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ABSTRACT

LEDs have been commonly utilized as expressive media in various areas, yet their
effectiveness in conveying information remains underexplored. This preliminary study
aims to define the types of information that can be effectively represented through
LED-based expressions and to establish a rationale for their design. Through an
ideation session with six graduate students specializing in product design and robotics
development, we categorized LED-based expressions into 11 Information types. Key
design factors-on/off, intensity, rhythm, and color-were predefined and used for
categorizing the data. As a result, the relationship between the number of LEDs and the
complexity of conveyed information suggests that higher LED count enables unique
expression design especially for ‘gesture type’ information. And also, this study offers
insights for developing a structured framework for LED-based expression design by
discovering the patterns of designing LED expressions.
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INTRODUCTION

LEDs have been widely applied in various areas as media for delivering
information. In social robotics, based on Frank Hegel’s (2011) typology
of social robot expression, LED-based expressions mostly contribute to the
artificial signals, the explicitly implemented conventional signs (symbols)
to guide a user. The inner state of products can be effectively represented
using conventional signs, such as battery status, power on/off, and error
signs. Those kinds of conventional signs are the most powerful tools in
this case that can help people easily and clearly understand the encoded
information. However, in the case of the other information, there is still a lack
of application due to the limitation of human memories and few academic
approaches to LED-based expression design. Without a clear understanding
of the information and the characteristics of light, designers have often relied
on personal intuition to convey information through light (Paik, 2012).
Therefore, this has frequently brought confusion to users in interpreting the
expressions missing rationales.

To reduce confusion, it is important to understand the nature of
communication and how the human cognitive model works. Based on
the work done by Csányi, V. and Kampis, G. (1988), the higher the
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correspondence of the cognitive model of sender and receiver was, the
more accurate and easier their communication was perceived. They have
classified communication into two types based on the correspondence rate
of cognitive models; When they are aligned 100%, they named it as
Type 1 communication, which can be easily seen in the interaction within
the same species (e.g. human-to-human); Whereas Type 2 communication
refers to cases where the alignment is less than 100%, in other
words, ‘Interspecies Communication’ (e.g. human-to-dog). Based on their
classification, the communication between humans and robots seems to
be Type 2 communication (interspecies communication). However, due to
the nature of robot development, robots are designed by humans. This
indicates that designing the robot expressions similar to human expressions
can enhance the accuracy of communication.

The importance of effective communication between humans and products
is becoming increasingly relevant not only for social robots, whose primary
function is to engage with users emotionally but also for functional
robots/products regarding the clear delivery of functional intent. As
an example, Audi’s ‘Dynamic turn signal’ adopted multiple LEDs to
communicate with users. In this case, multiple LEDsmade it possible to create
distinctive LED expressions rather than using the same blinking signal to
communicate multiple information, such as moving directions, emergencies,
or gratitude, showing the potential of LED-based expressions.

AIM OF STUDY

The aims of this study are as below.

1) This study aims to define the information types that can be conveyed
through LED-based expressions.

2) This study aims to find the relationship between LED and information
as a rationale for designing LED-based expressions.

METHOD

To define the information types and relationship between LED expression
and information, we predefined the design factors of LED as on/off, intensity,
rhythm, and color. We believe that LED-based expressions can be designed
by controlling those four design factors. Then, we conducted an Ideation
session with six graduate students. In this session, we focused on identifying
the information that can be conveyed through LEDs and also we had the
participants to discuss the ideas of how to design LED-based expressions of
the information that they came up with.

Participants: Since we will run an intensive ideation session to collect
how to design LED-based expressions, ideation skills and prior experience
in product/robot development can play a significant role in this session.
Therefore, we gathered 6 graduate students of UNIST(Ulsan National
Institute of Science and Technology) consisting of three developers who have
been involved in developing social robots and three product designers who
are familiar with the ideation process (three males and three females in total).
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Research subject: In this study, we used a linear LED arranged
horizontally, considering the human’s field of view, natural mapping
between LED arrangement and information, and the seamless application
in products/robots. First, the human’s field of view is inherently wider in
the horizontal direction than in the vertical. Studies on display ergonomics
have shown that horizontal layouts better align with the natural span
of human vision, enhancing visual comfort and reducing cognitive load
(Kim, 2018). Second, the non-verbal cues such as facial expressions, eye
movements, and mouth shape predominantly spread across the horizontal
axis. Research on emotion recognition indicates that human perception
of affective states is significantly influenced by facial expressions (Ekman,
1982). Horizontally arranged LEDs can effectively replicate these natural
patterns, enabling intuitive emotional expression. For example, a horizontal
LED display can mimic eye movements, widening for surprise or narrowing
for focus. Third, to prevent it from being designed on a 4×4 LCD board as an
image resembling facial expressions or icons, we arranged LEDs in a single
horizontal line. This ensures that information is conveyed purely through
signals rather than pictorial representations.

To clarify the data to be collected in this study, we specifically excluded
information that has been designed and used conventionally among people.
As mentioned above in the introduction, because of the long history of usage,
conventional LED signals have been deeply adapted to our lives; therefore, no
revisions are needed for those cases. The following ideation session was held
referring to this scope. In designing LED-based expressions, we predefined
four design factors of LED: on/off (binary presence of light), intensity (level
of brightness), rhythm (temporal patterns of light), and color (hue changes).
However, we only deal with three of them this time: every design factor
except color. This paper explores how these design factors contribute to the
cognitive mapping of the information to the LED design factors, based on
data collected from an ideation session below.

Ideation: We conducted an Ideation session to explore the potential of
LEDs in information representation. Participants were asked to brainstorm
and list various types of information that could be conveyed through LED-
based expressions. These data will be categorized into Information types later
in the data analysis.

Figure 1: Ideation session.
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1. Introduction & Briefing: Participants were introduced to the objective
of the study and given an overview of design constraints, LED
design factors (On/Off, Intensity, Rhythm, Color), and their possible
applications.

2. Idea Generation: Participants individually wrote down different
information on the sticky notes that they believed could be effectively
expressed using LEDs.

3. Group Discussion & Refinement: Participants shared their ideas as a
group, designing LED-based expressions and discussing the feasibility
and clarity of each LED-based expression considering how different
design factors could be applied.

Data Analysis: To systematically analyse the relationship between LED-
based expressions and information types, we did data analysis focusing
on single-color LEDs. Therefore, information that required color as a
design factor was excluded from the analysis. The collected data were
categorized based on the design rationale provided by the participants. For
instance, information such as ‘humming’, ‘goodmorning’, and ‘dancing’ were
classified into ‘soundwave type’ as they tried to visualize the vocal soundwave
with LEDs. The number of LEDs used and the design factors applied in
LED-based expression design process were labelled also.

To measure the number of information we used ‘bit’, a unit for measuring
information. For example, if a single LED has two states, on and off, the
total number of possible states is 21, meaning that a single LED stores 1 bit
of information. In general, N such devices can store N bits, since the total
number of possible states is 2N and log22N = N (Shannon, 1948).

RESULT

Information types: An ideation process provided valuable insights into
how participants intuitively associate LED patterns with different types of
information and helped form the foundation for analysing user perception
of LED-based expressions. The identified information types and their
corresponding design factors are summarized in Table 1 (see Appendix 1).
There were in total 11 types of information.

DISCUSSION & CONCLUSION

Patterns found in designing LED-based expressions: The study highlights
how different LED design factors contribute to various information types.We
found out that the same combination of LED design factors was consistently
used within each information type to design LED-based expressions. This
indicates that humans tend to relate a specific element of information to a
specific design factor of LED, thus leveraging the possibility of framework
development of the LED-based expression design.

Relationship between the number of information and the number of
LEDs: There were two cases: 1) the LED expression design that conveyed
the same number of bits as the number of LED diodes utilized, 2) the
design that didn’t. When the number of bits in the information matched
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the number of LEDs used in expression design, we interpreted this case as
the participants perceived the conveyed information in terms of individual
bits. Conversely, when the number of bits did not align with the number of
LEDs, the information was interpreted as a ‘chunk’, rather than a discrete
unit. For example, in ‘gesture type’, the designed LED expression of ‘typing
with user’ mimicked the gesture of a user typing. In this case, two LEDs
corresponded to each hand, allowing one bit of information to be assigned
per hand. This indicates that the number of LEDs directly represents the
bit-level structure of the information. On the other hand, ‘amount type’
demonstrated a different pattern. For instance, ‘water intake’ represents
the amount of water consumed by the user throughout the day. Let’s say
there are four possible states, None/Less/Some/Much, and of course we can
encode this information into a binary format (e.g., ‘None/Less/Some/Much’
as 00, 01, 10, and 11). It requires only 2 bits of information, so theoretically,
only two LEDs are needed. However, the ideation results indicated that
the participants did not perceive ‘amount type’ information in a strict
bitwise manner. Instead, they inferred ‘amount’ based on the number of
illuminated LEDs. For example, when expressing ‘some’, participants found
it more intuitive to light up two out of three LEDs simultaneously, rather
than turning on the LED on the right using a strict binary encoding approach.

Potential of ‘gesture type’ information: LED-based expressions alone may
not always be sufficient to convey meaning without supplementary cues
such as voice. However, within ‘gesture type’, certain expressions distinctly
differed from other LED-based information, indicating the potential as a
primary expression channel. This can be attributed to the fact that as the
number of LEDs increases, the range of unique expressions also expands.
The greater the number of LEDs, the more variations of LED expressions
can be created, enabling clearer differentiation of expressions without relying
on other cues. For further research, validation of these findings and the
experiment with more participants are needed.
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APPENDIX

Table 1: Information Types.

Information
Type

On/Off Intensity Rhythm Color Examples

1 Notification © © timer, schedule reminder,
message, call

2 Response © respond to user’s calling
3 Processing © © confused, wondering,

concerned

Continued
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Table 1: Continued

Information
Type

On/Off Intensity Rhythm Color Examples

4 Sound © © © dancing, mimicking the sound
of the surroundings

5 Paralinguistic
Sign

© © © crying, giggle, humming

6 Backchannelling © © © reaction, sympathy
7 Gesture © © © speaking, listening, mimicking

the user typing with both
hands, high five

8 Gaze © © © interest, reading a book,
looking at right/left side,
drawing user’s attention

9 Amount © × amount(none/less/some/much)
10 Quantitative

value
© © × time spent in certain areas,

time spent on
studying/concentrating,
counting numbers during
exercise, amount of time left

11 Location © searching the location of an
object, following the
movement of an object,
location of the bus

12 Breathing © © © deep breath
13 Weather © © © windy, rainy, sunny
14 Greeting © © © good morning, good night
15 Yes/No © © opinion(agree/disagree),

unpleasant warning
16 Evaluation © © level(low-high), air condition,

cleanliness, nutrition care,
health check,
traffic(bad-good)

17 Emotion © © happy, angry, sad, disgust,
empathy (mimicking
emotion)

18 Arousal © © © © excited, fluttering, cozy,
embarrassed, hurrying

19 Comparison © © sports game score
20 Color © © outfit recommendation based

on today’s weather
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