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Using an eye tracker to examine the effect of prior knowledge
on reading processes while reading a printed scientific text
with multiple representations
Yu-Cin Jian

Department of Educational Psychology and Counseling, National Taiwan Normal University, Taipei, Taiwan

ABSTRACT
Readers’ prior knowledge is an important factor for comprehending
scientific texts. The study used an eye tracker to examine the
reading processes of the undergraduates with high (HPK) and low
prior knowledge (LPK) while reading a long printed scientific
article. The results of measuring the eye movements offered
some interesting findings. First, HPK readers are more capable of
using multiple representations and know the importance of
scientific diagrams for reading comprehension; the results
revealed that HPK readers spent significantly longer fixation
durations on representational and statistical diagrams and had
higher percentages of transitional fixations between text and
diagrams than did LPK readers. Second, LPK readers were much
more text-driven; the total fixation durations on text was
significantly higher for the LPK readers than for the HPK readers,
and they also exhibited a tendency to read the diagram captions
rather than the diagrams after reading the text. Third, mature
readers in both groups would engage in self-regulating their
reading strategy to slow down their reading speed for processing
more important information. This study overcame technical
limitations and recorded readers’ eye movements in a real print
reading situation which may open the path to assess broader
issues in future reading research.
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Kintsch’s (1988, 2005) construction-integration (CI) model emphasises the role of
prior knowledge on reading comprehension. The CI model explains that it is insuffi-
cient for the construction of a coherent mental representation of the situation
depicted by the text but requires readers’ prior knowledge to integrate into an
effective situation model for reading texts. In support of this argument, empirical evi-
dence has confirmed the significant influence of prior knowledge on reading compre-
hension (Cromley et al., 2010; Ozuru et al., 2007) and that it is a strong indicator of
predicting reading comprehension (McCullough, 2013) even when readers’ grade level,
decoding ability, listening comprehension, and oral vocabulary are controlled (Talwar
et al., 2018).
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These above-mentioned studies have used standardised tests to assess learning out-
comes. However, it remains unclear how readers’ prior knowledge dominates the cogni-
tive attention they pay to certain information in the text such that their old and new
knowledge is integrated. Examining the possible differences in the reading processes
for high prior knowledge (HPK) and low prior knowledge (LPK) readers may help us
understand the underlying mechanism. The reading process is a latent construction
for reading comprehension, and one way to examine the reading process is by monitor-
ing readers’ eye movements. The eye movement behaviour is observed in the reading
process. Therefore, the manifestation and quality of the reading process are quantified
via eye-tracking metrics since eye trackers can provide adequate indicators that reflect
moment-to-moment cognitive processing during reading in real-time (Miller, 2015;
Rayner, 1998). Most of the research on reading and eye movements used sentences
(Chaffin et al., 2001; Juhasz & Rayner, 2003; Williams & Morris, 2004) or pure texts
(Ariasi et al., 2017; Chen & Chen, 2020; Foster et al., 2018; Jian & Ko, 2014; Jian et al.,
2013) as reading material and have identified some basic characteristics of eye move-
ments in information processing. For example, people’s eyes usually remain relatively
still during ‘fixations’ for about 200–250 milliseconds to process the information being
conveyed by words, whereas people continuously make eye movements (called ‘sac-
cades’) during reading to bring a new region of text into the fovea of eyes for detailed
analysis. The average saccade size is 7–9 English letter spaces; people regress backwards
to read the information that was previously seen while reading comprehension suffered.
The proportion of regressive saccades has been found to be about 10–15% in a reading
episode (cf., a 20-year review paper; Rayner, 1998).

Texts in science, technology, engineering, and mathematics (STEM) heavily rely on a
variety of multiple representations (e.g. words, diagrams, photos, tables) to illustrate
complex concepts (Ainsworth, 2006; Rau, 2018). Previous research has revealed that mul-
tiple representations in scientific articles do not ensure good reading comprehension for
all readers (Guo et al., 2020; Renkl & Scheiter, 2017). Examining the processes of science
reading may help explain how unsuccessful reading comprehension occurs. In the past
decade, a few studies have investigated the reading processes of illustrated scientific
text through eye tracking (Eitel, 2016; Jian, 2018, 2019, 2020; Mason et al., 2013; Scheiter
& Eitel, 2015; Schüler, 2017) and have offered some interesting findings. For example,
when reading scientific illustrated texts, readers are text-driven, regardless of whether
they are adults (Hegarty & Just, 1993; Ho et al., 2014; Jian, 2018, 2019; Tsai et al.,
2019; Yang et al., 2016) or young people (Jian, 2016, 2018; Wu et al., 2021). That is,
readers tend to focus more cognitive attention (reflected by the eye-movement indicator
of having a larger proportion of fixation durations) on the text than the diagrams during
scientific illustrated text reading. Previous research has also found that mature adult
readers are more capable of using diagrams (i.e. decode diagram information, make
references of text and diagram) to help comprehend what they are reading than are
amateur young readers (Jian, 2016). However, research that uses eye trackers to investi-
gate the effect of prior knowledge on illustrated text reading processes is scarce (Ho et al.,
2014).

In addition, all the above-mentioned studies were conducted by presenting the
reading materials on computer monitors rather than as printed material. Although the
reading process of print and digital media may share some commonalities, they might
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also involve some unique processes. For example, undoubtedly, reading is an interaction
of bottom-up and top-down processes (Kintsch, 1988, 2005; Mayer, 2005; Schnotz, 2014;
Schnotz & Bannert, 2003) regardless of whether print or digital reading conditions are
involved; however, the mental engagement and reading comprehension degree may
different between these two reading conditions (cf., a review; Singer & Alexander, 2017).

Moreover, given the limitations of screen size and eye-tracking analysis technology in
the past years, previous studies have used articles with relatively few pages (referred to as
short articles henceforth) (e.g. one page displayed on the screen) as reading materials
instead of articles with several pages (referred to as long articles), which were similar
to the reading experiences in our daily lives, particularly for scientific text reading.
With significant technical progress, these limitations have been resolved to some
extent. To increase the ecological validity, this study used a long printed scientific text
with complex multiple representations (i.e. words, photos, representational, interpreta-
tional, and statistical diagrams) as the reading material and aimed to gain a better under-
standing of how readers’ prior knowledge influences the eye-movement patterns when
reading printed material.

The role of prior knowledge according to reading theories

Reading is the process of interpreting and extracting meaningful information from text
(Kintsch, 1988, 2005; McNamara et al., 1996). Readers’ prior knowledge significantly
influences how textual meanings are interpreted. According to both general reading
comprehension theories (e.g. CI model, Kintsch, 1988, 2005; Kintsch & Van Dijk,
1978) and text-and-diagram reading theories (e.g. Cognitive Theory of Multimedia
Learning (CTML), Mayer, 2005; Integrated Model of Text and Picture Comprehension,
Schnotz & Bannert, 2003; Schnotz, 2014), prior knowledge plays a very important role in
reading comprehension.

Among general reading comprehension theories, the CI model (Kintsch, 1988, 2005)
is extremely influential in reading comprehension theory. This model states that the acti-
vation and utilisation of knowledge stored in readers’ long-term memory greatly influ-
ences reading comprehension. Specifically, it is concerned with how readers put
individual textual propositions together and construct an entirety and a coherent
mental model. Kintsch regarded the final mental model is a concept of network consist-
ing of two operation circles of ‘construction’ and ‘integration.’ Among these, construc-
tion is a bottom-up process. Readers first perform word recognition to understand
superficial textual concepts. They then organise these concepts into propositions (a prop-
osition is the smallest processing unit in textual reading) and organise several prop-
ositions to gradually enlarge the processing units of information and enrich their
knowledge network. Integration, on the other hand, is a top-down process. Readers
use prior knowledge and experience schema from the long-term memory to connect
their old knowledge and the new information being received in the present reading
moment and to regulate and integrate the old and new information to form a more com-
plete mental model of a text. In construction, multiple propositional representations,
which are relevant, irrelevant, or redundant with respect to the text will activate in the
reader’s mind. Therefore, it is necessary to limit the activated contents, which rely on
top-down integration process. This process emphasises merging relevant propositional
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representations with the main point of the text and eliminating the irrelevant and redun-
dant representations from the reader’s mind. Through this concept of ‘activation-limit-
ation,’ the CI model theorises reading as an interaction of bottom-up and top-down
processes.

Theories of multimedia learning that also strongly emphasise background knowledge
have significantly impacted reading and learning. CTML (Mayer, 2005) proposes that
text-and-diagram reading involves three cognitive processes: (1) selection of relevant
information, which occurs at the moment while readers focus their attention on
specific words and diagrams. This process brings external representations into readers’
working memory; (2) organising the selected textual (or pictorial) information into a
larger concept of textual (or pictorial) representation. This process involves encoding
external representation into internal representation; (3) integrating the organised
textual and pictorial information and readers’ prior knowledge to construct a mental
model. This process involves activating readers’ prior knowledge in the long-term
memory and bringing it into working memory for utilisation. Prior knowledge, thus,
appears to play a crucial role in effective reading comprehension.

Although all the discussed reading theories agree that reading is an interaction of
bottom-up and top-down processes, top-down processes have not received adequate
attention (Duke et al., 2004; Tarchi, 2010). The present study aims to address this
research gap.

Prior knowledge’s influence on eye movements and reading
comprehension of scientific text

In recent years, empirical research has gradually investigated the role of prior knowledge
on scientific text reading. Cromley et al. (2010) used structural equation modelling to
examine the relationships among several variables (e.g. inference, reading comprehen-
sions strategies, reading vocabulary, word reading, and prior topic knowledge) and
reading comprehension. They asked undergraduates to read scientific texts and complete
a reading comprehension test. These participants included freshmen, juniors, and seniors
who majored in biology. The results showed that readers’ prior knowledge had by far the
largest effect on comprehension; its significant direct effect was .345, and it also had
indirect effects via reading strategies and inferences, with a value of .281 for total indirect
effects. Tarchi (2010) also found that prior knowledge played a central role in reading
comprehension for middle-school students through direct influence and indirect
mediation. In another empirical study, Kohl and Finkelstein (2008) found that first-
term physics students were less skilled at using multiple representations than were
physics graduate students. The former were more likely to meander across different rep-
resentations during problem solving, with no clear purpose for their use.

Regarding the influence of prior knowledge on eye movement during scientific text
reading, interesting findings include those by Cook et al. (2008), who used an eye
tracker to investigate how HPK and LPK senior-high school students viewed and
explained diagram contents about cellular transport. The results found that HPK students
had longer fixation durations on thematically relevant contents included in the biological
diagrams. This was because they have schema of the specific knowledge and are capable of
connecting and integrating new and old knowledge to enlarge their knowledge network.
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However, LPK readers focused on the surface features (e.g. different colours) of the bio-
logical diagrams to construct their science knowledge because they relied more on a
bottom-up process, that is, reading external information provided by the learning
material, rather than the top-down process of knowledge guidance. Ho et al. (2014)
used an eye tracker to investigate how HPK and LPK undergraduate students read a
one-page scientific report on a website. This report described the relationship between
global climate change and the greenhouse effect and provided two data diagrams demon-
strating the changes in atmosphere and temperature during the last 200,000 years. The
results found thatHPK readers spent longer fixation durations andmademore regressions
on the diagrams than did LPK readers. Moreover, the HPK readers not only made more
eye transactions between textual and pictorial sections but also between the two data dia-
grams than did LPK readers. These results indicated that HPK readers were capable of
decoding and organising diagrammatic information, as well as integrating the information
provided by multiple representations for reading comprehension.

Summarising, these above-mentioned studies have clarified how HKP and LKP
readers process short scientific articles on the screen monitor (Ho et al., 2014; Jian &
Ko, 2014). However, most scientific articles for adult readers are long and contain mul-
tiple representations. Therefore, this study used an eye tracker to examine how HPK and
LPK readers read a long scientific article with multiple representations in a print reading
situation. The following research questions were formulated:

RQ1: Do HPK readers exhibit better recall and reading comprehension than LPK readers
while reading a long science article?

RQ2: Do HPK readers had different eye movements from LPK readers while reading a long
science article?

RQ3: To what extent do prior knowledge and reading material (chart types, article pages,
etc.) influence gaze behavior.

RQ4: Do HPK and LPK readers used different reading strategies (reflected by the sequences
of eye fixations) while reading the long science article?

Methods

Participants

Participantswere 49 undergraduate students recruited fromXXXUniversity.Among them,
25 participants (11 males and 14 females) who had majored in geography or earth science
had HPK of the learning material (the topic was typhoons and earthquakes). Their mean
age was 21.08 years (SD = 2.01). A total of 24 participants (10 males and 14 females) who
had majored in education, liberal arts, technology, and engineering had LPK et al. Their
mean age was 21.33 years (SD = 1.88). All the participants were native speakers of the
language used in the learning materials and had normal or correct-to-normal eyesight.

Materials

The materials consisted of a consent form, a prior knowledge test, a questionnaire on
epistemic beliefs in science, learning material, and a reading test for evaluating the
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learning outcome. The prior knowledge test consisted of 10 multiple-choice questions
measuring knowledge about basic concepts of typhoons and earthquakes. All the test
items were collected from middle-school scientific textbooks to ensure that the under-
graduate participants were familiar with these concepts. The quality and correction of
the test items were confirmed by two middle-school teachers who taught earth science
and had a master’s degrees in science. Each correct answer was awarded a score of
one, and the maximum score was ten. The questionnaire on epistemic beliefs in
science was mainly adopted from Conley et al. (2004) and Yang et al. (2016). This ques-
tionnaire contained 26 items and needed to be answered on a five-point scale ranging
from 1 (‘strongly disagree’) to 5 (‘strongly agree’). Examples include ‘Everyone needs
to believe what scientists say,’ ‘The most important thing in doing science research is
to find the unique right answer,’ and ‘Doing experiments is a good way to confirm a
scientific idea.’ Among the questionnaire items, items 1–11 were reversed and were
scored accordingly.

The learning material (see Figure 1) was a six-page science article from the magazine
Scientific American (Liu, 2009). The topic of this science article was slow earthquakes
triggered by typhoons. It consisted of text (introduction, paragraphs of subtitles 1–4);
eight diagrams (three decorative, two representative, one explanatory, and three stat-
istics); and diagram captions. The text was divided into hierarchical sections and sub-sec-
tions. The introduction paragraph introduced typhoons and earthquakes as the two main
natural disasters in Taiwan, Subtitle 1 paragraph discussed dark energy in an earthquake,
Subtitle 2 paragraph discussed the slow earthquake discovered in Taiwan, Subtitle 3 para-
graph explained how typhoons produce slow earthquakes, and Subtitle 4 paragraph
clarified that the reason was pressure changes.

The reading test on the learning material consisted of the following six essay ques-
tions: one free-recall question (‘Please recall the article content as much as possible’),
one main idea question (‘What is the main idea of this article?’), and four open-ended
questions (‘Please explain what a “Slow Earthquake” is and describe its characteristics’;
‘Please explain why the displacement velocity of eastward (the seaside) Taiwanese moun-
tains is higher than that of the west (the longitudinal valley) by about two centimetres of
the Taiwan mountains, but the number of Felt Earthquakes in the east is less than in the
western longitudinal valley’; ‘The earthquake frequency and Richter magnitude scale of
eastern Taiwan are lower than Japan, but the relative reduction of the plate is higher than
that of Japan, reaching 8 cm per year. Does this energy disappear? Please explain’; and
‘Please explain why an ordinary Seismograph cannot record slow earthquakes.’). Accord-
ing to the Model of Domain Learning (Alexander, 2004; Dinsmore & Alexander, 2016),
the recall question measured surface-level processing related to the basic encoding of
textual content, and the open-ended questions measured deep-level processing related
to a greater coordination of prior knowledge to interpret and make inferences from
text. These different questions types were first scored individually and then summed.
For writing one correct concept for each question, one point was awarded. Two indepen-
dent raters rated the scores of the reading test and discussed the inconsistent scores to
achieve consistency. The Cohen’s Kappa for the whole reading test was .87. The revisions
to the prior knowledge test and reading comprehension test were confirmed by two
middle-school teachers who taught earth science and had master’s degrees in science.

6 Y.-C. JIAN



Apparatus
Tobii Pro Glasses 2 recorded participants’ eye fixations and movement patterns
across the six-page science article. The video resolution was 1920*1080 pixels, the
sampling rate was 100 Hz, the accuracy was 0.62°, and the precision in the Tobii
Pro Glasses 2 was 0.05°. The eye tracker system was fixed to the participants’
head using a bridle. A chin bar was used to increase the recording precision of
eye fixations.

Figure 1. The learning material used from the magazine Scientific American (Liu, 2009). This figure
indicates the results of sequential analyses of eye fixations for HPK and LPK groups. Black lines indi-
cated AOIs; participants were not shown these lines. The percentages near the arrows indicate signifi-
cant transition percentages from starting areas to subsequent areas.
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Procedure

The eye-movement study was a one-by-one experiment. Participants who provided
informed consent completed the prior knowledge test and the questionnaire on epistemic
beliefs in science. They then performed a real-world reading task. First, they wore Tobii
Pro Glasses 2 for calibrating eye fixations, while seated in front of a desk with a bookshelf
with a science magazine on it. The bookshelf was used to increase the recording accuracy
of eye fixations because some readers would glimpse (instead of lowering their head to
read) at the information on the bottom of the article, causing many eye fixations to be
recorded loosely. In addition, we adjusted the light intensity to moderate instead of
too dark (which may affect reading clarity) or too bright (which may cause reflected
light to impede the data collection of eye fixations). Therefore, the gaze samples of all
the participants were above 84%, indicating that relative complete data were collected
without significant loss of eye fixation records. The measuring area of the reading
material was 42 × 27 cm, the distance between the participants’ eyes and the reading
material was 35 cm near to real reading conditions. Therefore, the viewing angle of
the reading material was 62 × 42 degrees. This viewing angle could record eye movement
data for the Tobii Pro Glasses 2; the official manual indicates that the largest viewing
angle for recording is 82 × 52 degrees both horizontally and vertically. Then, the partici-
pants were instructed to read and turn the magazine pages freely (only the six pages of the
article). There was no time limit for reading the article. Finally, they completed the
reading test without being provided with the original article and answered a question-
naire in which they could provide subjective ratings for article interestingness and
difficulty. The experimental procedure lasted approximately 50–60 min.

Data analysis

Areas of interest
To understand readers’ overall and detailed reading patterns, the areas of interests
(AOIs) (see Figure 1) of the science article were divided into large (e.g. the whole
article, texts and diagrams sections) and small units (e.g. specific paragraphs of sub-
titles in the texts and different types of diagrams and diagrams captions). The AOIs
were named based on the article structure as follows: (1) title (named Title); (2)
main body of the text, which consisted of an introduction and four paragraphs of
the subtitles (named Introduction and Subtitles 1–4). Because some paragraphs of
the subtitle crossed two pages, for example the second paragraph of the subtitle,
they were named Subtitle 2-1 and 2-2; (3) supplementary information, which con-
tained a point summary (named Summary), and three text sections on Pages 3, 4
and 5 (named Text 3, Text 4, and Text 5); (4) nine diagrams (named Pic 1 to Pic
9). Among the diagrams, pictures 1, 3, and 4 were decorative; pictures 2 and 5
were representational; pictures 6, 7, and 8 were statistical; and picture 9 was explana-
tory; and (5) diagram captions, which consisted of eight captions (named Pic 2-1 to 9-
1). Picture 1 did not have a caption.

The AOIs of all text paragraphs, diagrams, and diagram captions were not overlapping
(Please see Figure 1). In Figure 1, the smallest AOI was pic 7-1 with a 6.54 × 5.72 degrees
viewing angle, and the largest AOI was pic 1 with a 32.65 × 19.46 degrees viewing angle.
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Eye movement indicators
Several eye-movement indicators were used in this study based on previous text-and-
diagram studies (Jian, 2016, 2018, 2019; Jian & Ko, 2017; Liao et al., 2020). They
included the following: (1) total reading time, which refers to the time taken to
finish reading from the start to end, reflecting the overall difficulty degree and cogni-
tive effort required to process the reading materials; (2) total fixation duration, which
refers to the sum of all fixation durations located in the AOI of the learning material,
indicating readers’ attention and cognitive investment; (3) proportion of total fixation
durations, which is calculated as the fixation durations in specific AOIs (e.g. text,
diagram) divided by the total fixation duration for the whole article, indicating
readers’ attention distribution to specific target regions of the learning material; and
(4) number of saccades between text and diagrams, which refers to the total text-
to-diagram saccades and diagram-to-diagram saccades, indicating readers’ attempts
to refer or/and integrate the information provided by the textual and pictorial
representations.

To compare the reading sequences for both the HPK and LPK groups, a series of
sequential analysis matrix calculations (Bakeman & Gottman, 1997; Jian & Ko,
2014, 2017; Tsai & Wu, 2021) were done to analyse the sequence of eye fixations
across AOIs. For example, assume that an article was divided into four AOIs,
there would be 4 (row) × 4 (column) matrix for the eye transition numbers of all
the participants (e.g. from A-AOI to B-AOI, from A-AOI to C-AOI, A-AOI to
D-AOI). If all participants had 100 numbers of eye transitions started from A-
AOI (starting interest area), and 20 of them transferred to B-AOI (subsequent
interest area), the transition percentage of A-AOI to B-AOI would be 0.2. Then,
the expected value of the transition percentage would be calculated using the itera-
tive proportional fitting procedure (IPFP) (Pukelsheim & Simeone, 2009). This pro-
cedure is a statistical calculation, that considers the sums of rows and columns in
the matrix of eye transition numbers. The IPFP adjusts the rows and columns to
obtain a closer approximation to the sums that exactly match the targets (observed
value). This is followed by observed and expected values, and finally, the adjusted
residual Z-score values are calculated to judge their significance. A Z-value greater
than 1.96 indicated that the transfer sequence had reached the cutoff level of signifi-
cance (p < .05).

Statistical analyses were performed using the SPSS (version 23); Hedge’s g and the
bias-corrected and accelerated (BCa) bootstrap confidence intervals were derived, on R
(version 4.0.4), using the R libraries of ‘car’ (Fox & Weisberg, 2019) and ‘boot’ (Canty
& Ripley, 2021; version 1.3-28) respectively. Adjustments were made to the p-values
for multiple comparisons using Holm’s correction.

Ethics caption

Informed consent was obtained from the participants through a consent form. The
consent form described the details of the study, the way of pertaining data and anon-
ymous process. Those who wished to participate indicated their consent by signing the
form.
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Results

Demographic measurements

Participants’ prior knowledge and epistemic beliefs in science were measured as demo-
graphic data. To ensure that HPK and LPK participants indeed had distinguishing
prior knowledge of earthquakes and typhoons relevant to the learning material in
this study, a t-test was performed with prior knowledge groups as the independent
variable and the prior knowledge test as the dependent variable. Table 1 shows that
the participants were successfully selected for the two target groups and that the
HPK group’s test scores had more significance than those of the LPK group, t(47) =
7.81, p < .001, Hedge’s g = 2.20; Levene’s test, F(1,47) = 1.74, p = .19; 95% BCa CIs for
HPK [6.83, 7.74] and LPK [4.77, 5.46]. For the questionnaire measuring the epistemic
beliefs in science, no significant differences were found between the total scores of both
groups, t(47) = 1.10, p > .05, Hedge’s g = 0.31; Levene’s test, F(1,47) = .46, p = .50; 95%
BCa CIs for HPK [105.78, 111.26] and LPK [103.63, 109.197].

Reading comprehension test

To answer the first research question about the participants’ understanding on different
dimensions of reading comprehension, t-tests were conducted on total scores and the
sub-scores on free-recall, main-idea, and comprehension question types, with Welch’s
t test conducted on the comparison of free-recall question scores due to violation of
equal variance. The results are presented in Table 2. The results showed that for the
free-recall question, t(37.49) = 2.63, adjusted p = .04, Hedge’s g = 0.76; Levene’s test:
F(1, 47) = 4.78, p = .03; 95% BCa CIs for HPK [4.97, 6.95] and LPK [3.23, 4.69],
reading comprehension questions, t(47) = 2.32, adjusted p = .049, Hedge’s g = .65;
Levene’s test: F(1, 47) = 1.61, p = .21; 95% BCa CIs for HPK [4.17, 5.91] and LPK
[3.12, 4.35], and the total score of the reading comprehension test t(47) = 3.44, adjusted
p = .005, Hedge’s g = .97; Levene’s test: F(1, 47) = 1.85, p = .18; 95% BCa CIs for HPK
[11.52, 14.78] and LPK [8.31, 10.96]; the HPK group outperformed the LPK group.
However, both groups had no significant differences in the scores of the main-idea

Table 1. Means and standard deviations of demographic data for HPK and LPK readers.

Measures

HPK LPK

M SD M SD

Prior knowledge test 7.39 1.12 5.19 0.85
Epistemic beliefs in science 108.30 6.83 106.04 7.48

Table 2. Means and standard deviations of the reading test for HPK and LPK readers.

Measures

HPK LPK

M SD M SD

Free recall essay question 5.83 2.95 3.92 1.96
Main-idea essay question 2.35 0.83 1.85 0.93
Comprehension essay questions 5.09 2.23 3.81 1.60
Total scores 13.27 4.05 9.58 3.46
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questions, t(47) = 1.99, adjusted p = 0.052, Hedge’s g = .56; Levene’s test: F(1, 47) = .04, p
= .84; 95% BCa CIs for HPK [1.46, 2.15] and LPK [1.91, 2.61]. The p-values reported
above were adjusted for having conducted a family of four comparisons.

Eye movement patterns

To answer the second research question about whether the eye movements of HPK and
LPK readers are different, the results for overall eye movements for the whole article,
detailed eye movements for specific text and diagram sections, and reading sequences
are reported below.

Overall eye movements
To understand the overall article reading patterns of the HPK and LPK groups, the total
reading time of the article; total fixation duration for text, diagrams, and diagram cap-
tions; proportion of total fixation durations for text, diagrams, and diagrams captions;
and total number of saccades between relevant texts and diagrams and between irrelevant
texts and diagrams were considered as dependent variables. The results of the t-tests are
shown in Table 3.

Firstly, the HPK group appeared to spend longer total reading time for the entire
article, although the difference was marginally significant after adjustment for multiple
comparisons, t(47) = 2.54, p = .057, Hedge’s g = .72, 95% BCa CIs for HPK [1152.90,
1695.33] and LPK [807.66, 1173.25]; Levene’s test: F(1, 47) = 1.55, p = .22, and had
more total fixation durations for the diagrams than the LPK group, with a significant
mean difference shown by Welch’s t test, due to violation of equal variance, t(25.57) =
3.45, p = .01, Hedge’s g = 1.02; Levene’s test: F(1, 47) = 4.44, p = .04; 95% BCa CIs for
HPK [118.57, 223.22] and LPK [54.88, 81.17]. However, both groups showed no signifi-
cant difference in the total fixation durations for the text section and for diagram
captions, ps >. 05. Secondly, the HPK group had a significantly higher proportion of
total fixation durations for diagrams than the LPK group, as revealed by Welch’s test,
t(30.96) = 3.82, p = .004, Hedge’s g = 1.12; Levene’s test, F(1, 47) = 7.07, p = .01; 95%
BCa CIs for HPK [.12, .17] and LPK [.08, .10], but the LPK group had a significantly
higher proportion of total fixation durations for the text section than the HPK group,
t(47) =−2.93, p = .025, Hedge’s g =−0.83; Levene’s test: F(1, 47) = .35, p = .56; 95%
BCa CIs for HPK [.71, .77] and LPK [.78, .82]. There were no significant differences

Table 3. Means and standard deviations of eye-movement indicators for HPK and LPK readers.

Measures

HPK LPK

M SD M SD

Total reading time of the article (minutes) 22.83 10.68 16.18 7.53
Total fixation duration of text section (seconds) 759.32 278.44 617.97 284.24
Total fixation duration of diagram section (seconds) 151.67 113.41 66.88 34.36
Total fixation duration of diagrams’ captions (seconds) 131.86 74.16 92.45 65.10
Proportion of total fixation durations on text 0.74 0.08 0.80 0.06
Proportion of total fixation durations on diagrams 0.14 0.06 0.09 0.03
Proportion of total fixation durations on diagrams’ captions 0.12 0.04 0.11 0.05
Total saccades numbers of relevant texts and diagrams 66.90 40.19 41.96 27.65
Total saccades numbers of irrelevant texts and diagrams 6.09 3.87 5.58 5.35

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 11



between the groups’ proportion of total fixation durations for diagram captions (p > .05).
The p-values reported above were adjusted for having conducted a family of seven com-
parisons. Thirdly, the HPK group had a significantly higher total number of saccades
between relevant texts and diagrams than the LPK group, t(47) = 2.55, adjusted p
= .028, Hedge’s g = .72; Levene’s test: F(1, 47) = 1.18, p = .28; 95% BCa CIs for HPK
[4.70, 7.79] and LPK [3.90, 8.01], but there were no significant differences in the total
number of saccades between irrelevant texts and diagrams (p > .05).

Detailed eye movements
To answer the third research question about understand the differences in detailed eye
movements for the HPK and LPK groups, the total reading time of the six pages in
the article and respective total fixations durations for paragraphs of subtitles in the
text section, different types of diagrams, and different types of diagram captions were
analysed. Multivariate analyses of variance were performed with prior knowledge
(a between-subject variable) and different pages/ different paragraphs of subtitles in
the text/ different types of diagrams/ different types of diagram captions (within-
subject variables) as independent variables. Figures 2–6 show the results of each analysis.

Regarding the total reading time for the six pages, Figure 2 shows the main effects of
prior knowledge (F (1, 47) = 6.30, p < .05, ŋ2 = .12) and different pages (F (5, 235) = 29.56,
p < .001, ŋ2 = .39). An interaction effect was found between prior knowledge and different
pages (F (5, 235) = 3.49, p < .01, ŋ2 = .07). The simple main effects showed that the HPK
group spent significantly longer total reading time on Pages 3, 5 and 6 than on Pages 1, 2
and 4 (ps < .05), and the LPK group spent significantly longer total reading time on Pages
3 and 6 than on Pages 1, 2, 4, and 5 (ps < .05). Moreover, the HPK group spent signifi-
cantly longer total reading time on Page 5 than did the LPK group (t (47) = 3.21, p < .01).

Because the content property (with several statistics diagrams) of Page 5 was more
unique, a heat map (Figure 3) of this page is included to show the locations of the two
groups’ differences. The statistical values of the heat map was to sum up all the

Figure 2. Total reading time (including the durations of fixations and saccades) for each page of the
reading material for HPK and LPK readers.
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fixation durations located on a specific area for all readers, and the average fixation dur-
ations of these readers were calculated and indicated in different colours. Longer and
shorter average fixation duration on a specific area are indicated in red and green
colours, respectively. Overall, the heat map showed that the HPK readers spent longer
fixation durations on the statistics diagrams and their captions than did the LPK readers.

Regarding the total fixation durations on each character of the paragraphs (including
Introduction and Subtitles 1–4) in the text section, Figure 3 shows a main effect of
different paragraphs (F (4, 188) = 8.60, p < .001, ŋ2 = .16) but no main effect of prior
knowledge or interaction effects between prior knowledge and paragraphs (ps > .05). A
post-hoc analysis showed that participants overall spent significantly longer total
fixation durations for each character of Subtitle 3 (‘how typhoons produce slow earth-
quakes’) and 4 (‘the reason was pressure changes’) than other paragraphs (ps < .01).

Analysis for specific diagram types and diagram captions
Regarding the total fixation durations for per square centimetre of diagrams, Figure 5
shows the main effects of prior knowledge (F (1, 47) = 10.57, p < .01, ŋ2 = .18) and
diagram types (F (3, 141) = 20.81, p < .001, ŋ2 = .31); an interaction effect was found
between prior knowledge and diagram types (F (3, 141) = 5.84, p < .01, ŋ2 = .11). The
simple main effects showed that the HPK group spent significantly longer total
fixation durations on representational diagrams and statistical diagrams than on decora-
tive and explanatory ones (ps < .05). However, the LPK group spent significantly longer

Figure 3. Heat map of Page 5 consisting of text and several statistical diagrams for HPK and LPK
readers. Opaque red colour indicates the areas on which readers spent the longest total fixation dur-
ations; transparent green colour indicated the areas on which readers spent the least total fixation
durations.
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total fixation durations on representational diagrams and explanatory diagrams than on
decorative and statistical ones (ps < .05). Moreover, the HPK group spent significantly
longer fixation durations on representational (p < .05) and statistical diagrams (p
< .001) than did the LPK group.

Figure 4. Total fixation durations of the paragraphs (each character) of each subtitle in the text
section for HPK and LPK readers. The Introduction paragraph introduces typhoons and earthquakes
as the two main natural disasters in Taiwan, Subtitle 1 paragraph describes dark energy in earthquake,
Subtitle 2 paragraph introduces the slow earthquake discovered in Taiwan, Subtitle 3 paragraph intro-
duces how typhoons produce slow earthquakes, and Subtitle 4 paragraph clarifies that the reason was
pressure changes.

Figure 5. Total fixation durations of the different diagram (per cm2) types for HPK and LPK readers.
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Regarding the total fixation durations on each character of the diagram captions (four
types), Figure 6 showed a main effect of diagram captions (F (3, 141) = 10.17, p < .001, ŋ2

= .18), no main effect of prior knowledge (F (1, 47) = 3.27, p = .08, ŋ2 = .07), and there was
no interaction effect between prior knowledge and diagram captions (p > .05). A post-
hoc analysis showed that the participants overall spent significantly longer total
fixation durations on each character of statistical and representational diagram captions
than on other diagram captions (ps < .05).

Analysis of eye-fixation sequences
To answer the fourth research question about examine readers’ complete cognitive
process and used reading strategies, a series of sequential analyses matrix calculations
(Bakeman & Gottman, 1997; Jian, 2016; Jian & Ko, 2017) were performed to analyse
the sequences of eye fixations for HPK and LPK groups. Because readers see two
pages in one turning page, pages 1 and 2, pages 3 and 4, pages 5 and 6 were as analysis
units individually. Each analysis unit contained several sections of paragraphs, diagrams,
and diagram captions, each of which was divided as an AOI (see Figure 1), and the sac-
cades made from each AOI to the other AOIs were calculated. The results of sequential
analyses for both the groups are reported below.

Overall, there were a few similarities and differences in eye-fixation sequences between
HPK and LPK groups. In terms of similarities, first, Figure 1 indicates that both groups
tended to refer to each diagram and its diagram caption (e.g. Pic 2 to Pic 2-1, Pic 3 to Pic
3-1… Pic 9 to Pic 9-1); the transfer probabilities for the eight pairs of diagrams and their
captions were significantly higher than the expected values for the HPK (Z = 5.03–27.71,
ps < .001) and LPK (Z = 6.21–18.6, ps < .001) groups. Second, although both groups per-
formed references of semantic relevant of paragraphs and diagrams, this behaviour was
more consistent for the HPK group than for the LPK group. For the HPK group, the

Figure 6. Total fixation durations of the captions (each character) for different diagram types for HPK
and LPK readers.
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transfer probabilities for the six paragraphs to their relevant diagrams (Introduction to
Pic 1, Subtitle 2-1 to Pic 2, Text 4 to Pic 5, Text 5 to Pic 6, Pic 7, and Subtitle 4 to Pic
9) and four in reverse (including Pic 1 to Introduction, Pic 6 to Text 5, Pic 7 to Text
5, and Pic 9 to Subtitle 4) were significantly higher than the expected values (Z = 1.96–
20.7, ps < .05). For the LPK group, the transfer probabilities for three paragraphs to
their relevant diagrams (Text 4 to Pic 5, Text 5 to Pic 6, and Subtitle 4 to Pic 9) and
four in reverse (Pic 1 to Introduction, Pic 5 to Text 4, Pic 6 to Text 5, and Pic 9 to Subtitle
4) were significantly higher than the expected values (Z = 1.96–16.94, ps < .05).

Regarding the differences between the two groups, first, Figure 1 indicates that the
HPK group preferred to read the summary after reading the article title; the transfer
probability of the article title to summary was significantly higher than the expected
value (Z = 3.25, p < .001). The LPK group did not indicate this preference (p > .05).
Second, during the beginning reading stage, the HPK group preferred to connect text
content to the article title; their eye fixations were located on paragraph of subtitle 1
and regressed to the article title (Z = 3.04, p < .01). The LPK group did not exhibit this
reading behaviour (p > .05). Third, the HPK group preferred text-and-diagrams refer-
ences as mentioned earlier, but some LPK readers preferred text-and-diagram captions
references. Examples include Subtitle 2-1 to Pic 2-1 (Z = 2.98, p < .01) and Text 5 to
Pic 6-1 (Z = 3.61, p < .01). Four, the LPK group preferred to transfer their fixations
from paragraphs to paragraphs than did the HPK group. Examples include Subtitle 3-
1 to Text 3 (Z = 3.16, p < .01), Text 5 to Subtitle 3-2 (Z = 2.02, p < .01), and Subtitle 3-2
to Text 5 (Z = 2.01, p < .01).

Discussion

This study aimed to explore the reading comprehension and reading process of HPK
versus LPK readers while reading a long scientific article in a (real) print reading situation
using eye-tracking technology.

The results of this study indicated that the HPK readers remembered significant
science knowledge and had better reading comprehension for the learning material
than the LPK readers. This was consistent with the findings of the previous empirical
research (Cromley et al., 2010; McCullough, 2013; Ozuru et al., 2007; Talwar et al.,
2018) indicating that readers with high prior knowledge had better reading comprehen-
sion performance than those readers with low prior knowledge. In addition, the results of
the reading test in this study also confirmed both general reading comprehension the-
ories (e.g. CI model, Kintsch, 1988, 2005; Kintsch & Van Dijk, 1978) and text-and-
diagram reading theories (e.g. Cognitive Theory of Multimedia Learning (CTML),
Mayer, 2005; Integrated Model of Text and Picture Comprehension, Schnotz &
Bannert, 2003; Schnotz, 2014); thus, proposing that prior knowledge plays a very impor-
tant role in reading comprehension.

The results obtained from measuring the eye movements offered some interesting
findings. First, consistent with the finding of Ho et al. (2014) the measurements showed
that HPK readers spent longer fixation durations and made more regressions on the dia-
grams thanLPK readers. This study found thatHPK readers aremore capable of usingmul-
tiple representations and know the importance of scientific diagrams for reading
comprehension. Second, the results revealed that HPK readers spent significantly longer
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fixation durations on representational and statistical diagrams and had a higher percentage
of transitional fixations between text and diagrams than LPK readers. The heat map of eye
movements (Figure 3) also showed that the HPK readers engaged in a deeper process while
reading statistical diagrams’ content. For example, they invested significantly more time
and mental effort to view the changes to the lines in the statistical diagrams according to
the x-axis (e.g. time, distance) and y-axis (e.g. morning and evening tides, atmospheric
pressure), indicating the broken processes of a fault. This finding corresponded to the pre-
vious research indicating that prior knowledge is important for the interpretation of scien-
tific graphic representations (Cook, 2006).On the contrary, theLPKgroup rarely spent time
on viewing the statistical diagrams in the readingmaterial. Second, LPK readers weremuch
more text-driven; the total fixation durations on text was significantly higher for the LPK
readers than for the HPK readers, and they also exhibited a tendency to read the
diagram captions rather than the diagrams after reading the text. For example, after
reading the words in Subtitle 2-1 (‘the slow earthquake discovered in Taiwan’), 37% of
LPK readers transferred their eye fixations to the caption of Pic 2-1, but most HPK
readers (51%) directly transferred their eye fixations to Pic 2-1, which was relevant to the
words in Subtitle 2-1. Third, mature readers in both groupswould engage in self-regulating
their reading strategy to slow down their reading speed for processing more important
information. The study evidence indicated that both HPK and LPK readers spent longer
fixation durations on processing the paragraphs under Subtitles 3 and 4 (which explains
the cause–effect relationship between typhoons and earthquakes) in the reading material
than the paragraphs under Subtitles 1 and 2 (which introduced some basic concepts
about earthquakes).

Study contributions and implications

This study has several important contributions and implications. First, this study pro-
vided on-line processing data of eye movements, thereby clarifying the underlying mech-
anism for the CI model (Kintsch, 1988, 2005) by focusing on how readers’ prior
knowledge influenced reading comprehension. In the CI model, the highest level of
reading comprehension is situation model; it relies on readers to integrate their prior
knowledge and textual information. Second, a sequential analysis was adopted to depict
how HPK and LPK readers comprehend a long scientific article with multiple represen-
tations. This study not only provided data about ‘how long’ readers fixate on the data,
but also about ‘where’ they are looking at, thereby helping understand the dynamic
process of reading. Third, unlike previous research, which displayed the reading materials
on monitors to investigate the effect of prior knowledge on reading processes (Cook et al.,
2008; Jian & Ko, 2014; Ho et al., 2014), this study overcame technical limitations and
recorded readers’ eye movements in a real print reading situation, thus, representing a
higher ecology in the real reading situation. The results of this study also had an instruc-
tional implication for teachers: HPK and LPK readers had very different reading patterns
for a scientific article with many pages and multiple representations. LPK readers had
limited ability to use pictorial representations to learn scientific concepts; therefore, it
is important to teach them how to decode scientific diagram information and to integrate
textual descriptions for developing a better reading comprehension of the scientific article,
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especially for the representational diagrams and statistical diagrams that LPK readers were
not good at processing as shown in this study.

Study limitations and further research directions

This study has some limitations and aspects worth investigating further in future research.
First, this study had the small sample (24 subjects in the HPK group, and 25 subjects in the
LPK group), and it may result a limitation to construct a model of understanding the
relationships between prior knowledge, reading processes (reflected by eye movements
data), and reading comprehension (reflected by reading test scores). Further research
may recruit more subjects to construct a model of investigating this important question.
Second, the words in the reading material were small, and AOIs could not be created to
investigate the processes by which words are decoded and comprehended. For example,
how readers decode scientific terminology in this science article was not investigated.
Since comprehending scientific terminology is a difficulty that most students encounter
in science reading, further research could modify the reading material to enlarge the
words. This will help clarify whether readers use contextual information, refer to the rel-
evant diagram, or decode the terminology using morphological knowledge upon encoun-
tering scientific terminology in science articles. Third, the diagrams in the readingmaterial
were not big enough to divide the diagrams into small AOIs. Future research could enlarge
the diagrams and allow them to be analysed in specific parts; therefore, itmay be possible to
distinguish if HPK and LPK readers cognitively engage differently with different parts of
the diagrams. Specifically speaking, it would be possible to determine if HPK readers
spend much time viewing the specific parts of the diagrams which were directly relevant
to the text information and if LPK readers spend their reading time on the parts of the dia-
grams which were irrelevant to the text information. In addition, the next step of this study
will be to investigate if HPK and LPK readers have different eye movements while reading
science articles in a print versus on a digital (e.g. monitor) medium.
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