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ABSTRACT provision of access to massive, distributed and

We report on our studies of the evolving work pis of  heterogeneous datasets (...tera to petabytesthanase of
biologists and the role paper and electronic latelmmoks  digital platforms for collaboration and communicati. It
play in supporting their individual and collabova@i is now common for biologists to share their data &m
activity. We describe the participatory design and communicate with researchers around the world, in a
longitudinal field testing ofPrism a hybrid laboratory complex mix of competition and collaboration [14].
notebook that lets biologists capture, visualizd areract However, despite the undoubted advantages, thenadée
with cross-linked streams of physical and electraméta.  networked computing has contributed greatly to dujits’

We used Prism as a technology probe that users edlalpt  information overload [25]. As lead users [28] oktleme

to integrate additional activity streams and shareknowledge workers’, they need more powerful toolsdpe
information from other biologists. Our key findingglude with their increasing quantities of data and comiwation.

the use ofmaster notebooksvhether paper or electronic,
which act as a reference point for handling andaoizing
the diverse strands of personal activity, and theartance

of redundancywhich biologists use to make sense of their
data. Prism provides a flexible, extensible toat thupports
individual and collaborative reflection in creatiwerk.

Historically, biologists, like other scientists lieel upon a
simple, but powerful tool for recording procedurésta and
results: the laboratory notebook. Although usuailgwed

as the personal record of an individual scientish
notebooks are written to be read by others, imgpsgn
corresponding discipline in the style and choicevbfat is
Author Keywords recorded. Together with published articles, thely s¢rve
Activity streams, Augmented Paper, E-science, Hybab a5 a primary archival and communication medium for
notebooks, Information management, Laboratory raig®  academic biologists [4]. As research activities man-
ACM Classification Keywords line, with more remote collaboration, biologists amder

D.2.2 [Design Tools & Techniques]: User Interfaddss.2 increasing pressure to use fully electronic notébsoat the
[User Interfaces]: Evaluation/methodology, Userieeed ~ Same time, paper laboratory notebooks fill uniqeeds, for
design. H.3.3 [Information Search and Retrieval]: l€gal, archival and ease of use reasons [16].

Information filtering. H.5.3 [Group and Organizatio \we are interested in rethinking the design of labmy
Interfaces]: Computer-supported cooperative work notebooks so as to take advantage of both forrdétsare
particularly interested in supporting two aspecté o
biologists’ work: creative generation of new hypotheses
and experiments and making sense of the data, and

INTRODUCTION
Advances in computer technology have transformed ho
biologists work. Wouters [32] describes the emecgec.]f“ collaborative verification, accountability and know-how
E-Scienceas the r_esult of three major developments: thesharing across local and remote teams.
large-scale sharing of computational resources, the

This paper describes our work with biologists &t lthstitut
Permission to make digital or hd copies of all or part of this work 1 Pasteur and at INRA. We examine how their work has
personal or classroom use is granted without femvjoled that copies a changed, from primarily individual to increasingly
not made or distributed for profit or commercial vashtage and th. ; ; :
copies bear this notice and the full citation ore tfirst page. To co| coIIaborapve, with a pa_rtICUIar focus on the latite@book
otherwise, or republish, to post on servers or edistribute to list: and how it has evolved in the face of enormous gaa/e
requires prior specific permission and/or a fee. then describ®rism a hybrid paper and electronic notebook
CSCwW08, November 8-12, 2008, San Diego, Califoti&A. created in collaboration with bioinformaticians aadted in
Copyright 2008 ACM 978-1-60558-007-4/08/11...35.00 their laboratory over a period of nine months. Wespnt



our findings and conclude with a discussion anédlions
for future research.

RELATED WORK
In order to understand biologists’ use of labonator
notebooks, it helps to look at personal information

SmartTea [22] and MyTea [23], designed for running
chemistry experiments, offer an alternative thaplieitly
attempts to retain the affordances of paper wieNedaging

the advantages of computers. Another approach is to
combine physical and electronic documents direcly,,
Digital Desk [29]. Video Mosaic [13] also allowedthors

management and the problem of how to find documentso interact with each other, using paper documestsa

that one has already used. Malone’s [19] studiefioyf
people organize their desks identified two kewtsigies:
filing and piling. He noted that categorizing infxattion is
cognitively difficult and that informal piles on éhdesk
allow people to avoid the cognitive effort requirfed long-
term filing. Barreau & Nardi [1] identified a simait
phenomenon with computer documents, which

classified as ephemeral, working or archived. Bogleo
et al. [3] studied document use across the physical

method for accessing a media space. NoTime [8],iAud
Notebook [24] and Dynomite [31] all linked paperskd
note taking to video and/or audio recordings. Mgckgal.

[18] developed a series augmented laboratory notebm
which Biologists wrote on paper lab notebooks.
Handwriting and coded images were captured with a

theyportable or desktop graphics tablet and linked to a

searchable electronic version of the lab notebbater, the
A-book acted as a ‘physical information lens’, pding an

digital divide and argued that documents should beinteractive window on any page of the paper notkbaith

embedded within meaningful context information,
particular problem for digital documents, and mumt
easily accessible for regrouping as the task pesge

a

bi-directional links between the paper and the catep

These early technologies remained working protatype
never practical enough to use on a daily basis. achent

The problems of managing paper and digital document of Anoto® technology, a video-enabled pen that reads a

increase in collaborative settings. In their studly a
workgroup’s migration from paper document colleeido
electronic repositories, Trigg et al. [27] highligt the
difficulty of maintaining alignment across the twoedia.
Dourish et al. [5] argue that this is because degdions
are inherently dynamic, making it difficult for pele to
categorize documents so that others can find them.

Traditional laboratory notebooks have specific grips

that differentiate them from other work documeritbey

provide a long-term, chronological record of a b@ét's

activities. Biologists are trained to think of labtebooks as
formal documents that require disciplined writingnda
cannot be edited. Lab notebooks serve both aschivarof

a scientist’'s work and as a legal document thabfishes
priority and intellectual property rights. They feif from

other less formal notebooks that Biologists als®, ssich as
disposable scratch pads or notes from meetings.

Many now regard paper lab notebooks as ‘old fagkdon
[4] and they are being replaced by electronic nobéb,
particularly in large, commercial research labsom8 of
these electronic notebooks are designed for persme
e.g., ipad® and ChemOffic& while others are distributed
and intended for remote work groups e.g., ELN [20].
Interestingly, many academic scientists are regjsthe
move to electronic lab notebooks [4]. This is uelikto be
due to their ‘fear of computers’, since many asoalkilled
computer users [10]. Some of this resistance ibaity
due to paper’s characteristics: it is lightweighbjquitous,
inexpensive and easy to use [17, 21]. We belieatitlalso
serves as the final, authoritative version of tloeky11].

! http:/lipadeln.com/
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unique dot pattern on paper, makes it possibler¢ate
real-world applications. Toolkits designed to hegsigners
and developers build pen-and-paper applicationg {84
create interactive paper command systems [6], i@t
the design of systems such as PapierCraft [12] or
PaperProof [30] which provide methods of annotatng
updating paper documents. Yeh et al. [33] usedo to
develop ButterflyNet, a mobile tool to help fieliblogists
capture diverse data (handwritten notes, photograph
sensor readings, GPS track logs) from field re$ead
link it to the computer. We are interested in exiplgp how
biologists use lab notebooks, both paper and eleictr to
support individual and collaborative creative atiés in
the lab. The next section describes our first stdfield
study to observe how the use of lab notebooks \alsed.

STUDY 1: FIELD OBSERVATIONS AT TWO LABS

We have been working with biologists over the phstade
[10], developing both tools [26] and lab notebof&]. We
were interested in how both have changed durirgyttinie,
so we initiated a new study to explore this questad to
inform the subsequent design of a newto-based tool.

Method

Participants: We interviewed 10 biologists at the Institut
Pasteur, a leading biology research center in Pand
eight bioinformaticians at INRA, the French goveemn
agricultural research institute in Evry. (The latiee trained
in both biology and computer science.) Participaatsyed
from doctoral students to senior researchers aokided
biologists, bioinformaticians, managers and anigist

Procedure:We visited individual researchers in their labs
or offices and asked to see specific examples aif thses

? http://www Anoto.com/



of lab notebooks, paper or electronic. We also digkem

to demonstrate their use of the computer for seamhlysis
and other common tasks. In each setting, we adiexd to
recall recent critical incidents, both positive amegative,
relating to the management, reuse and sharing dinen
and off-line data. We also held several meetings/iich

small groups of researchers compared their expsgen

Results

We were struck by the pervasive use of computatimmds
and the transition from personal to collaborativerky In
our earlier studies at the Institut Pasteur in 18680s, few

collaborative ones (fouHTML electronic notebooks, one
blog and one wiki). Some of the more technical sisexd
also tried commercial electronic notebooks, ejpadeln
but rapidly discarded them as too constraining.

Many have trouble keeping track of where their peas
information is stored. Several said that re-impleting a
script is faster than finding on#8t takes me 10 times less
time to redo the same analysis than to find thergmate
script.” Another knew she had created a detafedbmE

file that explained a long protocol, but it wasetrmonths

ago and she could not remember the name. She keeps

biologists had any formal computer training, peson searching for it, because it is too long to do camd she
computers were rare, the internet was new and moshopes she will stumble across one day. Anotherdasike

biologists involved in fundamental research consde
patents irrelevant. Very few identified themselvas
bioinformaticians. ‘Bench’ biologists worked indiially
on their experiments: they used paper laboratotgbunks
and published research articles as the primary sedn
archiving and communicating their work.

Computers are now ubiquitou®No longer rare, we saw
computers everywhere, tucked into the corners ofoat
every lab. In 1995, they were a scarce, shareduresp
now everyone has a laptop. Biologists surf the wten
from home, and all

Bioinformaticians often use multiple computers, sowith

multiple screens. All of the young biologists haddéed

computing as part of their biology degrees andltistitut

Pasteur now has a diploma course in computer seifarc
both junior and senior biologists.

Figure 1. A biologist explains how she juggles a mgplex mix
of paper and computer-based information

Managing information in both worldsAll of these

researchers struggle with how best to structurer the

activities (Fig. 1), either to find relevant infoation in the
future or to help colleagues understand shared déusir

work is a complex web of interrelated referencesnyn
kept in their heads, and does not map easily insingle
organizational form or structure, either physiceldgital.

Some maintain personal lab notebooks (seven tesdeb
lab notebooks, three doc

use standard office software.

files) while others use

help: “I have lots of data, so if there is something that
maintains links for me it would be much apprecidted

Organization strategiesThe chronological organization of
paper lab notebooks makes it easy and efficientintd
recently entered information, the most common 04est
electronic lab notebooks are also arranged chrgicaty.
As one Biologist explainedDate is something primordial
... | like it when it's done in a linear chronolagi way, that
way we’re sure to be able to find itHowever, over time,
project-based organization becomes more efficient,
particularly for senior researchers and manager® wh
handle many projects in parallel. One geneticigtp vinad
been working on two articles representing about fears
of work, said:“In a [time-based notebook] it's crazy, in
two years. | will not remember when | did sometHirgn
two months ago.”He uses both physical folders and
project-based folder hierarchies on his computég. B
shows their choices: chronological versus projectel
organization, and physical versus computer-basetiame
Digital
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Figure 2. Biologists’ organizational strategies: phsical vs.
computer-based and chronological vs. project-based.

Beyond notebookdn our earlier studies, the paper lab
notebook was the central point for keeping tracklofsical
or printed data. Today's biologists, in addition tteeir

a Paper or electronic notebooks, must also managefiadd

information in email, personal data files, sharathdservers



and on the web. They use various tools, rangingnfro
simpleREADME files toJIRA, an online project management
tool andalfresco, online document manager, as well as the
ubiquitous Google and its applications. All writeREADME
files, but in different ways, for different audiesc One
senior researcher writes for her colleaguesiways think
about how | did something and write how we didathelp
the others. It's more work, but it's well usedRnother
insists that heREADMEs are “just for me, although | still
forget them after a couple of months. | keep megsfil
organized [for my own use], but it won't work fahers.”

Sharing within the groupWithin research groups, the
chronological organization of information sometimes
breaks down‘When we do things in parallel, we don’t go
at the same speed and a temporal organization makes
sense’ Instead, they organize things by projectd's
easier to have all the ‘oligo’ in the same placesb
everyone knows where the data is stored. INRA hasym
remote data repositoriesput we try to keep the same
structure; otherwise it's a loss of time for everyy”.
However this is difficult to maintain. One manager
described how, after he set up a hierarchgm¥pme files,
the structure broke down quickly because the ptojec
evolved and they did not have a common set of kegsio

Global data repositories have transformed their kiéFhe
internet has fundamentally changed the nature efr th
work. Whenever they publish an article, they alsbrsit
raw data to a global data repository, such as tmaam
genome project. In turn, these world-wide netwgrevide
them with access to the latest raw data, algorittamd
experimental results. Although this has magnifieel $cope
and increased the speed of their research, withmenes
scientific benefits, it has also raised major drales in
how to operate effectively within this new enviroemt.

One bioinformatician described how even the repbicaof
research results, fundamental to the scientifichot has
changed. Instead of comparing her results to datéighed
a journal article, she now makes an on-line consparito
data she finds in a global database. If she or rmase
wants to replicate her results, they must complagenew
data to the previous dataset, which has of counseged.
Although she could also preserve a ‘snapshot’ ef dtate
of the global database at the time of each commaritis
is usually too much data for her laptop and ofteenefor
the central server. As she says, “The referencetpéieep
changing” and any result is always subject to ckafdnis
problem is particularly true for bioinformaticiansyho
conduct all of their experimenits silico rather tharin vivo.

From personal to collaborative warRhis globalization of
science has increased the level of collaboratiartjqularly
for the bioinformaticians. When asked who her cotibqrs
were, one laughed and saiflidne! We collaborate with
them! Although her reaction may be less true in
commercial research, in the academic labs we obderv
biologists sought to balance being first to discoee

phenomenon and collaborating with the best possjtdap

of colleagues, to share costs and resources. They a
struggling to find new ways of collaboratingVe need
some kind of interconnectidn.They want reliable,
accessible repositories of knowledge, not just .datey
want to share the know-how and informal detailg thay

be captured in a personal notebook, but are rareyed.

Discussion

The prevalence of computers in research labs haseab
new possibilities in term of access to data, amslgswer
and collaborations. However, biologists have diffig

managing this information, whether physical or @ilyi

Discipline in paper and electronic notebookBiologists
use paper in a variety of forms (Fig. 3): sheetsahtch
paper hold transient data and ideas, spiral notebtrack
meetings and non-archival information, and formally
registered laboratory notebooks record the curstate of
the biologist's research activity. To complicate ttess,
computer files are also used for any of the abmaking it

an on-going challenge for biologists to keep tratiwhat is
located where, in which medium.

paper notebook ——

electronic notes I

scratch pad ———

» temporal

short term long term range

Figure 3. Temporal range: from throw-away scratch @per, to
long-term online files, to archival laboratory notébooks.

Even though all use the computer extensively, 7586 o
biologists and 60% of bioinformaticians continue use
paper lab notebooks. Biologists are trained to ewrit
systematically, including what they consider totbe key
important results, as well as any additional infation
necessary for them or someone else to replicate the
experiment. Interestingly, it is not simply its @rent
flexibility that has caused paper to persist after advent

of personal computers. Rather, it is the discipthreg paper

lab notebooks impose. Biologists adhere to the teaip
and spatial constraints of the notebook and rageeliy or
delete information. The result is a definitive reboa
snapshot in time of what the biologist, after refilen,
found most important to record. This gives papbotatory
notebooks archival status: what is written is firaaid
available for posterity. The disciplined writing raper lab
notebooks makes them more valuable than less well
structured electronic logs or other forms of papaes.

Paper lab notebooks serve as a formal repository fo
information that can be treated as a stable paintan
evolving world and we remain convinced that thepae a
key method for helping users manage their timewaork.
From our perspective, visions of a purely “digitab” are
often founded on incorrect assumptions about thereaf
scientific work and what it means to interact widim
‘electronic notebook’. When computer files can Izsily
edited, it becomes difficult to find the ‘definig¥ state of a



particular document. This very flexibility in thewvision
process encourages a corresponding lack of diseipli
What is useful at a particular moment, such as tipgla
to-do list or modifying a file, makes retrospectiapalysis
of what happened far more difficult. Just becausetenic
and paper notebooks can, in principle, contain dame
information, does not mean that they do.

Today's electronic notebooks focus on experimentalhybrid (paper-electronic) documents,
the capture and search forparticipants and designers to think about new pdiis

procedures, facilitating
information. Yet this is only the first step: resgainvolves
more than just experiments. We are interested ppating
the full range of research activities, from forming
hypotheses to interpreting results. In the secdadys we
investigated how we could help researchers by ¢gkin
advantage of their existing knowledge and expegenc
without overwhelming them with cumbersome technglog

STUDY 2: PARTICIPATORY DESIGN OF PRISM

Based on our initial observations, we used a ppdiory
design approach to desigtrism, a hybrid paper-electronic
notebook for to help biologists manage their deglyearch.
Prism integrates cross-linked streams of activity:safto-
based paper notebook, an electronic notebook, ajitald
documents (Fig. 4). Like most lab notebooksjsm is
organized chronologically. Users can also freely &y
entry from any activity stream and associate ithwéiny

other document or project entity, which they cdtefilater.
Users can also seara@mong the digital entries and share
their activity streams with other scientists.

Method

We designedPrism as a technology probe [7], with three
parallel goals: to collect data about its usesitu, to
understand the technical implications and limitasioof
and to inspire

and needs that emerge only through everyday usieoddh
testing design ideas in workshops is useful, itlé&arly no
substitute for observing users in real situatioidis
however involves a trade-off. On one hand, any-weald
technology must be reliable enough that busy usamstry
it without danger. On the other hand, building arkirg
system commits us to a particular design and atctite:
details may be easy to change, but the overalttstrel is
not. We thus tested ideas ferism in the form of scenarios
and video prototypes, in two workshops, before tpirg
the final working version that we tested with bigikds.

Participants: Five bioinformaticians from INRA
volunteered to tryPrism All are biologists with additional
training in computer science, including two managéwo
senior bioinformaticians, and a junior researchdnlike
‘bench’ biologists at the Institut Pasteur, theninmary

Figure 4: Prism includes multiple cross-linked actiity streams: hand-written entries from an Anoto-based paper notebook, typed
entries from an electronic notebook, other computeerctivity, e.g., relevant emails and web results na shared entries from others.



research activities occur on-line: they collect awdlyze
data on the computer, not in the lab. INRA provitlege
levels of notebook: from what are effectively schapads,
to experimental notebooks for recording informatarout
experiments, to formal lab notebooks. They havectiwce
and most use the mid-level experiment notebooks.

Procedure: We initially ran participatory design
workshops, at the Insitut Pasteur and INRA, to gaitieas
and scenarios of use, as well as to engage pantitsipn the
study (Fig 5). The INRA bioinformaticians were esipdly
eager to experiment with new forms of information
management. At the time, several, including the agan

versions of the page, so that if a user writes e dame
page on two different days, it will appear as twages.

Electronic Notebook: Similar to an on-line journal, users write
daily entries with amtHTML editor. Each day is stored as a
separatedTML file and its metadata (timestamp, revisions,
tags) is stored in axmL file.

Activity Log: Aggregated computer activity includes:

Web use: A Firefox extension displays a small button next to
the URL address bar. Clicking this button sends the
current web page to the notebook. Users can az@ta
page, which saves its image and displays it on the

were specifically reflecting about how they manage appropriate day in the electronic notebook.

information individually and as a group. This led to
focus on the collaborative elements of the notebaok
issue of less concern for Pasteur’s ‘bench’ bictsgi

Participants useBrismfor nine months, from August 2007

to April 2008. We also ran a series of workshops to

investigate design alternatives. We interviewedntlabout
their use ofPrism throughout the field test, in person and
via email. We also analyzed their notebooks, wteatsp
they used and what they looked Btism evolved during
this time, in response to user’s requests, withydaieekly
or monthly updates. This lead to different typesusg,
depending upon the stability of the new componantsthe
overall system. AlthouglPrism was not static, it was real,
and gave users a sufficiently long record that weld
begin exploring what it means for them to reflenttbeir
own and others’ activity over significant perioddime.

Prism and notebooks: Design and implementation
We designedPrismto integrate multiple streams of activity.

Email use: A similar Thunderbird extension displays a button
next to each message. Clicking this button sends th
email message to the notebook. Users can alsartaise
and display them in the notebook.

Document publishing: Biologists write, review and edit a
variety of on-line document®rism uses the operating
system’s list of recent documents to link theseudoents
to the notebook. Users can also explicitly creatks| by
dragging and dropping files or images into the boti.

Since these biologists are using their real dathad to
guarantee that their notes would survive afterstinely was
finished. We thus chose standard data formatstretdc
notebook entries aneTMmL files, paper notebook entries are
PNG files (and paper) and pointers to email, web pageb
documents arexmL files. Data was stored locally at the
INRA lab where we ran the study, for security reeso

Results: initial use

It evolved from a desktop application to an online Even with only six participants, use Bfismvaried greatly,

collaborative tool for capture, visualization arttasng of
users' activity. The key components include:

Paper notebook:
Electronic notebook:
Desktop activity:
Web activity:
Shared activity:

Hand-written text and drawings
Typed or copied text and images
Email, websites and documents
Feeds from the web

Notebooks entries from others

Prism Initial architecture

Prismwas initially developed as a desktny/A application
and two add-ons forirefox andThunderbird, So that it could
run on the different platforms used by researchensx,
Mac OSX andwindows. However, onlywindows users could
the Paper Notebook, sinceoto pen drivers were only
available for that platform. Users worked with the
following components:

Paper Notebook: Pages are printed with theoto dot-pattern.
Users write with theanoto pen, which leaves ink on the
paper and saves a digital copy. We use the Papakifo
[33] to processanoto marks into images, which are then

stored on-line with associated meta-data (timestamp

revisions, tags). We generate images for the differ

influenced by personality, job type and numberpodjects.

Organization strategiesThe two managers manage both
people and research activities. Both attend mangtimgs
and have lost count of how many projects they haradl
once. The three senior bioinformaticians also work
multiple projects, but are able to focus more cgirtown
research. Everyone used tags: to tramitivities e.g.,
meeting OF submission, projects €.d.,pascoDB Or blumeria, Or
data type g.g.,Perl scripts. One senior researcher used a file
name,splitgffchimeres.pl , as a tag because the file was
evolving from one day to the next and she wantad ft
again, and also associate it with comments in bsgbook.

Time remains an important organizing principle fbis
group. Both managers and a senior researcherRissd's
electronic notebook to set reminders for upcomiagks.
They marked emails about meetings or items to cetapl
such as an unfinishe”EADME file. Two researchers also
used Prism as an alternative to standard filing or
bookmarking, especially when they had doubts alfideit
category or when the information was useful butgerary.
Three researchers us@&tism as a versioning system to
track the progress of research articles or intergstveb
pages.Prism stores snapshots of web pages and users



discovered they could capture the parameters of faehs
and later reexamine versions of pages that werkmger
available.

Distributed personal dataAll the researchers in this group
use at least two computers and two different opweyat
systems. As one researcher explainéteing cross
platform is a problem when we want to follow data”.
Another gave an examplé&This file should probably stay
here [points to a folder on thelaris machine], but I'll need

it for a presentation [done on &indows laptop] so | don’t
really know where to keep it.”Two researchers used
activity logs and an electronic notebook to keegrkrof
data acrossJnix, Mac and windows computers. They also
usedPrism as an alternative when they did not know how
to file a document. Keeping a version of the file the
server facilitated transfer from one machine todtreer and
reassured them that they would be able to accéseiit

Personal and shared information on the well team
members share information via the web. They useaitze
on-line task manager and thgesco document manager on
a local server, as well as web-based applicatioch sis
Google Mail, Calendar and Docs to work collaboratively and

Shared broadcast feedsWe designed a broadcast
mechanism, based onom feeds, for participants to notify
each other of different activities. It allows uséosshare
notebook entries and to make streams availablehersa
Once a feed is created, users send its URL to sbbss by
email. Publishers can attach tags to the feeds and
subscribers can filter them according to these. tags

Longitudinal study results

Prism has been an effective technology probe, providisig
with insights about how this particular group massmg
personal and shared information over time, as \asll
helping us to better frame the concepPdsmitself.

Sharing.All the participants worked actively with others,
both in the team and outside. As they capture afléat
upon their activity, they often have an idea of vitis for
and how it will be used in the future. We observea
broad categories of sharing: over time, to preséaces of
their activity for their successors (as well asntkelves)
and among colleagues, to share acquired knowledde
knowhow. As in the earlier study, some record #otis
only for themselves: “I never share nReADME files”.
However, even this researcher believes that hes filight

CiteULike.com to share bibliographic references. Because ofbe useful for her successof$hese notes are not clean, |

the dynamic nature of these applications, their Bt not
necessarily link directly to the desired conterd, users
often need to log in and navigate to get to therimfation.

We initially envisioned the capture of web pagesasay
to keep track of useful information from the webg.e
research articles. But participants also made Ifrix® web
applications, such as to ongoing tasksiign. One senior
researcher created an ecosystem of links fromlbetrenic
notebook toREADME files, the scripts she modified on her
machines and relatedRA tasks. We decided to modify
Prismfurther, to better integrate it with the web

Prism design iteration

We transformed Prism from a single-user desktop
application into a distributed web application. Theb
server usesApache and PHP, while the client is a
conventional browser that usésaScript and theyahoo Ul
library for more rapid interaction. We integratedot new
features: distributed streams and broadcast feeds.

Distributed information streams$n one workshop, several
participants video brainstormed ideas about homamage
and share their personal information scatteredhenweb.
We decided to integrate this as a new type of #gtiv
stream, letting individuals decide which informatithey
access and share. Many web 2.0 applications prandel

to access their content, but this requires addition
programming. As a lightweight alternative, we decido
use therss and Atom feeds used by web sites to access
recent information and incorporate them into theehook

as web streams. This new architecture allowed us tg

aggregate information from different sources withou
requiring further programming and also opened uw ne
opportunities for sharing information.

can't share them with colleagues, but they couldib®ed by
people after me.'Others try to make their notes easier for
others to decipher. Non-permanent staff, partitylar
students and post-docs, are especially encouragézhve
archived traces of their activity. For example, @ost-doc
shared her paper notebook with her supervisorthéaveb.
Within the team, participants broadcast informatiathout
knowing who will see it, leavingReaDME files in the
program directories of the central server to redusdory
and share details about how to launch programs.

EnablingPrism for the web allowed it to become a central
notification point. Some participants engaged icipecal
sharing of bibliographic references and calendaentss
with each other. They also collaborated with remote
colleagues. For example, one senior researchepsztwiki

for a conference subscription and used the feellettp
track of the modifications by subscribing to theawbe
feed. Another captured web pages as she develbeed, t
which created a series of images showing how hek Wwad
evolved, which she could share with her collabogto

Organizing information: Prismconcentrates information
from heterogeneous sources into one central lataBome
information is repeated or related from one strem
another, other information is repeated over timerism
users developed a common vocabulary to supportreutu
reflection on their work. In addition to common s$aguch
astodo, important anddone they also color coded content,
surrounded activities within the notebook and adota-
notes to comment on and synthesize existing ndtesse
meta-notes are easy to distinguish: text may béeshi
colored, or pointed to with arrows. Participantssoal
organized their data dynamically. One researchgla@ged:



“I mark things | have to do in future days and Ivap
them, copy or move depending on what | did. [...FWmay,
when a task is done, | have a complete descrifati.

Master Lab NotebookHowever these strategies only help
with finding information again, they do not helgearchers
or other possible readers to understand why thingee
done. As one manager explainétWe need a master
document that is the source of the different tHing&/e
found that all participants created such a refergaint, or
master notebookto organize the diverse strands of their
personal activity. Interestingly, the bioinformagics who
could usePrism's paper notebook, turned that into their
master notebook. The twmac users who did not have
access to a paper notebook still created a mastebook.
One used a standard paper notebook not conneckisto
and the other used the electronic notebook. Thistena
notebook is where researchers reflect upon theikvtbey
comment on an interesting web page that was macssda
hand-drawn sketch in the paper notebook to exgiaw
some tasks are related to each other and add aiectr
notes to track how a project is evolving.

Feedback.The overall feedback ofrism was positive:
One participant commented that it allowed her tepkéhe
discipline of paper lab notebooks, with the olcifbdlity of
paper binders that researchers used before therpata”.
Several would have likedPrism to become the official
record of patentable findings but this conflictshwihe ease
of sharing of information. We would need to findetter
balance between the sharing and protection ofrimdtion.
One of the major benefits ¢frism they reported was the
integration of streams at different levels of gianity,
from an email to a reflection about an experimé&hey felt
that this helped them to capture their activitythwut
disturbing their activity. Even so, information argzation
remains a problem. Tags alone are no panacea.
organization schemes change, they become inappteym
out of sync with user’s current mental state.

DISCUSSION

In an environment in which researchers share data,
protocols and other forms of know-how with strarsgeho

are both competitors and collaborators, it is intguar to
have fine-grained control over what is shared withom,
when. The scientists in our study kept personalrimétion

in diverse forms, including paper, different locaimputers
and the web. We needed adaptable tools that wadlda a
them to integrate and share these diverse sourées o
information. We used two broadcast formatsm andrss
feeds, which can be read by people who do notPuisen,
either to read or to publish information. This @genient

for users, who can find the information they needtioe
web, and for developers, who can easily support it.

Reflection: Beyond Personal Information Management
According to Latour [9] ‘science in action’ is njoist about
individual experiments unconnected to the environinaad
other activity, nor is it a clean process with clstarting
and end points. The idea that scientists creatgathesis,
test it experimentally and publish the results iis aver-
simplification. Biologists also explore and refledtor
example, some biologists would launch an analysisao
large set of data, expecting to find somethingrageng,
but not really knowing what. Experiments are ontg @art
of a complex process that includes extensive cotkion,
diverse forms of data analysis, the creation ofcijoe
analysis tools and, above all, reflectid®rism provides a
first step, making it easier for researchers toiensv
information from diverse sources and comment on
providing a series of ongoing reflections over tiffig. 6).

Master Notebook

Although the web provides new opportunities

collaboration and data sharing, tracking the rasyliflood
of information across different media, platformsnda
organizational structures has proven a major chgdiefor

for

Agveryone we spoke to. Users need to manage thfasiog

mass of information, hidden in different locatioasd
updated at different rate®Rrisms hybrid design links
heterogeneous physical and digital information, imgkt
ideal for what we call anaster notebookAll participants

Our studies oPrismdemonstrate that: a stream architecture constructed one, providing an organized accounvioht

offers a useful, general way to publish and
information across applications; scientists’ neefis
reflection go beyond personal information managegmen
master notebooks are a common reference pointcémat
help researchers to manage and reflect upon tbeiitees;
and redundant information is a key element foreion.

Stream architecture: Adaptable information sharing

When trying to complete a task, users clearly dowant to
focus on the process of capturing information. @aather
hand, automatic monitoring of personal activity caa
intrusive. For example, although an early versibriPosm
included “Recent Documents” in the computer adfivit
stream, participants preferred to mark relevantudoants
themselves, to limit the number of entries in tléebook
and to control which data they published.

reusethey did and plan to do. Interestingly, when givére

choice, people preferred to use the paper formathas
master notebook, even those bioinformaticians winasg
was almost solely on the computer. The physicatgss of
writing played an important role in this externatibn of
memory and helped them filter and organize inforomat

Redundancy as a resource for reflection

We found that the study participants valued redohda
information because it helped them to reflect cveat
about their previous activity. Redundancy helpsrsists
understand how their thoughts have evolved ovee.tim
When an item appears again and again in diffex@nid, it
indicates that it is probably important, a sortref/erse
triangulation. When redundant events are linkedeagh
other, scientists can often make better senseeaf tland in



Figure 6: Reflection strategies in a Master Notebdo A: Color coding and post-hoc remarks (paper noteook).
B: Project organization (augmented paper notebook)C: Meta-notes shifted from the body and colored (ectronic notebook).

some fortunate instances, redundancy allows them tdNe createdPrismto be a technology probe, to help us learn
discover new insights and move in creative newctiives. about how biologists manage and share informatiahta
inspire new ideas about future information manageme
tools. We field-testedPrism over a period of nine months
with a team of bioinformaticians. They transfornmfdsm
into the central focus for all of their activitidsth on- and
off-line, organized around what we calhwster notebook
They adaptedPrismto support sharing of a variety of types
of information, both within the team and with extal
colleaguesPrism's stream architecture reifies [2] temporal
events, allowing users to cross-link and interadgth w
Real-world events are situated in a complex and ric different types of activity. Participants developeew
context that users take advantage of when trying toStrategies, not only_ for organizing this informatidut also
reconstruct previous eventa. priori filing is not always O reflecting upon it. They used redundancy atie when
possible, since structures evolve over time andwkmp ~ 'éviewing and interpreting previous comments, which
which data to capture depends upon on both coatexthe ~ helped them derive insights and explore creativev ne
user. In our experience, electronic notebooks shaubid ~ research directions.

restraining how users input information or decidiwgat  Fyture work will focus on enhancing the paper naste
users should capture. By providing multiple possibaths  notebook with richer forms of interaction, suchcasating

From a computer science perspective, permitting
redundancy might be viewed as adding complexity and
wasting space. Some electronic notebooks, suclpaas
force users to write information only once, in thight’
place, and to use structured meta-data to annthiaitedata.
However, from the user's perspective, such regtrist
waste their time and is one of the main reasontsrtzy
users cited for rejecting such digital notebooks.

for finding information, users can revisit previocsntexts links and sharing notes directly on paper. We o
and draw new connections. Redundancy is at som® poi explore how to help users make better trade-offenwh
irreducible: a reference to a project can take m@nms.  organizing information, whether chronological omject
No ‘intelligent’ algorithm could ever be able tocognize  pased. Finally, we plan to investigate alternatiyges of
all the relevant connections and repetitions. organization based on relationships among elenfeois
different streams, to further support reflection dan

CONCLUSION AND FUTURE WORK
Our initial study highlighted the rapid change®ialogists’
and bioinformaticians’ work practices, as computers \ckKNOWLEGMENTS

became an essential part of the laboratory. ThBaeges  \ye would like to thank the biologists and bioinfaticians
created new opportunities for accessing, analyzng 5 the Institut Pasteur and INRA, who generouskegheir
sharing data, but also exacerbated information g@mant  {ime and shared their insights with us. We woukbdlke
problems. Rapid changes in how science is conductedy thank Catherine Letondal and Michel Beaudouifeha

require new thinking about the kinds and charasties of o fryjtful discussions and comments on earlieafar of
the tools we create for scientists. the paper.

creativity.
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