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1.   Introduction

In developing multimodal interfaces aimed at pro-
viding a holistic experience in telecommunication 
and virtual reality environments, it is important to 
understand how our brains process and integrate mul-
tisensory information in order to achieve optimal 
performance. Color cues have been widely used to 
indicate information concerning temperature in the 
fields of industrial and interior design [�–4], and 
therefore, our current research on multisensory infor-
mation processing focuses on such correspondences 
between color and temperature. 

Correspondences between color and temperature 
have been studied by asking people to rate colored 
stimuli as being either warm or cold [2, 3, 5–7] or by 
instructing people to report which color they were 
reminded of when a thermal stimulus was presented 
to them [6]. As expected, people reported the color 
red being more often associated with warm, and blue 
with cold. This kind of association has been shown to 
affect people’s feelings of warmth and coldness, with 
reddish colors inducing warm feelings and bluish 
colors inducing cold feelings [3, 7–�2]. The effects of 
color shown in those studies are presumably knowl-

edge-based. That is, the effect may result from direct 
employment of the knowledge of red-warm/blue-cold 
association per se, since in those previous studies, 
only subjective measures were used, and in most of 
the experiments the warmth and coldness were only 
thought of, rather than being physically presented.

In our research on color-temperature correspon-
dences, we investigated whether such correspon-
dences could have an actual impact on people’s infor-
mation processing efficiency and object temperature 
perception. The findings are expected to be useful in 
designing multimodal interfaces that aim to represent 
thermal information in virtual environments.

2.   Impact of color-temperature correspondences 
on efficiency of information processing

We utilized two objective behavioral measures: the 
Implicit Association Test (IAT) and a priming task in 
order to examine what impact color-temperature cor-
respondences have on information processing [�3]. 
Both paradigms use reaction time (RT) as an objec-
tive task performance measure. 
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2.1   Simplified IAT
IAT is widely used in social psychology to assess 

the strength of an individual’s automatic associations 
between different concepts [�4]. Here, we adapted a 
simplified version of IAT introduced by Parise and 
Spence [�5] to examine the correspondences between 
color and temperature. In the experiment, a series of 
color patches and thermal words were presented on a 
display, one at a time. The participants’ task was to 
categorize thermal words (warm versus cold) or color 
patches (red versus blue) with two response keys. We 
manipulated the assignment of the color and tempera-
ture to each response key, as shown in Fig. 1(a). The 
foundation of the IAT is that it is easier to map two 
concepts into the same response key when they are 
internally associated (congruent) than when they are 
internally unrelated (incongruent). The participants 
consisted of �� people (6 women), between the ages 
of �9 and 37; all had normal color vision.

We found that people’s responses were faster with 
congruent key assignments (red-warm, blue-cold) 
than with the incongruent key assignments (red-cold, 
blue-warm), regardless of whether the response target 
was a thermal word or a color patch (see Fig. 1(b)). 
Our results indicated that correspondences between 
color and temperature affect the speed of response to 
a color or thermal stimulus. Incongruent combina-
tions may lead to a prolonging processing time. 

2.2   Priming task
We also used a priming task to investigate the inter-

action between color and temperature during infor-
mation processing. In the experiment, color and 
thermal stimuli were presented sequentially in each 
trial, with the first stimulus acting as the task-irrele-
vant prime and the second stimulus as the target. 
When the prime consisted of a color stimulus, the 
target was a thermal stimulus, and vice versa. We 
manipulated the congruency of prime and target pre-
sented in each trial, so that half of the trials were 
congruent (e.g., red and warm) while the others were 
incongruent (e.g., red and cold). The color stimuli 
used were color patches, and the thermal stimuli used 
were words such as warm or cold that indicate ther-
mal conditions, or physical warmth or coldness 
applied to the skin of the participant’s index finger. 
The participants consisted of 3� people (23 women), 
between the ages of �9 and 6�; all had normal color 
vision. They were instructed to discriminate the color 
target (i.e., red or blue) or the thermal target (i.e., 
warm or cold) as rapidly as possible. Our purpose 
was to assess the influence of a prime stimulus on the 
perception of the target stimulus under different 
color-temperature combinations.

We found that exposure to a thermal stimulus had 
no effect on the RTs to discriminate the color of a 
stimulus (Figs. 2(b) and 2(d)), regardless of whether 
the thermal stimulus was semantic or physical, but 
exposure to a color stimulus did affect the RTs required 

Fig. 1.    (a) Stimulus-response key assignment. (b) Results of the IAT. Congruent key assignments are represented by white 
bars and incongruent assignments by striped bars. The error bars show the standard errors of the means; the 
symbols * and ** respectively indicate the statistical significance of p<0.05 and p<0.01.
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to discriminate a physical temperature (Fig. 2(c)). 
This asymmetrical effect suggested that the color-
temperature association might be stronger in the 
direction of color to temperature than temperature to 
color. This is not unexpected given that colors are 
often used to indicate temperature, but temperature is 
seldom used to indicate color. It was also found that 
when the target was a thermal word, there was no 
effect (Fig. 2(a)). However, when the target was a 
physical temperature, the RTs were significantly 
faster with a congruent prime (Fig. 2(c)). 

While IAT indicated that the correspondences 
between color and temperature have similar effects 
on the speed of response to a color or a thermal 
stimulus, a priming task showed that the correspon-
dences are more effective in reducing the RTs for 
physical thermal stimuli than for color stimuli. This 

difference in the results presumably comes from the 
difference between these two paradigms. In IAT, a 
single stimulus is presented in each trial, and this 
design ensures that the effects result from the differ-
ence in the color-temperature congruency between 
the two stimulus-response key assignments (See  
Fig. �(a)), rather than the stimulus per se. Therefore, 
similar effects were obtained for a color and a thermal 
stimulus as long as the color and temperature were 
associated. In contrast, in the priming task, two 
stimuli are presented in a single trial, and this design 
allows for the possible interaction between the color 
and thermal stimuli during information processing. 
Thus, the effect of color-temperature correspondenc-
es would be more effective for a target stimulus that 
requires a relatively long processing time such as a 
physical temperature (RT of ~2000 ms, see Fig. 2(c)). 

Fig. 2.    RTs for participants discriminating (a) thermal words and (b) color stimuli when the prime is a thermal word, and (c) 
physical temperature and (d) color stimuli when the prime is a physical temperature. Congruent and incongruent 
combinations are shown in white and striped bars, respectively. Error bars indicate the standard errors of the means, 
and * indicates statistical significance of p<0.05.
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This is because a congruent color prime may facili-
tate people’s classifying/labeling a physical tempera-
ture to the response categories warm and cold and 
therefore reduce the RTs. In the case of a color target, 
the facilitation would be limited because its RTs  
are already short in the first place (500–600 ms; see 
Figs. 2(b) and 2(d)).

In summary, our findings from both tasks demon-
strated that the correspondences between color and 
temperature have an effect on information processing 
efficiency. These findings are useful for the design of 
multimodal interfaces that intend to convey informa-
tion with both visual (color) and thermal feedback.

3.   Impact of color-temperature correspondences 
on object temperature perception

While our research introduced in section 2 con-
firmed that correspondences between color and tem-
perature have an actual impact on information pro-
cessing efficiency, it remains unclear whether such 
correspondences can influence temperature percep-
tion. Although previous studies have shown that 
color-temperature correspondences can affect peo-
ple’s feelings of warmth and coldness, in most of 
these studies the temperature information was pre-
sented to the participants in an indirect, non-contact 
fashion [3, 7–�2]. Because the most intuitive and 
natural way for people to obtain temperature informa-
tion is to directly touch the object of interest, our 
purpose was to understand whether colors can still 
exert an influence under this circumstance. Although 
an old study reported some effects of color on object 
temperature judgments (e.g., green objects were 
more likely to be judged as warm than purple objects) 
[�6], it remains unclear whether and how the effect is 
associated with the prevailing color-temperature cor-
respondences.

When a hand touches an object, the feelings of 
warmth or coldness depend on not only the object 
temperature but also the hand temperature [�7]. 
Accordingly, we studied the effect of color on object 
temperature perception by manipulating either the 
object color or the hand color while participants 
touched an object (Fig. 3(a)). We developed a novel 
multimodal system that utilizes a thermal display and 
advanced projection technology (Fig. 3(b)). This sys-
tem can project colors onto the hand region selec-
tively when the hand touches the object surface, and 
it can also control the temperature of the object sur-
face. We varied the temperature of the object surface 
and asked the participants to judge whether or not the 

object felt warm [�8]. Our purpose was to see wheth-
er object and hand colors have an influence on the 
lowest temperature required for the object to feel 
warm. 

What we found is that colors can affect our percep-
tion of object temperature, but not in the way that 
people would expect. Our data indicated that a red 
object, relative to a blue object, raises the lowest tem-
perature required for an object to feel warm by 0.5°C 
(see Fig. 4(a)). In other words, our results indicated 
that a blue object is more likely to be judged as warm 
than a red object of the same physical temperature, 
which goes against the general expectation from the 
red-warm/blue-cold association. When the hand was 
colored red or blue, a reverse effect was found. This 
time, the lowest warm temperature for a red hand was 
lower than that for a blue hand by about 0.5°C (see 
Fig. 4(b)), indicating that red hands made objects feel 
warmer. Although the effect of colors here might 
seem small at first glance, our hands are able to detect 
temperature changes as small as 0.2°C and to distin-
guish temperatures that differ by as little as 0.03–
0.09°C [�9, 20]; thus, a change of 0.5°C is in fact 
relatively large and clearly perceptible.

It is known that the brain integrates visual and tac-
tile information when estimating the properties of an 
object explored by the hand [2�]. For properties such 
as size or surface roughness, direct sensory inputs and 

Fig. 3.    (a) We manipulated object colors by attaching blue 
or red paper to the thermal display and hand colors 
by projecting blue or red light onto the hand. (b) The 
novel multimodal system developed for this study 
can perform feedback control to the surface 
temperature of the thermal display and selectively 
project colors onto the hand that was in contact with 
the thermal display.
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expectations based on the visual information are 
averaged, so that the final perception is biased toward 
the expectations [2�, 22]. In the case of estimating the 
temperature of an object, our data suggest that instead 
of taking the average of the expected and direct tem-
perature inputs, our brain focuses on the difference 
between the two. As a result, the final perception is 
opposite to the expectation. Other object properties 
that have the same integration rule include weight, in 
which a larger object is tended to be judged as lighter 
than a smaller object of the same mass [23–27], and 
force, in which the perceived force from an impact on 
the palm is tended to be judged as weaker when the 
collision speed is fast compared to when the collision 
speed is slow [28]. 

In summary, our findings demonstrate that both 
object and hand colors can directly modulate tem-
perature perception of an object touched by the hand 
and that the effect is opposite to the common red-
warm/blue-cold expectation. 

4.   Applications to multimodal interface design

While current applications of color-temperature 
correspondences mainly focus on modulating peo-
ple’s thermal experiences in different environmental 
conditions and providing information concerning 
temperature with color cues, our new findings that 
color-temperature correspondences have an impact 
on not only the efficiency of information processing 
but also object temperature perception provide new 

guidelines for multimodal interface design.
For applications involving visual and thermal feed-

back, as indicated in section 2, it is important to avoid 
presenting incongruent visual and temperature infor-
mation, such as presenting the color red and a low 
temperature together, especially in situations where 
users need to respond to physical temperature infor-
mation. This is because with incongruent combina-
tions of color and temperature, the time required for 
users to process the information could be prolonged, 
and the performance of the interface would degrade. 
When the purpose of the interface is to create a holis-
tic experience of interacting with an object in virtual 
environments or at a remote site, manipulating the 
object and hand colors with visual feedback can in 
fact modulate the perceived warmness or coldness 
during hand-object interactions, as indicated in sec-
tion 3. For example, coloring a user’s hand red would 
make an object held in the hand feel warmer, and 
coloring a user’s hand blue would make the object 
feel cooler. It is important to note, however, that when 
manipulating the color of the object itself, the oppo-
site effect is obtained. That is, when coloring an 
object red, it would give a cooler feeling instead of a 
warmer feeling. Because thermal feedback control is 
relatively complicated and requires special hardware, 
the effect of object and hand colors on temperature 
perception would allow a more energy-saving and 
lower cost multimodal interface.

Fig. 4.    (a) A red object, relative to a blue object, raises the lowest temperature required for an object to feel warm, so that a 
blue object is more likely to be judged as warm than a red object of the same physical temperature. (b) The lowest 
warm temperature for a red hand was lower than that for a blue hand, so that with a red hand, participants tended to 
judge the touched object as being warmer than they did with a blue hand. 
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5.   Conclusion

Our findings on color-temperature correspondences 
not only provide fresh insights on how our brains 
process multisensory information, but they are also 
expected to contribute to the development of inter-
faces for providing multimodal information and 
holistic experiences in telecommunication and virtual 
environments. 
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