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Highlights

e The effect of colours on attention is discussed.

e Previous research have not considered attentional effects of individual colours.

e A visual search experiment is conducted to test the attentional guidance of colours.
e Significant differences are found between individual colours.

o The effects are shown to increase with complexity of the display.

Abstract

The use of colours is a prevalent and effective tool for improving design. Understanding the effect of
colours on attention is crucial for designers that wish to understand how their interfaces will be used.
Previous research has consistently shown that attention is biased towards colour. However, despite
previous evidence indicating that colours should be treated individually, it has thus far not been
investigated whether this difference is reflected in individual effects on attention. To address this, a
visual search experiment was conducted that tested the attentional guidance of six individual colours
(red,blue, green, yellow, orange, purple) in increasingly complex displays. Results showed that the
individual colours differed significantly in their level of guidance of attention, and that these
differences increased as the visual complexity of the display increased. Implications for visual design
and future research on applying colour in visual attention research and design are discussed.
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1. Introduction

As computer technology has progressed and become more popular, the prevalence and
importance of graphical interfaces, too, has increased. This tendency includes computer interfaces
for use in situations such as medicine, military and nuclear power plants, where improper action
may have dramatic consequences. For example, improper design of the software used by Hawaii
Emergency Management Agency has been identified as possibly contributing to an operator
falsely transmitting a warning about an impending missile strike to the Hawaiian population
(Federal Communications Comission, 2018). A common design requirement for proper interface
design is that users must be able to find specific, task-relevant objects amongst task-irrelevant
objects. To achieve this, designers commonly and effectively (Vazquez, Gevers, Lucassen, van de
Weijer and Baldrich, 2010) use colour to separate and group objects in visual design. For
example, Starke and Barber (2018) showed that user interfaces with colour lead to faster (and
equally accurate) information foraging in a complex credit card fraud detection task. Similarly,
previous research on colour in applied contexts has informed guidelines for ergonomic visual
design with regards to how to match object size and colour (Poulton, 1975), improve legibility
through colour use for text presented on CRT (ISO 9241-306:2018, 2018; Matthews, 1987) and
LCD screens (Humar et al., 2014), optimise maps through correct colour use (Francis et al., 2010;
Shive and Francis, 2013), and for optimising colour background-icon combinations (Huang et al.,
2008).

The importance of colour in visual design is corroborated by its importance in experimental
psychology, where colour has been shown to reliably bias our attention, meaning that search is
facilitated for coloured targets and that attention is more easily captured by coloured distractors
(Biggs et al., 2015; Eimer and Grubert, 2014; Eimer and Kiss, 2010; Folk et al., 1994; Grubert
and Eimer, 2015; Muhl-Richardson et al., 2018; Miiller et al., 2009; Nordfang et al., 2013;
Theeuwes, 1994; Wolfe and Horowitz, 2017, 2004). Notably, whereas the aforementioned applied
studies mostly consider how visual designs of various colour combinations perform, the
experimental studies of colour and attention mostly consider colour as a group (i.e. does ‘colour’
capture attention). The resulting research has thus aided our knowledge on combinations of colour
and the attentional effects of colour as a group. However, little research has been performed on
the relation between attention and specific colours. In this paper, we expand our previous
discussion and findings (Andersen and Maier, 2017) on why individual colours should be
expected to have distinct properties in attentional guidance and capture. We test them using an
experimental design that combines the rigorous methods of experimental psychologists with the
expected complexity of a realistic visual design problem.

2. Background
2.1. Visual design and complex displays

As argued by Zacks and Tversky (2003), the use of top-down principles can be greatly beneficial
for design of visual interfaces. By applying knowledge acquired through studies of human
behaviour in design, predictions can be made that provide insights for how to better (or optimally)
create visual interfaces. Examples of such insights range from websites for everyday usability
(Tsai et al., 2008), maps (Francis et al., 2010; Shive and Francis, 2013), graphs (Ratwani et al.,
2008) or advertising and branding (Ko, 2017; Page et al., 2012; Resnick and Albert, 2016), to the
design of nuclear control room interfaces (Braseth and Qritsland, 2013; Lau et al., 2008; Van Laar
and Deshe, 2002, 2007) and hazard information systems (Miran et al., 2017). In the same vein,
design guidelines based on insights from attentional theory has shown promise for improving
performance of users of complex visual interfaces (McCarley and Steelman, 2013):
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Understanding the attentional system is particularly important for the design of complex visual
interfaces that contain large amounts of information of which only a fraction is relevant for the
user at any given time. As the foundational study by Treisman and Gelade (1980) showed, search
in these situations depends on the similarity of the objects: If objects are similar, only a few items
can be considered at a given moment, resulting in slow, serial search. However, if the object is
distinguished from other objects by a feature that can guide attentional allocation, search will be
facilitated by a pre-attentive evaluation of the objects. This distinction is corroborated by later
accounts, such as the Theory of Visual Attention (Bundesen, 1990; Bundesen and Habekost,
2008), Neural Theory of Visual Attention (Bundesen et al., 2005) and Guided Search (Wolfe,
2007; Wolfe et al., 1989). Therefore, knowing which features guide and capture attention allows
designers to create visual interfaces that are easy and intuitive to use, through, e.g., optimal use of
colour highlighting (McDougald and Wogalter, 2014) or visual layering (Van Laar and Deshe,
2002, 2007). As outlined above, an often-used and wellestablished guiding factor has been found
in colour (for a list of other potential candidates see Wolfe and Horowitz, 2004, 2017).

2.2. Attentional guidance of colour

A large body of work has shown that colour as a feature will capture attention if it is a distractor
(e.g. Snowden, 2002; Theeuwes, 1992, 1994) or guide attention if it is a target (Biggs et al., 2015;
Eimer and Grubert, 2014; Eimer and Kiss, 2010; Folk et al., 1994; Grubert and Eimer, 2015;
Miiller et al., 2009; Nordfang et al., 2013; Wolfe, 2007; Wolfe et al., 1989; Wolfe and Horowitz,
2004, 2017). For example, Theeuwes (1992) asked participants to search for lines embedded in a
green circle amongst green squares, or green squares with a singleton red square. He found that
the singleton red distractor slowed reaction time, thereby showing that attention had been
captured by the distracting colour object. This finding was corroborated by Nordfang et al.
(2013), who further found that the attentional capture of a colour singleton is amplified if it is a
target. Recently, Biggs et al. (2015) expanded this finding, showing that the guiding of colour
depends on the visual load of a display. By integrating the aforementioned Guided Search account
with Load Theory (Lavie, 2010; Lavie et al., 2004; Lavie and Tsal, 1994), Biggs et al. (2015)
showed that colour only guided search under high visual load. However, while these studies
provide evidence that colour guides and captures attention (to varying degree, depending on the
context), they have in common that they treat colour as a group, rather than investigating the
effect on attention of specific colours. However, in applied contexts, colours are seldom treated as
a group. Instead specific individual colours are used, for example, to comply with design choices
or for colour contrast guidelines. If the attentional effects of colours differ for specific colours,
colours should be considered individually for design to avoid unintended bias in navigation.
While international standards and recommendations exist for measuring and optimising colour
usage with regards to legibility, fidelity, and amount used (ISO 9241-306:2018, 2018), to our
knowledge, no such recommendations have been made thus far for the attentional capture and
guidance of specific colours. As discussed below, however, there are several reasons why the
specific colours may affect attention differently.

2.3. Reasons for individual effects of colour

The retinas of our eyes contain a myriad of two types of photoreceptive cells commonly referred
to as rods and cones. Of these, rods are sensitive to white and black, whereas cones are primarily
sensitive to one of red, blue or green. All other colours are made through combinations of
responses from these cells (Gazzaniga et al., 2009; Ware, 2008). Individual colours are thus
treated separately at the cellular level, even before the colour signal reaches consciousness. From
a cultural viewpoint, the separation of colours into primary and secondary (based on the
properties of pigments) found in art (Harkness, 2006), is widely distributed and used in design
and the arts. Given these micro and macro separations of colours, it could be expected that
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individual colours are treated differently as well. Indeed, individual colours have been shown
extensively to be associated with individual emotional values in subjective rating experiments:
Red is most frequently associated with exciting, defending and defying/hostile moods, blue with
soothing and secure, yellow and orange with stimulating, cheerful and exciting moods, green with
calm and soothing and purple with dignified and stately moods (Aslam, 2006; Lee et al., 2015;
Murray and Deabler, 1957; Na and Suk, 2014; Schaie, 1961b, 1961a; Wexner, 1954). Given that
previous research has shown that emotional stimuli are related with higher attentional priority
(Brosch and Sharma, 2005; Hodsoll et al., 2011; Huang et al., 2008; Koster et al., 2004; Ohman et
al., 2001; Ohman et al., 2001) it could be extended that individual colours may have different
effects on the attention system based on their emotional valence.

2.4. Hypotheses: testing the effect of individual colour on attentional guidance and capture

Using a visual search experiment wherein participants searched for coloured targets amongst
other coloured targets, we tested Hypothesis 1:

Hypothesis 1. Individual colours have different effects on attention. The search displayed was
created to be both highly controlled, thereby mimicking the studies on attention that forms much
of the theoretical basis for the experiment, and complex, thereby better mimicking realworld
displays. In order to investigate the primary-secondary hierarchies, the colours used were red,
green, blue, yellow, orange and purple.

Furthermore, based on the findings of Biggs et al. (2015), we tested hypothesis 2:

Hypothesis 2. The effect of individual colours on attention increases as the complexity (or visual
load) increases.

3. Methods
3.1. Participants

17 students were recruited through physical e-mail sign-up sheets. Participants were included if
they were between 18 and 30 years old, had normal or corrected to normal eye-sight and did not
suffer from any disorders that affect the attention system, such as ADHD.

Table 1 Colour codes, contrast scores and luminance scores (cd/m2 ).

Colour R G B Contrast Luminence
Red 255 0 0 4 29

Yellow 255 255 0 1.1 106

Green 0 176 80 2.9 33

Blue 0 112 192 5.1 15

Orange 255 192 0 1.6 66

Purple 112 48 160 8 7

3.2. Apparatus

The experiments were conducted on a laptop computer using the EPrime 2.0 software for
Windows. The experiment was displayed on an 18" monitor and participants responded via an
externally connected keyboard. The experiment was conducted in small, well-lit room. Upon
arrival participants were greeted and asked to fill out a compliance form to verify that they
complied with the inclusion criterion, and to give permission for the data to be used in
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publication. Participants were seated ~60 cm away from the screen and with their eyes in line with
the centre of the screen.

3.3. Stimuli

All stimuli displays were newly created for the experiment using MS PowerPoint and E-Prime 2.0
for Windows. A total of 360 target-present displays (2/3) and 180 target-absent displays (1/3)
were created using six colours: Red, blue, green, yellow, orange and purple. The colour codes,
contrast scores and luminance measures for each colour are shown in Table 1. The colours are
shown in Fig. 1. Each display contained 20 coloured circles measuring 1.9° visual angle in
diameter. The target-present displays were constructed so that each colour appeared as a target
with all other colour combinations as distractors and so that the target appeared both in the inner
and outer circle of the display. The distractors consisted of circles of one, two, three or four
different colours and were balanced so that each of the distracting colours was approximately
equally represented. The locations of both targets and specific distractor colours were randomly
assigned using MS Excel's = RANDOM function. Target-absent trials were included to ensure
that participants had to scan the display thoroughly before responding. They were created in the
same manner as target-present displays (albeit with no target).

3.4. Procedure

The experiment consisted of a training block (15 trials) and experiment block (540 trials). Each
trial proceeded as follows: First, a screen appeared for 1500 ms, which instructed the participant
which target to search for in the following task. Second, a fixation cross appeared in the middle of
the screen for 1000 ms.

Fig. 1. The colours used in the experiment. See the online article for a coloured version of this
figure. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Third, the search display appeared until the participant responded with the left keyboard arrow-
key if the target was present, or the right keyboard arrow-key if the target was absent. Fourth and
finally, a review screen appeared which showed the participants their reaction time for the
specific trial as well as their accuracy across all trials, and an instruction that the next trial could
be started using the keyboard's spacebar. Fig. 2 shows the experiment procedure.
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3.5. Analysis

Target-absent and incorrect response trials were excluded from the dataset prior to analysis.
Results were analysed using a 6 x 4 factorial repeated measures ANOV A model. The dependent
variable was Reaction Time (RT). The independent variables were target or distractor colour (6
levels, one for each colour) and number of distractor colours (4 levels, 1 to 4 distractor colours).
Subject was included as a random factor to remove inter-subject variability. Gender was tested as
a co-variate given previous associations with attention control and colour perception (Harter et al.,
1989; Naglieri and Rojahn, 2001), but removed from the final analysis as it did not significantly
predict Reaction Time. While using parametric tests can sometimes be problematic in studies
using smaller sample sizes, the assumptions of the ANOVA model were fulfilled for the present
experiment after correcting for violations for the assumption of sphericity for the main effect of
target colour. Analysis was conducted using base R (R Core Team, 2017) and the ezANOVA
(Lawrence, 2016), ggplot2 (Wickham et al., 2018) and tidyr (Wickham, Henry, & RStudio, 2019)
packages for R.

Target Indicator Fixation Search Display Feedback
(1500ms) (1000ms) {Until Response) (Until Response)
| 1 | N
»
You must find ....
o (- 3
Fig. 2. The experiment procedure, See the online article for a coloured version of this figure,

Fig. 2. The experiment procedure. See the online article for a coloured version of this figure

4. Results
4.1. Difference between specific target colours

Mauchly's test indicated that the assumption of sphericity had been violated for the main effect of
target colour (W = 0.152, p = 0.02). Therefore degrees of freedom for the test of the effect of
target colour were corrected using Greenhouse-Geisser estimates. There was a small to medium
significant difference between individual target colours (F5, 80 =22.91, p <0.001, 2 = 0.10) and
a small significant difference between number of distractor colours (F3, 48 =27.91, p <0.001, n2
=0.06). There was a small significant interaction effect (F15, 240 = 1.79, p = 0.02, 2 = 0.02),
indicating a difference in search speed for individual target colours as a function of the number of
distractor colours. Post hoc one way ANOV As showed that the interaction effect was caused by a
larger difference between target colours at larger amounts of distractor colours: There was a small
significant difference at one distractor colour (F5, 80 = 4.64, p <0.001, n2 = 0.06), a medium
significant difference at two distractor colours (F5, 80 = 10.91, p <0.001, 12 = 0.13), and slightly
larger medium significant differences at three (F5, 80 = 11.67, p <0.001, n2 = 0.14) and four (FS5,
80=9.97, p <0.001, n2 = 0.14) distractor colours (see Fig. 3).
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Fig. 3. The interaction between target colour and amount of different distractor colours. Error bars
indicate 95% confidence intervals. See the online article for a coloured version of this graph. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

4.2. Difference between individual distractor colours

There was a small significant difference between individual distractor colours (F = 5.64, p <
0.001, 12 = 0.06) and a small significant effect of distractor count (F =44.63, p <0.001,n2 =
0.07). There was no significant interaction effect (F = 1.28, p = 0.20, n2 = 0.004), indicating that
the difference in search speed for individual distractor colours did not increase as the number of
distractor colours increased. Post-hoc tests revealed that red slowed search significantly more than
blue (p = 0.016), orange (p < 0.001) and purple (p < 0.001), while yellow slowed search
significantly more than orange (p = 0.025) and purple (p < 0.01). Finally, green slowed search
significantly more than purple (p = 0.019).

5. Discussion

This paper investigated the hypothesis that individual colours would guide attention differently.
Furthermore, based on findings by Biggs et al. (2015), the hypothesis was tested that any
attentional guidance would increase as the complexity of the display increased. Our results
support the hypothesis of a difference between individual colours, but show a three-way grouping:
1) red is consistently found the fastest, 2) blue, green and yellow are found slower than red, but 3)
faster than orange and purple, which are found equally fast. Furthermore, our results support the
hypothesis that differences in search times between individual colours increase as the complexity
of the screen, induced through a higher number of differently coloured distractors, is increased.
Finally, our data shows that the differences in attentional guidance are also reflected in increased
attentional capture of the colours, with red, yellow and green slowing search significantly when
present.
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As discussed in the introduction, several reasons could be outlined as to why there may be
individual differences between colours. Our results are consistent with most accounts with regards
to the colour red: red is specialized for on the cellular level, is considered a primary colour in
design and art conventions and is frequently associated with threat and danger. However, for the
remaining colours, neither of these three explanations completely explain the data: Explaining
based on the artistic convention (i.e. red-blue-yellow is considered primary and green-orange-
purple is considered secondary), is inconsistent with green being found equally fast as yellow and
blue, and with red being found the fastest. Explaining based on the biology of our eyes is
inconsistent with yellow being found equally fast as blue and green, and, again, is inconsistent
with red being found the fastest. Explaining based on the emotional value of the colours is
inconsistent with regards to how colours are grouped, as colours that are similar in their emotional
meaning do not capture the same amount of attention (e.g. orange and yellow). Furthermore, the
results show that red was particularly efficient at facilitating search, to the extent that search for
red objects was not affected by increased complexity. It thus seemed that, unlike other colours,
participants were always able to perform a parallel search for the colour red at all levels of
complexity. In sum, our results show a three-group structure as the best fit for our data: 1) red, 2)
green, blue and yellow, and 3) purple and orange. Furthermore, while our data does not
conclusively reject that the emotion of colours was the cause of attentional guidance, our data is
particularly incompatible with this explanation, as no colours that share their emotional value
were found equally fast. Nevertheless, our results indicate that colours should be considered
separately with regards to their attentional guidance, and that the difference in guidance increases
as complexity of the display increases.

5.1. Implications for attentional studies on colour

Our results may contribute to both the theoretical understanding of guidance by colour, which
serves as a part of several separate accounts of attention (e.g. Bundesen, 1990; Wolfe et al., 1989),
and our understanding of how colour conveys emotion.

First, while previous studies have mostly attributed the guiding and capturing effect of colour to
the difference in contrast (e.g. Nordfang et al., 2013, Theeuwes, 1992, 1994), our results do not
corroborate this account. For example, red, which guided attention the best had a medium contrast
(4), while the two colours that guided attention the least, purple and orange, had the highest (8)
and second-lowest (1.6) salience scores respectively. Our results thus corroborate those of
Snowden (2002) in showing that colour can capture attention in itself in a manner that is separate
from luminance or contrast. While none of the proposed accounts for why colours diverge in their
attentional bias explained our results perfectly, the fact that contrast was not a valid explanation
either nevertheless cements our initial proposal that something about individual colours make
them have individual effects on attention.

Second, while colours have previously been established as being associated with certain emotions
(Lee et al., 2015; Murray and Deabler, 1957; Na and Suk, 2014; Schaie, 1961b, 1961a; Wexner,
1954), our results indicate that this emotional conveyance is either not sufficiently strong for it to
guide attention, or does not occur until a later stage of processing, rendering it unable to influence
attentional allocation. Of these two accounts, we find the latter explanation more likely, given the
success in reproducing colour — emotion associations across diverse groups (Aslam, 2006).
However, further research is needed to elucidate this relationship.

Citation: Andersen, E. and Maier, A. (2019) ‘The attentional guidance of individual colours in increasingly complex
displays’, Applied Ergonomics. Pergamon Press, 81(November 2019). doi: 10.1016/j.apergo.2019.102885.



5.2. Implications for visual design

As discussed in the introduction, insights on human behaviour can inform the design of visual
interfaces, which in turn may lead to improved performance of their users. Indeed, the results
presented here may have several applications in the design of complex visual interfaces:

The first, most apparent application of our findings lies in using colour schemes for objects that
are aligned with the importance of the objects. Based on our findings, the highest priority object
could thus be coloured red, whereas the least important object could be coloured purple.
Furthermore, if several objects have equal importance, our findings could likewise guide
designers to choosing colours that capture attention equally. Finally, our findings show that this
alignment is particularly important for the design of complex visual interfaces, as the differences
in guidance by colour increased with display complexity. As introduced previously, such
alignment of importance and colour of objects has previously been shown to improve graph
(Ratwani et al., 2008) and map design (Francis et al., 2010; Shive and Francis, 2013), and has
been suggested for improving performance in x ray evaluation (Stroud et al., 2011). Our findings
add to these by giving a general hierarchy of the role of individual colours on attention allocation,
which may be useful for all types in the design of all complex visual displays. Establishing this
hierarchy to understand where attention is allocated may further be applied in the design of gaze-
contingent displays as a way of reducing transmission bandwidth (Loschky and McConkie, 2002)
or for optimising colour highlighting such as those reported by McDougald and Wogalter (2014).

Second, our finding that it may require elaborate processing before colours convey emotion can
have significant consequences for how colours are used to convey semantic knowledge about
products over short durations, such as in advertising, where colour plays a central role for
signalling specific traits such as environmental friendliness (Aslam, 2006; Lee et al., 2015).

6. Conclusion

Colours as a group have been consistently shown to guide and capture attention. However, is has
thus far not been investigated whether this guidance differs for individual colours. Therefore, this
paper investigated experimentally whether individual colours have different levels of guidance,
and whether this guidance is contingent on the complexity of the display. The results supported
both these claims, showing significant differences between colours that became larger as a
function of interface complexity. The data suggested a three-group structure, with 1) red
facilitating search the most, 2) green, blue and yellow the second-most, and 3) orange and purple
facilitating search the least. Implications for theory of perception and application to design
practice were discussed. Notably, these results could not be attributed to differences in luminance
or contrast. These novel empirical findings thus suggest that ergonomics guidelines for visual
design may need to be developed for individual colours, in addition to those already existing with
regards to luminance and contrast.
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