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Spatially-based scientific data visualizations are becoming widely available, yet they are
often not optimized for novice audiences. This study follows after an investigation of ex-
pert and novice meaning-making from scaffolded data visualizations using clinical inter-
views. Using eye-tracking and concurrent interviewing, we examined quantitative fixation
and AOI data and qualitative scan path data for two expertise groups (N = 20) on five
versions of scaffolded global ocean data visualizations. We found influences of expertise,
scaffolding, and trial. In accordance with our clinical interview findings, experts use dif-
ferent meaning-making strategies from novices, but novice performance improves with
scaffolding and guided practice, providing triangulation. Eye-tracking data also provide
insight on meaning-making and effectiveness of scaffolding that clinical interviews alone
did not.
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Introduction

Educators and neuroscientists both have been hoping
to find ways to integrate the more applied studies of edu-
cation tasks with the more basic studies of neuroscience,
with limited success to this point (Bransford, Brown, &
Cocking, 2000; Bruer, 2006; Daniel, 2012). However, for
years these two traditions have been examining tasks at
different scales (Jensen, 1998). Traditionally education
studies take place in classrooms and investigate higher-
order tasks such as reading and comprehending para-
graphs or even whole curricula, in what Jensen calls “ac-
tion research” (1998, p. 5). On the other hand neurosci-
ence studies take place in laboratories and tend to focus
on cellular-level functioning or smaller components of
tasks, such as letter recognition. Researchers are begin-
ning to integrate functional magnetic resonance imaging
and more traditional psychology tasks (Lobben, Law-
rence, & Olson, 2009; Lobben, Olson, & Huang, 2005),
studying the same task at the same level but with two
different methodologies, thus comparing the behavioral
and neural responses directly.
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Expert performance has been examined in a number
of cognitive domains, including chess (Chase & Simon,
1973; Reingold, Charness, Pomplun, & Stampe, 2001,
Sheridan & Reingold, 2014), medicine (Benner, 1982;
Gegenfurtner, Siewiorek, Lehtinen, & Saljé, 2013; Schu-
bert, Denmark, Crandall, Grome, & Pappas, 2013), map
perception (Anderson & Leinhardt, 2002; Kalyuga,
Ayres, Chandler, & Sweller, 2003; Ooms, De Maeyer, &
Fack, 2014; Ooms, De Maeyer, Fack, Van Assche, &
Witlox, 2012), scientific observation (Bransford et al.,
2000; Eberbach & Crowley, 2009; Kastens, Agrawal, &
Liben, 2009), learning (Ertmer & Newby, 1996; Jee, Ut-
tal, Spiegel, & Diamond, 2013; Walsh et al., 2011), and
physics (Chi, Feltovich, & Glaser, 1981; Elby, 2001;
Larkin, McDermott, Simon, & Simon, 1980; Rottman,
Gentner, & Goldwater, 2012; Wolf, 2012), to name just a
few. One must first understand expert task performance
and how it differs from novice performance in order to
teach novices how to solve tasks (Edelson & Gordin,
1997, 1998; Middendorf & Pace, 2004). Acquiring exper-
tise in a domain requires deliberate practice (Ericsson,
Krampe, & Tesch-Rémer, 1993) and results in different
mental representations in experts and novices (Ericsson
& Lehmann, 1996; Gauthier & Tarr, 2002).
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Eye-tracking is starting to bridge the gap between
neuroscience and education. It was originally used for
map reading in the 1970’s (Krygier & Wood, 2011;
Steinke, 1987), but was used less frequently after the
1980°s (Coltekin, Heil, Garlandini, & Fabrikant, 2009).
Recently, groups have returned to investigating eye
movements on a variety of higher-order, real-world tasks
such as map reading (Canham & Hegarty, 2010; Hegarty,
2013), data visualization interpretation (Libarkin, Clark,
& Simmon, 2010; Steffke & Libarkin, 2012, 2013), prob-
lem solving (Grant & Spivey, 2003; van Gog, 2006), real-
world scene investigation (Henderson, Brockmole,
Castelhano, & Mack, 2007), and even museum exhibit
interaction (Filippini-Fantoni, Jaebker, Bauer, & Stofer,
2013). While some of these have been validated in com-
parison to existing accepted neuroscience methodologies
(Holmquist et al., 2011), few if any studies have yet pro-
vided a direct comparison with a traditionally educational
method.

Eye-tracking in particular has been used to investigate
novice-expert differences in unconscious strategies for
map reading. Experts and others with higher prior
knowledge do show differences in humber and length of
fixations on a variety of map interpretation tasks (Can-
ham & Hegarty, 2010; Coltekin, Fabrikant, & Lacayo,
2010; Coltekin et al., 2009; Oom:s et al., 2012). However,
Hegarty (2013) calls for more empirical data to support
map and visualization design.

While several studies have explored scaffolding inter-
nal to complex graphics and visualizations and shown
various improvements with novice populations (Canham
& Hegarty, 2010; Libarkin, Thomas, & Ruetenik, 2013;
Phipps & Rowe, 2010), global satellite visualizations
without additional symbols are a novel modality for this
empirical exploration, especially with eye-tracking. Pre-
vious work has demonstrated that unchanged scientific
versions of similar global visualizations are opaque to
non-specialist visitors (Haley Goldman, Kessler, &
Danter, 2010; Phipps & Rowe, 2010; Rowe, Stofer,
Barthel, & Hunter, 2010). These visualizations are akin to
those used on spherical display platforms in public educa-
tional settings, such as the Science on a Sphere ®, de-
ployed in nearly 100 museums worldwide (National
Oceanic and Atmospheric Administration, n.d.).

Therefore, this study is part of a larger project to ex-
amine performance on a real-world task of making mean-
ing from data visualizations, using both clinical inter-
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viewing and eye-tracking to compare experts and novic-
es. Here, we use eye-tracking to determine whether ex-
perts and novices show different patterns of gaze on visu-
alizations they report understanding differently. Addi-
tionally, we wanted to determine whether scaffolding
changed the viewing patterns of either expert or novice
subjects.

Methods

This study employs a between- and within-subjects
design to balance experimental control and ecological
validity, as suggested by Coltekin et al (2009). Subjects
had previously participated in clinical interviews where
they viewed visualizations related to those in the eye-
tracking experiment here. See Stofer (2013) for full de-
scription of the clinical interviews. Ten novices and eight
experts were invited at random from the clinical inter-
view subjects to participate in the eye-tracking experi-
ment.

Novices were undergraduates at a large research uni-
versity in the U.S. Pacific Northwest in their first two
years of study who were not pursuing a natural science or
engineering major, recruited by flyers in the community.
Experts were professional researchers at the same institu-
tion who had earned a Ph.D. in oceanography and had at
least five years of experience beyond the Ph.D. Experts
were recruited by randomly sampling an alphabetical list
of the university’s oceanography department professors
who met the qualifications. No subject was color-blind.

Stimuli for the experiment were the same as in Stofer
(2013). Stimuli were 800 x 600 pixel versions of a single
global satellite data visualization with different levels of
scaffolding (Wood, Bruner, & Ross, 1976), intended to
bring the two groups closer together in meaning-making.
Five versions were created for each of three topics: Sea
Surface Temperature, Sea Surface Temperature Anoma-
ly, and Chlorophyll Concentration. Sea Surface Tempera-
ture and Chlorophyll Concentration present continuous
data while Sea Surface Temperature Anomaly represents
a diverging dataset. Scaffolds were chosen based on pre-
vious work (Phipps & Rowe, 2010; Rowe et al., 2010). In
the interview, each subject saw stimuli from two topics,
up to five versions of each.

Four types of scaffolding were applied to each of the
three topics; along with the unscaffolded (US) version, a
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total of five visualizations were shown to each subject.
Geographic scaffolding (GS), involved adding labels for
five continents and three ocean basins. Color scaffolding
(CS) meant that the six-hued “rainbow” color ramp was
changed to a continuous, single-hued, varying brightness
ramp for Sea Surface Temperature and Chlorophyll Con-
centration and a diverging, two-hued varying brightness
ramp for Sea Surface Temperature Anomaly. Title and
key scaffolding (TS) removed abbreviations and jargon
from the titles, moved the key to the left side of the image
to represent given information (Graham, 2002), and add-
ed United States customary units of measurement along-
side metric units. The fifth version was fully-scaffolded
(FS) and incorporated GS, CS and TS changes. See Ap-
pendix Figure 1 for an example of the unscaffolded and
fully-scaffolded visualizations, and Table 1 for scaffold-
ing types and versions of the visualizations.

Table 1
Scaffolding types per stimulus visualization version.

Stimulus Month of Number of Types of
Version Data Scaffolds Scaffolding
Depicted
Unscaffolded  January None None
(US)
Geographic April Single  Continent and ocean
Scaffolding basin names added
(GS)
Culturally- April Single  Continuous or diver-
relevant Col- gent color scales as
ors appropriate to the
Scaffolding topic with hues cho-
(CS) sen to match expecta-
tions.?
Title and July Single Removed abbrevia-
Measurement tions and jargon;
Unit added information
Scaffolding about time span (one
(TS) month). Added cus-
tomary measurement
units.
All Three July Fully- GS, CS,and TS
scaffolded
(FS)

Note. ? See Appendix Figure 1 for scaffolded stimuli for each
topic.

Subjects were first calibrated to the SMI-RED™ eye-
tracking system using the standard five-point calibration

with four-point validation procedure. The background of
the calibration was white and the target black, consistent
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with the white background of the stimulus visualizations.
If necessary, calibration was repeated until average devia-
tion was less than one degree of visual angle in each di-
rection, and most subjects were calibrated to less than
one-half degree.

The experimental environment is the same for all sub-
jects. Subjects were seated in front of a 22" monitor and
directed to sit as still as possible; no chin rest was used
(Duchowski, 2007). The researcher monitored the sub-
jects” movement in three dimensions with SMI Experi-
mentCenter™ RED Tracking Monitor software to ensure
they remained within the eye-tracker capture area of 60 —
80 cm from the monitor (SensoMotoric Instruments,
2012). Data was collected at 120Hz.

Each subject was presented the five versions of the
visualization for the topic that they were not shown in the
clinical interview. Ultimately, based on what subjects
were shown in the clinical interview, 3 expert and 2 nov-
ice subjects were shown the Sea Surface Temperature
stimuli, 2 experts and 6 novices saw the Sea Surface
Temperature Anomaly stimuli, and 3 experts and 2 nov-
ices saw the Chlorophyll Concentration stimuli.

Visualization versions were randomized for presenta-
tion using SMI Experiment Center™. Subjects were in-
structed that for each visualization, they would first have
10 seconds to look at the visualization without any direc-
tion, a period of “spontaneous looking” (SL) as described
by Libarkin, Clark, and Simmon (2010). After the 10
seconds, the interview questions began. Visualizations
were then presented to the subject as long as they were
answering the interview questions, with the interviewer
then advancing the stimulus manually. In between stimu-
li, subjects were presented with a noise image matched to
the brightness and contrast of the visualizations.

Interview questions were an abbreviated version of
the clinical interview in Stofer (2013). They asked the
subjects to describe 1) the main idea of the visualization,
2) the meaning of the colors, 3) the measurement unit
used, 4) the time span depicted, and 5) the season depict-
ed in the visualization. After each answer, the subject was
asked “How do you know” as an abbreviated probing
session to reveal subject meaning-making.

Analysis was both quantitative and qualitative. SL pe-
riods were followed by the concurrent interview ques-
tions, which always included the initial question about
the main idea (MI) of the stimulus. Length of total expo-
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sure to the visualization varied due to the varying length
of subject interview answers to these and subsequent
questions. Therefore, only the SL and MI periods are
analyzed here.

Quantitative Analysis

The raw data, output via SMI BeGaze™ software,
consist of the subjects’ gaze coordinates, pupil moving
direction, and duration of the gaze. Three types of re-
sponses are extracted from this raw data: fixation, which
measures the coordinated points at which subjects gazed
longer than 80 ms; duration, the length of time fixation
occurred, and scan paths, or the trace in which the eyes
travels between fixations. We chose 80 ms as the tem-
poral fixation threshold as a compromise between the text
at 60 ms (Rayner, 1998), and image at 100 ms (Manor &
Gordon, 2003), portions of the visualization. Spatial dis-
persion was 100 pixels maximum (Johansson, Holsanova,
& Holmaqvist, 2011). We only report left eye data.

For the visualizations, three areas of interest (AOI)
were drawn: the map portion with data overlay, the title,
and the key to the map including color bar and measure-
ment unit labels. Two other AOI were drawn to verify the
differences in map size and placement of the key between
the “larger” (US, CS, and GS versions) and “smaller”
maps (TS, FS) were irrelevant. On the larger maps, an
overlap AOI covering the left part of the map where the
key was placed in the smaller maps, and in the smaller
maps, a color cutout polygon was drawn to exclude por-
tions of the map that were encompassed by the key AOI.
As there were few fixations falling in the left-hand por-
tion of the map based on these two AOI, they were ex-
cluded from further analysis and the standard rectangular
AOI were considered acceptable despite the map differ-
ences. In addition, the AOI calculations included fixa-
tions that were not in the AOI themselves, namely fixa-
tions in White Space, that is, on-screen but outside the
three defined areas, and Off-screen. As these two catego-
ries also represented minimal numbers of fixations, their
analysis was discarded.

Our main independent variable of interest was exper-
tise as expert professional scientist versus novice non-
professional adult. Three additional independent variables
were investigated as potential variables of interest based
on experimental design: topic, SST, SST Anomaly, or
chlorophyll; scaffolding level, US, CS, GS, TS, FS; and
trial number to check for learning effects. We examined

DOI 10.16910/jemr.7.5.2

Thisarticleislicensed under a

Stofer, K., and Che, X. (2014)

Comparing experts and novices on scaffolded data visualizations using eye-tracking

the data using graphical tools, and checked modeling
assumptions of normality, collinearity, autocorrelation
and homoscedasticity. We used truncated linear regres-
sion to model the dependent data in spontaneous looking
stages. Multinomial logistic regression was conducted to
evaluate relative probabilities of fixation on given AOI
using the above mentioned four independent variables.

In the eye-tracking SL stage, the distribution for the
durations of fixation for all subjects had a median of 259
ms and was highly right-skewed. The right tail extended
beyond 2000 ms, but the left tail was cut at 80 ms, as
restricted by the definition of fixation. To counterbalance
this skewness, we modeled the durations using a truncat-
ed regression model (Amemiya, 1973; Hausman & Wise,
1978). The truncated regression assumed there were fixa-
tions with durations less than 80 ms, and the full data
followed a normal distribution. Since part of the duration
data was systematically missing because of their values,
the full data with all dependent and independent values
were unobserved. We chose the truncated regression
model over other types of analytical tools for skewed
data, because it did not assume the underlying distribu-
tion has the same mean and variance, as required by Pois-
son regression, and also did not assume both tail densities
converge to zero, as assumed by negative binomial re-
gression.

Since there were always more than two AOI per visu-
alizations, we assumed the percentage of fixations that
fell into a certain AOI in a visualization followed a mul-
tinomial distribution, with the summation of percentages
of all AOI equal to 1. We used the multinomial logistic
regression model to calculate the effect of each independ-
ent variable on the variability (risk) for each AOI. The
relative risk ratios (RRR) were reported along with its
standard deviation and p-values. A RRR of, for instance,
scaffolding over the AOI “Title”, can be calculated as
RRR = [A/(A+B)]/[C/(C+D)] = E, with variables A-D as
shown in Table 2.

Table 2
Relative Risk Ratio calculation.

Risk Title NOT Title
Fully-scaffolded A B
Unscaffolded C D

Note. “Risk’ in this case means chance of looking at a partic-
ular AOI in the denoted stimulus version.
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The relative risk ratio means that, if given all other
independent variables fixed, it is E-times more likely for
someone to have a fixation on the “Title” AOI for a fully-
scaffolded visualization than on the “Title” AOI for an
unscaffolded one.

In the MI stage, we studied how the subjects varied in
terms of their eye movement when asked to answer

“what is the main idea of this visualization?” concurrent-
ly with eye-tracking. All the subjects were pooled across
topics to be studied together, and then novice and expert
groups were also investigated separately. For fixations,
the same four independent variables as the SL study, ex-
pertise, topic, scaffolding level, and trial, were included
in the models. We also conducted the multinomial regres-
sion for the AOI distributions for these four variables in
the MI stage, comparing the unscaffolded visualizations
against single scaffoldings (color, geographic labels, title
and key), and unscaffolded against fully scaffolded visu-
alizations.

We checked the data against the assumptions of linear
models and all assumptions were met. Durations of fixa-
tions were approximately normally distributed with a
truncation from the left side. We believed that our data
were collected so that each subject and test trial is inde-
pendent from the others. No collinearity among explana-
tory variables was detected, and the variance of the data
exhibited homoscedasticity. Similar to the findings of
other papers (Tatler & Vincent, 2008), we discovered the
fixations exhibit a moderate degree of autocorrelation
within each trial for both SL and MI stages. This means
the duration for one fixation is associated with durations
for subsequent ones. Usually this suggests a time series
component in the model. However, since we were inter-
ested in neither time as a variable of interest nor the pro-
gression or changes of durations for a given trial, we did
not include time in our model and will study the time
series effect of durations in a future work.

Qualitative Analysis

Qualitative analysis started with production of scan
path images and heat maps for the SL condition only us-
ing SMI BeGaze™ analysis software. Due to an unequal
number of subjects viewing each topic and the small
number of subjects in general, to create these qualitative
analysis products, data from all topics was overlaid to-
gether onto the versions of Sea Surface Temperature vis-
ualizations. As the placement of individual features of the
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overall visualizations was constant across topics, includ-
ing the map itself, the title, the key, and the general geog-
raphy, we looked at patterns of eye-tracking on these
larger features. We could not, however, examine patterns
within the ocean data, where the variations in data pat-
terns in the ocean across seasons within the same topic
and across topics were presented.

Experts and novices were compared on these qualita-
tive images for the unscaffolded and fully-scaffolded
cases. As expert gaze patterns did not seem to differ be-
tween these cases, nor were they expected to, we did not
examine their unscaffolded and singly-scaffolded cases.
However, novice gaze patterns for each type of scaffold-
ing were compared to the unscaffolded case to judge im-
provement in meaning-making based on the individual
scaffolds.

Results

Results showed overall differences in fixation dura-
tion, placement, and order on these visualizations in most
cases, between experts and novices, evidenced in both
quantitative and qualitative results.

Quantitative

SL Stage. We report here first the results from the
spontaneous looking (SL) stage, followed by the main
idea (MI) stage. Within each stage, duration of fixations
was modeled in truncated regression models, and num-
bers of fixations within different AOI were fitted over
multinomial distribution, as described in the Methods
Section. Mean and median fixation duration in the SL
stage was similar for both experts (M = 329 ms, median
= 259) and novices (M = 326 ms, median 259 ms).

Among all subjects in the SL stage, only trial was a
significant explanatory variable for the durations of fixa-
tions observed (p < 0.001). Expertise, level, and topic
were not significant after accounting for the variations of
the other independent variables. When the effect of trials
was considered linearly, each additional trial on the visu-
alization will reduce the mean duration of fixations by
16.2 ms (SD 1.71 ms). The effect size of the test, which is
measured by Cohen’s f2 statistic, is 0.00341, giving a
statistical power of 0.79, a large effect (Cohen, 2013).

Across all stimuli in the SL stage, there were 2261 to-
tal fixations. The majority of fixations fell within the vis-
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ualization areas (1236 for larger map, 740 for smaller
map), and approximately 10% of fixations fell outside of
any AOI, onto white space but still on screen (226 of
2261).

We hypothesized that the fixation placement over
AOI is associated with the independent variables of not
only topic but also expertise and level of scaffolding. We
examined three AOI: Title, Key, and White Space.

The numbers of fixations for each AOIl were com-
pared in logistic regression between unscaffolded (US)

Table 3

Stofer, K., and Che, X. (2014)

Comparing experts and novices on scaffolded data visualizations using eye-tracking

and geographic scaffolding (GS), US and color scaffold-
ing (CS), US and title/ key scaffolding (TS), and finally,
US and full scaffolding (FS). Expertise did not explain
much difference. For Level and Topic as effects, the US-
GS and US-CS comparison did not yield a significant
independent variable, but for the US-TS comparison, the
different scaffolding levels were significant in explaining
the shift of fixations in Title, Key, and White Space AOI
(all p <.001). See Table 3.

Relative Risk Ratios for Areas of Interest, Unscaffolded versus Title and Full Scaffolding, All Subjects (n = 16), SL.

Title Scaffolding

Full Scaffolding

Level Topic Level Topic

AOI Coefficient RRR Coefficient RRR Coefficient RRR Coefficient RRR
(SE) (95% CI) (SE) (95% CI) (SE) (95% CI) (SE) (95% CI)

Title 0.49 (0.9) 1.63 (1.36, -0.37 0.69 (0.48, .23 (.06) 1.26 (1.12, -0.77 0.46
falede 1.95) (0.18)* 0.99) falaal 1.41) (0.21) *** (0.31,0.7)

Key 22 (.07)**  1.25(1.09, -0.46 0.63 (0.46, .16 (.04) 1.17 (1.1, -0.61 0.54
1.44) (0.16)** 0.86) faleal 1.28) (0.17)*** (0.39,0.75)
White Space .45 (.08) *** 157 (1.34, -0.2(0.16) (0.82) (0.6, .28 (.05) 1.32 (1.2, 0.03(0.15) 1.03(0.76,

1.83) 1.12) faleal 1.45) 1.39)

Note. SE = Standard Error, Cl = Confidence Interval *p < .05. **p < .01. *** p < .001.

The US-FS comparison with Level and Topic re-
vealed the most evidence of association between distribu-
tion of fixations and our independent variables. Numbers

of fixations, across all AOI, were highly associated with
US-FS scaffolding difference (all p < .001 except White
Space for Topic). See Table 4.

Table 4
Relative Risk Ratios for Areas of Interest with Expertise as Main Effect, Unscaffolded versus Scaffolded Cases, All Subjects (N = 16),
MI.
Geographic Scaffolding Color Scaffolding Title Scaffolding Full Scaffolding
AOI Coefficient RRR Coefficient RRR Coefficient RRR Coefficient RRR
(SE) (95% CI) (SE) (95% CI) (SE) (95% ClI) (SE) (95% ClI)
Title -1.31 (0.346) 0.27 -0.89 0.41 -1.2 (0.237) 0.3 -0.3(0.193) 0.74
Hkk (0.14,0.53)  (0.285) **  (0.24,0.72) Hkk (0.19,0.48) (0.51,1.08)
Key -0.13 (0.202) 0.88 -0.06 1.06 0.07 (0.22) 1.07 -0.63 0.53
(0.59,1.3) (0.183) (0.74,1.51) (0.7,1.65) (0.207) **  (0.36,0.79)
White Space -0.39 (0.249) 0.68 0.22 1.24 -0.86 (0. 2) 0.42 -0.49 .0.61
(0.41,1.1) (0.231) (0.79,1.95) Hkk (0.29,0.63)  (0.182) **  (0.43,0.88)

Note. SE = Standard Error , RRR = Relative Risk Ratio, Cl = Confidence Interval. **p < .01. *** p < .005.

Additionally, the model showed expertise was signifi-
cantly associated with fixation change on Key AOI (p <
.05).

MI Stage. There were a total of 3313 fixations in the
Main Idea (MI) stage of the study. The mean for all par-
ticipants was 41 fixations per trial with a median of 33
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fixations. For novice subjects, the mean fixation per trial
was 37 (median 30). For the expert group, the mean was
47 fixations per trial (median 44). The number of fixa-
tions was not significantly different between the two
groups (Ws (ny = 35, n, = 45) = 942.5, p = .113). Average
fixation duration for MI did vary significantly between
the expert (M = 343 ms) and the novices (M = 401 ms),
Ws (n; = 1653, n, = 1660) = 815, p =.008.

For the truncated regression of the durations of fixa-
tions among all subjects, expertise (p < .001) turned out
to be statistically significant. The expert category was
associated with a shorter duration of mean fixations (co-
efficient of estimation = 58.3 ms, SD = 13.2 ms, t = -
4.42). Due to the increased numbers of fixations, the
power of the test improved to 1.0, with a Cohen’s f2 sta-
tistic of 0.009.

AOI analysis in the MI stage yielded expertise as the
single most important variable explaining the shift of
fixations among AOI in both US-FS and US-CS/US-
GS/US-TS scaffolding comparisons. In US-FS compari-
son, expertise was significant in determining the RRR of
Key and White Space AOI (p < .01). In all three US-
Single scaffolding comparisons (US-GS, US-CS and US-
TS), expertise was significant in determining the RRR of
Title AOI (p < .01) and in determining the shift in White
Space AOI in the US-TS comparison (p < .005). See Ta-
ble 4. The increased chance of looking at white space
may reflect the conservative size of the visualization ele-
ment AOI; subjects may have been using peripheral vi-
sion rather than fixating directly on the visualization ele-
ment (Kim, Dong, Xian, Upatising, & Yi, 2012).

In summary, the quantitative differences and similari-
ties in number and duration of fixations among subject
groups (by expertise), scaffolding level, trial, and topic of
the visualizations complement and extend the interview
data from Stofer (2013). Specifically, they show what
differences exist in patterns of attention as measured by
the time spent and object of gaze when looking at the
various versions of the stimuli. Compared to novices, the
experts generally spend less time per fixation and have
more fixations per visualization when specifically asked
to answer questions about the visualizations, indicating
greater meaning-making (Holmgqvist et al., 2011), in line
with interview results (Stofer, 2013). Novices did change
their patterns of looking in some cases with increased
scaffolding or trials.
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Qualitative

Heat map images clarified differences in expert and
novice viewing of global data visualizations that were not
always evident in the quantitative data. Heat maps visual-
ize average duration of fixations on particular parts of
stimuli using a color ramp to indicate duration. While in
the SL case, there were no significant differences in dwell
time at any scaffolding level between experts and novic-
es, qualitative analysis did show qualitative differences in
the focal areas of each group. On the unscaffolded imag-
es, novices spent more time on the Western Hemisphere
of the map, specifically the northern part of the Western
Hemisphere, than did experts, who tended to look at the
entire image. See Appendix Figure 2.

However, with scaffolding, we noticed that novices
scanned more of the map, showing heat maps that began
to better resemble those of the experts, rather than con-
centrating so obviously on the quadrant containing the
United States. This was particularly evident not only in
the stimulus with geographic labels scaffolding but also
in the fully-scaffolded version, which included geograph-
ic labels. In addition, in the fully-scaffolded case, the
novices showed smaller fixations on the title than in the
unscaffolded case, indicative of better meaning-making.

Resolution of the heat maps and areas of interest did
not allow us to probe statistically whether the increased
use of the map by novices in those scaffolding cases was
due to increased use of the ocean data or simply examin-
ing the land geography more fully.

Heat map analysis of the novices’ color-scaffolded
case compared to the unscaffolded case paths was less
informative as all three topics had different data patterns
within the maps. However, the paths did indicate a
change in viewing pattern with the color scaffolding.
Whether this is in the direction of better meaning-making
cannot be determined from this small sample. Heat map
analysis of novices’ title-scaffolded case compared to the
unscaffolded case also indicated more time spent on the
title and key. Each of these deserves further study.

Scan paths in turn confirmed more subtle differences
in both expert and novice meaning-making with scaffold-
ing. Scan paths visualize fixations in order, with a circle
on the fixation point and lines tracking between fixations.
Diameter of the circle represents dwell time. In particular,
comparing the novices’ unscaffolded and geographic
scaffolded case shows that novices did use the geographic
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labels to orient themselves. Also, comparing the experts’
scan paths on the unscaffolded and title scaffolded cases
showed they tended to focus on the first part of the title.
This part of the title was consistently indicative of the
time span represented; the question of understanding time
span from the visualization was the one that most experts
struggled with in the previous clinical interview experi-
ment (Stofer, 2013).

Discussion

Our eye-tracking results show several details of the
differences between expert and novice readers of global
ocean data visualizations that were not evident from in-
terviews alone. These data serve to confirm concurrent
and previous clinical interview data, but these results also
help to explain some of the remaining mysteries of the
discrepancies in meaning-making between the groups.

First, we confirmed interview results that scaffolding
improved novice meaning-making. While the number and
duration of fixations did not show an effect of scaffolding
level in spontaneous looking trials, AOI data showed
increased probabilities of looking at the title and key in
the cases (TS and FS) when those were scaffolded, and
no change in the cases (CS and GS) where those elements
were not scaffolded. When asked about the main idea,
similar patterns in AOIl emerged, though the singly-
scaffolded cases were also significantly different. The
most significant differences were in the case of the fully-
scaffolded stimuli as expected, suggesting that more un-
derstandable elements overall support meaning-making
using all the available elements, as subjects can then ably
use multiple sources of information to make meaning.

The quantitative data did reveal expert-novice differ-
ences in the main idea stage. The difference of 58 ms
represented 15% of the average fixation duration for nov-
ices, suggesting potential for improvement in dwell time
associated with better meaning-making.

We also confirmed with qualitative scan path data that
experts and novices were looking at the visualizations
differently. We found limited use of the title and key by
novices in the SL case, in line with a pilot study on a sim-
ilar rainbow-hued global visualization (Libarkin et al.,
2010). However, that study concluded novices’ SL scan
paths covered more of the visualizations than the experts’
scan paths. This finding was opposite to the conclusions
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here for the unscaffolded scan paths, but the visualiza-
tions used by Libarkin et al. (2010) showed data both on
land and in the ocean, and in that pilot study, neither ex-
perts or novices focused much at all on any of the ocean
data. Since our visualizations were exclusively ocean
data, and we were not told what disciplinary expertise the
experts in Libarkin et al. (2010) had, those differences
may be responsible for the discrepancies between studies.
Our quantitative fixation data showing shorter fixations
by experts on the main idea meaning task are in line with
differences in these groups from other expert-novice eye-
tracking comparisons on map reading (Coltekin et al.,
2010, 2009; Ooms et al., 2012), and on expert-novice
differences in map reading in behavioral tasks (Allen,
Miller Cowan, & Power, 2006; Anderson & Leinhardt,
2002; Gilhooly, Wood, Kinnear, & Green, 1988; Kastens
et al., 2009).

Qualitative scan paths also changed for the novices in
our study for all the types of scaffolding; with each type
of scaffolding, the novices’ paths started to resemble
more closely the paths of the experts than in the unscaf-
folded case. In particular, the novices used more of the
map overall when the geographic labels were added, sug-
gesting they better oriented to the visualization and were
instead able to focus on the meaning of the data and
overall visualization. Focus maps showed novices also
making use of the geographic labels in particular. This
can be compared with the presence of task-irrelevant in-
formation proving a distraction in map reading (Canham
& Hegarty, 2010); providing information in the form of
labels allowed subjects to focus on the larger task. Focus
maps showed experts, too, made use of the title to answer
a question that many of them struggled to answer when
the titles were not scaffolded. These findings also support
the previous interview data (Stofer, 2013).

A new finding from the eye-tracking data was the ef-
fectiveness of trial on both groups. This practice effect
was not as clearly evident in the clinical interview data,
possibly due to the unequal number of trials subjects un-
derwent in that experiment; due to both time constraints
and recognition of the visualizations as the same data, not
all subjects saw all ten stimuli in the clinical interviews
(See Stofer (2013) for full details). The practice effect
does align with clinical interview findings that novices
were generally unfamiliar with these visualizations and
the interpretation task and suggest that the enculturation
of the experts and their training with similar tasks was
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responsible for at least part of their superior performance.
This effect was also concurrent with data on the im-
portance of training to expertise (Benner, 1982; Chase &
Simon, 1973; Ericsson et al., 1993).

In addition, when prompted to look at the visualiza-
tion specifically to determine the main idea, fixation
dwell times did significantly differ between the expert
and novice groups, whereas they did not differ in the
spontaneous looking condition. This suggested that the
questions themselves in the interviews could actually
shape novices’ methods of investigating the data. A dif-
ference in probability of looking at the Title AOI based
on the trial number could indicate practice effect or a
comparison with previous visualizations to understand
differences, both of which warrant further exploration.

Overall, our hypotheses regarding the effectiveness of
scaffolding were confirmed, though the influence of some
of the independent variables was revealed through differ-
ent analyses than expected. These results were in line
with conclusions from the interview portion of the exper-
iment as reported in Stofer (2013), namely, that experts
and novices made different meaning from the visualiza-
tions and novices in particular struggled with certain as-
pects of the visualizations and the tasks that experts have
been trained to understand.

Conclusions

Taken together, the quantitative fixation data, area of
interest analysis, and scan path analysis showed that ex-
perts and novices had different unconscious approaches
to viewing the stimulus visualizations in both the un-
prompted, spontaneous looking stage and the question-
prompted, main idea focused stage. While scaffolding in
spontaneous looking stage did not change fixation dwell
times, it did in fact change novice patterns of looking,
adding to the lines of evidence suggesting the effective-
ness of the scaffolding. The qualitative data also revealed
information about how the interventions were working to
improve novices’ meaning-making. Altogether, eye-
tracking provided not only triangulation of interview da-
ta, but also complementary findings that were not appar-
ent in the interview alone.

Our expert-novice comparison revealed differences in
cognitive processing by the two groups when examining
a global data visualization. The results, in accordance
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with similar findings on related but distinct map-reading
tasks warrant further investigation into the particular dif-
ferences. Specifically, the way the two groups look at the
data patterns themselves should be explored. Finally, the
results from the two groups suggest ways we can improve
the visualizations for novice users through scaffolding.

Combined with interview data from Stofer (2013), we
recommend specific internal scaffolds for these visualiza-
tions to support meaning-making by broader audiences.
In particular, those scaffolds should include those tested
here, namely geographic labels, audience-appropriate
color schemes, and jargon-free titles and measurement
units. Additional internal scaffolds and external interven-
tions may be warranted to allow further improvement.
Future investigations could examine eye-tracking on pat-
terns within the map portions of the visualizations them-
selves to investigate learning about the data depicted and
supporting skills of data interpretation such as those in
the Next Generation Science Standards (NGSS Lead
States, 2013).
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Appendix Figures

Appendix Figure 1. Appendix Figure 1. Unscaffolded
and fully-scaffolded visualizations. Left (top to bottom):
rainbow color scale versions of Sea Surface Temperature
(SST), SST Anomaly, and Chlorophyll. SST and Chloro-
phyll each show a single continuous variable; SST
Anomaly shows a diverging variable of higher-than-
average and lower-than-average scales. Right: improved
color schemes, titles and keys, and geographic labels for
the same.

Appendix Figure 2. Heat maps showing all Novice
(top left) and all Expert (bottom left) fixations in the first
10 seconds of viewing on unscaffolded visualizations
(Spontaneous Looking). On right, novice (top) and expert
(bottom) heat maps for scaffolded visualizations, SL
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Appendix Figure 1. Unscaffolded and fully-scaffolded visualizations. Left (top to bottom): rainbow color scale ver-
sions of Sea Surface Temperature (SST), SST Anomaly, and Chlorophyll. SST and Chlorophyll each show a single con-
tinuous variable; SST Anomaly shows a diverging variable of higher-than-average and lower-than-average scales.
Right: improved color schemes, titles and keys, and geographic labels for the same.
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Appendix Figure 2. Heat maps showing all Novice (top left) and all Expert (bottom left) fixations in the first 10 seconds
of viewing on unscaffolded visualizations (Spontaneous Looking). On right, novice (top) and expert (bottom) heat maps
for scaffolded visualizations, SL.
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