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About me

• Senior Lecturer (i.e. Associate Professor) in Music Technology at the University 
of Huddersfield, UK (2010 – Present).

• Leader of the Applied Psychoacoustics Lab (2013 – Present).
• Senior Research Engineer at LG Electronics, Korea (2006 – 2010).
• PhD in surround sound psychoacoustics, University of Surry, UK (2002 –

2006).
• BMus in Sound Recording (Tonmeister), University of Surrey (1998 – 2002).
• Freelance sound engineering (2002 – Present).
• Assistant sound engineer at Metropolis studios, London, UK (2000 – 2001).
• Intern sound engineer at Aspen Music Festival, Colorado, USA (1999, 2000).
• Assistant sound engineer at Sound Hill studios, South Korea (1997 – 1998).
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Applied Psychoacoustics Lab (APL)

• The APL aims to provide solid psychoacoustic bases for audio 
engineering applications.

• To bridge gap between perception and engineering.
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About Applied Psychoacoustics Lab (APL)

• Members
– 3 staff researchers.
– Currently 5 PhD, 2 Masters and 4 Undergraduate students.
– 3 PhD and 2 Masters graduated. 

• Current research focus
– Sound recording and reproduction techniques for 3D and VR audio.
– Binaural and multichannel auditory localisation mechanism.
– Perceptually optimised virtual acoustics.
– Auditory-visual interaction on the quality of experience.
– Development of objective sound quality metrics.

• More information on www.hud.ac.uk/apl
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• ITU-R BS.1116-compliant listening room.
• Covers various 3D formats (22.2, Dolby Atmos, Auro-3D, etc.).

About Applied Psychoacoustics Lab (APL)
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Today’s talk

Research and Applications

• Vertical stereo perception / 3D recording and rendering methods.

• Phantom image elevation effect / Virtual hemispherical panning.

• ICLD and ICTD perception / panning methods.

• Perception of Virtual Acoustics

• Ongoing projects
– 3D localisation modelling, audio-visual interaction, 3D audio toolbox, etc.
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Virtual Stereophonic Perception
&

3D Recording/Rendering Techniques
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Vertical interchannel crosstalk

• What is vertical interchannel crosstalk?
– A (delayed) direct sound captured by a height microphone that aims to 

capture ambience
– Perceptual effects: Upwards localisation shift, tonal colouration.

7
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Vertical Interchannel Time Difference

8

• ICTD is a very unstable cue for vertical localisation (Wallis and Lee 
2015).

• The precedence effect does NOT operate between loudspeakers 
elevated at 0° and 30° loudspeakers in the median plane.

ICTD = 0ms ICTD = 1ms ICTD = 10ms

Wallis, R. and Lee, H. (2015) ‘The Effect of Interchannel Time Difference on Localisation in Vertical Stereophony’ Journal 
of the Audio Engineering Society , 63 (10), pp. 767-776. ISSN 1549-4950
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Vertical Interchannel Level Difference

• Tangent Panning between 0° and 30° elevated loudspeakers (Mironovs
and Lee 2017) à Poor panning resolution.

• At 30° azimuth, low-passed sound is elevated even at 0° elevation.

9

Mironovs and Lee Vertical Amplitude Panning 

 

AES 142nd Convention, Berlin, Germany, 2017 May 20–23 
Page 3 of 7 

regardless of the azimuth and spectral 
characteristics. Each subject sat in the chair, located 
at the listening position. To precisely position their 
head, laser pointer was used. It was placed 
perpendicularly to the median plane at the 
loudspeaker height. Before proceeding with the test, 
subjects were requested to hold their head still to 
eliminate potential bias. Headrest was used to 
provide a reference position to simplify the task. 
Both vertical pairs were tested together without the 
repetition, resulting in the total of 84 trials (7 x 6 x 
2). As all stimuli were tested only once, the 
consistency of the effect was not investigated. To 
avoid listeners’ fatigue, listening test was divided 
into two subsets. All trials were randomised. 

3 Results and Discussion 
As all subjects were tested against the same 
conditions, the within-subject analysis was chosen. 
Levene’s test of homogeneity variance and Shapiro-
Wilks’ test of normality was performed first. Both 
results were not satisfied (p < 0.001), violating the 

assumptions of the Repeated Measure Analysis (RM 
ANOVA), resulting in the non-parametric analysis. 
The effect of amplitude panning on the perceived 
elevation was examined using Friedman test. For the 
pairwise comparisons, Wilcoxon test with 
Bonferroni correction was used. 

3.1 Phantom source localisation 
Fig. 2 shows the subjects’ responses for each sound 
source. The results are plotted using median with 
notch edges. This method was proposed by McGill 
et al [14], stating that non-overlapping notch edge 
ranges between two test conditions suggest that there 
is a significant difference between them (95% 
confidence).  
 
The plots show that the effect of amplitude panning 
on the perceived elevation is statistically significant 
for at least one pair of stimuli for each source type, 
both on the median and off-centre planes. Further 
analysis was conducted using Friedman test (p = 

Figure 2. Subject responses obtained for each source. The data is represented as a median with notch edges. 
Notches are equivalent to 95% confidence interval. Dashed lines represent amplitude panning target angles used 

in the experiment. 
Mironovs, M. and Lee, H. (2017) ‘The Influence of Source Spectrum and Loudspeaker Azimuth on Vertical Amplitude Panning’. In: 
AES 142nd International Conference, 20th-23rd May 2017, Berlin, DE
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Vertical Localisation Threshold

• The minimum amount of level reduction required of the height channel 
for the vertical phantom image to be localised around the height of the 
main loudspeaker (Lee 2011, Wallis and Lee 2016, 2017).
– Median plane (between 0° and 30°)

10

Various musical sources

Appl. Sci. 2017, 7, 278 9 of 20

2.2.4. Localisation Thresholds for Combined Sources

As it was shown that the effect of sound source on the localisation threshold was not significant,
the results for each sound source were combined. This is shown in Figure 7. The median threshold
for sources with 0 ms ICTD was �9.5 dB. Based on the notch edges, the threshold for this ICTD
appears to be significantly lower than the �7 dB median threshold found for the 1 and 10 ms
ICTDs. This significance was confirmed with the results of both Friedman (p = 0.000), and Wilcoxon
(p = 0.01 between 0 ms and 1 ms, p = 0.00 between 0 ms and 10 ms) tests. It can therefore be concluded
that the only variable whose effect was significant on the localisation thresholds obtained in the present
study was ICTD. The effects of sound source and presentation method were not significant.
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Figure 7. Localisation thresholds for combined sources.

3. Experiment Two: Verification of the Localisation Thresholds

3.1. Materials and Methods

3.1.1. Physical Setup

The physical setup for the verification test is shown in Figure 8. The experiment was conducted
in the same room as was used in Experiment One and used an almost identical setup. However,
as Experiment One demonstrated that the localisation thresholds were not affected by presentation
method, only the L, R, HL and HR loudspeakers were used (i.e., the vertical quadraphonic condition);
the C and HC loudspeakers were removed. The vertical quadraphonic condition was favoured to the
vertical stereophonic condition as existing 3D audio systems, such as Auro 3D [1], tend to make use of
elevated L and R loudspeakers, however they do not always use an elevated centre loudspeaker. It was
therefore considered that the vertical quadraphonic condition would be more relevant to practical
situations. A light-emitting diode (LED) strip was positioned directly in front of the listening position.
This was located behind the acoustically-transparent curtain and was to be used by subjects to make
localisation judgments.

3.1.2. Test Stimuli

The stimuli used for the experiment were the same sources used in Experiment One. The test
stimuli were presented to subjects in the following conditions: (1) main layer only; (2) height layer only;
(3) vertically oriented phantom image with 0 dB interchannel level difference (ICLD) and; (4) vertically
oriented phantom image with the localisation threshold applied to the height layer. The ICTDs applied
to the height layer for the phantom image conditions were 0 and 1 ms. The 10 ms condition was not
tested for the following reasons. Firstly, as there was no significant difference between the localisation
thresholds obtained for 1 and 10 ms it was deemed unnecessary to test both conditions. Furthermore,
as discussed earlier, 10 ms represents a condition whereby the path difference between the direct sound
arriving the main and height layers respectively is around 3.4 m, which is fairly large in practice. It was

Localisation threshold = 
-7 to -10 dB 

Lee, H (2011) ‘The Relationship between Interchannel Time and Level Differences in Vertical Localisation and Masking’. In: 131st Audio 
Engineering Society Convention
Wallis, R. and Lee, H. (2017) ‘The Reduction of Vertical Interchannel Crosstalk: The Analysis of Localisation Thresholds for Natural Sound 
Sources’ Applied Sciences , 7 (3). ISSN 2076-3417



Applied Psychoacoustics Lab (APL) Dr. Hyunkook Lee

Vertical Localisation Threshold

• Band-dependent application of localisation threshold for musical 
sources (Wallis and Lee 2017).

• Frontal 2D loudspeaker layout (L, R, Lh, Rh).

11
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therefore decided that the 1-ms condition would be more representative of a practical configuration,
with the resultant path difference being only around 0.34 m.

 

2 

 

Figure 8. Physical setup for the localisation threshold verification test.

Although not necessarily integral to the verification test, the 0-dB ICLD and height layer
only conditions were included in the experiment in order to reduce any expectation biases.
During preliminary tests, in which only the main layer only and localisation threshold conditions were
considered, subjects reported that hearing all stimuli originate from the same position in a localisation
test was confusing. Furthermore, some were led to believe that the stimuli could not all be coming
from the same location and this forced them to provide different answers to what was actually being
perceived. The height layer only and 0-dB conditions were therefore included in order to introduce
stimuli that were in a position away from the main layer only condition. This was found to prevent
the issue.

All stimuli were presented at 70 dB LAeq at the listening position when presented from the
main layer only. The increase in amplitude when the stimuli were presented as vertically arranged
quadraphonic phantom images was dependent on the localisation threshold applied to the height layer.
In the case of the 0-ms condition, the height layer was attenuated by 9.5 dB with respect to the main
layer, whilst for 1 ms the attenuation was 7 dB, which was based on the results from Experiment One.
In total, there were 30 stimuli, being the main and height layer-only conditions (10), the localisation
threshold conditions (10—five sources, two ICTDs) and the 0-dB ICLD conditions (10—five sources,
two ICTDs).

3.1.3. Test Method

The test was completed by the same 10 subjects who participated in Experiment One. Localisation
judgments were made using the LED strip located directly in front of the listening position. For each
test, subjects were provided with a handheld knob, which controlled which LED on the strip was
turned on. Subjects were required to adjust the knob until the position of the active LED matched the
perceived location of the focal point of each stimulus. This method was chosen following research
conducted by Lee et al. [27], who found that it was faster and produced results with greater accuracy
and consistency compared to the numbered scale method, which had been used in a number of
previous vertical localisation studies [11,28,29]. The position of the LED selected for each stimulus was
converted into an elevation angle. The heads of subjects were not fixed, however they were instructed
to sit up and face forwards at all times, using only their eyes to look at the light strip. To help maintain
the correct seating position, a small headrest was positioned behind the head of each subject. The test
was completed four times by each subject, with each sitting containing all 30 stimuli and taking around
10 min to complete. The presentation order of stimuli was randomised for each test.

Wallis, R. and Lee, H. (2017) ‘The Reduction of Vertical Interchannel Crosstalk: The Analysis of Localisation Thresholds for 
Natural Sound Sources’ Applied Sciences , 7 (3). ISSN 2076-3417
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Frequency Dependency of Localisation
Threshold

• Localised threshold depends on frequency. 
• Results for octave-band pink noises (Wallis and Lee 2016)

Pitch-height effect!
- LF bands from height channels are 

localised low inherently.
à requires less level reduction.

Wallis, R. and Lee, H. (2016) ‘Vertical Stereophonic Localisation in the Presence of Interchannel Crosstalk: the Analysis 
of Frequency- Dependent Localisation Thresholds’Journal of the Audio Engineering Society , 64 (10), pp. 762-770.
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Vertical interchannel crosstalk

• A directional height microphone within about 3m vertical spacing needs 
to be angled so that its direct sound level is at least 7dB attenuated
compared to the main microphone level.

13
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Vertical Decorrelation

• The effect of vertical decorrelation on vertical image spread (VIS) is 
audible, but not as large as that of horizontal decorrelation (Gribben 
and Lee 2017). 

14

Horizontal Vertical

Gribben, C. and Lee, H. (2017) ‘A Comparison between Horizontal and Vertical Interchannel Decorrelation’ Applied Sciences , 
7 (11), p. 1202. ISSN 2076-3417
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Vertical microphone spacing

• The effect of vertical microphone spacing on spatial impression (Lee and 
Gribben 2014)

15

Upward-facing
Cardioids for 
height channels

Lee, H. and Gribben, C. (2014) ‘Effect of Vertical Microphone Layer Spacing for a 3D Microphone Array’ Journal of the 
Audio Engineering Society , 62 (12), pp. 870-884. ISSN 15494950
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Vertical microphone spacing

• Vertical microphone spacing does not have a significant effect on 
perceived spatial impression.

• 0m spacing (vertically coincident) produced greater spatial impression 
for percussive sources.

16Lee, H. and Gribben, C. (2014) ‘Effect of Vertical Microphone Layer Spacing for a 3D Microphone Array’ Journal of the 
Audio Engineering Society , 62 (12), pp. 870-884. ISSN 15494950
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PCMA-3D Microphone Array

17

1 – d m

1 – 3m

0.25m

Top View

Horizontally Spaced, 
Vertically Coincident

1m

• Original concept of PCMA 
(Perspective Control 
Microphone Array) (Lee 2011, 
2012)

– Perceived distance control by 
virtual microphones at each 
pick up point.

– Combine blue and red 
microphones with a varying 
mixing ratio à Virtual 
microphone pointing towards 
a different direction à
controls D/R ratio à changes 
listener’s perspective.

-25° +25°

-155° +155°

Lee, H (2012) ‘Subjective Evaluations of Perspective Control Microphone Array (PCMA)’. In: 132nd Audio Engineering 
Society Convention, 26-29 April 2012, Budapest, Hungary
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PCMA-3D Microphone Array 

• Application of PCMA for 3D capture (Lee and Gribben 2014)

18

Side View

1 to d m

• d depends on the desired diffuseness of the rear channels:
For maximum diffusenese, beyond critical distance recommended.
• The upper cardioids can be angled directly towards the ceiling: 
this still allows enough suppression of the vertical interchnanel
crosstalk. 

Separation between 
Source and Environmental 
components !

Lee, H. and Gribben, C. (2014) ‘Effect of Vertical Microphone Layer Spacing for a 3D Microphone Array’ Journal of the 
Audio Engineering Society , 62 (12), pp. 870-884. ISSN 15494950
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ORTF-3D by Schoeps

• Vertical concept based on a finding by Lee and Gribben (2014).
– Vertically coincident, horizontally spaced.

19

Source

Ambience

Lee, H. and Gribben, C. (2014) ‘Effect of Vertical Microphone Layer Spacing for a 3D Microphone Array’ Journal of the 
Audio Engineering Society , 62 (12), pp. 870-884. ISSN 15494950
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ESMA-3D

20

• Equal Segment Microphone Array for 360 recording (for VR).
• 50cm x 50cm square, ideal size for accurate localisation in a quadraphonic 

reproduction (Lee 2016).
• Vertically coincident (Cardioid main + supercardioid height.)

Lee, H (2016) ‘Capturing and Rendering 360º VR Audio Using Cardioid Microphones’. In: AES Conference on Audio for 
Augmented and Virtual Reality, 30 Sep - 1 Oct 2016, Los Angeles, USA
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ESMA-3D

• Comparison against FOA and Dummy Head (Millns and Lee 2018).

21

Millns and Lee Comparison of 360° Microphone Arrays for VR 

 

AES 144th Convention, Milan, Italy, 2018 May 23–26 
Page 7 of 9 

 
Figure 5. Median and notch edge plots for the source/ensemble distance test. 

 

 
Figure 6. Median and notch edge plots for the environmental width test. 
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Results suggest that distance perception for the 
dummy head is affected by source azimuth angle. As 
the sound source moves away from the centre, an 
increase in distance perception can be seen for the 
single source conditions (no.1-3). Figure 5 shows 
source no.1 (azimuth 0°) was rated the nearest and 
source no.3 (azimuth 90°) the furthest. This trend 
continues with ensemble conditions, where no.4, with 
two central sound sources (0° and 180°), was rated 
nearer than no.5, with a quadraphonic arrangement. 
Source condition no.6 was the nearest rating for the 
dummy head, this could be due to the condition 
lacking 90° sound sources and instead including a 0° 
sound source. 

4.3 Environmental Width 

Significant difference was found for four source 
conditions (no.2, no.3, no.4 and no.6 from Figure 6.). 
Pairwise analysis of the microphone conditions only 
revealed significant difference between the dummy 
head and the Max rE FOA. However, a general trend 
can be seen in Figure 6 where the dummy head was 
rated the widest, ESMA in middle and FOA the 

narrowest, with the exception of source condition 
no.3. 
 
The results in Figure 6 uphold the trend seen in the 
previous two tests, that dummy was rated highest and 
FOA the lowest. This again could be due to the 
potentially high channel coherence of the FOA 
microphone producing a high IACC value. Hidaka et 
al. [18] found that a high IACC value suggests a 
narrow sound image. 

4.4  Environmental Depth 

No source conditions in the environmental depth test 
exhibited any significant difference between the 
microphone techniques. Subjects ratings were 
inconsistent across the source conditions and no trend 
can be discerned (Figure 7). The reason for such 
inconsistency could be because environmental depth 
is not a familiar attribute to the subjects and perhaps 
also hard to hear. Rumsey [13] proposed this attribute 
in his scene-based paradigm, but states that the 
attribute is not based on any elicitation test and that 
environmental width tends to dominate it 
perceptually.

 

 
Figure 4. Median and notch edge plots for the source shift/ensemble spread test. 

Millns, C. and Lee, H (2018) ‘An Investigation into Spatial Attributes of 360° Microphone Techniques for Virtual Reality’. In: 
AES the 144th International Convention, 23 – 26 May 2018, Milan, Italy.
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VR Soundscape Library

22
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MAIR Library and Renderer

• Over 2000 Microphone Array Impulse Responses (MAIRs) captured for 
13 source positions.

• 12 Main arrays, 9 Height configurations
• 15 Ambience configurations.

23

Main array 
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Lee, H. and Millns, C. (2017) ‘Microphone Array Impulse Response (MAIR) Library for Spatial Audio Research’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York
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MAIR Library and Renderer

• 360 layout for VR mic arrays
• Ambeo, Soundfield 422b, ESMA50, ESMA25.

24

360° array 

Height micESMA

Genelec 8040A

Ambeo / KU100
3m

360° array 

Height micESMA

Genelec 8040A

Ambeo / KU100
3m

Lee, H. and Millns, C. (2017) ‘Microphone Array Impulse Response (MAIR) Library for Spatial Audio Research’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York
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MAIR Library and Renderer

• Available from www.github.com/APL-Huddersfield
• Renderer allows mic array mixing and binaural/multichannel output.
• Takes outputs from a DAW session, or browse individual files.

25Lee, H. and Millns, C. (2017) ‘Microphone Array Impulse Response (MAIR) Library for Spatial Audio Research’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York
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Pitch-Height Effect in Vertical Localisation

• The higher the frequency of 
a pure tone is, the higher 
the perceived image 
position is, regardless of
the physical height of the 
loudspeaker. (Pratt 1930).

• Confirmed by Trimble 
(1934), Roffler and Butler 
(1968), etc.
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LEE PAPERS

presented the sound. That is, low frequency noise signals
tended to be localized at a height around the listener’s ear
height, whereas high frequency ones or broadband signals
containing high frequency components above 7 kHz were
localized more accurately near the physical loudspeaker
position. It was also shown in [13, 14] that the pitch-height
effect operated for both octave-band noise and musical
signals.

The current paper investigates a novel method for render-
ing vertical image spread (VIS) named “Perceptual Band
Allocation (PBA),” which exploits the pitch-height effect
mentioned above. The PBA aims to control the perceived
spread of a phantom image created between vertically ar-
ranged loudspeakers by flexibly mapping frequency bands
decomposed from an original signal to either the lower or
upper loudspeakers depending on their perceived heights.
With the PBA, the frequency spectrum of the original sig-
nal is reconstructed at the ear without comb-filtering since
no identical frequency is presented from both loudspeak-
ers. This could be an advantage over conventional image
widening methods based on phase alteration, considering
that comb-filtering introduced vertically tends to be per-
ceptually unpleasant [16].

In the author’s previous study [17], simple 2-band PBA
scenarios have been subjectively tested with an Auro-3D
[18] loudspeaker setup in the context of 2D (5-channel)
to 3D (9-channel) ambience upmixing, using multichannel
ambience signals recorded in a reverberant hall for various
musical sources. The results demonstrated that the PBA-
upmixed stimuli could produce a slightly greater or similar
magnitude of 3D listener envelopment (LEV) compared
to original 9-channel 3D recordings as well as original 5-
channel recordings.

In the present study the ability of the PBA to render dif-
ferent degrees of VIS is investigated using octave-band pink
noise stimuli. In contrast with previous localization studies
using loudspeakers vertically arranged in front of the lis-
tener, the current study used a frontal two-dimensional (2D)
stereophonic loudspeaker configuration, thus testing the
vertical localization of “phantom” images rather than “real”
images. This study required two experimental stages. First,
the original signal was decomposed into octave-bands and
the perceived height of each band was measured through
a listening test (Experiment 1). Second, each octave-band
was allocated to either the lower or upper loudspeaker layer
to render different degrees of VIS, based on the results of the
first experiment (Experiment 2). This paper will describe
the experimental procedure and results for each experiment,
followed by discussions and conclusions.

1 EXPERIMENT 1: VERTICAL LOCALIZATION
OF PHANTOM IMAGES

The aim of the first experiment was to measure the per-
ceived vertical location of each octave band signal filtered
from broadband pink noise. The results were to be used for
the rendering of various degrees of vertical image spread
(VIS) in the second experiment.

Fig. 1. Loudspeaker setup used for Experiment 1.

1.1 Experimental Design
1.1.1 Physical Setup

The listening tests were conducted in a dry listening room
at the University of Huddersfield (8.3m × 5.4m × 3.4m;
RT = 0.2s). Fig. 1 shows the loudspeaker setup used for
the tests. Four Genelec 8040A loudspeakers (Frequency re-
sponse: 48 Hz – 20 kHz (±2 dB), Crossover frequency:
3 kHz, Distance between the woofer and tweeter: 14 cm)
were arranged in a frontal two-dimensional (2D) fashion.
Two loudspeakers at the listener’s ear height (main layer),
with 1.78 m spacing between them, were configured with
the standard 60◦ angle from the listening position. The
middle position between the woofer and tweeter of each
loudspeaker was 1.2 m high from the floor, which was also
set as each subject’s ear height in the listening test. Two
height layer loudspeakers were placed directly above the
main loudspeakers so that they were elevated by 30◦ as ref-
erence to the listener’s ear position, which made the vertical
distance from the floor to the middle position of the height
loudspeaker 2.2 m. The height loudspeakers were tilted
towards the listening position in order to ensure the on-
axis frequency response. The main and height loudspeakers
were aligned in terms of time delay and sound pressure level
at the listening position. The frontal 2D stereophonic con-
figuration was chosen in line with some of the current 3D
reproduction formats utilizing a pair of front height chan-
nels, such as “Auro-3D” [18], “2+2+2” [19], and “Dolby
Prologic IIz” [20]. Additionally, the 2D layout is consid-
ered to be also useful for loudspeaker arrangements for
large sized televisions.

The loudspeakers were visually hidden to the listeners
by using an acoustically transparent curtain. Vertically ori-
ented number labels ranging from 0 to 300 with the interval
of 10, representing the height from the floor in cm, were
indicated on the curtain as reference points that the subject
could use in measuring the height of a perceived image.
A too wide gap between each visual label might poten-
tially give rise to a coarse quantization bias in localization
judgment. However, from the author’s preliminary test, the
10 cm interval in the vertical scale, which was also used
in Roffler and Butler [11, 12], was considered to be small
enough to avoid such a bias. Due to a small spacing between
the acoustic curtain and the loudspeakers, the position on
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• Pitch-height effect for horizontal phantom image (Lee 2016)
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Octave band pink noise

• Overall, the pitch-height effect operates in two separate regions.
• Reset at 1kHz à Back localisation (Blauert’s Directional bands)
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• A new method for vertical image spread control (i.e. vertical upmixing)
• Possible band allocation scenarios based on the perceived locations of 

each octave band (Lee 2016) 
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Perceptual Band Allocation (PBA)

• PBA is able to produce various degrees of vertical image spread (VIS).
• The height layer only condition produced the largest VIS 
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Fig. 3. Schematic diagrams of the stimuli created; the solid and open ellipses represent frequency bands presented from the height and
main loudspeaker layer, respectively.

Fig. 4. Results of Experiment 2: The Y-axis scale is arbitrary as
a result of the data normalization.

the presenting loudspeaker. In the current experiment, sev-
eral subjects reported a front-back confusion phenomenon
for the 1 kHz band rather than a consistent back perception
for the band, and this would have caused the height of the
band to be judged to be near the ear level.

It seems worth discussing the current results in compari-
son with Cabrera and Tiley’s previous “pitch-height” results
obtained using “real” images of selected octave-band pink
noises [13]. They measured perceived vertical image loca-
tions of broadband and four octave-band pink noises in an
anechoic chamber with five vertically elevated loudspeak-

ers. The loudspeakers were placed vertically in front of
the listener, and the elevation angles were 0◦, ±7.9◦, and
±15.6◦ with respect to the listener’s ear. The center fre-
quencies of the octave-bands tested were 125 Hz, 500 Hz,
2 kHz, and 8 kHz. The current results appear to partly agree
with their results in that the perceived location of a sound
presented from a physically higher loudspeaker tended to be
higher than that from a lower loudspeaker. However, com-
paring the results for the four octave-band and broadband
signals commonly used in the two studies, the perceived
image heights in the current study are found to be generally
higher than those of Cabrera and Tiley’s study. For exam-
ple, the 125 Hz band was localized to be significantly lower
than the ear-level loudspeaker in Cabrera and Tiley’s study,
whereas the perceived height of the same band was signifi-
cantly higher than the ear-level (main) loudspeaker layer in
the current study. A more radical difference was observed
for the 500 Hz band. Cabrera and Tiley’s results showed
that the perceived image location for the 500 Hz band was
lower than the ear height regardless of the physical loud-
speaker height. In the current results, however, the same
band was localized significantly higher than the presenting
loudspeaker layer’s height, for both main and height layers.
Especially, the perceived location of the band for the main
layer was as high as those of the 4 kHz and 8 kHz for the
same layer. Furthermore, the current results showed that
the broadband noise was localized slightly but significantly
higher than the height of the presenting loudspeaker layer,
whereas Cabrera and Tiley’s studies, as well as Roffler and
Butler [12], showed that the broadband pink noise was ac-
curately localized at the physical height of the loudspeaker
that presented the signal.
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presented the sound. That is, low frequency noise signals
tended to be localized at a height around the listener’s ear
height, whereas high frequency ones or broadband signals
containing high frequency components above 7 kHz were
localized more accurately near the physical loudspeaker
position. It was also shown in [13, 14] that the pitch-height
effect operated for both octave-band noise and musical
signals.

The current paper investigates a novel method for render-
ing vertical image spread (VIS) named “Perceptual Band
Allocation (PBA),” which exploits the pitch-height effect
mentioned above. The PBA aims to control the perceived
spread of a phantom image created between vertically ar-
ranged loudspeakers by flexibly mapping frequency bands
decomposed from an original signal to either the lower or
upper loudspeakers depending on their perceived heights.
With the PBA, the frequency spectrum of the original sig-
nal is reconstructed at the ear without comb-filtering since
no identical frequency is presented from both loudspeak-
ers. This could be an advantage over conventional image
widening methods based on phase alteration, considering
that comb-filtering introduced vertically tends to be per-
ceptually unpleasant [16].

In the author’s previous study [17], simple 2-band PBA
scenarios have been subjectively tested with an Auro-3D
[18] loudspeaker setup in the context of 2D (5-channel)
to 3D (9-channel) ambience upmixing, using multichannel
ambience signals recorded in a reverberant hall for various
musical sources. The results demonstrated that the PBA-
upmixed stimuli could produce a slightly greater or similar
magnitude of 3D listener envelopment (LEV) compared
to original 9-channel 3D recordings as well as original 5-
channel recordings.

In the present study the ability of the PBA to render dif-
ferent degrees of VIS is investigated using octave-band pink
noise stimuli. In contrast with previous localization studies
using loudspeakers vertically arranged in front of the lis-
tener, the current study used a frontal two-dimensional (2D)
stereophonic loudspeaker configuration, thus testing the
vertical localization of “phantom” images rather than “real”
images. This study required two experimental stages. First,
the original signal was decomposed into octave-bands and
the perceived height of each band was measured through
a listening test (Experiment 1). Second, each octave-band
was allocated to either the lower or upper loudspeaker layer
to render different degrees of VIS, based on the results of the
first experiment (Experiment 2). This paper will describe
the experimental procedure and results for each experiment,
followed by discussions and conclusions.

1 EXPERIMENT 1: VERTICAL LOCALIZATION
OF PHANTOM IMAGES

The aim of the first experiment was to measure the per-
ceived vertical location of each octave band signal filtered
from broadband pink noise. The results were to be used for
the rendering of various degrees of vertical image spread
(VIS) in the second experiment.

Fig. 1. Loudspeaker setup used for Experiment 1.

1.1 Experimental Design
1.1.1 Physical Setup

The listening tests were conducted in a dry listening room
at the University of Huddersfield (8.3m × 5.4m × 3.4m;
RT = 0.2s). Fig. 1 shows the loudspeaker setup used for
the tests. Four Genelec 8040A loudspeakers (Frequency re-
sponse: 48 Hz – 20 kHz (±2 dB), Crossover frequency:
3 kHz, Distance between the woofer and tweeter: 14 cm)
were arranged in a frontal two-dimensional (2D) fashion.
Two loudspeakers at the listener’s ear height (main layer),
with 1.78 m spacing between them, were configured with
the standard 60◦ angle from the listening position. The
middle position between the woofer and tweeter of each
loudspeaker was 1.2 m high from the floor, which was also
set as each subject’s ear height in the listening test. Two
height layer loudspeakers were placed directly above the
main loudspeakers so that they were elevated by 30◦ as ref-
erence to the listener’s ear position, which made the vertical
distance from the floor to the middle position of the height
loudspeaker 2.2 m. The height loudspeakers were tilted
towards the listening position in order to ensure the on-
axis frequency response. The main and height loudspeakers
were aligned in terms of time delay and sound pressure level
at the listening position. The frontal 2D stereophonic con-
figuration was chosen in line with some of the current 3D
reproduction formats utilizing a pair of front height chan-
nels, such as “Auro-3D” [18], “2+2+2” [19], and “Dolby
Prologic IIz” [20]. Additionally, the 2D layout is consid-
ered to be also useful for loudspeaker arrangements for
large sized televisions.

The loudspeakers were visually hidden to the listeners
by using an acoustically transparent curtain. Vertically ori-
ented number labels ranging from 0 to 300 with the interval
of 10, representing the height from the floor in cm, were
indicated on the curtain as reference points that the subject
could use in measuring the height of a perceived image.
A too wide gap between each visual label might poten-
tially give rise to a coarse quantization bias in localization
judgment. However, from the author’s preliminary test, the
10 cm interval in the vertical scale, which was also used
in Roffler and Butler [11, 12], was considered to be small
enough to avoid such a bias. Due to a small spacing between
the acoustic curtain and the loudspeakers, the position on
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• Phantom centre image tends to be perceived in an elevated position in 
the median plane, and the effect is stronger with a larger speaker angle.

• Investigation into source dependency (Lee 2017)
– 11 different source types; speaker angle from 0° to 360° with 30° intervals.

Loudspeaker layout Response method

Lee, H (2017) ‘Sound Source and Loudspeaker Base Angle Dependency of the Phantom Image Elevation Effect’ Journal of the 
Audio Engineering Society , 65 (9), pp. 733-748. ISSN 1549-4950
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• Sound source dependency (25 subjects)
– Responses are most linear and consistent for source with a 

broad and flat spectrum.

Perceived elevation angle = Loudspeaker base angle / 2

Lee, H (2017) ‘Sound Source and Loudspeaker Base Angle Dependency of the Phantom Image Elevation Effect’ Journal of the 
Audio Engineering Society , 65 (9), pp. 733-748. ISSN 1549-4950
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• Sound source dependency (25 subjects)
– The above perception is weaker for sources with more low 

frequency energy. (no strong “aboveness”)
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• Sound source dependency (25 subjects)
– Responses are most inconsistent for sources with narrow 

spectrum or steady-state nature.

Lee, H (2017) ‘Sound Source and Loudspeaker Base Angle Dependency of the Phantom Image Elevation Effect’ Journal of the 
Audio Engineering Society , 65 (9), pp. 733-748. ISSN 1549-4950
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• Frequency dependency (20 subjects)
– 500Hz and 8kHz: the most effective bands for the ‘above’ perception 

among all octave bands.
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Existing theories

• de Boer (1947), Leakey (1959)
– Head movement: matching between real and phantom sources in ITD 

change caused by head rotation.
– Elevation angle = Half the loudspeaker base angle
– But the effect is still perceived without head movement!

• Blauert (1997)
– Spectral energy distribution of ear input signals
– Directional bands (8k for ‘aboveness’ and 4k for ‘frontness’)
– But this only explains broadband signals that contain high frequencies. 
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Phantom Image Elevation

• A new theory (Lee 2017)
– At low frequencies, the brain interprets the spectral notch caused by 

acoustic crosstalk as that caused by the shoulder reflection by a real 
source elevated in the median plane.
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• A new theory (Lee 2017)
– At low frequencies, the brain interprets the spectral notch caused by 

acoustic crosstalk as that caused by the shoulder reflection by a real 
source elevated in the median plane.
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Fig. 10. First notch frequency in the ear-input spectrum of the left
ear signal measured as a function of the median plane elevation
angle (dotted grey line) and as a function of the horizontal stereo-
phonic base angle (solid black line). The MIT’s KEMAR dummy
head HRIR database was used for the measurements. The notch
frequency is determined with the FFT bin resolution of 43 Hz.

real sources when they produce a spectral notch at an iden-
tical frequency below 3 kHz.

The basis for this hypothesis is as follows. As mentioned
in Sec. 0, for a sound source in the median plane, a torso
reflection produces a spectral notch in the HRTF below
3 kHz when it is combined with the direct sound at the
ear [8, 9]. Algazi et al. [9] showed that such a notch varies
in frequency as a function of torso reflection delay, which
is elevation-dependent. The torso reflection delay tends to
increase as the elevation angle increases, and reaches its
maximum when the source is in the “above” region. For
example, according to Algazi et al.’s measurement data us-
ing the KEMAR dummy head, the torso reflection delay is
around 0.5 ms at 0◦ median plane elevation, whereas that
reaches the maximum around 0.75 ms at about 60◦ median
plane elevation. A similar relationship can be also observed
between the loudspeaker base angle in horizontal stereo-
phonic reproduction and the delay of the acoustic crosstalk
(contralateral) signal. That is, the acoustic crosstalk de-
lay increases as the loudspeaker base angle increases, with
the 180◦ base angle producing the maximum delay. In this
case, however, the notch produced in the resulting ear-input
spectrum is due to the combination of the acoustic crosstalk
delay and the torso reflection delays of both ipsilateral and
acoustic crosstalk signals.

In order to show the relationship between the loudspeaker
base angle of a phantom source and the median plane eleva-
tion of a real source with respect to the first notch frequency
(fN) produced in the ear-input spectrum, Fig. 10 plots fN

measured as a function of the median plane elevation angle
(dotted grey line) and that as a function of the horizon-
tal stereophonic base angle (solid black line). The MIT’s
KEMAR HRIR database was used for the measurements,
and the FFT bin resolution was 43 Hz. Table 5 presents the

Table 5. The angle of the median plane elevation that best
matches each of the horizontal loudspeaker base angles of 60◦,

120◦, 180◦, 240◦, and 300◦ with respect to the first notch
frequency in the ear-input spectrum, measured using the MIT’s
KEMAR dummy head HRIR database. The notch frequency is

determined with the FFT bin resolution of 43 Hz.

Phantom source Real source

Loudspeaker Median plane
base angle fN elevation angle fN

60◦ 1507 Hz −10◦ 1507 Hz
120◦ 861Hz 20◦ 904 Hz
180◦ 646 Hz 60◦ – 120◦ 646 Hz
240◦ 861 Hz 20◦ 904 Hz
300◦ 1680 Hz −20◦ 1680 Hz

median plane elevation angles at a 10◦ resolution that best
match the five loudspeaker base angles of 60◦, 120◦, 180◦,
240◦, and 300◦ with respect to the fN. The HRTF of the best
matching elevation for each base angle is also shown in the
bottom row of Fig. 9 for a visual comparison.

It was found that the fN for the 180◦ base angle condition
(646 Hz) matched that for multiple median plane elevation
angles ranging between 60◦ and 120◦. This tends to agree
with the subjective results showing that the 180◦ base an-
gle produced the median perceived region of “above” with
some spreads from “above front” to “above back.” For the
other base angles, however, the elevation angles predicted
based on fN did not match the subjective results. For both
the 60◦ and 300◦ base angles, the best fN-matching median
plane elevation was at a negative angle (–10◦ elevation for
the 60◦ base angle; fN = 1507 Hz, and –20◦ for the 300◦;
fN = 1680 Hz). For both the 120◦ and 240◦ base angles
(fN = 861 Hz), the best matching elevation was 20◦ (fN =
904 Hz). From this, it might be further hypothesized that the
total degree of elevation for a broadband phantom image
would be determined based on the perceptually weighted
combination of the crosstalk-related spectral notch cue at
low frequencies and the spectral magnitude distribution cue
at high frequencies (i.e., the directional bands), depending
on the frequency spectrum of the sound source as well as the
loudspeaker base angle. For instance, the high-frequency
cue was perhaps more responsible for the subjective results
showing that the 60◦ and 120◦ base angles respectively pro-
duced the “front high” and “above front” median responses.
This is because the notch cue alone may only have elevated
the phantom image to around –10◦ and 20◦ for the two base
angles, respectively, based on the current hypothesis. On the
other hand, for the 180◦ base angle, the fN cue might have
a similarly or more important contribution to the perceived
elevation than for the other base angles since the notch-
predicted elevation angle (between 60◦ and 120◦) agrees
with the perceived region of “above.”

A verification for the above hypothesis is currently un-
derway by the author. As a first step, the role of acoustic
crosstalk for the elevation effect at low and high frequen-
cies was examined in an individualized binaural listening
environment using headphones. This allows the acoustic
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Fig. 11. The ear-input spectra of a phantom center source from
the 90◦ loudspeaker base angle for four different subjects, taken
from the SADIE HRIR database.

crosstalk elements in the ear-input signals to be easily re-
moved or manipulated. For an initial listening test, five
subjects judged the perceived position of a phantom center
image resulting from loudspeakers at the 180◦ base angle,
which was binauralized using their own BRIRs measured
in the same listening room that was used in the current
study. The binaural stimuli created using white noise, rain,
and thunder were manipulated such that the crosstalk sig-
nals were totally removed, low-pass filtered or high-pass
filtered at 3 kHz. Each subject repeated the test five times
in a randomized order. Preliminary results from the test [37]
showed that the crosstalk below 3 kHz was necessary for
producing a statistically significant “above” and “outside-
the-head” perception, whereas the crosstalk above 3 kHz
produced a significant “inside-the-head” perception in the
“above” or other regions. Similar results were obtained for
octave band pink noise signals centerd at 500 Hz and 8 kHz;
the crosstalk was necessary for the 500 Hz band to be exter-
nalized in the above region, whereas the responses for the
8 kHz band were equally split between “above inside the
head” and “above outside the head” regardless of the pres-
ence of the crosstalk. This supports the currently proposed
hypothesis on the role of crosstalk-related low-frequency
cue on the elevation effect. This study requires further tests
with more subjects and also for an anechoic condition in or-
der to examine the externalization effect observed with low
frequencies. Full results from this study will be presented
in a future publication.

3.3.4 Inter-Subject Variability in Ear-Input
Spectrum

It is worth noting that pinnae-related ear-input spectrum
can have a substantial inter-subject variability due to differ-
ent pinnae sizes and shapes. This is demonstrated in Fig. 11,
which plots the ear-input spectra of a phantom source result-
ing from the 90◦ loudspeaker base angle for four different

subjects taken from the SADIE HRIR database3. The large
individual differences observed at frequencies above 3 kHz
indicate that the effect of pinnae-related cue on the phan-
tom image elevation effect might be subject-dependent. For
example, the spectrum for the subject 003 appears to have
a minimal magnitude difference between 4 kHz and 8 kHz
compared to the other subjects. This seems to suggest that
for this subject the directional band weighting claimed by
Blauert would not be an effective cue for the elevation ef-
fect. In addition, the subjective result showing the response
spread across “above front,” “above,” and “above back”
might also be associated with the inter-subject variability
in pinnae-related spectrum.

On the other hand, the crosstalk-related notch frequen-
cies in the low frequency region appear to be relatively
consistent across all of the four subjects in Fig. 11. This
seems to be due to similar ear-to-ear distances of the sub-
jects. In general, it could be said that the ear-to-ear and
ear-to-torso distances would not have dramatic individual
differences compared to the differences in the external ear
shape. In this respect, the low-frequency notch cue might be
suggested to be more predictable than the high-frequency
spectral balance cue. However, based on the new hypothesis
discussed in the previous section, it is also considered that
individual differences in the crosstalk and torso reflection
delays due to different ear-to-ear and ear-to-torso distances
would likely produce an inter-subject inconsistency in the
perceived elevation of a phantom source resulting from a
given base angle. The subject-dependency of the phantom
image elevation effect will be investigated exclusively in a
future study by testing a number of subjects who have sub-
stantially different ear-to-ear and ear-to-shoulder distances
as well as different external ear shapes.

Additionally, a study by Katz and Parseihian [38] sug-
gests that an accurate presentation of the HRTF for the
target source positon might not always be necessary for
an accurate localization. In their binaural listening exper-
iment, subjects were asked to choose their most and least
“preferred” HRTFs from 46 different individual HRTFs. It
was found that the most preferred HRTFs that the subjects
chose were not necessarily their own HRTFs and that their
localization accuracies improved when they used the most
preferred HRTFs rather than the least preferred ones. This
result seems to indicate complex cognitive nature of the hu-
man localization mechanism, which still requires further re-
search. In the context of the current study, it would be inter-
esting to conduct a similar binaural experiment where one
compares his or her own and some other people’s HRTFs. It
would be examined whether the phantom image elevation
effect could still be perceived with a pinnae-related spec-
tral balance or crosstalk-related notch that is different to
the subject’s own. It would also be worth investigating if
the elevation perception could even be enhanced by using
someone else’s HRTF with particular characteristics.

3 https://www.york.ac.uk/sadie-project/binaural.html
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Phantom Image Elevation

• A new theory (Lee 2017)
– Low frequencies: spectral notch due to acoustic crosstalk.
– High frequencies: spectral energy balance (i.e. boosted bands).
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Phantom Image Elevation
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• Verification (Lee 2016)
– Individualised binaural simulation with 5 subjects (5 repetitions).
– Crosstalk on and off / high-passed and low-passed.
– LF crosstalk à Above localisation outside the head.
– HF crosstalk à Above localisation inside the head.
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Lee, H (2016) ‘Phantom Image Elevation Explained’. In: Audio Engineering Society the 141st International Convention, 29 Sep - 2 
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Virtual Hemispherical Amplitude Panning 
(VHAP)

• Virtual 3D panning method exploiting the phantom image elevation effect (Lee, Johnson and 
Mironovs 2018).

• 4 ear-height loudspeakers (SL, SR, FC, BC) with a constant power relationship.
• Use 3 active loudspeakers (e.g. SL, SR, FC for a target image in the front half; SL, SR, BC for 

the rear half).

41Lee, H., Johnson, D. and Mironovs, M. (2018) ‘Virtual Hemispherical Amplitude Panning (VHAP): A Method for 3D Panning 
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Virtual Hemispherical Amplitude Panning 
(VHAP)

• Virtual 3D panning method exploiting the phantom image elevation effect (Lee, Johnson 
and Mironovs 2018)

• Works with some limitations in consistency.

42

TA = Target Azimuth (deg); TE = Target Elevation (deg)
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ICLD / ICTD perception and panning
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• Tangent panning based on mathematical ITD model is inaccurate.
• PMAP is a new constant-power panning method based on perceptual 

model (Lee and Rumsey 2013, Lee 2017).

Perceptually Motivated Amplitude 
Panning (PMAP) 
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Perceptually Motivated Amplitude 
Panning (PMAP) 

• ICLD required for a given portion of image shift varies depending on 
the loudspeaker base angle. à Scaling is needed for the original 
PMAP to be applied for an arbitrary base angle (Lee 2017).
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• Average ILD above 1kHz, analysed using 
42-channel ERB filter bank.
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PMAP60 Tangent PMAP90 Tangent PMAP60

• 60° loudspeaker setup • 90° loudspeaker setup

• For 60° the PMAP60 is more accurate than the Tangent law overall.
• For 90° both the PMAP and Tangent law perform similarly accurate.
• PMAP60 is not accurate for 90° à confirms the dependency of the ICLD shift factor 

on the loudspeaker base angle.

Perceptually Motivated Amplitude 
Panning (PMAP) 

Lee, H (2017) ‘Perceptually Motivated Amplitude Panning (PMAP) for Accurate Phantom Image Localization’. In: AES 142nd International 
Conference, 20th-23rd May 2017, Berlin, DE
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10°
Black = real source
Red = Tangent panning
Blue = PMAP60

20° 30°

10° 20° 30°

Perceptually Motivated Amplitude 
Panning (PMAP) 

Lee, H (2017) ‘Perceptually Motivated Amplitude Panning (PMAP) for Accurate Phantom Image Localization’. In: AES 142nd International 
Conference, 20th-23rd May 2017, Berlin, DE
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Perceptual Time Amplitude Panning 
(PTAP)

• A New ICTD-ICLD Trade-Off Model (Lee et al. 2017)

48

°5°
°10°

°20°
°15°

°25°

°30°

In
te

rc
ha

nn
el

 T
im

e 
D

iff
er

en
ce

 (I
C

TD
) i

n 
m

s

Interchannel Level Difference (ICLD) in dB

4.25b 8.5b 17b

0.25a

0.5a

1.0a

! = #$%& + (
17+ #$,&

4.
3(	

	
, 12	#$%&	 ≤ − (

17+ #$,& +
(
2 		&		#$,& ≤ 17+ (

2 − #$%& 	

	
! = #$%& + (

17+ #$,& +
(
2
2.
3(	

	
, 89ℎ;<=1>;	
	

Lee, H., Johnson, D. and Mironovs, M. (2017) ‘An Interactive and Intelligent Tool for Microphone Array Design’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York



Applied Psychoacoustics Lab (APL) Dr. Hyunkook Lee

MARRS app

• Microphone Array Recording and Reproduction Simulator. 
• Predict perceived location of each object based on the ICTD-ICLD model.
• Free download for iOS and Android devices.

Lee, H., Johnson, D. and Mironovs, M. (2017) ‘An Interactive and Intelligent Tool for Microphone Array Design’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York
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MARRS app

• Automatic array configuration for a desired stereophonic width.
• Ratio control between 100% coincident and 100% spaced.

50Lee, H., Johnson, D. and Mironovs, M. (2017) ‘An Interactive and Intelligent Tool for Microphone Array Design’. In: Audio 
Engineering Society 143rd international convention, 18-21st October 2017, New York
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Perception of Virtual Acoustics
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

• Virtual acoustics simulation using image source (early reflections) and 
ray tracing (late reflections).

• Manipulate perceptual attributes using the metadata of direction and 
energy for each reflection (raw impulse vector). 

• E.g. control ASW without affecting other attributes such as localisability, 
colouration, distance and loudness.
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Geometric acoustics and metadata Johnson and Lee 

Interactive Audio Systems Symposium, September 23rd 2016, University of York, United Kingdom  2

surface. The tracing process is terminated once the 
energy of all of the rays is negligible. Capturing rays 
that cross over a spherical receiver forms the RIR. The 
receiver can be thought of as a virtual microphone. The 
ISM on the other hand operates by mirroring the source 
through each surface to create virtual images, shown in 
Figure 1. These images are recursively mirrored to 
produce higher order images. Back-tracing a reflection 
path from the receiver to the source via each image 
forms the RIR. The path is valid if it is reflected by the 
surfaces that create the images and is not occluded by 
any surface not belonging to the reflection sequence. 

2.1 Custom Algorithm 

 
For the purposes of this study, a custom, 3D 

geometric acoustics program was developed in C++. 
The algorithm generates a room impulse response, or 
RIR, using a hybrid ISM and ray tracing method. The 
ISM is used to render the early reflections whilst ray 
tracing renders the remaining late reflections. The 
reason for this hybridisation is to counteract the 
limitations and exploit the advantages each method has 
to offer. The ISM is very efficient for rendering low 
order early reflections accurately yet becomes 
computationally intensive for high order reflections. 
The ISM is also unable to model diffusion. On the other 
hand, ray tracing is far less computationally expensive 
for rendering late reflections and is capable of modeling 
diffusion, yet is not a highly efficient or accurate 

algorithm for early reflection modelling. 
The program is capable of modeling arbitrarily 

shaped rooms and simulates both surface material 
absorption and air absorption. Using multiple receivers 
multichannel RIRs can be rendered. The receivers 
themselves can be freely positioned and are able to 
emulate microphone polar patterns allowing for 3D 
microphone arrays to be simulated. A binauralisation 
function is currently being developed. 

2.2 Raw Impulse Vector 

 
The process the program takes to render a RIR is shown 
in Figure 2. A key part of the process is the “Raw 
Impulse Vector” (RIV). The RIV is a data structure that 
contains all of the rays captured by a receiver, along 
with metadata about each ray. This metadata includes: 
 

• Delay time 

• Direction of arrival 

• Octave-band energy 

• Reflection order 

• Reflection history 
 
 The RIV gives access to individual rays, which 
of course allows for precise manipulation of the rays to 
be performed, or processes not normally possible with a 
RIRs. 
 

3 Perceptual optimisation 
 
Caching of metadata opens up geometric acoustics to 
applications beyond artificial RIR generation. As 
mentioned earlier, the application most relevant to 
interactive audio is perceptual optimisation. Perceptual 
optimisation can be defined as controlling the 
characteristics of information received by the senses in a 
way that is optimised for the mechanics of those senses. 
In the case of spatial audio and room acoustics, this 
means controlling the perceived spatial impression of a 
room, whether to simply alter an effect or remove an 
unwanted side effect.  
 Spatial impression can be described as two 
sub-paradigms: apparent source width (ASW) and 
listener envelopment (LEV). Briefly, ASW is an 
apparent broadening of the sound source due to early 
lateral reflections that arrive at the listener between 0 

Figure 1 – First order ISM. 
 

Figure 2 – Rendering process of the custom algorithm 

Johnson, D. and Lee, H. (2017) ‘Just Noticeable Difference in Apparent Source Width Depending on the Direction of a Single 
Reflection’. In: AES 142nd International Conference, 20th-23rd May 2017, Berlin, DE
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

• Perception of ASW - Lateral Fraction (Barron and Marshall 1981)
– Spaciousness increases as the reflection azimuth angle increases. 

• But is there a perceptual saturation point where ASW increases no 
more? 
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

• JND for the angle of a single reflection in terms of ASW perception 
(Johnson and Lee 2017).
– 2AFC staircase method with Reference = Direct + 90deg.
– Binauralisedspeech; signle reflection with 5, 10, 20 and 30ms delay times; 

reflection angles with 5deg step size.
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

Any single reflection arriving between these angles is likely to 
produce maximum ASW

-39˚ +39˚

+134˚-134˚

Johnson, D. and Lee, H. (2017) ‘Just Noticeable Difference in Apparent Source Width Depending on the Direction of a Single 
Reflection’. In: AES 142nd International Conference, 20th-23rd May 2017, Berlin, DE
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

• Mean and Standard Deviation of IACCE3 fluctuations.
– Mean = Average IACCE3 for running speech (40ms overlapping window).

– Standard deviation = Range of fluctuations from the average.

• Saturation in both measurements in the ASWmax region.

56Johnson, D. and Lee, H. (2017) ‘Just Noticeable Difference in Apparent Source Width Depending on the Direction of a Single 
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Perceptual Optimisation of Virtual 
Acoustics (POVA)

• Overall range of ITD fluctuations from mean.

• 1 kHz oactave band notably shows ‘saturation’ within the ASWmax
region.

Johnson and LeeJohnson, D. and Lee, H. (2017) ‘Just Noticeable Difference in Apparent Source Width Depending on the Direction of a Single 
Reflection’. In: AES 142nd International Conference, 20th-23rd May 2017, Berlin, DE



Applied Psychoacoustics Lab (APL) Dr. Hyunkook Lee

New Projects
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Auditory-Visual Interaction in VR

• The influence of visual cues on auditory perception in VR.
– 360 audio capture technique for soundscape in VR.
– Interaction with acoustic cues and context.

• Room divergence effect on localisation and spatial quality perception.
– Using BRIRs captured in a different room.
– small room BRIR on large room, and vice versa.
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• Binaural simulation and real-time analysis for 3D loudspeaker 
configurations and processing methods. 

• SOFA reader for Max.

3D Audio Toolbox
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Thank you for listening.

More information can be found at 

www.hud.ac.uk/apl

www.hyunkooklee.com

Or email me: h.lee@hud.ac.uk
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