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the underlying cause of the color coding effect by utilizing eye movement data. Fifty-two participants
studied either a color-coded or conventional format of multimedia instruction. Eye movement data were
collected during the study. The results indicate that color coding increased retention and transfer perfor-
mance. Enhancement of learning by color coding was due to efficiency of locating corresponding infor-
mation between illustration and text. Color coding also attracted attention of learners to perceptually
salient information.

Keywords:
Multimedia learning
Split attention

Color coding, Eye-tracking © 2009 Published by Elsevier Ltd.

1. Introduction

The famous proverb “a picture is worth a thousand words” means that humans learn better with visual aids. Multimedia provides
opportunities to create effective learning environments by combining various formats such as text, static pictures, animations, videos,
and audio. Prior research has suggested that learners who study expository text with illustrations perform better than students who
use only text (Mayer, 1989; Mayer & Gallini, 1990).

When instruction includes both verbal and pictorial information, learning can be enhanced. However, learners are sometimes forced to
split their attention between text and illustrations in multimedia instructional materials. When a learner’s attention is split, information in
a text passage must be kept in working memory while the related element in the illustration is sought. Learners may have difficulties when
multiple sources of information, such as text and illustrations need to be integrated at the same time (Kalyuga, Chandler, & Sweller, 1999;
Kaplan & Erden, 2008).

One proposed solution to this problem is to spatially integrate related text and pictures (Chandler & Sweller, 1992). This suggestion has
been tested with the finding that learning is enhanced when related text and pictures are placed in close proximity within an integrated
format, rather than being separated in space (Moreno & Mayer, 1999). Another technique to prevent split attention is to use the same color
to associate elements in the text and in the illustration. Kalyuga et al. (1999) demonstrated that learners who studied color-coded formats
obtained higher scores on a/r\nultiple—choice test than learners who studied conventional formats. Similarly, Keller, Gerjetz, Scheiter, and
Garsoffky (2006) found that students had higher knowledge test scores when information visualizations were color-coded than when they
were monochrome. These results show that color coding enhances learning.

1.1. The /eiye—tracking technique for Rroviding cognitive processing measures

Although it is proposed that color coding of associated items in text and illustrations leads to better learning, there is currently little
evidence showing how this actually occurs in the medium of multimedia learning. To show how people behave in learning environments,
the eye-tracking technique can be used to provide real-time cognitive processing measures, such as the locus of eye fixation, average dura-
tion of fixations, number of fixations, and total fixation time (Rayner, 1998). Eye movement data can provide valuable information about
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the cognitive processes of the learner (Ballard, Hayhoe, Pook, & Rao, 1997; Just & Carpenter, 1976). The duration of a fixation is associated
with the ongoing mental processes related to the present information (Henderson, 2007; Just & Carpenter, 1976). According to Just and
Carpenter’s (1976) eye-mind hypothesis, it is not computationally efficient to initiate new processes by directing eyes to new information
if the mind is busy with processing the current information. Total fixation time (i.e. cumulative duration of fixations within a region) is
considered as a sign of the amount of total cognitive processing engaged with the fixated information (Anderson, Bothell, & Douglass,
2004; Graesser, Lu, Olde, Cooper-Pye, & Whitten, 2005; Just & Carpenter, 1980; Rayner, 1998).

Few eye-tracking studies have been conducted on multimedia learning. Eye-tracking studies demonstrated that total fixation time was
higher on text than on pictures, indicating that processing of illustrated materials was mainly driven by the text (Hannus & Hyond, 1999;
Hegarty, Carpenter, & Just, 1991). Similar results were reached in print advertisements (Rayner, Rotello, Stewart, Keir, & Duffy, 2001) and
cartoons (Carroll, Young, & Guertin, 1992). Hannus and Hyo6na (1999) found that high-ability students allocated more time on relevant
information than low-ability students, suggesting that paying more attention to important information and spending more effort to inte-
grate related elements of text and illustrations led to better learning outcomes. They also observed positive correlations between total fix-
ation time on relevant information and recall performance.

The effects of color coding on the integration of text and illustrations were investigated in an eye-tracking study by Folker, Ritter, and
Sichelschmidt (2005). They demonstrated that the number of fixations was fewer and the total fixation time on the illustration was shorter
in the color-coded material than in the standard material. Folker and her colleagues argued that color coding facilitated the processing of
the multimedia material. However, they failed to find a significant difference between the two groups in an applied knowledge test. Their
eye-tracking measures (i.e. number of fixations and the total fixation time on illustrations) could be contaminated by unequal study time
between groups. Indeed, study time of the color-coded group was significantly shorter than the control group in their experiment.

1.2. Hypotheses on underlying causes of the gffect of color coding

Although several studies have suggested that color coding enhances learning, the underlying cause of this effect has not been demon-
strated explicitly, yet. Two different hypotheses may explain the color coding effect. First, minimizing unnecessary search processes to re-
late illustrated and verbal information may be responsible for better performance in color-coded materials (Kalyuga et al., 1999). It may be
easier for participants to select relevant information from illustrations or text when their attention is guided and, as a result, they can bet-
ter integrate corresponding illustrated and verbal information into a coherent mental representation (Mayer, 1997, 2001). Jeung, Chandler,
and Sweller (1997) demonstrated that electronic flashing that signaled visual referents of spoken text facilitated learning when it was hard
for participants to find necessary information. If this proposal is correct, then participants should find associated elements between text
and illustration faster in the color-coded format than in the conventional format.

Presenting stimuli close together in time causes formation of associations between these stimuli (Kahana, 1996; Raaijmakers & Shif-
frin, 1981). When participants spend more time on processing two items, their association is increased (Kahana, 1996). Participants have
a tendency to recall items from a nearby serial position (Kahana, 1996). Intrusion errors (i.e. recall of incorrect items) are more likely to
come from adjacent list pairs in a paired associate task (Davis, Geller, Rizzuto, & Kahana, 2008). Inter-response time (i.e. time that
elapses between two responses) in free recall is short when items have close study list positions (Murdock & Okada, 1970). These find-
ings suggest when learners locate relevant information from multimedia in a short time, they may develop associations between verbal
and pictorial information. This may result in more successful learning. In a meta-analysis of the temporal contiguity effect, Ginns (2006)
showed that materials were more effective when mutually referring information were presented close to each other temporarily. For
instance, Baggett (1984) suggested that temporal overlap of visual and verbal information facilitated the formation of dual-media
associations.

The second hypothesis is that color coding effect results from guiding of attention by salient information that is relevant for the task of
the learner. Attention of learners is guided by only low-level visual features (e.g. color) in a bottom-up manner according to a purely bot-
tom-up saliency-based account of visual attention (e.g. Itti & Koch, 2000). Underwood and his colleagues (Underwood & Foulsham, 2006;
Underwood, Foulsham, Van Loon, Humphreys, & Bloyce, 2006) showed that perceptually salient information captured attention in a task
that required general inspection of whole pictures for a later memory test. However, attention was not drawn to visual salient objects in a
search task that required top-down processing. These findings indicated that visual saliency could be overridden by task-related processes.
Similarly, Yantis and Egeth (1999) demonstrated that salient features did not attract attention automatically if salient features were not
useful for the current task. In sum, these results suggested that in addition to stimulus-driven salience, top-down task requirements also
had an influence on guiding visual attention (Navalpakkam & Itti, 2005). In the current experiment, participants needed to locate corre-
sponding information between the text and the illustration. Using the same color to associate elements in the text and in the illustration
might facilitate “attending to [target] locations that are salient and relevant” (Navalpakkam & Itti, 2005, p. 212). The attentional guidance
hypothesis expects that participants will pay more attention on the colored elements that are salient and relevant for the current task of
the learner, and therefore spend more time on them. If this hypothesis is correct, then total fixation time of colored information, which is an
indicator of amount of cognitive processing devoted to colored information, should be higher in the color-coded format compared to the
conventional format.

2. Purposes of the /s\tudy

The goals of this experiment were to investigate the effects of color coding on learning outcomes and to examine why learners per-
formed better when using color-coded material as opposed to monochrome material. If inefficiency of locating corresponding information
between text and illustration is responsible for impaired learning, then it is be expected that participants will find associated elements
between text and illustration faster in a color-coded format as opposed to a conventional format. If the underlying cause of color coding
is the attraction of attention to salient information, then it is expected that total fixation time on colored information will be higher in a
color-coded material than in a conventional material.

Please cite this article in press as: Ozcelik, E., et al. An eye-tracking study of how color coding affects multimedia learning. Computers & Education (2009),
doi:10.1016/j.compedu.2009.03.002
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3. Method
3.1. Participants

The participants were 52 undergraduate students (15 female and 37 male), all between 19 and 27 years of age (M = 19.45, SD = 2.00). All
were native Turkish speakers. They voluntarily took part in the experiment for extra course credits. No participant reported color-blind-
ness. Twenty-six randomly selected participants were assigned to the color-coded group, and the rest studied the conventional format.

A one-way analysis of variance (ANOVA) was conducted on prior knowledge to find whether the color-coded and the conventional
group differed in their prior knowledge. The results show that the color-coded group (M = 12.54, SD = 5.64) and the conventional group
(M =12.65, SD = 5.38) were not significantly different in terms of prior knowledge, F(1,50) =.01, p = .94. There was also no significant dif-
ference in study time between the groups, F(1,50) = .01, p = .92, indicating that the participants spent similar amounts of time studying the
color-coded material (M =121, SD =44 ) and the conventional material (M = 1213, SD =40 3).

3.2. Materials

All materials were presented in Turkish. The instructional material focused on chemical synapses. The material included instructions
about how signaling occurs in the nervous system, and described the roles of action potentials, calcium ions, sodium ions, neurotransmit-
ters, and voltage-dependent ion channels. This topic was selected, because it was expected that the participants would have little or no
prior knowledge of the subject, which might affect their performance. The instructional material consisted of two computer screens.
The first screen presented background information about chemical synapses and was presented to all of the participants, whereas the sec-
ond screen was offered in two different formats. The conventional format (Fig. 1) included an illustration and text which were physically
separated from each other. The color-coded format (Fig. 2) was identical to the conventional format except that all of the field-specific ter-
minology (e.g. neurotransmitter) was presented in the same color within the text and in the illustration. All of the materials were presented
visually on the computer screens. Auditory information was not supplied. The instructional materials were self-paced.

The subjects’ prior knowledge concerning synapses and nerves was assessed by a questionnaire which consisted of five statements, such
as, “I know the role of neurotransmitters in signal transmission”, “I know the difference between axons and dendrites”, and “I know which
ions are required for the transmission of signals”. The subjects were asked to mark a five-point scale ranging from very little (associated
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Fig. 1. The conventional format.
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kalsiyumu (Ca®*) harckete geginirerek sinaptik topuzun igine girmesini saglar. 3. Kalsivum ndrotransmiter keseciklerini eritir ve onlann presnaptik
terminalin plazma zanna dogiru gitmesine neden olur. 4, Eniyen keseciklerden ¢ikan norotransmiterier : birakihirlar. 5, Norotransmiterler
postsinaptik hiicrenin zanndaki lanna tutunurlar. 6. Norotransmiterlerin alicilara tutunmasiyla iyon kanali genigler, ve  sinaptik
bogluktaki Sodyum (Na“) iyon kanallanndan igeri girerck, yeni bir voltaj defisimine neden olur. Bu sayede yeni bir aksiyon potansiyeli olusur

7 ler, Kisa bir sure sonra ivon alicisindan birakilarak veniden kullamilmak Gizere presinaptik terminale geri doner.

Fig. 2. The color-coded format.

with score 1) to very much (associated with score 5) for each of the statements. A similar questionnaire on a different topic was also used
by Moreno and Mayer (1999).

The perceived difficulty of the learning materials was measured by a subjective rating scale (Kalyuga et al., 1999). This was a seven-
point Likert-type question in which the participants were requested to rate how easy or difficult it was for them to understand the instruc-
tions. They were expected to select options from extremely easy (associated with score 1) to extremely difficult (associated with score 7).

The retention test includes seven multiple-choice questions. Each question consists of a question stem and five options. One of the op-
tions is the correct response. Each question assesses whether a fact that can be directly found in the text has been remembered or not. An
example of a question in the retention test is, “What is the role of calcium in signaling between nerve cells?” and the options are: “(a) to
fuse neurotransmitter vesicles”, *‘(b) to create action potential”, *(c) to open ion channels",;‘\(d) to close ion channels”, and “(e) to destroy
neurotransmitters”. The matching test includes the same illustration in the study phase without the labels of the elements. The participants
were asked to find and circle five provided elements in the illustration and write a corresponding number of the element (e.g. two for neu-
rotransmitter) next to the circle. The transfer test consists of five open-ended questions examining to what extent learners apply the pre-
sented material to novel problems that cannot be directly addressed in the material. An example of a question in the transfer test is, “It is
known that drugs block ion channels. Considering this information, which processes in a synapse are responsible for weakening of senses
when an individual takes drugs?”.

3.3. Procedure

The participants were tested individually at the HCI laboratory. First, the participants were given the prior knowledge test and a ques-
tionnaire about their demographic information. Next, every subject underwent an automatic eye-tracking calibration. Then, participants
were asked to study the materials and they were informed that they would be given tests after the study session to assess their learning.
Each group of subjects was given either color-coded or conventional materials. The participants’ eye-tracking data were collected by Tobii
1750 EyeTracker while they were studying the instructional materials. The duration of eye fixations, and the number of fixations data were
obtained with the aid of Tobii’s Clearview software. When each subject finished studying the instructional materials, a perceived difficulty
of the learning materials question, a retention test, a transfer test, and a matching test were administered. There were no time limitations,
either for studying the instructional content or for answering the tests.

Please cite this article in press as: Ozcelik, E., et al. An eye-tracking study of how color coding affects multimedia learning. Computers & Education (2009),
doi:10.1016/j.compedu.2009.03.002
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3.4. Scoring

The rater who assessed all the tests was blind to the group of the answer sheet to eliminate rater bias. In order to minimize measure-
ment errors that can arise from rater judgment in scoring responses to open-ended questions (Penny, Johnson, & Gordon, 2000), a four-
point scale rubric was developed to evaluate the transfer test. A rater scored the transfer tests of all subjects and an additional two raters
independently scored transfer tests of six randomly selected participants. Inter-rater reliability, which shows the degree of agreement
among the raters, was examined. The intra-class correlation coefficient showed an agreement of .89 among the three raters. Correct an-
swers on the retention and the matching tests yielded 1 point, so the maximum points that could be obtained on these two tests were
7 and 5, respectively. Afterwards, the scores of all the tests were converted to percentages.

4. Results
4.1. Learning outcomes

The ANOVA revealed an effect on the retention performance of the participants with a small effect size, F(1,50) = 4.34, MSE = 2.35,
p=.04, 112/=\ .08. The participants who studied the color-coded material (M = 82.42, SD = 17.29) performed better than the subjects who
studied the conventional format (M =69.78, SD =25.66). The matching scores of the two groups were not statistically significant,
F(1,50)=.07, p=.79, indicating that the color-coded group (M = 70.77, SD = 33.57) and the conventional group (M = 73.08, SD = 28.25) per-
formed equally well in the matching test. On the other hand, the effect of the material format on transfer performance was found to be
significant with a medium effect size, F(1,50) = 10.27, MSE = 12.90 p = .002, 1727\.]7. Accordingly, those subjects who received the color-
coded material (M = 63.85, SD = 19.66) had higher scores on the transfer test than the learners who were given the conventional material
(M =47.88, SD = 16.07). There was no significant difference in the perceived difficulty of the learning materials between the color-coded
group (M =3.68, SD = 1.49) and the conventional group (M = 3.65, SD = 1.49), F(1,46) = 04, p =.95. It should also be noted that 4 subjects
(1 from the color-coded group and 3 from the conventional group) did not provide answers to the difficulty ratings.

4.2. Eye-tracking measures

Performance on locating mutually referring information between the text and the illustration was determined by using eye movements
data. The analysis of the eye movements data showed that 8 subjects (4 from the color-coded group and 4 from the conventional group)
studied the material without shifting between the illustration and the text. Thus, they did not attempt to find a technical term (e.g. neu-
rotransmitter) between the text and the illustration. These participants were excluded in the analysis. This resulted in the inclusion of 44
participants in the current analysis. Rectangular region of interests (ROIs) were drawn manually around each technical term in the text and
in the illustration by Tobii’s Clearview software. The eye tracker provided the actual time when a fixation landed on a specific ROI on the
screen. The efficiency of search performance was measured by calculating how quickly subjects found the corresponding technical terms
both from the text to the illustration and from the illustration to text. In order to assess the efficiency of search performance, the average
time elapsed starting from the first fixation landing on a technical term in the text (or in the illustration) until the corresponding term is
first fixated in the illustration (or in the text) was calculated for all attempts of searching corresponding information of a participant. The
results suggest that participants spent less time locating the corresponding terms when the studied material was color-coded (M = 4163,
SD/\= 2.72 s) than when the studied material was conventional (M = 9.85/§, SD: 4.53s), t(42) =/\—5.05, R< .001.

A 2 (material format: color-coded, conventional)/\x 2 (region: illustration, text) mixed factorial ANOVA was performed on average fix-
ation durations. Material format was a between-subjects variable whereas region was a within-subjects variable. The effect of material for-
mat was significant, F(1,50) = 6.61, MSE = 4813421.9,p = .01, ;72/=\.12. Average fixation duration was longer for the subjects using the color-
coded material (M = 228 ms, SD = 27 ms) than for those using the conventional material (M = 203 ms, SD = 42 ms). There was no significant
difference between average fixation duration between the text and illustration regions, F(1,50) = 1.32, p =.26. The interaction between
material format and region was not significant, F(1,50) = 1.62, p = .21.

If long average fixation duration is associated with extensive processing of the instructional material, then transfer scores indicating
deep processing of the learning material should be predicted by average fixation durations in a linear regression analysis. On the other
hand, if long average fixation duration is related to the difficulty of the instructional material, then subjective difficulty ratings should
be predicted by average fixation durations. In order to examine these possibilities, two separate linear regression analyses were conducted.
The results of the regression analyses indicate that average fixation durations accounted for 22% of the variance in the transfer scores,
F(1,50) = 14.05,}3 <.001, with a positive correlation coefficient (r = .47, p <.001). Longer average fixation durations were associated with
better transfer performance. However, this eye-tracking measure was not a significant predictor of subjective difficulty ratings,
F(1,46)=.27,p<.61.

Like average fixation duration, material format also accounted for a significant amount of variance in the transfer measure, R> =.16,
F(1,50)=9.94, p =/§003' In order to examine whether average fixation duration predicted transfer scores after controlling for the effects
of the material format, a sequential regression was performed. Material format and average fixation duration were included in the model
as predictors in the first and second steps, respectively. The results show that average fixation duration accounted for a significant propor-
tion of transfer performance after the effects of the material format were statistically eliminated, R> change /=\.11, F(1,49)=7.32,p =/.\009.
This suggests that participants who made longer average fixation duration tended to have higher transfer scores after controlling for the
effects of the material format. The linear combination of these two variables was significantly related to the transfer scores, R* =.27,
F(2,49)=9.25, p <.001, indicating that the linear combination of material format and average fixation duration predicted 27% of thé Var-
iance in transfer IS\erformance.

The attentional guidance hypothesis expects that the participants in the color-coded group compared to the participants in the conven-
tional group spent more time on the technical terms, which were the only colored elements in the material. The sum of total fixation dura-
tions on ROIs of the terminological items on the text was computed for all participants E\n =52). This yielded a total fixation time of the

Please cite this article in press as: Ozcelik, E., et al. An eye-tracking study of how color coding affects multimedia learning. Computers & Education (2009),
doi:10.1016/j.compedu.2009.03.002
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terminological items on the text. The same procedure was applied on the terms on the illustration to find the total fixation time of the
terminological items on the illustration. Grand total fixation time of the terms is the sum of (j) total fixation time of the terms on the illus-
tration and (ji) total fixation time of the terms on the text.

To test the predictions of the attentional guidance hypothesis, a 2 (material format: color-coded, conventional) x 2 (region: illustration,
text) mixed factorial ANOVA was performed on total fixation time of the technical terms. Neither the effect of material format,
F(1,50) = 2.03, p = .16, nor the effect of region, F(1,50) = 2.04, p = .16, was significant. The interaction between material format and region
was non-significant as well, F(1,50) = .50, p = .83. These results show that grand total fixation time of the terms was not statistically dif-
ferent between the color-coded format (M =13.19,s, SD= 6.92 s) and the conventional format (M =10.54 5, SD = 6.48 s). Taken together,
these results indicate that participants did not pay more attention to the terms in the color-coded format than the ones in the conventional
format. However, non-significant results may have been obtained due to the high variance in this eye-tracking measure since the learners
were given unlimited time to study the materials.

To decrease variability in eye movement measures, total fixation time of the technical terms was analyzed by separating the time line
into time windows of 10,s. This enabled us to explore fixation patterns as a function of time. The minimum study time of the participants
was 49s. In order to include the data of all participants in the current analysis, only the fixations during the first 40 s after the onset of the
study material were taken into account. A 2 (material format: color-coded, conventional) x 2 (region: illustration, text) x 4 (time window:
0-10s, 10-20's, 20-30 s, 30-40 s) mixed factorial ANOVA was performed on total fixation time of the terms. While material format was a
between-subjects variable, region and time window were within-subjects variables. The effect of region was significant, F(1,50) = 10.66,
MSE =,18267144.1, p =.002, ;12/=\.18, indicating that total fixation time of the terms for the first 40 s was higher on the illustration
(M =3470.44 ms, SD =2807.11 ms) compared to the text region of the material (M = 1794.04 ms, SD = 1643.44 ms). Most importantly,
the effect of material format was significant, F(1,50) = 4.97, MSE = 180145925.5, ; = .03, ;12/=\.09, indicating that grand total fixation time
of the terms on the whole material - both on the text and on the jllustration - for the first 40 s was higher when the studied format was
color-coded (M = 6086.81 ms, SD = 2615.68 ms) than when the studied format was conventional (M = 4442.15 ms, SD =2701.20 ms). The
effect of time window was also significant, F(3, 150) = 8.08, MSE = 3182413.6,  <.001, 112/=\.14. Six paired-samples t tests were performed
to follow-up pairwise comparisons for the main effect of time window. In order to control Type [ error across the six tests, Holm’s sequen-
tial Bonferroni procedure was applied. Differences in grand total fixation time of the terms were significant between 0-10s and ]10-20ss,
§51)=4.53, p<.001, between Q-10s and 20-30s, £(51)=4.10, p <001, and between Q-10s and 30-40s, (51) =3.47, p £.001. All the
other differences in grand total fixation time of the technical terms were non-significant (all pg >.50). These results indicate that grand
total fixation time of the terms was higher during Q-10s (M=1834.73ms, SD=1158.23 ms) than it was during 10-20s
(M=1182.25 ms, SD = 961.25 ms), 20-30 s (M = 1067.58 ms, SD = 996.56 ms), and 30-40 s (M = 1179.92 ms, SD = 997.52 ms). The only sig-
nificant interaction was between time window and region, F(3,48) = 23.42, MSE = 14638784, p <.001, n? =.32. As it can be seen in Fig. 3, in
the early time windows (i.e. 0-10 and 10-20 s), total fixation time of the terms was longer on the illustration than on the text, £(51) = 6.91,
p.<.001. However, this was not the case in the late time windows (i.e. 20-30 and 30-40 S), tggnl) =1.07,pz.29. This result indicates that
participants started studying the material by looking at the illustration and afterwards they read the text. All the other interactions were
non-significant (all ps > .56).

When participants found necessary information faster, they might spend more time on the key terms that were essential for under-
standing the subject. In order to examine the relationship between the efficiency of locating relevant information and the grand total fix-
ation time of the terms, Pearson correlation coefficients were calculated in a bivariate correlation analysis. The results show that there was
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Fig. 3. Total fixation time of the technical terms as a function of time and region.
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a significant negative correlation between these two variables (r =.41, p =.006). This suggests that spending less time finding the corre-
sponding information between the text and the illustration was associated with processing these terms for longer periods.

Efficiency of locating mutually referring information and/or total time spent on the terms may be associated with transfer performance
of the participants. In order to examine these possibilities, two separate bivariate correlation analyses were performed. The correlation was
statistically significant between efficiency of search performance and transfer (r = .33, p =.028), but not between grand total fixation time
of the terms and transfer (r =.08, p =.56). These results suggest that search performance and transfer were negatively related, indicating
that shorter search time was associated with better transfer scores, whereas grand total fixation time of the terms and transfer were not
related.

If the learners who found necessary information faster tended to spend more time on the terms, then it is expected that the first read-
ings of the technical terms by the color-coded group took place later than the ones by the conventional group. To examine this, a 2 (mate-
rial format: color-coded, conventional).x 2 (region: illustration, text) mixed factorial ANOVA was performed on average of first fixation
times of the terms. The analysis revealed a significant effect of region, F(1,50) = 22.45, MSE = 8,032,086,326, p £.001, n? =.32. Consistent
with the previous finding that participants first looked at the illustration and then read the text, first readings of the terms by the partic-
ipant on the illustration (M =33.70,s, SD,= 32.71 s) took place earlier than the ones on the text (M =50.97 5, SD = 35.30 s). There was no
significant effect of material format, F(1,50) = 1.87, 3 =.18. A significant interaction between material format and region was observed,
F(1,50)=10.18, MSE =3,641,612,934, p < .003, 172/=\.18. A planned comparison was run for contrasting the averages of the first fixation
times of the technical terms on the text between conventional and color-coded formats. The independent-samples t test showed that
the first readings of the terms on the text took place later in the color-coded materials (M = 62.90 5, SD = 45.03 s) compared to conventional
materials (M =39.04 s, SD = 14.84 s), #(50) = ~2.52, p =.015. Another planned comparison for contrasting the averages of first fixation times
of the technical terms on the illustration between conventional and color-coded formats revealed that the first reading of key terms on the
illustration was not different between color-coded (M =32.90s, SD=43.68s) and conventional materials (M =34.48 3, SD = 17.51s),
t(50)=.17, p =.87. In sum, these results suggest that first readings of the key terms on the text took place later for the participants who
were given the color-coded material than for the participants who were given the conventional material.

5. Discussion

The main goal of this study was to investigate the effects of color coding on learning by examining learning outcomes and eye move-
ment measures. The results of this experiment indicate that the subjects who studied the material in the color-coded format had higher
retention and transfer scores than the subjects who studied the material in the conventional format. Our findings were consistent with
the color coding effect (Folker et al., 2005; Kalyuga et al., 1999; Keller et al., 2006),

Participants spent less time finding corresponding items between the illustration and the text in the color-coded material than in the
conventional material. These findings provide evidence that color coding facilitated the efficiency of finding corresponding elements be-
tween text and illustrations (Kalyuga et al., 1999). This is because color coding alerts learners to where they may detect related items
(Greene & Rayner, 2001). Research on visual cognition supports our findings that color coding makes visual search tasks easier, because
an object that is unique in color stands out from its surroundings (Green & Anderson, 1956; Treisman & Gelade, 1980).

Our data demonstrate that color coding enabled learners to locate related information quickly between the text and the illustration. This
might facilitate formation of associations between verbal and pictorial representations since items processed close in time are associated
with each other (Kahana, 1996; Raaijmakers & Shiffrin, 1981). As in our conventional materials, learning might be impaired when there is a
delay between processing of corresponding words and pictures (Baggett, 1984). The current results are in line with the meta-analysis of the
temporal contiguity effect in multimedia learning, which demonstrates improvement of learning outcomes as a result of temporal prox-
imity of related information (Ginns, 2006).

One of the findings of this study is that average fixation duration was longer when the material was coded by colors. Longer average
fixation duration is regarded as an indication of deeper processing (Rayner, 1998), because fixation duration is thought to be determined
by current cognitive processes. When it was easy for learners to find relevant information and integrate verbal and pictorial information
with each other, learners could more easily engage in deeper processing required for meaningful learning (Mayer, 2003; Mayer & Chandler,
2001; Seufert, 2003). The results of the linear regression analysis showed that the average fixation duration could account for significant
amount of variance in the transfer scores. The positive correlation coefficient between these measures indicated that there was a significant
relationship between transfer scores and average fixation durations. On the other hand, linear regression analyses revealed that average
fixation duration was not a significant predictor of subjective difficulty ratings of the learning material. Taken together, these results sug-
gested that long fixation durations were associated with extensive processing of the instructional material rather than the difficulty of the
material. Like average fixation duration, material format was a significant predictor of transfer performance. Average fixation duration
added to the prediction of transfer performance after the effects of the material format were controlled for. These findings suggested that
longer average fixation duration was associated with better transfer performance even if the effects of the format of the material were
eliminated.

Grand total fixation time on the technical terms was not statistically different between color-coded and conventional formats. Even
though the statistics were not significant, there was a trend towards longer total fixation time on the technical terms for the color-coded
group than the conventional group. The non-significant results may be due to the high variance in these eye-tracking measures in the self-
paced learning environment. In order to overcome the problem of high variance, total fixation times of the technical terms were analyzed
by separating the time line into time windows of 10 s. Grand total fixation time of the technical terms for the first 40 s was higher in the
color-coded format than in the conventional format./\l"hus, the results support the attentional guidance hypothesis. Aé\cordingly, the par-
ticipants who studied the color-coded instruction paid more attention to salient colored information than the participants who studied the
conventional instruction when fixations during the first 40 s were included in the analysis.

The efficiency of finding associated items between the ilfustration and the text was negatively related with grand total fixation time of
the technical terms. Besides, transfer performance was negatively related with the efficiency of search processes, but not with grand total
fixation time of the terms. Taken together, these findings indicate that participants who found related information faster tended to spend
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more time on the technical terms and to have better performance in the transfer test, but there was no relationship between time spent on
the technical terms and transfer performance. It was also observed that learners first inspected the illustration and second they read the
text. Since learners located corresponding information faster by the help of color coding and these quick subjects in search processes
tended to process the terms for longer periods, first fixations of the technical terms on the text took place later in the color-coded group
compared to the conventional group.

Our results explicitly demonstrated that the efficiency of locating mutually referring information was one of the causes of the color cod-
ing effect. An alternative hypothesis proposes that enhancement of learning by color coding was due to the fact that the material that
would be tested was signaled in the color-coded condition. This hypothesis proposes that the learners in the color-coded group outper-
formed those in the conventional group, because color coding highlighted sections that would be assessed in the tests. This hypothesis
seems unlikely to be correct for three reasons. First, all of the terminological words were signaled in the color-coded format. Second, requir-
ing learners to apply their knowledge to novel (i.e. not previously presented in the materials) situations in the transfer test enables us to
minimize possible confounding with material being tested. Third, there was no significant difference in the matching test, which can be
considered as the most vulnerable test among the tests employed in the current study to this confound since it included matching of
all the terminological terms with the elements in the illustration.

6. Conclusions

This experiment provides evidence for the effectiveness of the use of color coding in multimedia learning. When learners find corre-
sponding items between text and illustrations, they demonstrate better retention and transfer performance. Using eye-tracking data,
the present study suggests that color coding aids participants to find corresponding information in text and illustrations and to pay atten-
tion to critical information for meaningful learning. The current study also shows that locating corresponding information faster is asso-
ciated with spending more time on the technical terms and with better performance in the transfer test.

The results of the present study suggest the following implications for practice. Designers should use the same color to associate ele-
ments in related text and illustrations. Attention of learners should be directed to important elements in the instructional material and
unnecessary search for related information should be minimized in order to enhance learning. Learning environments should be designed
considering how humans select relevant information and integrate verbal and visual representations (Mayer, 2001).
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