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A Novel Tracker of Adaptive Directional Ridge
Separation and Prediction for Detecting Whistles

Yongchun Miao , Jianghui Li , Member, IEEE, and Yingsong Li , Member, IEEE

Abstract—Whistle detection of marine mammal signals with
close and overlapping components of varying amplitudes is a key
task for overlapping source separation. In this article, we propose a
novel tracker, called adaptive directional ridge separation and pre-
diction, for detecting whistles, which are typically analyzed using a
time-frequency (TF) representation. Inspired by TF reassignment,
a new reassignment scheme based on time-scale changes is devel-
oped to acquire instantaneous TF points with high energy concen-
tration. To address the mutual interference among various types
of components, a tone-pulse separation model is introduced for the
aliased TF components, utilizing these instantaneous TF points and
instantaneous rotating operators. An adaptive directional ridge
predictor is established for application in automatic overlapping
whistle detection, ensuring unbroken detection even when a whistle
becomes nearly indistinguishable in the TF representation. Experi-
mental results, obtained using both a simulated signal and recorded
calls of marine mammals, demonstrate the superiority of the pro-
posed method compared to other state-of-the-art methods. This
method is capable of performing whistle detection and separating
overlapping sources even in the presence of splash noises, which
may cause partial distortion or disconnection of components from
the TF representation.

Index Terms—Adaptive directional ridge prediction (ADRP),
instantaneous rotating operator (IRO), time-frequency (TF)
representation, tone-pulse separation (TPS), whistle detection.

I. INTRODUCTION

PASSIVE acoustic monitoring (PAM) of marine mammals
is a growing research field, which requires the detection

and identification of tonal calls of the species of interest, where
the main purpose is to ensure the protection of species. A
PAM system can provide many different functions, such as
underwater acoustic (UWA) signal classification [1], sound
event detection [2], [3], and overlapping source separation [4].
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Automatic detection methods of calls are used to automatize
these functions. These calls can be divided into three types ac-
cording to their time-frequency (TF) properties: whistles (tonal
calls), clicks (pulsed calls), and background noise. Whistles are
suitable for communication and social interactions and are used
in mammal languages, such as that of whales and dolphins. In
this work, we focus on the analysis and detection of whistles
mixed with interfering calls of other types, and the proposed
method can be applied to overlapping source separation.

Generally, many UWA signals can be mod-
eled as multicomponent (amplitude-modulated and
frequency-modulated components) signals of the form:
s(t) =

∑M
m=1 am(t)ej2π

∫ t
0 fm(τ)dτ where am(t) and

fm(τ), respectively, stand for instantaneous amplitude and
instantaneous frequency (IF) of the mth component, M is the
total number of signal components [5]. IFs of UWA signals have
a complex structure of many nonlinear TF components. For this
reason, TF representations (TFRs) are useful for the analysis of
these UWA signals containing multiple time-varying whistles.
The appearance of such whistles in the TFR is a frequency
peak that varies continuously with time, forming a ridge.
To estimate the IF parameters of such whistles, one first
needs to extract its associated ridge. Multiple ridges can be
directly estimated by using the properties of TFRs obtained by
short-time Fourier transform (STFT), Chirplet transform [6],
[7], etc. Unfortunately, the aforementioned way applies only to
multiple components that are separable in the TF domain.

Recently, most automated algorithms have been developed
to extract ridges from TFRs of a signal whose components
overlap each other. Some of these are semiautomated methods,
such as intrinsic chirp component decomposition [8], random
sample consensus [9], relevant ridge portions [10], fast IF
tracking algorithm [11], and kernel sparse learning [12], where
prior information needs to be provided to assist these methods,
such as ridge endpoints and the number of components. This
is not a trivial issue, since in real cases the endpoints and
number of components often vary. To avoid relying on such
prior information, alternative methods, such as automatic ridge
extraction [13], [14] and the Kalman filter [15], aim to find
as many ridges as possible and then merge them. By using
the amplitude and direction information from the TFR, the
extracted ridge segments can be effectively merged, especially
at intersecting points when overlaps occur [11], [13]. However,
if pulsed calls are present in the recorded UWA signals, they can
disrupt these methods for detecting whistles. Particle filter and
graph search algorithms [2], [16] can provide effective measures
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Fig. 1. (a) TFR of Fraser’s dolphin recording. Detection of the whistle by
using (b) GM-PHD, and (c) proposed method where each whistle is highlighted
with a different color. Rectangles with blue dashed lines indicate error regions.

of the whistle ridges in the approximate boundary even though
pulsed calls interrupt the continuous tracking. In this way, the
whistle ridge is modeled as a 3-D feature, including not only
frequency, but also the first and second-order derivatives of the
ridge. This can be seen as a different perspective of applying
this available information to whistle detection. These methods
commonly allow for single-target tracking of IFs of whistles.
Some multitarget tracking frameworks, such as Gaussian mix-
ture probability hypothesis density (GM-PHD) filter [17], [18],
and sequential Monte Carlo probability hypothesis density [19]
allow for simultaneous tracking whistles from highly cluttered
measurements in the presence of false alarms and missed detec-
tions. However, some failures happen when a part of the whistle
becomes nearly indistinguishable in the TFR and overlapping
components of whistles are close to each other. For the GM-PHD
method, example ridges with errors in the blue dotted rectangle
are shown in Fig. 1(b) and the results of detected ridges reveal
endpoint effects of the method.

In our earlier study [5], it was demonstrated that an adaptive
directional ridge prediction tracker (ADRPT) can guarantee
accurate tracking of variations of whistle ridges, which become
nearly indistinguishable in the low-resolution TFR. ADRPT is
implemented by using prediction and tracking steps without
prior knowledge. However, in the prediction step, the ADRPT
can lose the whistle track when pulsed components are present
in the TFR. Several click detectors [2], [20], [21] are developed
as a first step to alleviating the influence of pulsed components.
If pulsed components are removed directly from the TF plane
with these detectors, the detected whistle ridges will appear
discontinuous, which is attributed to the loss of TF points on
these ridges. As an alternative approach, a structure-split-merge

Fig. 2. Block diagram of the proposed tracker. Step 1: Separation of tonal and
pulsed components; Step 2: ADRP.

(SSM) algorithm [20] together with the aid of TF methods
can effectively separate whistles and clicks of marine mammal
signals. However, the separation process of SSM relies on the
direction information of TF structures obtained by an anisotropic
Chirplet transform. Therefore, for whistle detection, this re-
quires the development of methods that can quickly separate
whistles and other types of calls, and handle overlapping whistles
in low-resolution TFRs.

In this work, a novel tracker called adaptive directional ridge
separation and prediction (ADRSP) is proposed to deal with
whistles mixed with pulsed calls in low-resolution TFRs. A
flowchart that illustrates the proposed method described in this
work is shown in Fig. 2. The advantage of the proposed ADRSP
is that it does not require any model training and can be used
even when only a low-resolution TFR, namely, STFT, is used.
The main contributions of this work are summarized as follows.

1) A new TF reassignment based on time-scale changes
initially generates instantaneous TF points with energy
concentrated on the ridge corresponding to the IF. With-
out prior knowledge, the properties of instantaneous TF
points, namely, IF and group delay, are exploited to ensure
continuity along the ridges of various types of components
in a low-resolution TFR.

2) An instantaneous rotating operator (IRO) is defined to
compute the direction of each TF point. Using the IRO,
ridge points associated with the ridge preference angle are
identified at locations where the instantaneous TF points
exhibit rapid sign changes.

3) Using the direction of these TF points, a tone-pulse sep-
aration (TPS) model is developed for the separation of
tonal and pulsed TF structures corresponding to various
types of components. In the TPS model, two median filters
based on a moving histogram are applied to preserve sharp
ridges while removing impulse noise.

4) For instantaneous TF points, an improved adaptive
directional ridge prediction (ADRP) method takes into
account both the amplitude and direction of the TF points
to extract whistle ridges even though they overlap. The
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ADRP consists of the prediction and determination of TP
points on a ridge.

5) The proposed ADRSP is tested on real UWA data sets
to demonstrate its superior performance against existing
methods for detecting whistles.

The rest of this article is organized as follows. Section II
details the TF reassignment based on time-scale changes to
enhance the instantaneous TF points. The two key processes of
ADRSP, TPS, and ADRP, are described in Sections III and IV,
respectively. Section V provides the summary and computa-
tional complexity of the algorithm. Section VI presents the
results of performance evaluation experiments for the proposed
ADRSP on a data set of UWA signals, which has been hand-
annotated. Finally, Section VII concludes this article.

II. INSTANTANEOUS TF POINT MAPPING

Due to its superb efficiency, the STFT is widely used in the
analysis of UWA signals, which are characterized by several TF
components with nonlinear IF functions. The most significant
issue with STFT is the uncertainty principle, which results in
low energy concentration of TF points along these nonlinear
IFs. TF reassignment allows for an improvement in the energy
concentration, thereby enhancing TFRs. However, the goal of
this article focuses on using TF reassignment to compute and
enhance the instantaneous TF points, rather than TFRs.

A. TF Reassignment

Given an analysis window

h(t) =
1√
2πσ

e−
1
2 (

t
σ )2

the (modified) STFT of a signal s(t) ∈ L2(R) is defined as

S(t, f) =

∫
R
s(τ)h(τ − t)e−i2πf(τ−t)dτ. (1)

Starting from the STFT S(t, f), this enables the definition of the
local IF ω̂(t, f) and the local group delay (instantaneous time)
τ̂(t, f) by

ω̂(t, f) =
∂t argS(t, f)

2π
= f −�

{
Sh′

(t, f)

S(t, f)

}

τ̂(t, f) = t− ∂f argS(t, f)

2π
= t+ �

{
Sth(t, f)

S(t, f)

}
(2)

where ∂t and ∂f represent first order partial derivatives with
respect to t and f , respectively, th stands for the function
th(t), and the terms Sh′

(t, f) and Sth(t, f) represent the STFTs
with h(t) replaced by (dh(t))/(dt) and th(t), respectively. In
addition, �{·} and �{·} signify the imaginary and real parts of
a complex number, respectively. According to the local energy
given by the STFT, each TF pair (t, f) is mapped into a new TF
pair (τ̂(t, f), ω̂(t, f)). As described in [20], TF reassignment
enhances the energy concentration along the ridge. Mapping
results for three simple signals with a single component are
presented in Table I. For a whistle with a constant frequency
f0, the TF pair (t, f) is transformed into (t, f0), concentrating

TABLE I
MAPPING RESULTS OF TF REASSIGNMENT FOR SIMPLE SIGNALS

the energy along the ridge at f = f0. In the STFT analysis, this
ridge exhibits a thickness of σ. Similarly, the ridge representing
a simple click has a thickness of 1/σ. By adjusting the parameter
σ, tonal and pulsed components can be effectively separated in
the mapping process. This phenomenon is later corroborated by
the experimental results, as shown in Fig. 3.

The mapping process (t, f) �→ (τ̂(t, f), ω̂(t, f)), using three
STFTs S(t, f), Sth(t, f), and Sh′

(t, f) with distinct windows
h(t), (dh(t))/(dt) and th(t), respectively, achieves high energy
concentration of TF points. However, to determine the direction
information of these points, as discussed in the subsequent
Section III-A, similar six STFTs are calculated for second-order
partial derivatives. In addition, the algorithmic implementation
for nonlinear IF tracking incurs higher complexity due to the
use of the second-order Taylor expansion of the phase in the
prediction process. Given the STFT defined with a Gaussian
window in formula (1), one way to reduce this complexity
involves simplifying τ̂(t, f) and ω̂(t, f). Therefore, TF reas-
signment based on time-scale changes is developed to achieve
these simplified mapping TF points.

B. TF Reassignment Based on Time-Scale Changes

According to the derivation result

Sh′
(t, f) =

1

σ2

∫
R
s(τ)(τ − t)h(τ − t)e−i2πf(τ−t)dτ

=
1

σ2
Sth(t, f) (3)

an auxiliary STFT with a time-shifted window is defined as

Ŝ(t, f) =
1

σ

∫
R
s(τ)(τ − t)h(τ − t)e−i2πf(τ−t)dτ. (4)

The mapping in (2) can be simplified to

ω̂(t, f) = f − 1

σ
�
{
Ŝ(t, f)

S(t, f)

}

τ̂(t, f) = t+ σ�
{
Ŝ(t, f)

S(t, f)

}
. (5)

Computing ω̂(t, f) and τ̂(t, f) requires only twice the numerical
effort of a single STFT computation. In addition, the formula
presented in (5) demonstrates that controlling the parameter
σ enables the separation of tonal and pulsed components. A
segment of a killer whale signal lasting approximately 0.73 s
and sampled at 48 kHz is selected for analysis. Fig. 3 shows the
results of applying this TF reassignment procedure to this signal
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Fig. 3. Results of TF reassignment based on time-scale changes using the different values of the parameterσ. (a)σ = 0.2. (b)σ = 0.1. (c)σ = 0.05. (d)σ = 0.02.
(e) σ = 0.005.

containing whistles and clicks. It is observed that a smaller value
of σ results in a higher energy concentration of TF points on the
whistle ridges, whereas it simultaneously decreases the energy
concentration on click ridges. Specifically, when the values of
the parameter σ are set to 0.02 [see Fig. 3(d)] and 0.005 [see
Fig. 3(e)], the fuzzy pulsed component can be considered as
noise. This phenomenon can support robust separation of tonal
and pulsed components in the TF domain.

Although the expressions ω̂(t, f) and τ̂(t, f) for first-order
derivatives are obtained and used effectively, the higher order
derivatives can provide more accurate detection of whistles
ridges with nonlinear IFs. The second-order Taylor expansion
of the phase is used to derive the second-order expression for
ω̂(t, f) = f(t) + f ′(t)(t− τ̂(t, f)) where f(t) is IF and f ′(t)
represents the chirp rate, which can be estimated using the IRO
ϑ(t, f) introduced in [5]. This operator aids in determining the
direction of the mapped TF points; however, its limitation lies
in overlooking the influence of pulsed components. A solution
to this issue is discussed in the forthcoming Section III.

III. SEPARATION OF TONAL AND PULSED COMPONENTS

After obtaining the mapped TF points from the TFRs, the
goal of this section is to split these points into two distinct
TFRs Sτ (t, f) for tonal components and Sp(t, f) for pulsed
components, respectively. To achieve this goal, the SSM algo-
rithm introduced in [20] can effectively separate tonal and pulsed
TF structures from the TFR based on a series of predetermined
orientation angles. In this work, using the IRO ϑ(t, f), a novel
TPS model is introduced to achieve a separated TFR that more
clearly delineates tonal components.

A. Instantaneous Rotating Operator

The IRO ϑ(t, f) can determine the direction of the TF points
along the ridges. Generally, ϑ(t, f) belongs to a class of math-
ematical structures that involve second-order derivatives. In
mathematics, the Hessian matrix is often used to calculate the
second-order derivative of a scalar-valued function. Indeed, the
magnitude |S(t, f)| of an STFT represents such a scalar-valued
function, whose gradient can be defined as

∇G(t, f) = [κt(t, f), κf (t, f)]

=

[
σ�

{
Ŝ(t, f)

S(t, f)

}
,− 1

σ
�
{
Ŝ(t, f)

S(t, f)

}]
(6)

where κt(t, f) = τ̂(t, f)− t and κf (t, f) = ω̂(t, f)− f . To
simplify the calculations of second-order partial derivatives,
another auxiliary STFT with an analysis window, t2h(t), is

defined as

ˆ̂
S(t, f) =

1

σ2

∫
R
s(τ)(τ − t)2h(τ − t)e−i2πf(τ−t)dτ. (7)

Let α = (
ˆ̂
S(t, f))/(S(t, f)) and β = (Ŝ(t, f))/(S(t, f)), the

Hessian matrix of the function |S(t, f)| is given by

H =

[
κtt(t, f) κtf (t, f)

κft(t, f) κff (t, f)

]

=

[
�{−1 + α− β2

}
2πσ2�{

α− β2
}

�{
1
σ2 (1− α+ β2)

}
2π�{−α+ β2

}
]
. (8)

Finding the eigenvalue and eigenvector of the Hessian matrix
is performed stably and efficiently by using the Jacobi algo-
rithm [22]. In the TF domain, the rotation matrix associated
with each TF point is defined by specific orientation parameters

R =

[
cosϑ(t, f) − sinϑ(t, f)

sinϑ(t, f) cosϑ(t, f)

]
=

[
c −s

s c

]
(9)

where c = cosϑ(t, f) and s = sinϑ(t, f). The direction infor-
mation for each TF point in the TFR is obtained by calculating
the eigenvalues λ1(t, f), λ2(t, f) with λ1(t, f) ≥ λ2(t, f). The
Hessian matrix can be diagonalized into a form[

c −s

s c

]T

H

[
c −s

s c

]
=

[
λ1(t, f) 0

0 λ2(t, f)

]

RTHR = Σ. (10)

When the off-diagonal elements of the Hessian matrix are re-
duced to zero, the values of the diagonal elements are corre-
spondingly increased, namely

(c2 − s2)(κft(t, f)+κtf (t, f))+2cs(κff (t, f)−κtt(t, f))=0.
(11)

From (11), let

μ =
κtt(t, f)− κff (t, f)

κft(t, f) + κtf (t, f)
=

c2 − s2

2cs
=

1− tan2(ϑ(t, f))

2 tan(ϑ(t, f))
(12)

the instantaneous chirp rate tan(ϑ(t, f)) is determined to be

tan(ϑ(t, f)) =

{
−μ+

√
μ2 + 1, μ ≥ 0

−μ−
√

μ2 + 1, μ < 0.
(13)

Thus, the IRO at each TF point can be obtained using the
arctan(·) function. Subsequently, this operator will be applied
to separate tonal and pulsed components.
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B. TPS Model

Using the IRO, ridge points are identified at locations where
the instantaneous TF points exhibit rapid sign changes. These
ridge points, associated with the ridge preference angle ϑ(t, f)
are defined by the zeros of the inner product, �{βeiϑ(t,f)} = 0,
indicating opposite signs on each side of the ridge. However,
the presence of noise makes the detection of these ridge points
in a discrete setting rather unstable. Direct filtering of the in-
stantaneous TFR could erroneously classify the ridges of weak
whistles as noise, resulting in their elimination. To address this
challenge, a sign TFR with symbol values of −1 and +1 is
defined as

�S(t, f) =

{
1, �{

βeiϑ(t,f)
}
> 0

−1, �{
βeiϑ(t,f)

}
< 0

(14)

to better delineate these ridge points despite noise interference.
To preserve sharp ridges while removing impulse noise, me-

dian filters based on a moving histogram are applied to �S(t, f)
in both horizontal and vertical directions. Two enhanced TFRs
using median filters are given by

S̄τ (t, f) := median
(
�S(t− lτ , f), . . . , �S(t+ lτ , f)

)
S̄p(t, f) := median

(
�S(t, f − lp), . . . , �S(t, f + lp)

)
(15)

for lτ , lp ∈ N where 2lτ + 1 and 2lp + 1 are the lengths of
the median filters, respectively. The tonal components become
more apparent in the enhanced TFR S̄τ (t, f), whereas the pulsed
components vanish. Conversely, in the enhanced TFR S̄p(t, f),
pulsed components experience similar enhancement effects.

Considering the influence of noise, two enhanced TFRs are
not directly used for ridge detection. Although a binary mask can
separate different types of components while reducing noise for
the TFRs [23], [24], it treats all components equally, potentially
removing important information in the intersection regions. In-
stead, two soft masks based on Wiener filtering [24] are obtained
from these enhanced TFRs by

Tτ (t, f) :=

(
S̄τ (t, f)

S̄τ (t, f) + S̄p(t, f) + ε

)

Tp(t, f) :=

(
S̄p(t, f)

S̄τ (t, f) + S̄p(t, f) + ε

)
(16)

where a small positive value ε is added to avoid division by
zero. With soft masks, the assignment process for all points
is not strict but proportionate, as expressed by the masking
weights to prevent breakpoints caused by the mutual influence
of components in both directions. By applying two masks to the
original TFR S(t, f), the separated TFRs for tonal and pulsed
components are obtained

Sτ (t, f) := S(t, f)Tτ (t, f)

Sp(t, f) := S(t, f)Tp(t, f). (17)

Fig. 4 shows the results of applying the TPS model to the real
signal mentioned in Fig. 3. The TPS uses directional information
to categorize TF points as belonging to either tonal, pulsed, or
noise components. The TFR of the signal as shown in Fig. 4(a)

Fig. 4. TFS results for the separation of TF components. (a) Original TFR
S(t, f) of a killer whale signal. (b) Direction of zoomed TF structures within the
red rectangles. (c) Separated TFR Sτ (t, f) for tonal components. (d) Separated
TFR Sp(t, f) for pulsed components.

is generated using the STFT with a hamming window of length
512. In Fig. 4(b), colored arrows indicate whether the respective
TF point is assigned to the tonal (red), the pulsed (blue), or the
noise (green) component based on the direction information. The
separated TFRs for the tonal components are illustrated in Fig.
4(c), and for the pulsed components in Fig. 4(d). In Fig. 4(c), the
tonal components in the separated TFR Sτ (t, f) [see Fig. 4(b)]
become more obvious while pulsed components are eliminated.

IV. ADAPTIVE DIRECTIONAL RIDGE PREDICTION

Based on the TF amplitude and the direction of each TF
point, as well as the separated TFR Sτ (t, f), whistle ridges are
estimated using a novel ADRP method. ADRP involves two
principal operations: the prediction and the determination of TF
points on ridges.

A. Prediction of TF Points on Ridges

The goal of the proposed ADRP is to extract ridges of over-
lapping components without prior knowledge of the number of
components, or the starting and ending points of the whistles. To
extract ridges with nonlinear IFs, the second-order expression
ω̂(t, f) = f(t) + f ′(t)(t− τ̂(t, f)) where f(t) is IF and f ′(t)
denotes the chirp rate is derived from the general signal model
and the STFT, as introduced in [5]. Diverging from the ridge
prediction model presented in [5], the improved prediction of
TF points is formulated as follows:

ω̃(t) = ω̂(t, f)− tan(ϑ(t, f))(t− τ̂(t, f))

= ω̂(t, f) + σ tan(ϑ(t, f))�
{
Ŝ(t, f)

S(t, f)

}
(18)

according to IRO ϑ(t, f) corresponding to a stable orientation.
Using the instantaneous TFR, the model can predict ridge points
even in the presence of pulsed components, compared to ridge
prediction in [5]. The key steps of the prediction of TF points
on ridges are elaborated as follows.
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1) For the mth component, an initialized point (t0, f0) of the
highest energy can be modeled as

(t0, f0) := argmax
t,f

{|Sτ (t, f)|} (19)

and its direction ϑm(t0, f0) is calculated using the inverse
tangent function of the value given in (13).

2) For τ = {t0 + 1, . . . , Nt}, the next TF points of the mth
ridge is predicted to be

ω̃m(τ) = ω̂m(τ, f) + σ tan(ϑm(τ, f))�
{
Ŝ(τ, f)

S(τ, f)

}
.

(20)

Although the prediction process can ensure an unbroken
detection of whistles, the predicted point may not always
lie on a ridge. For instance, if the mth ridge, with a length
of Nm, is shorter than the signal length Nt, a predicted
point beyond the two endpoints may not exist on this
ridge. Therefore, it is essential to determine whether the
predicted point is part of this ridge.

B. Determination of TF Points on Ridges

One adaptive method involves penalizing the frequency dif-
ference between the predicted points and the previous points. To
circumvent the influence of the pulsed and noise components,
instead of tracking TF points in the same TFR as described
in [5], another separated TFR Sτ (t, f), which contains only
tonal components, is utilized for the accurate determination of
TF points on ridges.

The mth ridge can be parameterized as ω̄m(t) = ϕpm(t)(t)
where pm(t) represents the frequency index of the determined
TF point at each time t, and ϕm(t) denotes the frequency value
corresponding to this index, which is calculated by

ϕm(t) :

⎧⎨
⎩
[∂f |Sτ (t, f)|]f=ϕm(t) = 0[
∂2
f |Sτ (t, f)|

]
f=ϕm(t)

< 0
(21)

where ∂2
t represents the second order partial derivative with

respect to t. According to the prediction model derived in
(20), assuming that ω̄m(τ − 1) represents the frequency of the
determined previous point, the frequency index of the next point
may be determined by pm(τ) = pm(τ − 1) + κm(t), where the
integer κm(t) stands for a time-varying slope. Depending on the
chirp rate of the previous point and the frequency resolution Δf
of the TFR obtained by the STFT, this slope is calculated as

κm(t) = �(Δf)−1 tan(ϑm(τ − 1, ω̄m(τ − 1)))

× (τ − 1− τ̂(τ − 1, ω̄m(τ − 1)))� (22)

where �·� denotes rounding down to the nearest integer. Given
that a constant frequency bandwidth [−Δf,Δf ] is not ideally
suited for components with both fast and slow varying IFs, the
upper and lower boundaries of a new frequency-varying band-
width, Δω, are defined within the range [Δω−,Δω+]. Using
the frequency index of the previous point, these boundaries are

calculated as follows:{
Δω− = max(1, pm(τ − 1) + κm(t)−Δf)

Δω+ = min(Nf , pm(τ − 1) + κm(t) + Δf)
(23)

where Nf represents the size of the frequency dimension in the
TFR.

To suppress absolute frequency jumps, as previously done,
an adaptive penalty function can then be constructed by the
relative deviations of the ridge frequency of components and
its derivative from these typical values

pm(τ) = argmin
f

{|Sτ (τ,Δω)| − ω̃m(τ)}

+Δω− − 1, |Sτ (τ,Δω)| ≥ δS

ω̄m(τ) =

{
ω̃m(τ), pm(τ) ∈ [Δω−

2 , Δω+

2 ]

ϕpm(τ)(τ), otherwise
(24)

where the threshold δS = μmax{|Sτ (t, f)|} is determined by
the parameter μ = min{E(f)}/max{ E(f)}, with the con-
centration measure E(f) introduced in [10]. The concentration
measure E(f) =

∫
R |Sτ (t, f)|dt is used for every frequency

considered in the separated TFR.
Immediately following the second step of the prediction op-

eration, the ADRP carries out this penalty function. For τ =
{t0 − 1, . . . , 1}, a similar procedure is applied for the prediction
and determination of TF points on themth ridge. Due to potential
interference from noise, the extracted ridge might correspond to
a noise component. To eliminate these ridges, the length of the
ridge should not be less than N2

t /(αfs) where the parameter
α = 32 introduced in [10].

Using the extracted ridge, denoted as ω̄m(t), the corre-
sponding component is removed from the mixed signal utiliz-
ing the TF filtering method [3], [4]. This process is repeated
until no additional ridges are extracted in the TF plane. To
achieve separation of overlapping sources, techniques, such
as correlation analysis or graph clustering [16], are then ap-
plied to isolate single source ridges from these extracted
ridges.

V. SUMMARY AND COMPUTATIONAL COMPLEXITY

OF THE ALGORITHM

In this section, we present the summary and computational
complexity of the proposed ADRSP algorithm. The key steps of
the overall algorithm are summarized in Algorithm 1.

The proposed method involves the computation of the STFT,
TPS, and ADRP. For a signal of length N , the computational
cost of applying the STFT with Nh windows is O(3N logNh),
where the factor of 3 represents the use of three different win-
dows to compute IRO and the instantaneous TF points. The
resulting TFR has dimensions Nt ×Nf . In the TPS model,
the main complexity of applying two median filters based
on moving histograms to the TFR is O(2NtNf (lτ + lp + 1)),
which simplifies to O(2NtNf ) when lτ and lp are signifi-
cantly smaller than Nt and Nf , respectively. For the ADRP,
where prediction and determination operations are executed
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Algorithm 1: Proposed ADRSP Algorithm.

in parallel, the computational cost for tracking ridges is
O(MNmNp) ≈ O(M logNt logNf ), where M is the number
of components, Nm ∈ [1, Nt] is the length of the mth ridge,
Np ∈ [1, Nf ] is the number of frequency bins. Therefore, the
total computational cost of the method can be summarized
as O(3N logNh) +O(2NtNf ) +O(M logNt logNf ), indi-
cating that the proposed method is computationally feasible for
real-world applications.

To further validate the practical applicability of the proposed
method, the subsequent Experiment 4 in Section VI is dedicated

to comparing its execution time and resource consumption with
established methods under equivalent conditions. These em-
pirical evaluations will complement the theoretical complexity
analysis and provide insights into the method’s performance and
feasibility in real-world scenarios.

VI. EXPERIMENTAL RESULTS AND PERFORMANCE ANALYSIS

In this section, the performance of the proposed ADRSP
for whistle detection is evaluated by the application of both
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synthetic and real UWA signals. To quantify the detection
performance, point-based evaluation metrics are used by com-
paring manually annotated reference information with ridges
detected by the algorithms. The references were sourced from
the MobySound archive. Three different methods: graph-based
clustering (GC) [16], GM-PHD [17], and SMC-PHD [19] are
extended for the comparative analysis of performance and com-
plexity.

A. Evaluation Metrics

In this work, detection accuracy is quantified using four
metrics: precision (P ), recall (R), F -score, and error rate (ER).
Mathematically, precision (P ) and recall (R) are calculated as
follows:

P =

∑K
k=1 NTP(k)∑K

k=1 NTP(k) +
∑K

k=1 NFP(k)
× 100% (25)

R =

∑K
k=1 NTP(k)∑K

k=1 NTP(k) +
∑K

k=1 NFN(k)
× 100% (26)

where the number of true positives NTP(k) is the total number
of TF points that are active in both reference and detection for
the kth frame, the number of false positives NFP(k) is the total
number of TF points that are active in the detection but are
not present in the reference for the same frame, the number of
false negatives NFN(k) is the total number of TF points that are
not present in the detection but are active in the reference. The
F -score metric, which combines the harmonic mean of precision
(P ) and recall (R), is formulated as (2PR)/(P +R).

For ER, the number of substitutions S(k) is obtained
by merging NFN(k) and NFP(k) without correlating
which false positive substitutes for which false negative,
defined as S(k) = min(NFN(k), NFP(k)). The remaining
numbers of insertions I(k) and deletions D(k), if any,
are counted as I(k) = max(0, NFP(k)−NFN(k)) and
D(k) = max(0, NFN(k)−NFP(k)). Then, the total ER is
calculated as

ER =

∑K
k=1 S(k) +

∑K
k=1 I(k) +

∑K
k=1 D(k)∑K

k=1 N(k)
(27)

where N(k) is the total number of TF points in the reference.

B. Experiments

In simulations, unless otherwise noted, the STFT of a signal
is computed by using a Kaiser window with a length of 512. In
the TPS model, to balance noise reduction and computational
cost, the parameters lτ and lp are set to 2. This setting ensures
that the lengths 2lτ + 1 and 2lp + 1 of the median filters are
odd numbers, namely, 5. In addition, a small value of ε is set to
1e-12, considering the algorithm runs on MATLAB 2021b on a
64-bit system.

Experiment 1: To investigate the sensitivity of the proposed
ADRSP to the values of the input parameter σ, the best-
performing version is evaluated on a mixed signal comprising
three types of components. Given the formulas for computing
ω̂(t, f) and τ̂(t, f) [refer to (5)], it is evident that σ should

Fig. 5. (a) TFR of the signal. (b) Evolution of Rényi entropies with respect
to σ in different SNR cases. (c) Whistle detection from ADRSP. Each detected
whistle ridge is highlighted with a different color and gray indicates the true
whistle ridge referenced. (d) Precision and recall for whistle detection.

be carefully selected to achieve a balance between localization
and separation of different types of components. This balance
requires σ to be sufficiently large for pulsed components, and
small for tonal components. Nevertheless, by examining the
time-varying term in (20), it can be demonstrated that this term
depends on σ tan(ϑm(t, f)), indicating that σ should be small
enough to ensure accurate reconstruction step for whistle ridges.

To deal with this issue, an improved R é nyi entropy metric is
defined as

R =
1

1− ρ
log2

(∫∫
R2 |S(t, f)δ (ω − ω̂(t, f))|ρ dfdt∫∫
R2 |S(t, f)δ (ω − ω̂(t, f))| dfdt

)
(28)

with integer ordersρ = 3 being recommended in [25]. The larger
the Rényi entropy, the less energy is concentrated along the
ridges of tonal components in the TFR.

A signal composed of five tonal components (C1,C2,C3,C4,
andC5) is corrupted with noise at different signal-to-noise ratios
(SNRs) and strong pulsed components from the clicks of a real
whale signal. The signal length is 44 101, with a sampling rate of
44.1 kHz. The TFR of the signal with an SNR of 0 dB is obtained
by using STFT and is illustrated in Fig. 5(a). In Fig. 5(b), the
evolution of Rényi entropy versus the variable σ from 0.005 to
0.15 in steps of 0.005 at different noise levels (SNR = −5, 0,
5, 10, and 15 dB). It can be observed that for smaller σ, one
acquires the higher energy concentration of tonal components,
and conversely, for larger σ, one acquires the lower energy
concentration. This phenomenon is independent of the noise
level. When σ < 0.05, the energy concentration of TF points is
close to the optimum, such that the sensitivity to σ is very low.

The parameter σ is set to 0.02. Fig. 5(c) shows the results of
whistle detection from ADRSP compared to the true whistles.
ADRSP successfully detects all five whistles, even those with
overlapping components, and remains unaffected by the strong
pulsed components due to the effective separation of tonal and
pulsed components using the TPS model.
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Fig. 6. Results of whistle detection with different values of the parameter σ.
(a) TFR obtained by STFT. (b) σ = 0.2. (c) σ = 0.1. (d) σ = 0.05. (e) σ =
0.02. (f) σ = 0.005.

To evaluate the performance of each parameter set with σ
ranging from 0.003 to 0.06 in steps of 0.003, the precision and
recall of each whistle are computed. For values in the range
of 0.018 to 0.045, this region of the precision–recall curve
yields both high recall and high precision. Selecting values that
are too low causes noise components to be extracted from the
TFR, leading to decreased performance. This phenomenon is
demonstrated in Fig. 6, where one displays the results of ADRSP
for a TFR of a common dolphin signal, using five different
values, 0.2, 0.1, 0.05, 0.02, and 0.005, of the input parameter
σ. Comparing results in the value of σ = 0.02 and σ = 0.005
[see Fig. 6(e) and (f)], it is observed that ADRSP, with the
smaller σ, detects more whistle ridges with some interference.
If the value of σ is large, the energy of the mapped TF points
spreads across a ridge with width σ resulting in the algorithm
detecting fewer TF points on a ridge [see Fig. 6(c)], or two TF
points in the same position on a ridge [see Fig. 6(b)]. Therefore,
unless otherwise specified, the parameter σ is set to 0.02 in all
subsequent experiments to achieve optimal performance.

Experiment 2: To illustrate the performance of the proposed
method for the signal in strong background noise, the recorded
signal shown in Fig. 3(a) is selected. Fig. 7 shows the results
when the methods of GC, GM-PHD, SMC-PHD, and ADRSP
are applied to the TFR of the signal.

Fig. 7(a) shows that GC can detect only part of the whistle
ridges and missed part of the whistle with close components.
However, it can extract nonlinear TF structures between 0 and
0.2 s. The detection of a tonal component around 0.5 s is difficult
to discern due to a very weak whistle in the TFR. Although
GC can extract whistle ridges with nonlinear TF structures, it
struggles with weak whistles, which may then be misclassified
as noise or outliers, leading to misleading clusters. In Fig. 7(b),
detection errors are observed between 0.2 and 0.3 s. The GM-
PHD method fails to detect whistle ridges in low-resolution
TFRs, particularly when these components overlap. SMC-PHD,

Fig. 7. Results of whistle detection of a killer whale signal whose TFR is
presented in Fig. 3(a). (a) GC. (b) GM-PHD. (c) SMC-PHD. (d) ADRSP.

as illustrated in Fig. 7(c), can detect more ridges than both
GC and GM-PHD. Despite improved performance in detecting
strong overlapping components, this method has a limitation:
it does not consistently succeed with weak components that are
obscured by underwater background noise. Since the SMC-PHD
detector cannot continue to track a target if the measurements are
absent for several continuous time steps, the whistles are mainly
detected as a single ridge but are occasionally “broken” into
multiple fragments. Fig. 7(d) shows that the proposed ADRSP
correctly detects most of the whistle ridges present and uses the
TPS model to eliminate clicks (pulsed components). ADRSP can
still predict TF points according to the direction and amplitude
of the whistle ridges, such that continuous TF points are obtained
during whistle detection, even in cases of component overlap.
The experimental results indicate that ADRSP outperforms GC,
GM-PHD, and SMC-PHD.

Experiment 3: To evaluate the overall performance of the
proposed method, a data set of whistles was downloaded from
the MobySound Archive. This data set includes audio recordings
of five whale species; however, only recordings of melon-headed
whales (denoted by s2), long-beaked common dolphins (s3),
bottlenose dolphins (s4), and spinner dolphins (s5) are used
in this study. Recordings of short-beaked common dolphins
were excluded due to annotation errors in some files. Whistle
ridges were annotated by trained analysts, as described in [26].
A total of 32 signals (16 recordings from the four selected
species and synthesized signals denoted by s1 at different SNRs
{−5, 0, 5, 10, 15} dB) are selected to compare metrics for de-
tection performance.

Table II presents the evaluation metric scores for the GC, GM-
PHD, SMC-PHD, and the proposed ADRSP methods applied to
the MobySound data set. The GM-PHD method achieves higher
overall precision P compared to overall recall R. In contrast,
the SMC-PHD method demonstrates lower precision but higher
recall in this comparison. For the GC and ADRSP methods, the
results indicate a tradeoff between precision and recall; however,
the precision and recall of ADRSP are significantly improved
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TABLE II
PERFORMANCE COMPARISON OF WHISTLE DETECTION METHODS USING FOUR

ESTIMATION METRICS ON THE MOBYSOUND DATA SET

compared to GC. For the GC, GM-PHD, and SMC-PHD meth-
ods, the F -scores are lower for species with larger group sizes,
such as the signals denoted by s3, s4, and s5, due to the closer
and more overlapping components in the TFRs of these signals.
Rather than directly extracting parameters, such as IF, from the
TFR, the ADRSP method enhances the process by separating
and predicting overlapping components, thereby preserving the
flexibility required for accurate whistle detection, even in cases
where components in the TFR are overlapped. High F -scores
are still achieved by ADRSP for signals from these species.
The average ER of the GC, GM-PHD, SMC-PHD, and ADRSP
methods across five categories of signals (s1, s2, s3, s4, and s5,)
are 0.179, 0152, 0.141, and 0.091, respectively. ADRSP exhibits
a lower average ER compared to the other methods. Therefore,
Table II demonstrates the superior performance of ADRSP in
accurately detecting whistles in real UWA signals.

Experiment 4: To illustrate the computational cost of the
proposed method in detecting whistles, the comparison between
the GC, GM-PHD, SMC-PHD, and ADRSP methods is pre-
sented using 32 signals from Experiment 3. All signals were
clipped to a uniform length of 1.12 s. The two time intervals
used in this experiment are 5.6 ms and 2.8 ms. The programs
are run offline on an 11th Gen Intel Core i5 at 2.4 GHz with
16 GB of RAM, using MATLAB 2021b. To estimate the average
computational time, one hundred trials of each simulation are
performed.

Fig. 8(a) and (b) are scatterplots visualizing the ER versus the
computational time required by all methods, using time intervals
of 5.6 and 2.8 ms, respectively. Not surprisingly, all methods per-
form better with shorter time intervals, albeit at the cost of longer

Fig. 8. ER versus time, with colors indicating whistle detector. (a) Time
interval of 5.6 ms. (b) Time interval of 2.8 ms.

Fig. 9. Illustration of the utility of the proposed method in automatically
analyzing overlapping source separation using a recording with mixed types
of calls. (a) Signal waveform. (b) TFR obtained by STFT. (c) Results of
whistle detection. (d) Results of the correlation analysis on these whistles and
color-coded by the same source results. (e) Waveforms of the reconstructed
signal from the different sources.

running times. It is observed that the GC and GM-PHD methods
are faster on average while ADRSP tends to yield slower but
more accurate results, requiring at least 1.77 and 2.53 s per signal
for the time intervals of 5.6 and 2.8 ms, respectively. SMC-PHD
can match the speed when the number of TF regions is limited
but underperforms with longer time intervals. The experimental
results indicate that the ADRSP method balances computational
cost and accuracy, standing out for its accuracy and robustness in
analyzing complex and overlapping signal components, despite
its slightly slower processing speed compared to the GC and
GM-PHD.

Experiment 5: To illustrate the utility of the proposed method
in automatically analyzing PAM recordings, an example is
provided in Fig. 9. The results demonstrate the capability of

Authorized licensed use limited to: Xiamen University. Downloaded on March 19,2025 at 08:53:37 UTC from IEEE Xplore.  Restrictions apply. 



MIAO et al.: NOVEL TRACKER OF ADAPTIVE DIRECTIONAL RIDGE SEPARATION AND PREDICTION FOR DETECTING WHISTLES 23

the ADRSP to retrieve and regroup tonal components for the
reconstruction of independent UWA signal types. The output
of the whistle detection is shown in Fig. 9(c) where different
colors represent the extracted components. Using a correlation
clustering method introduced in [27], components originat-
ing from the same source are identified. The results of this
cluster analysis are displayed in Fig. 9(d), where different colors
represent the separated different sources. Fig. 9(e) presents
the reconstructed waveforms of these sources. It is observed
that interfering components, such as those of the UWA clicks
and noise, have been successfully suppressed in the resulting
signals.

VII. CONCLUSION

In this article, we introduced a novel tracker called ADRSP,
designed for the detection of whistles intertwined with mixed
pulsed calls in low-resolution TFRs. Using a TPS model, this
method effectively removes mixed pulsed and noise compo-
nents from the TFR. By shifting the focus from simply finding
peaks in the TFR to a more sophisticated prediction of TF
points, ADRSP uses the amplitude and directional information
of ridge points to reduce the ER associated with spurious peaks.
Demonstrated to effectively process real UWA signals with
overlapping components at low SNR, ADRSP proves to be suit-
able for tasks requiring the automatic separation of overlapping
sources.

The performance of the proposed method underwent com-
parative analysis against the GC, GM-PHD, and SMC-PHD
techniques. The results demonstrated that the proposed method
balances computational cost and accuracy, standing out for its
accuracy and robustness in analyzing complex and overlap-
ping components, despite its slightly slower processing speed
compared to the GC and GM-PHD techniques. When applied
to real UWA signals, the results also showed that the method
can generate an unbroken whistle detection and reconstruct
separated signals from overlapping UWA sources. This enables
researchers to explore not only the similarities among whistles
but also their intricate compositions. Unfortunately, this method
cannot currently be directly applied to TF transformation meth-
ods other than the STFT. Addressing this limitation is one of
the directions for future efforts. In future research, potential
directions also involve improving the runtime efficiency and the
setting of the parameter σ for this method in various scenarios,
as well as developing a novel approach for the simultaneous
detection of whistles and clicks.
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