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A Study on the Underwater Channel Model based on a High-Order Finite
Difference Method using GPUs

Ho Seuk Bae - Won-Ki Kim - Su-Uk Son - Wansoo Ha'

As unmanned underwater systems have recently emerged, a high-speed underwater channel modeling technique,
which is one of the most important techniques in the system, has received a lot of attention. In this paper, we
proposed a high-speed sound propagation model and verified the applicability through quantitative performance
analyses. We used a high-order finite difference method (FDM) for wave propagation modeling in the water, and
a domain decomposition method was adopted using multiple general-purpose graphics processing units (GPUs)
to increase the calculation efficiency. We compared the results of the model we proposed with the analytic
solution in the half-infinite media and results of the Virtual Timeseries Experiment (VirTEX) model, which is
based on the ray method. Finally, we analyzed the performance of the model quantitatively using numerical
examples. Through quantitative analyses of the improvement in computational performance, we confirmed that
the computational speed increases linearly as the number of GPUs increases. The computation times are increased
by 2 times and 8 times, respectively, when the domain size of computation and the maximum frequency are
doubled. We expect that the proposed high-speed underwater channel modeling technique is able to contribute
to the enhancement of national defense as an underwater communication channel model and analysis tool to
develop the underwater communication technique for the unmanned underwater system.

Key words : Underwater channel model, Finite difference method, Graphics processing unit
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Table 1. The weighting factors of differential terms
(Chen, 2011)
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Table 2. Modeling parameters.

Parameter Value

Source position (km) %, y) = (0, 0.2)
(2.0, 0.2), (4.0, 0.2),

Receiver position (km) (6.0, 0.2), (8.0, 0.2),
(10.0, 0.2)

Time sampling rate (ms) 0.04

Grid size (m) 0.2

CFL number 0.3

Number of grids per 798

wavelength

Maximum velocity (m/s) 1526.74

Minimum velocity (m/s) 1456.27
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Fig. 8. A sound speed structure for numerical simulation
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Table 3. Computation times for CPU and GPU experiments
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Processor Time (s) Speedup
CPU 1426 1.00
GPU 12 118.83
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19 89) 47 welolA] B3 A2 km x | kmE 3

SO0 TS AE 4 52 0 AAS SRRl $
3 wele] s} GPU 7h=9) A48 1404 4747 5
el7bu] QA A7 WStk 1 A3 GPU F4E A
7} 27kl et et S Awe] i) Z7leke
2L B 4 SIEHE 4). ol 9o} £82 213 GPU Aol
o 27b421 BAlo] WA ShAlE e U
3} o] AN BA FHOR Q3 FALOR Qlat
237} 214 9] whole

Table 4. Computation times for multi-gpu experiments
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Table 6. Computation times for models with different
frequencies

Number of GPU cards Time (s) Speedup
1 3838 1.00
2 1968 1.95
3 1296 2.96
4 998 3.85
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Table 5. Computation times for models with different sizes

Model size Time (s) Scaling
1 km x 1 km 200 1.00

2 km x 1 km 357 1.79

4 km x 1 km 757 3.79

8 km x 1 km 1636 8.18
10 km x 1 km 2012 10.06
16 km x 1 km 3204 16.02
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Maxlmur(r;lzf;requency Time (s) Scaling
1000 247 1.00
2000 2042 8.27
4000 15002 60.74
5. 28
& =ieol A= NVIDIAAKS] B3 #]2] APIQ] CUDA
£ ol&dl ubs WA 7k i supdERESs A
SHlth A Hd e o FAAE 2dge] de 28
E= 71 VIlTEX &t GARE AAE 415 2o A}
£ BRI F H57F WE GPU 3 HlxeE A
&5t Ak £ o ts GPU Aiks ffsl
of 23 JE A2 7 A8kt A 2de) dAk A
T T AEE AR A A1 GPU o it
Ak E&7h Aol 7A Betl= 2te Zlski

Fof e RS SFEAE AL
Bulo] gl 4554 Aduds
W, $FEA RS S PARYRE
AoR 7\t

oX

o
(R
=

ol Ho
e
£
o off
o

m (0
oo
N
oI
ok

References

1. Allard, Y. and E. Shahbazian, Unmanned Undersea
Vehicles (UUV) Information Study, OODA
Technologies, DRDC-RDDC-2014-C290, pp. 3-11,
2014.

2. Chen, J.-B., “A stability formula for Lax-Wendroff



methods with fourth-order in time and general-order
in space for the scalar wave equation”, Geophysics,
Vol. 76, No. 2, pp. T37-T42, 2011.

. Chen, G., Meng, H., Liang, Y. and Huang, K.,
“GPU-accelerated real-time stereo estimation with
binary neural network”, IEEE Transactions on
Parallel and Distributed Systems, Vol. 31, No. 12,
pp. 2896-2907, 2020.

. Cheng, J., Grossman, M. and McKercher, T.,
Proffessional CUDA C Programming, John Wiley
& Sons, Indianapolis, Indiana: pp. 387-424, 2014.
. Clayton, R. and Engquist, B., “Absorbing boundary
conditions for acoustic and elastic wave equations”,
Bulletin of the Seismological Society of America,
Vol. 67, No. 6, pp. 1529-1540, 1977.

. Dablain, M. A., “The application of high-order
differencing to the scalar wave equation”,
Vol. 51, No. 1, pp. 54-66, 1986.

. Ha, S., Ku, N. and Roh, M.-I., “GPU-accelerated
reliability analysis method using dynamic reliability

Geophysics,

block diagram based on DEVS formalism”, Journal
of the Korea Society for Simulation, Vol. 22, No.
4, pp. 109-118, 2013.

. Kim, S., Cho, J. and Park, D., “Accelerated large-
scale simulation on DEVS based hybrid system
using collaborative computation on multi-cores and
GPUs”, Journal of the Korea Society for Simulation,
Vol. 27. No. 3, pp. 1-11, 2018.

. Kwon, D.-C. and Kang, B.-Y., “CPU and GPU
performance analysis for convolutional neural

J2HE ZRAE 01g3 TR B3 AA S 2BAHDY op

10.

11.

12.

13.

14.

15.

16.

network”, The Journal of Korean Institute of
Information Technology, Vol. 15, No. 8, pp. 11-18,
2017.

Lee, O.-S., “A direction of development of large
UUVs for anti-submarine warfare connected to the
future warfare development trend of the Navy”,
Defense & Technology, Vol. 457, pp. 80-89, 2017.
Liu, Y. and Sen, M. K., “A hybrid scheme for
absorbing edge reflections in numerical modeling
of wave propagation”, Geophysics, Vol. 75, No. 2,
pp. Al-A6, 2010.

Peterson, J. C. and Porter, M. B., “A Fast
Algorithm for Computing Doppler Introduced by
Sea Surface Gravity Waves,” 161" Meeting of the
Acoustical Society of America, pp. 5aUW, 2011.
Porter, M. B., Ocean Acoustics Library, https:/
/oalib-acoustics.org/, 2008.

Siderius, M. and Porter, M. B., “Modeling techniques
for marine mammal risk assessment”, IEEE Journal
of Oceanic Engineering, Vol. 31, No. 1, pp. 49-60,
2006

Siderius, M. and Porter, M. B., “Modeling broadband
ocean acoustic transmissions with time-varying sea
surfaces”, Journal of Acoustical Society of America,
Vol. 124, No. 1, pp. 137~150, 2008.

Xu, J., Liu, Liu, W., Wang, J., Liu, L. and Zhang,
J., “An efficient implementation of 3D high-resolution
imaging for large-scale seismic data with GPU/CPU
heterogeneous parallel computing”, Computers and
Geosciences, Vol. 111, pp. 272-282, 2018

HM30H 15 20212 32 @FED



i & A (ORCID: https://orcid.org/0000-0001-7819-4376 / belfre@add.re.kr)

2007 AlETiBHL ARG A AEFEHE AL
2011 AZeishl of QA AAj)E S HpAL
2011~ AR = FAsrATE AYHFY

Talol : e YA AU LE

Z ¥ 7| (ORCID: http://orcid.org/0000-0002-9590-4701 / konekee@add.re.kr)
2007 FETEIL A8 S}

2009 SRSt A AuFer HAp

2014 ALietm YA A8 5 kAL

2015~ AA sgaetd e AddT

ol : FE AUAITAE, Auds

M

& £ 2 (ORCID: http://orcid.org/0000-0002-0501-7624 / suson@add.re.kr)
2008 gteFoistal 2| tafftst shak

2010 FreFristal sjokehdust AAL

2015 greFeista sfokehE atst wpAL

2016 STzt WAL & ALY

2016~ AR FPATFALE AYATY

AR} : £, AAIAE, £F5A

5t & & (ORCID : http://orcid.org/0000-0002-9941-4777 / wansooha@pknu.ac.kr)

2006 AL ATEHA LT B}
2008 ALeishn ofuix Al 2EFEkE A
2011 ALeshm oA A 2slFake what
2013 EAYs 2l

2017~ @) BAGE T B

Thaltol ¢ EEEAL ASHFE, WAlRY

[ 20 IEEINEEISEEIEIEN




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


