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ABSTRACT 
Many studies have investigated the effect of natural sounds on improving soundscape quality under 
controlled laboratory conditions. The laboratory settings are, however, limited in reflecting real-life settings, 
resulting in low ecological validity. In situ experiments can provide a realistic representation of the real-life 
settings, which can guarantee high ecological validity. Recently, augmented reality (AR) technology provides 
an avenue for virtual augmentation of visual and audio elements in the real environment. Therefore, this study 
investigates the preferred levels of two types of natural sounds (bird and stream) in a noisy in situ 
environment using an AR head-mounted device (HMD). Two locations in an outdoor residential area, with 
background traffic noise levels varying between 60 to 70 dBA, were selected for the in situ experiment. 
Participants were instructed to adjust the volume of the natural sounds playing via the loudspeakers of the 
AR HMD to their most preferred levels at each location while considering the perceived loudness of traffic 
and overall soundscape quality in terms of pleasantness of the overall sound environment. Based on the 
results of the experiment, the effects of types of natural sounds and background noise levels on determining 
the preferred levels of natural sounds were examined.  
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1 INTRODUCTION 
In the soundscape approach, pleasant natural sounds are employed as design elements to mask 

traffic noises in outdoor areas [1]. Various studies have investigated the effects of natural sounds (e.g., 
water sound and birdsongs) for enhancing acoustic environment [2–6]. It has been found that sound 
level of natural sounds is one of the important acoustic factors to design desirable  soundscape. Some 
have found that similar or 3 dB lower sound pressure levels (SPLs) of natural sounds are preferred in 
combination with urban noises [7,8].  

However, most of the previous studies on the effects of natural sounds have been conducted in 
controlled laboratory conditions. Laboratory experiments allow for the design and control of 
experimental variables, which can yield more consistent results and allow for repeatability. However, 
laboratory settings may be limited in reflecting real-world conditions, resulting in low ecological 
validity, and limiting the generalization of findings to real-life scenarios. In contrast, in situ 
experiments can provide a realistic representation of the real-life settings, which can guarantee high 
ecological validity  [9–12]. Since in situ experiments does not allow for direct control of independent 
variables such as natural sound levels or type of natural sound in the field, these methods have been 
primarily used to characterize the existing acoustic environment [13–15]. Recently, the 
consumerization of augmented reality (AR) technology has enabled the virtual augmentation of visual 
and audio elements in the real environment [9]. Thus, with an AR device, natural sounds can now be 
introduced and controlled, and their preferred sound levels can be investigated in realistic situations 
to validate the findings of previous laboratory studies.  

Hence, this study investigates the preferred levels of two types of natural sounds (bird and stream) 
in a noisy in situ environment using an AR head-mounted device (HMD). Preferred natural sound 
levels may be affected by the characteristics of not only the surrounding noise, but also the natural 
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sound type itself. Thus, in situ experiment was designed to consider varying traffic noise levels and 
type of natural sounds pair with visual elements representing the sound sources. 

 

2 METHOD 
2.1 Experimental Design 

As shown in Figure 1, two locations were selected in the vicinity of the student hostels that are 
flanked by an expressway in order to vary background traffic noise levels. Since location B was closer 
to the expressway than the location A, A-weighted SPL at location A was approximately 4–5 dB louder 
than that at location B. Throughout the experiment, the sound levels experienced by the participants 
were captured using a calibrated binaural microphone (Brüel & Kjær TYPE 4101-B, Denmark) and a 
portable data acquisition system (HEAD acoustics SQobold, Germany). To evaluate the augmentation 
of a natural audio-visual stimuli, participants were also fitted with an untethered AR HMD (Microsoft 
Hololens, USA), as shown in Figure 2. 

At each location, the traffic levels were firstly evaluated for approximately one minute in terms of 
the perceived loudness and overall pleasantness. Subsequently, a natural sound (i.e. stream sound or 
sparrow call) along with a hologram (i.e. generic speaker or bird/fountain) were projected through the 
AR HMD. Since the traffic sound levels are fluctuating, the traffic sound levels were re -evaluated 
before each natural sound and hologram pair. Hence, in each test case the participants were 
chronologically instructed to: (I) evaluate the traffic scene, (II) adjust the sound levels of a natural 
sound that is augmented to the same traffic scene to the most desirable level , and (III) evaluate the 
combined scene. These three steps were repeated a total of 4 times (2 natural sounds  2 visual stimuli) 
in a randomised order at each location. 

 

  
(a) (b) 

Figure 1 – Two outdoor locations where the soundscape evaluations were conducted: (a) location A: 
pedestrian walkway beside a busy road parallel to an expressway behind the greenery in the background, and 
(b) location B: an open area facing a small section of a minor road parallel to an expressway behind the 
greenery in the background. 

 
Figure 2 – Equipment setup for the in situ AR experiment 
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2.2 Stimuli 
Two natural sounds were used in this preliminary trial, a sparrow call and a stream sound  which 

were evaluated as preferable natural sound in a previous study [16]. The audio stimuli were spatialised 
to emulate a point sound source emitting from the hologram position located 2 m away at zero azimuth 
and elevation (Microsoft Windows SDK Spatializer Plugin, USA). The natural sound stimuli were 
presented via the downward-firing speakers of the AR HMD.  

In step II of the evaluation described in 2.1, the sound levels of the natural sounds were adjusted 
via a Bluetooth keyboard. Participants were allowed to adjust the normalised sound levels from 0 
(silence) to 100 (loudest), where 100 represents the 1-min equivalent sound level of approximately 80 
dB for both stimuli. 

To obtain the contribution of the natural sound stimuli in the absence of the ambient sounds, 
participants were brought to a quiet room after the outdoor evaluation. All the natural sound stimuli 
were reproduced at the participants’ chosen levels whilst ensuring the downward-firing speakers of 
the AR HMD were at the same position as measured during the outdoor evaluations.  

 
 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3 – Actual rendering of the 3D holograms through the augmented reality headset of (a) a speaker, (b) 
a fountain, and (c) a bird, at location A. Renders of the 3D holograms of (d) a speaker, (e) a fountain, and (f)
a bird, at location B. 
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The natural sounds were presented to the participants in conjunction with holographic projections 
that mimic the presence of “real” sound sources in the outdoor environment. Two types of holograms 
were employed in this study, a generic sound source (i.e. an ovoid speaker) and a corresponding 
natural sound source (i.e. water fountain hologram projecting water sounds, a sparrow hologram 
projecting sparrow calls). The real-world render as captured through the AR HMD of the generic, 
fountain and bird hologram in location A are shown in Figure 3 (a) to (c), respectively. The same 
holograms projected through the AR HMD in location B are shown in Figure 2 (d) to (e), respectively.  

 
2.3 Procedure 

For this preliminary study, three participants with normal-hearing (0.125, 0.5, 1, 2, 3, 4, 6, and 8 
kHz average pure-tone thresholds < 20 dB HL) were recruited for this study. Formal ethical approval 
was granted by the institutional review board of Nanyang Technological University (NTU) for this 
study (IRB-2018-02-024). Informed consent was obtained from each participant prior to the start of 
the experiments. 

For each of the four natural sound and hologram combinations at each location, the participants 
were instructed to provide subjective assessments in three steps, as described in 2.1. In step I, the 
participants evaluated the overall soundscape quality and perceived loudness of the traffic sound for 
a duration of 1 min. The ambient environment during the 1-min evaluation was captured through the 
binaural microphone worn by the participant. This 1-min capture represents the equivalent sound 
pressure level before the natural sound augmentation. 

Immediately after, in step II, a randomly chosen natural sound and hologram pair was projected 
through the AR HMD to the participant. Participants were instructed to adjust the sound levels of the 
natural sound to their most comfortable levels while considering the overall soundscape quality and 
perceived loudness of the traffic sound. 

Lastly, in step III, the participants were instructed to re-evaluate the overall soundscape quality 
and perceived loudnesss of the traffic sound for 1 min. Similar to step I, the 1-min evaluation of the 
ambient environment was captured with the binaural microphone on the participant.  Hence, the signal-
to-noise ratio for each test case is determined by 

 
  (1) 

where,  refers to the 1-min equivalent A-weighted sound pressure level in dB captured 
during step I, and  refers to the 1-min equivalent A-weighted sound pressure 
level in dB captured during step III.  
 

3 RESULTS 
Figure 4 (a) and (b) show the mean  values of traffic, preferred bird and water sound levels 

as a function of location A and B, respectively. Mean background noise levels ( ) at location A 
and B were 66.0 dB (SD=1.8 dB) and 73.2 dB (SD=1.9 dB) showing approximately 7 dB difference 
between the locations. As shown in Figure 4(a), the mean preferred level for the birdsong was ~73 dB 
at both locations A and B. Meanwhile, the mean preferred level for water sound was ~70 dB, which 
is slightly lower than that of the birdsong as shown in Figure 4(b). There were no significant 
differences between the generic (i.e., speaker) and representative (i.e., bird/fountain) holograms.  

The preferred SNRs as a function of the traffic noise levels are shown in Figure 5. There were 
significant negative correlations between the preferred SNRs and traffic noise for both birdsong and 
water sounds. This demonstrates that as the background noise level increases, participants preferred 
lower natural sound levels than the background noise levels and vice versa. 

The prediction models for the preferred SNR for the birdsong and the water sound were obtained 
from simple linear regression analyses as shown in equations (2) and (3). The coefficient of 
determination (R2) for the models of the birdsong and water sounds were 0.66 and 0.58 (p < 0.001). 

 
  (2) 

 
  (3) 
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where,  refers to the 1-min equivalent A-weighted sound pressure level. 
 

  
(a) (b) 

Figure 4 – Mean A-weighted equivalent sound pressure levels of traffic noise and masker sounds as a 
function of the location (a) birdsong and (b) water sound. Error bars indicate standard errors. 
 

 

  
(a) (b) 

Figure 5 – Signal-to-Noise Ratio as a function of traffic noise levels: (a) birdsong and (b) water sound. 
Error bars indicate standard errors. 

 

4 CONCLUSIONS 
Although there were limited subjective responses in this study, a clear negative correlation was 

observed between the signal-to-noise ratio and the sound pressure levels of the traffic noise for both 
types of natural sounds. Observations at higher traffic noise level seem to agree with previous studies 
where a lower level of water or bird sound was preferred [6,7]. However, at lower traffic sound levels, 
the trend deviates from previous studies. It is also worth noting that there was no significant difference 
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between the generic and natural visual representations of the sound source, which suggests that 
integration of speakers into the urban environment is a viable soundscape design  option. However, 
these observations are based only on the perception of perceived loudness and pleasantness. Hence, 
this experiment should be expanded to include rating responses of perceived loudness and 
pleasantness from a larger pool of participants. 
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