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ABSTRACT 

Purpose: In architectural and urban space, we are always exposed to multi-modal stimulus of visual 

information and sound fields in various scenes of everyday life. The purpose of this study is to clarify 

relationships between subjective impressions for vision (e.g. volume, shape, design etc.) and auditory 

(e.g. sound field as a structure of reflections) of indoor space and to acquire information which 

contributes to room acoustic design. In this paper, our interest is focused on “Reverberance” of auditory 

impression. 

Methods: Various indoor spaces with different use and specification were selected, and internal pictures 

and sound fields of those spaces were reproduced in laboratory, then the experiments were carried out 

to measure visual and auditory subjective impressions. Visual stimulus used in experiment is virtual 

reality (VR) image synthesized from pictures taken by fish eye lens in each space. Auditory stimulus is 

sound field correspondent to each space, and is presented as monaural sound signal made by convolution 

of dry music or speech with impulse response measured in the space or synthesized by digital signal 

processor. And other synthesized signals are added to these stimuli, of which reverberation times are 

varied shorter or longer at 0.5 seconds interval. These stimuli are presented to subject in single-mode 

(either visual or auditory stimulus) or in multi-mode (both visual and auditory simultaneously). Subjects 

are asked to evaluate “Reverberance” of each stimulus in 7 steps category scale, and also evaluate "Sense 

of incongruity” caused by the combination of visual and auditory stimulus in multi-mode presentation. 

Results of these subjective experiments were statistically analyzed, and effects of experimental 

conditions, incongruity or properties of auditory stimulus on “Reverberance” were discussed. 

Results and Conclusions: Effects of adding visual stimulus to auditory one, and effects of assigning 

auditory stimulus with different reverberation time from the original to visual stimulus, upon the 

measured subjective value of “Reverberation” were understood. Then, possible relationship of these 

effects and the sense of incongruity caused between visual and auditory stimulus were estimated. And 

effects of difference in method of presenting auditory stimulus (music or speech signal) were also 

understood. There also proved to be the difference of “Reverberance” between single-mode presentation 

and multi-mode one for the same auditory stimulus, and some relationships between experimental 

conditions proved to be clear, but consistent account could not be obtained. There are some problems to 

be solved in future concerning to developing method of presenting stimulus and measuring subjective 

impression. 
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1. INTRODUCTION 

It is generally said that human beings place most importance on vision among senses for environmental 

perception in everyday life. Thus it seems that even our audio experience of a sound field in a room is 

greatly influenced by visual information. It might not always get good acoustical evaluations of users 

even if architectural space were designed appropriately in acoustics, because auditory impression could 

be changed by other sensation, especially visual information. In the research and development field of 

the audio-visual equipment, it is well known that there is interactive effect between visual and auditory 

through audio-visual media. If such the similar effect could occur in the architectural environment, we 

could apply the effect of visual information to room acoustic design so that occupants could experience 

better sound environment than ever and effective acoustic/architectural design would be realize. 

In our studies, we have carried out various experiments to grasp the influence by multi-modalization of 

auditory and visual stimuli on subjective impressions for sound fields in architectural spaces. In this 

paper, two series of similar experiments are reported. In experiment I (Ex-I), panoramic virtual reality 

(VR) images of sample spaces which exist with various specifications are dealt with as visual stimulus, 

and impulse responses (IR) which simulate sound fields of those spaces with modified reverberation 

time are dealt with as auditory stimulus. Then, subjective impressions such as “Reverberance” are 

measured in each presentation mode (single-mode or multi-mode). Experiment II (Ex-II) are carried out 

in the same procedure as Ex-I, however auditory stimuli are different. Convoluted signals of dry sources 

of music or speech with IRs of sample spaces are used as auditory stimulus. 

These results are analyzed statistically, and influence of visual information on subjective auditory 

impression is discussed in regard to reverberation time, signal type or subjective gap between auditory 

and vision. 

 

2. METHODS 

2.1 Outline 

Ex-I is a series of experiments developed from previous one (Ishikawa et. al., 2014-2015), in which IRs 

measured in sample spaces were used as an auditory stimulus and waveform of IRs was edited to arrange 

reverberation time. In previous experiments, there were problems to extend reverberation time and 

preserve other aspects of IRs in editing those waveform. To solve those problems, a pseudo IR made by 

a digital signal processor (DSP, YAMAHA SPX990) is used as the auditory stimulus in Ex-I. In Ex-II, 

continuous signals made from convoluted the dry source of music or speech with IRs of sample spaces 

are used as the auditory stimulus. Purposes of these experiments are to confirm correspondence with 

previous results, to study on the influence of difference in signal properties used as the auditory stimulus, 

and to verify our hypothesis that the increase of Reverberance in multi-mode would be attributed to 

psychological gaps between visual and auditory. 

 

2.2 System 

Figure 1 shows the scheme of common experimental system of Ex-I and II. Visual and auditory stimuli 

are presented individually or simultaneously for subjects in an anechoic chamber, so that an interior and 

a sound field of various architectural spaces can be reproduced virtually. During the experiment, lighting 

was turned off, and room temperature was set to approximately 23°C. The VR image was projected on 

a cloth screen, and subjects could overlook it around 360°. At single-mode presentation of the auditory 

stimulus, no picture and grey pattern were indicated on the screen. A position of subjects was determined 

so that the horizontal optic angle for an image on the screen should be around 35°. The auditory stimulus 

was reproduced monophonically by a loudspeaker located behind the screen. A presentation level of that 
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was set at LAeq=77 dB in Ex-I, and LAmax=77 dB in Ex-II, and a background noise level during experiment 

was LAeq=36 dB at the location of subjects. 

 

Figure 1. Experimental system 

 

2.3 Sample space and visual stimulus 

Six existing common rooms with a different interior and acoustic properties are adopted as a sample 

space. Table 1 shows specifications of those spaces. The visual stimulus is a VR image (QuickTime VR 

format) of the interior in each space, which was composed of three photographs taken with fisheye lens 

camera in 0°, 120°, 240° direction at a representative position of each space. Average illuminance of 

each image on the screen was set at around 200 lx. 

 

Table 1. Specifications of sample spaces 

Stimulus name 
Name/Use of the 

sample space 
Volume [m3] 

Measured value of 

T30 [s] 

Measured value of 

C80 [dB] 

CL Class room 750 0.75 7.0 

TE Temple 10000 1.16 9.9 

MU Multi-purpose hall 12000 1.44 0.2 

PR Practice room 820 1.45 -0.9 

CO Corridor 330 1.83 5.6 

GY Gymnasium 6000 3.32 -4.1 

 

2.4 Auditory stimulus 

Table 2 shows acoustical properties of the auditory stimulus used in Ex-I. Those are the pseudo signal 

of IRs made by DSP. Those properties are similar to IRs measured in sample spaces. In addition, 

reverberation time (T30) of pseudo IRs was changed and roughly distributed from 0.5 to 3.0 s at 0.5 s 

intervals by several operating parameter of DSP. 

Table 3 shows acoustical properties of IRs used to make the auditory stimulus in Ex-II. Those IRs are a 

real value measured in the sample space and a pseudo value made by DSP. The dry source of a musical 

signal (bars 1 - 11 of No.6 “Water Music Suite (Handel)” by orchestra) and a speech signal (a reading 

of initial section of Japanese novel “Botchan (Soseki Natsume)” by a woman announcer) are convoluted 

with those IRs into the auditory stimulus. 
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Table 2. T30 [s] based at 500 Hz of the auditory stimulus in Ex-I 

Sample space 
Stimulus 

name 

Suffix 

1 2 3 4 5 

Class room clx 0.64 1.25 1.80 2.26 3.35 

Temple tex 1.10 1.58 2.10 3.05 0.79 

Multi-purpose hall mux 0.57 1.02 1.44 2.02 2.99 

Practice room prx 0.41 0.93 1.57 2.06 3.18 

Corridor cox 0.79 1.29 1.73 2.24 3.30 

Gymnasium gyx 0.49 0.97 1.51 1.94 2.96 

 

Table 3. T30 [s] based at 500 Hz of IRs used in making the auditory stimulus in Ex-II 

Sample space 
Stimulus 

name 

T30 [s] 

Measured IRs 

in real space 

Pseudo IRs 

made by DSP 

Class room cl 0.75  0.46* 

Temple te 1.16 0.57 

Multi-purpose hall mu 1.44 1.21 

Practice room pr 1.45 1.28 

Corridor co 1.83 1.27 

Gymnasium gy 3.32  3.05* 

 

 

2.5 Procedure 

A common procedure of Ex-I and II is summarized below. Number of subjects was 14 in Ex-I and 19 in 

Ex-II, and they had normal eyesight and hearing ability. 

Instruction and subjective evaluation exercise 

First, the experimental procedure and the meaning of each evaluation item are explained to subjects by 

experimenter. Next, subjects practice subjective evaluation for spare stimuli which are not used in 

experiments. In this procedure, enough time (around 10 minutes) is preserved to let subjects adapt 

themselves to the darkness in the anechoic chamber.  

Single-mode presentation of the auditory stimulus 

After experiments begin, only the auditory stimulus is presented to subjects in random order. Then, they 

are asked to answer subjective impression for “Reverberance” of each space in seven step category 

scales (-3: “poor” ~ +3: “rich”). 

Multi-mode presentation of visual and auditory stimuli 

After single-mode presentation, next time, auditory and visual stimuli corresponding to one sample 

space are presented simultaneously for subjects in random order. Then, they are asked to answer 

subjective impression for “Reverberance” of each space as single-mode presentation and “Sense of 

incongruity” (so to speak “psychological gap”) for the combination of those stimuli in seven step 

category scales (0: “no incongruity” ~ +6: “much incongruity”). 

 

3. RESULTS AND DISCUSSION 

Table 4 shows a legends in following figures. 

 

*Value of T60 [s] 
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Table 4. Legends of auditory stimuli 

Experiment 
Dry 

source  
IR 

Auditory stimulus 

cl te mu pr co gy 

Ex-I - Pseudo        

Ex-II 

Music 
Pseudo       

Real       

Speech 
Pseudo       

Real       

 

3.1 Ex-I 

Single-mode presentation of the auditory stimulus 

Figure 2 shows a change of average values for Reverberance of each space by reverberation time in 

single-mode presentation. Reverberance is regarded to express a total amount of sound energy exposed 

in a reverberation process, and it generally increases and a sound field is felt “richer” with longer 

reverberation time. A general tendency was seen in figure 2, and subjects could quite clearly discriminate 

differences of Reverberance among stimuli. However, in a region of long reverberation time, the 

increase of Reverberance become smaller. As a result of difference examination of population means 

between Reverberance for stimuli of every space, significance was sometimes not detected between 

stimuli with long reverberation time. Therefore, it is supposed that in fact discrimination becomes vague 

in such region. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multi-mode presentation of visual and auditory stimuli 

Figure 3 shows a change of average values for Reverberance by reverberation time in multi-mode 

presentation. Same as single-mode presentation, Reverberance is evaluated “richer” with longer 

reverberation time. The stimuli “cl5” and “co3” seem to be evaluated slightly irregular, but the degree is 

not so big. As a result of difference examination of population means between Reverberance for multi-

mode stimuli, a little more significance was detected than single-mode presentation. It seems to mean 
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Figure 2. Average values for Reverberance 

in single-mode presentation in Ex-I 

Figure 3. Average values for Reverberance 

in multi-mode presentation in Ex-I 
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that precision of subject’s discrimination in multi-mode presentation tend to be just a little more than 

single-mode presentation. If it were a fact, it would be suggested that discrimination of sound fields 

became easy by adding visual information, even if it does not always provide correct information. 

Moreover, a significant difference was also detected at 5% level between results in single and multi-

mode for same spaces, such as “pr5” and “pr5+PR”, “gy2” and “gy2+GY”, and “gy3” and “gy3+GY”. As 

previous studies, it is also possible that Reverberance in multi-mode might be higher (“richer”) than 

single-mode for same auditory stimulus in this experiment. 

In order to study the influence of stimulus multi-modalization on Reverberance by reverberation time, 

a difference of average values for Reverberance between presentation modes is calculated and shown in 

figure 4. Since the difference is positive value in most cases, it can be confirmed again that Reverberance 

becomes higher (“richer”) by multi-modalization. Then, it seems that the difference becomes smaller 

comparatively in longer reverberation time, because evaluation values reach the ceiling and make little 

difference. 

Figure 5 shows a change of average values for Sense of incongruity by reverberation time in multi-mode 

presentation. Except “PR” and “GY”, Sense of incongruity was evaluated the smallest when the auditory 

stimulus with original reverberation time of the real space was combined with the visual stimulus. It 

means that subjects would feel natural to estimate real reverberation time from visual information of 

each space to some degree. However, since real reverberation time of “PR” or “GY” is much longer 

than expected value from its apparent volume, the bottom of incongruity seems to shift to the smaller 

reverberation time than real one in these spaces. 

The volume of “CL” is small, and Sense of incongruity was evaluated the most when reverberation time 

of the auditory stimulus was the longest. On the contrary, the volume of “MU” or “GY” is large, and 

Sense of incongruity becomes smaller with reverberation time until 1.5 ~ 2.0 s, then approximately 

constant beyond it. In “TE”, “PR” and “CO”, which had close reverberation time in spite of different 

volume, Sense of incongruity was the smallest for the auditory stimulus with original reverberation time 

of each space. As a general tendency, it may be said that a permissible range to match auditory stimulus 

with visual information becomes broader in the space with longer reverberation time.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-1.0

-0.5

0.0

0.5

1.0

0.0 1.0 2.0 3.0 4.0

D
if

fe
re

n
ce

 

Reverberation time [s]
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Reverberance between modes in Ex-I 

Figure 5. Average values for Sense of incongruity 

in multi-mode presentation in Ex-I 
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3.2 Ex-II 

Reverberance of the auditory stimulus in each presentation mode 

Figure 6 shows a relationship of average values for Reverberance between single- and multi-mode 

presentations. Since an overall tendency that fair number of marking are plotted above broken line can 

be seen, Reverberance seems to be evaluated slightly “richer” in multi-mode presentation than single-

mode. And the tendency is a little stronger in music signals than speech, because generally one would 

expect music to be more reverberant. On the other hand, whether IR is measured value or pseudo value 

makes no difference in results.  

Since there are only four kinds of auditory stimuli (measured IR/pseudo IR/music/speech, no time 

variations) corresponding to a sample space in Ex-II, the detailed relationship of Reverberance with 

reverberation time could not be determined, but on the whole, the similar tendency as Ex-I could be 

seen. If the auditory stimulus is a running signal, discrimination of Reverberance is more difficult and 

ambiguous than impulsive signal and judgment might be influenced on other aspects of sound than 

reverberation time, then the result would tend to scatter widely. 

 

Sense of incongruity in multi-mode presentation 

Figure 7 shows a distribution of average values for Sense of incongruity by reverberation time in multi-

mode presentation. Whether an auditory stimulus was made from convolution with measured IR or 

pseudo IR, Sense of incongruity was generally evaluated a little higher for stimuli corresponding to “PR” 

and “CO” than other spaces. Reverberation times of those spaces are longer than spaces with same 

volume because of their high reflectivity of interior.  

About auditory stimuli made from the convolution with measured IRs corresponding to “CL” and “TE”, 

there is a large difference of Sense of incongruity between music and speech signals. The cause may be 

misunderstanding about incongruity by some subjects, who did not evaluate a gap degree between 

auditory and vision, but thought that listening to classical music inside a classroom or a temple is 

inappropriate. (They also thought that listening to speech in those spaces was quite natural and Sense of 

incongruity was small.) In addition, in “MU”, Sense of incongruity for musical signals was evaluated 

small whether measured IR or pseudo IR. 
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Figure 6. Average values for Reverberance 

between modes in Ex-II 

Figure 7. Average values for Sense of incongruity 

in multi-mode presentation in Ex-II 
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3.3 Comparison between Ex-I and II 

Reverberance of the auditory stimulus 

Figure 8 and 9 are a scatter diagram which is added the result of Ex-II to figure 2 and 3, and figure 10 

shows a relationship of average values for Reverberance between single- and multi-mode presentations 

in total results of Ex-I and II. The result of Ex-I tends to distribute a little remoter from broken line than 

Ex-II. The auditory stimulus of continuous signals in Ex-II is more difficult to discriminate and judge 

subjective impression than impulsive signals in Ex-I. Therefore, it seems that visual information is a 

little more effective in Ex-I than Ex-II. 

Moreover, in figure 10, where Reverberance values are near +3 or -3, markings tend to be close to 

broken line and influence by multi-modalization appears to decrease, because subjective evaluations 

reach upper or lower limits. 
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Figure 10. Relationship of Reverberance 

between modes in Ex-I and II 
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in single-mode presentation in Ex-I and II 

Figure 9. Average values for Reverberance 

in multi-mode presentation in Ex-I and II 
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Sense of incongruity and expected reverberation time 

Figure 11 shows a changes of average values for Sense of incongruity about “CL”, “MU” and “GY” by 

the difference between measured reverberation time (RT) and expected reverberation time (ERT) of 

auditory stimuli, RT-ERT. ERT is defined to be subjectively predicted RT from visual information only 

and already measured in our previous experiments (Ishikawa et. al., 2014a) by means of the adjustment 

method. When ERT gets closer to RT of the auditory stimulus, in other words, RT-ERT becomes almost 

zero, Sense of incongruity could be evaluated the smallest. In figure 11, such a tendency could be seen 

as a whole. 

Figure 12 shows a relationship of average values for Sense of incongruity with the difference of 

Reverberance between two presentation modes. In this figure, most of points are located from 0 to +1 

but randomly distributed regardless of Sense of incongruity. It seems that there are no directive 

relationship between these subjective quantities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. CONCLUSIONS 

About Ex-I 

・ IR signals of the auditory stimulus are easy to discriminate, and Reverberance is evaluated in 

according to reverberation time. 

・ Reverberance is evaluated “richer” and discrimination of Reverberance is easier in multi-mode 

presentation of auditory and visual stimuli than single-mode, regardless of the difference in a visual 

stimulus. 

・ If there is a large gap of reverberation time between an auditory stimulus and visual information of 

space, Sense of incongruity is evaluated high. However, in the space where reverberation time is 

long, the tolerance range in reverberation time of combined an auditory stimulus with a visual 

stimulus tends to be wide. 

About Ex-II 

・ Though Reverberance is evaluated in according to reverberation time on the whole, continuous 

signals of the auditory stimulus are a little more difficult to discriminate than IR signals and results 
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Figure 11. Sense of incongruity with 

RT-ERT in Ex-I and II 
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have some ambiguity. 

・ Similarly as Ex-I, Reverberance is evaluated “richer” by multi-modalization, however it is not 

always true of the case that the auditory stimulus is a speech signal. 

・ There is possibility that measured Sense of incongruity includes misunderstanding by some 

subjects, who did not evaluate the gap of audio and vision but inappropriateness of music in some 

space. 

Overall 

In this report, Reverberance and Sense of incongruity for sound fields and visual information of some 

architectural spaces were measured through two kinds of experiments. It is clarified that the auditory 

impression changes with visual information but the combination of auditory and visual stimuli 

sometimes cause Sense of incongruity.  

The effect of visual information on the auditory impression is confirmed again, and it is possible that 

the degree of the effect can be changed with kind of signal (music/speech) or signal waveform but does 

not changed with the quality of signals. 

Followings are the items of future works. 

・ To measure subjective impressions for the visual stimulus in detail and to analysis the relationship 

of visual properties and auditory impressions 

・ To study on other aspects of the auditory impression, such as Spaciousness, by the same means of 

experiment as this paper 

・ To develop visual and auditory environment used in experiments by recent technology of VR 
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