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ABSTRACT

As an advanced factory form that highly integrates factory automation and complex
information technology, smart factories mostly provide alarm information to operators
through dynamic element effects. However, in the case where there are already
numerous dynamic changes in the human-machine interface (HMI), how can alarm
information be more prominent and eye-catching? Aiming at this problem, this
study proposes a brand-new design strategy, aiming to help operators identify the
control that issues alarm information as soon as possible in a dynamic background
environment. Through in-depth analysis of behavioral simulation experiment data, a
design strategy suitable for the dynamic interaction background of this smart factory
is finally obtained. The research results can be widely applied in the research field of
dynamic alarm information presentation methods of human-machine interfaces with
dynamic elements as the background.
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INTRODUCTION

With the advent of the era of Industry 4.0, the digitalization process
is promoting the continuous development of contemporary industrial
manufacturing towards unmanned and intelligent directions. As an advanced
factory form that highly integrates factory automation and complex
information technology, the smart factory is one. The human-machine
interface (HMI) acts as a connection between the user and the controlled
process and plays a key role by providing important information, alarms,
and other functions (Lavin, 2014). Among the information presented on the
digital interface, alarm information is particularly important (Niu, 2018). If
alarm information cannot be processed correctly and efficiently, relatively
serious consequences may occur. An efficient alarm system must: (i) detect
abnormalities and warn operators in a timely manner, and (ii) not mislead,
overload, or distract the operator’s attention (Hu et al., 2018).

Visual alarm forms are applied in visual display interfaces, with diverse
characterization forms. They have the advantages of quickly capturing users’
attention, being intuitive and easy to distinguish, and actively presenting the
emergency state of the situation. People’s attention to the system interface
is usually manifested as continuous attention, which requires the operator
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to maintain attention for a long time without rest in order to detect specific
target signals. This process places extremely high demands on the operator’s
perceptual attention level. Moreover, people are prone to visual fatigue and
have a relatively high cognitive load when in a state of long-term attention.

In many human-machine interfaces (HMIs) of smart factories, some
dynamic elements are often displayed. These dynamic elements can attract
the attention of operators to a certain extent, such as using dynamic arrows
or color blocks to represent the state of flowing pipelines. Although this can
significantly reduce the time for users to search for pipeline flow directions,
it also indicates that the pipeline is currently in normal operation. However,
excessive dynamic information can easily lead to a decrease in users’ visual
search efficiency.

When a certain control on the line gives an alarm, it means that the flow
rate of the pipeline is abnormal or the valve is abnormal. Some scholars point
out that static alarms in a dynamic background are not easily detected by
operators, which will endanger the safety of the system.McLeod et al. (1988)
showed that when there are multiple moving items on the display screen, the
search is limited to the moving set, and the static set is actually ignored. At
the same time, some scholars believe that static objects are relatively obvious
in a dynamic environment. Gibson et al. (1988) proved that a non-moving
item can be found in moving items, and this is independent of the number of
moving distractors. Although the search efficiency is still slightly lower than
that of finding a moving target in static distractors.

In summary, current research shows that the visual form of alarm signals
has a significant impact on the decision-making of operators. However, many
previous experimental task designs are mostly based on performing visual
search tasks in a static environment and do not fully consider the impact of
dynamic backgrounds on users’ attention. Xu et al. (2022) had a similar view.
In view of this, it is necessary to deeply study the impact of different visual
representations of warning icons in an environment with existing dynamic
elements on the visual performance of operators.

RELATED WORK

In a dynamic environment, visual search performance has been proven to
be potentially affected by the movement of targets and distractors. Visual
search is a behavior of finding a target from distractors through a series of
eye movements. In the field of visual search research for human-machine
interfaces, many studies mainly involve stimulus transparency and color
(Gong et al., 2023; Vidyapu et al., 2020). These studies mostly focus on
the impact of static stimuli. However, in practical applications, the objects
on the HMI are moving or dynamic.

Color is an important component of the human-machine interface (HMI)
(Deodhar et al., 2014). Deodhar et al. (2014) argued that HMI graphics
should always have a dim background, preferably gray. However, many
current configuration softwares use blue or dark colors as the background
of the picture. Therefore, this study uses light gray (R242, G242, B242) and
dark blue (R17, G31, B54) as the background colors of the experimental
picture.
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Motion and stillness are among the important factors that can affect
attention. Continuous blinkingwithout changing direction or position should
minimize the apparent motion in the display to the greatest extent, thus
allowing for a more rigorous test of the hypothesis that static targets can
attract attention among dynamic items. Chen et al. (2023) suggested that
different flicker frequencies as well as different background transparency
have an effect on the performance of a visual search task. In combination with
NB/T 20027 - 2010 and the existing settings in the nuclear power industry, a
blinking frequency of 2Hz is used in this study to distinguish between static
and dynamic alarm signals.

In Lu et al. (2012) experiments, he used two experimental scenarios, a still
image and a moving video, to vary the transparency of visual cues to explore
visual task performance in augmented reality environments and how this can
reduce cognitive load on humans. In conjunction with Li et al. (2023), three
transparency levels of 10%, 30%, and 50% were selected as experimental
variables for the transparency of the signal markers in the experiment.

METHOD

In this study, a dynamic design strategy is proposed to help the operator
to recognise the control that emits an alarm message as soon as possible
in a dynamic context environment. The alarm signals of the controls are
analysed by data comparison through behavioural experiments to obtain the
most suitable combination of alarm messages for the current smart factory
interface in a dynamic context.

Twenty college students (aged 22–26) from Southeast University
participated in this study.None of the experimenters felt physically or visually
tired; and all of them had visual acuity within the normal range (including
corrected vision). Prior to conducting the experiment, they were advised to
avoid consuming liquids that stimulate or numb perception, such as tea,
coffee, and alcohol.

The experimental equipment used a 15.6-inch monitor to simulate the
simulated experimental interface using E-prime 2.0 software. Before starting
the experiment, dynamic video clips need to be created using AE software.T
The experiment was conducted in a room with good lighting conditions.
Combining the experimental approach of Matthew et al. (2016), we pasted
two labels representing no alarm signal and alarm signal on the keyboards
D and K attached to the monitor to facilitate the subjects to press the
corresponding keys during the experiment.

Based on the pre-theory, the experiment was designed with three
independent variables, background screen colour (RGB and RGB),
dynamic/static alarm signals (differentiated by whether or not they flicker,
dynamic alarm signals flicker at a frequency of 2Hz, static alarm signals
do not flicker), and transparency (10%, 30%, and 50%); as well as two
independent variables: accuracy rate and response time.

The experimental interface simulates the screen when an alarm signal
appears in the monitoring interface of a smart factory, and the pipeline of the
control shows a flow effect as a dynamic background, as shown in Figure 1.
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Figure 1: Experimental footage with dark and light backgrounds.

This experiment is divided into a practice experiment and a formal
experiment. The practice experiment is designed to allow subjects to quickly
familiarise themselves with the experimental interface in the hope that
they will make quick and correct decisions in the formal experiment. At
this stage, the subjects’ experimental data will not be recorded, and the
experiment guide will be displayed to guide the subjects to try the exercise.
Subjects need to make sure that they can distinguish whether the interface
contains alarm messages or not in this stage, and when they are proficient
in the experimental environment, they can start the formal experiment. The
procedures for both phases were constructed by E-prime 2.0 software. The
formal experimental phase consisted of 10 × (2 × 2 × 3 + 5) × 2 groups of
trials (10 subjects × (2 background screen colours × 2 flashing signals × 3
transparency levels + 5 no-alarm controls) × two repetitions), for a total of
340 trials.

When the experiment started, a black cross first appeared in the middle
of the background plain white screen as a realisation calibration point for
1000 ms to direct the subject’s attention. Possible alarms on the experimental
interface were located away from the crosses and evenly distributed around to
avoid the guiding effect of the crosses. Press any key to enter the experiment.
For each trial, subjects were required to watch a video of the simulated
monitoring interface and press the ‘K’ key once an alarm signal appeared;
if no alarm signal appeared, they were required to press the ‘D’ key. There
is no time limit for subjects to respond to keystrokes, but they are required
to provide feedback as quickly and accurately as possible. A blank screen
was presented at the end of each trial for 500 ms. The E-prime software
automatically recorded the subjects’ recognition correctness and response
time for each experimental trial, and the data were processed after the
experiment to calculate the average correctness and average response time
for different combinations of alarm forms. The experimental flow of each
stage is shown in Figure 2.
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Figure 2: Experimental flow chart.

In this paper, the collected data were analysed using the repetition method,
and some outliers were excluded in consideration of the degree of dispersion
of the data. Table 1 shows the average accuracy, average response time, and
standard deviation and standard error of accuracy for each different alarm
combination in this experiment.

Table 1. Accuracy rate, reaction time, SD and SE values.

Background picture Flicker Trans-parency ACC RT (ms) SD SE

1 Dark Color Static 0.1 0.947 974.39 0.22 0.23
2 Dark Color Static 0.3 0.842 726.5 0.36 0.37
3 Dark Color Static 0.5 1 633.65 0.00 0.00
4 Dark Color Dynamic 0.1 0.526 1167.56 0.49 0.51
5 Dark Color Dynamic 0.3 1 701.63 0.00 0.00
6 Dark Color Dynamic 0.5 1 621.44 0.00 0.00
7 Light colour Static 0.1 1 770.19 0.00 0.00
8 Light colour Static 0.3 1 639.41 0.00 0.00
9 Light colour Static 0.5 1 623.52 0.00 0.00
10 Light colour Dynamic 0.1 0.737 756.1 0.44 0.45
11 Light colour Dynamic 0.3 1 735.12 0.00 0.00
12 Light colour Dynamic 0.5 1 707.55 0.00 0.00
a (no alarm) Dark Color / / 1 1202.5 0.00 0.00
b (no alarm) Light colour / / 0.947 999.3182 0.22 0.23

RESULT AND DISCUSSION

We performed a binary logistic regression analysis on the accuracy data
and the results are shown in Table 2. The results showed that the effect
of transparency of warning signs on task accuracy was highly significant,
B = 10.011123, Wald = 11.9109, p< 0.001. blinking showed a correlation
with the effect of task accuracy, Wald = 7.1282, p = 0.006. background
colour had a non-significant effect on task accuracy, B = −0.941844,
Wald = 2.9342, p > 0.05. there was no interaction between transparency,
blinking and background colour, Wald > 4, p > 0.05. However, there was
an interaction between background colour and the presence or absence of
blinking, p < 0.05. There was also no interaction between the 3 variables,
B = 2.238534, Wald = 7.4121, p > 0.05.
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Table 2. Results of the binary logistic analysis.

B Wald SE Degree P

Background picture −0.9418 2.9342 0.5498 1 0.0867
Flicker −1.645 7.1282 0.6743 1 0.0055
Transparency 10.0111 11.9109 0.4881 1 0.00001
Background
picture*Flicker

−0.9734 6.4806 0.7099 1 0.0312

Flicker*Transparency 1.5475 4.9109 0.7120 1 0.2668
Background
picture*Transparency

1.0378 12.1423 0.6139 1 0.0593

Background
picture*Flicker*Trans-
parency

2.238534 7.4121 0.1431 1 0.0647

Referring to Shen et al. (2018) previous work on analysing reaction
times, all outliers were excluded from this experiment. A linear mixed-
effects regression model was used to analyse the time-of-response data. The
results of the analyses are presented in Table 3. Specifically, subjects’ reaction
time was significantly affected when the background colour, blinking status
and transparency in which the warning message was located were changed,
1AIC = −3.36, p < 0.001; 1AIC = −6.53, p < 0.001; and 1AIC = −6.52,
p < 0.001.Any two of the transparency, blinking status and background
colour There was an interaction effect between the variables,1AIC=−6.53,
p < 0.05; 1AIC = −6.75, p < 0.05; 1AIC = −6.53, p < 0.05.

Table 3. Results of linear mixed effects regression analysis.

AIC BIC t WALD P

Background picture 2612.0 2615.36 51.0374 9.8234 5.15E-114
Flicker 2612.66 2619.19 39.3976 0.862 8.924E-23
Transparency 2529.69 2536.21 33.5407 -9.3823 6.051E-11
Background
picture*Flicker

2612.66 2619.19 39.3976 0.8618 0.389

Flicker*Trans-parency 2600.24 2606.75 31.6224 0.9203 0.0035
Background
picture*Trans-parency

2612.66 2619.19 39.3976 0.8618 0.0038

Background
picture*Flicker*
Transparency

2506.74 2523.01 9.7573 0.31433 0.0075

In terms of task accuracy, except for Experimental Scenario 2, the
experimental scenarios with 10% transparency were lower than the
experimental scenarios with 30% and 50% transparency, with the lowest
accuracy rate of 52.6%. The 100% correct rate was only found in
the experimental scenario with light background and static information,
indicating that the visual search task with low transparency is more
demanding on visual conditions. The lower the transparency of the warning
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information, the worse the visual search accuracy. The 1st, 2nd, 4th, and 10th
experimental scenarios all had varying degrees of less than 100% correctness,
indicating that the accuracy of the task with light backgrounds was higher
than that of the task with dark backgrounds, which is consistent with the
findings of Deodhar et al. (2014). The average accuracy of the experimental
scenes with dynamic flickering was 87.7% and the average accuracy of the
experimental scenes without flickering was 96.5%. This is consistent with
the results of a previous study by Gibson et al. (1988).

For task response time, the experimental results showed that search
reaction time performance for warning messages was best in the dark
background, dynamic alarm, and 50% transparency conditions, i.e., subjects
were able to process the information the fastest in this combination.However,
search reaction time performance for warning messages was worst in the
dark background, dynamic alarm, and 10% transparency conditions. We
speculate that the reason for this discrepancymay have to dowith the order in
which the experimental scenes appeared and the simplicity of the task setup,
and the exact reason needs to be further investigated. Taking all the scenes
together, the mean response time of the dynamic flashing scene was higher
than that of the non-flashing scene (727.94 ms); the mean response time of
the dark background condition was 868.46 ms, and the mean response time
of the light background condition was 754.77 ms. Meanwhile, the higher
the transparency, the better the response time performance, which suggests
that there is a positive correlation between visual search performance and
the transparency of the warning message. information is positively correlated
with the transparency of the warning message.

This study investigates how different background colors, the dynamic
blinking of alarm messages, and varying transparencies affect an operator’s
performance in handling visual tasks during unexpected events, considering
that the HMI of a smart factory already contains dynamic elements. The
main findings are as follows: (1) Transparency and blinking of the alert
messages have a significant effect on the change of operators’ reaction time
to visual search while processing hazardous information. (2) Visual search
performance was positively correlated with the transparency of warning
messages. (3) There was an interaction between the effects of the three
visual features of background colour, dynamic state and transparency on
the subjects’ reaction times. (4) Static elements have better reaction times in
dynamic backgrounds relative to dynamic elements. (5) Smart factory HMI
background design in light grey has better visual performance. The results
of this study can provide a reference for alerting strategies for HMIs with
dynamic backgrounds. A combination of a light-coloured background, a
static alarm method and 50 % transparency is recommended for the design
of warning signs in interfaces containing dynamic disturbing factors. In
addition, the interaction between background colour, blinking frequency and
transparency needs to be considered when designing the visual characteristics
of warning signs. Choosing the right background colour, static realisation
form and sign transparency can effectively reduce the psychological load
on the user and increase the efficiency and accuracy of the operator in
dealing with hazardous situations. The experimental method in the study
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can provide some reference value for future interface design of dynamic
smart factories, which can be used to measure the interactive performance
of different operational tasks. The results of this experiment are subject to
change as the monitoring interface of the real environment will be more
complex and the dynamic elements and changing effects of the interface will
increase accordingly.

However, the experimental task content of this study is relatively simple
and lacks research on the effects of visual features on subjects in higher
task load situations. In addition, there are more risks and varied display
environments in real-world situations, so the operator’s mental load must
be considered in the design of warning messages, such as whether attention
tunnelling occurs. Future studies should simulate real main control room
environments and contingencies as much as possible, so that the subjects’
mental load states are similar to those of real operators.
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