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  Using the echolocation, bats can capture insects in real 3D space. Bats can accurately localize these objects from echoes by emitting the
frequency modulation sound. The object's range could be estimated from delay times between the emitted sound and echoes from objects. In the
case of flying insects, the echoes were influenced by Doppler shift, that is, the wing beats and flight speed. In the case of the linear frequency
modulated (LFM) sound, this range accuracy was dependent on not only the frequency width of emitted sound but also the Doppler shift. It has
been shown that the previous proposed model could accurately estimate each range of static objects by using the frequency modulation sound.
However, it was unknown whether this model could estimate locations and movements of the flying insect. In this study, the echoes were
measured from the flying insect by emitting intermittently the LFM sounds. At the same time, the movements of the insects were measured by
the camera. The time-frequency pattern were computed by using the convolution of the chirplet filters. It was examined that the the insect's
positions were estimated by extracting the onset from the time-frequency pattern.
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INTRODUCTION 

Bats emit high-frequency sound waves, enabling flying insects to be caught by tracking (Griffin, 1958; Simmons 
et al., 1995). Bats perceive the location of moving objects in three-dimensional (3D) space using frequency 
modulation (FM). The echolocation model has been proposed to estimate the delay times of multiple objects from 
the time-frequency pattern, which is computed by convolution of the Gaussian chirplet filters for which the carrier 
frequency agrees with the sweep rate of emission (Matsuo et al., 2004). This proposed model was capable of 
estimating the delay times of objects from measured echoes with a range accuracy of less than 1 �s at a low SNR 
(Matsuo, 2011). In addition, it was clarified that this proposed model could estimate the range of the moving object 
or accurately localize the moving object in two-dimensional (2D) space using the interaural range difference (IRD), 
computed as the difference between the object’s range at two receiving points (Matsuo, 2013). However, it is 
unknown whether this model could estimate positions of the living insect from measured echoes. In this study, the 
echoes were measured from the flying insect by emitting intermittently the LFM sounds. It was examined whether 
the insect’s positions could be estimated by using the proposed model from the time-frequency pattern.  

METHODS 

The acoustic data were measured in a soundproof chamber. The measuring system included one loudspeaker, four 
microphones, and high-speed camera, as shown in Figure 1. Echoes were measured while the long horn beetle, 
Monochamus alternatus, walks on the stick and take off. The emitted signal was generated by a computer (National 
Instruments, PXI-8106), digital-to-analog (DA) converted (PXI-5412), amplified (Avisoft), and emitted by a 
loudspeaker (Avisoft, ScanSpeak). The echoes reflected by the objects were recorded using a 1/8-inch condenser 
microphone (Brüel & Kjær, 4138), amplified (Brüel & Kjær, NEXUS 2670, 2690), bandpass-filtered (NF, CF-4BL, 
CF-4BH) and analog-to-digital (AD) converted (NI, PXI-6133). The sampling frequency of the AD converter was 
400 kHz, and its resolution was 14 bits. The temperature was measured in the chamber to compute the sound 
velocity. The positions of wing and head were measured and analyzed by the high–speed camera (Photron, 
FASTCAM) at 500 frames/second. Broadband FM emission was used because the purpose of the model was to 
identify the location of the object. The 2-ms-long single FM signal started at 135 kHz and swept down to 5 kHz 
(Matsuo et al., 2004; Matsuo, 2011). The rise and fall times were both 50 µs. The emission interval was 10ms.  

 
FIGURE 1. The measuring system. 

MODEL 

The waveforms of the object echoes were entered into the model. They were transformed into spectrograms in a 
manner that simulated the process in the mammalian cochlea. The temporal changes in the interference pattern were 
extracted using Gaussian chirplet filters with a carrier frequency consistent with the sweep rate of emission (Matsuo 
et al., 2004). The temporal characteristics of the filter can be described by the following equation: 

� � ��
�

�
��
	



�
�
�

�
	

 ���

�

�
��
	



� 2

2

2
12expexp, sttfjttfF jj �

�  
Here, fj (kHz) is the center frequency for the jth bandpass filter, t is the time (s), s is the sweep rate of the emitted 

wave, and � is the parameter that describes the width of the window function. The bandpass filter bank comprised 
71 filters with center frequencies ranging from 30–100 kHz, positioned at regular intervals. The waveforms for both 
the emitted waves and the echoes were transformed into the spectrogram P (f, t) by convolution with this filter as 
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shown in Eq. 1. The spectrogram P (f, t), which was computed from the outputs of the Gaussian chirplets, was 
transformed into a range-frequency pattern Secho (f,��) with 10 �s intervals by compensating for the sweep rate of the 
emission FM.  

The delay time for one object, T1, was estimated from the range-frequency pattern around the onset (Matsuo et al, 
2004; Matsuo, 2011). First, the averaged pattern was computed by the integration of these filter channels. The delay 
times for the onset and offset were determined using a threshold corresponding to almost four times the noise level 
(Matsuo, 2011). �1 was uniquely determined from the averages of the two spectra at the onset delay time �on and 10 
�s later. The location of the object in 2D or 3D space was determined by the differences between the object’s ranges 
at these microphones. The object was continuously tracked by estimating its position at each time. 

RESULTS 

Figure 2 (a) shows the temporal changes of positions of the head and wings. The beetle spreads wings at 1.10 
second and takes off at 1.44 second. Figure 2 (b) shows estimated locations at each time. The incest could be tracked 
from these estimated locations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2. (a) The temporal changes of the positions of head and wings. H and V were horizontal and vertical points in pixel. 
(b) Estimated  position in 3D space.  

CONCLUSION 

The echoes from flying insects were measured while the positions of wings and body were recorded by the high-
speed camera. It was clarified that the insect’s positions in 2D and 3D space were estimated by using the range 
estimation from the temporal changes at onset and range difference among receiving points.  
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