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I. Why Time Warping
 What is Warping?
* Single receiver (broadband) v.s. hydrophone array (spatial diversity)
Il. What is Time Warping?
* |deal Waveguide as theory based example
e Signal Processing & Mathematics: Time Frequency analysis
* Step-by-step to isolate and retrieve individual normal mode and its modal
dispersion curve by a single receiver
lll. Applications of Time Warping in shallow water environment
* Active sources- geoacoustic inversion, source localization, seabed attenuation

 Passively obtained signals — Noise Cross Correlation Function
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- ‘v‘ From Wikipedia, the free encyclopedia
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Operation Warp Speed (OWS) was a public-private partnership initiated by the United States

OPE RAT'O N RAT' o N government to facilitate and accelerate the development, manufacturing, and distribution of

COVID-19 vaccines, therapeutics, and dlagnost\cs.[”[QI The first news report of Operation Warp

Operation Warp Speed

. b L/ Yy Mg | - Speed was on April 29, 2020,PI415] and the program was officially announced on May 15,
2020." 1t was headed by Moncef Slaoui from May 2020 to January 2021 and by David A. Kessler
from January to February 2021 L8] At the end of February 2021, Operation Warp Speed was

transferred into the responsibilities of the White House COVID-19 Response Team.!’]

. . ! ) ) Official seal of Operation Warp Speed
The program promoted mass production of multiple vaccines, and different types of vaccine

) . . ) o . ) Active May 15, 2020 - February 24, 2021
technologies, hased on preliminary evidence, allowing for faster distribution if clinical trials confirm (285 days)
one of the vaccines is safe and effective. The plan anticipated that some of these vaccines will not Disbanded Transitioned o White House COVID-19
prove safe or effective, making the program more costly than typical vaccine development, but Response Team
potentially leading to the availability of a viable vaccine several months earlier than typical Country United States

OPE RATI O N it egoree 15 s
; Operation Warp Speed, initially funded with about $10 billion from the CARES Act (Coronavirus Part of U.S. Department of Defense

: » B .
“\', ’; ' . Aid, Relief, and Economic Security) passed by the United States Congress on March 27, was U-S. Depariment of Health and Human Services

) ) Other various government agencies
an interagency program that includes components of the Department of Health and Human
. . ) ) . Engagements Coronavirus disease 2019
Services, including the Centers for Disease Control and Prevention, Food and Drug

Administration. the National Institutes of Health. and the Biomedical Advanced Research and

Website Coronavirus: Operation Warp Speed &

President Trump speaks during the Operation Warp Speed Vaccine Summit at the White House on December 8. (@ Evan Vucci/AP Images)
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Warping on Signals
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R. G. Baraniuk and D. L. Jones, "Unitary equivalence: A new twist

43, no. 10, pp. 2269-2282, 1995

on signal processing," IEEE transactions on signal processing, vol.
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Why Time Warping in Underwater Acoustics?
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Time Warping : Math Background

ROC Naval Academy

sound speed = ¢

Phase Point Source : Received signal K : 1 "
@, (t) = wt — kr,nr * [ Z,n
s k

k? -k, 2 : =
krn=kcosé'=k\/ =k\/1—[ij A
, k f
_krnr: 27Z-fn t——) 27 f \/

: Ak 2[ c’t
cgn(f):ccosezc\/l—(ij _T! \/1_(rj
| f t ct

Linearize Phase in warped domain ‘ w(t) = \t* -t/
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ROC Naval Academy | Julien Bonnel et al“Nonlinear time-warping made simple: A step-by-step tutorial on underwater acoustic modal separation with a single hydrophone” J. Acoust. Soc. Am 147,1897 (2020) |
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Generating Ideal Waveguide: Frequency Domain
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Time Warping begins at tr=r/cW= 3.33 (s)
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OC Novat Acaderny Dispersion Curves

100 T T
2.0 v AT - 9 mode 2
3 " . “ EE; mode 3
Il‘ ;“ s“ § 50 - gm(f)/_J
1.5 u.‘ “,‘ s"‘ L
N “ .. ".‘. 0 I |
. * . L 0 500 1000 1500
g "a‘ IRl - :: Seal. Group Speed (m/s)
L RO I '
(@) e N B S O mode 1
% 1.0_ .................. | ~ O mode 2
| I 5 mode 3
g / % sol- |
\Q. I // £ 0000000 O O
O 0.5 ~ N I o o
L 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Travel Time (s)
oo Original Spectrogram
0.0 - %
0 1 2 3 4 5 80
Frequency ratio 70
-1/2 12 N 60
2 . 2 . T
0 7'(2n-1)c, 00 7*(2n-1)c, = o
Vm(a)):_zcw 1- 2 2 ! gm(a)):—zcw 1- 2 2 o
E 4Hw 0¢, 4H o 30

. . . . 20
Group Speed g, contains environmental information, H, C, .
including seabed properties in real environment 0

3.4 3.5 3.6 3.7 3.8 3.9

A F R E R e NCU 26 May 2023 UL 12/47




‘Q

ERTD Modal Separation Restriction /?EE
ROC Naval Academy

(b) r =60 km

(a) r =5 km - 200 guy |
180
55 160
140 |
| ’:E 120 |
1.65 ; 100 |
o
170 L
75
-80
3.4 3.5 3.6 3.7 3.8 3.9
Time (s)
r (1) At >T
L(t)= n @) At > g=4
gm(f) min > y O =

2 Af . >alT, a=4

Pa 4 B Al A2 R 9 NCU 26 May 2023 13/47




ROC Naval Academy

Objective of Time Warping
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Il. Time Warping: Theory
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Julien Bonnel, Barbara Nicolas, Jerome |I. Mars and Shane C. Walker “Estimation of modal group velocities
with a single receiver for geoacoustic inversion in shallow water” J. Acoust. Soc. Am 128, 719-727(2010)
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Geoacoustic Model
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5 Time Warping Application to Higher Frequency
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J. Bonnel et al“Geoacoustic inversion on the New England Mud Patch using warping and dispersion curves of high-order modes” J. Acoust. Soc. Am 143(5), EL405-EL411(2018)
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Time Warping Application - Geoacoustic Inversion
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Time Warping Application- Seabed Attenuation
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Fig. 1. (Color online) (a) Spectrogram of the original signal and the extracted dispersion curves for the first four
modes, indicated by the white lines. (b) Spectrogram of the warped signal (100-700 Hz)
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Table 2. Estimates of the seabed attenuation.
Frequency (Hz) 125 160 200 250 320 400 500
Attenuation (dB/m) 0.0134 0.0334 0.0352 0.0522 0.0567 0.109 0.174
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Guarino, A. L., Smith, K. B., & Godin, O. A. (2022). Bottom attenuation
coefficient inversion based on the modal phase difference between
pressure and vertical velocity from a single vector sensor. Journal of
Theoretical and Computational Acoustics, 30(02), 2150008.
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Fig. 11. Theoretical pressure and vertical velocity signals at the vector sensor.
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T. Tan, O.A. Godin, M.G. Brown, and N.A. Zabotin, “Characterizing the seabed in the Straits of Florida by using
acoustic noise interferometry and time warping ,” J. Acoust. Soc. Am. 146(4), 2321-2334 (2019)
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Time Warping on Noise Cross Correlation Function (NCCF)
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Geoacoustic model
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ROC Naval Academy to estimate depth-averaged flow velocity

p D
-0.05 -0.04 -0.03 -0.02 -0 0 0.01 002 0.03 0.04 0.05
Time lag, s

(@) The noise cross-correlation function C,, is shown for P-NCCF (solid line) and N-NCCF (dashed line) after
removal of the relative drift of system clocks. The entire available data set is used for noise averaging. (b) Same as
(a) but for C,;. (c) Correlation between the positive- and negative-time-delay parts of the cross-correlation functions
C,, (solid line) and C,; (dashed line). The position of the peak of the correlation of correlations determines the
nonreciprocity of travel times induced by currents at sound propagation between the respective pair of instruments.

Travel time St=2c7rU, U = H‘lTux(z)dz Measured U, =—0. 47 m/s + 7%,
0

nonreciprocity: current velocity: Uy =—0.49 m/s

O. A. Godin, M. G. Brown, N. A. Zabotin, L. Zabotina, and N. J. Williams, Passive acoustic measurement of
flow velocity in the Straits of Florida, Geoscience Lett. 1, Art. 16 (2014)
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Noise Cross Correlation Functions (NCCFs) : 15-day Avg
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Rapid N-NCCF: Broader Frequency A
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Conclusion on Time Warping in Underwater
Acoustics Applications
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I ,Adffy Time Warping in Underwater Acoustics Applications CEiS
* Time Warping suitable to analyze the modal components of
low-frequency (<500 Hz) acoustic Green’s functions in

shallow water (water depth <200 m) after propagation
several kilometers (>1 km)

» Applications: Geoacoustic Inversion, Source Localizations,
Marine Mammals Vocalizaitons, Tomography, Vector
sensor, Noise Cross-Correlation Function....
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