Research Proposal
— Calit2 (UCSD, UCI) and UIC Lead Campuses—Larry Smarr PI
— Partnering Campuses: USC, SDSU, NW, TA&M, UvA, SARA, NASA

* [Industrial Partners
— IBM, Sun, Telcordia, Chiaro, Calient, Glimmerglass, Lucent

$13.5 Million Over Five Years
Linking Global Scale Science Projects to User’s Linux Clusters

NSF EarthScope
and ORION

Kilauea
Kaoiki / Summit

NIH Biomedical Informatics

—
E
aE
=]
£=
=
£
1)
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NCI\IIIR X

SRS (apyright 2002, NCMIR

SDSC
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What is the
OptIPuter?

« Applications Drivers - Interactive Analysis of Large Data Sets
« OptiPuter Nodes = Scalable PC Clusters with Graphics Cards
* |IP over Lambda Connectivity = Predictable Backplane

 Open Source LambdaGrid Middleware-> Network is Reservable
- Data Retrieval and Mining - Lambda Attached Data Servers

 High Defn. Vis., Collab. SW - High Performance Collaboratory

www.optiputer.net

UCSD See Nov 2003 Communications of the ACM ‘1{")

UClIrvine for Articles on OptlPuter Technologies



End User Device
Tiled Wall Driven by OptlIPuter Graphics Cluster

ucCcsD
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Campuses Must Provide Fiber Infrastructure

to End-User Laboratories & Large Rotating Data Stores
| ISIO Ocean Suiercomiuter_
 Eo UCSD Campus

* LambdaStore
Architecture

IBM Storage Cluster

i |

gl

NI =
R =

2 Ten Gbps Campus
Lambda Raceway

" Global

'UCS‘S C = F 8 | LambdaGrid

UClrvine Source: Phil Papadopoulos, SDSC, Calit2




OptiPuter@UCI is Up and Working

ONS 15540 WDM at UCI
campus MPOE (CPL)

-

1 GE DWDM Network
Calit2 Building

Wave-2: layer-2 GE.

Line
Floor 4 Catalyst 6500

SPDS
Flgor 3 Catalyst 6500
_7 Los
- V Angeles
Flgor 2 Catalyst 65
]
T .1
- il TP
p : -
HIPerWall

UCSD address space
137.110.247.210-222/28

Wave-1: UCSD address
space
137.110.247.242-246
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testing

. : \ : 8500 w/ firewall, 1st floor closet
UCSD
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OptiPuter Software Architecture--a Service-Oriented

Architecture Integrating Lambdas Into the Grid

Distributed Applications/ Web Services

Visualization

Telescience Data Services SAGE JuxtaView

LambdaRAM Vol-a-Tile
1
Distributed Virtual Computer (DVC) API
DVC Configuration DVC Runtime Library
DVC Services DVC Job DVC
Scheduling Communication
DVC Core Services
Resource Namespace Security High Speed Storage
Identify/Acquire || Management Management || Communication Services
Globus
PIN/PDC GRAM GSI XIO RobuStore
o

Discovery , ! ,

Lambdas ‘—P—>

CEP LambdaStream || RBUDP
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Special issue of Communications of the ACM (CACM):

Blueprint for the Future of High-Performance Networking

 Introduction

— Maxine Brown (guest editor) Wisless imerne] Data Wisieporting | Diminhins Fieis, | Obseaily
 TransLight: A Global-scale LambdaGrid for e-
Science | |
— Tom DeFanti, Cees de Laat, Joe Mambretti, \LUEPRINT .3:" UTURE OF
Kees Neggers, Bill St. Arnaud ANCE

 Transport Protocols for High Performance

— Aaron Falk, Ted Faber, Joseph Bannister,
Andrew Chien, Bob Grossman, Jason Leigh

 Data Integration in a Bandwidth-Rich World
— lan Foster, Robert Grossman
 The OptiPuter

— Larry Smarr, Andrew Chien, Tom DeFanti,
Jason Leigh, Philip Papadopoulos

« Data-Intensive e-Science Frontier Research
— Harvey Newman, Mark Ellisman, John Orcutt

UClIrvine Source: Special Issue of Comm. ACM 2003




NSF is Launching

a New Cyberinfrastructure Initiative

“Research is being stalled by ‘information overload,” Mr. Bement said, because
data from digital instruments are piling up far faster than researchers can
study. In particular, he said, campus networks need to be improved. High-speed
data lines crossing the nation are the equivalent of six-lane superhighways, he
said. But networks at colleges and universities are not so capable. “Those
massive conduits are reduced to two-lane roads at most college and university
campuses,” he said. Improving cyberinfrastructure, he said, “will transform the
capabilities of campus-based scientists.”

-- Arden Bement, the director of the National Science Foundation

CTerer QUARIIEDS

THE CYBERINFRASTRUCTURE

BACKPLANE:
THE JUMPTO LIGHT SPEED

Philip Papadopoulos and Larry Smarr

UClIrvine www.ctwatch.org



The Optical Core of the UCSD Campus-Scale Testbed --

Evaluating Packet Routing versus Lambda Switching

Goals by 2007:

>= 50 endpoints at 10 GigE
>= 32 Packet switched

>= 32 Switched wavelengths

>= 300 Connected endpoints %_

Approximately 0.5 TBit/s
Arrive at the “Optical” Center
of Campus
Switching will be a Hybrid
Combination of:
Packet, Lambda, Circuit --
00O and Packet Switches
Already in Place

S Dol
L3

UClIrvine

Quartzite Communications NSF MRI
To 10GigE cluster
node Interfaces Core Year 3 G
Quaﬂzﬁe Wavelength
Selactive
Switch
* Lucent To 10GigE cluster
node interfaces and
other switches
To clustar nodes
\ Glimmenyl
\Eﬁm\ﬂ U D DUE- To cluster nodes
M Production /
GigE Switch with 000
Dual 10GigE Upliks _ Switch
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“Access Grid” Was Developed by the Alliance
for Multi-site Collaboration

{ Access Grid Talk
with 35 Locations
on 5 Continents—
SC Global Keynote

Supercomputing ‘04

Problems Are Video
Quality of Service
and
IP Multicasting

" (g



Multiple HD Streams Over Lambdas

Will Radically Transform Global Collaboration
T

Telepresence Using Uncompressed 1.5 i

Gbps HDTV Streaming Over IP on Fiber |
Optics--

75x Home Cable “HDTV” Bandwidth!

Osaka, Japan
Jan 2005

UcCcsD

UCIrvine Source: U Washington Research Channel



Partnering with NASA to Combine Telepresence with
Remote Interactive Analysis of Data Over National LambdaRail

=
o
=
5 ¥
g visualization Q
o network test E
= storage -
E StarLight (Chicago)
NLR POP
(McLean, VA)
storage
SDSC San Diego Supercomputer Center compute
9 JSOE Jacobs School of Engineering visualization
% SOM  School of Medicine
= SI0  Scripps Institytion of Oceanograph NASA/GSFC (Greenbelt, MD)

1= b OptlPuter

. lized
'A;:“H;ﬂ . ...
e, Th s HDTV Over

ucCcsD Lambda
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The Global Lambda Integrated Facility (GLIF)
Creates MetaComputers on the Scale of Planet Earth

Maxine Brown, Tom DeFanti, Co-Chairs

1Grid 2005

[HE GLOBAL LAMBDA INTEGRATED FACILITY
www.igrid2005.org

September 26-30, 2005
ThE ”I: Calit?2 @ University of California, San Diego
I]|5E|]UE“|’ G[ﬂm California Institute for Telecomr.unications and Information Technology

21 Countrles Driving 50 Demonstratlons
( or 10Gbps to Calit2@UCSD Bmldlng
Y | Sept 2005-- | - L
A Wide Variety of AppIJcatlons



First Trans-Pacific Super High Definition Telepresence
Meeting in New Calit2 Digital Cinema Auditorium

By JOHN AARKOFF

3t Puklished: Sspt

Lays
Technical
| Basis for
3 Global
-**"kg o University [M[s]ie1
LGN PZIE Cinema

Sony

Chancellor Fox SGI

1Grid 2005
(0 4




The OptiPuter Enabled Collaboratory:
Remote Researchers Jointly Exploring Complex Data

—

4&==) _ OptiPuter
&

OptIPuter will Connect
The Calit2@UCI
200M-Pixel Wall
to
The Calit2@UCSD
100M-Pixel Display
With Shared Fast Deep Storage

UCIrvine



Metacomputer:

Community Adoption of LambdaGrid (2005-2006)

UClIrvine




Adding Web & Grid Services to Optical Channels

to Provide Real Time Control of Ocean Observatories

__ LOOKING is Driven By

NEPTUNE (o Requwem'ents LOOKING:
i, | AE”::"? (Laboratory for the Ocean Observatory

.?._h!’?[a::” \ ’ - Knowledge Integration Grid)

Sga ttle

http://lookingtosea.ucsd.edu/
Nl A Goal: P J

" American
et Se — Prototype Cyberinfrastructure for

A e R NSF’s Ocean Research Interactive
: 4 j Hics """'f_____s g eaonns Observatory Networks (ORION)

4= (s LOOKING NSF ITR with Pls:
— John Orcutt & Larry Smarr - UCSD
— John Delaney & Ed Lazowska —-UW
— Mark Abbott — OSU

Collaborators at:

— MBARI, WHOI, NCSA, UIC, CalPoly,
— UVic, CANARIE, Microsoft, NEPTUNE-
= Fiber-Optic Cable I’-: Canarie

¢+ Exclusive Economic | »
* Zone Boundaries

) """-_-"-.I_

Making Management ‘iﬂ

of Gigabit Flows Routine

UClIrvine



First Remote Interactive High Definition Video
Exploration of Deep Sea Vents

UCIrvine Source John Delaney & Deborah Kelley, UWash



CAMERA: Community Cyberinfrastructure
for Advanced Marine Microbial
Ecology Research and Analysis

National LambdaRail
) 1 Direct Connect
| Computation and Storage Complex

g3

ﬂf Funded by: Gordon and Betty Moore Foundation
¥

4 - e
=t ol Joint Partnership of:

UCIrvine Pl Larry Smarr



Building On Centers of Excellence and Achievement
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The Sargasso Sea Experiment

The Power of Environmental Metagenomics
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Yielded a Total of Over 1 billion Base Pairs
of Non-Redundant Sequence

Displayed the Gene Content, Diversity, &
Relative Abundance of the Organisms

Sequences from at Least 1800 Genomic
Species, including 148 Previously Unknown

Identified over 1.2 Million Unknown Genes

E. Font Color Legend .
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;i-—" et al.
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Evolution is the Principle of Biological Systems:

Most of Evolutionary Time Was in the Microbial World

: You
Bacteria Archaea Eucarya ) are
Green Here
Filamentous Slime
Spirochetes bacteria Entamoapae ldi als
G Methanosargina = Fungi

ram : .

: i Methanobacteriurh Halgphiles /

Proteobacteriz Pﬂ‘-’-FWE* R Plants
Cyancbacter# . ‘ Cilintes
Planctomyces Thermoprotgus Q

. Pyrodicticug] \ Flagellates
Bacteroides .
Cytophaga ' Trichomonads
ﬂ:ennﬂmga-—_ Microsporidia
Aquifex Diplomonads

Much of Genome
Work Has
Occurred in

— _ Animals .
&y
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Calit2 Intends to Jump Beyond

Traditional Web-Accessible Databases

Data
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Data Servers Must Become Lambda Connected to Allow

for Directly Optical Connection to End User Clusters

J. Craig Venter
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First Implementation of

Bufising O Corvbors of Ky ollomam sl s ¢
- o NCMIR -

Do £, Do
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roposai to yperintrastructure

of OptIPuter “On-Ramps” to TeraGrid Resources
’ S| OptlPuter + CalREN-XD + TeraGrid =

“OptiGrid”

uchucssucst

UC San Franciseg

UC SantaCruz@l. .

! Creatlng a Critical Mass of End Users
on a Secure LambdaGrid

ST &’

UClIrvine Source: Fran Berman, SDSC , Larry Smarr, Calit2
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