
A Subband Energy Modification Method for Elevation Control in Median Plane

Elevation perception is crucial for binaural reproduction. A recent

study proposed an elevation control method by modifying the energy

of HRTFs in each auditory scale subband, such as the ERB and Mel

subband. However, this subband division is designed based on

auditory excitation patterns and may not be consistent with the

elevation localization cues. To this end, this study proposes a novel

subband division strategy which emphasizes the physiological

information involved in elevation localization based on a statistical

analysis of the HRTF. Then, the elevation controlled HRTFs are

constructed by modifying the energy of the HRTF magnitudes in each

subband. Results of the listening test demonstrate that our method

with the proposed subband division strategy outperforms the method

with ERB scale subdivision in terms of the accuracy for controlling

the perceived elevation of sound image.
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 By modifying the subband energies of HRTFs, the perceived elevation

angle of the transfer function could be changed. Mathematically, it can

be expressed as,

Elevation control using subband energy modification

Proposed Method

 Spectral weighting

 The non-uniform subband filters based on spectral weighting

Experimental evaluations

• Two methods were compared in the experiment. One is the non-uniform

subband filters for band energy calculation which is denoted as NUSF (non-

uniform subband filters). The other one based on the excitation patterns in

human auditory system which is denoted as EPSF (excitation patterns based

subband filters);

• Fifteen young adults (twelve males and three females) with normal hearing

sensitivity served in the experiment;

• The elevation control rules were learned from HRTFs in the CIPIC database;

• Stimuli: a 250-ms Gaussian noise (44.1kHz, 200Hz~18kHz);

• Directions for testing: 13 directions (−45°: 11.25°: 90°) in the frontal median

plane.

• The results shows that most of the responses of both methods are distributed

near the diagonal line, demonstrating the feasibility of the subband energy

modification method for elevation control. Further observation reveals that the

proposed NUSF-based method performs better than the EPSF-based

method, especially at elevation of -45°, -22.5°, 67.5° and 90°.

Conclusions

This paper presents an effective and simple elevation control method for binaural

reproduction by modelling and modifying the subband energy of HRTFs. First, a novel

frequency division strategy for subband is adopted which gives different frequency

resolution to different frequency regions. Then, based on this frequency division

strategy, the band energy of corresponding subbands are modified to control the

elevation perception. Subject listening tests show that the proposed elevation control

approach yields a better elevated sound source perception and it is a viable option for

efficient elevation control for spatial audio and applications in VR audio.
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𝐻𝑜(𝜔, 𝑏𝑛) : the original HRTF at angular frequency 𝜔 in subband 𝑏𝑛;

𝐻𝑚(𝜔, 𝑏𝑛, 𝜃𝑚) : the modified HRTF with target elevation 𝜃𝑚;

𝑃 : the number of subbands;

𝑇(𝑏𝑛, 𝜃𝑚) : the band energy modification function.

The band energy modification function 𝑇(𝑏𝑛, 𝜃𝑚) is defined as,

𝐸𝑛(𝜃𝑚) : the energy of subband 𝑏𝑛 of HRTF at target elevation 𝜃𝑚;

𝐸𝑛(𝜃𝑜) : the energy of subband 𝑏𝑛 of HRTF at original elevation 𝜃𝑜.

 In order to control the perceived elevation of sound image, the energies

of original HRTF in subbands 𝑏1, 𝑏2, 𝑏3, ⋯ , 𝑏𝑛 are boosted or attenuated.

• Example 1 • Example 2

Figure.1 Subband division strategy by Tan

et al. [1]. Frequency spectrum is divided

into five regions.

Figure.2 Subband division strategy by Karapetyan et al. [2].

Frequency spectrum is divided into 24 regions based on a

24 channels Mel filter bank.

The Fisher's F-ratio which is widely used for feature extraction of pattern

recognition is adopted in this study. The F-ratio used here is defined by,
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where 𝑥𝑖
𝑗

is the magnitude spectra of the 𝑗th subject in the database of

elevation 𝑖 with 𝑗 = 1,2,···, 𝑁 and 𝑖 = 1,2,···, 𝑀 . 𝑢𝑖 and 𝑢 are the

magnitude spectra averages for elevation 𝑖 and for all selected

elevation, respectively, which are defined by,
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The F-ratio represents the inter-

elevation variance to intra-elevation

variance. The larger score of F-ratio

means more vertical information is

encoded in corresponding frequency

ranges.

𝐻𝑚(𝜔, 𝑏𝑛, 𝜃𝑚) = 𝑇 𝑏𝑛, 𝜃𝑚 𝐻𝑜 𝜔, 𝑏𝑛 𝑛 = 1,2,⋯ , 𝑃

𝑇 𝑏𝑛, 𝜃𝑚 = 
𝐸𝑛(𝜃𝑚)

𝐸𝑛(𝜃𝑜)

Based on F-ratio, the non-uniform

subband filters are proposed:

I. Calculating the integration of F-ratio

curve;

II. Dividing the integration into 𝑛 parts;

III. Picking the boundary points as the

center frequency of the proposed non-

uniform subband filters.

 Energy model of HRTF subband

The proposed non-uniform subband

filters shows high resolution in

frequency regions which encode more

elevation information.

• The subband energies of different elevations are obtained by filtering

vertical HRTFs with the filter banks, then formulated as a function of

elevation. For a given elevation 𝜃, the band energy 𝐸𝑛of subband 𝑏𝑛 can

be estimated using the polynomial regression method given by,

𝐸𝑛 𝜃, 𝐴𝑛 = σ𝑖=0
𝐾 𝑎𝑖,𝑛𝜃

𝑖

𝐴𝑛 = {𝑎0,𝑛, 𝑎1,𝑛, ⋯ , 𝑎𝐾,𝑛} : the polynomial regression coefficients;

𝐾: the order of polynomial regression.

 Goal
• Evaluating the localization performance of the elevation control method

based on the proposed non-uniform subband filters.

 Method

The averaged localization

errors for each test

direction are listed in

Table. 1.

As can be seen,

averaged localization

errors of proposed NUSF-

based method is much

smaller than those of the

EPSF-based method at -

22.5 ° , 22.5 ° , 56.25 ° ,

67.5°, 78.75° and 90°.

Figure.3 F-ratio calculated by HRTFs in CIPIC database.

Figure.4 The non-uniform subband filters based on F-ratio.

EPSF-based method

Figure.5 The sound localization results of two methods.

Proposed NUSF-based method

 Result


