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ABSTRACT 

Room impulse response is one of most important information 
with localization of sound source in 3D audio. Actually we can 
adjust the distance and spaciousness of a sound source with im-
pulse response of the room. Through consequent experiments, we 
found that C80 and EDT are varying systematically with sound 
source distances, and these variations are due to early reflection 
decay curves. This paper contains brief explanation of the two 
parameters as auditory distance cues, shaping of early reflection 
decay curves for control of auditory distance, and psychological 
test results of auditory distance control with early refection decay 
curve shaping. With these validations, we can confirm early re-
flection decay curve shape is effective factor for control of percep-
tual auditory distance and spaciousness in the room. 

1. INTRODUCTION 

People who research on 3-dimensional sound have mainly per-
formed the 3-dimensional sound localization (elevation and azi-
muth) of the sound sources for the past tens years. But there have 
been also little researches for the distance cue of the sound source. 
Many previous researches have revealed that the conventional 
distance cues are composed of loudness, spectral information, 
reverberation and binaural information [1], [2]. 

Distance cues are classified into relative cues and absolute 
cues. Relative cues include loudness and spectral information of 
the source. They have an advantage of easy implementation, but 
also have a limit of their effect, because they cannot determine the 
absolute distance without priori information about loudness or 
spectrum of the sound source. Basically loudness cue is according 
to the inverse square law. And this cue has a very powerful ability 
to determine changes in the distance of a constant amplitude sound 
source. Molecular absorption of the air or air absorption filtering 
on the sound propagation path is the major origin of spectral cue. 
In fact, over very long distance this cue has a considerable low-
pass filtering effect. 

On the other hand, absolute cues are consisted of familiarity, 
binaural information and reverberation. If the listener is suffi-

ciently familiar with the sound sources, the relative cues can be 
used to judge absolute distance. Listener’s familiarity with both 
the source signals and the acoustic environment is clearly a key 
factor in any model for auditory distance perception. For near field 
listening, we can consider IID & ITD as other cues providing not 
only directional information but also distance information. 

Another important distance cue is the relative loudness of re-
verberation. When sound is produced in a reverberant space, the 
associated reverberation may often be perceived as a background 
ambience, separate from the foreground sound. The foreground 
sound consists largely of the sound that propagates directly from 
the sound source to the listener, this so-called direct sound de-
creases in amplitude as the distance to the listener increases. The 
amplitude of the reverberation, on the other hand, does not de-
crease considerably with increasing distance. The ratio of the di-
rect to reverberant amplitude is greater with nearby objects than it 
is with distant objects. Thus, distant objects sound more reverber-
ant than close objects. An example of this relationship used by 
Wave Arts Acoustic Environment Modeling is diagrammed in 
Figure 1. The direct sound amplitude drops 6 dB for each dou-
bling of distance. However, the reverberation amplitude drops 3 
dB per doubling of distance [3]. 
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Figure 1: An example of direct to reverb energy ratio [3]. 
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Many other researches also reported that reverberation is very 
important cue for distance, but the actual parameters for control-
ling perceived distance with reverberation cues are not well de-
fined. But according to our previous research, we found that EDT 
(Early Decay Time) and C80 are varying systematically with dis-
tance [4], and these variations are due to early reflection decay 
curves. 

In this paper, we will show a method of handling and shaping 
of early reflection decay curves for control of auditory distance, 
and psychological test results of auditory distance control with 
early refection decay curve shaping. With these validations, we 
can confirm early reflection decay curve shaping is effective for 
control of perceptual auditory distance and spaciousness of the 
sound sources. 

2. BACKGROUND 

Referring to previous research [4], we found that EDT (Early De-
cay Time) and C80 are varying systematically with distance. 
Namely, as the distance between source and listener goes farther, 
C80 more decreased and EDT more increased. Figure 2 and 
Figure 3 show the experiment results on this phenomenon. On the 
other hand, reverberation time of the specific room doesn’t vary so 
much even if the measuring distances from sound source are in-
creased. 
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Figure 2: C80 versus auditory distance. 
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Figure 3: EDT versus auditory distance. 

 
To investigate the reason that EDT and C80 are varying sys-

tematically with distance, we divided measured impulse responses 
into early reflection part and late reverberation part. And we nor-
malized early reflection parts in order to compare their decay ten-
dencies of each impulse response.  

Figure 4 shows the decay curves of early reflections and rate 
reverberations for 1m and 16m distance. We can identify the de-
cay curve slopes of early reflections are varying significantly, 
while the decay curves of rate reverberations have almost the same 
shape. Figure 5 shows the systematic changes of early reflection 
decay curve with distances. 
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Figure 4: Comparison of decay curve shapes. 

 
C80 is the energy ratio of early part and late part and EDT is 

the reverberation time for the first 10 dB drop. So these two pa-
rameters are very sensitive to the shape of the early decay curve. 
As the distance varies, the early reflection part varies significantly 
and this change of early reflection makes C80 decrease as the 
distance increases and vice versa in EDT. So if we can control 
these two parameters by designing the early parts of impulse re-
sponses, we can control the perceived distance with the reverbera-
tion cue. So C80 and EDT can be used as the parameters for con-
trolling perceived distance with the reverberation cue. 
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Figure 5: Shapes of early reflections with distances. 
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3. EARLY DECAY CURVE SHAPING 

With previous results (systematic changes of EDT and C80 with 
distance) and specific measured impulse response, we tried to 
make simple function to provide distance information about a 
sound source for listening test. In analyzing measured impulse 
responses of a specific room, we found that late reverberation 
parts are maintained constantly whereas early reverberation parts 
vary systematically with distance. The slope of the early reflection 
curves of impulse responses measured at the near place of the 
source is more abrupt than the one at the distant place of the 
source. 

From this investigation, we devised a method to implement 
situations above mentioned. First of all, we selected a measured 
2m-impulse response as a reference impulse response. Then we 
made 1m-impulse response and 4m-impulse response using this 
reference impulse response. And we chose first 80ms as the 
threshold of early reflection part of the impulse response. This 
method can be divided into two parts. In the first step, we make 
late reverberation part according to various distance of the source. 
Namely, we chose late reverberation part of the measured impulse 
response at 2m in a specific room and used it as the late reverbera-
tion part of any other point of the room impulse response. Because 
late reverberation part of the impulse response has regular pattern 
with distances as we could see in measured data. Then it makes no 
difference to insert 2m-late reverberation part to 1m or 4m-late 
reverberation. 

The second step is to make the early reflection part according 
to the distance change. We adjusted the EDT values with distance 
by varying the slope of early decay curve. When we adjust EDT, 
reverberation time (RT) must be fixed. If we consider a straight 
line with linear slope to measured 2m-impulse response appropri-
ately, we can get some impulse responses that we want. But when 
we apply a linear straight line to early parts of the impulse re-
sponse, there can be overemphasized reverberation and reverbera-
tion time of the room will not be fixed. Therefore we applied sev-
eral linear lines of different slope for approximately shaping the 
curves of different distances. The curve can be represented by a 
pair of time and power value for the calculation of curves for the 
early reflection parts: 

 
{(t0, e0), (t1, e1), (t2, e2), ... , (tn, en)} 

 
Theoretically element t0 is the propagation time for the path 

from sound source to receiver. And elements e0, en can have the 
values of 2, 0 respectively. Then actual modification value for t0 
(direct sound) at half distance will be 4 (square of 2) and that for 
tn will be 1 (0 power of 2). 

When the position of sound source is changed by user interac-
tion, the propagation time also varied. Thus we have to compen-
sate this changed propagation delay, as insert or delete first sam-
ples of impulse response. The propagation time difference ∆t for 
changing the position of sound source can be calculated with fol-
lowing numerical formula: 

 
∆t = (d - ref_d) / S , 

 
where d is changed distance, ref_d is reference distance, and S is 
the velocity of sound propagation.  

Figure 6 shows the way to control the early decay curve. 
These modified impulse responses are convolved with dry sound 
sources. The outcomes after convolving with distance are normal-
ized to investigate the only effect of EDT excluding the influence 
of loudness. We have focused on how important the EDT value is 
in affecting the auditory distance with other acoustic parameters 
fixed like reverberation time. By means of outcomes above, we 
performed subjective listening tests with well-trained trainers to 
verify our hypothesis, that is, not the late parts but the change of 
early decay curve affect perceiving the distance of the source. 
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Figure 6: Adjustment of early decay curve 

4. VALIDATION TEST 

We chose dry sound sources of tenor solo, soprano solo and or-
chestra as test materials. Two kinds of subjective listening tests 
were performed. First, randomized the order of the different im-
pulse responses and paired with two samples. Then let the subjects 
listen to the pair of samples, which are the same sounds with dif-
ferent distances, and asked them to choose which sample is per-
ceived closer. Secondly, we arranged impulse responses in a dis-
tance order, e.g. 2m-4m-8m or 8m-4m-2m pair. Then we also 
asked the subjects whether they feel the sample becomes close or 
distant. In the first tests, when a subject finds a correct answer he 
gets +1 point, otherwise he gets –1 point. And in the second 
method, if subject finds a correct answer he gets +1 point and 
when he can’t recognize any change, he gets 0 point. And if he 
answers incorrectly, he gets –1 point. So a perfect score is +3, and 
the lowest point is –3. Total 9 subjects participated in the subjec-
tive listening tests. 

Figure 7 and Figure 8 show the results of subjective listening 
tests for two test methods respectively. 

These graphs also show the total averaged scores of subjective 
responsiveness regardless of any kind of recording dry sound 
source. We tried to look into listeners’ ability to perceive auditory 
depth on the average. So method 1 has a perfect score as +9 and 
the worst mark as –9, method 2 has a perfect score as +6 and the 
worst score as –6. Generally listeners had a higher mark in method 
2. It shows that people perceive well in case of listening samples 
along to the distance in serial. Overall we obtained the satisfactory 
result through subjective listening tests in validating previous 
results, which explains how EDT affects the distance of the source. 
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Figure 7: Psychological test result according to dry sound 
sources (method 1). 
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Figure 8: Psychological test result according to dry sound 
sources (method 2). 

 

5. CONCLUSIONS 

Many previous researches show that reverberation can provide 
absolute information. But the difficulty of implementation and no 
effectively defined parameters have prevented the reverberation 
from being used efficiently. We found EDT and C80 are varying 
systematically with the distance from sound source to receiver. 
This systematic change can be explained by examining the divided 
impulse responses. Because the early reflection part of impulse 
response varies significantly with distance whereas the late reflec-
tion part does not vary much, C80 that is the energy ratio of the 
early part over the late part of the impulse response decreases as 
the distance gets farther and vice versa in case of EDT. Both pa-
rameters are related to the reverberation of the room. So EDT and 
C80 can be used as the parameters for controlling perceived dis-
tance with the reverberation cue. 

With this result and relatively simple method, we functional-
ized reverberation cue with distance. We made artificial reverbera-
tion curve composed of early parts with various slopes and late 
parts with the one specific slope to imitate impulse responses of 
different distances. The significance of this paper is to extract 
effective distance cues and to define EDT or C80 as distance cue 
maintaining reverberation time constant. To provide distance in-
formation of sound source in virtual audio environment, we need 
some practical algorithm. This paper also shows a good possibility 
to implement the reverberation parameter with proposed rever-

beration decay curve, which is composed of the slope of the early 
part changed and late part unchanged as distance variation. 

For future work, we are going to investigate multi-channel 
impulse responses for multi-channel reproduction environment. 
And also we are going to make clear the time domain variation of 
early reflections of impulse response according to various posi-
tions of sound source in the room. 
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