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ABSTRACT 
Through a study of field biology practices, we observed that 
biology fieldwork generates a wealth of qualitative and 
quantitative information requiring substantial labor to coor-
dinate and distill. Biologists rely on their notebooks as the 
primary record of observations, plans, measurements, and 
results. These observations motivated ButterflyNet, a sys-
tem that integrates paper notes with information explicitly 
captured and ambiently available in field sites: digital pho-
tographs, sensor network data, and GPS. Through Butter-
flyNet, the activity of leafing through a notebook expands 
to browsing all synchronously created media. Butter-
flyNet’s integrated interactions facilitate the transfer of 
notebook content to spreadsheets and maintain data lineage. 
It also enables biologists to share their work with other 
members of their lab. A first-use study with 14 biologists 
found this system to offer richer capture with minimal 
overhead, in a manner felicitous with current practice.  
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INTRODUCTION 
Traditionally, scientific data has been almost exclusively 
captured and organized in paper-based notebooks. The ad-
vent of new technologies such as tablet computing offers 
important benefits. In the lab, a purely digital solution may 
be appropriate [10], as infrastructure is readily available to 
guarantee reliable power, backup, and communication. In 

the field, without reliable power or networking, paper note-
books remain the medium of choice, for their high level of 
readability, portability, and reliability. We have seen in 
notebooks signs of dirt, blood, and rain damage. 

While paper is often viewed as inefficient and passé, digital 
technologies tend to change paper practices, but rarely 
make them irrelevant [32]. There are excellent reasons to 
embrace, not abandon, our interactions with physical 
documents [15, 18 §2.1, 32]. Paper and other everyday ob-
jects leverage our prehensile abilities of grasping and ma-
nipulating [25], allow users to continue their familiar work 
practices—yielding safer interfaces [23], are persistent 
when technology fails [11], enable lighter-weight interac-
tion [17], afford fluid collocated collaboration [29], are 
higher resolution and easier to read than current electronic 
displays [31, 33], and provide verifiable records of transac-
tions [13].  

As digital sensors have become more reliable and afford-
able, they are used in the field alongside notebooks. Sensors 
such as the iButton provide fine-grained temporal capture 
of light, humidity, temperature, etc. Other tools exist to 
support data collection: field scientists also use digital 
still/video cameras, audio recorders, custom-built monitor-
ing devices, and more. While these technologies have aided 
the data collection process, direct field observation retains 
its primacy for gathering quantitative data and producing 
qualitative narratives. Most observational work cannot be 
automated because it requires domain expertise (e.g., rec-
ognizing bird calls and marks) and because physical pres-
ence and the process of making measurements generates 
familiarity with the natural system, affording serendipitous 
observation and hypothesis creation. However, once gath-
ered, the wealth of information exists as an unstructured 
“bag of data,” requiring substantial labor to coordinate and 
distill. The process of transforming data for analysis is la-
bor-intensive (hours per field day) and error prone, as the 
information may be scattered on different devices and files. 
There is also limited support for organizing, searching, and 
sharing this information. Valuable research remains locked 
in paper notebooks and in digital storage. Finally, distilled 



 

research results lack a tractable method for ascertaining 
data lineage. Thus, field scientists face an increasingly dif-
ficult task of managing and searching through their vast 
stores of information.  

This paper presents ButterflyNet, a system enabling field 
scientists to capture, organize, search, and share research 
data from a wide variety of sources including paper note-
books, digital photos, and sensor data. ButterflyNet respects 
current practices by recognizing the centrality of paper 
notebooks and enabling scientists to use the tools they are 
familiar with; it captures notes taken on a paper notebook 
using a digital pen, which offers accurate timestamp infor-
mation. ButterflyNet provides three techniques for associat-
ing media with paper notes, affording both low-threshold 
and high-ceiling [28] interactions. First, media are implic-
itly associated through timestamps. Second, users can ex-
plicitly link media using pen-based gestures. Third, users 
can place a paper barcode in a photograph to explicitly link 
the photograph and annotation with a physical specimen. 

Back at the field station, information is presented in the 
ButterflyNet browser. This browser enables users to quickly 
review their notebook and related digital data. With auto-
matic and explicit linking, the process of leafing through 
notebook pages expands to browsing all synchronously cre-
ated media. ButterflyNet provides a paper-based tangible 
interface to access the digital data and facilitate the trans-
formation of quantitative data. The paper notebook works 
in concert with a PC as a device ensemble for browsing and 
entering data into the ButterflyNet multimedia spreadsheet.  

We ran a study where 14 participants gathered data (in the 
field) using the ButterflyNet notebook and media associa-
tion techniques. In the lab, participants browsed their field 
data to create a multimedia spreadsheet summarizing their 
research. Results show that scientists quickly learned and 
used the system to work with this data. 

IN THE WILD WITH FIELD BIOLOGISTS  
While the domain of field biology provided the frame for 
this work, we expect that the research contributions will ap-
ply to field scientists more generally. To understand current 
practices and the potential for technology support, we inter-
viewed 23 biologists from the Biological Sciences Depart-
ment at Stanford University, the Jasper Ridge Biological 
Preserve (JRBP), and the California Academy of Sciences 
(CAS). Nine of the interviews were in depth, structured in-
terviews (2-4 hours per person). The interviewees com-
prised doctoral students, a postdoctoral researcher, faculty, 
professional laboratory and field biologists, and museum 
curators. We conducted each interview at the biologist’s 
work place, discussing current work practices and artifacts. 
We observed them using their notebooks (in the field and in 
the lab), and photographed and analyzed 13 notebooks from 
five biologists. The first author joined a field research class 
in the Los Tuxtlas rainforest in Mexico, where he lived with 
12 biologists for nine days, helping with their experiments 
on various aspects of tropical plants. He has joined Jasper 
Ridge as a docent, has lead tours of Jasper Ridge, and has 
spearheaded a research project to evaluate digital camera 
traps for large mammals at JRBP. The seventh author, a bi-
ologist, brought an understanding of current practices, di-
rected us toward issues most critical for biologists, and 
aided our need-finding efforts. 

Our main finding was that paper notebooks are the central 
organizing artifact for biology research. Biologists take 
notebooks as the definitive record of procedure, design de-
cisions, measurements, context information, and results. In 
the field, biologists use notebooks to capture observations 
of natural history and details that may lead to new testable 
hypotheses (e.g., “At each site in our flower study we find 
ants; is there a mutualism between the ants and flowers?”). 
Grinnell, founder of the Museum of Vertebrate Zoology at 
UC Berkeley, and widely considered to be the originator of 
modern field biology note-taking, emphasized careful 
documentation of field journals, which include descriptions 
of the day’s work, name/date/time/title headers, weather, 
participants, and pictorial annotations such as maps and 
sketches of plants and animals. Furthermore, entries should 
be written in the field, while observations are fresh. His col-
league reminisced about this meticulous style, explaining 
that Grinnell would tell him to “‘Put it all down!... You may 
not think it is important, but somebody may’” [27].  

Yet, while data is collected on paper, scientists make inter-
pretations about natural systems based on statistical analy-
ses of quantitative data entered into spreadsheets. Technol-
ogy solutions for biologists should heed this need. 

Notebook Content 
We examined 13 notebooks from 5 biologists (471 pages 
total). For each page, we calculated the fraction of area con-
sumed by four different content categories. Tables include 
both raw and aggregated data. Prose includes text describ-

 
Figure 1. A) Scientists choose paper notebooks because they are 
portable, readable outdoors, robust to harsh field conditions, and 
have infinite “battery life.” B) As seen on this office desk, paper 
notebooks support flexible input and output. C) However, like these 
notes from 1925 (in CAS archives), most notes are locked in stor-
age, their value lost to those who might benefit from them. 
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ing procedures, insights, and other qualitative observations. 
Lists are bulleted or numbered procedures (or to-dos). 
Graphics include hand-drawn diagrams or printed im-
ages/visualizations (of charts and statistics). While pages 
vary, the data reveals that the biologists we interviewed ex-
pended much effort composing tabular data, and much ef-
fort describing their experiments with Prose. Technology 
support for notebooks should handle both tabular data (and 
data transcription) and freeform text (ideally with search).  

Our interviewees mainly concentrated on quantitative data, 
as recording qualitative accounts takes time from the “im-
portant work.” Transcribing handwritten notes to the com-
puter (for analysis) is one of the most laborious tasks of 
field biology research. One interviewee described his bee 
experiments in Costa Rica where he and collaborators spent 
six hours each night transcribing data from datasheets to his 
laptop. Another spent multiple 12-hour sessions correlating 
audio with his notes, and transcribing them into his Micro-
soft Access database. 

Heterogeneous Data Sources 
Along with notebook content, field biologists capture mul-
tiple types of data (e.g., specimens, GPS logs, audio, video, 
environmental sensor readings, and digital photographs). 
Digital photographs are used to record experimental data, 
general observations, and aid recall of the context of hand-
written notes. One common use of photographs is to iden-
tify species where collecting physical specimens is not de-
sired. For example, we are currently deploying digital cam-
eras to “trap” mammals at Jasper Ridge. The photographs 
will be used to identify the animals, and create a model to 
describe their movement. One might also photograph a plot 
in the field, and determine quantitative data (e.g., the num-
ber of species) through post-processing in the lab. Photos 
can help explain outlier data (“was it rainy?”). Biologists 
also use digital photographs to locate (and re-locate at a 
later date) site markers in locations where GPS is not avail-
able, such as under a thick rainforest canopy. Photographs 
can be useful for collaboration and dissemination, as they 
can convey the experimental design and the feeling of the 
studied ecosystem to other scientists. 

A field biologist’s goal is to understand the natural system 
she works in. One way to achieve this is to gather speci-
mens. For systematics (the naming of organisms) CAS owns 
millions of physical specimens stored in marked containers, 
with their measurements stored in databases. To supplement 
data from specimens, biologists also measure environ-
mental parameters, which affect the species distribution of 
plants and animals. Commonly measured parameters in-
clude air/ground temperature, solar radiation, wind speed, 
humidity, and precipitation. To measure these parameters, 
biologists employ sensors—both analog and digital. 

Portable, low power, inexpensive, and reliable sensors have 
enabled automated collection of environmental data in 
situations unsuitable for humans (e.g., top of Rocky Moun-
tains in winter recording wind speed every 2 minutes). The 
advent of battery-powered wireless sensor networks prom-
ises new and effective ways to monitor environmental loca-
tions [12]. While many field experiments require direct ob-
servation (one cannot remotely collect leaves), tools to re-
late sensor data to ground observations would increase bi-
ologists’ understanding of natural systems. Though sensors 
often come with software to display and export the data (for 
statistical analysis), there exist no tools to associate these 
data with a biologist’s own noted observations, making the 
understanding of natural systems increasingly fractured.  

THE BUTTERFLYNET SYSTEM 
The ButterflyNet field ensemble comprises a notebook, 
smart camera, visual specimen tags and sensors. To achieve 
the goals of an efficient, usable, mobile capture and access 
system, we designed the system around several principles.  

Lightweight Field Interaction: our need-finding showed that 
field time is precious, much more limited and valuable than 
lab time. Thus, field interaction should be lightweight, and 
at its simplest, no more difficult than current practices. Bi-
ologists value efficiency in the field, and as they may not be 
computer experts, simple and familiar interactions are key. 

Rich Automatic Capture and Structure: even though field 
interaction is lightweight, more information should be cap-
tured. The system should automatically capture as much 
data as possible and structure this data according to the us-
ers’ needs. It should manage data such that “overcapture” in 
the field is useful, in that it reduces future field time, lab 
time, or leads to new research questions.  

Optional Explicit Capture and Structure: we should enable 
biologists to explicitly control the organization of the cap-
tured data, if they so desire. Automatic techniques can save 
labor, but may not perfectly match a user’s desires, due to 
software limitations. Thus, techniques to explicitly structure 
data are important. These techniques may require more 
complicated interactions, but should provide finer grain 
control, giving biologists a means to create explicit associa-
tions between media. 

 

Figure 2. Notebook content includes A) pasted-in graphs, B) written 
observations, and C) quantitative data. Note the filename “link,” out-
lined in red. D) An analysis of 13 notebooks revealed that tables and 
prose both consume much of biologists’ time and effort. 



 

Effective, Efficient Visualization: the browsing interface 
should enable users to effectively and efficiently understand 
experiments and data that they are both familiar with (e.g., 
their own work) and unfamiliar with (e.g., old data, col-
leagues’ data). This facilitates scientific reviews of archived 
data, and may also encourage sharing and collaboration. 

Digital Pen, Paper Notebook, and Camera 
ButterflyNet employs the Anoto digital pen system with 
Bluetooth wireless connectivity (we use the Nokia SU-1B). 
With this technology, users write on paper sheets printed 
with a faint dot-pattern signature; each stroke is captured 
and annotated with a timestamp, unique page ID, and the 
stroke’s location within the page. Upon synchronization 
with a PC, the digital pen uploads the captured handwriting. 
Through the ButterflyNet Browser, this digital version can 
be easily distributed and shared. The paper note remains a 
physical backup of the captured strokes. Unlike digital dis-
plays, if the digital pen’s capture were to fail, the user’s 
ability to record observations still functions because the 
system uses a physical inking pen and paper. For our study, 
we printed and bound A5-size notebooks (148 mm × 210 

mm), equivalent in size to notebooks used by many field 
biologists. If the user needs to capture digital photos, she 
may use a consumer digital camera. Photos from this cam-
era will be automatically associated with the digital notes 
through their timestamps. 

Hotspot Linking with the SmartCamera 
The ButterflyNet SmartCamera is a digital camera that en-
ables users to annotate photographs on the LCD screen (with 
a stylus). It communicates wirelessly (over Bluetooth) with 
the pen, offering real-time visual and audio feedback for in-
the-field interactions. Our prototype uses an OQO handheld 
PC [4] running Windows XP, with a small USB webcam af-
fixed to the back. Working with a full PC facilitated rapid 
iteration of designs, and enabled us to run the same Butter-
flyNet code base in the field as in the lab. We envision that 
a production implementation would build our SmartCamera 
functionality into a standard digital camera. 

The SmartCamera application runs on the OQO. Its basic in-
teraction modes — Camera, Browse and View/Annotate —  
mimic those of a standard digital camera. In Camera mode, 
the screen operates as a digital viewfinder. A user can now 

take a photograph and then review it in View/Annotate 
mode where she can pan/zoom to an area of interest, and 
annotate this area (with a stylus which we have fixed to the 
“eraser” end of the pen). Also, she can browse thumbnails 
of stored photos and then view/annotate interesting ones.  

The SmartCamera enables a biologist to associate a photo-
graph to a gesture-defined area of a notebook page using 
hotspot association. Figure 3 shows this interaction. An im-
portant design feature is multimodal feedback (visual and 
audio), as users may not actually be looking at the Smart-
Camera while creating the hotspot.  

Later on, users can play back hotspots by tapping the hot-
spot region with her digital pen. The associated photo is 
then presented in the SmartCamera’s View/Annotate panel. 
For this interaction, ButterflyNet draws on prior smart-
paper systems [14, 19, 22], extending this work by enabling 
users to create associations on-the-fly (and does not restrict 
users to reading predefined associations).  

To save power and avoid wireless communication failures, 
the pen can operate in silent mode where the Bluetooth 
connection is off and there is no real-time feedback. The 
strokes are stored and processed during pen synchronization.  

Hotspot association employs the PapierCraft [21] command 
infrastructure for paper interfaces, with two important 
modifications. First, ButterflyNet generalized the copy-and-
paste metaphor, allowing users to copy content from any 
device in the ButterflyNet ecology, not just paper. Second, 
to suit the efficiency requirements of field scientists, we 
simplified the gesture set (by including only one gesture 
and removing the PapierCraft pigtail). For biologists, field 
gestures must be fast, natural, and robust. The slower pigtail 
gesture seemed distracting, when biologists should be con-
centrating on their primary work—the capture of data.  

ButterflyNet also supports hotspot linking using standard 
digital cameras, with the limitations that the only correla-
tion is timestamp-based (a user can only hotspot a photo 
that has just been taken) and there is no real-time feedback. 

Visual Specimen Tags 
Visual specimen tags provide a physical interface for creat-
ing explicit note-photo associations. A Visual specimen tag 

 
Figure 3. To use hotspot linking, a user A) captures/browses to a photo, then B) draws the hotspot gesture into the notebook. C) The Smart-
Camera provides real-time visual/audio feedback. D) ButterflyNet renders the associated photo inline with the digital notes. Explicit authoring 
is important, as a biologist may take many photos before batch-processing them, a use model that automatic time correlation does not solve. 
Figures A-C were edited for clarity, as the handheld display is sometimes difficult to read in bright sunlight. D is an actual screenshot. 
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(see Figure 4) comprises a DataMatrix 2D barcode and 
Anoto-enabled paper. They are glued to the same side of an 
envelope, which acts as a container for specimens. The 
technique aligns well with biologists’ practices in collecting 
physical samples, and the visual tag introduces digital func-
tionality to the physical tools. 

The Anoto-enabled paper captures a user’s annotation for 
the sample, which is automatically associated to any photos 
containing the barcode. For the association, each of these 
notes has a unique ID encoded in the paired barcode. 

The barcode provides a machine-readable visual ID of a 
photo containing it. When photographing a specimen, a user 
puts the envelope such that that the barcode appears in the 
image. ButterflyNet detects the barcode in the photograph, 
and extracts the encoded string (the ID of the paired annota-
tion) to establish the association. The same string (human-
readable) is also printed below the barcode. Thus, in case 
detection fails, a user can find the string and guide the sys-
tem. The specimen photos and annotations can be reviewed 
later on in the ButterflyNet browser. 

ButterflyNet Browser 
At the end of each field day, the biologist returns to her 
field station to process and analyze data. She first plugs her 
pen and camera into the PC; ButterflyNet then imports her 
field data, generating implicit associations through photo 

and note timestamps. It imports hotspot logs from the 
SmartCamera, and generates the visual tag associations. 
ButterflyNet supports the biologist’s lab work by enabling 
her to visualize her notes, photographs, GPS data, and sen-
sor data in an efficient physical/digital browsing interface. 
The system assists with transcription through a multimedia 
spreadsheet, and offers the ability to view a shared note-
book through a single click. 

The ButterflyNet Browser is the main graphical interface 
the biologist sees (see Figure 5). It presents automatically 
associated data from digital pens, cameras, GPS devices, 
and sensor networks. On the left, the content panel presents 
content the user is currently focused on (digital field notes 
by default). The right context panel shows associated media 
(by default, photographs on top, and sensor data below).  

We provide several direct manipulation techniques for 
browsing. The horizontal timeline at the top of the main 
window allows users to jump to content by date and time. 
The height of each bar represents the relative quantity of 
data at time interval. The navigation bar at the bottom al-
lows users to jump to specific pages by typing in the page 
number; alternatively, users may use page up/down or ar-
row keys to navigate. The navigation bar also contains a list 
of collaborators and their notebooks. The user can view any 
notebook that is shared by selecting the notebook from a list.  

The user can select any strokes, and see the timestamps as-
sociated with those ink strokes. They can also send the se-
lected strokes to the multimedia spreadsheet, for assisted 
manual data entry. 

Multimedia Spreadsheet 
The multimedia spreadsheet enables biologists to create 
useful artifacts from the research content that the browser 
provides access to. The spreadsheet contributes several fea-
tures. First, it assists with manual transcription of tabular 
data. Users can select a handwritten table in the browser 
and send it to a temporary floating window (“snippet”) in 
the spreadsheet (see Figure 5). As the user transcribes data, 

 

Figure 4. The visual specimen tag (coin envelope, visual code, and 
human readable ID) enables biologists to associate a photo of a 
specimen with its annotation and physical counterpart.  

   
Figure 5. Left) The browser presents digital field notes in the main content panel, and photos, sensor data, and an interactive map in the 
context panel. Right) The spreadsheet assists with transcription/visualization of field data. A floating window displays digital ink, while a marker 
visually tracks which row the user is transcribing. One can assign photos, time series graphs, or visual percentage bars to individual cells. 



 

a red placeholder will move down the page to help her keep 
track of which row she is currently entering (Figure 5).  

The spreadsheet enables users to embed images and bar 
graphs into individual cells (in Microsoft Excel, these ob-
jects do not associate with any cell), through a right-click 
context menu for importing from the ButterflyNet browser. 
The context menu is updated when the browser views a new 
page (with new associated data). Note that the spreadsheet 
does not replace commercial software, but provides a But-
terflyNet-integrated springboard that can export to industry 
standards like Excel or OpenOffice Calc. 

Tangible Content Manipulation 
For browsing, paper notebooks are preferable to digital in-
terfaces because their tangibility affords bimanual operation 
and richer visual and haptic affordances [32]. However, 
physical notebooks cannot provide dynamic content. To in-
tegrate an interactive display with the physical affordances 
of paper, we leverage a tangible ensemble technique for 
content navigation: users browse their paper notebooks, and 
when they find an interesting part, ticking the page with a 
digital pen displays implicitly and explicitly associated in-
formation on the screen of a nearby display (on a handheld, 
desktop, or interactive wall). In the field, the biologist can 
tap the pen to any hotspot to load the associated photo in 
the SmartCamera and then annotate the photo on-screen. In 
the lab, tapping at any other place on a page will bring that 
page into the main content panel, and associated photos and 
sensor data into the context bar. 

ButterflyNet paper notebooks can also be used to export a 
physical page of notes to the multimedia spreadsheet. When 
the spreadsheet is open, a user can draw a pair of hotspot 
brackets on a page to specify a region of interest, such as a 
table of measurements. ButterflyNet detects the paper ges-
ture, extracts the selected part from the corresponding digi-
tal notes, and exports it to the spreadsheet. The user can 
then turn to the computer for further analysis. Though the 
current implementation only supports exporting to spread-
sheet, future work could take full advantage of the Papier-
Craft command system to enable more direct manipulation 
on paper, for example, categorizing selected regions, 
emailing notes, or querying a database. 

Implementation 
ButterflyNet was written in Java J2SE 5.0. Media created 
with ButterflyNet is stored on the file system and indexed 
with an HSQLDB database [2]. The system uses JAI and Pic-
colo [9] for rendering, PapierCraft [21] for recognizing pa-
per gestures, Papier-Mâché [20] for acquiring images, and 
the ClearImage SDK [1] for recognizing barcodes. 

SYSTEM EVALUATION 
For early designs, we solicited feedback through informal 
interviews with biologists. We deployed the first Java pro-
totype (of digital pen capture and assisted data entry) with 9 

students and 1 professor in the Los Tuxtlas rainforest. The 
results showed improvements in data entry time. For the 
next design iteration, we prototyped interactions regarding 
media association and data lineage and solicited feedback 
from several biologists. With confidence in the designs, we 
proceeded to develop ButterflyNet in Java. This study 
tested the core interactions enabling associations between 
photos and notes, focusing on three hypotheses: 

H1 The field techniques (digital notebook, hotspot linking, 
and visual specimen tags) enable media association 
with minimal overhead. The overall time to revisit as-
sociations is lower than with current practices. 

H2 The ButterflyNet browser presents a fast and rich in-
formation view by presenting photographs both in a 
context panel and inline with notes (through hotspots). 

H3 The multimedia spreadsheet and real-time pen interac-
tions facilitate organization and transformation of data. 

Methods 
We conducted a first-use study with 14 participants (six 
male; eight female) that included JRBP docents, PhD stu-
dents in biology, and professional researchers. Field re-
search experience ranged from none (for a single docent), to 
1-2 years (most docents), to several years (for PhD stu-
dents), up to 18 years (for one professional). Five of the 14 
have more than 10 years of field research experience.  

Sessions were held at the Jasper Ridge Biological Preserve, 
and lasted 2.5 hours per participant. The first hour com-
prised fieldwork, where the biologist simulated a day of re-
search. The biologist carried a backpack (with water and 
equipment), a field notebook and digital pen, a digital cam-
era (Canon SD300), the SmartCamera, and visual specimen 
tags. Participants carried two cameras because the Smart-
Camera afforded gesture-based associations with real-time 
feedback while the standard camera provided higher resolu-
tion required by the barcode recognition software. We envi-
sion that in the future, cameras will be designed with the 
functionality of our SmartCamera. 

In the field task, biologists used three techniques: 

 
Figure 6. A participant uses the SmartCamera to photograph a gall. 
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1 For each oak gall they found in a 2m × 40m line transect, 
they recorded the distance along the transect, size (large, 
medium, small), the color (dark, bright), and a photo-
graph with the standard digital camera. 

2 At three points along the transect, they photographed the 
habitat using the SmartCamera, and associated it with a 
hotspot in their notebook (see Figure 6). 

3 At three different points along the transect, they used a 
visual specimen tag to photograph, annotate, and collect 
a physical specimen of their choice.  

Back at the field station, the participant filled out a 15 ques-
tion survey describing their field research background and 
opinions about the field portion of the task. For the next 
hour, the participant engaged in a lab task. The scenario 
was that the participant needed to create a multimedia 
spreadsheet to explain the day’s fieldwork to collaborators. 
This artifact would include the gall measurements and pho-
tos to annotate the measurements. They were free to choose 
any available lab technique (navigate by pen, send to 
spreadsheet, and embed photos in the spreadsheet). As an 
incentive, we awarded the best spreadsheet a gift certificate. 
The lab task ended with a second 15 question survey about 
the lab portion of the study and ButterflyNet in general. 

Findings from the questionnaire 
Figure 7 summarizes the subjects’ overall evaluations for 
14 likelihood variables in a [1~7] scale (1 for very unlikely, 
4 for neutral, 7 for very likely). The top advantages partici-
pants saw were that ButterflyNet helps them to recall ex-
periments, allows them to capture more data, helps col-
leagues understand their notes/research better, and speeds 
up their data transcription through the send-to-spreadsheet 
feature. The top three aspects that participants explicitly 
mentioned they liked in free-form remarks were integration 
of photos, export to spreadsheets, and digital backup.  

Specifically, we designed questions to get a sense of how 
much extra time a biologist may spend with the three field 
tools. Most subjects thought that ButterflyNet slightly in-
creased fieldwork time. On the other hand, subjects were 
generally positive toward the system’s potential for saving 
future field/lab time, except the visual specimen tags.  
Figure 8 shows the median of subjects’ responses to the 
questions, and partially supports our hypothesis. The over-
all ratings support ButterflyNet’s faster, richer information 

view (H2) and that the lab components facilitate the organi-
zation and transformation of data (H3). 

The feedback we received in the freeform portions of the 
questionnaire pointed to some shortcomings. For example, 
participants felt that the manual transcription process (while 
faster) was still tedious; they requested handwriting recog-
nition. Some participants voiced concern about the need to 
use special materials, like the digital pen. Others had de-
tailed suggestions, such as having timestamps or sequence 
numbers appear on all digital photos in the browser. Expe-
rienced fieldworkers overall were cautious about the system, 
which is, maybe, not surprising given that it is in some parts 
a significant departure from current practice. 

OBSERVATIONS AND DISCUSSION 
The study revealed design challenges in several areas that 
will guide future iterations of our system.  

Physical Limitations 
A key observation, which we designed our study to explore, 
was that when people carry lots of equipment in the field, 
they must somehow manage having more tools than hands. 
One way that people manage multiple tools is to use them 
sequentially. When creating hotspots, many participants 
would put the camera on the ground or in their pouch im-
mediately after taking the photograph, in order to draw the 
hotspot gesture in their notebook. As the camera may move 
out of the user’s field of view during hotspot gesturing, vis-
ual feedback by itself might prove insufficient. Our solution 
includes audio in addition to the visual feedback. Other 
modalities, especially pen vibration, are worth exploring. 

Second, writing while standing in the field can be difficult. 
Without a stable writing platform, some participants chose 
to place the notebook on the ground; others hunched over to 
write on their thigh. Several wrote while standing upright, 
supporting the notebook with their non-dominant hand. In 
field situations, paper gestures and other interactions should 
be fast, modeless, and require as few hands as possible. 

Associating Notes with Photographs 
Biologists readily understood the idea of automatic associa-
tion between notes and photographs. One participant de-
scribed how he takes photos to aid his recall of a field site, 
and remarked that he would use this system for that pur-
pose. Another participant (upon seeing the browser inter-
face) exclaimed, “This would be great for vacations! I’d 

 
Figure 7. Participants reported that ButterflyNet would help them 
recall experiments better and capture more data. 

 
Figure 8. Participants found ButterflyNet’s automatic association 
most applicable to their current work. Hotspot linking shows prom-
ise, and visual specimen tags may suit only some biologists. 

 



 

love to have my photos associated with my travel journal.” 
However, even for the task in our study, automatic associa-
tion is not always sufficient. Currently, ButterflyNet associ-
ates photographs and notes at the page granularity. How-
ever, the spreadsheet task required knowing which photo-
graph was associated with each line of data, and there were 
more than 10 measurements and photos for each page. To 
negotiate this, participants found clear “anchor” images, in-
terpolating the rest. Clearly, visualizing the established as-
sociations is as important as creating them. Animating 
handwriting and photo-capture events in the ButterflyNet 
browser might also aid later recall. 

People grasped the hotspot techniques for explicitly associ-
ating photos to parts of a page. One participant even drew a 
hotspot in each row of measurements to achieve precise as-
sociation. These observations indicate that for some tasks, 
there is a need for finer-grained association. This could be 
achieved by clustering strokes by time and space (we cur-
rently cluster by time only). Then, users can reveal fine-
grained timestamps in the margin of the page if desired. 
Explicit association techniques will remain important both 
to draw attention to particular photos and to create associa-
tions distinct from those that context association produces. 

Paper Interface 
The overall recognition of hotspot gestures is encouraging. 
The recall rate was 78.4% (54 of 69 recognized), and the 
precision rate was 88.52% (7 false positives of 61). How-
ever, most of the errors arose from a single participant’s 
data—many hotspots drawn were smaller than a predefined 
threshold in PapierCraft. Without this participant’s data, the 
recall rate was 93.3% (42 of 45 recognized), and the preci-
sion rate was 91.3% (4 false positives of 46). False posi-
tives originated from the fact that ButterflyNet does not 
have gesture-ink mode switching, so that it must consider 
all strokes as potential gestures. We have observed false 
positives when people make drawings that look like a box 
around the same time that they capture a photo. The current 
implementation allows a photo to match multiple hotspots. 
This may introduce false positives when people browse to a 
photo, and then draw two gestures that look like hotspots. 
In the future, photos will be matched to a single best-
candidate hotspot. Also, given the existence of recognition 
errors, users should have the ability to add or remove the 
association between a hotspot and its photo. 

By removing the pigtail, and not including a mode-switch 
button, we traded off higher recognition rates for simpler 
field interaction. Some participants expressed that they 
would rather save field time even if they would have to 
spend more time in the lab later on (e.g., deleting false hot-
spots). This tradeoff warrants further exploration. 

Navigating multifold data sources by physical notebooks 
are welcome whether in the field or the lab, even if a digital 
version is available. One participant used the navigate-by-
pen feature during the lab session, and during the debrief 

interview, she stated that she thought it was a very useful 
feature. She noted that while navigation by pen was not 
useful for the amount of data that she generated (several 
pages), it would be useful for larger notebooks. 

Graceful Recovery from Hardware Failure 
The study revealed a hardware limitation of ButterflyNet. 
Occasionally, the digital pen would miss some handwriting 
(a few letters/numbers). Possible reasons include: 1) our la-
ser printer did not print the dot pattern as consistently as 
commercial printers, 2) there was some dirt on the page, or 
3) the pen was used too close to the edge of a page (outside 
the range of the printed dot pattern). Fortunately, the sev-
eral users who encountered missing data on their digital 
notebook quickly switched to their physical notebook. Peo-
ple seem comfortable defaulting to the physical notebook 
when the digital representation is incomplete.  

Handling Other Data Types 
Most participants found the integration of photos useful, yet 
many stated in the freeform part of the questionnaire that 
GPS integration (with photos) would prove extremely help-
ful (the studied system did not include GPS). One partici-
pant found the ability to associate one photograph with one 
spreadsheet cell perfect for her work with animal teeth. 

Although we currently only implement the “Hotspot” inter-
action for cameras, it could be generalized to other comput-
ing devices, such as camcorder, recorder, GPS, sensor net-
work, as long as the device can log users’ interactions with 
timestamps precise enough. For example, a biologist could 
browse sensor data, define a “snapshot” of selected items, 
which will be logged, then draw a hotspot in the field note. 
The ButterflyNet could synchronize the device log and the 
pen gestures as done for SmartCamera.  

RELATED WORK 
This research draws on work in three areas: interacting with 
paper, information capture and access, and information 
technology for biologists.  

Interacting with Paper 
Two systems in particular inspired much of our early ideas 
and need-finding. Mackay’s a-book is a notebook for labo-
ratory biologists integrating a paper notebook with a PDA 
[24]. This “interaction lens” enables users to create a table 
of contents, links between pages, and links to external data 
sources. This work demonstrated the importance of scien-
tists’ current artifacts and practices, and introduced tech-
niques for augmenting notebooks. Our fieldwork results 
corroborate many of Mackay’s findings—especially that 
notebooks are multimedia documents (with various types of 
content), and that the notebook is the central tool for sup-
porting the design and execution of biologists’ experiments. 
The second system, Audio Notebook, introduced a paper 
notebook where tapping portions of a written page retrieved 
the audio recorded when the notes were written [34]. The 
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elegance of imbuing a paper notebook with query capabili-
ties was one of the main inspirations of ButterflyNet. 

Prior work has shown that people are generally comfortable 
and can be efficient while browsing, manipulating, and con-
trolling media through a physical paper interface. Listen 
Reader is an augmented paper book that allows a user to 
spatially control audio streams by turning pages and mov-
ing his hands near different parts of a page [8]. Books with 
Voices [19] comprised a PDA and paper notebook ensemble 
that introduced paper transcripts as a physical input device 
for video browsing. Parikh [30] demonstrated the utility of 
marrying the benefits of camera phones with the affor-
dances of paper. Users transcribe data using the keypad, 
and invoke computation by photographing visual codes on 
paper forms. ButterflyNet draws inspiration from these sys-
tems by employing paper notebooks, enabling explicit hot-
spot linking, allowing navigation-by-pen, and providing 
media association through the visual specimen tags. Each of 
these systems offered individuals a low-threshold technique 
for association with one medium. ButterflyNet contributes 
association with heterogeneous media; low-threshold and 
high-ceiling association; a richer interface to structure and 
view these associations; the ability to use these techniques 
for working with colleagues’ data as well as personal data; 
and a user study demonstrating that these techniques are fe-
licitous with current practice. 

Paper PDA [7, 17] and PADD [16] demonstrated techniques 
for manipulating documents in either digital or physical 
form. The contributions of these systems are largely or-
thogonal to ButterflyNet’s; an excellent avenue for future 
work would be to enable biologists to print views from But-
terflyNet and bring them into the field. PapierCraft [21] in-
troduced gesture-based commands for interactive paper. 
ButterflyNet uses PapierCraft as its command subsystem. 
NISMap demonstrated that pen-and-paper interfaces provide 
robustness in field situations, and facilitate face-to-face 
meetings [11]. ButterflyNet’s basic field interactions are in-
spired by this work; when all else fails (including batteries), 
the biologist can use the digital pen as a normal inking pen.  

Information Capture and Access 
One of the central research themes of ubiquitous computing 
[5] has been techniques for capturing and accessing infor-
mation. Filochat is one of a class of capture and access sys-
tems for personal and shared notes [37]. Like AudioNote-
book, Filochat demonstrated that enhancing personal note 
taking by synchronizing it with audio recordings can en-
hance later review significantly. CORAL comprised tools 
that facilitated capture and access of group meetings [26]. 
Their Tivoli system allowed users to revisit meetings 
through a time slider or by pointing to pen strokes. Class-
room 2000, and in particular, StuPad, showed that capture 
and access can be effective in classroom lectures, where the 
professor’s actions are captured, and made accessible to 
students over the web [36]. StuPad demonstrated how live 

capture and access could help students visualize lecture 
notes (and other electronic resources) within their own per-
sonal notes. Integration of free-form ink with other streams 
of input (audio, video, etc) has been a common theme in 
these capture and access systems, a class of systems which 
INCA [35] provides toolkit support for. Different from the 
above systems in digital media-only domain, ButterflyNet 
takes paper as the central media and extends the capture and 
access ideas to provide synchronization with sensor data 
and photographs. Like INCA, ButterflyNet provides an in-
frastructure for time synchronization of data; in addition, it 
provides facilities to associate by location, and in the future, 
weather, elevation, and other metadata facets.  

Information Technology for Biologists 
ButterflyNet extends many of the ideas for the digital office 
into the physical world, where biologists can take their 
work between the office, the lab, and the field. There has 
been recent interest in electronic systems specifically sup-
porting biology research (e.g., [6, 10]); these systems are an 
excellent solution for laboratory work where power outlets 
are plentiful. What ButterflyNet contributes is both a solu-
tion for scientists who work in the field, and an information 
ecology approach for searching and structuring heterogene-
ous data types that treats each type as a first class citizen (in 
effect, faceted metadata [38]). 

CONCLUSIONS AND FUTURE WORK 
Much note has been taken of the rapid rise and increasing 
ubiquity of mobile computing devices, and rightfully so. 
With a phone in every pocket and a PC on every desk, the 
next decade promises sweeping transformations in the way 
we interact on the move and in the world. For all the atten-
tion paid to these alpha technologies, we often overlook the 
unassuming yet equally ubiquitous technology of the note-
book. The ButterflyNet system presented in this paper of-
fers techniques for users to interact with alpha technologies 
and calm technologies in concert. 

We have released ButterflyNet as open source software, 
and are working with biologists to further evaluate it in 
field research settings. We are exploring uses of this plat-
form for rich interactions with sensor networks, for visual-
izing research data on maps, and for richer forms of col-
laboration. These directions will help us pursue a future 
where scientists can freely capture field data, yet know that 
their data will prove to be both valuable and manageable. 
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