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Abstract We investigated strategies used by readers
when reading a science article with a diagram and assessed
whether semantic and spatial representations were con-
structed while reading the diagram. Seventy-one under-
graduate participants read a scientific article while tracking
their eye movements and then completed a reading com-
prehension test. Our results showed that the text-diagram
referencing strategy was commonly used. However, some
readers adopted other reading strategies, such as reading
the diagram or text first. We found all readers who had
referred to the diagram spent roughly the same amount of
time reading and performed equally well. However, some
participants who ignored the diagram performed more
poorly on questions that tested understanding of basic facts.
This result indicates that dual coding theory may be a
possible theory to explain the phenomenon. Eye movement
patterns indicated that at least some readers had extracted
semantic information of the scientific terms when first
looking at the diagram. Readers who read the scientific
terms on the diagram first tended to spend less time looking
at the same terms in the text, which they read after.
Besides, presented clear diagrams can help readers process
both semantic and spatial information, thereby facilitating
an overall understanding of the article. In addition,
although text-first and diagram-first readers spent similar
total reading time on the text and diagram parts of the
article, respectively, text-first readers had significantly less
number of saccades of text and diagram than diagram-first
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readers. This result might be explained as text-directed
reading.
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diagram reading strategies - Semantic representation -
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Introduction

In scientific articles, the use of diagrams has an important
function in supplementing textual explanations of concepts.
This has been shown by several studies conducted in the
fields of science education and psychology (Ainsworth
1999; Cook 2006; Ferk et al. 2003; Peeck 1993; Schnotz
2002; Slough and McTigue 2010; Slough et al. 2010). The
diagram content, and the form in which they are presented,
can directly affect readers’ interpretation and understand-
ing of the diagrams (Pozzer and Roth 2003; Unsworth
2001). This, in turn, facilitates a text-diagram integration
process (Mayer and Moreno 2003; Peeck 1993).

In recent years, diagrams have been used extensively
within science textbooks and other scientific publications
(Slough et al. 2010). There are many different types of dia-
grams, classified according to form and function. Among
these, analytical diagrams are most commonly used in sci-
entific articles (Roth et al. 2005; Slough et al. 2010). Slough
et al. (2010) found that 64.6 % of diagrams used in fifth- and
sixth-grade science textbooks were analytical diagrams, and
there were 66.0 % of the same diagram type contained in
eighth- and ninth-grade science textbooks. Also, 52.9 %
diagrams of scientific articles were analytical. Analytical
diagrams can be used to represent the part-whole relationship
within the structure of an object (Kress and van Leeuwen
1996), for example, the internal structure of a cell comprises
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the nucleus, cell membrane, etc. From the view of form, this
type of diagram shows the name of the individual components
of an object and their respective spatial location. From the
view of function, the names and locations correspond with the
semantic representation and spatial representation, respec-
tively. If a diagram contains both forms of representation, and
its explanatory message corresponds with the text, it will
effectively perform its supplementary role. Empirical studies
have also shown that this method of explanation helps readers
significantly when readers are learning scientific concepts
(Carney and Levin 2002; Mayer and Gallini 1990).

There have been an increasing number of studies using the
application of eye-tracking technologies to investigate the
cognitive processes involved in the interpretation of diagrams
(De Koning et al. 2007, 2010) and both text and diagrams (Jian
and Wu 2012; Hyonid 2010; Rayner et al. 2001). Ratwani et al.
(2008) used choropleth diagrams to explain cognitive pro-
cesses of reading diagrams. The results showed that readers
would focus their attention within specific parts of a diagram
to answer an information-specific question. However, readers
would experience two cognitive components when answering
an integration question: visual integration and cognitive
integration. Visual integration involves the formation of
visual clusters. During this process, readers’ eye movement
patterns indicate that attention is being directed to the
boundaries between different color regions. Cognitive inte-
gration, on the other hand, involves repeated comparisons
between the various color zones, with multiple inter-cluster
eye movement patterns to derive a quantitative and qualitative
explanation. Ratwani et al. (2008) also indicated that labels
placed in specific parts of a diagram play an important role
during the process of information-specific extraction. How-
ever, labels obstruct the formation of visual clusters; therefore,
these labels are not useful for answering integration questions.
This issue highlights that the use of labels on a diagram merits
further investigation.

Previous eye movement research concerned readers’ cog-
nitive processes when reading scientific articles containing
diagrams by analyzing eye movement patterns (Hannus and
Hyona 1999; Hegarty 1992; Hegarty and Just 1993; Holsa-
nova et al. 2009). This research was based on the Dual coding
theory (Paivio 1990), which postulates that humans make use
of two different systems when processing cognitive infor-
mation: verbal and pictorial. The former represents textual
information, while the latter represents visual images. When
humans first come into contact with these two types of
information, they will temporarily store the information in the
sensory buffer. The information is then transferred to short-
term memory, becoming semantic representations and spatial
representations, respectively. Through cross-reference and
linkage between the two types of representation, the cognitive
concept of the information being constructed becomes a
complete mental model.
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Empirical studies have shown that for scientific topics,
having the information presented in both text and diagram
formats leads to readers’ better understanding and mem-
ory performance compared to information that is pre-
sented either only by text or by diagrams (Hegarty and
Just 1993). In addition to studies using a visual format
(information represented by text and/or diagrams), there
have also been studies using an auditory format. Subjects
were shown a picture and given a verbal description of its
contents. The purpose was to compare single and dual
forms of representation to see whether the latter causes
different eye movement patterns and to measure its effect
on learning performance (Ozcelik et al. 2010; She and
Chen 2009).

Hegarty (1992) conducted a series of studies on the
reading of scientific articles containing diagrams using eye
tracking. In eye-tracking research, fixation duration and
saccade length are two important eye movement indicators
(Rayner 1998). Fixation duration refers to the amount of
time that a reader spends fixating his or her eyes on a
specific location before switching to another location.
Longer fixation durations indicate that a reader needs more
time to decode the information that he or she is looking at.
Saccade length refers to the distance between two succes-
sive fixations. Longer saccade lengths indicate that the
reading material is relatively easier for the reader. Under-
graduates viewed a diagram illustrating a pulley system
and were then asked to determine whether a description of
its mode of operation was accurate. Eye movement
sequences and fixation durations were the two indicators
used in this study. The results showed that the subjects’
eyes moved back and forth repeatedly between several
related and consecutive parts of the diagram and between
the text and diagram. Rereading certain areas was also
observed. The findings indicated that the subjects’ mental
activities could not concurrently simulate or process all the
details related to the pulley system diagram. A gradual,
step-by-step process was needed, whereby the various
components of the pulley system were deconstructed to
form representations for memory storage. When the effort
needed for making representations and memory storage
exceeded the cognitive load of a subject, the conceptual
representation of the sentences originally stored in working
memory would be affected. When the memory trace was
diminished, the subject would have to read the sentences
again to form a new representation. This resulted in the
back and forth eye movement patterns in areas where the
concepts of textual and diagram semantics corresponded to
each other.

Hegarty and Just (1993) adopted the premise of the
above-stated studies and carried out variations of the
experiment. The same diagram of a pulley system was used
but with a separate text describing the components of the
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pulley system and the principles of kinematics. Three dif-
ferent reading conditions were manipulated. One condition
provided a pulley system diagram only, another condition
provided a text describing how the pulley system operates,
and the other provided both text and a diagram for the
subjects. The subjects’ level of background knowledge was
also considered as an experimental variable. The findings
showed that regardless of the level of knowledge, subjects
who read both the text and diagram scored significantly
better on the comprehension test than the other two groups.
The study also found that those subjects with less knowl-
edge of mechanics suffered difficulty in building a mental
model of the pulley system. These individuals scored rel-
atively lower on the comprehension test, displayed more
eye movements transferred between the text and diagram,
and spent a majority of their total fixation duration on
examining the different parts of the diagram.

Taken together, these studies suggest a conclusion offered
by Hegarty (1992): When looking at both text and diagrams,
readers are mainly guided by the text first. Readers’ eyes
move back and forth within the textual area to integrate
information. At the end of several sentences, readers’ eyes
move to the corresponding part of the diagram to make a
cross-reference. When looking at a diagram, readers exam-
ine local information contained within each component and
decode the relationships. Next, readers inspect the relation-
ships between several components, integrate the informa-
tion, and then form a complete representation of knowledge.
This series of studies is based on eye movements regarding
how readers allocate their visual attention to different parts
of text-diagram articles and utilize sequential reading paths
to infer the cognitive processes of constructing a mechanical
kinematic representation.

Recently, Mason et al. (2013a) used an eye tracker to
investigate the effects of reading a scientific text illustrated
by either a labeled or an unlabeled picture. They asked sixth
graders to read a scientific article about air pressure. The
results revealed that those who read the text accompanied by
the labeled illustration performed better at reading compre-
hension than those in the other two conditions (only text or
text with the unlabeled illustration). It suggested that the
label on the illustration provided corresponding clues to
relevant information for the text and helped readers to use
the strategy of referencing the text and illustration. This was
supported by eye-tracking data showing that the labeled
illustration promoted more integrative processing of the
learning material, as revealed by the time spent fixating on
text segments while respecting the illustration. This is an
important study on the reading of illustrated text. However,
an unresolved question that arose from this study was in
what reading stages did this label effect on illustration that
led to semantic activation occurred? In other words, did it
occur during the initial processing stage of decoding or the

late processing stage of comprehension? This is therefore
the main motivation behind the current study.

From the aforementioned literature review, it can be seen
that the cognitive process involved in reading an article
containing diagrams is quite complex. The respective
researchers’ attempts at explaining the strategies adopted by
readers can also be subtly discerned (Hegarty 1992; Hegarty
et al. 1991; Hegarty and Just 1993; Mason et al. 2013a, b).

Reading strategies are an important topic in the field of
reading research, with several studies having been conducted
on the various strategies adopted by readers when reading
text only (Afflerbach et al. 2008; Yang 2006). However, few
studies have focused on the strategies related to reading both
text and diagrams. One example is the aforementioned
studies conducted by Hegarty and Just (1993) using
mechanics as reading materials. They found that most adult
readers adopted the text-diagram referencing strategy,
reading two or three sentences before focusing their attention
on a few relevant parts of the diagram. For advertisements
that contain both text and diagrams, research by Rayner et al.
(2001) indicates that adult readers basically look at the main
headlines before reading the detailed text, and finally, look at
the diagram displaying the product.

This series of studies describe typical text-diagram refer-
encing strategies that most readers adopt when looking at both
text and diagrams. However, this research did not include
distinguishing between the different reading strategies adop-
ted by readers. Jian and Wu (2011, 2012) attempted to cate-
gorize the strategies that readers adopted when looking at a
scientific article containing diagrams and found other reading
strategies in addition to the text-diagram referencing strategy.
Jian and Wu (201 1) asked undergraduates to read a biological
article with diagrams. They found that 60 % of the subjects
adopted the text-diagram referencing strategy directly, while
35 % looked at the diagram first before reading the text. Jian
and Wu (2012) used the same material in a follow-up study.
The majority of subjects (67 %) adopted the text-diagram
referencing strategy. However, 21 % looked at the diagram
first before reading the text, while the remaining 12 % finished
reading the text before examining the diagram. Since there are
different types of reading strategies, one of the aims of the
current study was to investigate whether the various strategies
produce different levels of reading efficiency and effective-
ness. The text-diagram referencing reading strategy represents
readers’ cognitive processes when integrating text and dia-
grams (Hannus and Hyona 1999; Hegarty and Just 1993;
Holsanova et al. 2009; Johnson and Mayer 2012). However,
the exact information from the diagram that is being integrated
with the text has not been studied, providing another aim for
the current study.

A well-designed diagram should provide two types of
information: semantic information from the text and spatial
information provided by the configuration of the components
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(Mayer 2001, 2005; Mayer and Gallini 1990). On the one
hand, text labels on a diagram may obstruct the integration of
visual clusters (Ratwani et al. 2008). On the other hand, labels
can help readers find information on a diagram that is related
to content in the text (Hegarty 1992) or facilitate compre-
hension when extracting semantic information from the dia-
gram (Mayer 1989, Mayer and Gallini 1990). Research on
repetition priming has shown that through the repetition of a
stimulus word, the amount of time needed by readers to pro-
cess the same target word later is reduced (Ledoux et al. 2007,
Liversedge et al. 2003). Since the stimulus word has triggered
information related to the target word, less cognitive resources
are needed to process the same word later. In the current study,
we wanted to find out whether such a facilitative effect hap-
pens when reading an article containing diagrams. Specifi-
cally, in situations where the semantic information has already
been processed by looking at the diagram first, we wanted to
know whether that would facilitate the processing of similar
words when reading the text afterward.

Another aspect to be studied is the spatial information that
is usually found in a diagram, which provides direction for
readers to form mental representations of the concepts being
learned. The literature has already identified that the arrows
and color of a well-designed diagram can do precisely that.
Previous studies have also shown that arrows used in a good
design should provide readers with guiding messages along
the path direction, such that readers would perform better
during the cognitive course and conclusion of the learning
process compared to other readers who were not provided
with those arrows (Heiser and Tversky 2006; Mayer 2001,
2005; Mayer and Gallini 1990). Furthermore, the effective
use of coloration can guide readers to pay attention to the
related parts of a diagram, thereby facilitating cognitive
processing (Boucheix and Lowe 2010). Through the current
study, we wanted to further investigate the effectiveness of
reading between readers using different strategies to look at
both text and diagrams at different points in time during the
reading process, as well as when different spatial messages
from the diagram were integrated into the text.

The current study had two research questions. First, we
investigate the strategies which were used by adult readers
when reading a scientific article containing an analytical
diagram, and compared information extracted by readers
using different strategies when first examining a diagram.
Second, we wanted to find out whether readers were able to
read and obtain information from both types of semantic
and spatial representations, from either representation only
or from neither while reading an analytical diagram.

Several assumptions and predictions were made for the
current study. For the first research question, based on the
observations of Jian and Wu (2011, 2012) who found adult
readers took multiple reading strategies instead limited in

@ Springer

text-diagram referencing strategy while reading a scientific
illustrated article, we predicted that the participants in this
study performed different eye movement scan path, such as
text-diagram referencing, text first, diagram first as afore-
mentioned literature observed or else reading paths.

For the second research question, we firstly assumed if
readers would be able to extract the semantic information
from the diagram, then we predicted repetition priming
occurred (Ledoux et al. 2007; Liversedge et al. 2003),
readers had already preliminarily processed the semantics
of the scientific term when looking at the diagram, which
should facilitate the identification of that same term when
subsequently reading the text. Hence, the readers who read
diagram before text reading should spend shorter reading
time when looking continuously at a scientific term of the
brain in the text for the first time than that spent by those
readers who directly read text without reading diagram. In
addition, based on the statement that diagram had an
advantage of conveying configuration of the components
(Mayer 2001, 2005; Mayer and Gallini 1990), and readers
organize and integrate verbal and pictorial representations
helps them constructing a well mental model (Mayer 2001,
2005), we predicted that readers would be able to extract
the spatial message from the diagram; hence, the time spent
by a diagram-first reader looking back and forth at the
spatial paths of the related sentences in the text should be
significantly shorter than that spent by a text-first reader. A
preliminary spatial representation should have already been
made by the diagram-first reader when looking at the dia-
gram, which would reduce the degree of dependence on the
spatial message formed through reading. Hence, the
amount of time spent looking back and forth at sentences in
the text should be correspondingly reduced. Since a text-
first reader should have to rely on the messages conveyed
by the text to form spatial representations, the reading
behavior should involve more looking back and forth
among the sentences in the text before a spatial path is
formed through the integration of several sentences.

Method
Participants

Seventy-one students recruited from the National Taiwan
Normal University in Taiwan participated in this experi-
ment. The participants majored in education, management,
arts, and social science. We excluded students who
majored in science or medicine due to having a neurosci-
ence background and having acquired knowledge relevant
to the reading materials in this study. All participants had
normal or corrected-to-normal visions.
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Fig. 1 The reading material in this study (Chinese edition)

Materials

One neuroscience article with a diagram was taken from
Scientific American (LeDoux 1994, p. 56) that had been
translated into Chinese. This article describes the pathways of
the fear response and awareness in the human brain. The text
section was 398 Chinese characters, and its content consisted
of four emotional-pathway sentences, including an inferior-
cortex pathway, a superior-cortex pathway, response path-
way, and awareness-evaluate pathway. In addition, there were
two sentences ahead of the four emotional-pathway sentences
describing a simple introduction of the article and a con-
cluding sentence. The diagram section of the article had seven
technical terms referring to the brain, which were the same as
those contained within the text section. Arrangements in the
text order were thalamus, amygdala, visual cortex, brainstem,
anterior cingulate gyrus, hippocampus, and prefrontal cortex.
The typesetting of the article was text wrapped around a
diagram, referred to as Fig. 1. One screen displayed this
article; only one page was displayed on the screen.

The reading comprehension test consisted of ten yes/no
questions. Of these questions, three were text-based questions
(e.g., Is the hippocampus involved in attention execution?),
four were pathway questions (e.g., Does information trans-
formation in the subcortical pathway of one’s brain start from
the eyes, continue to the thalamus, amygdala, and finally to
the brainstem?), and three were integrating questions (e.g.,
Does this article discuss the fear response system and neural
mechanism of danger awareness?). The article was not on
display while participants answered these questions.

Apparatus

Participants’ eye movements were recorded with an Eyelink
1,000 eye tracker. The sampling rate was 1,000 Hz. A chin
bar was used to minimize head movement. The article
composed of text and a diagram displayed on a 19-inch

monitor covering 1,024 x 768 pixels. The diagram was
about 16 x 10 cm. The text had two sections, one on the
left side of the diagram and the other under the diagram,
11 cm x 6 cm and 16 cm x 10 cm, respectively. Partici-
pants sat approximately 65 cm from the monitor. The whole
article covered 40° horizontal and 32° vertical visual angles.

Procedure

Participants were instructed to read an article and then
complete the yes/no comprehension questions. There was
no time limit for the reading procedure, following previous
studies on reading (Hegarty and Just 1993; Jian and Wu
2012), in order to provide a natural reading condition.
Therefore, participants set their own reading speed. After
eye movement calibration and verification, participants
were asked to read a practice article and respond to a
couple comprehension questions. Subsequently, the formal
experiment was executed. The ten comprehension ques-
tions were displayed one at a time, and the time taken for
participants to respond to each question was recorded. Eye
movements for reading the article and response time for
each comprehension question were recorded at the same
time. The experiment lasted for approximately 20-30 min.

Data Selection and Scoring Criterion

Six participants’ eye movement data were excluded due to
apparent drift. These participants’ fixations were almost
entirely located in the upper (or lower) part of the screen
(blank space); however, the experimental material in this
study was displayed in the center of the monitor. In eye-
tracking experiments, a crucial first step is to confirm that
participants’ eye fixations were not apparent drift to ensure
that the locations a reader looked at were recorded exactly.
Sixty-five participants provided adequate samples. As in
previous eye movement research (Andrews et al. 2004; Jian
et al. 2013), any fixations shorter than 100 ms were excluded,
which included approximately 3 % of all fixations (Fig. 2).
According to Jian and Wu (2012), we created three
groups based on reading behavior while reading the article.
One was the text-diagram referencing group. Here, readers
go back and forth between the text and diagram sections.
Another is referred to as the diagram-first group. Here,
readers read the diagram section of the article for a while
and then read the text section of the same article. The final
group is referred to as the text-first group. Here, readers
read the text section of the article for a while and then
referred to the diagram. We used two graduate students as
raters to judge participants’ eye movements belonging to
which group, independently, according to the above three
judgment criteria. If the judgment results were inconsistent
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Fig. 2 Four reading types: the left-upper was text-diagram referencing type, the right-upper was diagram-fist type, the left-lower was text-first
type, and the right-lower was text-only type. The circles with numbers indicates readers’ reading sequences

for the two raters, a discussion was conducted until a
consensus was reached. If a controversy still existed, then
the raters conferred with the experimenter.

Results

Eye Movements and Comprehension for the Four
Reading Types

Two raters who were blind to the purpose of this study
were invited to rate each participant’s reading pattern.
They independently examined each participant’s eye
movements. Before making judgments, the raters trained
by practicing on eye movement patterns obtained in the
pilot study. Disagreements were resolved by discussion
until a consensus was reached.

In addition to the three reading patterns classified above,
there were two other reading patterns. One was merely
reading the text section but not the diagram section, and the
other could not be classified as a specific reading type. These
five reading types are (1) text-diagram referencing: partici-
pants initially read a few sentences and then referred to the
diagram. There were many reference behaviors between the
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text and diagram. (2) Diagram-first: participants read the
diagram section or one (or two) sentences prior to the first
proper noun, “thalamus,” and then transferred their fixations
to the diagram section. Finally, these participants went back
to the text section to refer to the relevant information
between the text and diagram. Results showed that these
participants’ total fixation durations ranged from 3.78 to
18.84 s during initial processing of the diagram. (3) Text-
first: participants almost wholly read the text section and
then began to read the diagram section. (4) Text-only: par-
ticipants only read the text section and did not refer to the
diagram section. (5) Others: the reading patterns could not
be classified into any of the above four reading groups.
Results showed that 23 participants belonged to the text-
diagram referencing group, nine participants belonged to the
diagram-first group, 24 participants belonged to the text-first
group, seven participants belonged to the text-only group,
and two participants belonged to the others group. The inter-
rater reliability was 1.

Accuracy and reaction times on the comprehension test
for the four reading groups are shown in Table 1. Results
showed that there were significant differences among com-
prehension question types for the four reading groups,
F (3,59) = 3.64,p = .018, 172 = .16. Post hoc comparisons
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Table 1 Accuracy and reaction time of the comprehension test

Text-diagram referencing Diagram-first Text-first Text-only

readers (23) readers (9) readers (24) readers (7)

M (SD) M (SD) M (SD) M (SD)
All questions (%) 76 (16) 77 (20) 69 (17) 60 (16)
Text-based questions (%) 75 (27) 85 (18) 74 (29) 43 (25)
Pathway questions (%) 75 (26) 72 (29) 63 (23) 61 (24)
Integrating questions (%) 77 (25) 74 (22) 74 (31) 76 (16)
Reaction time (s) 10.06 (3.01) 10.37 (3.30) 8.57 (4.37) 6.00 (0.87)

revealed that the diagram-first group (85 %) was more
accurate on text-based questions than the text-only group
(43 %). Participants in the text-diagram referencing (75 %)
and text-first (74 %) groups were also more accurate on the
text-based questions than were text-only participants.
However, participants did not differ on accuracy for the
pathway and integrating questions, ps > .10. As for reaction
time, participants in the four reading groups differed
significantly, F (3, 59) = 2.97, p = .039, 5> = .13. Post hoc
comparisons revealed that participants in the text-diagram
referencing (10.06 s), diagram-first (10.37 s), and text-first
groups (8.57 s) had significantly longer reaction times than
the text-only group (6.00 s).

Participants’ eye movements for the four reading groups
are shown in Table 2. First, we considered the whole
article as an area of interest (AOI). There were significant
differences in total fixation durations for participants
within the four reading groups, F (3, 59) = 2.83, p = .046,
n* = .13. Post hoc comparisons revealed that participants
in the text-diagram referencing (126.03 s) group had longer
total fixation durations than participants in the text-only
(67.56 s) group. However, on measures of mean single
fixation duration and mean saccade length, there were no
significant differences between groups, ps > .10.

We next used the diagram section as an AOI. According
to the classified criteria for the text-only group, the text-
only group indeed did not read the diagram. In addition,
there were no significant differences in total fixation
durations on the diagram and reading time ratio of the
diagram for participants in the text-diagram referencing,
diagram-first, and text-first groups, ps > .10. When using
the text section as an AOI, participants in the text-only
group spent all of their time reading the text section. Thus,
the total fixation duration ratio of the text section was
significantly higher for this group than the other three
reading groups, F' (3, 59) = 21.08, p < .001, 112 =.52.In
addition, participants in the text-first group had a higher
total fixation duration ratio for the text section than did
participants in the diagram-first group (80 vs. 71 %).

As for total fixation durations on the text AOI, there
were no significant differences between the four reading
groups, p > .10. As for the number of saccades between

the text and diagram AOIs, there were significant differ-
ences between the four reading groups F (3, 59) = 8.24,
p <.001, #* = .30. Post hoc comparisons revealed that
participants in the text-diagram referencing group (15.52
numbers of times) had more saccades between the text and
diagram AOIs than did participants in the text-first (6.75
numbers of times) and text-only (0.00 number of times)
groups. Participants in the diagram-first group (14.78
numbers of times) also had more saccades between the text
and diagram AOIs than did participants in the text-only
group.

The experimenter wondered whether the text-only par-
ticipants took the task seriously. However, the raters
observed that these participants read the whole article
without skipping any sentences; a few participants even
read the article several times. Moreover, text-only partici-
pants did not differ significantly from the other three
reading groups in terms total fixation durations, saccade
length, and total fixation durations on the text section.
Therefore, the different reading patterns might be due to
different reading styles or strategies instead of the text-only
participants not taking the task seriously.

Detailed Eye Movements for the Participants
in the Diagram-First and Text-First Groups

We analyzed eye movements for participants in the dia-
gram-first and text-first groups toward the technical brain
words in the text (named “technical words AOIs”) to
assess whether readers were able to construct the semantic
representation from the diagram section. Then, we took the
brain-pathway sentences in the text (named “pathway
sentences AOIs™) to examine whether readers were able to
construct the pathway-representation from the diagram
section.

If there was no fixation within a specific analysis area, then
this area was not taken into account during calculation but
regarded as missing data. Therefore, the degrees of freedom
for seven technical brain words may not be the same.

Results showed that while reading the seven technical
words AOls, the two reading-type participants did not differ
significantly in terms of mean total fixation duration, first
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Table 2 Means for eye movement measures for participants of four reading types

Text-diagram referencing
readers (23)
M (SD)

Diagram-first
readers (9)
M (SD)

Text-first
readers (24)
M (SD)

Text-only
readers (7)
M (SD)

Article

Total fixation duration (s)

Single fixation duration (ms)

Single saccade length (visual angle)
Diagram section

Total fixation duration (s)

Total fixation duration ratio of the diagram (%)
Text section

Total fixation duration (s)

Total fixation duration ratio of the text (%)
Reference of text and diagram

The number of saccades between text and diagram

106.59 (40.29)
222.65 (19.98)
3.64 (0.63)

22.49 (9.94)
21 (5)

84.10 (31.43)
78 (6)

15.52 (6.97)

100.87 (42.65)
228.64 (32.71)
3.32 (0.53)

30.12 (14.31)
28 (5)

70.75 (26.74)
71 (5)

14.78 (13.12)

94.95 (48.54)
237.99 (38.17)
3.40 (0.46)

18.40 (12.80)
18 (10)

76.55 (36.01)
80 (9)

6.75 (9.26)

53.16 (18.66)
214.99 (20.68)
4.10 (2.14)

0.00 (0.00)
0(0)

53.16 (13.79)
100 (2)

0.00 (0)

fixation duration, gaze duration, and rereading time,
ps > .10. For the individual technical words AOIs, the
results showed that the participants in the diagram-first group
tended to spend a shorter total fixation duration on the pre-
frontal cortex than participants in the text-first group,
1(25) = —1.69, p = .10, d = —.76. These two reading
groups did not differ significantly on total fixation duration
for the other six technical words AOIs, ps > .10. The dia-
gram-first participants spent shorter first fixation and gaze
durations on the anterior cingulate gyrus AOI than the text-
first participants, #26) = —2.12, p = .044, d = —.68;
1(26) = —2.27, p = .034, d = —.71. These two reading
groups did not differ significantly on first fixation and gaze
durations for the other six technical words AOIs, ps > .10.1In
addition, the diagram-first participants had shorter rereading
times on the thalamus AOI than the text-first participants,
1(25) = —2.26, p = .033, d = —1.17. These two reading
groups did not differ significantly on rereading times for the
other six technical words AOIs, ps > .10.

Results for the four emotional-pathway sentences AOIs
for the diagram-first and text-first participants are shown in
Table 3. These results showed that the diagram-first par-
ticipants had significantly shorter rereading times on the
superior-cortical pathway sentence AOIs than the text-first
participants, #31) = —2.45, p = .021, d = —.81. How-
ever, these two reading groups did not differ significantly
on the other three pathway sentence AOIs, ps > .10.

The above results showed no differences for most of the
pathway sentence AOIs between the diagram-first and text-
first participants. This result might be due to the fact that there
were too many common words in the text, which reduced the
effect of the technical brain words on eye movement patterns.
Therefore, we conducted another analysis, merely combining
the sentences with the technical brain words as the unit of
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Table 3 Rereading time (s) on the emotional-pathway sentences in
the text section for the participants of diagram-first and text-first
groups

Diagram-first ~ Text-first t value
readers (9) readers (24)
M (SD) M (SD)
Inferior-cortex pathway 9.99 (5.25) 9.84 (7.37) .06
Superior-cortex pathway 3.47 (2.26) 6.41 (4.60) —2.45%
Response pathway 2.55 (3.31) 2.30 (2.10) 22
Awareness-evaluate 15.57 (13.47) 13.17 (11.77) .50
pathway
*p <.05

analysis. However, the results of the eye movement patterns
were similar to the emotional brain sentences with common
words. Diagram-first participants had significantly shorter
rereading times on the superior-cortex pathway sentence AOI
than the text-first participants, #31) = —2.63, p = .013,
d = —.85, but not on the other four pathways pathway sen-
tence AOIs, ps > .10.

Discussion

There were two main findings in this study. The first was
that we found other reading strategies while reading illus-
trated texts, in addition to the text-diagram referencing
strategy commonly cited in the literature (Hegarty 1992;
Hegarty and Just 1993). The second was that we resolved
the question that arose from Mason et al. (2013a, b) study.
That is, in what reading stages does the label effect on
illustration leading to semantic activation occur? Does it
occur during the initial processing stage of decoding or the
late processing stage of comprehension? We found that it
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occurs during initial processing. A discussion of these two
findings and comparison with those of previous studies can
be found below.

Previous studies (Hegarty 1992; Hegarty and Just 1993)
made use of experimental materials related to mechanics (such
as the pulley system and the tank of a water closet) to arrive at
the conclusion that the text-diagram referencing strategy is the
main reading style used. However, our findings, and those of
Jian and Wu (2012), show that when materials related to
biology are used, a significant proportion of readers adopted
other reading strategies, including text-first and diagram-first.

The findings of these two studies differed even though
both used adult readers as participants, as well as the same
type of experimental materials (containing both text and
diagrams). One possible explanation for the discrepancy
could be the nature of the topics being read. The reading
materials used by Hegarty (1992; Hegarty and Just 1993)
were on mechanical systems, the concept of which can
only be mastered through reliance on the strength of spatial
messages. Hence, it was natural for readers to adopt a text-
diagram referencing reading strategy, through which the
spatial messages from the diagram can be transformed into
internal spatial representations. When those messages were
integrated with semantic representations of the textual
message in working memory, the interaction of the two
resulted in a dynamic representation, leading to compre-
hension of the overall mechanical system. This study and
that of Jian and Wu (2012) made use of reading materials
related to biology. Readers could extract semantic infor-
mation from the text and build a preliminary spatial rela-
tionship to a certain extent; thus, readers were relatively
less dependent on the messages provided by the labeled
diagrams. This in turn led to the text-first reading strategy
that focused entirely on the text before making references
to the labeled diagrams. A small portion of the readers did
not even refer to the labeled diagrams at all.

Besides these studies that examined adult readers, a recent
pioneering study (Mason et al. 2013b) indicated that young
readers also had different reading strategies while reading an
illustrated scientific text, and that participants’ reading
behavior were highly correlated with reading comprehension.
Eye movement data showed that the more the participants
referred to the text and diagram information, the better their
learning performance was. On the contrary, the readers who
seldom referred to the text and diagram information had worse
reading comprehension scores. The result of our study was
similar to that of Mason et al. (2013a, b), which showed that if
readers looked only at the text and ignored the diagram, their
learning performances would be worse than those who
referred to both the text and diagram frequently.

Despite the adoption of different strategies, the reading
behavior of the three groups (text-diagram referencing,
diagram-first, and text-first) all involved making references

to the labeled diagrams, even though the referencing was
performed at different time points during the reading pro-
cess. There was no significant difference between the
groups in terms of the ratio of the total time spent on
focused gazing and time spent examining the labeled dia-
grams. This indicates that diagrams play an important role
in helping readers to grasp concepts (Ainsworth 1999;
Cook 2006; Ferk et al. 2003; Peeck 1993; Schnotz 2002).

To summarize, the reading behavior of the three groups
of subjects involved examining the labeled diagrams, and
the amount of time they spent reading was generally sim-
ilar. The test performance of all three groups was equally
good, indicating that there was no difference between the
efficiency and effectiveness of the three reading strategies.
On the other hand, the group of subjects who did not look
at the labeled diagrams at all did not perform as well,
especially for questions that tested their understanding of
basic factual questions. Their performance was especially
weaker for questions that required memorization of the
related text. This was probably due to poorer memory
retention (Jian and Wu 2012).

This result provided empirical evidence that supported
dual coding theory (Paivio 1990) might be a possible theory to
explain this bad performance phenomenon. This theory con-
firmed decoding dual representation of verbal and pictorial
outperforms single representation. Another possible reason to
explain this bad performance phenomenon for the text-only
group might be that they did not take the task as serious as the
other groups. However, we did not make sure whether the
participants in the text-only group did not take the reading task
seriously, or just some readers whose reading strategies are
poor and did not refer to diagram information while reading an
illustrated text. That is to say, the text-only group in this study
might contained above two kinds of readers. Table 2 showed
that the text-only group spent averaged 53.16 s (total fixation
durations) on text reading (398 Chinese characters). Although
this averaged reading time was not as long as the other three
groups, the text-only group still spent some time (not too
short) to read the text section and their eye-fixation pattern
showed they also swept the whole text (not omitted a few
sentences) as the other groups. Besides, the text-only group
had similar saccade length as the other three groups while
reading the article. In general, the longer saccade length
indicates the reading material is easier for the reader (Rayner
1998; Jian et al. 2013). Apparently, the text-only group did not
feel the article was easier or difficult than other three groups.

Semantic Representations of Scientific Diagrams
In terms of the processing of the semantic messages related to
the seven scientific terms, there was a tendency (although not

a statistically significant one) for the diagram-first group to
spend, on average, shorter durations of time on total gazing,
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first gazes, first continuous gazes, and back and forth viewing
as compared to the text-first group. Next, a comparison was
made of the two groups’ performance for the seven scientific
terms on the text section, individually. We found that when-
ever there was a significant (or marginally significant) dif-
ference in eye movements between the two groups, it was
always consistently shorter in gaze duration for the diagram-
first group. This indicated a tendency for the diagram-first
group to process the semantic messages of the diagram first.
This also indicates that labeled diagrams facilitate semantic
information in the initial processing stage of decoding words
rather than the later processing stage of comprehension, as
demonstrated by the difference between the diagram-first
group and text-first group in the first gaze duration while
reading the text. We have resolved the question stemming
from Mason et al. (2013a, b) study.

In theory, this finding preliminary extended the repeti-
tion priming effect (Ledoux et al. 2007; Liversedge et al.
2003) to other expressing media, and specifically, repeated
semantic stimuli label on diagram also could facilitate its
meaning processing on word form. In practice, this finding
also replicated previous researches (Mayer 1989, Mayer
and Gallini 1990) confirmed labels on a diagram relating
content in text facilitate comprehension learning concept.

The lack of significant differences in the two groups’
average scores on the seven scientific terms could be due to
the subjects in the diagram-first group having used reading
strategies that were not completely identical. For example,
some of these subjects might have read all the scientific terms
on the labeled diagrams, individually, while others could have
processed only the semantic message of selected scientific
terms. Yet, others might not have processed the semantic
messages within the labeled diagrams at all. As a result, the
group’s average performance was reduced when the pro-
cessing of semantic messages was being measured. Given that
this group only had nine subjects, the statistical analysis could
be easily distorted even if a minority had variations in reading
strategies, which would lead to inconsistencies within the
group in terms of its average performance. However, in the
natural reading condition, it is reasonable to find unequal
groups that readers performed various reading types (e.g.,
diagram-first readers was nine, text-diagram referring readers
was 23). Previous research (Mason et al. 2013a, b) also found
similar results. They found that fourth-grade students varied
in performance while reading a scientific article accompanied
by a diagram, with 23 students highly integrating the text and
diagram and seven students integrating them less.

Spatial Representations of Scientific Diagrams
For the processing of spatial information, we found that

readers were able to extract this information from the
labeled diagrams, which were then used to form
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representations of the various neural pathways used to
convey messages in the brain. This conclusion confirmed
diagram has a capacity of depicting the configuration of
components (Mayer 1989; Heiser and Tversky 2006). The
supporting evidence is the significantly shorter time spent
on back and forth viewing by the diagram-first group on
sentences regarding neural pathways within the text com-
pared to the text-first group. However, the significant dif-
ference between the two groups applied only to the
superior-cortex pathway but not the other three neural
pathways. One possible reason for this result is that the
superior-cortex pathway was shown the most clearly within
the diagram. The other three neural pathways had been
revised during the preparation of the experimental material,
causing their visual presentation to be relatively less
distinctive.

To verify this possibility, we subsequently interviewed
five social science undergraduates who shared similar
backgrounds with the subjects of this study but did not take
part in the study. When asked about what information they
had seen from the labeled diagrams, most of the intervie-
wees mentioned the superior-cortex pathway. Specifically,
they were able to make the following statement: “After a
person sees a snake, the image of the snake goes from the
eyes to the hypothalamus, followed by the visual cortex.
The message is then relayed to the amygdala before being
sent to the brain stem...” Most of the interviewees did not
pick out from the labeled diagrams the way messages could
be relayed by the other three neural pathways. This indi-
cates that the effectiveness of the spatial information
conveyed by the labeled diagrams could have been affected
by varying degrees of perceptual clarity. For future studies,
researchers may wish to consider designing and using
clearly printed diagrams in order to test whether readers are
indeed able to form adequate pathway representations.

There was an interesting finding needed to be noted.
Although text-first and diagram-first readers spent similar
total reading time on the text and diagram parts of the
article, respectively, text-first readers had significantly less
the number of saccades of text and diagram than diagram-
first readers. This result might be explained by the fact that
the participants in this study were adult readers. Even
though they had less prior knowledge of brain science, they
had mature reading ability and word recognition were
automatic, so they were capable of learning new knowl-
edge by reading words to some extent (Brusnighan and
Folk 2012). Once some semantic and spatial information of
the brain-pathway article were learned, they may degrade
relying on diagram information and result in less integra-
tors of text and diagram. This text-directed reading also has
enriched empirical research (Hannus and Hyond 1999;
Hegarty and Just 1993; Jian and Wu 2012; Rayner et al.
2001).
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Research Limitations

Although there were some interesting and important findings
in this study, it still had limitations. First, this study was an
exploratory study and did not manipulate experimental vari-
able; therefore, the findings could not explain cause and effect.
Second, we adopted only an article on biology as the reading
material, so the findings about different reading strategies and
reading types might only be generalizable to reading materials
on biology. The reading strategies found in this study may not
totally account to other topic article or typesetting. Third, our
participants were undergraduate with limited brain knowl-
edge; therefore, the reading strategies and eye movements
performed in this study may generalize to adult readers with
less background knowledge but not to adolescent or children,
or adult readers with more knowledge.

There is a relative lack of research on the strategies used
for reading both text and diagrams in the literature as

compared to research that focuses purely on reading text or
looking at diagrams. This study attempted to address the
deficiency in this area. We observed that in addition to the
text-diagram referencing reading strategy, there were other
strategies used by readers when reading articles containing
diagrams. Furthermore, the role played by diagrams in the
overall understanding of an article will affect the type of
reading strategies adopted by readers. Finally, it has been
verified that there are indeed readers who concurrently
process both semantic and spatial information from dia-
grams. Thus, we can conclude that the use of clearly pre-
sented diagrams in scientific articles is important because
these help readers process both the semantic and spatial
information contained within the diagrams, thereby facili-
tating an overall understanding of the article.
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Appendix: The Reading Material in the Present Study (English Edition)

Living creatures experience fear as they face dangerous stimuli

in the environment, because this is closely linked to survival. ot
Professor LeDoux suggested that organisms® brains contain a fear
response system, and that it is a parallel processing system. When a
human sees a snake unexpectedly, this visual stimulus is first
delivered backward to the thalamus in the brain and then directly to
the amygdala. This subcortical pathway transforms more crude
information and representation, but this quick transmission allows the
brain to start responding to the possible danger. Thus, it is a fast and

vague pathway. Meanwhile, the thalamus also delivers the same visual

St materior
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image to the visual cortex and then to the amygdala. Although this

cortical pathway is more time consuming, it forms a more accurate representation of the stimulus. The information on the two

pathways converges on the amygdala, is then processed through the inner route, and finally continues to the brain stem, releasing

all types of defense responses. Besides these responses, humans can also be aware of dangerous situations and make emotional

processes according to how the amygdala can cast the received stimulus to each area of the brain cortex. This process includes

the anterior cingulate gyrus, which is involved in executive working memory, hippocampus, which is related to long term

memory, and prefrontal cortex, which is involved in attention and cognitive evaluation. Each area of the brain will transfer the

information to the amygdala. Synthesizing this information all ows an individual to make a decision for taking the next action.

@ Springer



54

J Sci Educ Technol (2015) 24:43-55

References

Afflerbach P, Pearson P, Paris SG (2008) Clarifying differences
between reading skills and reading strategies. Read Teach
61(5):364-373. doi:10.1598/RT.61.5.1

Ainsworth S (1999) The functions of multiple representations.
Comput Educ 33:131-152. doi:10.1016/S0360-1315(99)00029-9

Andrews S, Miller B, Rayner K (2004) Eye movements and
morphological segmentation of compound words: there is a
mouse in mousetrap. Eur J Cogn Psychol 16(1/2):285-311.
doi:10.1080/09541440340000123

Boucheix JM, Lowe RK (2010) An eye tracking comparison of
external pointing cues and internal continuous cues in learning
with complex animations. Learn Instr 20:123-135. doi:10.1016/
j-learninstruc.2009.02.015

Brusnighan MB, Folk JR (2012) Combining contextual and morphe-
mic cues is beneficial during incidental vocabulary acquisition:
semantic transparency in novel compound word processing.
Read Res Q 47(2):172-190. doi:10.1002/RRQ.015

Carney RN, Levin JR (2002) Pictorial illustrations still improve
students’ learning from text. Educ Psychol Rev 14(1):5-26.
doi:10.1023/A%3A1013176309260

Cook MP (2006) Visual representations in science education: the
influence of prior knowledge and cognitive load theory on
instructional design principles. Sci Educ 90:1073-1091. doi:10.
1002/sce.20164

De Koning BB, Tabbers HK, Rikers RMJP, Paas F (2007) Attention
cueing as a mean to enhance learning from an animation. Appl
Cognit Psychol 21:731-746. doi:10.1002/acp.1346

De Koning BB, Tabbers HK, Rikers RMJP, Paas F (2010) Attention
guidance in learning from a complex animation: seeing is
understanding? Learn Instr 20(2):111-122. doi:10.1016/j.learnin
struc.2009.02.010

Ferk V, Vrtacnik M, Blejec A, Gril A (2003) Students’ understanding
of molecular structure representations. Int J Sci Educ
25(10):1227-1245. doi:10.1080/095006902200003823 1

Hannus M, Hyoni J (1999) Utilization of illustrations during learning of
science textbook passages among low- and high-ability children.
Contemp Educ Psychol 24:95-123. doi:10.1006/ceps.1998.0987

Hegarty M (1992) Mental animation: Inferring motion from static
displays of mechanical systems. J Exp Psychol Learn Mem
Cognit 18:1084-1102. doi:10.1037//0278-7393.18.5.1084

Hegarty M, Just MA (1993) Constructing mental models of machines
from text and diagrams. J Mem Lang 32:717-742. doi:10.1006/
jmla.1993.1036

Hegarty M, Carpenter PA, Just MA (1991) Diagrams in the
comprehension of scientific texts. In: Barr R, Kamil ML,
Mosenthal PB, Pearson PD (eds) Handbook of reading research,
vol II. Longman, New York, pp 641-668

Heiser J, Tversky B (2006) Arrows in comprehending and producing
mechanical diagrams. Cognit Sci 30:581-592. doi:10.1207/
$15516709c0g0000_70

Holsanova J, Holmberg N, Holmqvist K (2009) Reading information
graphics: the role of spatial contiguity and dual attentional
guidance. Appl Cognit Psychol 23:1215-1226. doi:10.1002/acp.
1525

Hyona J (2010) The use of eye movements in the study of multimedia
learning. Learn Instr 20(2):172-176. doi:10.1016/j.learninstruc.
2009.02.013

Jian YC, Chen ML, Ko HW (2013) Context effects in processing of
Chinese academic words: an eye-tracking investigation. Read
Res Quart 48(4):403—413. doi:10.1002/r1q.56

Jian YC, Wu CJ (2011) Using eye tracking to investigate the function of
diagram in scientific article (in Chinese). Oral presentation at the
28th conference on Chinese Science Education, Kaohsiung, Taiwan

@ Springer

Jian YC, Wu CJ (2012) The effect of arrows in an illustration when
reading scientific text: evidence from eye movements (in
Chinese). Chinese J Psychol 54:385-402

Johnson CI, Mayer RE (2012) An eye movement analysis of the
spatial contiguity effect in multimedia learning. J Exp Psychol
Appl 18:178-191. doi:10.1037/a0026923

Kress G, van Leeuwen T (1996) Reading images: the grammar of the
visual design. Routledge, New York

LeDoux J (1994) Emotion, memory and the brain. Sci Am 270:50-57

Ledoux K, Gordon PC, Camblin CC, Swaab TY (2007) Coreference
and lexical repetition: mechanisms of discourse integration.
Mem Cognit 35(4):801-815. doi:10.3758/BF03193316

Liversedge SP, Pickering MJ, Clayes EL, Branigan HP (2003) Thematic
processing of adjuncts: evidence from an eye-tracking experiment.
Psychon Bull Rev 10(3):667—675. doi:10.3758/BF03196530

Mason L, Pluchino P, Tornatora MC, Ariasi N (2013a) An eye-
tracking study of learning from science text with concrete and
abstract illustrations. J Exp Educ 81:356-384. doi:10.1080/
00220973.2012.727885

Mason L, Tornatora MC, Pluchino P (2013b) Do fourth graders
integrated text and picture in processing and learning from an
illustrated science text? Evidence from eye-movement patterns.
Comput Educ 60:95-109. doi:10.1016/j.compedu.2012.07.011

Mayer RE (1989) Systematic thinking fostered by illustrations in
scientific text. J Educ Psychol 81:240-246. doi:10.1037/0022-
0663.81.2.240

Mayer RE (2001) Multimedia learning. Cambridge University Press,
Cambridge

Mayer RE (2005) Cognitive theory of multimedia learning. In: Mayer
RE (ed) Cambridge handbook of multimedia learning. Cam-
bridge University Press, New York, pp 31-48

Mayer RE, Gallini JK (1990) When is an illustration worth ten
thousand words? J Educ Psychol 82:715-726. doi:10.1037/0022-
0663.82.4.715

Mayer RE, Moreno R (2003) Nine ways to reduce cognitive load in
multimedia learning. Educ Psychol 38:43-52. doi:10.1207/
S15326985EP3801_6

Ozcelik E, Arslan-Ari I, Cagiltay K (2010) Why does signaling
enhance multimedia learning? Evidence from eye movements.
Comput Hum Behav 26:110-117

Paivio A (1990) Dual coding theory. In: Paivio A (ed) Mental
representations: a dual coding approach. Oxford University
Press, New York, pp 53-83

Peeck J (1993) Increasing picture effects in learning from illustrated
text. Learn Instr 3:227-238. doi:10.1016/0959-4752(93)90006-L

Pozzer LL, Roth WM (2003) Prevalence, function, and structure of
photographs in highschool biology textbooks. J Res Sci Teach
40(10):1089-1114. doi:10.1002/tea.10122

Ratwani RM, Trafton JG, Boehm-Davis DA (2008) Thinking
graphically: connecting vision and cognition during graph
comprehension. J Exp Psychol Appl 14(1):36-49. doi:10.1037/
1076-898X.14.1.36

Rayner K (1998) Eye movements in reading and information
processing: 20 years of research. Psychol Bull 124(3):372-422.
doi:10.1037/0033-2909.124.3.372

Rayner K, Rotello CM, Stewart AJ, Keir J, Duffy SA (2001)
Integrating text and pictorial information: eye movements when
looking at print advertisements. J Exp Psychol Appl 7:219-226.
doi:10.1037//1076-898X.7.3.219

Roth WM, Pozzer-Ardenghi L, Han J (2005) Critical graphicacy:
Understanding visual representation practices in school science.
Springer, Dordrecht

Schnotz W (2002) Toward an integrated view of learning from text
and visual displays. Educ Psychol Rev 14(1):101-120. doi:10.
1023/A:1013136727916


http://dx.doi.org/10.1598/RT.61.5.1
http://dx.doi.org/10.1016/S0360-1315(99)00029-9
http://dx.doi.org/10.1080/09541440340000123
http://dx.doi.org/10.1016/j.learninstruc.2009.02.015
http://dx.doi.org/10.1016/j.learninstruc.2009.02.015
http://dx.doi.org/10.1002/RRQ.015
http://dx.doi.org/10.1023/A%3A1013176309260
http://dx.doi.org/10.1002/sce.20164
http://dx.doi.org/10.1002/sce.20164
http://dx.doi.org/10.1002/acp.1346
http://dx.doi.org/10.1016/j.learninstruc.2009.02.010
http://dx.doi.org/10.1016/j.learninstruc.2009.02.010
http://dx.doi.org/10.1080/0950069022000038231
http://dx.doi.org/10.1006/ceps.1998.0987
http://dx.doi.org/10.1037//0278-7393.18.5.1084
http://dx.doi.org/10.1006/jmla.1993.1036
http://dx.doi.org/10.1006/jmla.1993.1036
http://dx.doi.org/10.1207/s15516709cog0000_70
http://dx.doi.org/10.1207/s15516709cog0000_70
http://dx.doi.org/10.1002/acp.1525
http://dx.doi.org/10.1002/acp.1525
http://dx.doi.org/10.1016/j.learninstruc.2009.02.013
http://dx.doi.org/10.1016/j.learninstruc.2009.02.013
http://dx.doi.org/10.1002/rrq.56
http://dx.doi.org/10.1037/a0026923
http://dx.doi.org/10.3758/BF03193316
http://dx.doi.org/10.3758/BF03196530
http://dx.doi.org/10.1080/00220973.2012.727885
http://dx.doi.org/10.1080/00220973.2012.727885
http://dx.doi.org/10.1016/j.compedu.2012.07.011
http://dx.doi.org/10.1037/0022-0663.81.2.240
http://dx.doi.org/10.1037/0022-0663.81.2.240
http://dx.doi.org/10.1037/0022-0663.82.4.715
http://dx.doi.org/10.1037/0022-0663.82.4.715
http://dx.doi.org/10.1207/S15326985EP3801_6
http://dx.doi.org/10.1207/S15326985EP3801_6
http://dx.doi.org/10.1016/0959-4752(93)90006-L
http://dx.doi.org/10.1002/tea.10122
http://dx.doi.org/10.1037/1076-898X.14.1.36
http://dx.doi.org/10.1037/1076-898X.14.1.36
http://dx.doi.org/10.1037/0033-2909.124.3.372
http://dx.doi.org/10.1037//1076-898X.7.3.219
http://dx.doi.org/10.1023/A:1013136727916
http://dx.doi.org/10.1023/A:1013136727916

J Sci Educ Technol (2015) 24:43-55

55

She HC, Chen YZ (2009) The impact of multimedia effect on science
learning: evidence from eye movements. Comput Educ
53:1297-1307. doi:10.1016/j.compedu.2009.06.012

Slough S, McTigue E (2010) Introduction to the integration of verbal
and visual information in science texts. Read Psychol
31(3):206-212. doi:10.1080/02702710903241397

Slough S, McTigue EM, Kim S, Jennings S (2010) Science textbook’s
use of graphical representation: a descriptive analysis of four
sixth-grade science texts. Read Psychol 31:301-325. doi:10.
1080/02702710903256502

Unsworth L (2001) Teaching multiliteracies across the curriculum:
changing contexts of text and image in classroom practice. Open
University Press, Buckingham

Yang Yu-Fen (2006) Reading strategies or comprehension monitoring
strategies? Read Psychol 27(4):313-343. doi:10.1080/0270271
0600846852

@ Springer


http://dx.doi.org/10.1016/j.compedu.2009.06.012
http://dx.doi.org/10.1080/02702710903241397
http://dx.doi.org/10.1080/02702710903256502
http://dx.doi.org/10.1080/02702710903256502
http://dx.doi.org/10.1080/02702710600846852
http://dx.doi.org/10.1080/02702710600846852

	Using Eye Tracking to Investigate Semantic and Spatial Representations of Scientific Diagrams During Text-Diagram Integration
	Abstract
	Introduction
	Method
	Participants
	Materials
	Apparatus
	Procedure
	Data Selection and Scoring Criterion

	Results
	Eye Movements and Comprehension for the Four Reading Types
	Detailed Eye Movements for the Participants in the Diagram-First and Text-First Groups


	Discussion
	Semantic Representations of Scientific Diagrams
	Spatial Representations of Scientific Diagrams
	Research Limitations

	Acknowledgments
	Appendix: The Reading Material in the Present Study (English Edition)
	References


