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ABSTRACT

Previous paper has shown that the dynamic process of per-
ceiving frequency-modulated (FM) tones can be well simu-
lated by a sound tracking model represented by second-order
systems. This paper proposes a new neural operational
model for tracking FM tones using a tonotopic neural matrix.
The neural cells are connected to build up an auto-regressive
architecture. This neural matrix model is characterized by
a novel spectral interpolation algorithm based on Lp-norm.
The new tracking model enables simultaneous tracking of
multiple FM tones. This paper demonstrates that the neu-
ral tracking model can successfully simulate perceptual effect
such as pitch bounce caused by crossed linear sweep tones.
The perceptual overshoot effect is also reasonably explained.

1. INTRODUCTION

The authors have discovered two important effects on pitch
perception [1]. The first is that the perceived pitch image
of a linear frequency glide is not in fact linear, but warped.
The pitch change is slow at the tone initial and is accelerated
afterward. The second is that an abrupt change in the sweep
slope in a unidirectional FM tone induces perceived pitch
ringing (oscillation).

The authors have shown that the dynamic characteristics
of the F'M perceiving process can be explained by assuming
2nd-order systems. The global warped shape is explained by
a 2nd-order system showing a slow response. The natural
frequency of a typical slow response is 2 Hz. The pitch ring-
ing effect is explained by a 2nd-order system showing a fast
response. The natural frequency of a typical fast response is
7 Hz. Other evidence is that the pitch ringing can be sup-
pressed by shaping the frequency trajectory of the FM tone
with the inverse filter of the 2nd-order FM tracking model.
The ringing effect cannot be explained by a lower-order sys-
tem.

This paper proposes a FM tracking model that can simul-
taneously track multiple FM tones. A novel neural computa-
tional algorithm is proposed for tracking FM tones on an AR
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neural matrix model. Simulations explain several important
effects on pitch perception.

2. FM TRACKING MODEL

The FM tracking process is represented by the second order
system in the s domain of the Laplace transform as
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where f, denotes the natural frequency and { the damping
factor [1].

The 2nd-order system is represented by a 2nd-order AR
(auto-regression) model. Let the z transform of input and
output variables z(i) and y(i) be X(z) and Y (z), then the
AR model is given by
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where ) is a normalized frequency between —7 and 7. o
is a linear prediction coefficient. G is the gain constant of
the system. f, is the sampling frequency of peak frequency
trajectories. Figure 1 shows the pitch tracking trajectories
using 2nd-order systems with three different natural frequen-
cies under critical damping conditions. Figure 2 shows the
simulated pitch ringing. The natural frequency is 7 Hz and
the damping factor is 0.2.

The time domain input/output relation is given by

y(i) = Ga(i-1)-ey(i-1)—ay(i-2) (7)

Equation (7) must output the same value as the input if

the input is stationary. Then the gain constant is given by

G = l4+o+a (8)
0 < Gk1 9)
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Figure 1. Tracking of a sweep tone with three kinds of 2nd
order systems.
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Figure 2. Simulated pitch ringing using a 2nd-order system.

3. TRACKING ALGORITHM

The primary auditory cortex shows tonotopic organization
(2], and its response to FM tones has been analyzed [3].
However, the dynamic process of perceiving a continuous
FM tone has not been clarified. This paper derives a neu-
ral model for tracking multiple FM tones based on neuro-
physiological findings.

3.1. TWO STEP TRACKING OPERATION

To track FM tones with a neural matrix, Eq. (7) is divided
into a two-step operation such that

w) = e {—ei— ) —anG-2) (10)
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where (—ay — a2) is a constant to adjust the gain of u(i) for
a constant input.
Equation (5) shows that a is negative under the condition
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Equation (6) shows that a2 is always positive and less than
one. Therefore, u(i) is obtained by extrapolating the direc-
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Figure 3. Finding an interpolated peak position between two in-
put spectra. Bold arrows show the case of a given interpolation
ratio.

tion from y(i —2) to y(i —1). This term acts as a momentum
factor.

Since G is positive and less than 1,
——az=1-G (13)

is positive. Then, y(i) in Eq. (11) indicates the interpolation
between z(i — 1) and u(7).

3.2. SPECTRAL INTERPOLATION

The tracking frequency is to be indirectly represented by the
peak positions of a firing histogram on a tonotopic neural
array. A firing histogram can be regarded as a spectrum.
This paper assumes that peaks on the firing histogram are
steep enough. Equations (10) and (11) must be calculated
indirectly between spectra.

A new algorithm is proposed for interpolating two spectra.
A spectrum is capable of representing multiple FM tones by
its peaks. To calculate an interpolated spectrum,

1. set the output channel number k to one,

2. get the sum of firing levels of two neural cells located at
a given distance ratio from channel k,

3. take the max of the level sum to be the output of the
channel k.

4. repeat (2) to (4) incrementing k by one.

Figure 3 schematically shows the interpolation process.
When k is at the given interpolation ratio from two peak
positions, the level sum indicates the maximum value. The
bold arrow shows this case. The spectral interpolation can be
calculated by the neural connection shown in Fig. 4. This
connection is called a counter tonotopic connection. The
connection in Fig. 4 shows the case that the interpolation
ratio is 1:2.

3.3. Lp-NORM

To avoid successive search for the maximum value, a new
formulation for spectral interpolation is proposed using Lp-
norm. Let the input spectra be f(k) and g(k). k is the
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Figure 4. A counter tonotopic neural connection architecture
for interpolating two input spectra. Interpolation ratio is 1:2.

channel number. The output firing spectrum ¢(k) is obtained
by

h(k,l) = flk+rly+g(k—(1-7)) (14)
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where IV is the number of channels and r denotes the inter-
polation ratio. The number of channels was fixed to 200 in
the experiments.

Equation (14) calculates the sum of two firing levels in
each spectrum at a given distance ratio r from an output
channel. Equation (15) calculates the Lp-norm of the firing
level sum. In the experiments, the value of 7 was fixed to
10.

R[] is a rectifier. The spectral peak positions of f(k) and
g(k) represent y(i —2) and y(i — 1) in Eq. (10). The spectral
peak positions of f(k) and g(k) represent u(i) and z(i — 1)
in Eq. (11). w(k) denotes the neighbor weight and 8(k) the
peak detection threshold.

3.4. NEIGHBOR WEIGHT

If multiple FM tones exist, it is possibie to calculate every
interpolation among the spectral peaks. To separately track
each stream of a FM tone, a neighbor weight is applied to
spectral interpolation. The shape of the neighbor function
is Gaussian such that
k2
k) = -—). 17
w(k) = exp(~ 55) )
where o controls the neighbor width. ¢ was 1/8 in the exper-
iments. The number of tones to be tracked simultaneously
depends on the value of ¢.

3.5. PEAK DETECTION THRESHOLD

The interpolated spectrum p(k) in Eq. (15) indicates the
maximum value of the input spectra if & is not at the in-
terpolated position. This bias can be removed by a rectifier
with the threshold

d(k,l) = flk+ l)" + gk + l)" (18)
TN edtk,Du@ "
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Figure 5. An FM tracking model represented by an AR neural
matrix.

where - is the multiplier to remove low level peaks and side-
lobes generated by interpolation process. v was set to 1.2 in
the experiments.

To detect new spectral peaks, Eq. (18) is replaced by

dk,l) = f(k+1)".

In this case, the threshold is determined only by the history
of the input spectra and is independent of the new input.

3.6. PEAK NORMALIZATION

One way to normalize the amplitude of spectral peaks is to
normalize the maximum peak to 1. However this is not nec-
essarily appropriate for a spectrum having multiple peaks.

To avoid the gain decay by iterative tracking, 2 sigmoid
function is employed. To avoid widening of spectral peaks,
lateral inhibition is also applied in combination with the sig-
moid.

A lateral inhibition function can be given by the difference
of two Gaussian distributions of different variance.

3.7. AR NEURAL MATRIX MODEL

The frequency tracking of Eq. (7) can be performed by the
AR neural matrix model shown in Fig. 5. The input layer of
the neural matrix corresponds to z(i — 1) in Eq. (7). u(i) is
calculated from y(i — 1) and y(: —2). Then y({) is calculated
from u(i) and z(i — 1). The iteration successively proceeds
by shifting y(i ~ 1) — y(: — 2) and y(i) — y(i — 1).

4. TRACKING EXPERIMENT

4.1. MULTIPLE FM TONES

Three FM tones were simultaneously tracked by the pro-
posed AR neural matrix model. Figure 6 shows the tracking
trajectories. The dashed lines show the stimulus FM tones.
Each peak has a narrow Gaussian distribution. The natural
frequency of the 2nd-order system is 4 Hz and the damping
factor is 1. The dotted patterns show the neural firing pat-
terns. Each FM tone is tracked with a 2nd-order response.

4.2. CROSSED FM TONES

A crossed ascending and descending FM tone complex is
perceived as a bounced pitch image. An explanation for
this has been proposed {4]; however, it is not clear enough.
A simulation experiment was therefore carried out to track

(20)
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Figure 6. Simultaneous tracking of three FM tones. Li: lateral
inhibition; NED: new event detection; nf: natura! frequency
(Hz); df: damping factor.
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Figure 7. Tracking of two crossed FM tones under a critical
damping condition. LI: lateral inhibition; NED: new event de-
tection; nf: natural frequency (Hz); df: damping factor.

the crossed FM tones by the proposed AR neural matrix
model. Figure 7 shows the tracking trajectory with the 2nd-
order system. Its natural frequency is 4 Hz and the damping
factor is 1. This figure shows that the neural matrix model
well simulate the pitch bounce effect.

4.3. OVERSHOOT

When a sweep tone is followed by white noise, the final fre-
quency is perceived as the sweep being extended into the
noise [5]. Moreover, when a vowel transition is followed by
noise, a similar overshoot effect is observed [6].

Figure 8 shows the simulated result of perceptual over-
shoot using the neural matrix model. The tracking proceeds
even after the stimulus tone is turned off, if the tracking is
not terminated. This figure indicates that the perceptual
overshoot effect can be explained by the effect of the mo-
mentum term of the 2nd-order system.
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Figure 8. FM tone tracking in case that the FM tone is turned
off at 600 ms. The tracking continues toward the sweep direc-
tion even after the end of the FM tone.

5. CONCLUSIONS

A neural matrix model for tracking FM tones has been
proposed. The model can simultaneously track multiple
FM tones with a second-order response. A novel counter-
tonotopic neural network architecture has been proposed in
combination with a spectral interpolation algorithm using
Lp-norm. The whole tracking algorithm is represented by
a neural matrix having a tonotopic auto-regression architec-
ture. Simulation experiments have demonstrated that the
proposed neural tracking model can explain perceptual ef-
fects such as pitch bouncing and pitch overshoot.
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