To appear in: Personal and Ubiquitous Computing Journal

Enhancing Learning: A Study of How Mobile
Devices Can Facilitate Sensemaking

Yvonne Rogers1,2, Kay Connelly1, Lenore Tedesco3 and William Hazlewood1
1

Indiana University, School of Informatics, Bloomington, Indiana 47408-3912, USA

2

Department of Computing, Open University, Milton Keynes, MK7 6AA, UK

3

Center for Earth and Environmental Science, Indiana University-Purdue University,
Indianapolis, USA

Name and address of corresponding author:
Dr Yvonne Rogers
Department of Computing, Open University, Milton Keynes, MK7 6AA, UK

Phone: +44 1908 652346
Email: y.rogers@open.ac.uk

1

To appear in: Personal and Ubiquitous Computing Journal

Abstract
Mobile technologies are increasingly being promoted as tools to enhance learning. They can be
used to augment ongoing activities, such as exploring outdoors, by enabling users to move back
and forth between the physical environment and a variety of digital resources and representations.
In so doing, they have the potential to facilitate sensemaking activities, where people seek to find
structure in an uncertain situation through using a combination of information, communication and
computation. However, continuous switching of attention between different representations and
activities can be distracting. Our research is concerned with how mobile devices can be used to
engender collaborative sensemaking activities during scientific tasks. We present two studies
showing how different versions of a mobile learning application, LillyPad, were used by teams to
make sense of their ongoing observations, when measuring the effects of different planting
methods for an environmental restoration site. The findings show marked differences in the
amount and type of sensemaking. We discuss reasons for this in terms of task demands and
workload, information type and distribution of devices.
Keywords: collaboration, mobile learning, mobile technologies, sensemaking
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1. Introduction
Mobile devices, such as PDAs and cell phones, have been heralded as the latest technology for
facilitating learning. Their versatility and mobility mean people can use them in a diversity of
settings, be they sitting in a classroom, eating in a café, walking around a museum, exploring a
field site, or playing a game in the streets. Furthermore, several economic and practical benefits
have been identified; compared with PCs and laptops, they are lighter, cheaper, easier to interact
with while on the move, more legible in different light settings and can be easily placed back and
forth in a person’s clothing or bag [1]. It is not surprising, therefore, to see interest in mobile
learning increasing. Examples of mobile learning applications include: enabling students to sense
and record aspects of the local environment while exploring it (e.g., measuring pollution levels);
allowing visitors to look up information that is contextually relevant to what they find of interest
when wandering through a city center (e.g., statues and artworks) and encouraging students,
teachers and curators to talk about or text and send photos of what they are seeing to one another
when in different parts of a museum.
While more mobile applications are being developed for educational settings, little is known,
however, how the learning process can be transformed when using them. Compared with the
learning that takes place when using a tethered PC in a classroom, where individual or pairs of
student’s attention is primarily focused on what is happening at the computer screen, mobile
computing devices tend to be used for short bursts of times (e.g., entering and comparing data,
looking up and reviewing information, sending texts or photos to remote people) to support
foregrounded physical activities (e.g., observing, probing, measuring) in a particular environment
(e.g., city centre, forest). A potential benefit of being able to switch intermittently between
activities and foci of interest over time and space in this manner is to provide multiple
opportunities for students to step in and out and reflect upon these transitions. In so doing, it could
deepen their understanding and help integrate their ideas, data and observations. However, a
possible downside is that students find it difficult to cope with the fluctuating demands of having
to constantly switch attention between different activities and representations.
Our research is concerned with whether interacting with a mobile learning application can lead to
enhanced sensemaking in students while engaged in an ongoing task in a physical environment. In
particular, we are interested in whether teams of students can move fluidly between task-based
activities (measuring aspects of the environment) and sensemaking processes (connecting,
hypothesizing and reasoning based on what is being observed), when using the device. A PDAbased, mobile learning application was designed to support both task-based actions and
sensemaking processes. Two in situ studies are reported where teams, comprising 4-5 students and
an environmental scientist, used the mobile application as part of their armory of equipment, to
measure, explain and predict tree growth for different planting methods used in an environmental
restoration site. In the first study, one PDA with a basic set of functions was provided per team.
3
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The cognitive workload involved in completing the task-based interactions proved to be very
demanding and, for the most part, curtailed switching to sensemaking activities. To reduce the
demands placed on one user, two PDAs were distributed per team for the second study. The PDA
users were given responsibility either for data entry (task based) or information look up
(sensemaking). Two further functions were added to the mobile application to provide more
options for engaging in sensemaking. The findings from the second study showed a marked
difference in the amount and type of sensemaking that occurred relative to task interactions. We
discuss reasons for this with respect to the effects of task demands and workload, information type
and distribution of devices.

2. Background
Sensemaking is central to many everyday, learning and work activities, and would seem ideally
suited to being augmented by mobile technologies. In general, it refers to how people find
structure in a seemingly unstructured or ambiguous situation, involving informational,
communicational, and computational processes [2]. It has also been defined as “a motivated,
continuous effort to understand connections (which can be among people, places, and events) in
order to anticipate their trajectories and act effectively” [3]. In an educational context, it is used to
describe the social construction of knowledge through conversation and meta-level thinking;
where students learn how to use the tools of a subject, such as science or mathematics, through
switching between abstractions [4]. It can be facilitated through making connections between
digital representations (e.g., a graph, a numerical dataset) on a PC and the scientific phenomena
they are intended to represent [5, 6]. In terms of mobile learning, we define sensemaking as the
conversations and interactions that take place between students and their instructors, when moving
between observations of the physical world and various digital representations of the underlying
phenomena made available via a mobile device.
Being able to articulate what one is learning, seeing and doing in a verbal modality has been found
to lead to a deeper understanding [7]. In particular, students can become aware of their own
discrepancies in understanding, enabling them to revise their understanding and to make
connections between abstract ideas and concrete data. However, the way inquiry is taught in
schools tends to follow a linear model that inhibits such integration [6]. Typically, students learn
about scientific concepts in the classroom (e.g., interdependence); they are then taken on a field
trip where they collect data for a given topic that exemplifies this (e.g., habitats); they return to the
classroom to analyze the collected data using various computer-based tools; and finally they
discuss and reflect upon their findings in the classroom. The data observed and collected in the
field is used to illustrate the concepts and models taught in the classroom. This separation of
activities can make it difficult for students to make connections between the specifics of what they
are observing or collecting locally with more general concerns, resulting in the curtailment of
further inquiry processes, such as analysis, hypothesis generating or concluding. They can often
4
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lose track of their inquiry threads, failing to realize important links between their hypotheses and
the data collected [8].
Mobile technologies offer the potential to overcome these separations in activities and, in so doing,
facilitate more extensive sensemaking in two ways. Firstly, by providing contextually-relevant
information and pertinent data at the site of collection, enabling students and their instructors to
pose questions, generate and test hypotheses and make conclusions while making observations in
the field. Secondly, by providing a vehicle for multiple conversations to take place, providing
more opportunities for students and their instructors to vocalize and reflect upon their inquiries [9].
An early example of a mobile tool that was designed to support the integration of task-based and
inquiry processes was Probeware; a combined simulation and measuring tool that enables students
to perform hands-on scientific experiments, e.g., measuring parameters such as temperature and
light, that they can then view in real-time on a computer display in the form of graphical
representations [10, 11]. Investigation, exploration, and reflection have been enhanced through
using it [12]. A number of other kinds of mobile applications have since been developed to help
students organize and share the data they collect from the environment when on field trips
[13,14,15,16,17,18]. Other mobile applications have been used to enable students to create and
share different forms of digital media, such as photos, audio or text [e.g., 19, 20, 21]. One of the
main findings from this body of research is to show how context is central to helping students
understand.
Interacting with a mobile device, however, can detract from the ongoing experience itself. For
example, it has been observed that museum visitors using mobile devices tend to interact less with
hands-on exhibits and each other, focusing their attention more on the device [22]. It was found
that while children can manipulate information and conduct investigations when moving between
exhibits, it takes over from hands-on interaction with the exhibits. Without handheld devices,
children were found to experience and work things out together, but with them they tended to read
by themselves what was on their PDAs [23]. Children can also become more isolated from others
around them, listening to or reading what is on the mobile device.
Hence, the extent to which a mobile device will extend or detract from the learning experience
when used in situ depends on the form, the timing and the way different kinds of digital
information are communicated and manipulated during ongoing physical activities [24]. The goal
of our research is to investigate further the extent to which sensemaking activities can be
facilitated by being able to interact with various forms of information and data using a mobile
device in situ. A particular focus is on the nature of the switching that takes place between taskbased and sensemaking activities.
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3. The setting
The mobile learning application, LillyPad, was developed as part of the Lilly ARBOR project.
Lilly ARBOR is an experimental field site used by scientists investigating ecological restoration of
urban riverbanks that also serves as a learning site for a variety of students. This includes hands-on
activities, such as measuring and recording changes to the environment. A one-mile stretch of
riverbank in Indiana was restored using three of the most common tree planting methods to
determine the best strategies for forest restoration. The project site is divided into eight plots, two
for each method and two control areas, where no trees were planted. Over 1400 native trees of 12
different species were initially planted. The site has now evolved into a wildflower meadow and
shrub/sapling habitat as the trees grow and other species gradually recolonize the area.
3.1 Current practice
Twice a year, in the spring and fall, teams of environmental scientists and students have conducted
an assessment of the restoration site, measuring the survival and growth of trees and noting,
among other things, any predator damage to the trees and the impact of the recolonization of other
trees and plants in the plots. Each team spends an entire day documenting the status of each tree,
including locating, identifying and measuring the surviving trees for one of the six plots (ranging
between 150 and 240 trees). The students work alongside an environmental scientist, participating
in the observation, collection and recording of data in an authentic setting. They are made aware
that the data they collect will contribute directly to the accumulating scientific databases.
The teams initially have to locate and identify a tree to assess its health. This includes verifying
that it is the originally planted tree among the self-recruiting species now growing at the site. They
are introduced to the specialized measuring tools and ways of measuring the various dimensions.
The diameter of the tree is measured just above ground and at breast height using calipers or a tape
measure, while the height is measured using a stadia rod. While seemingly straightforward,
students need to learn how to hold the instruments, work out which part of the tree to measure,
especially if it has multiple branches or has suffered predation or other damage. Calipers held at
the wrong angle can result in an erroneous measurement being recorded and students need to
experience the correct and incorrect ways of measuring. The data is recorded on a paper-based
chart that is fixed to a clipboard. A map is also provided showing where each tree was planted for
the different plots.

3.2 Reflections on the learning experience
A focus group held with six of the environmental scientists (who are the team leaders during the
measuring days) revealed that they view their role as being central to the learning experience and
the form of sensemaking that is engendered. How they explain aspects of environmental science,
pose questions, suggest what to look for and what to probe affects how the students understand the
ongoing activities and what is required of them. The team leaders, however, are also aware from
6
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their experiences of previous measuring days that the students rarely engage in any form of
analysis. In particular, they reported how difficult it was for students to reason about their
measurement activities in relation to what is explained to them about environmental restoration,
such as the pros and cons of different planting methods, the effects of predation, and the
difficulties of measuring tree growth accurately. While the students ask questions about what they
are seeing and observing they rarely generate hypotheses from the data or observations, such as
suggesting, for example, that they have been noticing a lot of oak trees that have not grown much
since last year and this could be caused by predation.
The environmental scientists’ reflections on the limited amount of sensemaking taking place in
situ led to the suggestion that if more relevant data or information was at hand it could help the
students make the connections between what they are seeing and doing. To this end, we proposed
a mobile learning application that could be used for both data recording and analysis while in situ.
The focus of this paper is on whether such a device could enable students to switch readily
between task and sensemaking activities when in the field.

3.3 The design of the mobile learning application: LillyPad
An iterative, learner-centered design process was employed, involving close collaboration with
three of the environmental scientists in the design, evaluation and redesign of the LillyPad
application. Two complete cycles of design and evaluation were carried out with improvements
made to the device’s usability and usefulness [25]. A core requirement for the learning application
was that it be integrated with the existing scientific and educational practice. Specific needs were
identified for how to support task based and sensemaking activities. A simple and familiar tabs
metaphor of interaction was used as the basic conceptual model. Initially, three core functions
were provided:
(i) Data entry tab – a page for adding new measurements and comments
(ii) Stats tab – a table providing previously recorded data about each tree for the last five years
(iii) Info tab – pages proving contextually relevant information about tree species
The tabs are always visible at the interface enabling quick and easy toggling between the functions
(see Figure 1). For example, a student can quickly look up a stats page to see what was previously
entered for a particular tree followed by clicking on the info tab to bring up a picture with a text
description to see what the leaf of the tree should look like. Measurements for each tree are entered
into a dialog box using a stylus and virtual pop-up number pad, while comments are added by
selecting options from a set of checkboxes (see Figure 1a). The stats page shows the previous
measurements recorded and comments made (see Figure 1b) and the info pages provided sketches
and descriptions of the tree species (see Figure 1c). The data entry function is classified as taskbased while the other two functions are intended to support sensemaking.
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(a)

(b)

(c)

Figure 1. Pages of the functions provided in the initial LillyPad application: (a) data entry page for
a particular tree, (b) its stats page showing all of its measurements and (c) information page for the
tree species

4. In situ studies
Two in situ studies were conducted over a 12-month period where the LillyPad application was
used; in the spring and in the fall. For each study, between 18-24 different students took part
together with a small number of volunteers from a local corporation. Six teams (two for each
planting method) comprising 3-4 students, 1-2 volunteers and a team leader were assembled. The
environmental scientists who lead the teams on the measuring day were initially taught how to use
the device. We also designed an outdoor training session for the students, since they would not
have the opportunity to become familiar with the application beforehand. Large posters of the most
important screenshots were used as visual aids. Initially, the students and volunteers were
introduced to the Lilly ARBOR restoration project and the different planting methods by one of
the environmental scientists. Following this, a member of the research team demonstrated how to
use the PDA and the LillyPad application.
The various measuring instruments and one PDA with the LillyPad application running on it were
distributed among the students per team. These were rotated among the students throughout the
day, giving each an opportunity to use each of them.
Given the size of the site (i.e., a mile long stretch of land), it was impractical for the researchers to
observe and record all the teams. Instead, the corporate volunteers were given the task of
videotaping their team although they also took part in the measurements and discussions at various
times. Three researchers roamed the site, staying with one team for about an hour before moving
on to another, while two others remained at base on call should any technical difficulties arise.
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Figure 2. Team using the LillyPad application and other instruments to measure a tree during the
field study held in the spring

4.1 Findings from the first study
The first study took place in the spring. Each team recorded most of the trees for their assigned
plots. The exact number depended on which were still surviving or could not be found. The
students quickly learnt their roles; working out how to find and identify the trees, measure them
correctly, enter the readings and add comments to the date entry pages. On average, each tree took
about 5 minutes to find, measure and record.
The logged data of the number of page accesses on the PDAs (see Figure 3) revealed the data entry
pages varying between 140 and 330 times per team. In contrast the stats and info pages were
accessed considerably less by the teams: between 10-60 for the stats page and less than 10 for the
info page. This pattern of page accesses suggest that the teams spent most of their time using the
LillyPad application for task-based interactions.

Figure 3. Mean number of page clicks per team
To examine in more detail how the LillyPad application was used and whether its use was
involved in any sensemaking, a qualitative analysis of the group’s activities and utterances was
performed. The videos of each group were transcribed in terms of what each person said, what
9
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they were doing at the time and how often and when information and data were accessed via the
PDAs. Below we present two vignettes from the transcripts, firstly, to show how the LillyPad
application was used as part of a typical task-based routine similar to how the paper-sheet was
used and secondly, where a sensemaking conversation was triggered when accessing some stats
data.
Vignette 1 In this vignette, the PDA user (PDA1) is entering measurements and comments, for a
particular tree and only ever speaks to request a confirmation of the data she is entering (lines 8,
10). The team leader (T) and the other students (S1 and S2) are standing next to the tree making
various observations and measurements.
1. T calls out the diameter measurement to the rest of the group: “0.5 is D10”
2. PDA1 inputs the measurement.
3. S2 with the stadia rod approaches the group: “Ah, look at this little guy.”
4. S1: “It’s got black spots. Pale yellow…”
5. S2 measures the tree, with PDA1 looking over his shoulder and pulling some leaves out of the
way. “90 for the height”
6. T: “Yea! It almost doubled its height”
7. S1: “That’s good”
8. PDA1: “90?”
9. T: “See that doesn’t look like…”
10. PDA1 talks over T: “90?”
11. T continues without acknowledging PDA1: “ a red… well yeah, that’s a red maple…”
12. S2 answers PDA1: “yeah”. PDA1 enters the data into the PDA.
13: T: “… it’s got fatter leaves, right?”
14. S1: “Yup.”
15. T: “Ummm… let’s see. What else are we going to say about that? There were some vines you
say?”
16. PDA1 enters this as a comment on the PDA
17. S1: “Yeah”
18. T: “Ok, that about what, 10 percent?”
19. S1: “There are some black spots and some of the leaves are real pale.”
20: T: “Yeah, I noted that.”
21: T and S1 start moving on to find the next tree. T: ”Alright, we have a Hawthorne that’s 173
that should be… right in here someplace. Yeah, you got it. Hawthorne has been found.”
22. S2 and PDA1 move to next tree, PDA1 stays put while finishing off the comment.
The vignette shows how the LillyPad application was used only for task-based functions. At the
end it reveals how the rest of the team move onto the next tree before the PDA user has completed
the data entry for the last one. This suggests that one of the reasons why the other functions were
not used is because of the amount of time required for recording the measurements for each tree.
10
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The effect is to curtail any further discussion about that tree. There were a few occasions, however,
where the team leader triggers a sensemaking conversation, by explicitly asking the PDA user to
access information or data about the tree. However, as shown in the next vignette, the team often
had to wait for the specific information to be looked up, while the PDA user completed the taskbased interactions.
Vignette 2 The vignette starts with the team leader (T) noticing a tree that previously had been
recorded as dead has re-appeared in the form of a bud (line 1). A tree appearing to grow after
being reported dead is a strange occurrence that warrants further investigation. T is excited by this
observation and sees it as an opportunity to ask the PDA user (PDA1) to look up the stats data for
that tree so they can find out more about its growth history (line 9). However, PDA1 does not heed
T’s request, but continues to enter data while asking others to confirm what he is entering (lines 3,
11, 13). It appears he is engrossed in the data entry task and does not ‘hear’ T. T persists and
repeats his request (lines 10, 12) but PDA1 continues to ignore him. Eventually, T stands up and
walks over to him, forcefully gesturing at the PDA telling PDA1 what to do (lines 17-18). At
which point, PDA1 does what is asked and brings up the stats page (19). T then reads aloud to the
rest of the team that the tree has been recorded as dead for the last five years. The other students
marvel and comment on how a tree that has been dead is now alive. PDA1 continues to be focused
on the data entry and does not join in the discussion, only asking how he should record it (24):
1. T “It’s come back! That clearly is an Ohio buckeye.”
2. S1 is crouching next to him, measuring the height of the tree against the stadia rod: “Now are
we measuring the flower top or just the stem? I think it’s about seven.”
T and S1 look over to PDA1 who is standing 2 feet away.
3. PDA1 “Seven point zero?” PDA1 starts to enter this data.
4. T: “Yeah. And you can make an estimate for the width. Could be about half.”
5. S1 stands up. “Yeah, yeah, that was what I was thinking.”
6. S1: “It is a big flower!”
7. S2 crouches down to measure the diameter of the bud using the calipers and reads off her
measurement: “Point five zero”
8. T: “We’re budding. Rejoice. The tree has resurrected.”
9. T tries to engage the students in sensemaking: “Let’s look at the statistics in there and see how
long it has been missing. Is it just one year?”
10. PDA1 continues to enter data on the PDA and does not answer T1.
11. T waits for a few seconds and then follows up his initial request by being more assertive: “That
will be the middle tab.”
12. PDA1 still does not reply, and continues to enter data. T stands up and walks over and stands
in front of him. PDA1 does not look up but asks the others to confirm the observation. “It’s
budding you say?”
13. S2: “Yes it’s budding”
14. S3 reiterates T’s original question: “So, we want to figure out when it died?”
11

To appear in: Personal and Ubiquitous Computing Journal
15. PDA1 puzzled by S3’s question “Once dead, now alive?”
16. T looks at the PDA screen and points to the data entry accept button: “Go ahead and accept
that.”
17. T: “And then look at the stats page.” T points to the tab on the screen to click on.
18: PDA1 clicks on stats tab.
19. T reads off from page: “Dead, dead, dead, dead, dead, dead, dead, dead. Our every
measurement.”
20. S2 asks for confirmation: “Wow, for five years?”
21. T: “Uh huh”.
22. S1: “What a comeback!”
23. PDA1 “Should I say dead, now alive?” (switches back to task of adding comments)
24. S1: “Planted and never to be seen for 5 years.”
The vignette reveals a workload bottleneck when using the mobile device for data entry. In this
instance, because it was such an unusual sighting, the team leader persisted in repeating several
times his request for information from the PDA user. Other times, the team leaders or students
would comment on an unusual observation but not take it any further - similar to what happened in
the previous paper-based measuring days. Hence, for the most part, sensemaking conversations
rarely occurred – only between 2-5 times per team throughout the day – suggesting that a more
fluid form of interaction is needed when using a mobile device to facilitate sensemaking activities.

4.2 Discussion
The transcripts revealed the data entry task to be demanding, making it difficult for the PDA user
to switch from task-based interactions for a particular tree to looking up other information that
could have enabled the team to move to sensemaking. Hence, LillyPad was not used in the way
intended primarily because of the high workload required to complete the task-based interactions.
A more flexible way of using the mobile application might be to provide each team with two
PDAs, where one student is given the primary role of data entry and the other the role of looking
up information and data. This would allow information to be readily looked up at a given moment
without the need to wait until data entry was completed. To determine if such a division of labor
could promote more fluid switching between task-based and sensemaking activities, it was decided
to provide two PDAs per team for the second study.
In addition, we wanted to see if the availability of a graphical form of representation showing the
stats data as trend graphs would lead to further kinds of sensemaking. Graphical representations
differ from tabular data through spatially depicting relative changes that can be perceived more
easily. We also allowed the groups to send messages to one another about what they were
observing. The aim here was to enable them to reflect more on their respective observations in
relation to the different planting methods.
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4.3 Redesigned LillyPad application
The two new functions (see Figure 5) added to LillyPad were:
(i) a graph function – providing interactive graphs to show growth trends for each tree relative to
species, location and site. This was intended to show how a particular tree was performing relative
to others in the same plot and the site at large.
(ii) a message function – providing a facility to send and receive messages between students in the
different plots. This was intended to enable the students to communicate their findings and ideas
with other teams in the different locations.
The new functions could be accessed on all the PDAs but it was assumed that the student
responsible for looking up information would be the primary user. Improvements were also made
to the usability of the existing functions provided in the other tabs [see 26].

(a)

(b)

Figure 4. The two new functions added to LillyPad: (a) graph page showing trends for a particular
tree, the species in the area and for all areas, and (b) messaging page with message templates and
free text space
A similar number, but different set, of students and volunteers took part in the second in situ study.
They were divided into teams and trained in the same way as before. The students were shown
how to use the different functions on the PDA and one was given the responsibility of data entry
and the other looking up information and sending messages.

4.4 Findings from the second study
Table 1 shows the mean pages accessed by the teams with those found in the first study. The
number of data entry pages accessed was similar but significantly greater usage of the info and
stats pages was found in the second study (t = 4.3, P<0.002 and t = 2.8, P<0.01, respectively). The
new graph pages were used on average 20 times per team but very few messages were sent
between the groups.

13
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Page Type

Study 1

Study 2

Data entry

247.5

268

Info

19

48

Stats

4.5

112

Graph

N/A

20

Messages

N/A

4

Table 1. Mean number of pages accessed using the LillyPad application across the two studies
To look in more detail at how the different functions were used during the measuring day the
videos were transcribed in the same way as the first study. Between 15-25 sensemaking
interactions were found per team, considerably more than in the first study. Moreover, the
sensemaking and task-based activities were found to be more integrated: there was more switching
between observations and measurements made in the field and accessing of pages on the mobile
device, resulting in more discussions and hypotheses generated. There was also no evidence from
the transcripts of the bottlenecks that had occurred in the first study, suggesting that having two
PDAs per team allowed for more flexible use, allowing one student to access information or data
that could lead to sensemaking activities when asked or at opportune moments.
The graph pages were used primarily to make generalizations from the live data that was being
collected relative to the measurements that had previously entered into the database. Specifically,
they were used to reason about anomalous growths or as evidence to generate hypotheses and to
refute opposing hypotheses made by other students. The PDA user responsible for information
look up was found to access them 90% of the time. The messaging facility was used primarily to
inform the others of an observation. For example, one team sent a comment to the others about
how the bindweed in their area had died. A team in another area confirmed this has happened to
theirs. But no further conversation followed locally or via the messaging facility about the
presence and affects of bindweed on tree growth across the different plots. The main reason for the
limited number of intra-team conversations appears to be that the students were too engrossed in
their ongoing activities and the PDA users, in particular, did not want to miss out on the
discussions and activities happening in their own team.
To illustrate the tight coupling between observation, task-based and sensemaking that occurred
two vignettes are presented. Similar to the first study, the sensemaking was usually triggered by an
observation of an anomaly or an unusual sighting, such as a tree appearing to be alive when
assumed dead and the subsequent looking up of data to enable hypotheses to be generated as to
why this is the case. However, in contrast to the first study, the sensemaking conversations were
found to be much longer, showing how the teams were able to move fluidly back and forth
between their observations in the restoration site and the information and data accessed via
LillyPad.
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To appear in: Personal and Ubiquitous Computing Journal

Vignette 3 In this vignette, the student holding one of the PDAs (PDA1) enters the height just
measured into the data entry page while at the same time the student holding the other PDA
(PDA2) brings up the relevant stats page. PDA2 points out to the team that the measurement just
called out is less than the previous one recorded. He then switches to the graphical representation
of the previous measurements for that tree (line 1). The team leader uses these interlinked
activities to open up the discussion (lines 2-7), asking the students if they think the cause of the
shrinking tree is species-related (i.e., common to all oaks) or environmentally-related (i.e., local to
that area). The students try to figure this out by collaboratively working through a series of
inferences. They come up with differing hypotheses based on the various graphical and numerical
representations that the PDA users access (both PDA users switch between the different
representations). They also contest each other’s suggestions using the graphs to support their
arguments. For example, PDA2 and another student (S2) conclude that the shrinking tree is caused
by a local environmental factor, namely, the reed grass smothering the oak tree preventing it from
growing. PDA1, however, refutes their hypothesis, pointing out how the reed grass is only
covering a small portion of the area they are in (23). She looks again at the graphical
representation of the growth rate of all the oak trees in the plot and concludes that it would mean
that all the trees would have to be smothered by the grass to show the same trend (25):
1. PDA1 reads a data point from the stats page and then brings up the first line graph for the tree
they are looking for.
2. T points to it and starts reading from the graph “kinda scooted around and then it got smaller
actually”
3. PDA1: “20 like” (she works out from the graph how much it shrunk)
4. PDA2 joins them and infers from looking at the data on her stats page “so for 2 years it was
kind of straight”. She then peers over at PDA1’s display and then looks back at her own and says:
‘Yeah’.
5. T: “Why would the tree get smaller actually?”
6. PDA2: “Oh I don’t have that data.”
7. T looks at the graph on PDA1’s screen and points to where on the graph it has shrunk: “See
this for plot 1?”
8. PDA2 moves away and clicks through the info pages on her PDA to find out about predation:
“Oh yes, I think it has got…some grasses over it” (Following looking up the info page she
generates a hypothesis that competition with grasses is the likely cause)
9. T: “Oh kind of grew, then stayed straight, then it actually got shorter.” Pause.
10. T: “How would a tree actually get shorter?” (Repeats same probing question.)
11. PDA2: “Predation”. (Suggests another hypothesis)
12. T: “Yep, predation. Something might have eaten the top. It turns out the oak is pretty tasty.
The <…> on top is pretty tasty for a while”
13. PDA1 switches back to data entry task. PDA1 calls to the two other students who are
measuring the diameter of the tree: “Hey what is that?”
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14. T: “Then it starts taking off and it gets back to just a little bit bigger than it was initially. And
this year it has almost doubled in size. That is quite a bit of growth all of a sudden.”
15. PDA1 looking back at the data and agrees: “Yeah”
16. S3 calls out an inaudible measurement, then returns to team.
17. PDA1 enters the data from S3. (PDA1 switches between data entry and analysis tasks)
18. T: “Is that typical for this tree? For this species? How would you check to see that?”
19. S1 says something (first time) about this but inaudible
20. T peers over PDA1 as PDA1 switches on the third line graph, showing both averages. S1 and
S2 peer over PDA2’s shoulder.
21. PDA2 spontaneously explains to them how to read the graphs: “Red is this tree and.”
22. PDA1 perks up: “So it is now above average!” He brings up second graph
23. T: “But what we are seeing is the oaks. The oaks don’t grow very fast. Does that make sense?
You know that. Takes 200 years to grow really mature compared with some of the other trees.”
24. PDA2 reads the info page and says: “Grasses, perhaps it is predation? Makes sense.”
25. PDA2 continues with a question: “So it seems like all the oaks in this area have suffered?”
26. T turns PDA2’s display towards herself to read: “So you should be seeing the graphs
getting…”
27. PDA1 disagrees with her: “But then you should be seeing them all getting much bigger?”
28. T shows with arm movements the oaks growing as they get above the reed grass: “It would be
above the reed grass now.”
29. S2 returns to team: “So they’re slow growing till they can get above it and then (waving arms
furiously) they grow?”
30. PDA1: “So what about this vine here?” (points to it covering tree).
31. T: “Yeah, that’s right. The vine maybe an issue, too.”
32. S2: “Do we need to take breast height?” (S2 returns to measuring activity.)
33. T: “The <…> is not very good and so you need to take on something that small. You got to
take” (Gestures a with thumb and finger a small hole.)
34. PDA1: “Oh I know, we also saw vines” (Selects that checklist option) “I did not have any
comments?” (PDA1 moves back to data entry)
35. PDA1 “You got reed grass, vine and”
36. PDA2: “Yeah, I got” (Repeats them)
37. Two PDA users work in tandem, checking the entries are correct for this tree.
The vignette illustrates the fluid switching between students making observations in the site and
comparing it with the information and data accessed via LillyPad. It also reveals the central role
the team leader plays in orchestrating and guiding the students’ task-related and sensemaking
activities. It shows her dovetailing between probing and explaining to the students while at the
same time encouraging them to look, themselves, at the riverbank site and reason from the two
sources of evidence (information and observations) in front of them. This form of semi-structured
guidance enables the students to learn how to move between observation and analysis, developing
and grounding their hypotheses. It is most evident in the next vignette, where the sensemaking is
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To appear in: Personal and Ubiquitous Computing Journal
initiated by a student with a PDA, and where the team leader helps her to draw her own
conclusion.
Vignette 4 In this vignette, a student (PDA2) brings up the trend graph of the tree that is currently
being measured. She is perplexed that the diameter of the tree has decreased since this should not
happen. The team leader demonstrates through gesturing with the calipers how the previous
measurement might have been obtained through someone holding the measuring tool incorrectly
(line 2). Calipers are meant to be held horizontally to the tree when measuring its diameter but if
held at an angle can make it appear smaller, resulting in an incorrect measurement. After gesturing
how this can happen the team leader points to the graph to show how it maps onto the decreasing
line graph. The student then points out that this has happened more than once and the two of them
go through the same physical gesture-line graph matching again (lines 12-17):
1. PDA2 is looking at the graph for the tree they are measuring and points out that the tree has
shrunk since last time it was measured.
2. T is using calipers to measure diameter of tree: “It’s a mistake, I come in like this and it would
be 7.5”
3. PDA2: <laughs> “what?”
4. PDA1: “Is that because someone measured it irregularly?”
5. PDA2: “Yeah. First, one person did it one year on an angle”
6. T: “Right.”
7. PDA2: “And then the previous year they did it<pause>
8. T and PDA2 <in tandem>: “They did it correctly.”
9. T: “They put it in at 90 degrees last time.”
10. PDA2: “Yeah. So that is why the tree looks like it shrunk but it really didn’t. It is how they
measured it.”
11. T: “And you can actually put that in the note, say D10 measured at 90 degree angle or D10…
Just let us know how that happened.”
12. T asks PDA1: So it didn’t shrink?”
13. PDA2: “So what I am saying, yeah well, what I mean is, it is kind of funny, because one year it
bounced back” <shows him the graph on the PDA>
14. T: “Yeah, you can see it bounced back.”
15. PDA2: “Yeah, it bounced back.”
16. T: “So back in 04 somebody came in and measured it like this” <shows with his hand the
angle> “And in the spring they measured it at 90 degrees” <gestures and points at the dip in the
graph on the PDA> “Good.”
17. PDA1: <has been writing this down as a comment on his PDA> “Do you want me to submit
that?”
18. PDA2 still looking at graph
19. T: “Yep.”
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4.5 Discussion
The qualitative analyses from the second study revealed much more sensemaking taking place than
in the first study; having two PDAs per group enabled fluid interactions and the sharing of
information that was not disruptive or distracting. Moreover, the LillyPad application was found to
be effective for accessing contextually relevant information and data that were used at opportune
moments to further reasoning and understanding. The vignettes also showed how the teams
worked in unison, appearing to switch effortlessly between task-related and sensemaking
activities.
As the day progressed the students became more competent with using the range of functions
provided by LillyPad. They decided which to use (or not) and began to take the initiative to look
up data without being asked by the team leader enabling them to make suggestions as to what was
the cause of the anomaly they were observing. By looking up and providing the information
needed at the moment that was useful for understanding why something was in a particular state
they were able to make a significant contribution to the ongoing activity. The way the PDA users
shared the information with the others was important to how the sensemaking conversations
progressed. They tended to read out aloud the information they had accessed to the others, or
showed their neighbor an image relevant to the task at hand. This then led to another member in
the team making a reasoned guess or hypothesis as to why a tree could not be located.
It was also observed how the team leaders tailored their questions in a way that the students could
answer more readily by looking up and analyzing relevant information. Hence, they, too, learnt
how to use the mobile device effectively to structure the group’s activities, enabling the students to
move between taking measurements, making observations and comparing these instances with
stored aggregate data. The success of individual team leaders in encouraging more participation
from the students, however, depends on their ability to act as a mediator as much as an instructor.
Some of the environmental scientists are more skilled at the former, drawing ideas out of the
students, while others are better at the latter, explaining what they are seeing and doing. The
mobile application provides them all with a way of probing the students, through asking them
questions they can answer by looking up the information and reading it out to the others.
There were very few instances when any of the groups reasoned about the effects that the different
planting methods were having on the growth in the restoration site. The messaging facility was
intended to enable the teams to be able to relay data to one another to start making such
generalizations but the students found it too distracting to communicate with the others while
keeping up with what was happening in their own group. Hence, this suggests that the extent of
sensemaking in situ that can be facilitated through using a mobile communication and information
tool is limited.
There was considerable variability in the sensemaking conversations; their duration and when they
occurred throughout the day. This is not surprising, given the large number of trees (between 15018
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200) that had to be measured per plot. In many ways the ratio of task to sensemaking activities
observed is akin to how science is practiced; where most observations are routine and where it is
the unusual ones that require further hypothesis testing and explanation. The role of the mobile
device in this context was to enable different kinds of sensemaking to occur that would not have
otherwise.

5. Patterns of switching
The transcripts provide intricate details of the interactions that took place. However, they do not
show an overall picture of the participant’s relative activities and sensemaking conversations when
using the PDAs. To this end, a visual coding scheme was developed that depicts each person’s
contributions as different components against a timeline. The activities are categorized in terms of
(i) task-related PDA activities (e.g., type in a comment) and task related conversations (e.g., call
out a measurement) and (ii) sensemaking PDA activities (e.g., look up the stats) and sensemaking
conversations (e.g., make a hypothesis based on the combined use of the stats and observation in
the environmental site). The empty oblongs refer to the task-related talk and the blocked ones to
the sensemaking talk. Likewise, the empty triangles refer to the use of the PDA for task-related
activities and the blocked ones refer to the sensemaking activities. A visualization that has a mix of
black and white shapes would show sensemaking activities tightly integrated with the task-based
activities; whereas one that is primarily white or black would indicate an interaction that has a task
or sensemaking focus.
Figure 5 presents the visualizations using this coding method of the four vignettes, showing quite
different patterns of interactions for each. While there is considerable talk in vignette 1 it is nearly
all task-related. There are no sensemaking activities; just a short exchange where the team leader
comments on the rate of growth (line 6) and a student agrees (line 7). In contrast, the visualization
of vignette 2 shows a period of task-based talk followed by sensemaking activities. A question
asked by the team leader leads to the students asking different versions of it themselves three
further times (lines 9, 14, 15), which the PDA user eventually provides the stats information from
the PDA for them to explain the anomaly. The two visualizations also show the varying levels of
participation across the two teams; the team leader and PDA holder do most of the talking in the
first one while the entire team participate in the short burst of sensemaking at the end in the second
one.
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Figure 5. Visualizations of the four vignettes showing team member contributions as a function of
the task and sensemaking interactions. Along the vertical axis are the team leader, PDA holder and
other students. Questions (Q) and hypotheses (O) are annotated on the visualization when they
happen in the transcript. The number refers to the same question if it is asked more than once in
the interaction. The line numbers along the horizontal axis refer to the corresponding utterance in
the vignette.
The visualizations of vignettes 3 and 4 from the second study show much richer patterns of
sensemaking taking place interspersed with task-based activities. Vignette 3 shows the information
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and data on the PDAs being used sixteen times during the sensemaking process, many of which
were in response to a question posed by the team leader. Four different questions (one twice) are
subsequently posed by the team leader (lines 5, 10, 18, 23, 26) that are followed up by PDA2, i.e.
the one responsible for looking up information. Towards the end, the other students join in and
posit three different hypotheses (lines 24, 29, 30). Five hypotheses were generated during the
interaction from three different students. A conclusion is reached (lines 29-30) and the team
resumes with the measuring task (lines 32-37). In contrast to vignette 2, this visualization shows
much of the sensemaking preceding the task-based activities. It also demonstrates the ease with
which students are able to switch between task-based and sensemaking activities when using the
PDAs to access relevant data that progressed the discussion. Moreover, while PDA2 makes most
of the contribution to the sensemaking, PDA1 also makes a contribution: he begins by recording
measurements and observations (lines 13,17), then reads out information to the rest of the team
(lines 15, 22, 27) and towards the end constructs a new hypothesis (line 30).
The visualization of vignette 4 at the bottom of the figure shows how most of the interactions and
utterances are sensemaking; a discussion takes place about the proper way to use a measuring
instrument and the consequences of not doing so. The stored data on the PDA is essential for
noticing the anomaly between the current and previous measurements (line 2), which PDA1
questions, leading to a subsequent discussion. While not as rich as the previous interaction it
shows how accessing relevant data on the PDA facilitates the switching between task and
sensemaking activities, that was integral to how the anomaly was resolved.

6. Discussion and conclusions
Our studies have shown how mobile technologies can be used to facilitate the switching between
task-based and sensemaking activities. The sensemaking activities typically took place when
something unusual was observed, such as a tree appearing to have shrunk. At such junctures the
various forms of information and data on the PDA were instrumental in helping the students
fathom out what the possible causes were, varying from suggesting environmental to speciesrelated. Hence, one of the main benefits of using mobile devices in this context is allowing
relevant information and data to be accessed that can support partially formed ideas and
understandings. Students were also able to integrate the accessed digital information with their
observations and begin to make generalisations from them. Sometimes the conversations were
short, while other times long debates followed where students used the digital information to
suggest alternative hypotheses of what they are observing.
Whether a sensemaking conversation is triggered during an ongoing task and what is covered
during it depends on a number of factors, such as how unusual an observation is, how often it has
been seen before, etc., Our research has also shown how the fluidity of interaction plays a central
role. The first study showed it to be viscous, making it difficult for the group to move between
task and sensemaking activities. The second study showed it to be more free-flowing, resulting in
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more extensive switching between task-based and sensemaking activities. The difference was
attributed to the more flexible ways the mobile device could be used both by the students and team
leader. In particular, having two devices per team allowed one person to look up information there
and then, such as answering a request from a team leader or bringing up a trend graph to explain a
seeming discrepancy, while the other to continue to enter data for what was being observed.
The students were also able to learn the value of being able to switch between using two kinds of
representation of the same data when in situ; using the single data points from the stats pages to
compare with the measurements that they had just taken and then the trend graphs to assess the
rate of growth for the past six months against the whole duration of the project, the species and the
whole site.
The design implications from our study, therefore, is that for mobile devices to be effectively used
to facilitate sensemaking depends on task demands and workload, type of information and
distribution of devices:
Task demands and workload
The cognitive demands of the ongoing task using a mobile device will affect the ability to switch
to other activities. If it involves a high workload, such as considerable data entry, then the student
with the mobile device may find it difficult to stop mid-flow to switch to another task, such as
looking up information or sending a message to another group. Students can find it distracting to
switch between tasks when using a mobile device in situ, if one or both requires intensive
concentration. Setting up a division of labor in a group can help to optimize the amount of work
each student has to do but they need to be synchronized so that the different components of the
ongoing task can remain integrated.
Type of information
Providing multiple forms of representation via the mobile device, such as numerical data and trend
graphs, can provide a powerful way of helping students integrate knowledge; allowing them to
understand their respective value and be able to move between the specifics of a single observation
to a more abstracted level of understanding. In so doing, it enables them to understand when to use
a graph versus numerical data for a given stage of analysis.
Distribution of devices
Our first study showed that one device per group made too many demands on the PDA user. The
provision of two PDAs per team, where each was given a different role when using it, was found
to be a much more effective strategy. The users spoke aloud the information accessed on the PDAs
to the others in the group. The others often viewed it by looking over the shoulder of the PDA
holder, enabling a high level of awareness in the group. This suggests an optimal number of
mobile devices per group of 4-5 students is two, where collaborative learning is a desired goal. As
cell phone costs continue to fall and they become more powerful as computing devices, there
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maybe more pressure for every student to have one. A disadvantage of adopting a one-device-perstudent approach, however, is that the students could end up working more by themselves since
there is not the same need to share and re-present the information with others as they all know
everyone has access to the same data and information. This could result in less switching and
integration of ideas and observations [26].
To conclude, our research has shown how mobile devices can be used by collaborative teams to
switch between task-based and sensemaking activities, moving between their experiences of the
physical environment and higher level ideas and abstractions, provided the workload is not too
high and the digital information can readily be shared among the team.
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