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Abstract: This study investigated the impacts of different notification modalities used in low and high
ambient sound environments for mobile phone interaction. Three different notification modalities—
Shaking Visual, Shaking Visual + Vibration, and Vibration—were designed and experimentally tested
by asking users to conduct a maze task. A total of 72 participants were invited to take part in the
experiment through the convenience sampling method. The generated results indicated that (1) the
notification modality affects participants’ task completion time, (2) the error rate pertinent to the
number of notifications is positively related to the participants’ task completion time, and (3) the
ambient sound level and notification modalities impact the overall experience of the participants.
The main contributions of this study are twofold. First, it verifies that the multi-dimensional feature
of a Shaking Visual + Vibration synesthesia notification design is implementable. Second, this study
demonstrated that the synesthesia notification could be feasible for mobile notification, and it was
more perceptible by the users.

Keywords: synesthesia; mobile interaction; notification modality; ambient sound; subjective evalua-
tion; error rate

1. Introduction

Mobile phones play an important role in life and have evolved into a must-have
for leisure and gaming activities. Very often, users receive all types of notifications from
their mobile phones to facilitate the interactivities between the user and the device. The
user’s response to the mobile notification is, in fact, an interactive process. The notification
interaction can drive users to immediately take a specific action, make a decision, and/or
choose to express personal preferences. These notification interactions include the buttons
for secondary or complementary actions that allow users to interact with notifications
from outside of the application (app). Similarly, when the app is active, some notifications
inside the app will be triggered through user operations to present the current progress
or feedback regarding some operational information to the user. This research study is
intended to focus on the impact of in-app notifications pertaining to user operations.

In the notification system of the mobile device, there are at least three forms of no-
tification design, typically vision, sound, and vibration. Previous research on vibration
notification forms has focused on the frequency, the strength of vibration, the presentation
of the visual graphics and audio tones, etc. [1,2]. These forms usually do not exist inde-
pendently, and sometimes they are triggered simultaneously in multiple ways. Different
notification modalities give users various types of experience in different places. Therefore,
the notification modality should be designed according to the context of the environment
and the user’s requirements.

In addition, the perceptibility of mobile notifications with modality delivery has been
gradually gaining value. Humans possess a perceptual phenomenon named synesthesia,
which offers stimulation of one sensory or cognitive pathway leading to automatic, in-
voluntary experiences in a second sensory or cognitive pathway. For instance, seeing a
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particular image can give us a feeling of vibration. Moreover, some results of the research
on human synesthesia can also be used in interaction design.

Based on the above-mentioned viewpoints, we have aimed to present mobile no-
tifications via synesthesia. That is, we adopted an animation effect to help present the
vibration notification of the visual presentation, and at the same time, triggered the real
vibration notification of the mobile app to attain a sense of synesthesia. The purpose of this
study was to (1) explore the feasibility and perceptibility of different notification modalities,
(2) evaluate the impact of environmental sounds on notifications, and (3) explore the impact
of different notifications on user experience.

This article is divided into six sections. In the second section, notification interactions
along with the essential factors are discussed, and the concept of synesthesia is introduced
pertinent to the notification design. After describing the experimental methods along with
the research process in Section 3, the resulting parameters are evaluated in Section 4. The
detailed results of the test are discussed in Section 5. Finally, the paper concludes with
some remarks.

2. Literature Review
2.1. Notification on Mobile Phones

Iqbal and Bailey [3] defined a notification as a visual cue, auditory signal, or haptic
alert generated by an application or service that relays information to a user. Correspond-
ingly, notifications from mobile phones can be divided into three dimensions—visual,
vibration, and sound. According to different use purposes and situations, there are various
notification modalities, such as instant messages (e.g., phone calls, social media) for which
users are more inclined to perceive sound or vibration, or in-app notifications, which are
visually presented to show the current progress to users (e.g., lightbox, dialog).

Many scholars have contributed to the research on mobile phone notifications. Early
studies mainly focused on the interference effect caused by instant notification [4,5], but in
recent years, in-app notifications have gradually attracted research attention. Scholars have
paid more attention to the feedback modality of notifications [6]. For example, Yao, Grant,
and Cruz studied the question of strength perception for vibration signals used in mobile
devices [7], while other studies distinguished the importance of messages through different
auditory notifications [4] and researched the privacy of tactile notifications [1,8]. Very often,
however, mobile notifications are not just a single dimension. They occur simultaneously
in two or more multiple dimensions. Williamson et al. attempted to use tactile displays
and realistic impact sounds to produce a compelling interactive interface system [9].

In addition, some scholars have been concerned about the effect of the environment
on the perceptibility of mobile notifications [10,11]. Baek et al. believed that mobile phones
offer multimodal feedback (e.g., visual, auditory, and vibration feedback) by essentially
considering different environments so that users can set up a reception mode suitable to
their situation in mobile environments [12]. Martino and Marks suggested that “although
audio output has been proven to be an effective feedback, it can sometimes be inappropriate
or go unnoticed, especially in a noisy environment such as a concert or train station, or in a
situation where it would be socially improper for a mobile device to ring loudly, e.g., in a
library or business meeting” [13]. In a study conducted by Komninos et al., the ambient
light was used to help deliver notifications from mobile phones along with using standard
modalities [14,15], such as sound and vibration. The results showed that notification
modality preferences are dependent on the environmental context and indicated that the
perceptibility of notifications can only be strongly affected by the presence of audio or
ambient lighting cues. Hence, it is necessary to pay attention to the effect of the environment
on users’ mobile interactions.

Figure 1 summarizes previous research regarding mobile notifications. The notifi-
cation modality is presented in the visual, auditory, and tactile dimensions based on the
function and information of the purpose. Different notification modalities may affect users’
perceptions and emotions, and thereby affect the users’ actions (i.e., ignore or respond). The
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environment may also affect the perception of users or the perceptibility of the notification.
Subsequently, these effects are reflected in the users’ subjective emotions, such as satisfac-
tion. Ambient sound has an impact on the perceptibility of auditory notifications [13,16],
but the impact on visual and tactile dimensions is still an unresolved issue in the previous
literature; hence, this is the focus of this study.
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2.2. Synesthesia in Design

The psychological phenomenon that interacts with various senses is called “synes-
thesia”, that is, the stimulating effect on one sense triggers another. The most common
synesthesia is grapheme–color. Colors can be used as a temperature sensor; for instance,
red, orange, and yellow can make people feel warm, whereas blue and green can make
people feel cool. In auditory–tactile synesthesia, certain sounds can induce sensations in
parts of the body; someone with auditory–tactile synesthesia may experience that hearing a
specific word feels such as being touched on one specific part of the body or may experience
that certain sounds can create a sensation in the skin without being touched. It is one of
the least common forms of synesthesia. Not every user can experience the synesthesia
phenomenon, but it can sometimes be created by design [17–19].

Synesthesia in design refers to the enhancement of a corresponding effect by using
certain words in painting, architecture, and environmental layout. Pattern design and
visual design often adopt synesthesia concepts, and some painters even perform synesthe-
sia experiments through vivid color contrast, which causes non-visual reactions [20–22].
Synesthesia is more similar to a metaphor adopted in a specific design.

Most of the previous literature on synesthesia design sought to explore the interactions
between auditory and visual senses. For instance, the sound of shattering dishes can
represent the dropping of a virtual object into a (virtual) recycling bin, whereas the sound
of a door slamming indicates a remote user logging off the network [23]. There are
scholars who have evaluated the appropriateness of auditory icons as mobile notifications.
In their experimental results, auditory icons performed significantly better in terms of
intuitiveness, learnability, memorability, and user preference because users can naturally
associate them with metaphorical things [24,25]. Furthermore, some scholars have also
explored the interaction between the visual and tactile senses. The results obtained in a
selective attention experiment by Martino and Marks showed that cross-modal interactions
between vision and touch depend on the synesthetic relationship among all the stimulus
combinations. Under orthogonal variation of stimulus by vibration and vision dimensions,
participants responded more quickly to matched than to mismatched patterns [12].

In summary, in view of the multi-dimensional features of mobile notifications, we used
animated shaking visual designs with vibration in the experiment to help users achieve
a sense of synesthesia. Regardless of the information of the notification, the experiment
focused on the perceptibility of notifications with different ambient sounds.
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Hypotheses are as follows:

1. The notification modality will affect the participants’ operation time;
2. The notification modalities have different effects on participants’ emotions with

different ambient sounds;
3. There are significant interaction effects between notification modality and the environment;
4. There is a significant correlation between the error rate and the task completion time.

3. The Experiment

This experiment implemented a 3 (notification modality) × 2 (environment) between-
subjects design (see Figure 2). There were six groups of participants in total. According to
the different modalities of notifications and environments, each group experienced one of
the notification modalities with one ambient sound environment.
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The International Labour Organization (ILO) has pointed out that a safe level of noise
refers to 85 dB over an eight-hour workday [26]. Physically, 30–40 dB is an ideal quiet
environment, whereas 70 dB will interfere with conversation and affect work efficiency.
Long-term living in a noisy environment above 90 dB may severely affect human hearing
and cause neurasthenia, headaches, high blood pressure, and other diseases [27]. Therefore,
higher ambient sound is defined as greater than 80 decibels but less than 90 decibels. The
experimental areas were in public places, such as city parks and restaurants. The lower
ambient sound is defined as less than 30 decibels. The experimental area was in a quiet
laboratory. Before the participants performed the task, the ambient sound level was tested
by a decibel meter to ensure the validity of the experiment. The experimental data were
collected through a time estimation and a 7-point Likert scale.

3.1. Variables

Table 1 shows the variables of the experiment.

Table 1. Experimental variables.

Notification Modality

Environment Shaking Visual + Vibration
(SVV)

Shaking Visual
(SV)

Vibration
(V).

High ambient sound (H) 1. HSVV 3. HSV 5. HV

Low ambient sound (L) 2. LSVV 4. LSV 6. LV

The independent variables were as follows:
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1. Notification modality: (1) Shaking Visual + Vibration (SVV); (2) Shaking Visual (SV);
and (3) Vibration (V).

2. Environment: high ambient sound (H, 80–90 decibels) and low ambient sound (L,
<30 decibels)

The dependent variables were as follows:
Task completion time, error rate (the number of notifications), and subjective evaluations.
Control variables were as follows:
Participants: Individuals with no health problems (hearing ability, cognitive ability,

etc.) and 20–30 years of age.
Devices: during the experiment, the experimental phone was in flight mode. We

ensure that no other out-of-app notifications occur during the experiment.
Ambient sound: We use a decibel tester to strictly monitor the changes in the envi-

ronmental sound level during the process. The experiment will be aborted if any sudden
voices change in the decibel level during the experiment.

3.2. Process

The experimental device is an iPhoneXS (Apple, Cupertino, CA, USA) with a 5.8-inch
screen running the iOS14 system. An interactive maze was created for the experiment
using Xcode. Four intersections were planned in the maze, each with no more than three
selections. There was only one correct route in the maze. The platform of the maze notified
the user when the moving point deviated one pixel from the correct route. Each of the
notifications pertinent to the deviated pixel was recorded once. Therefore, the error rate
was calculated based on the number of notifications.

Figure 3 shows the sample interface of the experiment. The experiment has two tasks.
Task 1 requires participants to interact with the maze from the starting point (S) to the
ending point (E), and Task 2 requires them to return from the ending point (E) to the
starting point (S). Tapping the arrow at the bottom of the screen will move the green dot,
and each tap will move one pixel. Long press is not supported. The notification modality of
SV is a shaking animation shown on the display of the maze area. The notification modality
of SVV is a synesthesia notification where a shaking visual and vibration occur at the same
time, and the shaking frequency is consistent with the vibration frequency. The V modality
is a vibration with the original strength of the iPhone XS set to 0.5 s.
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Participants were required to complete the maze as quickly as possible with the mobile
phone during the experiment. After the assigned task was completed, they were asked to
fill in the subjective questionnaire, describe the emotion, and provide comments on the
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designed notifications. The entire experiment took approximately 15 min. The experimental
data were collected through a time estimation, error rate, and a 7-point Likert scale.

3.3. Participants

A total of 72 participants were invited to take part in the experiment through a con-
venience sampling method. They were all between 20 and 30 years old. According to
semi-structured interviews before the experiment, participants in this age group use mobile
devices more frequently and like to use mobile phones for shopping, social networking, en-
tertainment, office work, etc. They are sensitive to mobile notifications. Therefore, they are
representative. All participants signed informed consent before the experiment. To ensure
the validity of the experiment, we strictly monitored the ambient sound changes during
the process to ensure that the participants operated in a qualified sound environment. For
this reason, the data of six participants were not included in the statistical analysis due to
the change in ambient sound during the experiment.

4. Results
4.1. The Results of Task Completion Time

There are four intersections designed in the maze, each with no more than three
selections. Table 2 illustrates the results of task completion time generated from the
two-way ANOVA regarding the comparison of the variables of notification modality
and environment.

Table 2. The result of two-way ANOVA of task time.

Task Source SS df MS F P Post Hoc (LSD)

S to E
Notification modality 1888.74 2 944.37 5.43 0.007 ** SV = V < SVV

Environment 137.31 1 137.31 0.79 0.378
Notification modality x Environment 1903.16 2 951.58 5.47 0.007 **

E to S
Notification modality 1562.45 2 781.22 3.66 0.032 * SV = V < SVV

Environment 220.45 1 220.45 1.03 0.313
Notification modality x Environment 2599.82 2 1299.91 6.09 0.004 **

Total
Notification modality 6743.98 2 3371.99 4.62 0.014 * SV = V < SVV

Environment 712.30 1 712.30 0.97 0.327
Notification modality x Environment 8895.61 2 4447.80 6.09 0.004 **

* means significant at α = 0.05 level, and ** means significant at α = 0.01 level.

4.1.1. Task 1: From S to E

The results pertinent to “Task 1 (S to E)” indicated that the main effect of the notifica-
tion modality showed a significant difference (p = 0.007). The results from a subsequent
post hoc comparison (i.e., least significant difference, LSD) showed that SV (M = 40.78) and
SVV (M = 49.63) showed a significant difference (p = 0.002). V (M = 37.11) and SVV also
showed a significant difference (p = 0.03). No significant difference was found between
SV and V (p = 0.36). In addition, the main effect of the environment showed no significant
difference (p = 0.37). The interaction effects between the two variables of “notification
modality” and “environment” revealed statistically significant effects (p = 0.007) regarding
the participants’ operating time of Task 1 (see Figure 4).

According to Figure 4, the participants’ operation time of Task 1 showed that in the
high ambient sound environment, the participant takes more time to complete the task
with the SVV notification modality than in the low ambient sound environment. With the
SV notification modality, the effect of high and low ambient sound environments seems
to be similar. Nonetheless, participants encountering the V notification modality spent
significantly less time in the high ambient sound environment than in the low ambient
sound environment.
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Figure 4. The interaction diagram between “notification modality” and “environment” regarding the
participants’ operating time of Task 1 starting point (S) to ending point (E).

4.1.2. Task 2: From E to S

The results pertinent to “Task 2 (E to S)” indicated that the main effect of the notifica-
tion modality showed a significant difference (p = 0.032). The results from a subsequent
Post Hoc comparison (LSD) indicated that SV (M = 37.01) and SVV (M = 47.01) showed a
significant difference (p = 0.028). V (M = 36.72) and SVV also showed a significant difference
(p = 0.02). No significant difference was found between SV and VS (p = 0.94). This result
is consistent with the result from S to E. Moreover, there was no significant difference
in the main effect of the environment (p = 0.31). The interaction effects between the two
variables of “notification modality” and “environment” showed statistically significant
effects (p = 0.004) regarding the participants’ operating time of Task 2 (see Figure 5).
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Figure 5. The interaction diagram between “notification modality” and “environment” regarding the
participants’ operating time of Task 2.

According to Figure 5, the task completion time of E to S showed that in a high
ambient sound environment, the participant takes more time to complete the task with
the notification modalities of SVV and SV than in a low ambient sound environment.
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Nonetheless, participants encountering the notification modality of V spent less time in the
high ambient sound environment than in the low ambient sound environment.

4.1.3. Total Completion Time

For an overview of the participants’ task performance, the data of the one round
total (i.e., from S to E to S) were analyzed. The results indicated that the main effect of
the notification modality showed a significant difference (p = 0.014). The results from a
subsequent Post Hoc comparison (LSD) showed that SV (M = 77.79) and SVV (M = 96.60)
showed a significant difference (p = 0.026). V (M = 73.84) and SVV also showed a significant
difference (p = 0.006). No significant difference was found between SV and V (p = 0.63).
In addition, there existed no significant difference in the main effect of the environment
(p = 0.32). The interaction effects between the two variables of “notification modality” and
“environment” showed statistically significant effects (p = 0.004) regarding the participants’
operating time of one round total (see Figure 6).
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participants’ operating time of one round total.

From Figure 6, the result of one round total (i.e., S to E to S) showed consistency with
Task 2 from E to S. Overall, the participants encountering the notification modalities of SVV
and SV in the high ambient sound environment obviously spent more time completing the
task than they spent in the low ambient sound environment. Conversely, the participants
encountering the V notification modality showed significantly better task completion time
performance in the high ambient sound environment.

In addition, the task completion time of “S to E” and “E to S” was also compared
by using paired sample t-tests. The results are shown in Table 3. There was a significant
difference between the “S to E” and “E to S” (p = 0.01). The participants’ task completion
time indicated that “S to E” (M = 42.45) was greater than “E to S” (M = 40.24).

Table 3. The result of the paired sample t-test of the task completion time “from S to E” and “from E
to S”..

Direction M SD T df P Post Hoc (LSD)

Task 1 from S to E 42.45 14.83
2.638 65 0.01 **

S to E > E to S
(Task 1 > Task 2)Task 2 from E to S 40.24 16.22

** means significant at α = 0.01 level.
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4.1.4. Discussion of the Task Completion Time

The above-mentioned results indicated that the participant who experienced the SVV
notification modality spent more time than others. The results are consistent with the
study by Martino and Marks [13]. In the cross-dimensional interaction, users tend to
have the phenomenon of selective attention, especially choosing between auditory and
visual channels. The ambient sound affected the participants’ selective attention to the
notification modality, thus explaining the different task times. The synesthesia notification
(SVV) showed the longest task completion time among the three notification modalities.
This phenomenon can be explained by the central capacity theory, which suggests that
human attention is limited [28,29]. When multiple stimuli are presented in the context,
there can be too much information, and too much stimulus distracts participants. This
may also affect their task performance. Combined with the semi-structured interviews
with the participants after the experiment, we also learned that when they returned from
direction E to S, they could determine the direction of the route more efficiently. This is
because they had already had previous experience from S to E. Therefore, they showed
greater efficiency from E to S. It is possible that their experience and memory might reduce
the task completion time when returning to the S point from the E point.

4.2. Error Rate

During the experimental process, participants’ task error rates were also calculated
when they traveled through the maze. The error rate was counted based on the number
of notifications when the moving point deviated one pixel from the correct route. Table 4
illustrates the results generated from the two-way ANOVA of the comparison of error rate
pertinent to the notification modality and the environment. The results indicated that the
main effect of the notification modality showed no significant difference (p = 0.56). The
main effect of the environment also showed no significant difference (p = 0.64). Nonetheless,
the interaction effect between the two variables of “notification modality” and “environ-
ment” showed a statistically significant difference (p = 0.02). Figure 7 shows the interaction
effects between “notification modality” and “environment” regarding the error rate.

Table 4. The result of two-way ANOVA of the error rate.

Source SS df MS F P

Notification modality 23.53 2 11.76 0.57 0.56
Environment 4.29 1 4.29 0.21 0.64

Notification modality x Environment 153.86 2 76.93 3.77 0.02 *
* means significant at α = 0.05 level.

In the high ambient sound environment, the participants who encountered the SV
notification modality had more errors than those who used SVV and V. Conversely, in
the low ambient sound environment, participants who experienced the SV notification
modality had fewer errors than those who used SVV and V.

In the semi-structured interviews after the experiment, participants thought they were
distracted by the high ambient sounds, and they tended to ignore the number of errors that
occurred. They paid attention to completing the task as quickly as possible. Compared with
the notifications of SVV and V, the SV modality without tactile cues could be easily ignored
because of distraction by high ambient sounds. That is, participants who experienced SV
often did not immediately realize the occurrence of errors. Sometimes they needed to
experience three or more notifications to realize that an error had just occurred. At this
time, we observed that the frequency of the participant’s hand tapping greatly increased.
Thus, the SV might result in more errors in a high ambient sound environment. On the
contrary, in the low ambient sound environment, the participants’ attention was more
concentrated on the visual part of the mobile interface. Participants were distracted by the
tactile cues of the SVV modality and tended to ignore the V modality, so the participants
might perceive the SV modality more quickly, thereby avoiding more errors.
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Figure 7. The interaction diagram between “notification modality” and “environment” regarding the
error rate.

4.3. Correlation Analysis

To understand further whether each group of the participants’ task completion time
and error rate had any correlation, the Pearson correlation coefficient was conducted to
help investigate the question. The count of error rates was divided into two parts, i.e.,
“from S to E” and “from E to S” in order to correspond with the two wayfinding tasks
(tasks have two directions, S to E and E to S, and the operation time and error number of
each direction are correspondingly analyzed for correlation). The results of the correlation
analysis are shown in Table 5.

The results show that for group 1, there existed a strong positive correlation between
the task completion time and error rate in “Task 1 from S to E” (r = 0.676, p = 0.032). This
means that in the group of participants who experienced the notification of SVV in a high
ambient sound environment when conducting Task 1 from S to E, the more mistakes they
made, the longer the completion time. In addition, there is also a strong positive correlation
between the task completion time and error rate in “Task 1 from S to E” (r = 0.651, p = 0.041)
in group 3. This means that for participants who experienced SV in high ambient sounds,
the more task operation errors, the longer the completion time. It shows consistency with
group 1. This may be caused by the interference of environmental noise and visual shaking.
There is no significant correlation between task completion time and the error rate of
other groups.

However, there was no significant correlation between task completion time and error
rate in terms of Task 2 from E to S and the one round total. The participants indicated
that they would conduct Task 1 from S to E more carefully without experience to avoid
the occurrence of notifications. Nonetheless, when they conducted Task 2 from E to S,
their previous experience made them realize that the notifications would help them find
the correct route faster; thus, the participants clicked on the screen faster without fear
of making errors. Therefore, the significant correlation between error rate and operation
time is only shown in Task 1 from S to E. The fewer errors might result in faster task
completion time.
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Table 5. The Pearson product–moment correlation analysis of task completion time and error rate
regarding each group.

1. HSVV

SVV
+

High
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r 0.676 *
0.032 *p

Task 2
E to S

r 0.001
0.997p

Error
rate

Total
r 0.033
p 0.928

2. LSVV

SVV
+

Low
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r −0.289
0.418p

Task 2
E to S

r −0.446
0.196p

Error
rate

Total
r −0.366
p 0.298

3. HSV

SV
+

High
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r 0.651 *
0.041 *p

Task 2
E to S

r −0.305
0.391p

Error
rate

Total
r 0.237
p 0.509

4. LSV

SV
+

Low
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r 0.378
0.355p

Task 2
E to S

r −0.053
0.900p

Error
rate

Total
r −0.183
p 0.637

5. HV

V
+

High
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r −0.382
0.277p

Task 2
E to S

r 0.336
0.342p

Error
rate

Total
r −0.032
p 0.930

6. LV

V
+

Low
Ambient

sound

Task completion time
S to E E to S Total

Task 1
S to E

r 0.070
0.829p

Task 2
E to S

r 0.422
0.172p

Error
rate

Total
r 0.343
p 0.275

* means the correlation is significant at level 0.05 (two-tailed).

4.4. The Result of the System Usability Scale (SUS)

After the experiment, the participants were also required to complete the system
usability scale (SUS). It consists of 10 questions and the total score is 100 points. Each par-
ticipant’s SUS score was calculated. A score above 68 points is considered to be the average,
and any value below 68 points is considered to be below the average. Table 6 illustrates the
result of two-way ANOVA pertinent to the SUS scores generated by each participant.
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Table 6. The results of two-way ANOVA of the system usability scale (SUS).

Source SS df MS F P Post Hoc
(LSD)

Notification modality 137.04 2 68.52 0.56 0.573
Environment 587.13 1 587.13 4.82 0.032 * H < L

Notification modality x Environment 125.77 2 62.80 0.51 0.599
* means significant at α = 0.05 level.

The main effect of notification modality showed no significant difference (p = 0.573),
and the participants considered that the different notification modality would not affect
the usability of the maze game. Nonetheless, the main effect of the environment showed a
significant difference (p = 0.032). The mean value indicated that those participants who
played the maze game in the low ambient sound environment (M = 83.86) had higher
SUS scores (i.e., better maze usability) than those who played in the high ambient sound
environment (M = 78.03). In addition, the mean values of SUS scores in both low and high
ambient sound environments were above 68. Therefore, the participants believed that the
maze interface seemed to possess good usability regardless of the type of environment. The
interaction effects between the two variables of “notification modality” and “environment”
showed no statistically significant effect regarding the SUS (p = 0.599).

The above results indicate that ambient sound may influence participants’ judgments
on maze usability. Participants tend to give a rating of lower scores in a higher ambient
sound environment. Previous research has demonstrated that the ambient sound may
influence specific user emotions, such as social presence and perceived safety in a public
place [6]. It can also be used as an environmental cue that can demonstrate effects on
individuals’ mood, perceptions, and behaviors [16]. The above-mentioned studies show
similar results to those of our study. The effect may cause the user to show different
viewpoints in their subjective feelings regarding the maze usability [30].

4.5. Subjective Evaluations

This study also investigated participants’ subjective feelings regarding this maze
game. A 7-point Likert scale was used to help create questionnaires for this purpose. i.e.,
satisfaction with the notification (from 1, least satisfied, to 7, most satisfied), the obviousness
of the notification (from 1, least obvious, to 7, most obvious), and suitability (from 1, least
suitable, to 7, most suitable).

4.5.1. Satisfaction

The first question was to investigate the participants’ subjective feelings of satisfaction
after they conducted the assigned task. Participants were required to rate the notification
modality, ranging from 1, the least satisfied, to 7, the most satisfied. The higher the score,
the more satisfied the participants were with the notification modality. The results are
illustrated in Table 7.

Table 7. The results of two-way ANOVA of satisfaction.

Source SS df MS F P Post Hoc
(LSD)

Notification modality 28.49 2 14.24 3.98 0.024 * SVV < V
Environment 0.67 1 0.67 0.18 0.666

Notification modality x Environment 2.75 2 1.37 0.38 0.682
* means significant at α = 0.05 level.

Table 7 indicates that the main effect of the notification modality showed a significant
difference (p = 0.02 < 0.05). The result of the post hoc comparison indicated that the SV
notification modality (M = 4.28) and SVV (M = 3.18) showed no significant difference
(p = 0.16). The SV notification modality also showed no significant difference from V
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(p = 0.73). However, the SVV and V notification modalities (M = 4.73) showed a significant
difference (p = 0.02). Participants were most satisfied with the V notification modality and
least satisfied with the SVV. That is, the mean value of SVV is less than the medium of
4, which means that the participants were not satisfied with SVV. The interaction effects
between the two variables of “notification modality” and “environment” showed no
statistically significant effect (p = 0.68) regarding satisfaction.

4.5.2. Obviousness

Participants’ subjective evaluations pertaining to obviousness required them to assess
whether the notification modalities were obvious in the environment. Participants in each
group rated the notification modality they experienced, from 1, the least obvious, to 7, the
most obvious. The higher the score, the more obvious the notification.

Table 8 illustrates the results generated from the two-way ANOVA. The main effect
of notification modality showed a significant difference (p = 0.001). The results from
a subsequent post hoc comparison (LSD) indicated that the SVV notification modality
(M = 6.40) and SV (M = 6.47) showed no significant difference (p = 0.98). The V notification
modality (M = 5.39) and SV modality had a significant difference (p = 0.001). There also
existed a significant difference between the V and SVV notification modalities (p = 0.002).
The participants considered that V was the least obvious tool as a notification modality.

Table 8. The results of two-way ANOVA of obviousness.

Source SS df MS F P Post Hoc
(LSD)

Notification modality 17.54 2 8.77 7.39 0.001 ** V < SVV = SV
Environment 5.53 1 5.53 4.66 0.035 * H < L

Notification modality x Environment 10.69 2 5.34 4.50 0.015 *
* means significant at α = 0.05 level, ** means significant at α = 0.01 level.

The main effect of the environment also showed a significant difference (F = 4.66,
p = 0.03 < 0.05). The participants considered that the notification that occurs in a low
ambient sound environment (M = 6.36, Sd = 0.89) is more obvious than when it occurs in
a high ambient sound environment (M = 5.78, Sd = 1.51). The mean values of these two
notification modalities are all higher than the medium of 4, which means that they were
both obvious to the participants.

The interaction effects between the two variables of “notification modality” and “envi-
ronment” showed a statistically significant effect (p = 0.01) regarding obviousness. Figure 8
indicates that in the low ambient sound environment, participants who experienced the
SVV and V modalities gave higher scores for obviousness than those who experienced
the SV. That is, the notification modalities of SVV and V are more obvious than SV in a
low ambient sound environment. On the contrary, in a high ambient sound environment,
participants who experienced the SV modality gave a higher score for obviousness than
those who experienced the SVV and V modalities. That is, the notification modality of SV
is more obvious than SVV and V. The V notification modality was the least obvious of the
three notification modalities, regardless of whether the ambient sound was high or low.

In addition, the results also show that the environmental ambient sounds were more
likely to affect the tactile modality. The participants might not have had a strong sense
of synesthesia in the high ambient sound environment because they may have ignored
the vibration. This result is consistent with the findings generated by Komninos et al. [14].
Participants’ perceptibility of notifications can be strongly affected by the ambient sound
in an environment.
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4.5.3. Suitability

This question required participants to assess the degree of suitability between the
notification modality and the environment, from 1, least suitable, to 7, most suitable. The
higher the score, the more suitable the notification and the environment.

Table 9 illustrates the results generated from the two-way ANOVA. The main effect of
notification modality showed a significant difference (p = 0.04). The results from a subsequent
post hoc comparison (LSD) indicated that the SVV (M = 4.50) and SV modality (M = 5.57)
showed a significant difference (p = 0.04), SVV and V (M = 5.73) also had a significant differ-
ence (p = 0.01). No significant difference was found between V and SV (p = 0.76). The main
effect of the environment showed no significant difference (F = 0.03, p = 0.84 > 0.05). The
interaction effects between the two variables of “notification modality” and “environment”
showed no statistically significant effect (p = 0.18) regarding the suitability.

Table 9. The results of two-way ANOVA of suitability.

Source SS df MS F P Post Hoc
(LSD)

Notification modality 19.54 2 9.77 3.39 0.040 * SVV < V = SV
Environment 0.10 1 0.10 0.03 0.848

Notification modality x Environment 10.11 2 5.05 1.75 0.182
* means significant at α = 0.05 level.

This result indicates that participants consider that the SVV modality was the least
suitable notification for the environment, and it could be intrusive for participants, re-
gardless of the ambient sound level. The notification modality also affected the degree
of suitability of the notification within the environment, but the environmental ambient
sound did not. In this study, the single notification modality could be more integrated
within the environment than the synesthesia modality, and participants considered that
the synesthesia notification (i.e., SVV) was least suitable for the environment.

5. Discussions
5.1. The Impact of Notification Modality

The results generated from this study have clear implications for the design of noti-
fication modalities in different ambient sound environments. The previous hypotheses
were verified through the experiment. The experimental results show that the notification
modalities may affect participants’ task completion time. That is, participants who experi-
enced the SVV notification modality took a longer task completion time than those who
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used the other two, which means that the notification modality of synesthesia may affect
users’ task reaction time. In addition, the participants’ subjective evaluation of satisfaction
with synesthesia notification does not look optimistic. They considered that although
the notification of synesthesia (i.e., SVV) can be obvious and perceptible, they are not as
integrated within the ambient sound as the other two modalities (i.e., SV and V). Due to
the fact that the sympathetic notification can be triggered to have multiple dimensions at
the same time, the multiple-stimulus may bring more perceptibility to the participants.
This result is consistent with Martino and Marks [13], who argued that the audition and
vision in a cross-dimensional interaction can interfere with the participants. The strength
of the perceptibility of notification does not determine the speed of the users’ reaction time;
instead, too many perceptible stimuli may interfere with their decisions. This view is based
on Kahneman (1973), who suggests that when multiple stimuli are presented in context,
the humans’ limited attention allows them to process only part of the information [28,29].

5.2. The Impact of Ambient Sound

The experiments conducted in this study also confirm the impact of ambient sound
on notification interaction. A significant interaction was found between the environment
and notification modality. This is mainly reflected in the SVV and V modalities. In the
high ambient sound environment, the SVV modality obviously takes more time than in the
low ambient sound environment. Conversely, the V modality shows significantly faster
task completion time in the high ambient sound environment. The SVV modality has
more perceptibility than the V modality due to the multidimensional nature of synesthesia
notification. In an environment with high ambient sound, participants thought that the
combination of synesthesia notification (i.e., SVV) and ambient sound would be distracting,
so they needed to pay more attention to the interface design and complete the task slowly.
The V notification can be minimally disturbing as has been proven in many studies. Hence,
it is easier for participants to ignore the perceptibility of V modality in a low ambient
sound environment. This result is consistent with the study conducted by Baek, Myung,
and Yim [12]. The vibration frequency can be most susceptible to the users in a dynamic
state and is much higher than in the static state. The result also shows consistency with
the findings of [1,2]. The ambient sound can severely affect participants’ perception of
notifications. When the notification is ignored in the experiment, the participant cannot
return to the correct path and complete the task immediately. It may therefore result in a
longer task completion time.

5.3. The Error Rate Result

In terms of error rate, an interesting phenomenon was observed. That is, in the task
from S to E, the participants showed great caution to avoid errors, and they tended to
judge the intersection in advance, tapping the screen with a slower frequency to move the
blue dot. However, in Task 2 from E to S, they became bold and confident due to previous
experience. In order to complete the task as quickly as possible, they relied on memory
and intuition without worrying about the occurrence of errors; at this time, they clicked
continuously with very fast frequency. It is worth mentioning that there exists a significant
and positive low correlation between the task completion time and error rate from “S to
E”. This indicates that the fewer errors the participants make from “S to E”, the shorter
the task completion time. In addition, there was a significant interaction effect between
“notification modality” and “environment” regarding the error rate. In the low ambient
sound environment, the participants who operated the SV notification modality had more
errors than those who used the V and SVV modalities. Conversely, in the high ambient
sound environment, participants who experienced the SV notification modality had fewer
errors than those who experienced the V and SVV modalities. SV has the highest error
rate among the three notification modalities in the high ambient sound environment, but
the lowest error rate in the low ambient sound environment. This result is interesting and
unexpected. The SV notification modality visually presents a sense of vibration, but it does
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not provide actual tactile stimuli as SVV does. Participants stated that they would pay more
attention to the visual interference of SV, especially in the high ambient sound environment.
Participants were more likely to be disturbed and might cause errors. However, in the low
ambient sound environment, the SV notification modality was easier to perceive than V,
but it was less interfered with than SVV.

5.4. Impact on Subjective Evaluations

Moreover, different notification modalities and environments might have a significant
impact on the participants’ subjective evaluation regarding the SUS, satisfaction, obvious-
ness, and suitability. Participants considered that the V notification modality was the least
obvious. The SVV and SV notification modalities were the most obvious, and the user
interface affected the obviousness of the notification. The shape of the interface is one of
the important factors of the emotional response pertinent to interface design, Asymmetric
interface design is more likely to cause emotional arousal than the symmetric interface
design, but it has an opposite effect on emotional valence [31]. The interface design in
our experiment adopts a symmetrical quadrilateral, which can help attract user attention
and bring positive emotional valence. They also considered that SVV is the most difficult
of these three notification modalities to be integrated into the environment, regardless of
the level of ambient sound. Compared with the other two modalities, the participants
did not enjoy the experience brought by SVV. This result indicates that synesthesia no-
tification might not be ideal for use in notifications for mobile interaction. The ambient
sound also affected the participants’ experience. The SUS scores were significantly higher
for the low ambient sound environment than for the high ambient sound environment.
Participants felt that conducting tasks with a low ambient sound could lead to better task
performance, and the notification would be more obvious and perceptible in a low ambient
sound environment than in a high ambient sound environment.

5.5. Limitations

This research study provides several contributions to the design of mobile notifications.
The multi-dimensional feature of notifications makes it possible to simulate synesthesia,
and the experimental hypotheses were all supported. We argue that synesthesia notifica-
tions could be feasible for mobile notifications because they are more easily perceived by
the user. A good user experience of mobile notifications, however, requires the adoption of
a suitable notification modality in an appropriate environment. Although the synesthesia
notification of SVV has a more perceptual advantage in a high ambient sound environment
that helps participants avoid error occurrence, participants do not seem to enjoy SVV.
Therefore, synesthesia notifications may not be suitable for use in a noisy environment,
and so should be applied with caution.

This study also has some limitations that should be noted. We were not able to program
mobile notifications to actively trigger outside of the app. When the in-app notification
occurs, users may have only one option to respond to the notification and have to re-select
the correct path to complete the task. Therefore, there is a lack of research on the response
rate of users in terms of notifications. Regarding our future research, we intend to continue
exploring the interactive experience brought by a variety of notification modalities.

6. Conclusions

In this study, the impacts of different notification modalities used in low and high
ambient sound environments for mobile interaction were investigated. First, we designed
a synesthesia notification using the multi-dimensional features of mobile notification, in
order to bring a synesthesia stimulating experience to users in the interaction. Then, we
experimentally tested the perceptibility of the different notifications by asking users to
conduct a maze task. Subjective evaluations were performed to help compare the different
notification modalities. The generated results indicated the following:
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1. Different notification modalities showed significant differences in task completion
time, but no significant difference was found regarding the environment. A significant
interaction effect was found between the environment and the notification modality
regarding the task completion time;

2. The synesthesia notification (i.e., SVV) might increase users’ task completion time;
3. The error rate is positively related to the task completion time in Task 1 (S to E);
4. In the low ambient sound environment, the participants who used the SV notification

modality made more errors than those who used V and SVV, but the opposite result
was found in the high ambient sound environment;

5. The environmental sound level might impact the participants’ judgment of the results
regarding SUS and obviousness.

In the future, we also plan to pay more attention to cross-media notification feedback,
for instance, the situation when an environmental or wearable device triggers a notification
at the same time as the mobile phone does. We will continue to explore ways to design
appropriate notifications to enhance the user’s experience.
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