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We have developed a “virtual NMR facility” (VNMRF) to
enhance access to the NMR spectrometers in Pacific Northwest
National Laboratory’s Environmental Molecular Sciences Labora-
tory (EMSL). We use the term virtual facility to describe a real
NMR facility made accessible via the Internet. The VNMRF com-
bines secure remote operation of the EMSL’s NMR spectrometers
over the Internet with real-time videoconferencing, remotely con-
trolled laboratory cameras, real-time computer display sharing, a
Web-based electronic laboratory notebook, and other capabilities.
Remote VNMRF users can see and converse with EMSL research-
ers, directly and securely control the EMSL spectrometers, and
collaboratively analyze results. A customized Electronic Labora-
tory Notebook allows interactive Web-based access to group notes,
experimental parameters, proposed molecular structures, and
other aspects of a research project. This paper describes our
experience developing a VNMRF and details the specific capabil-
ities available through the EMSL VNMRF. We show how the
VNMRF has evolved during a test project and present an evalu-
ation of its impact in the EMSL and its potential as a model for
other scientific facilities. All Collaboratory software used in the
VNMRF is freely available from www.emsl.pnl.gov:2080/
docs/collab. © 2000 Academic Press

Key Words: collaboratory; collaboratorium; virtual NMR facil-
ity; electronic notebook; TeleViewer.

INTRODUCTION

Modern wire and magnet technology continues to ev
and as a result brings to the NMR community ever-la
magnets (.18 T) for research. Concomitant with the lar
magnets are increased purchase costs, increased facility
demands, and support requirements. Recently, a national
mittee (1) addressing the next generation of NMR facili
proposed the creation of 10 U.S. NMR sites from exist
leading NMR facilities to become “sectors” which will ea
eventually house 900- and$1000-MHz instruments capable
imaging, solid-state, and liquid NMR studies. These high
magnets afford better resolution and higher sensitivity ena
researchers to work on more complex systems at lower sa

1 To whom correspondence should be addressed at Environmental M-
lar Sciences Laboratory, Pacific Northwest National Laboratory, P.O
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concentrations. Within the context of structural biology, h
field systems enhance our ability to study larger biomolec
($30 kDa) through the use of novel pulse sequences tha
advantage of the higher magnetic field, e.g., the trans
relaxation optimized spectroscopy (2).

Given their myriad advantages, the demand for high
systems will continue to grow, but an individual institutio
ability to purchase them will probably remain limited. It h
become more common to create multi-institution NMR fa
ties where several universities participate in submitting a g
application for an NMR instrument that is then housed at
of the campuses but “belongs” to all. Regional and nati
NMR user facilities have also been built, providing op
peer-reviewed access to a wide variety of state-of-the-a
struments (3). Using such facilities today is not without
drawbacks. The researcher’s investment, including time
from one’s home institution and travel costs, is significant
scheduling flexibility is limited. Further, the amount of time
in-depth discussion and consultation with facility staff is l
ited to the trip’s duration. It is tempting to ask whether mod
software and communication technologies could essen
eliminate the need to travel to a facility yet enable researc
to utilize its full range of instruments and capabilities as
as consult with its resident scientists in a much more fle
manner. This is what we will define here as a collabora
i.e., a research team working without regard to geogra
location.

As a result of this possibility, we pursued the developm
of a “virtual NMR facility” (VNMRF). We define the term
virtual facility here as an instrument-centered collabora
The Environmental Molecular Science Laboratory (EM
High Field Magnetic Resonance Facility (4) houses numerou
state-of-the-art spectrometers (including 750, 800, and
900 MHz) that, as part of the EMSL national user facility,
available for use by external researchers (independently
part of a collaboration with EMSL researchers) on a com
itive proposal basis. The EMSL Computing and Informa
Sciences (CIS) directorate has been researching and de
ing collaborative tools as part of a broad Department of En
(DOE) Collaboratory development effort for several years.
VNMRF project, a collaboration between CIS and the EM
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173DEVELOPMENT AND USE OF A VIRTUAL NMR FACILITY
Macromolecular Structure and Dynamics directorate, was
as a way to help EMSL users, test Collaboratory technolo
in scientific research, and learn about the social and res
process changes required to work effectively with remote
leagues.

BACKGROUND

Implementing remote control of a scientific instrumen
often assumed to be sufficient for enabling distributed rese
teams to effectively perform experiments on the instrumen
practice, many other capabilities are needed. For remote
laborations to be as fruitful as collaborations with colleag
down the hall, one must also have real-time electronic acce
both collaborators and noninstrument shared resources
mote researchers (scientists not at the facility site) need
able to request time on instruments, schedule their ex
ments, and work with technicians or collaborating researc
at the instrument site to receive training and learn local
cedures. Then, during the actual instrument time, the re
researchers need to guide local sample preparation and c
on experiment setup and data acquisition for one or m
experiments. Once data exist, remote researchers need
to the data files and local analysis tools. They may again
to consult with their colleagues at the instrument site du
analysis or during the preparation of documents based o
work. Throughout this process, a central repository of b
ground information, plans, ideas, progress, reports, and
sions is needed to allow the team members to coordinate
actions.

As modern research problems become increasingly com
in scope and scale (sequencing and understanding the h
genome is a good example), overall project teams are be
ing larger and more interdisciplinary. These teams and
vidual work groups (researchers doing a specific experim
are becoming more geographically and administratively
persed than in the past. Collaboratories and virtual faci
appear to be a natural fit to facilitate the work of such gro
Collaboratories are under development in many fields,
space physics (5) and fusion (6) to combustion (7) and mate
rials microcharacterization (8), and they are changing the w
research is being done in their target communities.

The capabilities available in collaboratories and virtua
cilities have increased tremendously in the 10 years sinc
word “collaboratory” was coined (9). While early efforts wer
often limited to text exchange and streaming data, mo
collaboratories provide videoconferencing, shared w
boards, shared computer displays, electronic notebooks
cussion groups, and more. Project websites, e-mail lists,
variety of means to make it easy to transition between
help meld the whole into a virtual collaboration space.
scientific collaboratory, scientific resources—instrume
data, laboratory notebooks, analysis software, and the scie
literature—are integrated into this shared virtual space.
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APPROACH

The development of our VNMRF was undertaken as a
collaboration between NMR and computer science researc
The principal local and remote spectroscopists agreed to
duct their research without travel, acknowledging that a
tional effort would be required to learn how to use collab
tive tools, discover how to make effective use of them,
work with software developers to iteratively improve
VNMRF over the life of the project. The computing te
installed stable versions of their evolving collaborative to
helped set up secure communications between the site
agreed to provide “whatever was necessary” in terms of t
ing, support, and the development of additional collabora
capabilities. All agreed to measure success in terms o
efficacy of supporting the NMR research and to actively
ticipate in an iterative plan–develop–deploy–evaluate–re
cycle.

Several criteria were used in selecting the NMR rese
project that would be the focus of the VNMRF developm
effort. First, the NMR project had to be representative of th
expected at the EMSL facility. We also required that
project be “real,” i.e., the successful conclusion of the pro
would include peer-reviewed publications of the NMR
search results. The NMR team (authors Keating and Ellis a
EMSL and Pelton and Wemmer at Lawrence Berkeley
tional Laboratory (LBNL)) decided upon a series of exp
ments to determine the structure of the DNA-binding dom
of the heat shock transcription factor (HSF). The structure
92-residue fragment of the DNA-binding domain of HSF fr
yeast has been studied previously by both NMR (10–12) and
X-ray crystallography (13) and HSF fromDrosophila melano

aster has been studied by NMR (14, 15). In the propose
tudy, the domain from yeast would be extended by 24 res
t the C-terminus (molecular weight 13.7 kDa). This reg
erves as a linker between the DNA-binding domain a
oiled-coil trimerization domain. Information about the str
ure of the linker gained via NMR would provide insight in
ow the three DNA-binding domains are oriented with res

o the DNA. Further, the LBNL group believed, based on t
xperience studying the 92-residue protein at 600 MHz (
ighest field instrument), that studying the larger cons
sing the EMSL 750-MHz instrument would more than c
ensate for the added complexity of the larger protein, lea

he collaborative tools and our ability to use them effective
he major risk factor.

To select the hardware and software to be used for co
ration, we used a process analogous to that for choosin
MR project. Since the VNMRF project was a test case fo
peration of a user facility, the hardware and software solu
hosen was required to be broadly available to both loca
emote researchers. Hardware and software for use a
emote site(s) had to be inexpensive, easy to install, and s
o learn. One early cost-related decision was that we coul
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174 KEATING ET AL.
require remote users to purchase a new computer, which
a requirement that our solution run on common scien
computing platforms (Mac, Windows, Unix). We were m
willing to accept costs and complexity local to the EM
where maintenance and support would be available from
puter operations staff. Compatibility with the existing EM
computing infrastructure was also considered. The overal
tem was required to be “bleeding edge,” using technolo
that could be expected to become widely available and
ported over the next 3–5 years. We also required the syst
be modifiable and extensible so that we could act on feed
and incrementally improve the system during the project.

The EMSL Collaboratory team has been designing coll
ration tools based on these criteria for several years, in a
ipation of projects such as the VNMRF. The EMSL has ta
a very pragmatic approach to software development, partn
with universities and national computing centers on deve
ment, integrating commercial and open-source compo
into the system to avoid duplicate efforts, and providing a
mated Web-based distribution, installation, and support m
anisms. All of this contributes to our ability to rapidly deve
or integrate new functionality requested by users. EMS
collaborative software developments have been and are fu
primarily through coordinated multinational laboratory D
projects. One of DOE’s goals in these projects is to qui
move state-of-the-art technologies from research soft
projects into usable software systems suitable for at least
usage in scientific collaboratories. EMSL Collaboratory s
ware is in use in research and education projects at mu
sites around the globe. Accordingly, we chose to leverage
effort as the basis for the VNMRF system.

Hardware and network setup.The primary compute
used for collaboration were the researchers’ existing de
machines. These were a 400-MHz Windows95 PC with
Mbytes of memory (PNNL) and a Sun Ultra1 with 128 Mby
of memory (LBNL). Several other machines with similar
pabilities were used at various times to allow collabora
from other offices and laboratories. PNNL and LBNL
currently connected via a T3 network link (45 Mbits/s), par
DOE’s Energy Science Network. We estimate that a T1 (
1.4 Mbits/s) network connection is sufficient to effectively
all of the tools for one collaborating group (two to th
participants) although this still does not provide full-mot
video. For the remote user securely logged into an EM
spectrometer, the response was usually real-time as f
entering spectrometer commands and looking at resu
graphics. Even a modem provides sufficient bandwidth
using electronic notebooks and some screen sharing, alth
it is too slow for use of the audio/video conferencing tool

As part of the VNMRF project, we installed cameras
echo cancelers on each machine. Echo cancelers are
hardware devices that attach to the audio input and outp
the computer and serve as both microphone and spe
to
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allowing both parties to speak at the same time, as w
telephone. (Without one of these devices, only one party
speak at a time, as with walkie-talkies.) Headsets provi
similar reduction of feedback, but they are cumbersome
limit the conversation to a single participant per site. In
NMR labs there is generally too much background noise
the air conditioning systems to be able to effectively
anything but a headset, prompting us to collaborate prim
from our offices. We consider echo cancelers essential p
of equipment to allow natural conversation via computer.

We have experienced intermittent delays in audio, vi
and screen sharing transmissions (fractions of a second t
due to bursts of other traffic on our network. While this co
be somewhat annoying for screen sharing and video, it c
render audio completely unintelligible, forcing the use o
telephone. (Some of our audio and video problems hav
cently been traced to technical problems in routing audio
video traffic across the PNNL firewall. These have now b
resolved and audio interruptions have become much r
Faster networks and the ability to prioritize traffic (to guara
a requested quality of service) should provide a tech
solution to these problems over time.

Software. The EMSL Collaboratory software has been
scribed in more detail elsewhere (16–18) and information

bout the current release and the software itself is f
vailable from our website (19). We will provide a brie
escription here, focusing on aspects important in the VNM
pecific information on how these tools were used to sup

he NMR project appears in a following section.

CORE2000. The suite of real-time software tools dev
ped at EMSL is called the COllaborative Research E
onment, or CORE2000. CORE2000 is an extension o
ational Center for Supercomputing Applications Ja
ased Habanero (20) environment. CORE2000 adds sha
omputer screens, remote cameras, and third-party
nd video conferencing to Habanero’s whiteboard, chat
nd other tools. The CORE2000 client allows users to
r join sessions by supplying the session name, the s
ostname (or IP number), and optional port number. (U
an access a continuously running CORE2000 server m
ained at EMSL or start their own locally.) Currently,
ollaborators must agree upon the session name an
erver to use ahead of time by e-mail or phone. For exam

session might be named “HSF Analysis,” running
scher.emsl.pnl.gov, port 2000. When a user starts or
session, they see a palette of icons representing the

ble tools (Fig. 1). Anyone in the session can then clic
ny time on whatever tools are needed. CORE2000 s
ach tool simultaneously on whatever mixture of PC, M
nd Unix systems the remote collaborators are usin

uture version of CORE2000 will allow collaborators
tart, monitor, and join sessions via a Web page.
CORE2000 third-party audio and video capabilities are
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175DEVELOPMENT AND USE OF A VIRTUAL NMR FACILITY
explanatory—they allow participants to converse and to
each other. CORE2000 can launch the publicly avail
Mbone (21) audio and video tools, the option used in
VNMRF project, or CUSeeMe (22) (limited to non-Unix par
icipants) audio and video. The CORE2000 chatbox to
sed to exchange short text messages. The whiteboar
llows users to create sketches and diagrams together u
ariety of pen colors. Users can drag-and-drop geom
hapes (lines, rectangles, ellipses, etc.), type text, or
reehand on the whiteboard. They can also import GIF or J
mages, such as NMR spectra, pulse sequence diagram

olecular models onto the whiteboard and mark them up a
iscussion proceeds.

FIG. 1. The COR
e
le
r

is
ool
g a
ic
w
G

, or
he

The TeleViewer is CORE2000’s dynamic screen sha
ool. Developed several years ago at the EMSL, the T
iewer allows users to transmit a live view of any rectangl
indow on their screen to all session participants. Collab

ors simply click-and-drag a rectangle over the area they
o share and transmission to the group begins. Any collabo
an dynamically change the screen being shared by do
ocal click-and-drag on their own screen to share the view
pplication from their desktop screen. Figure 2 shows a T
iewer window running as part of a CORE2000 client o
indows desktop, with a Varian console display (the X-w

ows display from the Unix-based spectrometer comp
eing transmitted.

000 client interface.
E2
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176 KEATING ET AL.
Two other real-time tools available from CORE2000
worth noting here. They allow viewing and rotation of mol
ular models: the Molecular Modeler tool to view pdb-forma
molecular structures and the 3D XYZ tool to view molecule
an xyz format.

CORE2000 also has a simple programming interfac
common with Habanero that allows new tools to be adde
needed. Various groups have used this interface (20) to de-
elop, for example, collaboratively controlled geograph
nformation system viewers and image analysis software
he Visible Human project. At PNNL, a data acquisition sys
or a mass spectrometer was developed with the program
nterface. During the VNMRF project, we used this interfac
evelop a camera controller tool that provides collabora
emote pan–tilt–zoom control for cameras (we used a C
C-C1 Communication Camera) positioned in the EM
MR lab.

Electronic laboratory notebook (ELN).An ELN is a rough
nalog of a paper laboratory notebook, designed to a

FIG. 2. A PC computer desktop layout of CORE2000 real-time too
console. (Top right) Whiteboard with a NOESY strip plot pasted onto it
e
-

n

in
as

l
or

ng
o
e
on

w

istributed teams to record and share a wide range of n
ketches, graphs, and other information. The Web-b
MSL ELN was developed as part of a DOE collabora
roject with researchers at LBNL and Oak Ridge Natio
aboratory (23). The EMSL ELN (Fig. 3) presents an init

og-in screen requiring the user’s name and password and
isplays a main window containing a table of contents w
ser-defined hierarchy of chapters, pages, and notes. Th

ent of the currently selected page appears in a sep
rowser window. All entries are key word searchable. Note
page are created using a variety of “entry editors” which

aunched from the main window. The notebook currently
ludes editors to create text (plain, HTML, or rich text), eq
ions (LaTeX), and whiteboard sketches (using the CORE
hiteboard), to capture screen images, and to upload arb
les. Once a note is created, a click on the “submit” bu
ublishes it to the notebook page and makes it availab
ther authorized users of the notebook. A simple program

nterface allows new editors to be created and added to ex

Top left) The TeleViewer, broadcasting a view of the Varian NMR spe
d annotated. (Bottom right) Chatbox. (Bottom left) Audio and video too
ls. (
an
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177DEVELOPMENT AND USE OF A VIRTUAL NMR FACILITY
notebooks. Entries are shown as part of a page, tagged w
author’s name and the date and time of entry. Each “note
be rendered by the browser (e.g., text, images), by u
external applications (e.g., Microsoft Word), or by using J
applets (e.g., equations, molecular structures). The displ
entries is fully customizable. While the current ELN restr
access to group members, it is not fully secure against ha
The next version of the notebook will include certificate-ba
user authentication, encrypted data transmission, and d
signatures to address security and to begin to address the
related to using a notebook as a legally defensible docum

Secure instrument control and data access.At the begin
ning of the VNMRF project, the EMSL already had mec
nisms in place to allow remote users to access EMSL com
resources and data. Since the NMR spectrometer console
ware is based on Unix and X-Windows, these mechan

FIG. 3. The NMR Spectroscopists’ Electronic Notebook. The table o
pages; “Comparison of HNCO HN face . . .” is apage in the chapter “HNCO
Web browser window.
the
an
ng
a
of

s
rs.
d
tal
ues
nt.

-
ter
oft-
s

were also sufficient to allow remote users to control the s
trometer. (The spectrometer manufacturer often takes a
tage of this to install and troubleshoot spectrometers ove
Internet.) However, we felt the existing mechanisms w
insufficient for a virtual facility in two respects. First, we f
it would be necessary to allow collaborative versus sim
remote access to the spectrometer so that local expert
others could observe the spectrometer console in real-tim
advise and/or learn from the remote operator. Our sim
real-time collaboration solution is to have the remote ope
capture and share the spectrometer console using the
Viewer, allowing the rest of the group to observe, but
control, the spectrometer. An advantage of this method is
only the remote operator needs to be running X-Windo
Other collaborators can then use CORE2000 and do not
to have an X-window session going. The second issue

ontents (left) shows a list of chapters, each of which can be expanded
eriment on the 600 MHz.” On the right is the page, which comes up in a
f c
exp
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178 KEATING ET AL.
security. While X-Windows makes it possible to run progra
over the Internet, it provides no protection against “ses
hijacking” and other attacks that could allow hackers to
control. We felt more protection would be needed, espec
as we began advertising the continuous availability of EMS
expensive, high-profile spectrometers. We collaborated
EMSL’s Computing and Network Services group to set up
use secure shell (ssh) (24), a publicly available tool that pro
ides authenticated, encrypted telnet functionality and prov
imilar protection for X-windows. Since the successful in
oration of ssh into the VNMRF project, the ssh protocol
ecome part of the overall EMSL computing infrastruct

mplemented on a “gateway” machine rather than on the s
rometers, primarily for ease of administration. We are
ently investigating ways to provide secure group control o
pectrometer, again in a platform-independent manner.

RESULTS AND DISCUSSION

Evolution of the VNMRF during the Heat Shock Factor
Protein VNMRF Project

Authors Pelton and Keating started acquiring NMR d
using the initial VNMRF capabilities in September 1997.
sample preparation was done at LBNL, and the samples
mailed to EMSL. Since then, a full series of 2D and
heteronuclear NMR experiments on HSF, as needed for s
ture determination, have been completed this way. Data
ysis is proceeding, with both real-time and electronic-n
book-based exchanges occurring frequently. As part o
general process, we used time between individual experim
to review how well the collaborative technologies perform
identify tasks that were difficult to do via the Internet, bra
storm ways to make these tasks easier, and install and te
capabilities. We now describe how the collaborative tools w
used to support different tasks related to the experimen
highlight some of the improvements we made in respon
the NMR team’s experiences. For the purpose of discus
we divide these tasks into three categories: preexperim
experiment (data acquisition), and postexperiment.

During the preexperiment stage, collaborators need t
used to using the Collaboratory tools, exchange prelimi
information, and design and plan the project. Pelton and K
ing used CORE2000’s audio and video conferencing for in
ductions (Pelton and Keating had never met in person),
cussions of sample preparation, etc. The telephone was
used instead of the Internet audio, because of its higher qu
Traditionally collaborators at the same institution can sit
gether and lay materials out on a desktop and together lo
a computer screen to view a pulse sequence or a mole
model. The TeleViewer filled this role in the VNMRF a
made discussions of these types of works in progress pos
without requiring special preparation for a video confere
The TeleViewer also made it possible to debug prob
s
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during the configuration of other software and for Keatin
guide Pelton as he learned to use the Collaboratory tool
became familiar with the specifics of the Varian spectrom
console software used at the EMSL. The ELN provide
shared space for literature references, molecular struc
from experiments on the smaller HSF construct, and plan
decisions reached in real-time sessions. One of the first
tomizations of the notebook involved linking in a Java ap
viewer for protein structures. After a brief search and s
initial tests, we integrated the freely available WebMol J
applet (25). WebMol displays pdb-formatted molecular str
ures in a 3D, rotatable format. It also allows users to dis
nteratom distances and angles, enough information to a
uick analysis and comparisons without having to laun
tand-alone analysis package. We worked briefly with
ebMol developer to make cosmetic modifications, e.g., m

ng it possible to run WebMol within an existing Web pa
nstead of having it pop up its own window, and upgra
hen a new version became available.
During the experiment stage, real-time interactions d

ate. The researchers log in to the spectrometer console
ith each other in order to set up the experiment, and brin

acility staff for assistance with sample insertion, tuning,
iscussion of any problems that arise. Thus, logging into
MSL network and the NMR console software via ssh
tarting CORE2000 become part of the daily routine. O
han the physical operations involved in sample hand
nsertion of the sample into the spectrometer, and probe tu
ll aspects of the NMR experiments can be done collab

ively over the Internet. Pelton and Keating completed se
xperiments in this manner, with Pelton in direct control of
pectrometer software, working with Keating via CORE20
t is worth noting that some tasks, such as shimming the N
agnet, can easily be accomplished by one person, a

arious times, would be done without video conferencin
creen sharing, locally by Keating or remotely by Pel
irect communication became more important during co
ration of the experimental parameters, discussion of ad
ents, evaluation of trial spectra, and finally deciding whe

tart the experiment. In some experiments, CORE2000
sed to bring a third person into the conversation to addr
articular issue.
For long-term monitoring of the experiment (up to sev

ays), either Pelton would stay logged into the spectrom
nd leave its display in the TeleViewer which could be vie
y Keating for the duration, or Pelton and Keating would

n independently as necessary. Both mechanisms also al
eating to monitor experiments from home or while on tra
s noted above, we added a live laboratory camer
ORE2000 over the course of data collection. During
cquisition, this allowed the researchers to get a good vie

he spectrometer’s status modules. With a few button c
eating or Pelton, in their respective offices, could move f
bserving general lab activity to viewing the digital temp
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179DEVELOPMENT AND USE OF A VIRTUAL NMR FACILITY
ture readout from the probe and confirming that the pulsed
gradient lights were flashing as expected.

In the postexperimental stage, researchers need to a
the data, process and analyze it, create databases, ex
progress reports, prepare for further experiments, and ev
ally prepare written reports. The VNMRF makes use of
existing EMSL data archive. The archive provides drag-
drop access to several hundred gigabytes of disk st
backed by a multiterabyte robotic tape library. Users on
EMSL network, local or remote, can easily move files
directories from a local EMSL host (including the spectro
ter) to and from the archive. Remote users of the EM
VNMRF must then use ftp as a second step if they wis
move the files back to their home institution. (Although
technical means exist to eliminate the need for the ftp ste
allowing remote computers to seamlessly share EMSL’s
tributed file system, we did not feel the costs and comple
were justified.)

Over the course of the project, an NMR Spectroscop
“version” of the ELN was created to make it easier to rec
information related to NMR. The changes ranged from “
fixes” necessary to allow the ELN server and underlying W
server to recognize files with a “.fid” extension as a va
non-HTML file type, to the integration of the WebMol view
to the development of automated means of creating
entries directly from the NMR console command line. In
latter case, an “ELN Wizard” was developed that can be c
from within other programs to automate transfer of param
sets and screen snapshots immediately to a user-specified
ter and page, without requiring the user to open a browse
log in to the ELN. In addition, we developed a Java apple
the display of the parameter file (the Varian procpar file in
case) that shows the parameters not as a long text list, bu
interactive window format that displays only the lines of
associated with the selected parameter. Selections are
either by scrolling down a list or by typing the first letter or t
of the parameter name. Later in the project, we added a
scanner to Keating’s desktop PC that allowed her to co
niently scan gels of the purified protein samples and o
paper documents into the ELN.

Once an experiment was complete, Pelton and Ke
moved the data from the spectrometer to the EMSL archive
then made local copies for themselves when they were rea
begin analysis. Data analysis included both joint, real-
viewing and discussion of data and independent analysis
local software, followed by later real-time comparisons. D
ing the VNMRF project, Pelton and Keating each used
analysis package most common at their site and verified
other’s results by comparing their respective crosspeak as
ment databases. While this mode of collaboration presen
interesting contrast to that used in data acquisition (bot
searchers using the same software), the choice was prim
personal preference, and we did not attempt to quantify w
mode was more effective. Using CORE2000 and the T
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viewer, Pelton and Keating could interact closely, watchin
menu items were chosen, cursors were moved, and peak
selected. The whiteboard tool proved convenient for the
pose of viewing and annotating 2D slices of a processe
spectrum.

A variety of means were used to exchange peak assign
ranging from sending faxes of handwritten notes to e-mai
entry of Excel spreadsheets into the electronic notebook
though it is possible to enter an Excel file into the cur
version of the notebook, only users with Excel can view
contents. However, if the file is first converted to “com
separated value” format, the notebook will display an HT
table of the spreadsheet contents and allow the remote u
download the file itself, providing an immediately reada
cross-platform solution. We are currently using the Wiz
described above to create “Save To Notebook” macros w
Microsoft Word and Excel to simplify transfer of these type
information to the ELN. Finally, as projects near complet
text and figures for publication need to be developed. Ag
real-time interactions prove to be useful in defining plans
schedules, negotiating differences, and reaching decis
while e-mail and the ELN support the exchange of drafts
provide a shared storage space for final versions.

Future Improvements for the VNMRF

As one might expect, during the course of this projec
identified many additional possible improvements that we
not have time or resources to fully implement. In many of th
cases, partial solutions exist. In others, we expect to be a
provide the requested functionality in the next version of
EMSL Collaboratory tools. Online NMR reservation syste
and online spectrometer logbooks, both using the same
names and passwords as the ELN and other tools, which
administrators full access while limiting what members o
individual group can see, were one suggestion. We are
rently experimenting with several tools to provide some fu
tionality in these areas. Another suggested improvement w
provide databases (of chemical shifts, for example) that c
shared. Also, it may be useful to record a CORE2000 se
for later playback. Currently, CORE2000 has a limited ab
to record sessions. Unfortunately, several of the CORE
tools, including audio, video, and the TeleViewer, canno
recorded as part of the session (however the audio and
tools can be recorded separately). Such records wou
useful to a colleague who was unable to join the real ses
It would also be useful for collaborators to be able to
existing sessions and to “dial” colleagues using CORE2
rather than having to prearrange sessions and to worry
session names and host and port numbers. The next vers
CORE2000 will include a Web-based session directory
will list all CORE2000 sessions and allow people to joi
session simply by clicking a “join” button.

There are several useful extensions planned for the
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180 KEATING ET AL.
Automatic e-mail notification will allow collaborators to
notified when their colleagues add information to their sh
notebooks. Strong encryption (128-bit secure socket laye
coding) will protect data in transit to and from the noteb
server, while digital signatures and timestamps will help
vide legal defensibility for notebook entries. Work is also
progress to support interactive visualization of individual sl
from a processed 3D NMR spectrum on an ELN page, wit
requiring the prohibitive time delay of having the full data
(.100 Mbytes) sent to the local browser.

Observations after Completing a Series of NMR Experim
Using the VNMRF

Overall, we found “working together apart” to collect a
analyze NMR data between remote sites with the VNMR
be effective. There are certainly differences from working w
local colleagues and local spectrometers. Many of these
ferences such as the lack of nonverbal feedback from
language and the intrusion of technology are well known in
computer-supported cooperative work community and
been discussed elsewhere (18). The overall effect of workin
emotely on the 750-MHz spectrometer via the VNMRF
een likened by one of us to “driving a Cadillac”; it’s a luxu
ehicle, but there is no “road feel.”
Planning projects, running NMR experiments, and analy

esults with remote colleagues require a few extra mome
tartup for remote log in and launching collaborative to
owever, with some willingness to adapt, the time savings

mprovements in the quality of work to be had through
emand access to remote resources and frequent feedbac
emote colleagues more than offset the initial delay.
onclusion has now been reached by several indepe
roups using the VNMRF. Given the example of Pelton’s
eating’s interactions, many of the outside users who
sed the EMSL NMR facility since 1998 opted to cond
ome or all of their experiments remotely. Some travele
MSL for training and to run their first experiments and t

ater consulted with an EMSL NMR researcher via CORE2
r ran NMR experiments remotely while others never ma
hysical visit. All have reported positive experiences. In
ection we give specific observations, primarily from the o
nal VNMRF team, of the pros and cons of working remot

Installing and configuring hardware and software to succ
ully complete a first session is arguably the most frustra
art of working remotely. While the complexity of the inst

ation of the Collaboratory software itself was a factor in
eginning, automated installation scripts and other impr
ents have made this less of a factor. Similarly, finding c
ras that work across the wide range of machines found a
ites has also become easier over time. However, se
actors continue to contribute to the frustrations of the in
etup. At the core of the problem is the fact that pro
peration requires that cameras, browsers, computers, a
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etworks in between the participants be properly config
nd in working order. We’ve discovered over the course o
roject a variety of subtle misconfigurations, at both comp
nd network levels, that may allow other applications, e
-mail and Web browsers, to function while preventing
peration or degrading the performance of other collabor

ools. The fact that the machines and the networks in bet
ay all have different administrators adds to the confus
he significant differences in Java and browser feature

ween versions and across operating systems introduce
ional complications. Nevertheless, most of the complexi
aced by the virtual facility; an individual will likely encount
nly a few problems, although they may learn more abou

nternet than they first expected. Fortunately, the overall o
tion is reliable once set up. With a few preexperiment pra
essions with an EMSL researcher, users quickly becam
iliar with the ssh remote log in process, CORE2000, an
LN. Planning to do setup and training well in advance o
xperiment, analogous to making travel reservations, cer
elped avoid last minute surprises.
Although Pelton did not visit the EMSL prior to beginni

xperiments, subsequent groups have reported that the
isit to the facility was useful (particularly if it was a ne
pectrometer type to them). The ability to both make intro
ions and observe spectrometers and collaborative too
ction before having to start getting accounts and insta
oftware helped provide initial momentum. Video appea
lay a similar role within collaborative sessions. Usually, a

he initial startup of the video tool and an exchange of g
ngs, the video window was iconified and not reopened du
he remainder of the session except to introduce addit
olleagues (people walking into one of the researcher’s o
r someone joining the CORE2000 session).
Throughout the project, input from the NMR researchers

o improvements. The NMR researchers were asked to an
he way they conducted experiments and identify the task
ompose the experiment lifecycle. They were also aske
elp identify on an ongoing basis which of these tasks w
enefit most from close collaboration and what informa
eeded to be shared to accomplish these tasks (data
arameter sets, literature references). While this did lea
oftware improvements, in many instances this introspe
nd simply using the electronic collaboration tools gave
esearchers ideas for new ways to work together. For exa
ver time, researchers began using the chatbox for two sp
urposes: to notify remote colleagues when they stepped

rom their desk and to transmit unfamiliar terms and numb
he latter is especially useful during NMR experiment s
hen the researchers are discussing spectrometer comm
uch as lengthy pulse sequence names. It is faster and
ccurate to type information such as these sequence n
ther program commands, or URLs into the chatbox tha
pell them out loud and request that the other party repe
nformation as confirmation. Copy and paste then makes it
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181DEVELOPMENT AND USE OF A VIRTUAL NMR FACILITY
to transfer the information from the chatbox to where it wil
used.

Verbal dialog also changed slightly. The relative lack
feedback from remote participants and their lack of “prese
prompted many participants to ask status questions, anal
to a lecturer asking “Can you hear me?” and “Can you see
slide in the back?” With more experience, users starte
realize that more feedback is useful, and they automati
began saying “Do you see that in the TeleViewer?” or typ
messages in the chatbox to confirm that they saw up
information, to explain long pauses, or to inform their c
leagues of off-camera events.

The TeleViewer, at first used only for live screen sharin
the NMR console, quickly became a central tool in m
sessions. It proved extremely useful for live discussions of
processing and analysis, particularly since each research
using different NMR processing software. It also bega
eliminate the need to e-mail, ftp, or fax documents and plo
spectra in advance of phone calls. We found having a real
discussion via the audio tool while displaying processed s
tra using the TeleViewer worked as efficiently as seeking
from a colleague down the hall. In fact, we became so us
the TeleViewer that we’ve experienced a new frustration
ing phone calls as we’ve tried to explain a situation verbal
colleagues who are not familiar with the TeleViewer, know
how easy it would be to simply show them rather than exp

The ELN has also prompted changes. It’s rare anymor
us to print a multiple-page hard copy of the parameters fro
NMR experiment since it is much more convenient to up
them into the ELN and have them efficiently displayed in
Java applet. The ELN is also the primary archive for s
notes, structures, and pictures. We still tend to maintain
copies of vital data, such as 3D matrix slices, and, whi
might be convenient to be able to link to an online versio
journal articles on an ELN page, we find it more comforta
to read a paper copy of an article rather than an on-s
version.

Perhaps the most exciting changes were those in the o
distribution and scheduling of tasks within distributed gro
From our initial discussions about how NMR researchers
ditionally worked with local versus remote colleagues it
came clear that local interactions are less formal and
frequent. Researchers expect to see colleagues in the ha
discover problems, brainstorm solutions, and change pla
needed on a daily or weekly basis. With remote colleag
who may visit the facility only during the actual experime
work is divided into larger, more independent chunks. Sa
preparation is done at one site without much consultation
remote collaborators, as is analysis. We believe that rese
ers collaborating via the Internet, although they origin
expect to work as they traditionally do with remote colleag
evolve their collaboration to be more like local ones over t

Two specific examples of this are worth noting. In e
experiments, Pelton and Keating did their analyses in par
f
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without much interaction, over the course of several month
later experiments, they took advantage of the availabilit
CORE2000 and the TeleViewer to verify that each had
formed the initial data processing (deconvolution, apodiza
Fourier transform, phasing, etc.) properly. Similarly, Pe
and Keating began to confer more on tentative cross
assignments and other pre- and/or postexperiment task
were initially tackled independently. These informal “comp
ing notes” sessions helped them to quickly catch each ot
oversights and avoid blind alleys. While the bulk of the w
was still done individually, as is the case for local researc
this ability to meet as needed resulted in more frequent
munication, a reduction in “lost work,” and a pattern of acti
much closer to the norm for colocated groups.

The other shift toward a local style of work is the VNM
researchers’ ability to make opportunistic use of spectrome
When spectrometer time suddenly becomes available be
the scheduled researcher on a given day is unable to u
time, replacement users no longer need to be limited t
house staff. Since samples can be stored at EMSL, a
general a remote user’s sample can be shipped over
VNMRF users can prepare for an experiment on the spec
eter in about the same amount of time as an in-house
researcher can. Pelton and Keating have so far been a
complete several additional experiments in this manner,
ing them address questions that arose during analysis.
capability benefits the facility’s users and helps facility m
agement optimize utilization of the spectrometers.

THE FUTURE OF VIRTUAL NMR FACILITIES

With the success of the first project done at the EM
VNMRF, we have shown that virtual facilities, already bec
ing successful in other domains, are applicable to NMR.
spite their current drawbacks, the utility of electronic colla
ration technologies today and the necessity of t
technologies for future ultrahigh field spectrometer facilitie
clear. Given the escalating costs of high field (9001 MHz)
spectrometers, it is unlikely that many existing NMR sites
be able to independently afford to establish a stand-a
facility for only in-house researchers. A more likely scena
as recently envisioned by the Committee for High Field NM
is the creation of a set of complementary ultrahigh field
facility sites, or “sectors,” that would become part of a “N
tional Magnetic Resonance Collaboratorium” (1). That com
mittee’s report also urged that these sectors coordinate po
and have interoperable software to provide the NMR com
nity with shared resources that transcend facility and disci
boundaries. For example, a researcher could draw upon s
sites for the most appropriate expertise, instruments, and
resources. We believe it is particularly timely for communi
using instrument-intensive techniques such as high field N
to incorporate the virtual facility concept into existing cen
and to consider it in the construction of new facilities—p
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182 KEATING ET AL.
ning for state-of-the-art Internet connections, audio/video-
computer-equipped conference rooms, fewer guest acco
dations, and so on. We anticipate that such virtual facilities
quickly become a standard way for researchers to acces
pensive state-of-the-art equipment and to work with rem
colleagues more efficiently.

CONCLUSIONS

The EMSL VNMRF was developed as a true collabora
between the Macromolecular Structure and Dynamics d
torate and the Computing and Information Sciences direct
within EMSL. It provides a useful combination of sec
remote operation of EMSL NMR spectrometers with Inter
based video conferencing, remote-controlled laboratory
eras, real-time computer display sharing, a Web-based
tronic notebook, and other capabilities. The EMSL VNMR
proving to be as or more effective than travel in allow
external researchers, working independently or as part
collaboration with EMSL researchers, to complete experim
using the numerous state-of-the-art spectrometers hous
EMSL’s High Field Magnetic Resonance Facility. These
searchers are finding the VNMRF to be a convenient mea
enhance their access to EMSL resources before, during
after use of the spectrometers as evidenced by their com
to EMSL’s NMR operators and the growing popularity of
VNMRF (new users, repeat users, and users who have c
to use the VNMRF after an initial trip). Given the rap
development of collaborative technologies and users’ chan
expectations as they become more sophisticated in their u
the VNMRF over time, we will be evolving and improving t
VNMRF for many years to come. Working to hide the co
plexities of remote interaction from VNMRF users and
sponding to their requests for integrated scheduling and
ging, shared data summaries (e.g., crosspeak database
other tools should make later versions of the VNMRF e
more useful.

We note that while the majority of projects at the EM
NMR Facility are expected to involve an external NMR
searcher working with local research staff and NMR opera
as discussed in this paper, education-related projects an
laborations between theoreticians and experimentalists ar
anticipated. Previous work identifying different types of c
laborations (peer-to-peer, mentor–student, interdisciplin
producer–consumer) and the differences in their commu
tions needs (18) suggests that a VNMRF optimized for pe
o-peer interactions may not be optimal for supporting a t
etician working with an NMR collaborator or a stud
earning a new NMR technique. Thus, in-depth considera
f the requirements for supporting these types of collabora
ill undoubtedly suggest additional directions for VNM
nhancements.
We believe that our cooperative process for the develop

f the VNMRF—deployment of an extensible base of col
d
o-

ll
ex-
te

n
c-
te

t-
-
c-

a
ts
in

-
to
nd
nts

sen

ng
of

-
-
g-
and
n

-
s,
ol-
lso

-
y,
a-

o-

n
ns

nt
-

ration tools to the researchers, up-front analysis, and ite
evelopment, deployment, and feedback—has been criti
ur success. The choice of extensible base platforms, su
MSL’s CORE2000 and ELN software, has made it poss

o quickly and incrementally incorporate new technologies
o be responsive to users needs. Our systematic app
nvolving collaboration between NMR researchers, comp
cientists, and researchers studying the dynamics of distri
roups, has also been very effective. We believe that the
dvances being made in all three fields and the dyna
onlinear coupling between user expectations, scientific
esses, and collaboration technologies make such broad
ise essential in the development and management of v
acilities.

Collaboratories have the potential to remove the w
round departments, organizations, and universities and

ead to the creation of metalaboratories with capabilitie
oth expertise and equipment that far exceed those availa
ny one laboratory. Virtual NMR facilities have the potentia
ring high field NMR as a research tool to a broader audi
f faculty, students, industrial, and government researc
uch collaboratories may also grow to include compleme
elds such as mass spectroscopy and X-ray crystallogr
llowing researchers to apply complementary technique
ddress complex research problems. For all of these rea
e feel that virtual NMR facilities should be seen not only
cost-saving measure, but as additional means, along

igher field magnets, better probes, and new pulse sequ
o expand NMR’s role as an integral and effective part of
ation’s research infrastructure.
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