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Abstract: Traffic noise is the common component at road
intersections in the outdoor environment, and the sounds of
traffic light signals are designed to distinguish signal tran-
sition between red and green. However, the sounds of traffic
light signals are often masked by high levels of vehicle noise
produced by high traffic flow. Therefore, this study aims to
investigate the acoustic effects of traffic light signals and
noise on sound sensitivity in the outdoor environment. A set
of psychoacoustic indicators were applied to assess the
traffic noise consisting of traffic light signals and vehicle
noise at road intersections in Hong Kong. Furthermore, the
subjective listening tests evaluated the acoustic sensitivity
and perceptions. The results of psychoacoustic time-varying
curves revealed distinct characteristics of traffic light sig-
nals, with fluctuation strength differing significantly be-
tween red and green signals. Moreover, the subjective
perceptions of rapid tempo and regularity were significantly
correlated with the measured fluctuation strength and
rhythmic events per minute (REPM) during the signal tran-
sition. These findings will be the insight into the acoustic
interactions between various sound sources and their
perceptual implications in the outdoor environment.

Keywords: traffic noise; traffic light signals; psychoacoustics;
sound sensitivity; temporal characteristics; acoustic
environment

1 Introduction

Traffic noise (or traffic sound) is the most common compo-
nent of environmental noise worldwide [1, 2]. According to

European agency assessments, noise pollution has become
the second-highest environmental risk after air pollution
[3–5]. Hong Kong is a metropolitan area in East Asia with an
extremely high population density, and residents face sig-
nificant health impacts of noise due to its limited urban
space and narrow streets [6, 7]. Excessive traffic noise has
been reported, and several suggestions have been made to
improve the acoustic environment in Hong Kong [8–10].
Related studies involving field measurement and numerical
models have been conducted to guide the traffic noise con-
trol [11–15]. Among various urban zones, road intersections
(crossroads) are critical for traffic noise control due to higher
vehicle noise levels produced by high-density vehicles. As
another significant sound source at intersections, the traffic
light signals (audible traffic signals) are often overlooked in
acoustic environment. The traffic light signals are designed
to assist visually impaired individuals by automatically
adjusting their sound pressure level (SPL) based on the
ambient noise level – louder in noisy environments and
quieter in calm ones [16].

Previous investigations have evaluated the acoustic ef-
fect of traffic light signals. Researchers have reported that
higher annoyance ratings at road intersections, compared to
the roundabouts without traffic light signals [17]. Numerical
simulations of traffic light signals suggested thatmaximizing
the signal-to-noise ratio, using steady and regular frequency
tones, is the most effective strategy [18]. The approach
has been further validated through a listening test consid-
ering the influence of layout on traffic light signals [19].
Subjective listening tests indicated that traffic light signals
have minimal impact on indoor residents due to the rapid
attenuation of high frequencies [20]. Additionally, mea-
surements showed that the frequency of traffic noise and
signal sounds all widely ranged from 400 to 3,000 Hz, with
potential differences between the red-light and green-light
signals [21, 22]. However, the temporal and spectral charac-
teristics of traffic signal sounds in noisy urban environments
remain insufficiently investigated. Moreover, the acoustic
difference between traffic signal tones and vehicle noise has
not been clearly analyzed in existing research. The complex
building layouts and urban canyon effects can also influence
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sound propagation and the perceptibility of traffic signals,
especially in complex urban settings like Hong Kong.

In recent years, psychoacoustics has explored the
characteristics of human sound perception across various
fields [23]. The perceived sound sensitivity of humans can be
evaluated by calculating multiple psychoacoustic indicators
and metrics [24]. Therefore, psychoacoustic indicators are
widely applied in the measurement and survey of outdoor
environments and soundscapes [25]. Researchers have
found that human-environment interactions are a multidi-
mensional psychological process [26, 27]. The design of the
subjective psychometric tool can greatly influence the
identification of the primary perceptual impacts of traffic
noise on occupants [28, 29]. Furthermore, psychoacoustic
indicators, such as Loudness (N ), Sharpness (S), Fluctuation
strength (FS), Roughness (R), and Tonality (T ), comprise a
series of objective measured indicators that can more
accurately predict human perceptual judgments of noise
[23]. Psychoacoustic indicators provide a multidimensional
assessment of traffic noise that is not limited to the sound
pressure or single intensity indicator (like loudness) [29].
The measurement and statistical analysis of traffic noise
were studied by different psychoacoustic indicators, and the
results showed that the spectral and temporal indicators are
correlated to the complex subjective perception [30, 31].

Traffic light signals differ from general traffic noise and
natural sounds due to their regular temporal patterns, like
the ringing of a bell. Specifically, a single type of intensity-
based indicator (SPL or loudness) is insufficient for evalu-
ating the rapid variations in these sounds [32]. Therefore,
psychoacoustic indicators that account for short-term tem-
poral variations should be considered for traffic light signals
at the intersections. Previous studies have shown that tem-
poral indicators are not dependent on changes of intensity
and spectrum [33–36]. The fluctuation strength (FS) is an
available indicator to evaluate the short-term acoustic var-
iations based on the modulation frequency. Other temporal
indicators are subjective duration and rhythmic events,
which are correlated with FS but are rarely applied in traffic
noise [23, 34]. The concept of subjective duration suggests
that human perception of short-term sound duration does
not solely rely on physical duration [23, 36]. Related research
indicates that subjective duration can be influenced by the
rhythmic events [37, 38]. Among these indicators, the
concept of rhythmic events, derived frommusic and speech,
provides a quantitative measure of subjective duration [39].
Therefore, the psychoacoustic indicator of rhythmic events
has the potential to assess the short-term temporal varia-
tions in traffic light signals [40].

Previous studies typically relied on sound pressure level
(SPL) or a single intensity-based indicator (e.g., loudness) to

assess noise at intersections. However, intensity-based in-
dicators are mainly influenced by the vehicle noise, and the
acoustic effects of traffic light signals are usually ignored.
Meanwhile, existing research has not focused on the sub-
jective perceptions of traffic light signals in noisy environ-
ments. In line with the research gaps, this study aims to
comprehensively evaluate temporal and spectral charac-
teristics of traffic noise, encompassing both traffic light sig-
nals and vehicle noise in the outdoor environment. Such an
approach of psychoacoustic indicators can provide deeper
insights into the acoustic interactions between these sound
sources and their perceptual implications. Specifically, this
study seeks: (1) to identify the traffic light signals and vehicle
noise at intersections in measured recordings; (2) to estab-
lish correlations between psychoacoustic indicators and
subjective perceptions; (3) to determine which perceptual
components and psychoacoustic indicators are most signif-
icant in evaluating the sound sensitivity of traffic light
signals.

2 Methods

2.1 Objective measurement

Objective measurements were conducted in Hung Hom, Yau
Tsim Mong District, where the percentage and number of
residents exposed to noise levels exceeding 70 dB(A) are the
highest in Hong Kong [10]. Hung Hom, a predominantly res-
idential area in the southeast of the Kowloon Peninsula,
connects three subway stations: Hung Hom, Ho Man Tin, and
Whampoa. This area experiences heavy pedestrian and
commuter traffic, with numerous heavy vehicles, light vehi-
cles, and public buses on the roads. Therefore, four mea-
surement points and a comparative point were selected to
access the traffic sound levels at different road intersections,
as shown in Figure 1. Allmeasurement points are linked to the
major road network, which has a high capacity of traffic flow.
According to local authorities in 2022, the annual average
daily traffic values are around 10,000, and themaximum road
speed limit is 50 km/h. The surrounding buildings of all
measured points are adjacent to high-rise residential struc-
tures (over 20 floors), and detailed information of all
measured points was provided in Appendix A (see Table 6).

The Brüel & Kjær type 2,270 sound level meter and the
Brüel & Kjær type 4,189 microphone were used for the
measurement. The calibration test was conducted by the
Brüel & Kjær type 4,231 sound calibrator, with a stated ac-
curacy of ±0.2 dB. The calibration was performed before and
after each measured recordings, and the maximum
permissible deviation for accepting a calibration check was
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Figure 1: The measurement locations: measurement point 5 is the comparative point. (The width of single traffic lane is 3.5 m).
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set to ±0.5 dB. The result showed that the value of the
microphone was 46.9 mV/Pa, which basically matched the
value of the open-circuit value. As shown in Figure 1, the
sound level meter was located at the roadside or the
pedestrian refuge island near the waiting line, and it was
also close to the sound source of traffic light signals. The
height of the sound level meter was set to 1.5 m (±0.2 m), and
the horizontal location was equal to the minimum distance
from the nearest traffic light signals to the pedestrian wait-
ing area (described by the traffic light distance in Table 2).
Before the formalmeasurements, the pre-inspection visits to
all intersections have been conducted to avoid the non-
traffic sources in the measured area (e.g., construction noise
or human event sounds).

Sound recordings and the root-mean square sound
pressure of the traffic noise were recorded to create the
audio WAV files with a 48 kHz sample rate, and noise data
ranging from 7 to 10 minwas recorded at eachmeasurement
point. The red-light and green-light signals cycled repeat-
edly, and the data recordings were divided into separate
segments according to the duration of the red-light or green-
light signals. The signal transition from red-light to green-
light signals is instantaneous, but there is a flashing period
(about 5 s) from green-light to red-light signals. The segments
that lasted less than 20 s were eliminated for statistical sta-
bility because the 10th percentile of segment duration (red-
light signals) was 18.2 s. The flashing green-light signals were
also ignored in this study due to the short duration.

Tests were conducted separately during the traffic peak
time (6 p.m.–9 p.m. onMarch, 27, 2024) and the off-peak time (1
a.m.–4 a.m. on April, 21, 2024). The measurements were car-
ried out in conditions without any precipitation. The tem-
perature was between 20 and 25°, the relative humidity was
less than 90%, and the wind speed did not exceed 2m/s (data
were obtained in real time from the Hong Kong Observatory
Application). Moreover, the pre-measurement found that the
perceived characteristics of the traffic-light signal were only
minimally affected without a windshield. Therefore, the
windshields’ protection was not used on the sound level me-
ter’s microphone due to the low wind speed. To minimize the
effect of wind interference, the mel spectrograms of all seg-
ments were examined to reduce the potential wind noise.

All non-traffic events were tagged in the measurement
log, and clear data exclusion criteria were established: any
tagged segment of impulsive non-traffic noise, including
high-level human event sounds and car horns, was excluded
from the final analysis dataset. All available segments of
audio WAV files were analyzed by the acoustic toolbox in
MATLAB 2024b, and the psychoacoustic indicators can be
obtained by the built-in MATLAB program. The detailed
parameters of calculations and acquisition settings were

provided in Appendix A (see Table 5). The A-frequency
weighting and the fast time constant was set to the SPL in-
dicators of LAeq and Lmax. All the data from statistical ana-
lyses were coded and analyzed by the commercial package
SPSS, version 27.0.

2.2 Psychoacoustic indicators

A range of psychoacoustic indicators will cover the tradi-
tional indicators (LAeq and LAmax) and the psychoacoustic
indicators (N, S, FS,R, T), and the temporal characteristics for
all indicators can be recorded by the time-varying curves
[23]. The concept of loudness (N ) is used to calculate the
sound intensity for human perception. The calculation of the
loudness model is based on the ISO 532-1 standard [41], and
the equation can be expressed as follows:

N = ∫
24

0
N ′dz (1)

Specific loudness (N′) is expressed as a function of the
critical band rate (the unit is sone/Bark). The equation of
specific loudness can be expressed as:

N ′ = 0.08 ·
ETQ

E0
( )0.23

0.5 + 0.5
E
ETQ

( )0.23

− 1
⎡⎣ ⎤⎦ (2)

In this equation, ETQ is the excitation at the threshold in quiet
and E0 is the excitation of the noise corresponding to the
reference intensity I0 = 10−12 W/m2.

The indicator sharpness (S) is strongly correlated with
the spectral distribution and the spectral centroid (SC).
Spectral centroid describes the distribution of power at
different frequencies, and the sharpness model (DIN 45692)
is defined by an analogous equation [42]:

S = 0.11
∫
24Bark

0
N ′g z( )zdz

∫
24Bark

0
N ′dz

(3)

where g(z) is the function of the additional factor g on the
critical-band rate. The value of g(z) is equal to 1 when the
critical-band rates are <16 Bark (approximately 3,150 Hz).

Fluctuation strength (FS) is a temporal indicator related
to frequency modulation (FM) and amplitude modulation
(AM). Fluctuation strength describes how the sound fluctu-
ates perception over time, reaching its maximum near
modulation frequency of 4 Hz and decreasing at higher
modulation frequencies. Roughness (R) indicates the spec-
tral perception of stimuli with AMor FM rates, and this value
reaches its maximum when the frequency modulation is
close to 70 Hz. These indicators based on the Zwicker’smodel
can be given as follows [23]:
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FS = 0.008∫
24Bark

0
ΔL z( )dz

fmod/4 + 4/fmod
(4)

R = 0.0003 · fmod ∫
24Bark

0
ΔLE z( )dz (5)

where, ΔL is the temporal masking depth related to the time-
varying amplitude, and ΔLE is themasking depthmodified by
the 1 kHz pure tone. The integral range of ΔL and ΔLE can
cover the entire critical-band rate. fmod is the modulation
frequency, and the unit is Hz.

The rhythmic event can be calculated by the temporal
pattern in the loudness curves, and it has a significant cor-
relation with fluctuation strength (FS). Sound signals with a
quick rise in the loudness curves will deviate from the
physically temporal perception, and a subjectively rhythmic
perception can be produced to adapt the human auditory
system [23]. The model of the rhythmic event can be defined
by the time-varying loudness within a period of time [43]:

Nmax/NM ≥ 0.43 (6)

Nmax − Nmin( )/NM ≥ 0.12 (7)

Δt ≥ 120ms (8)

where, NM denotes the loudness curves of the absolute
maximum during a total period. Nmax and Nmin are the
loudness curves of the relative maximum and minimum
during a segmental period. Δt is the minimum time gap be-
tween two rhythmic events, and its value needs to be greater
than the minimum perceptible time gap (120 ms). The whole
sound signal can be divided into several segments according
to time-varying loudness curves. A single rhythmic event can
be determined when the above three conditions are met in
each segment, as shown in Figure 2. Finally, the total number
of rhythmic events over a period of time can be calculated.

The indicators of Tonality (T ), Tone Level (TL), and Tone-
to-noise ratio (TNR) are also considered to describe the tone
and pitch of the spectral characteristic, and there are sig-
nificant correlations among these three indicators [31]. Ac-
cording to the ECMA standard, TNR is the tonal
measurement related to the background sound level, and it
will determine howclear or noticeable an acoustic event is to
the listener [44]. The relationship between the tonal sound
and background noise is more comprehensively considered
in the TNR indicator, and it is suitable for traffic light signals.
A discrete tone will be judged as prominent according to the
prominence ratio (prominence tone) method if the TNR
value is higher than 9 dB.

Previous studies have shown that a fluctuating sound
recording does not correspond to the average value of
loudness curves but rather to a value near the maximum

[23]. Traffic light signals differ from general traffic noise due
to their dramatic changes over time. Therefore, the
percentile loudness indicator N5 was used to evaluate traffic
noise, where N5 represents the loudness reached or excee-
ded within 5 % of the measured time. Furthermore, the
aforementioned indicators can be integrated into a
comprehensive indicator that describes sound sensitivity
and perception. In Zwicker’s model, Psychoacoustic annoy-
ance (PA) can quantitatively analyze annoyance ratings in
field measurements [23]. Besides intensity indicators like
loudness, psychoacoustic annoyance also depends on tem-
poral and spectral characteristics. The equation can be
expressed as follows:

PA = N5 1 +
̅̅̅̅̅̅̅̅
ω2

S + ω2
FR

√( ) (9)

ωS = S − 1.75( ) · 0.25 lg N5 + 10( ) S > 1.75 (10)

ωFR = 2.18
N5( )0.4 0.4 · F + 0.6 · R( ) (11)

Where, the value of ωS is 0 if the S is <1.75. The unit of the PA
is sone, which is consistent with the unit of loudness. The
psychoacoustic indicatorsN5, S, F andR are considered in the
PA model, whose units are sone, acum, vacil, asper respec-
tively. To sum up, all psychoacoustic indicators with
methods are summarized in Table 1.

2.3 Subjective listening tests

The listening tests were conducted in a quiet room (length
4.2 m × width 3.2 m × height 2.8 m) with a background noise

Figure 2: The time-varying loudness curves for showing the example of
three calculated rhythmic events.
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level of 39 dB (A). The listener sat in a chair in front of a table,
and the indoor air quality is good. Therefore, the partici-
pants can concentrate on the recorded segments and give the
effective answers. The recorded segments were played back
using an acoustic system that included headphones (Senn-
heiser HD 600), a high-quality sound card (Focusrite Scarlett
Solo 3), and a computer. No additional headphone equal-
ization or HRTF correction was applied to preserve the
natural response of the Sennheiser HD 600. The linearity of
playback chain (Focusrite Scarlett Solo 3 with HD 600) was
verified by the given total harmonic distortion plus noise
(THD + N < 0.1 % at 1 kHz, 97 dB SPL). All segments were
sourced from the segments mentioned in Section 2.1, and the
B&K 4101-B in-ear microphone was used to calibrate the
sound pressure levels from the headphones. Due to the
lower sound pressure levels (−4.4 dB) of off-peak segments in
Table 3, the peak and off-peak segments were calibrated
using a standard sound source at 60 dB and 65 dB,
respectively.

The experimental procedure and the following in-
structions were given to participants: “You need to evaluate
eight recorded segments of urban sound environments.
Imagine yourself walking at road intersections and rating
your annoyance on a continuous scale ranging from −3 to 3
(7 scales). You can hear each segment three times, and you
will not be able to go back to the previous segments if you
validate your answer.” After hearing a background traffic

Table : Psychoacoustic indicators with methods.

Psychoacoustic
indicators

Measured
indicators

Units Standard or method

Loudness (N ) Neq, N, Nmax Sone ISO - [].
Sharpness (S) Seq Acum DIN  [].
Roughness (R) R Asper Zwicker’s method [].
Fluctuation strength
(FS)

FS Vacil Zwicker’s method [].

Rhythmic events REPM – Time-varying loudness
definition [].

Tonality (T ) TNR dB ECMA - [].
Psychoacoustic
annoyance

PA – Zwicker’s method [].

Table : The information of traffic light segments the measurement points.

Measured point Traffic light distance (m) Types of measurement Number of segments (red/green) Total SPL
LAeq (dB)

Total elapsed duration (s)

 . Peak / . 

Off-peak / . 

 . Peak / . 

Off-peak / . 

 . Peak / . 

Off-peak / . 

  Peak / . 

Off-peak – – –

Total – Peak / . 

Off-peak / . ,
/ . ,

. Traffic light distance: theminimumdistance from the nearest traffic light signals to themeasurement point. . Types ofmeasurement: Peak time ( p.m.–
 p.m. on March, , ); off-peak time ( a.m.– a.m. on April, , ). . Total elapsed duration: the sum of measured durations for all segments.

Table : The semantic questions in the questionnaire: the score scale for
all questions is − to .

Questions Question
number

Adjective pairs

Annoyance of overall traffic
noise

 Not annoyed – annoyed

Sensitivity to overall traffic
noise

 Not sensible – sensible

Sensitivity to vehicle noise  Not sensible – sensible
Sensitivity to traffic light
signals

 Not sensible – sensible

Sensitivity to other sounds  Not sensible – sensible
Different perceptions of the
traffic noise

 Pleasant – unpleasanta

 Relaxed – tensea

 Light – heavya

 Quiet – louda

 Monotonous – vibrantb

 Dull – sharpa

 Deep – metallica

 Low – higha

 Steady – fluctuantc

 Regular – irregularc

 Arhythmical – rhythmicc

 Slow tempo – fast tempoc

“a”Denotes the adjective pair recommended by EPA model. “b”Denotes the
adjective pair recommended by ISO -; “c”denotes the adjective pairs
from signal-related research.
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sound (without traffic light signals), eight sound segments
were played one by one in random order, and each segment
lasted 40–60 s. The tests for each participant lasted approx-
imately 15–20 min. Total 15 participants (13 male and two
female), with normal hearing and stable emotion, partici-
pated the tests. All participants were aged between 20 and
30 years to control the similar auditory acuity. The partici-
pants were asked to score their annoyance, sensitivity, and
perceptions by different semantic adjective pairs in Table 2.
The answer scale in Table 2 refers to the three-dimension
model (EPAmodel) [25]. The EPAmodel evaluated the human
perceptions about the general judgement, the energy con-
tent, and the temporal and spectral content of sound,
respectively [45]. Moreover, several additional adjective
pairs, including the pairs recommended by the standard ISO
12913-3, were also added to consider the signal-related
perception [17, 46–50].

3 Objective results

3.1 Temporal characteristics

3.1.1 Time-varying curves of measured indicators

There were 29 and 27 available segments of red-light signals
and green-light signals, respectively, as shown in Table 3.
The off-peak segments at measurement point 4 were
excluded due to the lower volume of the traffic-light signals.
Consecutive segments at measurement point 2 were selected
to specifically highlight the temporal trend in the objective
results. Four time-varying curves of measured indicators at
measurement point 2 for two consecutive segments were
presented in Figure 3, and the red lines represent the signal
transition from the red signal to the green signal. The time-
varying curves of SPL and N in Figure 3(a and b) fluctuated
significantly during the red-light signals but remained
relatively steady during the green light.

The difference in traffic noise between peak and off-
peak times was also significant in Figures 3 and 4. During the
off-peak times, the time-varying curves of SPL and N
remained relatively flat due to the reduced traffic light vol-
ume and vehicle noise. The temporal envelope of red-light
signals showed sharp fluctuations, particularly in loudness.
In Figure 4(a), the different temporal envelopes of red-light
and green-light signals disappeared, but this difference
persisted in Figure 4(b). It indicated that the patterns of the
time-varyingN differ significantly between the red-light and
green-light signals. Comparatively, the actual perception of
people (N result) is more sensitive than the physical energy
change (SPL result) for traffic light signals [23].

Figures 3(c) and 4(c) illustrated the time-varying FS
curves of typical results. During the green-light signals, FS
values peaked at approximately 0.3 vacil with a steady
modulation frequency (fmod) of 12.8 Hz. In contrast, during
the red-light signals, FS values fluctuated and dropped to
around 0.15 vacil. It indicated a clear difference in the tem-
poral patterns during the signal transition, with an inverse
relationship between N and FS in Figure 3(b) and (c). The
temporal envelope of time-varying S curves in Figures 3(d)
and 4(d) showed the steady patterns during the red light,
with the disordered patterns during the green light.

While vehicles passed by in the adjacent lane (refer-
enced at the 65-s mark in Figure 4(c)), there was a clear
decrease in FS curves during the green-light signals. The
lower-frequency range of the traffic light signals often gets
masked by themore prominent low-frequency vehicle noise,
which mirrors the rising trends of traffic noise observed in
prior studies [18, 21]. This interference can lead to a shift in
fmod, resulting in a decrease in FS. Moreover, a modulation
frequency of fmod = 12.8 Hz was distinctive of traffic light
signals. As indicated by the comparative data points, fmod

tended to be unstable at the intersections without traffic
light signals, and FS values also diminished to a lower level
as a result.

The difference in time-varying R observed in Figure 5
between the red-light and green-light signals primarily
stemmed from the sound sources present (vehicle noise and
traffic light signals), and fmodwas consistently around 12.8 Hz
during the green-light signals. However, the majority of fmod

hovered within the 80–100 Hz range during the red-light
signals, with only a few segments retaining the 12.8 Hz fre-
quency. In contrast to FS values, vehicle noise can influence
the perception of R, with fmod typically rising within the low-
frequency range (80–100 Hz). During the red-light signals,
the increase of vehicle noise can overshadow the traffic light
signals, and the variation in fmod contributed to a slightly
higher R during the red-light signals [22].

3.1.2 Analysis of rhythmic events

The concept of beats per minute (BPM) proves useful in
quantifying the frequency of uniform fluctuations per
minute in a stable signal [51, 52]. As shown in Figure 3(b and
c), the pure traffic light signals (without random vehicle
noise) presented the regular patterns in the loudness time-
varying curves. Notably, the BPM of the pure green-light
signals, set at 608 BPM, was eight times higher than that of
pure red-light signals (BPM = 76) across all measurement
points. Therefore, the concept of rhythmic events per
minute (REPM) was defined to analyze the measured seg-
ments on a BPM scale. These rhythmic events were
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computed and categorized using the MATLAB function
module. However, the REPM values for all green-light sig-
nals were disregarded due to the brief intervals. The in-
tervals of green-light signals were less than the minimum
perceptible time gap (120 ms) in Eq. (8).

The BPM value of 76 for red-light signals, as depicted in
Figure 6, served as a notable threshold positioned within the
upper interquartile range (IQR) of peak-time and overall
segments, with the upper limit around BPM = 76 even during
the off-peak hours. The dynamically changing time-varying
loudness (N ) and maximum loudness (Nmax) derived from
vehicle noise ultimately contribute to REPMvalues generally
falling below BPM. Consequently, REPMwas associated with
stable red-light signals and lower sensitivity to vehicle noise.
The presence of vehicle noise introduced instability, with a
decrease of REPM. Nevertheless, the distinguishable rhyth-
mic perceptions remained predominantly induced by the
traffic light signals.

3.2 Spectral characteristics

The mel spectrogram in Figure 7 illustrated the specific
loudness (N′) at the critical band rate scale, emphasizing the
spectral characteristics over time. The 10-s segments were
selected to highlight the signal transition within a short
duration. During the red-light signals, these frequencies
appeared as a series of regular peaks, indicating consistent
oscillations throughout the period, visualized as vertical-line
patterns in Figure 7(b) and (d). In contrast, the green-light
signals generated amore frequent vertical-line pattern, with
a multiple of 8, aligning with the findings in Section 3.1.2.
During the signal transition in Figure 7(c), both the red-light
signals and the green-light signals produced distinct fre-
quencies at 5, 13, 16, and 20 Bark. Moreover, a repeated
measurement of the covered windscreen has verified that
wind interference does not influence the distinct fre-
quencies of traffic signals.

Figure 3: The time-varying curves of two
consecutive measured segments (peak time
measured at the point 2): (a) sound pressure
level; (b) loudness; (c) fluctuation strength;
(d) sharpness.
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Due to the lack of concurrent traffic data, Figure 7(a) and
(e) selected the spectrograms for different traffic-light sig-
nals to visually illustrate the impact of vehicle noise. It
indicated that the process of a vehicle passing through the
intersection typically lasts nomore than 5 s. During this time,
N′ values around 2 Bark increased significantly due to the

vehicle, and a series of irregular peaks within the 0–10 Bark
range can be observed in the spectrograms. Portions of the
traffic signal’s frequencies at 5 Barkweremasked by random
vehicle noise, but the high-frequency components at 16 and
20 Bark remained unaffected. Previous investigation of
traffic noise consistently indicated that the high-frequency

Figure 4: The time-varying curves of two
consecutive measured segments (off-peak
time measured at the point 2): (a) sound
pressure level; (b) loudness; (c) fluctuation
strength; (d) sharpness.

Figure 5: The time-varying curves of roughness
(measured at the point 2): (a) green-light
signal; (b) red-light signal.
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proportion above 3,000 Hz of vehicle noise was extremely
low [21].

In terms of the total duration, Figure 8 illustrated the
meanN′ values of different traffic light signals across critical-
band rates for all segments. As shown in Figure 8(a and b),
theN′ values of peak timewere significantly higher than that
of off-peak time in the range of the entire 0–24 Bark.
Meanwhile,N′ around 2 Bark and 16 Bark showed an obvious
elevation during the peak time compared to the off-peak
time, but the elevations ofN′ around 5 Bark and 20 barkwere
not as pronounced as at two bark and 16 bark. The N′ values
around 2 Bark were slightly higher during the red-light sig-
nals due to the increased vehicle noise. However, the red-
light and green-light signals were all concentrated around 16
Bark in spectral characteristics.

In Figure 9(a), the tone-to-noise ratio (TNR) highlighted a
consistent prominent frequency of approximately 3,270 Hz
within traffic noise, corresponding to N′ at 16 Bark. The blue
peak in Figure 9(a) also appeared at various characteristic
frequencies at at 2,200 Hz (12 Bark), 6,500 Hz (20 Bark), and
10,000 Hz (23 Bark). The characteristic frequency range was
consistent with the mel spectrogram results in Figure 7.
Nevertheless, TNR values exhibited significant variation
across different segments, with only a minority meeting the
criteria for prominence tone as depicted in Figure 9(b). The
reason is that the acoustic design of the traffic signal source
also considered the repetition rate (temporal) characteristics
[18, 19]. Moreover, the traffic light signals introduced a
distinct tonal presence or spectral pattern, with high fre-
quencies (around 16 Bark) being further influenced by
vehicle noise in spectral perception [21]. Consequently, only

a few segments characterized by low-level random vehicle
noise surpassed the prominence tone threshold at 16 Bark.

4 Discussion

4.1 Statistical description for the measured
indicators

According to the standard of traffic light signals (ISO
23600:2007), the sound pressure level of all traffic light sig-
nals should be maintained between +5 dB and +10 dB rela-
tive to the ambient noise level [53]. However, the perceptual
differences were not explained between red-light and green-
light signals due to the lack of psychoacoustic indicators.
Table 4 presented the statistical outcomes for both psycho-
acoustic and traditional indicators across all segments in the
measurement. The measurement revealed that the mean
values of Neq, N5, Nmax, LAeq, and Lmax for both red-light and
green-light signals were nearly identical. During the green-
light signals, the mean andmedian values of most indicators
were slightly higher than during the red-light signals.

The Shapiro-Wilk tests result indicated that two in-
dicators (R and FS) do not follow a normal distribution
(p < 0.05). The nonparametric tests (Mann-Whitney U test)
were conducted to examine whether the indicators have
significant differences between the green-light signals and
the red-light signals. The null hypothesis was that there are
no statistically significant differences in the subjective data
for individual questions, and the effect size rwas calculated
by rank-biserial correlation [54]. Two indicators, S (p = 0.011,
r = 0.42) and FS (p < 0.001, r = 0.91), showed significant dif-
ferences for different traffic lights. However, the statistical
distributions of Swere still similar for different traffic lights
in Figure 10(a) due to the same standard deviation and
approximate mean. In contrast, the distributions of FS var-
ied significantly for different traffic lights in Figure 10(b),
with the distribution during the green-light signals being
more dispersed than during the red-light signals.

4.2 Statistical description for subjective
listening tests

A total of 24 segments from the aforementioned segmentswere
further evaluated for the listening tests, with 12 segments from
red-light signals and 12 segments from green-light signals. A
questionnaire for one participant included six peak segments
and two off-peak segments to consider the complex and

Figure 6: The calculated rhythmic event per minute (REPM) for all red-
light segments.
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random vehicle noise. 15 participants with 60 valid question-
naires were collected for the red and green light signals,
respectively (sample size, n = 120). The reliability statistics of
the questionnaires’ results showed a good level of subjective
results, with the Cronbach’s Alpha coefficient at 0.885 [42].

Figure 11 presented the mean scores for various ques-
tions, categorized by the types of traffic lights. It can be seen
that all results in the questionnaire had a positive value, so
the acoustic environment at the intersections was annoying
and unpleasant for participants. Question two exhibited a

Figure 7: The mel spectrogram of the specific
loudness (N′): (a–c) vehicle passing and signal
transition at measured point 2; (d and e)
vehicle passing at measured point 1.
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similar sensitivity to green-light signals (M = 1.60, SD = 1.21)
compared to the red-light signals (M = 1.38, SD = 1.49), without

the statistical significance (p = 0.375). Furthermore, Question
3 (sensitivity to vehicle noise) was slightly higher during the

Figure 8: The mean specific loudness for all segments: (a) peak time; (b) off-peak. (The red and green lines denote the red and green-light signals
respectively).

Figure 9: Tone-to-noise ratio results: (a) tone-to-noise ratio in frequency spectrum; (b) results of all segments with the prominence tone threshold.

Table : The statistical results of the measured indicators for all measured segments.

Neq sone Nmax sone N sone PA LAeq dB Lmax dB Sa

acum
FSa

vacil
R

asper

Mean (±standard
deviation)

Red .
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

Green .
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

Total .
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

.
(.)

Median Red . . . . . . . . .
Green . . . . . . . . .
Total . . . . . . . . .

a: Significant difference in Mann-whitney U test.
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red-light signals (M = 1.85, SD = 1.51) than the green-light
(M = 1.70, SD = 1.61), but the result of Mann-Whitney U tests
showed no significant difference between the two groups
(p = 0.714). However, the score for most questions in the
green-light signals was higher than that of the red-light sig-
nals, and Question 4 (sensitivity to traffic light) for the green-

light signals (M = 1.83, SD = 1.52) was significantly greater
than that of the red-light signals (M = 1.30, SD = 1.46, p = 0.038).

The Shapiro-Wilk tests indicated that all subjective data
do not follow a normal distribution (p < 0.05). Consequently,
the Mann-Whitney U tests were conducted to assess the
statistical significance of the subjective data in Figure 11. The

Figure 10: The probability distributions of significantly different indicators for all segments: (a) sharpness; (b) fluctuation strength.

Figure 11: Mean scores and standard deviation
of the subjective listening tests: questions 2–5
denote the sensitivities to different sounds,
questions 6–17 denote the different
perceptions.
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perceptions of tense/relaxed (p = 0.032, r = 0.22), fluctuant/
steady (p < 0.01, r = 0.48), and fast/slow tempo (p < 0.01,
r = 0.71) rejected the null hypothesis, as well as the sensitivity
to traffic light signals (p = 0.038, r = 0.22). Based on the
aforementioned perceptions, participants in the listening
tests can significantly distinguish traffic light signals during
the signal transition. Prolonged exposure (over 30 s) to the
green-light signals was associated with higher reported
sensitivity and perception scores compared to the red-light
signals.

4.3 Correlation analysis

A Spearman correlation analysis was conducted to explore
the relationship between the subjective data and measured
indicators. Figure 12 presented heatmaps showing the cor-
relations between the measured indicators and the subjec-
tive data, and the heatmaps can be explained by three
parts. Firstly, vehicle noise was highly correlated with the
measured indicatorsNeq,N5,Nmax, LAeq, Lmax, R, PA (p < 0.01),
and S (p < 0.05). The perceptions of tense/relaxed and loud/
quiet showed the highest correlation with the intensity in-
dicators Neq, N5, and LAeq. However, the correlations be-
tween vehicle noise and several other indicators (FS, TNR,
and REPM) were relatively low, at −0.07, 0.17, and −0.18,
respectively.

Secondly, the sensitivity to traffic light signals was
correlated with all measured indicators except for R in
Figure 12. The correlations of S, FS, TNR, and REPM with
traffic light signals were significantly higher than with
vehicle noise. The correlation coefficient between FS and the
slow/fast tempo was the highest at 0.48. Therefore, a higher
perception of a fast tempo was associated with higher FS
values, which was in turn linked to higher sensitivity to
traffic light signals. The increased perception of fast tempo
was also consistent with the higher FS values during the
green-light signals. Meanwhile, FS showed almost no corre-
lation with vehicle noise and its corresponding perceptions
(<0.10), and it was only correlated with the signal transition.
The REPM had a correlation with sensitivity to traffic light
(0.21) and significantly negative correlations with irregular/
regular (−0.32), heavy/light (−0.28), and sharp/dull (−0.27).

Another study also identified elevated FS values in
relation to construction noise generated by pile drivers and
breaker machinery, with the time-varying loudness curves
showing patterns similar to those of red-light signals [55].
However, several studies focused on the vehicle noise or
train noise have not identified any sound sources directly
associatedwith FS [30, 31]. Moreover, the subjective listening
tests employed tempo-related descriptors, including non-
stationary/stationary, continuous/intermittent, and non-
periodic/periodic, which were significantly associated with
FS values [55]. The findings suggested that variations in FS

Figure 12: The heatmaps of the correlations
between the measured indicators and the
questions of the listening tests (REPM indicator
only considered red-light signals).
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may serve as a reliable independent indicator for evaluating
the signal transition of traffic lights. The standard ISO 23600-
2007 did not provide a specific description of the signal
transition [53]. In summary, the temporal indicators (FS and
REPM) effectively captured temporal variance over time,
which was significantly correlated with perceived rapid
tempo and regularity.

Finally, S also shows a high correlation with two
temporal-related perceptions, likely due to the strong cor-
relation (0.55) between the measured indicators FS and S.
Additionally, while the correlation between TNR and sensi-
tivity to traffic noise was high (0.34), its correlation with
multiple perceptions in the questionnaire was relatively
weak. Another study also identified the frequency of traffic
noise and signal sounds, which all widely ranged from 400 to
3,000 Hz [21]. The overlapped spectral characteristics of
traffic signal sounds are highly susceptible to interference
from random traffic noise. Changing spectral indicators (S,R,
and TNR) can significantly affect sensitivity, but temporal
indicators provided clearer perception for distinguishing
between the red-light and green-light signals [20].

5 Limitation and future work

The single type of traffic-light signalwas the limitation in this
study due to the geographic restriction (only in Hong Kong),
and the measured points were also limited to four in-
tersections. To increase the generality of the findings, field
measurements and subjective surveys in different cities or
regions are necessary to analyze various traffic-light signals
(e.g., bird sounds orwater sounds) in futurework. Therefore,
future studies will consider the influence of signal-typed
sounds in different acoustic environments.

This study conducted a pre-measurement, and a
repeated measurement was also conducted with the micro-
phone covered by the windscreen. The results showed the
negligible differences of conclusion under the condition
without a windscreen in low wind speed. However, the
formal measurement (without the windscreen) may intro-
duce low-frequency acoustic interferences, affecting some
acoustic indicators. Therefore, the windscreen protection is
necessary for future measurements.

The selected intersections are exploratory in this study
due to the complex traffic information and road geometry in
Hong Kong. The complex geometry conditions, including
various surrounding buildings (maybe low-rise buildings),
road types (pavementmaterials or lanewidth), and different

traffic flow, will potentially influence the acoustic percep-
tions of traffic-light signals. Moreover, relying solely on
AADT and speed limits does not capture the dynamic traffic
data of volume, composition (heavy/light vehicles), and
speed during the acoustic measurements. These variables
will potentially affect temporal (REPM) and spectral (TNR,
Bark) patterns. Therefore, on-site traffic counts were iden-
tified as a critical area for improvement in future research,
where the synchronized video cameras and environmental
survey will be conducted in future studies.

Only 15 listenerswere included in the listening tests, and
the participants’ age and familiarity with the emotional state
were not considered in the tests. The temperature variation
and visual elements in the outdoor environment were not
considered in the indoor listening test. Moreover, the cor-
relations between different subjective descriptors have not
been discussed due to the limited content. The potential in-
fluence of different scenarios on the participants’ sensory
experiences deserves discussion in future work.

According to Eqs. 9–11, psychoacoustic annoyance (PA)
is predominantly calculated by the loudness indicator N5.
Therefore, the effectiveness of PAwas influenced by random
vehicle noise when evaluating the differences between the
red-light and green-light signals. The suitability of the PA
indicator for assessing transient, signal-based sounds rather
than steady-state noise should be analyzed in future studies.

6 Conclusions

The pattern changes of traffic light signals were qualitatively
identified in the various psychoacoustic time-varying curves
(N, S, FS, and R). After that, the significant changes of the
mean FS value during the signal transition quantitatively
demonstrated the changes in the temporal characteristics.
The spectral characteristics (N′ and TNR) showed that the
traffic-light signals produce specific frequencies at 5, 13, 16,
and 20 Bark. A repeated measurement of the covered
windscreen has verified that wind interference does not
influence the distinct frequencies of traffic signals. More-
over, the corresponding frequency range of the random
vehicle noise is concentrated below 10 Bark, and the high-
frequency components of traffic-light signals over 16 Bark
remain unaffected by random vehicle noise. The subjective
listening tests further showed that the sound sensitivity to
the red-light and green-light signals was significantly
different. The temporal perceptions were significantly
correlated with temporal indicators FS and REPM. In
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contrast, the sensitivity to vehicle noise was only found to be
significantly correlated with the intensity indicators (N and
SPL) and spectral indicators (S and R), but not the temporal
indicators.

The discussion revealed temporal indicators (FS and
REPM) are paramount for characterizing the perception of
signal transitions. However, previous investigations of
traffic noise focused on intensity indicators (N and SPL) are
insufficient to explain the acoustic perceptions at the in-
tersections. The ISO standard of traffic light signals does not
incorporate the psychoacoustic indicators, leaving a po-
tential direction for policy development. Based on the
deficiency of the SPL indicator, the psychoacoustic in-
dicators (e.g., FS and REPM) should be initially adopted as
complementary design guidelines for optimizing signal
perception. In the future, the formal standards can be in-
tegrated with the psychoacoustic indicators in outdoor
environments. The local administration should prelimi-
narily evaluate the feasibility and implementation chal-
lenges due to the necessity of advanced equipment and
technology. Thus, this study conducted both the explor-
atory measurement and data analysis to advance the
evaluation and design of acoustic signals in noisy
environments.
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