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Introduction
Analysts rely heavily on insights discovered in the course 
of data analysis. These insights are shared with others and 
used to assist with higher-level tasks such as decision-
making and problem-solving. To help users remember, 
share, and make sense of their insights, Lipford et al. [1] 
argue that there is a critical need to support insight exter-
nalization through mechanisms such as taking notes, 
saving views of data, and annotating views. However, 
support for these activities in visualization tools is currently 
limited. In this paper, we discuss the results of a user study 
that emphasize the significance of record-keeping activi-
ties during collaborative visual analytics on interactive 
surfaces. Our focus is on co-located work by small groups 
of known collaborators, as illustrated in Figure 1.

Visual analytics tools are becoming prevalent in a 
variety of domains, including business. These tools assist 
users to examine complex datasets and interactively 
explore relationships and trends [1,2]. As a result, busi-
ness intelligence tools have been widely adopted. These 
tools are typically designed for single users working on 

desktop machines, whereas business tasks often require 
users to work collaboratively, particularly when each user 
has unique expertise or responsibilities.

There is growing interest in developing visual analytics 
tools for large touch-sensitive wall and tabletop displays – a 
potential solution to the collaboration problem. Such 
display technology is known to facilitate collaborative 
work by allowing users to interact and explore a dataset 
simultaneously [2,3]. Particularly the physical affordances 
of the tabletop display offer the potential to enhance 
collaboration by encouraging group members to switch 
roles, explore more ideas, and follow each other’s actions 
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more closely [4]. However, co-located collaborative 
visualization is a relatively new area of research and 
still considerably underexplored. There are many special 
challenges and requirements for the design of co-located 
collaborative visual analytics tools and interaction tech-
niques [3]. Different bodies of work have addressed some 
of these requirements, but only a few co-located collabora-
tive visualization tools have been developed (e.g. [3,5–9]). 
Other systems implemented for collaborative visualiza-
tion, such as [10–12], have focused on distributed work, 
which has different requirements. None of these tools 
so far has focused on record-keeping activities during 
collaboration.

Better support for record-keeping activities emerged 
as a critical need during our observational study, prompt-
ing us to analyze note-taking (i.e. using a pen to write 
something on a piece of paper) and other record-keeping 
activities in depth in order to establish design require-
ments. This paper presents the study and results, and 
offers suggestions about how to improve the design of 
co-located collaboration tools. The results of our study 
were first published at the VAST 2010 conference [13]. 
In this extended version, we elaborate on our results, 
discussion, and relationships to previous literature.

We use the term visual representation to refer to artifacts 
that display data, visualization to refer to the process of 
creating and editing visual representations, and visual 
analytics to refer to the larger process of using visual 
representations and other sources of information to form 
insight and make decisions. Our findings indicate that 
record-keeping is a pivotal activity that is carried out 
throughout a data analysis session. We propose a catego-
rization of notes based on their content, scope, and usage, 
and discuss how record-keeping fits into the visual ana-
lytics process. We then discuss related work, comparing 
our categorization and findings with others reported in 
the literature. Finally, we discuss potential ways in which 
note-taking could be integrated into collaborative visual 
analytics tools and present some design suggestions.

Method
Our laboratory study examined the process of co-located 
visual analytics in a business context. The study was 
exploratory in nature rather than designed to test a spe-
cific hypothesis. Our goal was to better understand col-
laborative activities and challenges that might suggest 
improvements for collaborative analytics tools. Groups 
of users answered focused business questions and par-
ticipated in a competitive business scenario. Their work 
was supported by visualizations of sales data on large 
wall and tabletop displays.

Task
Each group completed two tasks, both using a sample 
e-fashion dataset from Explorer [14]. The dataset con-
tained information about sales of garments in eight states 
of the USA for three consecutive years. It consisted of 
nine columns and 3273 rows of data.

Task 1 consisted of six focused questions designed 
to help users learn important features of the visualization 
software. An example question was “How does the 2003 
margin compare to previous years?” Task 1 was intended 
primarily to help users become familiar with the system. 
In Task 2, participants were asked to assume the roles 
of three managers (representing three different states) 
and together determine a marketing budget for the next 
year. They were told that rationale for the budget should 
be based on information within the dataset.

We received advice from business professionals and 
faculty members in designing our tasks. Because our 
participants did not own the data and were not familiar 
with it, we were concerned about their engagement. 
Hence, we decided to first familiarize them with the data 
and the interface by using focused questions in Task 1. 
We then designed Task 2 to involve competition among 
the members of a group, which we hoped would engage 
the participants in the analysis process. Engagement was 

Figure 1.  Examples of note-taking activities during our observational study. Sometimes note-takers are disconnected 
from group activities.
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high, but the competitive nature of Task 2 did have an 
impact on the analysis process, as described later.

Participants
Twenty-seven student participants took part in our study, 
divided into nine groups of three. To simulate common 
work situations, all the group members were required 
to know each other. To mitigate the possible impacts of 
using students, we mainly selected participants (seven 
out nine groups) who were familiar with the business 
domain (advanced BCom or MBA students). Participants 
of the other two groups were computer science gradu-
ates. All users had experience with some kind of data 
analysis software such as Microsoft Excel.

Apparatus and software
Identical rear-projected Smart DViT (digital vision 
touch) screens were used, one in a wall configuration and 
the other in a tabletop. Both had a size of 61.2 inches × 
34.4 inches (70 inch diagonal) and had four high-
definition projectors to create a total resolution of  
3840 × 2160.

During our pilot studies we noticed that participants 
took notes on the margin or blank back of the 8.5 inches × 
11 inches-sized instruction sheet; therefore, we decided 
to provide them with pens. We put pens on a table nearby 
and informed participants that they were available if 
required. However, at this point we were not focusing 
on note-taking as our main interest and did not realize 
how important it would turn out to be.

We used “Explorer” [14] (Figure 2) as our visual ana-
lytics tool. Explorer allows users to interactively browse 

data, including selecting variables, filtering, and creating 
different types of charts. The tool was maximized to fill 
the screen. The software supported only a single input 
but each user had their own stylus so that they did not 
have to share a stylus to interact with the system. Note 
that Explorer was developed as a single-user application. 
We therefore expected some problems when using it 
collaboratively. We hoped that observing these problems 
would suggest changes that would better support group 
work. Using existing software enabled us to conduct 
preliminary requirements analysis without first designing 
a collaborative system.

Procedure
We began with a 10–15 min introduction to Explorer. 
Participants then spent approximately 30 min on Task 
1 and 40 min on Task 2. We offered an optional 5 min 
break between the two tasks. After Task 2, participants 
spent approximately 10 min summarizing and writing 
down their results. We asked participants to create a 
report of their results at the end of Task 2 to justify their 
decisions. Following the computer-based tasks, we con-
ducted an open-ended interview with all participants 
simultaneously.

Four groups used a tabletop display, four used a wall 
display, and the ninth group used both. This gave us an 
opportunity to obtain users’ feedback on a variety of 
display configurations. Participants were allowed to 
arrange themselves freely around the displays, but gen-
erally had to stand to interact with them. Chairs were 
available near the tabletop and two large sofas were 
available near the wall display where they could sit if 
desired. A standing-height table was placed near each 

Figure 2.  Partial screenshot of Explorer, depicting a comparison chart that visualizes margin, quantity sold, and sales 
revenue over category, filtered according to state (Texas) and city (Dallas).
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display with a mouse and keyboard that could be used 
if needed, though participants were encouraged to use 
the styli for interaction.

Data analysis
We gathered data in the form of recorded videos, inter-
views, participants’ paper notes, screen logs, and observa-
tions made by a live observer. In total, ~630 min of video 
and screen logs were captured (~70 min per session) plus 
~20 min of interviews per session.

Two authors coded and analyzed the data together 
using a structured qualitative data analysis process. We 
re-coded and re-analyzed data iteratively to refine our 
characterizations of collaborative processes, activities, 
and notes. In the first pass, we created form “I” to 
record chart types, values mapped to axes, filters, and 
time stamps from captured screen logs. Videos were 
used to fill in form “II,” which contained positions of 
participants around displays. In form “III,” we recorded 
the activities and events that each participant was 
engaged in during the analysis session. Our main obser-
vation in the first pass was the importance and preva-
lence of record-keeping. Therefore, in the second pass 
we recorded the time stamp, purpose, and analysis 
phase in which participants took notes or saved charts. 
We refined forms “I” and “III” to capture this informa-
tion. In the third and fourth passes we extensively ana-
lyzed and grouped users’ notes based on their usage, 
scope, and content. Moreover, the roles of each group 
member (i.e. note-taker, software controller or observer) 
and role changes were recorded and added to form 
“III” in the fourth pass. Cumulatively, we spent nearly 
2 months analyzing gathered information. Interview 
material was used to support and explain observations 
from the recorded material.

Note that because the study was not initially designed 
to focus on note-taking, we were not able to fully capture 
the state of the notes throughout the study session, but 
only the state at the end. Therefore, we could not analyze 
how the notes varied between different phases. A differ-
ent study design (e.g. using digital paper) could capture 
the note progression, and thus more completely enable 
such an analysis.

Findings
As our study was exploratory, we did not have any par-
ticular hypotheses. However, we had anticipated prob-
lems such as incorrect software orientation and inadequate 
awareness of other users’ work. We predicted these chal-
lenges to be the most important barriers and planned 
to concentrate on them, but based on our observations 
we found note-taking a more interesting and yet less 
discussed obstacle to investigate.

Participants’ collaboration and use of 
software

We observed that group members were actively engaged 
in the analysis process. Their analysis activities mainly 
consisted of mapping and filtering data for new charts 
and having discussions about them. At any given time, 
only one of the group members was controlling the soft-
ware, but they all participated in the cognitive process 
of analyzing the data. At times, users took turns to obtain 
information that was needed individually.

Analyzing users’ positions confirmed Tang et al.’s [15] 
results. Participants positioned themselves close to appli-
cation controls and areas containing information such 
as a legend. At any time, the user who was closest to the 
widgets controlled the application; participants changed 
positions to allow one another to interact with the system. 
One of the impacts of the software not being designed 
for large screens was non-equal interaction. For instance, 
usually one person had to stand at a far corner to see 
a chart’s legend and read it to the group. This likely 
impacted the groups’ work style (i.e. led to closely cou-
pled work with little parallelism), though we cannot be 
sure of the magnitude and significance of these effects. 
As the software layout dictated positioning, we did not 
examine position data in further depth.

Typically, one member of the group assumed the role 
of note-taker. Unlike role divisions observed in prior 
research [11], the assignment of roles was usually not 
discussed explicitly. Instead, typically one person would 
start taking notes, implicitly designating himself as the 
note-taker. Usually the act of one person writing some-
thing down after a group interaction or discussion would 
signal that a person was writing down something for the 
group. At times others would reassure themselves of 
recording an important item by asking the writer if he 
or she was putting it down. When we asked some groups 
about how they came up with their task division, they 
said it was based on their knowledge of each other’s 
abilities. Role assignments typically remained the same 
throughout the work session, but in one instance the 
note-taker changed part-way through. In some sessions 
where one person was in charge of note-taking, other 
members also took notes for themselves separately even 
though it meant that they had to stop working. For 
instance, participants of Group 7 completely stopped 
working seven times in Task 2 because they were all 
taking personal notes. This clearly demonstrates that 
participants need to take notes both individually and 
separately from the group.

We did not observe any significant differences in the 
collaborative behavior of computer science and busi-
ness students, yet because of the small number of com-
puter science groups (two groups), this observation is 
not generalizable.
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Phases and activities
We noticed a similar analytics process among all of the 
groups that we observed. We characterized groups’ 
actions at two levels: high-level phases and low-level 
activities, as shown in Figure 3. As this characterization 
is grounded by the particular data that we collected, we 
cannot generalize the phases and activities to other data 
analysis situations. However, similarity to other frame-
works [16–19] suggests that many aspects of this process 
probably occur outside the context of our study.

We identified four high-level phases: problem defi-
nition, visualization, analysis, and dissemination. 
Figure 3 shows that there are activities common to all 
phases such as record-keeping and validation, and activi-
ties unique to each phase. We explain each phase and 
their exclusive activities below. Common activities are 
explained separately.

Our findings confirmed what Isenberg et al. [16] stated 
about the non-linear temporal order of activities. In our 
study, we observed that visualization, analysis, and dis-
semination occurred in a variety of orders, and the phases 
were re-visited multiple times within a session. This 
inconsistency in order confirms that flexibility is a critical 
design consideration.

Visualization and analysis phases were strongly 
interrelated, and participants moved back and forth 
between these two phases quite often. In the dissemi-
nation phase, participants returned to previous phases 
(e.g. to create a chart to include in their report) but 
with a lower frequency.

Phase I: problem definition.  Users always started by build-
ing a common understanding. For example, they parsed 
the written description of the problem to make sure that 
they all understood what they were about to investigate, 
or they posed a new question to be answered. Having a 
consensus on what problem they were solving was the first 
step in working collaboratively towards a solution.

Phase II: visualization.  We use the term visualization 
to describe a group of activities resulting in a visual 
artifact (i.e. a chart). The visualization phase comprises 
a number of essential activities, specifically:

 • mapping variables;
 • filtering underlying data; and
 • creating a visual artifact.

Mapping variables and filtering data are steps in 
which users define variables, determine how variables 
will be visually represented, and extract a subset of data 
relevant to the problem. The final products of this phase 
are visual artifacts, which in our case were different types 
of charts. For instance, in order to reveal the trend of 
sales revenue in 2003, participants discovered that they 
needed to examine the values of sales revenue for all the 
quarters of 2003. Then they mapped “measure” to sales 
revenue and “dimension” to quarter. Next they chose a 
“correlation” chart to see the trend of sales revenue for 
2001 to 2003. Finally, they applied filtering so that only 
2003 data were shown.

Phase III: analysis.  Analysis is a complex phase that 
included activities such as:

 • examining visual artifacts;
 • making comparisons by referring to historical infor-

mation such as notes or saved visual artifacts;
 • calculating derived values through mathematic or 

statistical operations; and
 • gathering information from external resources.

The most common activity in this phase was exam-
ining charts. Participants worked together to extract 
information from the chart. In order to achieve this, they 
made comparisons, performed calculations, or searched 
for information through external resources. For instance, 
based on a chart depicting sales revenue for the four 
quarters of 2003 for California, one group decided that 
they needed to create similar charts for 2002 and 2001; 
then, they calculated sales revenue averages for all three 
years and compared values. They repeated the same 
activities for Texas and New York to make a decision on 
budget allocation.

Gathering extra information refers to the activity of 
accumulating necessary information to help address the 

Figure 3.  Activities we observed within the problem 
definition, visualization, analysis, and dissemination phases 
of collaborative visual analytics. Activities in the middle circle 
are common in all four phases.
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problem. Extra information here means information 
that cannot be found in the dataset. The source of extra 
information could be a participant’s prior knowledge, 
the Internet, etc. Figure 4 shows how a participant took 
note of values and extra information that could help 
analysis. “Texas: Dallas + Austin + Houston → huge 
market, oil = rich people” in the note is an example of 
extra information recorded by a participant, indicating 
that they thought there was a large market in Texas owing 
to the number of rich people who live there. Another 
example of extra knowledge was participants’ knowledge 
of the climate in different regions. They related higher 
T-shirt sales in Texas to the warm weather.

Usually, the product of this phase was a decision, an 
answer to a problem, or a hypothesis. In this phase, col-
laborators often carried out substantial discussion and 
negotiation to reach a consensus.

Phase IV: dissemination.  In the dissemination phase, 
participants used products of the analysis phase to gener-
ate a semi-formal report of their results. Reporting and 
presenting are very common activities in business, such 
as presenting results to the chief executive officer. We 
observed that while participants were preparing a report, 
they went back to previous phases. This usually happened 
when they were validating report material or providing 
extra content for the report, such as a chart or value.

Common activities

Validation: Validation activities occurred throughout 
the entire process and were concerned with ensur-
ing the correctness of results and a common under-
standing. In the problem definition phase, 
participants verified a common understanding of 
the problem by posing questions. In the visualiza-
tion phase, they verified the correctness of a chart 
by double-checking filtering and mapping of vari-
ables. In the analysis phase, they validated the 
acceptability of a budget allocation by re-examin-
ing charts. In the dissemination phase, participants 
checked the content of their final report to ensure 
that they were presenting the correct material.

Record keeping: In visual analytics, record-keeping 
ranges from capturing analytic activities and visu-
alization states to notes and annotations. In our 
study, this information took the form of charts 
saved by participants or notes that were written 
down on the instruction sheet. Participants took 
notes in the first two phases to define the strategy, 
saved values, and charts during the analysis and 
dissemination phases, and referred to their notes 
and saved charts to facilitate analysis and report 
writing in the dissemination phase.

Record-keeping strategies
Table 1 reports quantitative data derived from our analy-
sis of note-taking and chart-saving for each group. This 
includes whether or not a group had a designated note-
taker and the total number of people who took notes 
(including the designated note-taker). Table 1 shows that 
the dominant record-keeping activity in Task 1 was note-
taking. This can be attributed to several factors. First, 
the questions were more limited and could be answered 
with only one visualization rather than a series. Second, 
Task 1 did not require users to create a report. Another 
notable difference between tasks was that when there 
was a designated note-taker in Task 1, others did not take 
notes at all. In contrast, in Task 2, people often took notes 
in addition to the group notes taken by the designated 
note-taker. Similarly, in Task 2, often all group members 
took notes (six groups out of nine), whereas this hap-
pened in Task 1 for only two groups. A likely explanation 
for these differences is the competitive nature of Task 2 
as compared with the cooperative nature of Task 1.

Our observations of record-keeping strategies for 
Task 2 showed that groups could be divided according 
to three main approaches: five groups relied heavily on 
taking notes and saved only a few charts; two groups 
saved many charts and took few notes; and two other 
groups recorded nearly equal numbers of charts and 
notes. We focus only on the two extreme approaches.

We believe that note-taking and chart-saving 
approaches can be considered and studied as two differ-
ent strategies for record keeping for further analytic use. 
Note that the prevalence of the note-taking strategy over 
chart-saving may be an artifact of our experiment as the 
process of saving charts was rather cumbersome. Because 
Explorer was not built with record-keeping as a focus, 
chart-saving was inconvenient and required users to 
select menu items and choose between various options. 
Charts could be saved only as non-interactive images.

Two groups selected chart-saving as their main strat-
egy for keeping important information. One of the 
groups saved all the charts that they created during Task 
2 and at the end they created a separate word-processing 
document in which they put all the charts side by side 

Figure 4.  Note taken by a participant consisting of values 
such as $100,000, calculated numbers such as 60%, and 
externally acquired information such as “Texas: Dallas + 
Austin + Houston → Huge market.”
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for further analysis. One of the participants of this group 
said, “I wish we could have all the charts on screen to 
see them side by side,” which implies that the tool used 
for analysis should have provided them with this func-
tionality. The other group just saved a number of charts 
that they thought were more important. At the end they 
opened charts one by one for further analysis. Note that 
other groups saved charts as well, but less often and 
mainly for use in their reports.

Participants re-used the saved charts mainly for two 
purposes. One was for creating a report at the end of 
the analysis session (seven groups) and the other was 
for further analysis of data towards end of the analysis 
session, after creating several charts (two groups, 
shaded gray in Table 1). Groups who saved charts for 
the second purpose saved a larger number of charts. 
We cannot exactly pinpoint the criteria that different 
groups used to agree on the importance of a chart. 
Future work is needed to determine if there are any 
factors that can predict whether a chart is important 
enough to be saved.

The chart-saving strategy suggests that tools should 
enable users to save important artifacts and re-use them 
(e.g. as a history). History items may also reduce the 
number of notes that need to be taken because many 
findings are already recorded in the data representa-
tions. We noticed that the overall amount of note con-
tent taken by participants in Group 2 was less than 
that for the other groups. Based on our analysis of their 
activities, we attribute this to the fact that Group 2 
saved many charts as image files. Note that these users 
still took some personal notes, so the ability to save 
charts does not eradicate the need to take notes. It 
seems that even the most sophisticated history mecha-
nism is incomplete if it does not provide users with the 
ability to take notes.

Characterization of note-taking activities

Notes’ content.  Based on our analysis of the notes taken 
by participants, we broke down a note’s high-level con-
tent into findings and cues. Findings were recorded results 
of mathematic or statistical operations (e.g. 27% higher 
sales in New York, California’s revenue is $60,000), 
observations (e.g. menswear sales are higher than wom-
enswear in a graph), and decisions or outcomes of the 
analysis process (e.g. allocating more budget to Texas).

A cue is anything noted by the user that is not directly 
extracted from a visual representation. For instance, 
users in our study wrote their interpretations of the ques-
tions in a concise form for themselves, or they drew 
circles around keywords in the instructions. Cues could 
be in the form of to-do lists or questions to be asked/
answered later on. For instance, one participant who 
had assumed the role of California’s manager noted 
“T-shirts” as reminder to look into California’s sales 
of  T-shirts later on. Findings were also sometimes stored 
as saved charts rather than written notes. We noticed that 
in Task 1 (in which most users were not saving charts), 
the amount of note-taking was higher than in Task 2 (in 
which users were saving charts). With respect to the visual 
analytics process described earlier, we observed that find-
ings were mostly recorded during the analysis phase whereas 
cues were mostly taken during visualization.

At a lower level, notes typically contained one or more 
of the following elements: numbers (e.g. data values), 
drawings (e.g. flags, charts), text (e.g. questions, hypoth-
eses, reminders), and symbols (e.g. %, $). In addition to 
ordinary use of symbols (such as $ for monetary values), 
participants used symbols to accelerate the note-taking 
process and thereby decrease distraction from the main 
task. For instance, they used ↑ to indicate the increase 
of a value such as revenue.

Table 1.  Number of note-taking and chart-saving actions by each group. Shaded groups relied heavily on saved 
charts for analysis.

Group 1 2 3 4 5 6 7 8 9

  Display used Table Wall Both

Task 1 Number of note-taking actions 5  2 4  3  0 13 18 0 5
  Number of charts saved 0  0 0  2  2  0  4 0 2
  Designated note-taker N N N N N Y N N Y
  Number of note-takers 2  1 1  3  0  1  3 0 1
  Number of times all took notes 

simultaneously
0  0 0  1  0  0  8 0 0

Task 2 Number of note-taking actions 8  4 7  7 20  8 11 9 6
  Number of charts saved 4 22 8 12  3  8  7 2 2
  Designated note-taker N N N N Y N N Y Y
  Number of note-takers 3  1 3  3  3  3  3 1 2
  Number of group notes 0  0 0  1  1  0  0 1 1

N: no; Y: yes.
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Notes’ scope.  Based on the way that notes were shared, 
we divide them into group and personal notes. We consider 
a note as personal when it is taken for individual use, and 
as a group note when the writer intends to share it with 
the group. Personal notes were not necessarily private – in 
some cases, they were shared. For instance, during 
Task 2, participants shared personal notes to justify the 
amount of the budget they were demanding for their state.

We noticed that the nature of the problem influenced 
the scope of notes. During Task 1 (which had a coopera-
tive nature), usually one participant took notes for the 
group. In contrast, in Task 2 (which had a competitive 
nature), participants tended to take notes individually 
during the analysis phase (in addition to any group notes) 
and then referred to these personal notes during budget 
negotiations. However, based on our analysis of the group 

notes, it appears that designated group note-takers did 
not take additional personal notes, perhaps because they 
were already too busy.

Figure 5 shows a group note. It contains calculated 
values and has been nicely formatted to allow users to 
compare certain values of interest across the three states. 
This was used as a summary to help decide budget allo-
cation. The tabular data made the analysis task easier by 
saving important information and enabling comparison; 
it seemed more convenient and efficient to record this 
information than to re-visit previously created charts. 
The same person who was in charge of note-taking also 
created the final report.

In contrast, Figure 6 shows personal notes taken by 
three participants of a group. It can be clearly seen that 
the notes are less structured and every participant just 
recorded what they found important to themselves. For 
example, a participant wrote down sales revenues for 
2001 to 2003 for his state of interest, which was 
California (Figure 6 (a)). Similarly, other participants 
also noted interesting findings for their own states 
(Figure 6 (b and c)).

Although note organization depended somewhat 
on the individual’s note-taking style, group notes were 
generally more organized than personal notes. Personal 
notes were not always organized or written legibly or 
in a way that everybody could understand at a glance. 
Sometimes authors of personal notes used abbreviations 
or symbols that could be interpreted only by the note-
taker. Possibly they were writing as fast as possible to 
minimize distraction, as taking notes was not their pri-
mary focus.

Figure 5.  A note that was taken for group use. It is nicely 
structured and comprises information for all three rivaling 
participants.

Figure 6.  Three personal notes taken by participants in one group. This group did not have a designated note-taker. 
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Notes’ usage.  Notes were used for a variety of different 
purposes, most commonly to further analyze findings 
and facilitate the problem-solving process (analysis 
phase), validate or remind the person of something (all 
phases), and create the final report (dissemination phase). 
Users referred to notes most often during the analysis 
phase. Saved values, calculated percentages, drawn 
charts, and other information helped users to make com-
parisons and reach decisions. Notes also facilitated the 
problem-solving process by recording the direction and 
sequence of the steps taken. This could help users to 
more easily determine the next step. For example, by 
recording the names of the charts created or values cal-
culated or observed, participants could determine the 
completeness level of the task (e.g. what and how many 
more charts were to be created). Figure 7 shows an 
example of recorded analytic steps and the findings of 
each one. It was filled in gradually as information was 
found in various charts. The figure shows the completed 
version, indicating that participants had finished their 
calculations for all three states.

Awareness with respect to note taking
We noticed that the manual note-taking process impacted 
awareness among group members. This can be seen in 
Figures 1 and 8, where note-takers are disconnected 
from the other team members. In both cases, the note-
taker (female) has lost her direct view of the screen, 
either because she is forced to look away to see her notes 
or because other participants blocked her view. This role 
division is not necessarily unproductive, but it is possible 
that the tool design forced this work style, which might 
not be always desirable. Sometimes participants lost a 
sense of what others were doing while they were taking 
notes, and then had to catch up. For example, the person 
who took the note in Figure 5 was assigned the role of 
note-taker. He was sitting most of the time observing 

others (who were exploring data and creating visualiza-
tions), and therefore was unable to work directly with 
the application for much of the time. Although this divi-
sion of roles may not have been unproductive for the 
group, it did deprive one group member of the oppor-
tunity to participate equally in analysis activities.

Wall display versus tabletop display
Table 1 shows a difference between record-keeping strate-
gies/behavior among different types of displays. The first 
four groups used the tabletop, Groups 5–8 used the wall, 
and the ninth group used both. Only groups that used 
the wall display had a designated note-taker. This might 
be attributed to the different affordance of the displays; 
for example, fewer people can comfortably gather close 
enough to the wall display to interact with it than when 
using the tabletop.

In line with the literature [4], our interviews revealed 
that a wall display could support larger groups of people 
and provide a common view for presentations. On the 
other hand, the interactive tabletop display offers the 
potential for supporting formal and informal collabora-
tive activities, such as planning, designing, and organ-
izing. Most of the eight groups working on only one type 
of display mentioned that they preferred a wall display 
for audience-based situations such as presentations and 
a tabletop display for more collaborative situations. The 
ninth group, who used both displays, expressed a similar 
preference toward wall and tabletop displays.

With regards to note-taking, we observed that a note-
taker of a group working on the wall display was more 
disconnected from the group (e.g. compare Figures 1 
and 8). This was partly because the note-taker usually 
had to sit down or lean against a surface to take notes. 
In addition, often other users obscured the vertical screen 
by standing in front of it, so it was difficult for the note-
taker to keep track of what was happening on the screen. 

Figure 7.  A participant organized information in a tabular 
format. This note shows that the group had calculated 
values for all four quarters and for all three states.

Figure 8.  A seated note-taker of a group working on the wall 
display had her view obscured by two other participants.
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This was a less significant issue with the tabletop because 
the note-taker could stand side by side with others and 
take notes while holding the paper, as shown in Figure 1. 
Occasionally the note-taker did make use of a table 
positioned near the tabletop display. In these cases, the 
note-taker was not entirely disengaged from the rest of 
the group.

Related work
In this section, we first present work that addresses the 
collaborative visual analytics process and requirements. 
We then discuss related work that specifically highlights 
the importance of history mechanisms and note-taking 
during the course of analysis.

Collaborative visual analytics process
While substantial research has been devoted to computer-
supported cooperative work in general, collaborative 
visual analytics is still underexplored and has unique 
challenges. Researchers have identified the need for very 
flexible tools [16,20,21], including flexibility to change 
ordering of activities, work styles (from closely coupled 
to independent), role assignments, and workspace 
organization [7,16].

Several studies have examined how users analyze data 
to characterize the processes and activities involved (e.g. 
[22]). More relevant to our work are studies that consider 
analytic processes of groups by using software supporting 
collaborative work [18,19] or by using paper-based tasks 
[11,20]. Findings of previous studies, regardless of 
whether the tasks were paper based or software based, 
resulted in similar lists of activities. For instance, Mark 
and Kobsa [18] identified processes of parsing the ques-
tion, mapping variables, finding or validating a visual 
representation, and validating the entire analytic process. 
Isenberg et al. [16] identified processes of browsing, pars-
ing, discussing collaboration style, establishing task strat-
egy, clarification, selecting, operating, and validating. 
These lists of activities bear strong resemblance to our 
own characterization. For instance, our first phase, “prob-
lem definition,” has been identified in previous work as 
“parsing” [16,18] or “problem interpretation” [19].

In contrast to previous work, our framework captures 
the whole process of visual analytics (as opposed to, say, 
simply the visualization or analysis phase) and breaks 
each phase down into lower level activities. We believe 
this two-level structure provides a useful way to think 
about the analysis process. We also highlight record keep-
ing as a critical activity during all phases. Although record 
keeping has been previously mentioned as a relevant 
action [17,23,24], its importance may have been under-
represented in previous frameworks describing collabora-
tive analytics processes.

Record keeping
Here we describe relevant work related to saving charts/
system states and taking notes, as these were the two 
record-keeping strategies that we observed.

History of states.  In visual analytics tools, record keep-
ing is often implemented in the form of a history module 
that stores previous states of the system, including the 
visualizations that were generated. Many researchers have 
mentioned the advantages of history tools and their 
importance [4,10,25–27]. According to Shneiderman 
[24], history tools can play an important part in the 
visualization process by enabling users to review, re-visit, 
and retrieve prior visualization states. As Heer et al. [10] 
noted, history tools can also be used to create a report 
or presentation after analysis is complete. Isenberg and 
Carpendale [3] stated that while data analysis histories 
are necessary for individuals, they might be of even higher 
importance in collaborative settings. It has been specu-
lated that capturing individuals’ analytic activities in a 
history tool can help users maintain an awareness of each 
other’s work, particularly while shifting from loosely to 
tightly coupled collaboration and vice versa [28]. In addi-
tion, data exploration history can be used at a later time 
to discuss or share interesting findings [3].

We further emphasize that the vast majority of history/
provenance tools have focused on single-user systems. 
Although previous work has postulated that history tools 
may be even more important for collaborative work [2,29], 
little guidance is available to help build such tools effec-
tively. Extending history mechanisms to represent activities 
of multiple co-located users is non-trivial owing to issues 
of awareness, disruption, organization, and so on. In a 
previous workshop paper [30], we hypothesized how his-
tory tools might need to change to support multiple users.

Note-taking and annotation.  Note-taking has been the 
subject of investigation in many domains such as educa-
tion, cognitive psychology, and visual analytics. It is used 
daily as an information processing tool for many different 
purposes [31]. From a psychological point of view, tak-
ing notes is a way of offloading cognitive processes and 
intellectual products such as insights, findings, and 
hypotheses. It helps to build a “stable external memory” 
that can be used at a later time [32]. Furthermore, note-
taking seems to assist complex tasks such as problem-
solving and decision-making by reducing the load on 
working memory [32]. It has also been observed that 
taking notes keeps students engaged and improves the 
learning process [32,33].

The importance of note-taking and annotation in 
visual analytics has also been mentioned [3,10,34]. Heer 
et al. [10] stated that annotations and notes are important 
for supporting discussions around visualizations in 
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distributed collaborative visual analytics. Kadivar et al. 
[35]. mentioned that annotating visualizations can be 
effective in supporting exploratory visual data analysis. 
Therefore, both textual and graphical annotation on visu-
alizations may be necessary. Notes help analysts to think 
through problems and to remember previous findings and 
cues [36]. Furthermore, notes help to create a link between 
the system and an analyst’s cognitive processes [37]. 
Lipford et al. [1] stated that externalization improves recall 
at a later time, which helps analysts leverage their previous 
findings. Externalization refers to recording of insights in 
the form of notes, annotations, and bookmarks.

Insight externalization has been implemented in some 
research tools. Sense.us (see [23]) allows users to col-
laboratively analyze data and add annotations on top of 
visualizations and write down their findings in notes 
attached to the visualization. Aruvi (see [37]) enables 
users to take notes and link related notes to each other 
and the visualization. Harvest (see [11]) has a note-taking 
mechanism that automatically recommends the notes 
that are most related to an analyst’s current line of inquiry. 
Collaborative Annotation on Visualization (see [38]) 
allows analysts to remotely collaborate and add annota-
tions on top of their visualizations. Note that the purpose 
of note-taking can be quite different in distributed col-
laboration than in co-located work or single-user systems. 
For example, note-taking in Sense.us is primarily designed 
to support online discussions around visualizations that 
cannot occur through face-to-face dialogue rather than 
to support recall of an individual’s or group’s findings.

Research by Shrinivasan and van Wijk [37] suggests 
that the proposed benefits of record-keeping can be better 
exploited if a history mechanism not only captures the 
analysis process and externalized insights but also has 
the means to create links and connect stored artifacts. 
Shrinivasan and van Wijk [37] take annotation a step 
further by automatically recommending related notes 
based on the current analysis context. Our findings high-
light note-taking as a pivotal activity during the course 
of analysis, emphasizing the importance of including 
such provenance tools in visual analytics systems.

Discussion
Our observations show that both taking notes and saving 
charts were employed by our participants to help them 
perform analytic tasks. In the next section, we use evi-
dence from our observational study to propose more 
specific design guidelines and considerations for visual 
analytics tools, with a focus on note-taking.

A clear need for record-keeping support
Our main result is the importance of recording find-
ings and cues (as notes or saved charts). Although some 

previous research [3,23,34] has suggested allowing 
annotation of visualizations, our study highlighted the 
importance of note-taking as a critical activity. Taking 
and using notes was a frequent activity in all phases of 
the collaborative decision-making process. Lack of sup-
port for record keeping had negative consequences such 
as disruption to workflow and decreased awareness of 
group activity. The importance and difficulty of record 
keeping was somewhat unexpected, as we did not tell 
participants that they should take notes or save charts 
and expected the major bottleneck to be interaction 
challenges with the single-user software. This highlights 
the need to build explicit record-keeping support into 
collaborative visualization tools. Recently, some research 
[35,37,39] has demonstrated how this can be done for 
single users, but work remains to extend this idea to 
multi-user systems.

Impact of task nature on note taking
Our study further corroborated Heer and Agrawala’s [40] 
proposition that the nature of the task affects both col-
laboration style and division of workspace. Our obser-
vations revealed that Task 1, which involved focused 
questions, encouraged a highly coupled collaborative style 
of work, while Task 2, which required competition, led to 
a loosely coupled collaborative work style. In the inter-
views, most of our participants said that they would have 
preferred to explore information for Task 2 individually 
and then later share their results. As a result, notes taken 
in Task 1 were public whereas notes taken in Task 2 had 
a combination of public and private scopes. This finding 
emphasizes the need to support both individual and 
jointly coupled activities, as previously suggested 
[16,20,41,42]. More importantly for us, it suggests that 
both group and individual record keeping is necessary. 
An effective collaborative analytics system should provide 
both public and private records that are easy to distinguish 
and enable users to seamlessly switch between them.

Suggestions to support note taking
How to best design effective record-keeping functionality 
for co-located work is not entirely clear. Here we offer 
some suggestions, which vary depending on the nature 
of the collaboration, whether or not the record involves 
data (or is linked to data), and whether the note is taken 
for group or personal use. Though these suggestions are 
based on the results obtained in our study, owing to use 
of students as participants, the number of participants, 
constraints of the software, and other limiting factors, 
research is needed to further assess these suggestions.

Integration level for notes and saved artifacts.  Should notes 
be integrated with a history mechanism (i.e. along with 
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saved artifacts and system states) or kept as a separate 
“notebook?” Our analysis suggests that either answer 
would be too simplistic. Some notes, especially annota-
tions and other notes of findings, have a clear link to an 
artifact that helped to form the insight. For example, a 
user might save a chart of revenue across different states, 
note that revenue is highest in New York, or write a 
reminder to later break down the New York revenue data 
by year and quarter. In these cases, the record is either 
a particular representation of data itself or can be linked 
to one. Retaining this link and enabling the user to return 
to the artifact and system state would have a clear benefit. 
However, notes also served as cues (e.g. reminders) or 
collected together findings from a variety of sources; in 
these situations, a notebook style is more relevant.

As a result, we suggest a hybrid model in which notes 
can be collected together in notebook pages but parts 
of a note could link to related artifacts, which might be 
stored in a chronologic history. This would ensure that 
users could easily refer to source data when reviewing 
any given note. Artifacts could similarly link to the notes 
associated with them, and might also be directly anno-
tated with drawings or text. We expect that such func-
tionality would also simplify the task of recording 
findings. For instance, instead of writing down 
“Menswear has higher sales than womenswear,” the user 
could simply circle the male bar in a bar chart showing 
sales broken down by gender.

Such notes could be captured on a shared display 
within specialized notebook containers that ideally 
would support both text and diagrams. Furthermore, 
these could be treated by the system as if they were 
artifacts such as charts. For example, they could poten-
tially be added to a chronologic history in the same way 
that a chart would be added. This would capture the 
development of the note over time, making it easier to 
understand the process that was followed. This might 
be particularly useful for helping a novice to learn the 
process that an expert analyst followed, or to help an 
analyst who is new to the project understand what work 
was done by previous analysts. Finally, because the num-
ber of notes and data artifacts can grow quite quickly, 
we believe that searching and filtering both types of 
objects will be important.

Notes for group versus individual use.  Group notes 
could take the form of a shared history/notebook, plus 
shared note containers or papers as described above. To 
keep track of who did what, they might be spatially 
organized or color coded by user. Individual notes pres-
ent a greater problem because users may wish to keep 
their notes private or may want to avoid the burden of 
viewing all other users’ notes. At the same time, indi-
vidual notes occasionally need to be shared. One pos-
sibility is to provide private space within a shared display 

if there is sufficient screen real estate and if the notes 
are not confidential. Another alternative is to provide 
each user with a private display such as a tablet or digital 
paper. These could be linked to the common display to 
enable sharing. Ordinary paper notes or an unlinked 
private display are also viable options, but are more 
difficult to share with several people at once.

We were interested to note that our participants were 
less concerned about privacy of their individual notes 
and more concerned with the basic ability to work in 
parallel on individual tasks in preparation for discussion. 
This suggests that while individuals need their own space 
to work and to keep personal records, they may not need 
that space to be inaccessible to others. This confirms 
that shared display environments are reasonable for such 
tasks as long as individual workspace can be provided.

Record keeping for different types of collaboration.  We 
observed tightly coupled work, where a shared history/
notebook would probably suffice. For loosely coupled 
work, participants may need to corroborate and combine 
the outcomes of their individual work. In this case, it 
may be better to give each individual personal space to 
work independently, but also to allow sharing. Individual 
notes and history items that could later be merged 
together could allow each user to track their individual 
work and then later compare it with the work of others. 
Note that although they allow private work, individual 
desktops may not be the best solution here because they 
make sharing cumbersome.

Note manipulation and management.  Note management 
and manipulation is also important to consider. 
Highlighting, grouping, and summarizing notes will 
increase their usability [33,37,43]. Previous research has 
shown the importance of providing users with functionality 
to manage and structure their notes. For example, in the 
context of education, it has been mentioned that a matrix 
structure for recording notes is more beneficial than a 
linear structure [32]. We also observed in our user study 
that most of the group notes were naturally taken in tabu-
lar format (Figure 5), which facilitated comparison.

Input mechanisms to support note-taking on shared displays. 
Another important consideration is the form of input to be 
used for note-taking in a shared display situation. We do 
not believe that there is one perfect solution, but in this sec-
tion we hypothesize the trade-offs of several possibilities.

Wireless keyboard: A wireless keyboard is familiar, 
easy to use, enables long notes to be quickly entered, 
and is not disruptive to other users. However, it 
may be difficult to place on or around the working 
area. In addition, more than one may be needed 
simultaneously and a good approach would be 
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needed to associate each keyboard with the note a 
user wants it to effect. It could be effective for both 
tightly and loosely coupled collaborative work.

On-screen touch keyboard: This approach has the 
advantages that no external hardware is needed and 
the interaction concept is familiar. On the other 
hand, virtual keyboards are usually not very easy to 
use (and even more so on vertical surfaces). Like a 
physical keyboard, a virtual keyboard might be effec-
tive for both tightly and loosely coupled work styles.

Stylus input plus handwriting recognition: This 
approach may be easier to use than a virtual key-
board, provided that the user can rest his or her hand 
while writing (which is not possible with some touch 
surfaces). Possible disadvantages are low writing 
precision if the stylus is thicker than an ordinary pen, 
and difficulty of character recognition. As writing on 
a vertical surface (and sometimes also on a tabletop) 
could be awkward, external tablets might be employed 
for input and then linked to the shared display. Stylus 
input seems a good choice for annotating visualiza-
tions as well as taking notes in loosely and tightly 
coupled work. Isenberg et al. [34] investigated writing 
relatively low-resolution notes and annotations on 
high-resolution displays, but this is still a considerable 
challenge and research is ongoing.

Digital paper: Notes could be captured on digital 
paper and then directly entered into the shared 
display when desired. This is similar to the way 
that physical and digital objects are merged in sys-
tems such as the ColorTable [44]. The many ben-
efits of tangible interaction are well known 
[26,45,46]. Using paper would enable a note-taker 
to edit notes without physically interfering with 
other work, allow the notes to be easily passed 
around, enable notes to be kept private, and enable 
flexible spatial layout and navigation of note pages.

Audio recording: Capturing notes by audio input 
is likely faster than other methods, and therefore 
may be less disruptive during tightly coupled work. 
Unfortunately, it is more difficult to use afterwards 
than written text, more difficult to search, and 
referring later to a recorded “voice note” is less 
likely to happen. Audio notes could be transcribed, 
but this is far from perfect with current algorithms. 
There is also a need for extra hardware. Audio 
notes are likely to be very disruptive to other users 
when working separately and would therefore only 
be useful for tight collaboration.

Generalizability
Our results are subject to some caveats. We chose to focus 
on the business domain, so our users were primarily  
business students. We suspect that collaborative use of 

visualization tools will be similar for other group decision-
making tasks, but it is possible that we observed some 
peculiarities unique to business. Second, we chose to uti-
lize existing visualization software to ensure that users 
could work with interactive and customizable representa-
tions of data. However, our users’ behavior may have been 
influenced by the available technology, especially their 
closely coupled work style (owing to the inability to create 
different charts in parallel) and the tendency of most 
groups to write notes rather than save charts (owing to 
the difficulty of saving charts with the tool). Also, although 
we triangulated our results, additional coders may have 
led to higher reliability. Finally, we examined a group size 
of three. Collaborative processes are likely to differ for 
larger group or pairs as it is well known that size impacts 
the social dynamics of a group (e.g. [47]).

Conclusion and future work
We characterized phases and activities involved in col-
laborative visual analytics for co-located groups. We also 
identified record keeping as a process that is intensively 
used by data analysts. We characterized notes according 
to whether they were findings or cues, and whether their 
scope was for personal or group use. We also described 
how notes were taken and used within four identified 
phases of data analysis. These analyses enabled us to 
offer numerous suggestions of how to better support 
record-keeping activities within visual analytics tools.

Additional studies are required to answer questions 
about how exactly note-taking support should be pro-
vided in collaborative visualization systems. For instance, 
it is still unclear how we can best support both individual 
and group note-taking activities. Another important 
consideration is the form of input to be used for note-
taking in a shared display situation. Further studies 
should also be conducted in other application domains. 
For instance, in some disciplines, records of decisions 
need to be kept for legal purposes, and therefore may 
need to be more formal and detailed. Further research 
is needed to investigate how these diverse needs can be 
best supported within visual analytics tools.

Currently, we are developing a prototype system designed 
specifically for co-located collaborative visual analytics. In 
the design of this system we have tried to address general 
issues of collaborative work such as awareness and territo-
riality. Moreover, we have designed and implemented mod-
ules for tracking user analytic activities as well as note-taking 
and annotation. Our future user studies will examine our 
design decisions and the effects of different record-keeping 
mechanisms on the visual analytics process.
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