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PEDEPAT

Merton anapaTHOro MOJEIIOBAHHS MOIIUPEHHS YITPAa3ByKOBUX XBUIIb Y

TBEPJAOMY TiJIi

AKTyasbHiCTh TeMH. YucenbHe MOJAENOBaHHSA (PI3MUHOTO SIBUIIA
MONIMPEHHS XBUJIb € OCHOBOIO 0araThOX JOCTIIKEHb Ta BIPOBAIHKCHD Y TaTy35X
aKyCTHUKH, YJIbTPAa3BYKOBOI TEXHIKH, paJllOCEeKTPOHIKK. AIMapaTHa peai3alis
TAKOTO MOJICIIOBAHHS Ja€ 3MOTY MOT0 CYTTEBO TPUCKOPUTH 1 TMOKPAITUTH
€()EeKTUBHICTh MPUJIAJIIB, IKI BAKOPUCTOBYIOTh XBUJIEBI1 Tpoliecku. CydacHi 3acoou
TaKOro MOJENIOBAaHHA, SK MpPaBUJIO, BUKOPUCTOBYIOTH CHCTEMH Ha OCHOBI
rpadiuHuX aKceneparopis, AKi BUKOHYIOTh MapaiejbHl 00UUCICHHS 3 MJIaBal0U0I0
KOMOIO. [X He/loNliKaMu € BUCOKA BapTiCTh, BEIMKE €HEPrOCIOKUBAHHS, HEBUCOKA
Ha1HICTh. 3aCTOCYBaHHS MPOrpaMoBaHMX JOTiYHUX 1HTerpaibHux cxem (ILJIIC)
JUTSL MOJICTIOBAHHS XBHWJIEBHX IIPOIIECIB Ja€ 3MOTY 30UIBIIUTH TIBUIKOIIO,
3MEHIIUTA €HEProCIOXKMBAaHHSA Ta TMIJABUIIMTH HAJIAHICTH 3aco0iB, IO
BUKOPUCTOBYIOTh Take MojetoBaHHs. [IprdaoMy mMonmentoBaHHS yIbTPA3BYKOBUX
IpOLIECIB Y peajbHOMY Yaci J03BOJISIE CTBOPIOBATH 3acO0OM YJIbTPa3BYKOBOI
JI1arHOCTUKH 3 T1JIBUIIICHOIO SKICTIO BUMIPIOBAHUX PE3yJIbTATIB.

O0’eKTOM [JOCTIIKEHHSI € BHCOKONPOAYKTHUBHI TMPOIECOPH s
MOJIETIOBaHHS (PI3UYHUX SBUIIL.

IIpeaMeToM aOCHiAKEHHSI € QITOPUTMH Ta CTPYKTYpH KOHBEEPHUX
CHELITPOLIECOPIB ISl MOJEIIOBAHHS MOUTUPEHHS XBUIIb Y TBEPJIOMY TLIIL.

Meta po0oTH: CTBOPEHHS METOAY MPOEKTYBAHHS BHCOKONPOAYKTHUBHUX
IpOIIECOPIB  MOJNIETIOBAHHS  aKyCTHYHHUX  SIBUIN,  NPU3HAYEHUX IS
koHpirypysanss B [IJIIC.

HaykoBa HOBHM3HA TOJISITa€ B HACTYITHOMY:

1. 3anponoHOBaHO Y/IOCKOHAJIEHUN XBUJIEBHI aJIrOPUTM MOJCITIOBAHHS
NOIIUPEHHS YIbTPA3BYKY, SIKHI MOJIATAE y MPEICTABICHHI CEPEIOBUIIA Y BUTIISI1

CUCTEMH XBUJIEBUX (IIBTPIB Ta BIAPI3HAETHCS THUM, LIO 3aBASKU peajizamii



OaraTokaHalbHUX (UIBTPIB 3 MPOTPAaMOBAHOI 3aTPUMKOK, 3MEHIITYETHCS
noxXuOKa MOJICITIOBAHHSI TUCTIEPCIHHOTO TTOIUPEHHS 3BYKY.

2. Po3pobmeHo MeTOoj ~— amapaTHOTO  MOJENIOBAHHS  TOIIMPEHHS
yIIbTPa3BYKOBUX XBHJIb Y TBEPAOMY TiJli, SKUIl OCHOBAaHWH Ha peai3allii CHCTEMH
xBuiieBux PuibTpiB y [JIIC 1 BiApI3HIETHCA BUCOKOIO IIBHIKOIIEID 32 PAXyHOK
TOTO, 0 (HUIBTPU MAOTh KOHBEEPHY CTPYKTYPY 1 BUKOPHUCTOBYIOTH OCOOJIUBOCTI
apxitextypu [JIIC.

IIpakTuyHa WiHHICTH OTPUMAHUX B POOOTI pe3ysIbTATIB MOJIATAE B TOMY,
IO CHCTeMa MOJIETIOBaHHs, sKa TMOOyJ0oBaHA 3a 3alpONOHOBAHUM METOOM,
MOKe OyTH OCHOBOIO MPUJIAIIB yIbTPa3BYKOBOI MIarHOCTUKH HOBOTO MOKOJIHHS,
K1 31aTH1 3HAXOUTH 1 JJOKaJi3yBaTH HEOAHOPITHOCTI OUIBIII TOYHO.

Martepianu  poOOTH  BHKOPUCTaHI y  HAYKOBO-AOCHIIHIA  poOOTI
«Y TOCKOHaJIeH1 METO/IU Ta 3aCO0M MPOEKTYBaHHSA KOH(PITYPOBaHUX KOMIT IOTEPIB
Ha OCHOBI BiJJOOpa)K€HHsSI MPOCTOPOBOro rpady CHHXPOHHUX MOTOKIB JaHUX Yy
CTpYKTypu Ha 0a3l NpOrpaMOBaHUX JIOTIYHUX IHTETPAJIBbHUX CXeM», No
JP.0470005087, mmudpp PIOT-30T/2017, axa npoBoauthes y HTYY “KIII im.
Irops Cixopchkoro.

Amnpodanis po6oru. OCHOBHI TOJIOKEHHS 1 pe3yiapTaTH poOOTH Oynu
npejcTaBiieHl Ta oOropoproBaiuch Ha 20-Tii MixHapoaHii KoHdepeHii
«CucreMHuit aHai3 Ta  iHQOpMaliifHI  TEXHOJOTii» SAIT-2018
21 — 24 TpaBusa 2018 poky, KuiB Ta MixHaponHiii koHdepeHiii "be3neka,
BingmoBocriiikictsh, InTenexkt" 10 — 12 tpaBusa 2018 poky, Kuis.

CTpykrypa Ta odcsr pod6oTu. Marictepcbka IucepTallis CKIAJaeThCs 31
BCTYITY, TPhOX PO3/I1JIiB Ta BUCHOBKIB.

YV ecmyni monano 3arajgbHy XapaKTepUCTUKY pOOOTH, 3pOOJIEHO OLIHKY
Cy4acHOTO CTaHy po0IeMH, OOIPYHTOBAHO aKTYyaIbHICTh HAMIPSMKY JOCIIIKEHb,

chopMynbOBaHO MeETy 1 3adadl JOCHIDKeHb, II0Ka3aHO HAYKOBY HOBH3HY



OTPUMAaHUX PE3yJIbTaTIB 1 MPAKTUYHY HIHHICTh POOOTH, HABEJACHO BIAOMOCTI MPO
anpoOalliro pe3ynbTaTiB 1 iXHE BIPOBAIKEHHS.

Y nepwiomy po30ini po3rasHYyTO AITOPUTMHU MOJEIIOBAaHHS XBUJIEBUX
MPOIIECIB Ta iX BIIOMI peaiizailii B mapajeibHUX OOYUCITIOBAIBHUX CHUCTEMAX 1
TIIC.

Y opyeomy po30ini po3po0JICHO XBUJIEBUM aJITOPUTM MOJICIIFOBAHHS
MONIMPEHHS YIBTPA3BYKy Ta METOJ amapaTHOTO MOJCITIOBAHHS TOUTUPEHHS
yJIBTPA3BYKOBUX XBHJIb Y TBEPIOMY TiJIi

Y mpemwvomy pozoini nochimKeHO e(PEeKTHUBHICTh BUKOPUCTAHHS
3aIPOTIOHOBAHUX AJITOPUTMY MOJICIIOBAHHS TOMUPEHHS YILTPA3BYKYy Ta METOJ]
anmapaTtHoOro  MOJICJIOBAHHS  HA  NPUKIAAl  MOJENIOBAaHHSA  MOUIMPEHHS
yIbTPa3yKOBUX XBWIb Y IWJIIHAPUYHOMY T1JIL.

V eucnosrax npencrasieHi pe3ynbTaTu IPOBEAEHOI pOOOTH.

Po6orta npexacraBinena Ha 80 apkyliax, MICTUTh MOCHJIAHHS Ha CIHCOK
BUKOPHCTAHUX JIITEPATyPHUX JHKEPETI.

Karwuosi caosa: IUIIC, nucnepcis, yabTpa3ByK, rpad CHUHXpOHHHX

MOTOKIB JJaHUX, XBWJICBUU (PUIHTP, KOHBEED.



ABSTRACT

Method of hardware simulation of the propagation of ultrasonic waves in a solid

Relevance of the topic. The numerical modeling of the physical
phenomenon of the wave propagation is the basis of many studies and
implementations at the fields of acoustics, ultrasound technology, and radio
electronics. The hardware implementation of such a simulation allows us to
significantly accelerate and improve the efficiency of devices that use the wave
propagation processing. The modern wave propagation simulators use typically the
graphic processing units that perform parallel floating-point calculations. Their
drawbacks are high cost, high power consumption, and low reliability. The use of the
field programmable gate arrays (FPGAs) to simulate the wave processes allows us to
increase speed, reduce power consumption of tools that use this simulation.
Moreover, the real time simulation of the ultrasonic processes allows us to create the

means of ultrasound diagnostics with increased quality of measured results.

The object of the research is the high-performance processors for modeling

the physical phenomena.

The subject of the research is the algorithms and structures of application-

specific pipelined processors for modeling the propagation of waves in a solid.

The objective is the creation of a method for designing the high-performance
processors for the simulation of the acoustic phenomena, which is intended for

configuring in FPGA.
The scientific novelty is as follows:

1. The ultrasound propagation wave modeling algorithm is improved, which
consists in representing the medium in the form of a system of the wave digital filters
and differs in that due to the implementation of the multichannel filters with the
programmable delays, resulting the decrease of the simulation error of the sound

propagation dispersion.



2. A method for the hardware simulation of the ultrasonic wave propagation
in a solid 1s developed, which is based on the implementation of the system of the
wave digital filters in the FPGA and is characterized by high speed due to the fact
that the filters have a pipelined structure and use the features of the FPGA

architecture.

The practical value of the obtained results is that the simulation system,
built on the proposed method, can be the basis of a new generation of the ultrasonic

diagnostic devices that are able to localize the heterogeneities more precisely.

The materials of the thesis were used in the research work "Advanced
methods and tools of designing the configurable computers on the basis of mapping
the spatial synchronous data flow graphs into the structure for FPGA", Ne
JP.0470005087, ®IOT-30T /2017, which is held at NTUU “Igor Sikorsky’s KPI”.

Approbation of the work. Substantive provisions and results of the work
were presented and discussed at the 20-th International conference “System Analysis
and Informational Technologies”, SAIT-2018, May, 21 — 24, 2018, Kyiv, and at the
International Conference on Security, Fault Tolerance, Intelligence (ICSFTI2018),
May 10 - 12, 2018, Kyiv.

The structure and scope of the work. Master's thesis consists of an
introduction, four sections and conclusions.

The introduction provides a general description of the work carried out to
assess the current state of the problem, justified the relevance of research areas,
formulate goals and objectives of research shows the scientific novelty of the
obtained results and the practical value of the work, it shows the information about

the testing results and their implementation.

The first section deals with the basic methods of designing the pipelined
application-specific processors, algorithms for the numerical modeling of the

physical phenomenon of the wave propagation in the rigid body.



The second section describes a general method for the hardware simulation of

the ultrasonic wave propagation in a solid.

The third section describes the experimental results of the wave propagation

simulation in the designed processor.
The conclusions describe the results of the work.

The work submitted 80 pages, contains a list of references to the used

literature.

Key words: FPGA, dispersion, ultrasound, synchronous data flow graph,

wave digital filter, pipeline.



PED®EPAT

MCTOI[ arImmapaTHoro MOoACIMPOBaHUA PaCIIPOCTPAHCHUA YIbTPAa3BYKOBEIX BOJIH B

TBEPAOM TeJIe

AKTYaJlbHOCTh TeMbl. UNCIIEHHOE MOAeIUpOoBaHUE (HU3UUIECKOTO SIBIICHUS
pacrpoCTpaHEHUs BOJIH JIE)KUT B OCHOBE MHOTHMX HMCCIENOBAHWM U BHEAPECHUI B
00JIaCTU aKYCTUKH, YJIbTPA3BYKOBOW TEXHUKH, PATUODIEKTPOHUKU. ATIMapaTHas
pealm3anusi TaKOTO MOJIECIVMPOBAHUSA IMO3BOJSIET CYLIECTBEHHO YCKOPUTH €ro Hu
yIy4IIATh 3PHEKTUBHOCTH MPUOOPOB, UCIIONB3YIOUIUX MPOLIECCH PACIIPOCTPAHEHUS
BoJH. COBpEMEHHBIE CPEICTBA TAKOTO MOJEIMPOBAHUS, KAK MPABUJIO, UCIIOIB3YIOT
CUCTEMBIl HA OCHOBE TpPaPUUYECKUX aKCEIepaTOpOB, KOTOPHIE BBITTOIHSIOT
napajuie/ibHble BBIYMCIICHUS C IUlaBaronieil 3ansatod. VX HegocTaTkamM SIBIISIFOTCS
BBICOKAsi CTOMMOCTH, OOJIBIIIOE SHEPTrONOTPeOICHNE, HEBBICOKAS HAJEKHOCTD.
[IpumeHeHue nporpaMMHUpPyEMBIX JIOTMYECKUX HHTEerpanbHbix cxem (IIVIMC) nns
MOJIEJIMPOBAHUSI BOJIHOBBIX IIPOILIECCOB IO3BOJSIET YBEIUYUTH OBICTPOJEHCTBHE,
YMEHBIIIUThH SHEPTrONOTPEOIECHUE U MOBBICUTH HAJIEKHOCTb CPEACTB, HCIOJIb3YIOLIUX
Takoe MmonenupoBaHue. [IpuuemM MoJenMpoBaHHE YIbTPA3BYKOBBIX MPOLIECCOB B
pEAIbHOM BPEMEHU MO3BOJISIET CO3/1aBaTh CPEACTBA YJIbTPA3BYKOBOW JTUATHOCTUKH C

IMOBBIIICHHBIM Ka4€CTBOM N3MCPACMBIX PC3YJIbTATOB.

O0bexTOM HCCJICI0BAHUSA SBJIAIOTCS BBICOKOIIPOHU3BOAWTCIILHBIC IIPOLICC-

COPBI [T MOAECTUPOBAHUS (PU3MUECKUX SIBICHUU.

IIpeamMeTroMm mccjeq0BaHUAL  SIBISIIOTHCS  QITOPUTMBIL U CTPYKTYPBI
KOHBEUEPHBIX CIEIIPOLIECCOPOB Il MOJACIUPOBAHUSL PACHPOCTPAHEHUSI BOJH B

TBEPJOM TeJIE.

He.]'lb paﬁoTbI: CO3JaHHUC MCTOJAa IIPOCKTHUPOBAHHA BBLICOKOIIPONU3BOJIH-
TCJIBHBIX IMPOICCCOPOB MOACIIMPOBAHUA aKYyCTUICCKHX HBHeHHﬁ, MMpCaAHa3HAYCHHbIX

st koHurypuposanus B [TJINC.



Haytmaﬂ HOBM3HA 3aK/III0YACTCA B CICAYIOIICM:

1. IIpennokeH ycoBEpIIEHCTBOBAHHBIM BOJIHOBOM aJIrOPUTM MOJEIUPOBAHUS
pacupoCTpaHEHUsl YJAbTpa3ByKa, KOTOPHIM 3aKIIOYAaeTCAd B MPEJCTABICHUN CPEIbI B
BU/JIE CUCTEMbI BOJIHOBBIX (PMJIBTPOB M OTJIMYAETCS TE€M, 4TO Ojarojaps peain3alnuu
MHOTOKaHAJIbHBIX (HIBTPOB € MPOrpaMMHUPYEMOIl 3aJepXKKOi, yMEHBIIAeTCs

IMOrp€HOCTbL MOACIIMPOBAHUS ,Z[PICHCpCHOHHOﬁ pacnpoCcTpaHCHU 3BYKaA.

2. Pa3zpaboTaH MeTOJ| anmapaTHOTO MOJEIUPOBAHUS PACIIPOCTPAHEHUS YJIIb-
TPa3BYKOBBIX BOJH B TBEPJIOM TEJ€, OCHOBAHHBIM Ha peajgu3allyd CHUCTEMbI BOJIHO-
BbIX (unbTpoB B [IJIMC u ornuyaeTcss BHICOKMM OBICTPOJCMCTBUEM 32 CUET TOTO,
4TO0 (QUIBTPHl HMMEIOT KOHBEHEPHYIO CTPYKTYPY M HCHOJB3YIOT OCOOEHHOCTU

apxurtektypsl [IJIUC.

IIpakTH4Yeckasi HEHHOCTH MOJYYEHHBIX B pad0Te pe3yJbTaTOB 3aKIH0YAETCS
B TOM, YTO CHUCTEMa MOJEIMUPOBAHUS, KOTOpasi HOCTPOEHA MO NPEIJI0KEHHOMY METO-
1y, MOKET ObITh OCHOBOUM MPUOOPOB yJIbTPA3BYKOBOM JUArHOCTUKH HOBOTO IMOKOJIE-

HHA, KOTOPBIC CITOCOOHBI Haxo4WTh U JOKAJIU30BATb HCOAHOPOAHOCTHU 0oJiee TOUHO.

Matepuansl paboThl UCIIOJB30BAaHbI B HAYYHO-UCCIIEOBATENBCKOM padoTe
«Y COBEpIICHCTBOBAHHBIE METOJIbI M CPEJICTBA MPOEKTUPOBAHUS KOHDUTYpHUPY-
€MBbIX KOMIIBIOTEPOB Ha OCHOBE OTOOpa)XX€HHsl MPOCTPAHCTBEHHOTro Tpada
CUHXPOHHBIX IIOTOKOB J@HHBIX B CTPYKTypbl Ha 0a3e mIporpaMMHUPYEMBIX
JIOTUYECKUX MHTErpalbHbIX cxem», No JIP.047U005087, mmudpp ®IOT-30T / 2017,
koropas npoBoautcs B HTYY "KIIU um. Urops Cukopckoro™.

Anpobauusi pa6oTbl. OCHOBHBIC TOJOXKEHUS U PE3yibTaThl pabOThI ObLIN
npencraBieHsl U obcyxnaanuck Ha 20-oif  MexayHaponHoil kKoHGepeHUUu
«CucremHbIil aHanu3 U uHpopManmoHHble TexHonorun» SAIT-2018, 21 — 24 mas
2018, Kue u wMexayHapoaHoi koHdpepeHunu "bezomacHocTh, OTKa30yCTOM-

yuBocTh, UaTEIIEKT" 10 — 12 Mag 2018, Kues.

CTpykrypa m 00beM padoTbl. Marucrepckas AuccepTalus COCTOUT W3

BBCACHU, TPCX I''IaB U BBIBOJOB.



Bo ssedenuu mpenctaBieHa oOuiasi XxapakTepUCTHKA pabOThl, MPOU3BEICHA
OLICHKa COBPEMEHHOI'O0 COCTOSHMS MpoOJieMbl, O0OOCHOBaHAa AaKTyaJbHOCTb
HaIpaBJICHUSI HWCCIEAOBaHUM, CHOPMYIHPOBAHBI TN W 33Ja4dl HCCIICIOBAHUM,
NOKa3aHO HAyYHYI) HOBU3HY MOJYYEHHBIX PE3YyJbTAaTOB U MPAKTUYECKYHO LIEHHOCTH

paboThl, IpUBEIEHBI CBEICHUS 00 anpoOanu pe3yabTaToB U UX BHEIPEHUE.

B nepsom paszdene paccMOTpPEHbI aITOPUTMbl MOJEIUPOBAHUS BOJHOBBIX
IOpOLIECCOB M MX M3BECTHBIC peaM3alliil B MapaiebHbIX BBIYMCIUTEIbHBIX

cucremax u [IJIUC.

Bo emopom pazoene pa3zpaboTaHbl BOJHOBON aJITrOPUTM MOJEIUPOBAHUS
pacrpocTpaHeHusl  yJiAbTpa3Byka W METOJ  alllapaTHOrO0  MOJEJIUPOBAHUS

pacupoCTpaHCHUA YJIbTPA3BYKOBBLIX BOJIH B TBEPJIOM TCJIC

B mpemvem pasoene uccienoBana 3 (HEKTUBHOCTh UCIOJI30BAHUS MPEAIIO-
KEHHBIX aJITOPUTMA MOJICTIMPOBAHUSI PACIPOCTPAHEHUS YIbTPA3ByKa U METOJ
anmapaTHOro MOJICJIMPOBAHMS Ha TNpPHUMEpPe MOICIUPOBAHUSA PACIPOCTPAHEHUS

yJIBTPA3yKOBOE€ BOJIH B IIMJIMHAPUYECKOM TEJIE.
B 6v1600ax nipencTaBiieHbl pe3yIbTaThl IPOBEICHHON PabOTHI.

PaGora IMMpeACTaBJICHA Ha 80 JUCTax, COACPKHUT CCBUIKKM Ha CIHCOK

HUCIIOJIb30BAHHBIX JIMTCPATYPHBIX UCTOYHUKOB.

KiroueBble ciaoBa: [UINMC, aucnepcusi, ynbTpa3ByK, Irpad CHHXPOHHBIX

MOTOKOB JIaHHBIX, BOJTHOBOU (PUIIBTP, KOHBEHED.
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INTRODUCTION

The numerical modeling of the physical phenomenon of the wave
propagation 1is the basis of many studies and implementations at the fields of
acoustics, ultrasound technology, and radio electronics. The hardware
implementation of such a simulation allows us to significantly accelerate and
improve the efficiency of devices that use the wave propagation processing. The
modern wave propagation simulators use typically the graphic processing units that
perform parallel floating-point calculations. Their drawbacks are high cost, high
power consumption, and low reliability.

So far three main approaches have been widely used: digital waveguide
modeling, modal modeling and finite element methods. Digital waveguide modeling
1s efficient and realistic, and captures the complete dynamics of the underlying
physics but is restricted to the bodies that are well-described by the one-dimensional
wave propagation equation. Modal synthesis is efficient yet abandons complete
dynamical description and hence cannot used for certain types of objects. Finite
element methods are realistic and capture the behavior of the constituent physical
equations but on current commodity hardware does not perform in real-time.

The digital waveguides offer efficient simulations for many cases for which
the wave scattering and dispersion is not taken into account. The key realization is
that the dynamic behavior of traveling waves, which is being used in the waveguide
synthesis, can be applied to individual modes and that the efficient computational
structure can be utilized to achieve an approximate dynamical description in the
neighborhood of modes. Such approach provides both the realistic sound propagation
modeling and hardware implementation, which utilizes the configurable resources of
middle volume field programmable gate array (FPGA).

This thesis proposes the digital waveguide synthesis, and its implementation
in FPGA as an approach to the real-time ultrasound process modeling, which is

based on the underlying physics.
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The use of FPGAs to simulate the wave processes allows us to increase
speed, reduce power consumption of tools that use this simulation. Moreover, the
real time simulation of the ultrasonic processes allows us to create the means of
ultrasound diagnostics with increased quality of measured results.

The object of the research is the high-performance processors for modeling
the physical phenomena.

The subject of the research is the structure of application-specific pipelined
processors for modeling the propagation of waves in a solid.

The objective is the creation of a method for designing the high-performance
processors for the simulation of the acoustic phenomena, which is intended for
configuring in FPGA.

To achieve the objective, the following tasks are solved in the dissertation:

1. The methods of the mathematical modeling of the wave propagation in
solids, and their comuter implementation are analysed.

2. The method of the waveguide modeling is analysed and its application to
the modeling the solids is investigated.

3. The method of hardware simulation of the propagation of ultrasonic waves
in a solid based on the waveguide models is developed.

4. The method of hardware simulation the propagation of ultrasonic waves is
adapted for its implementation in modern FPGAs.

5. The proposed method effectiveness is proven by modeling of the wave
propagations in the solid rod.

The research methods used in the work are based on the theory of graphs,
algorithm theory, modeling theory, theory of the wave propagation in solids,
combinatorial optimization methods, as well as theorems, assertions and implications
that are proved in the dissertation. The main provisions and theoretical evaluations
are confirmed by the results of simulation on a computer, as well as by tests of a

number of experimental and experimental samples of specialized calculators.
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Experimental verification of scientific positions, proposals and results was
carried out by designing computing tools by the developed method using their
description in standard VHDL language with their further simulation in the
simulator, compiling in the circuit and configuring the Xilinx FPGA.

The scientific novelty is as follows:

1. The ultrasound propagation wave modeling algorithm is improved, which
consists in representing the medium in the form of a system of the wave digital filters
and differs in that due to the implementation of the multichannel filters with the
programmable delays, resulting the decrease of the simulation error of the sound
propagation dispersion.

2. A method for the hardware simulation of the ultrasonic wave propagation
in a solid is developed, which is based on the implementation of the system of the
wave digital filters in the FPGA and is characterized by high speed due to the fact
that the filters have a pipelined structure and use the features of the FPGA
architecture.

The practical value of the obtained results is that the simulation system,
built on the proposed method, can be the basis of a new generation of the ultrasonic
diagnostic devices that are able to localize the heterogeneities more precisely.

The materials of the thesis were used in the research work "Advanced
methods and tools of designing the configurable computers on the basis of mapping
the spatial synchronous data flow graphs into the structure for FPGA", Ne
JP.0470005087, ®IOT-30T /2017, which is held at NTUU “Igor Sikorsky’s KPI”.

Approbation of the work.

Substantive provisions and results of the work were presented and discussed
at the 20-th International conference “System Analysis and Informational
Technologies”, SAIT-2018, May, 21 — 24, 2018, Kyiv, and at the International
Conference on Security, Fault Tolerance, Intelligence (ICSFTI12018), May 10 — 12,
2018, Kyiv.
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Publications of the work.

The main features of these investigations are published in two works. In the
work [1] the author has proposed an approach, which provides the modeling the
sound dispersion. In the work [2] the author has proposed the way to connect the
digital waveguides in a system, and provides the experimental results.

The structure and scope of the work.

Master's thesis consists of an introduction, four sections and conclusions.

The introduction provides a general description of the work carried out to
assess the current state of the problem, justified the relevance of research areas,
formulate goals and objectives of research shows the scientific novelty of the
obtained results and the practical value of the work, it shows the information about
the testing results and their implementation.

The first section deals with the basic methods of designing the pipelined
application-specific processors, algorithms for the numerical modeling of the
physical phenomenon of the wave propagation in the rigid body.

The second section describes a general method for the hardware simulation of
the ultrasonic wave propagation in a solid.

The third section describes the experimental results of the wave propagation
simulation in the designed processor.

The conclusions describe the results of the work.

The work submitted 93 sheets, contains a list of references to the used

literature.
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I METHODS AND TOOLS FOR THE DIGITAL WAVE PROPAGATION
MODELING

1.1 Basics of the mathematical modeling

It is impossible to imagine the modern science without a broad application of
the mathematical modeling. The essence of this methodology consists in replacing
the original object with its "image", which is the mathematical model, and in further
study of the model with the help of the algorithms implemented on the modern
computers. This method of cognition and design combines many of the virtues of
both the theory and the experiment. The investigator works not with the object itself
(phenomenon, process), but with its model. And this makes it possible to study its
properties and behavior painlessly, relatively quickly and without significant
expenditure in any conceivable situations.

At the same time, the computer simulation experiments with the object
models allow us to study the objects in detail and deeply in sufficient completeness
that is inaccessible to purely theoretical approaches. This experiment is based on the
extremely high power of the modern computing methods and technical tools of
informatics. It is not surprising that the methodology of mathematical modeling is
rapidly developing, covering all new areas — from the development of technical
systems and their management to the analysis of the most complicated economic and
social processes [3].

Technical, ecological, economic and other systems, which are studied by the
modern science are no longer subject to research (in the required completeness and
accuracy) by conventional theoretical methods. A direct full-scale experiment on
them is long, expensive, often either dangerous, or simply impossible, since many of
these systems exist in a "single copy." The price of mistakes and miscalculations in
handling them is unacceptably high. Therefore, the mathematical and information

modeling is an inevitable component of scientific and technological progress.
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The modeling method has a set of definitions.

Analogy is the establishing some similarities in the properties of the
unidentical objects. The conclusion by the analogy is based on the detected
similarities. The analogy gives not the reliable but the probabilistic knowledge. In the
conclusion by the analogy, the knowledge, which is derived from consideration of a
particular object ( "model"), is transferred to other, less explored and less available
object under research.

Modeling is a method of research the objects using their models.

Model is an analog of a particular fragment of reality.

Due to the nature of the model the following modelings are distinguished:

— material (substantive) modeling;

— perfect modeling, which is performed using formulas, algorithms, etc, i.e.
the mathematical modeling.

System approach is a combination of general methodological principles
(requirements), which are based on consideration of the object as a system. Among
these requirements are:

a) identifying the dependencies of each element on its place and function in
the system, taking into account that a property can not be reduced to the sum of the
properties of these elements;

b) analysis of how the behavior of the system is due to features of its
individual elements and properties of its structure;

¢) study of the mechanism of interaction of the system and the environment;

d) study of the hierarchy inherent in the system;

e) comprehensive and multidimensional description of the system;

g) consideration of the system as a dynamic integrity which is under
developing [5].

The formulation of the mathematical modeling of an object generates a clear
plan of action. It can be conditionally divided into three stages: the model, the

algorithm, and the program.
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At the first stage, the "equivalent" of the object is chosen, or constructed,
reflecting in its mathematical form the most important properties of the laws to
which it obeys, the connections inherent in its constituent parts, etc. The
mathematical model is studied by theoretical methods, which allows the investigator
to get the important preliminary knowledge about the object.

The second stage is the choice or development of the algorithm for
implementing the model on the computer. The model is presented in a form, which is
convenient for the application of the numerical methods. Next, a sequence of
computational and logical operations is determined, which must be done in order to
find the desired quantities with a given accuracy. The computational algorithms
should not distort the basic properties of the model and, consequently, of the original
object, be economically effective and adapted to the specific features of the tasks
being solved and the computers used.

At the third stage, the programs are created that "translate" the model and
algorithm into a computer-accessible language. They are also subject to the
requirements of economy and adaptability. They can be called the "electronic"
equivalent of the studied object, already suitable for direct testing on an
"experimental setup" — a computer. At this stage, the application-specific computer
can substantially improve the economic and/or time limitations of the mathematical
experiment.

Having created the triad "model-algorithm-program", the researcher gets a
universal, flexible and inexpensive tool. At first, this tool is debugged and tested in
the testing computing experiments. Then, the adequacy, or sufficient correspondence
of the triad to the source object is certified. And finally, various and detailed
experiments are implemented with the model, giving all the required qualitative and
quantitative properties and characteristics of the object. The modeling process is
accompanied by the improvement and refinement, as necessary, of all links of the
triad "model-algorithm-program".

The mathematical modeling is based on a set of the following principles.
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1) Fundamental laws of the nature

The most common method of constructing a model is to apply the
fundamental laws of the nature to a specific situation. These laws are generally
recognized, repeatedly confirmed by the experience, they are the basis of many
scientific and technical achievements. Therefore, their validity is beyond doubt,
which, among other things, provides the researcher with the powerful support. On
the foreground are questions related to which laws should be applied in this case and
how to do it. The most common fundamental laws are the following:

— conservation of energy,

— conservation of matter,

— persistence of momentum.

A particular case of the conservation of matter is the Kirchhoff's law,
according to which the sum of the flows of matter entering a certain node is equal to
the sum of the outflows.

2) Variational principle

Another approach to constructing the models is to apply the so-called
variational principle. It represents very general statements about the object under
consideration (the system, the phenomenon) and says that of all the possible variants
of its behavior (movement, evolution), only those are selected, that satisfy a certain
condition. Usually, according to this condition, some value associated with the object
reaches an extreme value when it changes from one state to another.

3) Application of analogies

In many situations of a model design, either it is impossible to directly
indicate the fundamental laws or variational principles, or, there is no certainty about
the existence of such laws permitting mathematical formulation. When trying to
construct a model of an object in these conditions, one of the fruitful approaches to

these kinds of objects is the use of analogies with already studied phenomena.
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4) Hierarchical approach

Only in rare cases it is convenient and justified to construct the mathematical
models of even relatively simple objects at once in their entirety, taking into account
all the factors essential for its behavior. Therefore, a natural approach is usually used,
that realizes the principle of "from simple to complex", when the next step is done
after a sufficiently detailed study of a not very complex model. In this case, a chain,
of hierarchy of more and more complete models appears, each of which generalizes
the previous ones, including them as a special case.

5) Nonlinearity in the mathematical models

The simplicity of most models is largely related to their linearity.
Mathematically, this important concept means that the superposition principle holds,
that is, any linear combination of solutions (for example, their sum) is also a solution
of the problem. Using the principle of superposition, it is not difficult to find a
solution in any particular case, to construct a solution in a more general situation.
Therefore, the qualitative properties of the general case can be judged from the
properties of the particular case, i.e. the difference between the two solutions is only
quantitative. In the case of linear models, the response of an object to a change in
some conditions is proportional to the magnitude of this change.

For the nonlinear phenomena, whose mathematical models do not obey the
superposition principle, the knowledge about the behavior of a part of the object does
not yet guarantee knowledge of the behavior of the entire object, and its response to
changing conditions can qualitatively depend on the magnitude of this change.

Most of the real processes and the corresponding mathematical models are
nonlinear. Linear models also correspond to very special cases and, as a rule, serve
only as a first approximation to reality.

The process of constructing models can be conditionally divided into the
following stages.

1) The construction of the model begins with a verbal and semantic

description of the object or phenomenon. In addition to general information about the
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nature of the object and the purposes of its investigation, this stage may also contain
certain assumptions (a weightless rod, a thick layer of matter, rectilinear propagation
of sound rays, etc.). This stage can be called the formulation of the pre-model.

2) The completion of the idealization of the object. All factors and effects
that appear to be not the most significant for his behavior are discarded. If possible,
1dealizing assumptions are written in mathematical form so that their fairness can be
quantified.

3) The choice or formulation of a law (variational principle, analogy, etc.), to
which the object obeys, and its recording in mathematical form. If necessary,
additional information is used to the object, also written mathematically (for
example, the constancy of the value of the phase frequency for all trajectories of the
sound rays, which follows from the geometry of the problem). It should be borne in
mind that even for simple objects the choice of the corresponding law is by no means
a trivial task.

4. Arrangement of the boundary conditions of the model. For example, the
investigator needs to specify the information about the initial state of the object or
other characteristics of the object without knowing which it is impossible to
determine the behavior of the object. Finally, the goal is to study the model (to find a
law, to determine the requirements for the modeled design etc.).

5. The constructed model is studied by all methods available to the
researcher, including with mutual verification of various approaches. Unlike the
simplest cases, most models do not lend themselves to a purely theoretical analysis,
and therefore it is necessary to make extensive use of computational methods.

As a result of the study of the model, not only the goal is achieved, but it
must be established in all possible ways (by comparison with practice, comparison
with other approaches) its adequacy. The adequacy is the conformity to the object
and the formulated assumptions. An inadequate model can produce a result that is
arbitrarily different from the true and the result and must either be discarded or

appropriately modified.
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1.2 Finite difference schema and the finite element method

There is a very wide class of models, those that reduce the differential
equations to the finite difference equations. For them, the process of creating the
computational algorithm consists of two main stages. On the first stage, the discrete
analogue of the original model is constructed and its properties are studied. On the
second stage, the discrete equations are solved numerically.

The transition from a continuous to a discrete model is divided into two
stages. On the first stage, the modeled domain is quantized. In this process, a finite
number of points are selected. In the one dimensional model this number is N. In the
two dimensional model this number is N;- N,, and so on. The simplest method is
uniform division. The set of these points is a uniform difference grid with step 4, the
points X; are its nodes. All functions appearing in the continuous model are now
considered as the grid functions of a non-continuous argument, and a discrete
argument.

In the second stage, discrete analogues of the differential equation and input
data are constructed. The most natural discretization of a differential operator is the
replacement of the derivatives by the corresponding finite differences. For the wave
propagation modeling, the step /4 is usually selected in the range of (0.01 — 0.2)A,
depending on the model precision and stability, where A is the considered minimum
wave length of the sound, electromagnetic or other field [4].

Thus, at least two requirements are required for discrete models:
approximation of the initial model and its stability. Then for a sufficiently accurate
numerical solution of the difference equations (as a rule, they are systems of linear
and nonlinear algebraic equations of order N, where N is the number of grid nodes)
and sufficiently small steps yields a fairly accurate approximate solution [6].

Consider the 2-dimensional model of a bar, which dimensions are
100A-10A-10A. Then, considering the minimum step is 2= 0.01A, the grid number is
equal to N = 10" nodes. Consider the node step is calculated for 100 clock cycles of

the processor taking into account the data interchanges between the nodes. Then, a
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single modeling step is calculated on a single modern processor unit approximately
for 1000 seconds, and a single modeling experiment will last ca. 6000 hours. This
means that in this situation when the ultrasound wave propagation is investigated, the
modeling is implemented in the time scale 1 to 5-10"°. This is much far from the real
time modeling. And this ratio could not be decreased dramatically even by the
utilization of the GPU units or supercomputers.

Moreover, in the case of the nonlinear equations the number of the modeling
steps has to be increased in many times, because these equations are solved by the
respective methods of successive approximations or iterative procedures [3,6].

As aresult, it has be emphasized that the number of nodes cannot be too large
(h 1s not too small), since a numerical solution must be found for an acceptable
number of operations, i.e. using the real grids.

And even the node number and the step & are selected as an optimum value,
then it is obviously that the modeling of the wave propagation in the solid body

could not be implemented in real time on the base of the Finite difference schema.

1.3 Method of the digital waveguide modeling

The developed in eighteens digital waveguide method follows a different
path to the physical model: the wave equation is first solved in a general way to
obtain the traveling waves in the medium interior. The traveling waves are explicitly
simulated in the waveguide model, in contrast to computing a physical variable. The
traveling waves must be summed together to produce a physical output. In the
lossless case, a traveling wave between two points in the medium can be simulated
using nothing but a digital delay line. In the general linear case, in which there are
frequency-dependent losses and dispersion, the commutativity of linear time-
invariant systems allows the losses and dispersion to be lumped at discrete points
such that most of the simulation still consists only simple delay lines. This is
essentially why computational costs are so low in the waveguide synthesis

algorithms [7].
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The Morse wave equation for the ideal lossless, linear, flexible body,

depicted in Fig. 1.1, is given by

2 2

d
Kﬁy(t,x) =€ 2Y;

where K is string tension,

€ 1s linear mass density,

y string displacement.

y(tx) T cumulative wave
Tension € = mass/length
0 —> o X
oV
Traveling wave components
at time 7,

Fig.1.1. The ideal vibrating bar

The same wave equation applies to any perfectly elastic medium, which is

displaced along one dimension. For example, the air column of a clarinet or organ

pipe can be modeled using the one-dimensional wave equation, substituting air

pressure deviation for string displacement, and longitudinal volume velocity of air in

the bore for transverse velocity on the string. We refer to the general class of such

media as one-dimensional waveguides. Extensions to two and three dimensions and

more are also possible.

It can be readily checked that the wave equation is solved by any wave shape

which travels to the left or right with speed ¢ = \/K/e . If we denote right-going

traveling waves by y,(x — cf), and left-going traveling waves by y,(x +ct) , where y,
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and y, are arbitrary twice-differentiable functions, then the general class of solutions
to the lossless , one-dimensional, second-order wave equation can be expressed as
y(,x) = y(x — ct) + yi(x +ci).

To carry the traveling-wave solution into the digital domain, it is necessary to
sample the traveling-wave amplitudes at intervals of 7" seconds, corresponding to a
sampling rate f; = 1/T samples per second. The natural choice of spatial sampling
interval X is the distance sound propagates in one temporal sampling interval 7, or
X = cT meters. In a traveling-wave simulation, the whole wave moves left or right
one spatial sample each time sample; hence, simulation only requires digital delay
lines.

Formally, sampling is carried out by the change of variables

X =X, = mX.
t >t,=nT.
Substituting into the traveling-wave solution of the wave equation gives
V(tpXpy) =y, (t,— x,/c) +y, (t, — x,/c) =
=y, [(n—m)T] +y, [(n + m)T]. (1.1)

Since T multiplies all arguments, let 's suppress it by defining

y'(n) =y, (nT) y(n) =y, (nT)

This notation also introduces a “+” superscript to denote a traveling-wave
component propagating to the right , and a “-” superscript to denote propagation to
the left.

The term y, [(n — m)T] = y"(n — m) can be thought of as the output of an m-
sample delay line whose input is y*(n). In general, subtracting a positive number m
from a time argument n corresponds to delaying the waveform by m samples. Since
y" is the right-going component, its delay line is placed with input y'(n) on the left
and its output y*(n — m) on the right. This can be seen as the upper rail in Fig. 1.2.

Similarly, the term y, [(n + m)T] = y'(n + m) can be thought of as the input to
an m-sample delay line whose output is y(n). Adding m to the time argument n

produces an m-sample waveform advance. Since vy, is the left-going component , it
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makes sense to draw the delay line with its input y (n + m) on the right and its output
y (n) on the left . This can be seen as the lower rail in Fig. 1.2. Note that the position
along the bar, or string, x,, = mX = mcT meters, is laid out from left to right in the
diagram, giving a physical interpretation to the horizontal direction in the diagram.
Finally, the left- and right-going traveling waves must be summed to produce a

physical output according to the formula
Yt Xn) = ¥ (0 —m) +y (n +m). (1.2)

We may compute the physical string displacement at any spatial sampling
point xm by simply adding the upper and lower rails together at position m along the
delay-line pair. In Fig. 2, the transverse displacement outputs have been arbitrarily
placed at x = 0 and x = 3X.

A more compact simulation diagram, which stands for either sampled or
continuous simulation is shown in Fig. 3. The figure emphasizes, that the ideal,
lossless waveguide is simulated by a bidirectional delay line.

Any ideal one-dimensional waveguide can be simulated in this way. It is
important to note that the simulation is exact at the sampling instants, to within the
numerical precision of the samples themselves provided that the wave shapes
traveling along the string are initially band limited to less than half the sampling
frequency. In other words, the highest frequencies present in the signals y, () and
yi(t) may not exceed half the temporal sampling frequency f; = 1/T; equivalently, the
highest spatial frequencies in the shapes y,(x/c) and y,(x/c) may not exceed half the

spatial sampling frequency vg= 1/X.
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Fig.1.2. Digital simulation of the ideal, lossless waveguide
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Fig. 1.3. Simplified picture of ideal waveguide simulation.
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The bandlimited spatial interpolation may be used to construct a
displacement output for an arbitrary x not a multiple of c7, as suggested by the
output drawn in Fig. 3. Similarly, the bandlimited interpolation across time serves to
evaluate the waveform at an arbitrary time not an integer multiple of 7.

Ideally, bandlimited interpolation is carried out by convolving a continuous
sinc function sinc(x) = sin(7x)/7x with the signal samples. Specifically, convolving a
sampled signal x(z,) with sinc[(z, — #,)/T] evaluates the signal at an arbitrary
continuous time fy. The sinc function is the impulse response of the ideal lowpass
filter, which cuts oo at half the sampling rate.

In practice, the interpolating sinc function must be windowed to a finite
duration. This means the associated lowpass filter must be granted a transition band
in which its frequency response is allowed to roll off to zero at half the sampling
rate. The interpolation quality in the pass band can always be made perfect to within
the resolution of human hearing by choosing a sufficiently large product of window-
length times transition-bandwidth. Given audibly perfect quality in the pass band,
increasing the transition bandwidth reduces the computational expense of the
interpolation.

This is one reason why oversampling at rates higher than twice the highest
audio frequency is helpful. This topic is described further in [8].

We have thus far considered discrete-time simulation of traveling

displacement waves y* in the ideal bar. It is equally valid to choose traveling velocity

d + . d2 + d2 +
Ve o= 7‘% acceleration a* = gtl’ or slope waves Ex% , or perhaps some other

derivative or integral of displacement with respect to time and /or position.

The conversion between various time derivatives can be carried out by means
integrators or diierentiators. Since integration and differentiation are linear operators,
and since the traveling wave arguments are in units of time, the same conversion

formulas hold for the traveling wave components y*; v°; a .
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In discrete time, integration and differentiation can be accomplished using

digital filters [9]. Commonly used approximations are shown in Fig. 1.4.

dy(nT, &) YT, &) '(nT.
y(nT, §) y'(nT, &)
oo SO di I .
» 7! ,k“) > —»Q ¥ . >
Z_l

a) b)
Fig.1.4. Simple approximate conversions between time derivatives in the discrete-
time case: a) the first-order difference, b)the first-order leaky integrator with loss

factor g < 1.

The first-order approximations in Fig.1.4 are accurate though scaled by T at
low frequencies relative to half the sampling rate, but they are not best
approximations in any sense other than being most like the definitions of integration
and differentiation in continuous time. Much better approximations can be obtained
by approaching the problem from a digital filter design viewpoint [10]. Arbitrarily
better approximations are possible using higher order digital filters. In principle, a
digital differentiator is a filter whose frequency response H(®) optimally
approximates jo for —n7 < ® < ©t7.

Similarly, a digital integrator must match 1/j® along the unit circle in the z
plane. The reason an exact match is not possible is that the ideal frequency responses
jo and 1/jo, when wrapped along the unit circle in the z plane, which is the
frequency axis for discrete time systems, are not simple functions anymore. As a
result, there 1s no filter with a rational transfer function [i. e., finite order that can
match the desired frequency response exactly.

In addition to time derivatives, we may apply any number of spatial
derivatives to obtain yet more wave variables to choose from. The first spatial

derivative of the bar displacement yields slope waves:
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d
y'(tx) = (t.x) =y’ (t=x/c) + y’((t + x/c)

or, in discrete time,

Y (twxn) =y’ TmX) =y (n—m) +y (n + m) =
= %[v_(n + m)—vi(n-m)].

From this we conclude that v~ = ¢y’", and v" = cy’". That is, the traveling
slope waves can be computed from traveling velocity waves by dividing by ¢ and
negating in the right-going case. Physical bar slope can thus be computed from a
velocity-wave simulation by subtracting the upper rail from the lower rail and
dividing by c.

dy”

2.+
By the wave equation, the curvature waves are y”’ = I /c*, are essentially

identical to the acceleration waves.

In the field of acoustics, the state of a vibrating bar at any instant of time ¢, is
normally specified by the displacement y(#y,x) and velocity v(zy,x) for all x. Since the
displacement is the sum of the traveling displacement waves and velocity is
proportional to the difference of the traveling displacement waves, one state
description can be readily obtained from the other.

In summary, all traveling-wave variables can be computed from any one, as
long as both the left- and right-going component waves are available. Alternatively,
any two linearly independent physical variables, such as displacement and velocity,
can be used to compute all other wave variables. The wave variable conversions
requiring the differentiation or integration are relatively expensive since a large-order
digital filter is necessary to do it right. The slope waves can be computed from
velocity waves by a simple scaling, and vice versa, and curvature waves are the same
as acceleration waves to within a scale factor.

In the absence of other factors dictating a choice, the velocity waves are a
good overall choice because, firstly, it is numerically easier to perform the digital

integration to get the displacement than it is to differentiate the displacement to get
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the velocity, secondly, the slope waves are immediately computable from the
velocity waves.

At an arbitrary point x along the rigid bar, the vertical force applied at time ¢
to the portion of a bar to the left of position x by the portion of a bar to the right of
position x is given by

fi(t,x) = Ksin(0) = Ktan(0) = Ky’(t,x),
assuming that [y’(£,x)| <<'1, as is assumed in the derivation of the wave equation.
Similarly, the force applied by the p ortion to the left of p osition x to the p ortion to
the right is given by
f(t,x) = —=Ksin(0) = —Ky’(t,x).

These forces must cancel since a nonzero net force on a massless point would
produce infinite acceleration.

The vertical force waves propagate along the bar like any other transverse
wave variable,[Isince they are just slope waves multiplied by tension K. Either f; or f,
as the force wave variable, one being the negative of the other. It turns out that to
obtain a unifcation of vibrating bars, strings and air columns, f, has to be picked, the
one that acts to the right. This makes sense intuitively when one considers
longitudinal pressure waves in an acoustic tube: a compression wave traveling to the
right in the tube pushes the air in front of it and thus acts to the right. Thus, the force
wave variable is defined to be

fit,x) =f,(t,c) = — Kv(t,x).

Substituting from above, the following is got
K
fit,x) = ;[vr(t —x/c) — vt +x/¢)].

Note that K/c = K/ \|K/e =~/Ke. This is a fundamental quantity known as the

wave impedance of the body, which is also called the characteristic impedance,

denoted as R = =/KEe.
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The wave impedance can be seen as the geometric mean of the two

resistances to displacement: tension, or spring force, and mass, or inertial force. Note

that R = K/c = €c since ¢ = \/ﬁe
The digitized, traveling, force-wave components become
fi(n) = Rv'(n); (1.3)
f(n) =—=Rv (n).

which gives us that the right-going force wave equals the wave impedance times the
right-going velocity wave, and the left-going force wave equals minus the wave
impedance times the left-going velocity wave. Thus, in a traveling wave, force is
always in phase with velocity, considering the minus sign in the left-going case to be
associated with the direction of travel rather than a 180° phase shift between force
and velocity. Note that if the left-going force wave were defined as the string force
acting to the left, the minus sign would disappear.

In the rigid cylindre context, the wave impedance is given by

pc
A s

R=
where p is the mass per unit volume of the material, ¢ is sound speed, and A is the
cross-sectional area of the cylindre. Note that if the particle velocity is chosen rather
than the volume velocity, the wave impedance would have been R = pc instead, the
wave impedance in open air.

In any real vibrating bar, there are energy losses due to the yielding
terminations, drag by the surrounding air, and internal friction within the bar. While
the losses in solids generally vary in a complicated way with frequency, they can
usually be well approximated by a small number of odd-order terms added to the
wave equation. In the simplest case, the force is directly proportional to the

transverse velocity, independent of frequency. If this proportionality constant is W,

the modified wave equation is obtained:

& & d
Ka2y(tx) =€5.2y + 1,
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Thus, the wave equation has been extended by a first-order term, i.e., a term
which is proportional to the first derivative of y with respect to time. More realistic
loss approximations would append the terms, which are proportional to the third, and
fifth derivatives of y, giving the frequency-dependent losses.

It can be checked that for small displacements, the following modified
traveling wave solution satisfies the lossy wave equation:

y(t,x) = e W2y (1 — x/c) + €Myt + x/c).

The left-going and right-going traveling-wave components decay exponent-
tially in their respective directions of travel.

Sampling these exponentially decaying traveling waves at intervals of T

seconds or X = ¢T meters gives

Y(tpx,) = g "y (n—m) + "y (n —m),

where g = e "7,
The digital simulation diagram for the lossy waveguide is shown in Fig. 1.5.
Note, that the simulation of the decaying traveling-wave solution is exact at the
sampling positions and instants, even though losses are admitted in the wave
equation. Note also, that the losses, which are distributed in the continuous solution
have been consolidated, or lumped, at discrete intervals of ¢7 meters in the
simulation. The lumping of distributed losses does not introduce an approximation
error at the sampling points. Furthermore, the bandlimited interpolation can yield the

arbitrarily accurate reconstruction between samples. The only restriction is again that

all initial conditions and excitations be bandlimited to half the sampling rate.
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Fig.1.5. Discrete simulation of the ideal, lossy waveguide with the loss factor g

In many applications, it is possible to realize vast computational savings in

waveguide simulation by commuting losses out of unobserved and undriven sections

of the medium and consolidating them at a minimum number of points. Because the

digital simulation is linear and the time invariant given constant medium parameters

K, €, I, and because the linear, time-invariant elements commute, the diagram in Fig.

1.6 is exactly equivalent to within numerical precision to the previous diagram in

Fig.1.8.
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Fig.1.6. Discrete simulation of the ideal, lossy waveguide with the loss factor g,

when the number of the factor multipliers 1s minimized
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In the nearly all natural wave phenomena, the losses increase with frequency.
The largest losses in the real bars occur at the frequencies, which couple to body
resonances. There are also losses due to air drag and internal bulk losses, which
increase monotonically with frequency. Similarly, air absorption increases with
frequency, providing an increase in propagation loss for sound waves in air [11].

The solution to the lossy wave equation can be generalized to the frequency-
dependent case. Instead of the factors g distributed throughout the diagram, the
factors are now G(®) . These loss factors, implemented as digital filters, may also be
consolidated at a minimum number of points in the waveguide without introducing
an approximation error.

In an efficient digital simulation, each lumped loss factor G(®) is to be
approximated by a rational frequency response G(¢/’®). In general, the coefficients of
the optimal rational loss filter are obtained by minimizing |G(®) — G(eij)| with
respect to the filter coefficients or the poles and zeros of the filter. To avoid the
introducing the frequency-dependent delay, the loss filter should be a zero-phase,
fnite-impulse-response (FIR) filter [9]. Restriction to zero phase requires the impulse
response g(n) to be finite in length 1.e., an FIR filter and it must be symmetric about
time zero, 1. €., g(-n) = g(n). For the real-time implementations, the zero-phase FIR
filter can be converted into a causal linear phase filter by “stealing” delay from the
loop delay lines in an amount equal to half the impulse response duration.

The stiffness in a long vibrating bar introduces a restoring force proportional

to the fourth derivative of the displacement [11,12]:
2 2
d

d d
e 2= Km(t,x} - kﬁy(t,x) ;
where for a cylindre of radius a and Young's modulus Q, the moment constant & is

equal to k = Qna'/4.
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At very low frequencies, or for very small k, we return to the non-stiff case.
At very high frequencies, or for very large k, we approach the ideal bar, in which the
stiffness 1s the only restoring force. At intermediate frequencies, between the ideal
string and bar, the stiffness contribution can be treated as a correction term [1[13].
This is the region of most practical interest because it is the principal operating
region for a bar. The frst-order effect of the stiffness is to increase the wave

propagation speed with frequency:

Jee*—
c(m) = ¢y (1 + 2Kc02] , (1.4)

where ¢ is the wave travel speed in the absence of the stiffness. Since the sound
speed depends on the frequency, the traveling waveshapes will disperse as they
propagate along the bar. That is, a traveling wave is no longer a static shape moving
with speed ¢ and is expressible as a function of ¢ + x/c. In a stiff bar, the high
frequencies propagate faster than the low-frequency components. As a result, a
traveling velocity step, such as would be caused be a hammer strike, unravels into a
smoother velocity step with high-frequency ripples running out ahead.

In a digital simulation, a frequency-dependent speed of the propagation can
be implemented using the allpass filters, which have a non-uniform delay versus
frequency. Note that every linear, time-invariant filter can be expressed as a zero-
phase filter in cascade with an allpass filter. The zero-phase part implements
thefrequency-dependent gain damping in a digital waveguide, and the allpass part
gives the frequency-dependent delay, which in a digital waveguide yields the
dispersion. Every linear wave equation with constant coefficients, regardless of its
order, corresponds to a waveguide, which can be modeled as a pure delay and a
linear, time-invariant filter, which simulate propagation over a given distance.

A rigid termination is the simplest case of a long bar termination. It imposes
the constraint that the bar, or string cannot move at all at the termination. If we
terminate a length L ideal string at x = 0 and x = L, we then have the boundary

conditions:
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v(t,0) =0, y(L)=0.

Since y(,0) = y(t) + y(t) = y"(W/T) + y (t/T) and y(t,L)= y{t-L/c) + y(t+L/c),

the constraints on the sampled traveling waves become

y'(n)=—y(n);
y (n+N/2) = —y' (n-N/2).

where N =2L/X is the time in samples to propagate from one end of the string to the
other and back, or the total string loop delay. The loop delay is also equal to twice
the number of spatial samples along the string. A digital simulation diagram for the
terminated ideal string is shown in Fig. 1.7. A pick-up is shown at the arbitrary
location x = .

The damping should increase at higher frequencies for better realism of the
wave propagation modeling. This means the loss factors g are replaced by the digital
filters having gains which decrease with the frequency and never exceeding 1. These
filters commute with delay elements because they are time invariant. Thus, following
the reasoning above, they can be lumped at a single point in the digital waveguide.
Let G(z) denote the resulting string loop filter. We have the constraint |G(¢/ “’T)| <1,
and making it zero or linear phase will restrict consideration to symmetric FIR filters
only.

In the simplest case of a first-order low pass loss filter, G(z) = by + b; 7', the
linear-phase requirement imposes by = by . Assuming the damping approaches zero at
the frequency zero implies by + by = 1 . Thus, two equations in two unknowns
uniquely determine the coefficients to be by = b; = %2, which gives a string loop
frequency response equal to G(¢/*") = cos(07/2), || < 7f;.

The simulation diagram for the ideal string with the simplest frequency-
dependent loss filter is shown in Fig. 1.8. This is the structure of the Karplus-Strong
algorithm [14, 15].
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Fig.1.8. Rigidly terminated string with the simplest frequency-dependent loss filter.

Starting with the traveling-wave solution to the wave equation and sampling
across time and space, a modeling framework known as the digital waveguide
approach is obtained. Its main feature is computational economy in the context of a
true physical model. Successful computational models have been obtained for

several musical instruments of the string and wind families, and more are on the way.
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1.4 Improvements of the digital waveguide modeling method

In [15], the digital waveguide modeling method is considered from the
opposite side. The authors propose the model for the acoustic wave investigations,
which is based on the electric models of the wave processes. Then, different
electrical network elements represent the elements of the mechanical model. The
resistor represents the damping element in the lossy waveguide, inductance
represents the differentiating element for the displacement, capacitance does the
differentiating element for the velocity and so on. The multiport parallel adaptor is
added to the theory for connecting together different waveguides. The resulting
model is sampled form a set of blocks, which are connected to each other through
their ports in the similar manner. This theory is based on the prominent fundamental
work [17], which described in [18] as well.

Block-based physical modeling allows us to build the digital sound synthesis
algorithms with a great variety of models, including linear and nonlinear lumped and
distributed parameter systems. An interconnection strategy based on the wave digital
principle guarantees the computability of the resulting algorithms. They can be
generated by an automated synthesis strategy based on the binary connection tree.

Local waveguides and their connections can form a mesh, which models
some rigid body. In the work [19], a formulation of a specific finite difference time
domain model structure is proposed, which is based on this principle. This
formulation allows for high flexibility in building 1D or higher dimensional physical
models from interconnected blocks.

In this model, the local properties of the waveguide are modeled using the
special wave digital filters, which selection was shown in [20]. Analogous approach
1s proposed in [21].This approach is expanded and widely described in a book [22].

The real rigid body with the limited dimensions has the nonlinear acoustic
properties. These properties can be taken into account by the special digital filters,
proposed in [23]. In [24] the allpass filters are proposed to realize the nonlinear

delays in the objects. In [25,26] this approach is expanded to a set of nonlinearities.
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As usual, the modeling of the wave propagation is performed on the usual
computers and servers. In [27], the application specific parallel system of the
microprocessors is proposed, which performs this task in real time.

In [28], the modeling structure is proposed which is implemented in FPGA. It
provides the real time sound synthesis up to the several megahertz range. The similar
method is used in the model of the piano, which is performed in real time in FPGA
[29].

So, the modeling of the wave propagation in the solid bar can be
implemented using the methods of the digital waveguides, which can be performed

in FPGA.

1.5 Preliminary conclusions

In this section, the basics of the mathematical modeling, finite difference
schema and the finite element method, and method of the digital waveguide
modeling were considered.

It was defined that the method of the digital waveguide modeling is effective
one. It provides simple but precise modeling of the sound wave propagation in the
solid bodies taking into account the nonlinearities, space dimensions of the object.

The waveguide modeling method has a set of improvements directed to the
increase of the model adequacy application it to the different body configurations.

The simplicity of the waveguide model helps to perform it in real time
utilizing the computer system with the medium performance. There are many efforts
to implement the method in the hardware of the modern FPGA. These efforts show
that the modeling can be implemented in real time for the high frequency sounds.

We can make a conclusion that the digital waveguide method is perspective
one and it must be improved. The improvements must deal with the taking into
account the dispersion of the sound propagation, adding the ability to correct the

model dynamically.
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A new method of the hardware modeling of the ultrasound wave propagation
in the solid bodies has to be developed. This method is based on the digital
waveguide method, and designing the application specific processor implemented in
FPGA.

In the next section, the theoretical basics of the new methods are developed,

which satisfy the mentioned above features.
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2 METHOD OF THE HARDWARE MODELING OF THE ULTRASOUND
WAVE PROPAGATION IN THE SOLID BODIES

2.1 Features of ultrasound propagation in a rod

In the previous section we discussed the acoustic wave propagation in the
1deal area, not to consider the nonlinear effects. And it is shown that this physical
process is effectively modeled using the waveguide model. But when the ultrasound
propagation is investigated in the real stiff rods, then the model must be improved.

Firstly, we take some definitions and relations.

The phase velocity v, of a harmonic wave is the velocity of displacement in
the space of a point at which the phase of the wave remains constant, and is equal to

x @
EarT ke
where k = 21/A = ®/ vy is the wave number;

A 1s the wave length.

Consider the ultrasound signal ®y=6,2 -10° rad/s, v, = 3000 m/s, then
k = 6,2-10°/3000 = 2100 rad/m = 0,3 periods per millimeter. If the ultrasound signal
has the frequency fy = 3 MHz, then A= 1 mm.

The dependence of the phase velocity on the wavelength (wave number or
frequency) is called the dispersion of the wave. If there is a dispersion in the system,
then the frequency o is a nonlinear function of the wave number k and vice versa.

The limiting value of the sound envelope velocity characterizes the motion of
a wave group (wave packet) and is called the group velocity. The group and phase

velocities are related to the following relation (Rayleigh formula):

dv

—vp+k—p——vp dA
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The waves that characterize the change in the shape of an element of the

medium with an unchanged volume. are called the distortion waves or shear waves.

They propagate at a constant rate ¢, = \/% and do not have dispersion.

The ratio of the propagation velocities of the elastic shear waves and the

waves of the expansion-compression depends only on the Poisson's ratio v:

B = Cr 1 -2v
oo 2-2v

It is known that the Poisson's ratio for various materials varies within
0 <v<0.5. For the steel material v = 0,29.

The stretch-compression wave is called the longitudinal wave, and c, is the
propagation velocity of the longitudinal wave.

The shear wave is called the transverse wave, and c; < ¢, is the propagation
speed of the transverse wave.

In an infinite medium, the stretching-compression waves (p-waves) and the
shear waves (s-waves) propagate independently of each other. The waves of different
types can transform into each other, interacting with the medium surface.

When the waves are mutually transformed, a combination of p and s
components can arise, such that the perturbation will be a wave traveling along the
boundary and abruptly damped as it moves deeper into the half-space. These waves
are called Rayleigh surface waves. The Rayleigh wavest does not have the
dispersion, its cg speed is a constant value for each material.

The normal waves in a layer that have particle displacements both in the
direction of wave propagation parallel to the plane of the layer, and perpendicular to
the plane of the layer, are called Lamb waves.

The Lamb waves are divided into two groups: symmetrical (s) and
antisymmetric (a) with respect to the median plane.

The Lamb waves have the dispersion, their velocities are functions of

frequency.
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A definite finite number of symmetric and antisymmetric normal waves can
propagate simultaneously at a frequency  in a layer. These waves will differ among
themselves by phase and group velocities and the distribution of displacements (and
stresses) along the thickness of the layer. The number of normal waves increases
with increasing ratio Wh/c,, where c; is the velocity of propagation of the shear waves
in an unbounded medium.

Consider a cylindrical rod. Due to the theory, the primary longitudinal wave
with the phase velocity c,, and the secondary transverse wave with the velocity c;,
cs < ¢, are propagated in the solid bars [30]. The waves of different types can be
transformed into each other interacting with the media boundaries. Besides, the
longitudinal waves have the dispersion, i.e. its velocity ¢, depends on the wave

length A. The velocity ¢’, in a cylinder is approximated as follows [30]:
2
V'
¢ = co(l - Afj, @2.1)

where a is the cylinder radius.

But this approximation is correct only for the long waves. Fig. 2.1 illustrates
the ratio ¢’,/c, , and more realistic ratio c,/c, depending on the ratio a/A for the steel
rod. It shows that when the wavelength becomes shorter than the rod radius then the
velocity approaches to 0.576¢, [30].

The antisymmetric normal waves also have dispersion but in the low-

frequency range. The phase velocity of the wave is proportional to the square root of

the frequency: ¢, = l(\/;) . But these waves are prevalent in the too long rods, for
example, in strings.

So, developing a new wave propagation model we have to consider the
primary longitudinal waves with the phase velocity c,, and the secondary transverse
wave with the velocity c¢,. Besides, the longitudinal waves have a dispersion, i.e., its
velocity depends on the wavelength A. And the model has to take into account the

dependency shown in Fig. 2.1.
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Fig.2.1. Dependence of the longitudinal wave velocity on the wavelength ratio a/A

2.2 Wave digital filters in the waveguide models

2.2.1 Background of the wave digital filter use

In the previous section, it was shown, that the waveguide model has the
properties to represent correctly the wave propagation phenomena, and that this
model can be implemented using the registered signal delays, adders and multiply
units. Below we concrete the waveguide model design on the base of the digital
wave propagation theory and wave digital filters [17].

The wave digital filters are based on a direct analogy with the wave
propagation processes in the waveguides, for example, microwave waveguides or
sound waveguides, which was shown in the previous section. In this case, the
distribution of the direct f; and the reverse (reflected) b; waves in the i-th point of the
waveguide are different. In the case of an electric waveguide

fi=v+iR; bi=v—-iR;
where v is the voltage at the i-th point of the waveguide (between its poles), i is the
current at this point (flowing into 1-st pole and flowing out of the 2-nd pole) and R is

the wave resistance in it.
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In the case of an acoustic waveguide
fi = Ry, 1s the pressure of the direct wave,
b; =-Rv,, 1s the back pressure,
where, R is the wave impedance, vy, v, are the particle velocity in the forward and

backward waves. For a sound pipe of section A, air density p and sound velocity with
impedance R= pc/A. For an elastic body, if f; and b; are assumed to be forces, then

R = pc, where p is the density of the material, and c is the velocity of the longitudinal
waves.

The true value of the physical quantity at the i-th point is u =f; +b;.

In the wave model, the signals are sampled with a sampling frequency Fd at
least 2 times greater than the maximum considered frequency (actually in 4 — 20
times larger). Then the i-th section of the waveguide of the length L looks like 2
delay lines at n = L/ (cFd) cycles, which is illustrated by Fig.2.2.

fi fi” fl fi+1
— Z-n E— — —>
WGi
bi biwi b bis1
<+— Z-n <
a) b)

Fig. 2.2. The i-th segment of the waveguide (a) and its symbol (b)

The homogeneous parts of waveguides are connected together by the means
of the adapters, also called scattering nodes, or energy distributions. The adapter
function is designed to fulfill the Kirchhoff law. According to it, in the absence of
losses, with parallel connection of N two-port networks (waveguide inputs), the total
voltage at the poles for all two-ports (speed of elastic body particles or air pressure)

should be the same, and the sum of currents i (sum of pressures in all sides of the
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elastic body or air velocity) should be zero. Hence the total velocity of the particles
at the site is expressed in terms of the particle velocities of the incoming waves vy
and the impedances:

and the velocities of the waves which leave the node:

v=2>" Rv,/> R,
Vbi =V — Vg,
In the case of connection of 2 waveguides:
Vpr = v +(1-r)vp, (2.2)
V2= (1+ vy —rvp;
where r = (R, — Ry) /(R; + R)) 1s the coefficient of the reflectance from the waveguide

border. Such a network is illustrated by Fig. 2.3.

In the extreme case, when a complete reflection is obtained, for example, at

the end of a waveguide in contact with an open space, the model looks like one in

Fig.2.4.

- L+r v

WG1 r WG2
1-r -
Vb1 V2

Fig. 2.3. Connection of two waveguides through an adaptor network

Jo

-1 WGl
by

Fig. 2.4. Waveguide, which is ended by the open space
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When two waveguides with the same intrinsic impedance are connected, then
the adapter is minimized to a trivial one, which is shown in Fig. 2.5. In the Fig. 2.5,
an adder calculating the resultant signal y at the point of coupling of the waveguides

and the adders supplying the excitation signal x to the waveguides are also shown.

(]
WGl r=0 I y WG2

Fig. 2.3. Connection of two waveguides with equal intrinsic impedances

Similarly, when 3 waveguides are connected, the adapter calculates the
following formulas:
Ao=(2g,— 1A +2gB+ 2g;C;
Bo= 2g/A +(2g, - 1)B+ 2g5C; (2.3)
Co= 2g/A +2¢gB+(2g;—1)C;
where A, B, C are the waves entering the node, Ao, Bo, Co are the waves leaving the
node, g1, g», g3 are the specific impedances of the waveguides, and g, + g, + g3 =1,

and

The connection of three waveguides through an adaptor is shown in Fig. 2.4.
It should be noted that, usually in adapter networks, the number of
multiplications is minimized by increasing the addition number using the equivalent

transformations of formulas, considering, for example, that g+ g, + g3=1.

49



82 WG2

WG1 81 .
‘ Ao ‘C |

83 WG3
Co

Fig. 2.4. Connection of three waveguides with different intrinsic impedances

Thus, a two-input adapter usually has 2 additions and 2 multiplications or 3
additions and 1 multiplication, and the three-input adapter has 6 additions and 2
multiplications.

All waveguide models and wave filters are represented as structures
composed of waveguides of various lengths and adapters (parallel and serial), as well
as multipliers by the attenuation coefficient (if necessary). In this case, the
waveguides and adapters should alternate. In the opposite case, when connecting two
adapters, or if the adapter is connected to a line without a delay, they will have a
cycle of zero length (without delays), which could not implemented both physically
and technically.

When modeling a two-dimensional or three-dimensional medium, the
structure of the waveguide model is a two-dimensional or three-dimensional lattice,
at the nodes of which are performed as the adapters with a corresponding number of
inputs and outputs. The nodes of such a network are connected to each other by the
segments of waveguides with an appropriate delay (usually 1 clock cycle).

In many cases, the waveguide delays are minimized, for example, the delay
registers are placed either in the forward branch, or in the reverse branch. However,

it should be taken into account that the simulation and hardware implementation of
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such a scheme is much slower because of the emerging long-distance routes without

intermediate (pipeline) registers.

2.2.2 All-pas wave digital filters

The second order all-pass filter has a transfer characteristic:

_Z7+b(1+a)Z +a
D N+b(1+a)Z +az?

2.4)

It has a frequency characteristic which magnitude is equal to exactly to 1 at
all frequencies if the coefficients in the numerator of the formula are strictly equal to
the coefficients in the denominator. But it has the nonlinear phase characteristic,

which is illustrated by Fig. 2.5.

A fn 0,5

0° \ | » Fs
180° N\

360" | Af k_

Fig. 2.5. Phase characteristic of the second order all-pass filter

In (2.4) b = cos (2xnf,), where f, 1s the frequency of the shift by 180 degrees in
fractions of the sampling frequency Fs. Thus, for f, = 0.25 Fs, the coefficient b = 0,
for f, = 0.17 Fs, the coefficient b = -0.5, for f, = (0.17 + 0.25) Fs the coefficient
b=0.5.

The band Af = 2arctg ((1 — a)/(1 + a)) is the frequency band of the steep
region in fractions of the sampling frequency, where the phase characteristic varies

from 90 to 270 deg.
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The peculiarity of the filter is that the adjustment of Af and f, are independent
of each other. When a waveguide filter is implemented, its structure looks like that

represented in Fig 2.6.

Input
r=a WG r=b WG
— > >
Output :
«— Z 77

Fig. 2.6. Structure of the allpass waveguide filter with the characteristic (2.3)

In Fig. 2.6, the wave guides are dashed. With an increase in the number of
delay registers in waveguides by N times, the resultant phase characteristic consists
of the original phase characteristic, which is duplicated N times, with N times

reduced scale along the frequency axis.

2.2.3. Band filters of the waveguide models

The band pass filters with the dynamically regulated characteristics are
needed for the design of the waveguide used for the real time modeling. Such filter
design is investigated in the work [31]. Below, the improved filter structures are
proposed, which satisfy the conditions of the waveguide modeling. Partially they
based on the theory, described in [17]. The frequency masking approach [32] is
utilized as well.

The effective band pass filters are based on the allpass filters described
above. The behavior of such filter is based on the fact that the allpass filters rotates
the signal phase to 180° at the frequency f,, and to approximately 0, and 360° at
other frequencies (see Fig. 2.5). When the rotated signal is subtracted from the input
signal, then it is magnified in 2 times at the frequency f,, and is suppressed in other

frequencies. The transfer characteristic of such filter is based on (2.4):
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H,p(2) = 0.5(1 _ 1Z+ Zai (;Z“)IZJF ;;‘i ] , 2.5)
The filter coefficients are calculated due to the following formulas:
t =tg(2nAf);
a=1-n/(1+1); (2.6)

b = — cos(2xf,).

Here, a determines the bandwidth of the filter,

b determines the centrum frequency of the filter.

f. 1s the centrum frequency of the filter,

Afis the bandwidth of the frequency band.

This filter is well suited for the frequencies from 0.1 to 0.5 of the sampling
frequency. To implement the filters for lower frequencies, it is proposed to make the
two staged filter. Its transfer characteristic is:

H(z) = Hyp(2)-Hpp(2), (2.7)
where Hgp(z) is similar to the filter (2.5), but it has the two fold delays:

(2.8)

-4 -2
HBP(z)zO.S[l—Z +b(1+a)Z +a)’

l+b(+a)Z > +azZ™

and H, p(z)-represents the low pass filter characteristic, based on the allpass filter as

well:

-2 -1
HLP<z)=0_5(Z_1+Z rb(1+a)Z +a]

1+b(l+a)Z " +aZ™

The low pass filter characteristic by a = 0.28125, and b =—0.25 has the form
as in Fig. 2.7. The characteristic of the band pass filter (2.8) for the frequency f, =
0.1 Fs, and for Af = 0.01 1s shown in Fig. 2.8. The resulting characteristics of the
band pass filter (2.7) for the frequency f, = 0.1 F's, and for values of Af from 0.01 to
0.03 are shown in Fig. 2.9.
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Fig. 2.7. Low pass filter frequency characteristic
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Fig. 2.8.Band pass filter frequency characteristic
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Fig. 2.9. Overall band pass filter frequency characteristics
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So, the structure of one channel of the band pass filter, which is used in
forming the waveguide model, is shown in Fig. 2.10. Here, the parameters f,, Af, and

D regulate the central frequency, bandwidth, and damping.

D

H;p(z) A’é—’

Fig. 2.10. Regulated band pass filter structure

—  Hpp(z, fu M)

A 4

This filter is regulated dynamically due to the fact that its coefficients are
calculated according to the formulas (2.6), which provide independent exchange of
both the pass band frequency and the bandwidth using simple calculations. The

regulation based on the table functions fit this filter as well.

2.3 Design of the rod model
2.3.1 Model of the waveguide for the shear waves.
A feature of the propagation of the shear waves is that the speed of their

rectilinear propagation does not depend on the shape of the elastic body and

cl':/\/E s
p

where | 1s the Young's modulus of elasticity along the wave propagation axis, and p

frequency, and is defined as

1s the specific density. In a real body, these waves decay with distance and frequency
increase.

The waveguide model for the shear waves consists of 2 identical parts for the
transmission of forward and backward waves, respectively. Each part has a structure
as shown in Fig. 2.11. A one-clock delay, and an adder form a simple low-pass filter

in it, which frequency response is shown in Fig.2.12.
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Fig.2.11. Structure of the waveguide for the shear waves
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Fig.2.12. Amplitude frequency response of the waveguide for the shear waves

It is possible to include to the waveguide a sharpness characteristic, the
parameters of which are regulated as it was shown in the previous subchapter. This
waveguide is described in VHDL as a module named Prod_del. The generic
constants of this module are:

TL 1s the delay of the shear waves, nanoseconds;

TD is the sampling period, nanoseconds;

DECRL is the damping coefficient (see D in Fig. 2.11);

DeltF is the bandwidth of the high-frequency hold in the fraction of Fs, if a

steep filter is installed.

2.3.2 Model of the waveguide for the longitudinal waves
A feature of the propagation of longitudinal waves is that the speed of their
rectilinear propagation depends both on the shape of the elastic body and on the

wave frequency. This dependence in the high frequencies is estimated as (2.1), and is
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described by the diagram in Fig.2.1. In the low frequencies, as well as for very long
rods this dependence is given as (1.4).

In a real body, these waves also fade with the distance and increasing
frequency.

The waveguide model for the longitudinal waves consists of 2 identical parts
for the transmission of forward and backward waves, respectively. Each part has a

structure as one in Fig. 2.13.

Delay line 1
—':' —DD—b
44 Delay line N

Fig. 2.13. Structure of the waveguide model for the longitudinal waves

Each delay channel is designed to delay the signal in a certain frequency
band, the delay being inversely proportional to the center frequency of this band. The
center frequencies of the delay channels are given by the constants, which are the
fraction of the sampling frequency.

The waveguide model is described in VHDL in the module Poper_del.vhd.
Each channel of this waveguide has regulated delay N,, central cannel frequency f,,,
frequency band Af, and damping factor D;.

The waveguide model under investigations contains 8 channels. The amount
amplitude-frequency characteristic of this waveguide is shown in Fig. 2.14. Here, the
frequency f is measured in parts of the sampling frequency Fs, the characteristics of

two neighboring channels are shown as well.
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Fig.2.14. Resulting amplitude-frequency characteristic of the waveguide

Since the resulting signal is equal to the sum of the signals from the delay
channels, which overlap somewhat in frequency, the resultant characteristic turns out

to be uneven (with suppressions at certain frequencies).

2.3.4 Model of the rod

The modified model of the rod is illustrated by Fig.2.15. This model consists
of the left LA and the right RA adapters, the waveguide P of longitudinal waves, and
the waveguide S of transverse waves. Each three-port adaptors compute the
equations (2.3). Its port, which means the rod end, is connected to the network,
which implements the wave reflection with the suppression factor s; or siz due to
(2.2).

The excitation signal v;, 1s fed to the model through an adder. However, it can
be added to the model as it is shown in Fig. 2.3.

The waveguide S performs the delay to the given number of clock cycles and
some wave attenuation. The waveguide P does the same but it has a set of channels.
Each of them has the separate frequency band, delay, and attenuation depending on
the respective wavelength A according to (2.1), or to the diagram in Fig. 2.1. The
structure of this waveguide is illustrated by Fig. 2.13. Each channel of it consists of a

FIFO delay and the band pass filter with the structure in Fig. 2.10.
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Fig.2.15. Structure of the rod model

More precisely, this model is described in [1].

2.4 Method of hardware simulation of ultrasonic processes in solids

2.4.1 Formulation of the method

The method of hardware simulation of ultrasonic processes in solids can be
formed on the basis of the theoretical information developed above.

The method 1s formulated as follows.

The method of hardware simulation of ultrasonic processes in solids which
consists in representing a solid body in the form of the network of waveguides and
adapters, which model the routes of the sound rays propagation and their reflections
from the heterogeneities. The method is distinguished in differentiating the waves as
longitudinal waves, and transverse waves, and modeling their propagation in
different waveguides. The waveguides for the longitudinal waves take into account
the wave dispersion by using the multichannel network, each channel in which
performs the different delay in the separate frequency band. Due to implementation
on the base of the allpass wave digital filter, the waveguides are performed in

hardware and can have the dynamically tuned characteristics.
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2.4.2 Steps of the method

The method consists in performing a set of steps.

In the first step, the region to be modeled is represented as a grid structure of
the waveguides and adaptors.

The graph of the structure is designed. Its edges are waveguides, and nodes
are the adaptors. If the modeled body has two axes of the symmetry, then the graph
has the linear form. The example is the structure in Fig. 2.15. If the body has one axe
of the symmetry but with the cross-section, which does not infer the modeling
process, then this situation of the graph takes place as well. For example the bar with
the square cross-section, which side is comparable to the wavelength A.

If the body has one axe of the symmetry, then the plane graph of the grid is
designed. The grid step is selected which is comparable to the wavelength A.

If the body has none axe of the symmetry, then the designed graph has the
form od the three-dimensional grid. The grid step is selected, which is comparable to
the wavelength A.

In the second step, the models of the waveguides, representing the graph
edges, are installed.

Firstly the sampling frequency F's is selected. It has to be at least in 2 times
higher than the maximum considered signal frequency f,... Really, to get the
adequate results, F's =(3 — 10) f,.... This frequency is a compromise, because when
F's increases, then both model complexity, and its precision are increased. Therefore,
the parameter Fs is usually adjusted in the modeling process.

Each graph edge has some spatial position, which is parallel to the respective
axis and directions of the wave propagation. If the transverse waves are propagated
along the given direction, then the S-type waveguide is put in this edge. If the
longitudinal waves are propagated along the given direction, then the P-type
waveguide is put in this edge.

Each installed waveguide is adjusted. The adjusted parameters are the

waveguide delay, its dumping factor D.
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When the P-type waveguide is considered, then the number of channels is
selected according the ratio Rp, = Fs/f,... Approximately, this number is equal to
120/Rgs[, where “][* means the integer part of a fraction. Then, each channel
parameters, like band range, dumping factor, waveguide delay, are adjusted
according to (2.1) or Fig.2.1. Finally, for each waveguide, the intrinsic impedance R
1s calculated.

The grid configuration defines the adaptor structures. The number of the
adaptor ports is equal to the degree of the respective graph node.

For each adaptor the impedances R; of its ports are assigned. These
impedances are equal to the intrinsic impedance of the adjacent waveguides. When
the port represents the edge of the body, then the impedance is assigned which
represent the boundary conditions in the point under consideration. For example, if it
1s air condition, then R —<, and if it is connected to the ideal rigid body, then R = 0.
In the first case, the structure looks like one in Fig. 2.4., in the second case, the
structure is the same but the dumping coefficient is a 1.

In the third step, the excitation sources and points of measurement are
introduced. This is done according to the example in Fig.2.3. Then, the generator of
the excitation signal is designed, which generates a considered excitation signal with
the sampling frequency Fs. It may be sine wave generator with the given frequency
to investigate, for example, the resonance properties of the object. It may be the short
impulse to investigate the impulse response of the object under investigations.

In the fourth step the model is modeled. Here, the parameters of the model
can be adjusted, the excitation signal can be exchanged, the measured signals are

sampled and stored for the further analysis.
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2.5 Preliminary conclusions

In this section, the method of the hardware simulation of ultrasonic processes
in solids is designed. The method consists in representing a solid body in the form of
the network of waveguides and adapters, which model the routes of the sound rays
propagation and their reflections from the heterogeneities.

Comparing to known methods, the proposed method is distinguished in
differentiating the waves as longitudinal waves, and transverse waves, and modeling
their propagation in different waveguides. Besides, the waveguides for the
longitudinal waves take into account the wave dispersion by using the multichannel
network, each channel in which performs the different delay in the separate
frequency band.

In the next section, the implementation of the waveguides on the base of the
allpass wave digital filter is considered with the goal to implement the waveguides in

the FPGA hardware, providing the dynamically tuned characteristics.
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3 IMPLEMENTATION OF THE WAVE PROPAGATION MODEL IN
HARDWARE

3.1 Modeling the wave propagation in VHDL simulator

The usual computational modeling is performed with the floating point. The
model which is built using the method described above, can be performed with the
floating point as well. For this purposes, the VHDL language can be used very well.
This fact is proven in the works [33] and [34].

Modeling with the floating-point representation of data is the first step of the
model investigation. In this step, the appropriate parameter set is selected, and the
model is approved due to its adequacy to the real object.

After the preliminary modeling, the decision i1s made about the model
correctness. If the model is simple, then the performance of the usual VHDL
simulator is enough for the investigations fulfillment.

The significant acceleration of execution of VHDL-programs (in thousands
and more times) is achieved by their translation by the compiler-synthesizer in the
FPGA of the configurable computer [35]. In this case, the floating-point calculations
must be replaced by integer computations. But integer computations with VHDL can
be implemented with arbitrarily large numbers.

For this purpose, all the modeling variables must be scaled and rounded to
the integers. Then, the modeling is performed with the integer values, and the
modeling results are multiplied to the respective scale factors.

In the process of redesigning the model to the integer arithmetic, it is
important to select the bit width of the numbers. It is preferable to select the bit width
of the intermediate results less or equal to 18, because in most of FPGAs the 18-18
hardware multipliers are used. Such a bit width is enough for the most situations of

modeling.
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When the higher precision is needed, then the bit width is selected as 36. But
in this situation, the hardware volume is increased up to four times. The modeling

speed decreases respectively.

3.2 Implementation of the waveguide model in FPGA

The model, which is built using the method described above, refers to the
systems of the digital signal processing. Therefore, potentially it can be implemented
in FPGA. But by transferring this model to a one, which is fit FPGA it is not enough
to rewrite the VHDL description in the synthesis style. Such a description must to
obey the affordances to the pipelined systems.

For example, if the model is described as a set of digital waveguide filters,
which is argued in [17], then the resulting model will be to slow or even could not be
synthesized. This is explained by the fact, that the classic waveguide filters have very
long critical paths and small number of the intermediate result registers, which serve
as the pipelining registers.

So, the waveguide model implementation in FPGA must satisfy the
conditions of the pipelined datapath design. Such conditions are presented in the
works [35], [36].

These methods are based on the structural synthesis of the datapath,
describing it at the register transfer level and further conversion to the gate level. The
basis of many methods is a representation of the algorithm as a synchronous
dataflow graph (SDF) and its transformation [37].

Such SDF optimization techniques as retiming, folding, unfolding and
pipelining, are widely used in the design of digital signal processing (DSP) devices
[36].

By the high-level synthesis of the computer hardware, the cyclically repeated
algorithm is represented by SDF. The actor nodes in it correspond to the algorithm
operators, and the edges correspond to variables, which are transferred between

actors with a delay to the predetermined number of the algorithm cycles. Thus, each
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actor generates and consumes a number of variables (tokens), which is constant from
cycle to cycle.

SDF is isomorphic to the graph of the computer structure, which performs a
predetermined algorithm. The nodes of such a graph correspond to the computing
resources like adders, multipliers, processing units (PUs). The edges correspond to
the communication lines, and the labels on them are mapped to the registers.
Consequently, SDF is a directed graph G =(V, E), representing the computer

structure, where v € V represent some logic network with delay of d time units. The

edge e € E corresponds to a link and is loaded by w[e] labels, which is equal to the
depth of the FIFO buffer.

The minimum duration of the clock cycle T¢ is equal to the maximum delay
of the signal from one register output to the input of another register, i.e., to the
critical path through the adjacent nodes with delays d, for which w[e] = 0. It should
be noted, that with such a one-to-one mapping of SDF, the duration of the algorithm
cycle T, coincides with the duration of a clock period, 1.e., T, = T¢, that in the other
algorithm mapping is not respected.

The retiming is such a change of the labels in SDF edges, which does not
affect the algorithm results. Usually it is realized as a sequence of elementary
retimings, each of them consists of a transferring a group of labels (i.e., registers)
from the input edges of some node v to its outputs.

In most cases, it is allowed to increase the latent delay of the algorithm and to
insert the additional registers on the inputs or outputs of SDF. After retiming such
modified SDF, the pipelined network with low value of T is achieved. This
technique is called as SDF pipelining.

Consider the design of the filter, shown in Fig.2.10. Its usual representation
as the signal flow graph is shown in Fig.3.1. Here, the coefficients ¢ = (a+1)b.

The respective SDF is shown in Fig.3.2. This SDF can be mapped directly
into the filter structure implemented in FPGA. But it has too long critical path T¢,

which is equal to the sum of delays of 2 multipliers and 6 adders.
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Fig.3.2. Synchronous dataflow graph of the pass band filter

The performance of the filter is increased by the pipelining of the SDF and by
its folding. The resulting folded and pipelined SDF is shown in Fig. 3.3. Here, the
black bar represents a delay to a single clock cycle, and the white bar represents a
multiplexor, which is switched to the opposite direction in each clock cycle. This
schema works in two times slower, i.e., T4 = 2T . But the critical path is decreased
to the delay of a single multiplier and two adders, and the hardware volume is in two
times less.

The critical path is decreased up to a single multiplier delay if the folded SDF

1s additionally retimed, as it is shown in Fig.3.4.
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Fig.3.3 Pipelined and folded SDF of the pass band filter

Fig.3.4 Folded SDF after the retiming

Consider the adder, and multiplier delays are 2 ns and 4 ns, respectively.
These figures are true for the Xilinx Spartan-6 FPGAs. Then the filter in Fig. 3.2 has
the minimum clock period of 20 ns. And the minimum clock period of the filter in

Fig. 3.4 is equal only to 4 ns. This means that the optimized network has the speed-
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up to 5/2 = 2.5 times and decreased hardware volume in two times. This is an
example of the pipelining optimization effectiveness.

Besides, considering the filter is the critical component of the model, then the
maximum clock frequency of the modeling is estimated as Fs = 1/(4-2) ns = 125
MHz. This means that such hardware model can simulate in real time the rigid body
for the frequencies up to 50 MHz.

The respective VHDL files describing this filter are given in addendum.

3.3 Modeling the rod
Below, the designed model of a stiff rod is investigated. The steel rod has the
diameter 1 mm and different length. It is damped from each side. It is excited as it is

shown in Fig. 2.15.

3.3.1 Testbench for modeling
The rod model is modeled in the special VHDL testbench. Its entity
description is shown below
entity Cylindre_r_tb is
generic( TL:time:=500 ns; --delay of S-waves to TL/20 cycles

TCR:time:=250 ns; --delay of P-waves to TL/20, cycles
TD: time:=20 ns; -- Sampling period
GlL:real:=0.48; -- reflection factor left edge
G1R:real:=0.55; --reflection factor right edge
GCRL:real:=0.6;-- fraction of P-waves
GCRR:real:=0.6;-- fraction of S-waves
DECRL:real:=0.5; -- damping of S-waves
DECRCR:real:=0.5; --damping of P-waves
fsampl : INTEGER := 1000;
fstrt : INTEGER := 0;
deltaf : INTEGER := 1;
maxdelay : INTEGER := 200;
slowdown : INTEGER := 1;
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magnitud : INTEGER := 100000 );

end Cylindre_r_tb;

As it can be seen, the model has the adjustable parameters like main delay of
S- and P-type waves, sampling period, reflection factors, and fraction values
different waves.

The testbench provides the deriving the frequency responses. For this
purpose, the testbench is used [38]. The frequency response deriving consists in
computing a set of reactions to the analytical signal with different frequencies. The
magnitude-frequency characteristic and phase-frequency characteristic are
distinguished by this approach using the FilterTB component. For this purposes,
two copies of the same tested devices must be attached to the FilterTB component.

Then to probe the rod behavior, the excitation impulse is feeded as it is
shown in Fig. 2.15. The response to this impulse is measured in the left (DFL) and
right (DFR) sides of the rod.

3.3.1 Measurements of the frequency characteristics

It is important to test the amplitude-frequency characteristic, and phase-
frequency characteristic of the P-type waveguide for different delays. The
magnitude-frequency characteristic and phase-frequency characteristic for the main
delays of 125, 250, and 500 nanoseconds are shown in Fig. 3.5, 3.6, and 3.7,
respectively. Here, the frequency is exchanged in the range O ... 0.5F’s, magnitude is

in range —40 to 0 db, phase is in range —180°... 180°.
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Fig. 3.5. The magnitude- and phase-frequency characteristics of the P-type
waveguide with the delay of 125 ns
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Fig. 3.6. The magnitude- and phase-frequency characteristics of the P-type
waveguide with the delay of 250 ns
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Fig. 3.7. The magnitude- and phase-frequency characteristics of the P-type
waveguide with the delay of 500 ns

The analysis of the magnitude- and phase-frequency characteristics
shows the following. The magnitude-frequency characteristic has the irregularity ca.
+6 db in the working frequency range. The laydowns occur in this characteristic
when the delay increases. It is explained by the wave interference in the edges of the
neighboring channels. The phase-frequency characteristics are linear ones except the

points where the laydowns occur in the magnitude-frequency characteristics.

3.3.2 Investigation of the model response without the P-channel

The P-channel models the wave dispersion. The results of the modeling the
rod using the model without the P-channel show the effectiveness of this cannel use.

In Fig. 3.8, the signals are shown, which are measured in the left and the right

sides of a rod model, in which the P-channel is absent. The propagation delay is set

as 500 ns.
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Fig. 3.8. Responses of the rod model without the P-channel for the delay of 500 ns

3.3.3 Investigation of the model response using the full rod model
The results of modeling the rod using the full model is shown in Fig. 3.9,

3.10, and 3.11 for the delays of 500, 1000, and 2000 nanoseconds, respectively.
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. O A —
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Fig. 3.9. Responses of the rod model without the P-channel for the delay of 500 ns
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Fig. 3.10. Responses of the rod model without the P-channel for the delay of 1000 ns
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Fig. 3.11. Responses of the rod model without the P-channel for the delay of 2000 ns
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The model was actuated by a narrow ultrasound impulse. The diagrams in
Fig.3.8 — 3.11 show that the waves are really dispersed after the propagation
through the bar model. A set of reflections from the rod edges is shown, which are
decayed in time. And the width of the reflected impulse envelope is expanded
proportionally to the rod length.

As a conclusion, the model, which is designed according to the proposed
method of the hardware simulation of the propagation of ultrasonic waves in a solid,

is adequate to the real solid rod.
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CONCLUSIONS

This thesis has presented a detailed description and analysis of the digital
modeling of the wave propagation in solids, and the development of the method of
such modeling implemented in hardware. On the base of the thesis materials the
following conclusions are made.

1) The basics of the mathematical modeling, finite difference schema and
the finite element method, and method of the digital waveguide modeling were
considered. It was defined that the method of the digital waveguide modeling is
effective one for simple but precise modeling of the sound wave propagation in the
solids, taking into account the nonlinearities, space dimensions of the object.
Therefore, the digital waveguide method is taken into account as the perspective
method, which can be improved.

2) The method of the hardware simulation of ultrasonic processes in solids
is designed. The method consists in representing a solid body in the form of the
network of waveguides and adapters, which model the routes of the sound ray
propagation and their reflections from the heterogeneities.

Comparing to known methods, the proposed method is distinguished in
differentiating the waves as longitudinal waves, and transverse waves, and modeling
their propagation in different waveguides. Besides, the waveguides for the
longitudinal waves take into account the wave dispersion by using the multichannel
network, each channel in which performs the different delay in the separate
frequency band.

3) The implementation of the waveguides on the base of the allpass wave
digital filter is developed with the goal to implement the waveguides in the FPGA
hardware, providing the dynamically tuned characteristics.

4) The developed method was used for design of the model of solid rod,
which is described in VHDL, and can be implemented in FPGA. A set of

experiments was made with this model, which results show that it is adequate to the
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real solid rod, can be tuned in large ranges of its parameters, and can perform the real
time modeling when it is implemented in FPGA.

5) The future works at this theme can be directed to the improvement of the
model elements, to minimizing its hardware volume, to designing the framework for
the model forming and description automatisation, and to design of the interface to

the modern configurable computers.
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APPENDICES

APPENDIX 1
VHDL programs of the solid modeling
-- Title : Test Bench for filtertb_r
-- Design : fanera
-- Author : Quasimi
-- Company : KA
-- File : $DSN\src\TestBench\filtertb_r_TB.vhd

-- From : $DSN\src\FilterTB_R.vhd

-- Description : Automatically generated Test Bench for Cylindre_r_tb

library ieee;

use ieee.math_real.all;

use ieee.std_logic_1164.all;

entity Cylindre_r_tb is
generic(

TL:time:=1000 ns; --delay of S-waves to TL/20 TakToB
TCR:time: =500 ns; --delay of P-waves to TL/20, cycles

TD: time:=20 ns; -- Sampling period
GlL:real:=0.48; -- reflection factor left edge
G1R:real:=0.55; --reflection factor right edge
GCRL:real:=0.6;-- fraction of P-waves
GCRR:real:=0.6;-- fraction of S-waves
DECRL:real:=0.6; -- damping of S-waves
DECRCR:real:=0.5; --damping of P-waves
fsampl : INTEGER := 1000;
fstrt : INTEGER := 0;
deltaf : INTEGER := 1;
maxdelay : INTEGER := 200;
slowdown : INTEGER := 1;
magnitud : INTEGER := 100000 );

end Cylindre_r_tb;

architecture TB_ARCHITECTURE of Cylindre_r_tb is
-- Component declaration of the tested unit
component filtertb_r
generic(
fsampl : INTEGER := 1000;
fstrt : INTEGER := 0;
deltaf : INTEGER := 4;

maxdelay : INTEGER := 11;
slowdown : INTEGER := 1;
magnitud : INTEGER := 1000 );

port(
CLK : in std_logic;
RST : in std_logic;
START : in std_logic;
RERSP : in REAL;
IMRSP : in REAL;
REO : out REAL;
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IMO : out REAL;

FREQ : out INTEGER;

MAGN : out INTEGER;

LOGMAGN : out REAL;

PHASE : out REAL;

ENA : inout std_logic );
end component;

component Poper_Del is
generic(TCR:time:=1000 ns; --3agep>xKa nonepeyHbiX BOMH Ha Fd/5, HaHocekyHA
TD: time:=20 ns);
port(
CLK : in STD_LOGIC;
RST : in STD_LOGIC;

DF : in real;
DB : out real
)

end component;
component Cylindre is
generic(TL:time:=1000 ns; --3agep>XKa NpOAO/bHbIX BOJIH, TAKTOB

TCR:time:=2000 ns; --3agep>xka nonepeyHblX BoNH Ha Fd/10, TakToB
TD: time:=20 ns; -- nepuoa ANCKpeTMU3aLmnm
G1L,G1R:real:=0.8; --K-Tbl OTpaXXeHUs1 OT TOPLIOB
GCRL,GCRR:real:=0.2; --Kk-Tbl 40NN NONepeYHbIX BOSH
DECRL:real:=0.9; --3aTyxaHune npoaonbHbIX
DECRCR:real:=0.9 --3aTyxaHue nonepeyHbIxX

)

CLK : in STD_LOGIC;
RST : in STD_LOGIC;
DFL : in real;

DBR : in real;

DBL : out real:=0.0;
DFR : out real:=0.0
)i

end component ;

port(

constantFb:real:=0.026;
constant DF:real:=0.01;
Constant DT:time:=00 ns;
Constant G:real:=0.5;

signal CLK : std_logic:="1";
signal RST : std_logic:='0";
signal START : std_logic;

signal RERSP : REAL;

signal IMRSP : REAL;

signal ENA : std_logic;

signal REO : REAL;

signal IMO : REAL;

signal FREQ : INTEGER;

signal MAGN : INTEGER;

signal LOGMAGN : REAL;

signal PHASE,imp,impresp,imps : REAL:=0.0;
signal otr,dotr:real:=0.0;

begin
CLK<=not clk after 10 ns;
RST<="1', '0" after 205 ns;



imp<=0.0, -1.0 after 400 ns, -2.0 after 420 ns,
0.0 after 440 ns, 2.0 after 460 ns,

3.0 after 480 ns, 2.0 after 500 ns,

0.0 after 520 ns, -2.0 after 540 ns,

-1.0 after 560 ns, 0.0 after 580 ns;

UUT : filtertb_r
generic map (

fsampl => fsampl,
fstrt => fstrt,
deltaf => deltaf,
maxdelay => maxdelay,
slowdown => slowdown,
magnitud => magnitud

)
port map (
CLK => CLK,
RST => RST,
START => START,
RERSP => RERSP,
IMRSP => IMRSP,
REO => REO,
IMO => IMO,
FREQ => FREQ,
MAGN => MAGN,
LOGMAGN => LOGMAGN,
PHASE => PHASE,
ENA => ENA
)
re: Poper_Del
generic map(TCR=>1000 ns, --3agep>ka
TD=>20 ns)
port map(CLK,RST,
DF =>REO,
DB=>RERSP
)
im: Poper_Del
generic map(TCR=>1000 ns, --3apepxkKa
)
port map(CLK,RST,
DF =>ImO,
DB=>IMRSP
)
cyl: Cylindre

generic map(TL=>tl, --3agep>xxka
TCR=>tcr, --3agepxka
TD=>td, -- nepuoa aMckpeTnsaumm
GlL=>gll,
G1R=>glr, --K-Tbl OTPaXXeHUs OT TOPLIOB
GCRL=>gcrl,
GCRR=>gcrr, --K-Tbl O NONEpPeYHbIX BOSIH
DECRL=>decrl, --3aTyxaHue nNpoAosibHbIX
DECRCR=>decrcr --3aTyxaHne nonepeyHbix

)
port map(CLK,RST,

TD=>20 ns
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DFL =>imps,

DBR =>dotr,

DBL =>impresp,

DFR=> otr

)i
dotr<=transport -otr after 20 ns;
imps<= transport imp - impresp after 20 ns;
end TB_ARCHITECTURE;

-- Title : Cylindre

-- Design : fanera

-- Author :0
--Company :0

-- File : Cylindre.vhd

-- Description :Mogenb unnuHapa ¢ nn.3nr.

library IEEE;

use IEEE.STD_LOGIC_1164.all;

entity Cylindre is

generic(TL:time:=200 ns; --3agep>xKa NPOAOSIbHbLIX BOJH

TCR:time: =400 ns; --3agep>xKa nonepeyHbIX BOSIH
TD: time:=20 ns; -- nepuoA ANCKpeTU3aLmUn
G1L,G1R:real:=0.3; --K-Tbl OTPaXXeHUs1 OT TOPLIOB
GCRL,GCRR:real:=0.1; --k-Tbl 4O/M NONEepeYHbIX BOSTH
DECRL:real:=0.9; --3aTyxaHune npoaonbHbIX
DECRCR:real:=0.9 --3aTyxaHne nonepeyHbIx

)

CLK : in STD_LOGIC;
RST : in STD_LOGIC;
DFL : in real;
DBR : in real;
DFR : out real;
DBL : out real
)i
end Cylindre;

port(

architecture Cylindre of Cylindre is

component Poper_Del is
generic(TCR:time:=1000 ns; --3agep>xKa NoNepeYHbIX BOSH
TD: time:=20 ns; -- Nepuvoa AUCKpeTMU3aLmn
DECRCR:real:=1.0);
port(

CLK : in STD_LOGIC;
RST : in STD_LOGIC;
DF : in real:=0.0;

DB : out real:=0.0

)i

end component ;

component Conn3_ris
generic(gl:real:=0.5; --gons aHeprun, 3aTekarowwas ¢ 1 Bxoga A
g2: real:=0.3

)



begin

port(

Al : in real:=0.0;

BI :in real:=0.0;
Cl:in real:=0.0;
AO : out real:=0.0;
BO : out real:=0.0;
CO :out real:=0.0
)i

end component;

signal DCRFL,DCRBL,DLFL,DLBL:real:=0.0;
signal DCRFR,DCRBR,DLFR,DLBR:real:=0.0;
Signal DR1,DL1:real:=0.0;

LEFT:Conn3_r

generic map(gl=>G1L, --gons sHeprum, 3aTtekatowas c 1 sxoga A
g2=>GCRL
)

port map(

Al => DFL,

BI => DCRBL,

CI => DLBL,

AO => DBL,

BO => DCRFL,

CO => DLFL

)

Forward_CR:Poper_Del
generic map(TCR=>TCR, --3agep>xKa nonepeyHbix BoNH Ha Fd/5, HaHOCeKyHA
TD=>TD,

DECRCR=>DECRCR

)

port map(CLK,RST,
DF =>DCRFL,
DB=>DCRFR
)

Backward_CR:Poper_Del
generic map(TCR=>TCR, --3agep>xKa nonepeyHbix BoNH Ha Fd/5, HaHOCeKyHA
TD=>TD,
DECRCR=>DECRCR
)
port map(CLK,RST,
DF =>DCRBR,
DB=>DCRBL

)

--YnpoLueHHas 3aaep>xka NPoAONbHbIX BOSTH

DR1<= transport DLFL*DECRL after TD;

DLFR<= transport (DLFL*DECRL+DR1)/2.0 after TL;
DL1<= transport DLBR*DECRL after TD;

DLBL<= transport (DLBR*DECRL+DL1)/2.0 after TL;

RIGHT:Conn3_r

generic map(gl=>G1R, --gons aHeprum, 3atekatowas c 1 sxoga A
g2=>GCRR
)
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port map(

Al => DBR,
BI => DCRFR,
CI => DLFR,
AO => DFR,
BO => DCRBR,
CO => DLBR
)

end Cylindre;

-- Title : Cylindre

-- Design : fanera

-- Author 10
--Company :0

-- File : Poper_del.vhd

-- Description :Mogenb 3agaep>Xkn nonepeyHbIX BOSIH
- nepuoa avckpetmsaumm=20 HC

library IEEE;
use IEEE.STD_LOGIC_1164.all;
entity Poper_Del is
generic(TCR:time:=1000 ns; --3agep>kKka nornepeyHbiX BOSH
TD: time:=20 ns; -- nepnoa AMCKpeTM3aLmm
DECRCR:real:=1.0);
port(
CLK : in STD_LOGIC;
RST : in STD_LOGIC;
DF : in real;
DB : out real:=0.0
)i
begin
assert (TCR>2*TD) report "CnMWKOM KOPOTKWIA LMINHAP
severity failure;
end Poper_Del;

architecture Realn of Poper_Del is

constant G1:real:=3.0; --k-T 3aTyxaHus Ha Fd*0.025
constant G2:real:=2.8;--0.99; --k-T 3aTyxaHus Ha Fd*0.035
constant G3:real:=0.156;--0.95; --k-T 3aTyxaHusi Ha Fd*0.05
constant G4:real:=0.078;--0.9; --k-T 3aTyxaHusa Ha Fd*0.07
constant G5:real:=0.65;--0.75; --k-T 3aTyxaHusa Ha Fd*0.1
constant G6:real:=1.560;--0.5 --k-T 3aTyxaHus Ha Fd*0.14
constant G7:real:=0.78;--0.5 --k-T 3aTyxaHus Ha Fd*0.2
constant G8:real:=1.8;--0.5 --k-T 3aTyxaHusa Ha Fd*0.35

constant FB1:real:=0.020; --ueHTpanbHble 4acTOoTbl
constant FB2:real:=0.03;

constant FB3:real:=0.05;

constant FB4:real:=0.07;

constant FB5:real:=0.1;

constant FB6:real:=0.15;

constant FB7:real:=0.2;

constant FB8:real:=0.3;
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begin

constant DF1:real:=0.04; -- LUMpKMHA NOJI0Cbl YacToT
constant DF2:real:=0.04;  --uyt06 -3 o6 B Ap. KaHane
constant DF3:real:=0.04;

constant DF4:real:=0.04;

constant DF5:real:=0.05;

constant DF6:real:=0.05;

constant DF7:real:=0.06;

constant DF8:real:=0.07;

constant DT1:time:=TCR*1.010 -6.0*TD;--0 ns; --40 taktow
constant DT2:time:=TCR*1.030 -6.0*TD;--0 ns; --30 taktow
constant DT3:time:=TCR*1.081 -2.0*TD;--0 ns; --10 taktow
constant DT4:time:=TCR*1.176 -2.0*TD;--0 ns; --5 taktow
constant DT5:time:=TCR*1.316- 2.0*¥TD; --4 taktow
constant DT6:time:=TCR*1.564 -2.0*TD;--0 ns; --3 taktow
constant DT7:time:=TCR*1.667 -2.0*TD;--0 ns; --2 taktow
constant DT8:time:=TCR*1.735 -2.0*TD;--0 ns; --1 taktow

component BandDel_r is
generic(Fb:real;
DF:real;
DT:time;
G:real
)i
port(CLK,RST: in STD_LOGIC;
DI: in real:=0.0;
DO: out real:=0.0) ;
end component;
signal DCR,D0O1,D02,D03,D04,D05,D006,D07,D08:real:=0.0;

DCR<=DF;

f1: entity BandDel_r(allpassL) generic map (Fb=>Fb1,
DF=>DF1,
DT=>DT],
G=>Gl1
)
port map(CLK,RST,
DI=>DCR,
DO=>D01) ;

f2:entity BandDel_r(allpass6)  generic map (Fb=>Fb2,
DF=>DF2,
DT=>DT2,
G=>G2
)
port map(CLK,RST,
DI=>DCR,
DO=>D02) ;
f3:entity BandDel_r(allpass2) generic map (Fb=>Fb3,
DF=>DFS3,
DT=>DT3,
G=>G3
)
port map(CLK,RST,
DI=>DCR,
DO=>D03) ;



f4:entity BandDel_r(allpass2)  generic map (Fb=>Fb4,
DF=>DF4,
DT=>DT4,
G=>G4
)
port map(CLK,RST,
DI=>DCR,
DO=>D04) ;
f5:entity BandDel_r(allpass2) generic map (Fb=>Fb5,
DF=>DF5,
DT=>DTS5,
G=>G5
)
port map(CLK,RST,
DI=>DCR,
DO=>D05) ;
f6:entity BandDel_r(allpass2) generic map (Fb=>Fb6,
DF=>DF®6,
DT=>DTS6,
G=>G6
)
port map(CLK,RST,
DI=>DCR,
DO=>DO06) ;
f7:entity BandDel_r(allpass2) generic map (Fb=>Fb7,
DF=>DF7,
DT=>DT7,
G=>G7
)
port map(CLK,RST,
DI=>DCR,
DO=>D07) ;
f8:entity BandDel_r(allpass2) generic map (Fb=>Fb8,
DF=>DFS8,
DT=>DTS,
G=>G8
)
port map(CLK,RST,
DI=>DCR,
DO=>D08) ;

DB<=(D0O1+D02+D03+D04+D05+D06+D07+D08)*DECRCR/3.0;--

end realn;



-- Title : Cylindre

-- Design : fanera

-- Author 10
--Company :0

-- File : Prod_del.vhd

-- Description :Mogenb 3agaep>Xkn NPoAosbHbIX BOSIH
- nepuoa avckpetmsaumm=20 HC

library IEEE;
use IEEE.STD_LOGIC_1164.all;
use IEEE.math_real.all;

entity Prod_Del is
generic(TL:time:=1000 ns; --3agep>xka NPOAObHbLIX BOSIH,HAHOCEKYHA
TD: time:=20 ns; -- nepnoa AMCKpeTM3aLmm
DECRL:real:=1.0; --3aTyxaHue
DeltF:real:=0.1); -- KpyT13Ha NOAOCkI 3a4€PXKaHNS BEPXHUX YacToT,
port(
CLK : in STD_LOGIC;
RST : in STD_LOGIC;
DF : in real;
DB : out real:=0.0
)i
begin
assert (TL>=1.0*TD) report "2.5 CnnwkoM KopoTkas 3agepxka"
severity failure;
assert (DeltF>0.06) report "Cnuikom KpyTon punbTp"
severity failure;
end Prod_Del;

architecture Realn of Prod_Del is
constant FB:real:=0.2;--0.55-DeltF; --nonoca cpe3a ®HY

type arr is array( integer range <>) of real;
constant tg:real:=TAN(Math_2_PI*DeltF/2.0);
constant a:real:=(1.0-tg)/(1.0+tg);
constant b:real:= -COS(Math_2_PI*Fb);
signal RGO,DD,DD?2 : real:=0.0;
signal Z3,21,Z2: real:=0.0;

begin
FNCH:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,tt2: real;
begin
if RST="1'then
Z21<=0.0;
22<=0.0;
23<=0.0;
RGO<=0.0;
elsif CLK="1" and CLK'event then

t2:=(DF-Z2)*q;
tt2:=DF+t2;
tl:=(tt2-Z1)*b;
ttl:=tt2+t1;
Z1<=tt1;
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Z2<=t1+71;
Z3<=DF;
RGO<=(Z2+t2)+Z3; -- output register

end if;
end process;

DB<=transport DECRL*RGO/2.0 after (TL-TD*2.5);

end realn;
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-- Title : allpass2

-- Design : allpass

-- Author 10
--Company :0

-- File : allpass2.vhd

-- Description : kaHan 3agep)XKun B Nonoce 4actoT

-- C UueHTpanbHou Yactotoin Fb, (1 = Fauckpetusaumm)

--  nonocol yactoT DF,
--  3apepxkoit DT HaHocekyHA +1 TakT,
- 3aTyxaHnem G =0.9.

library IEEE;
use IEEE.STD_LOGIC_1164.all;
use IEEE.math_real.all;

entity BandDel_r is
generic(Fb:real;
DF:real;
DT:time;
G:real
)
port(CLK,RST: in STD_LOGIC;
DI: in real;
DO: out real:=0.0) ;
end BandDel_r;

architecture allpass2 of BandDel_r is
type arr is array( integer range <>) of real;
constant tg:real: =TAN(Math_2_PI*DF/2.0);
constant a:real:=(1.0-tg)/(1.0+tg); --0.75;--
constant b:real:= -COS(Math_2_PI*Fb); -- -0.6875;--
signal RGO,r1,r2,r3 : real:=0.0;
signal Z11,712,71,Z2: real:=0.0;
constant K1:real:=-256.0;---128; --k=-0.25

begin
DP:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,tt2: real;
begin
if RST="1"then
Z21<=0.0;
22<=0.0;
RGO<=0.0;
elsif CLK="1' and CLK'event then

t2:=(DI-Z2)*3;
tt2:=DI+t2;
tl:=(tt2-Z21)*b;
ttl:=tt2+t1;
Z1<=tt1;
22<=t1+271;
--z1<=z11;
--72<=712;
RGO<=-(Z2+t2)+DI; -- output register
rl<=rgo;



r2<=ri;
r3<=r2;
end if;
end process;

DO<=transport G¥*(RGO)/2.0 after DT ;

end allpass2;

architecture allpass6 of BandDel_r is

begin

constant tg:real:=TAN(Math_2_PI*DF/2.0);
constant a:real:=(1.0-tg)/(1.0+tq);

constant b:real:= -COS(Math_2_PI*Fb);
constant bl:real:= -COS(Math_2_PI*Fb*2.0);
signal RGO : real:=0.0;

signal Z1,Z2: real:=0.0;

signal z11,z12,z21,z22 RGtmp:real;

DP:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,tt2: real;
begin
if RST="1"then
Z21<=0.0;
22<=0.0;
RGtmp<=0.0;
elsif CLK="1' and CLK'event then

t2:=(DI-Z2)*a;
tt2:=DI+t2;
tl:=(tt2-Z1)*b;
ttl:=tt2+t1;
Z1<=tt1;
Z2<=t1+71;

RGtmp<=-(Z2+t2)+DI; -- output register

end if;
end process;

DP2:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,tt2: real;
begin
if RST="1'then
Z11<=0.0;
Z212<=0.0;
Z721<=0.0;
722<=0.0;
RGO<=0.0;
elsif CLK="1" and CLK'event then

t2:=( RGtmp-Z22)*a;
tt2:= RGtmp+t2;
t1:=(tt2-212)*b1;
ttl:=tt2+t1;
Z11<=tt1;
z12<=z711;
Z21<=t1+712;
722<=721;
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RGO<=-(Z22+t2)+ RGtmp; -- output register

end if;
end process;
DO< =transport G¥RG0O*0.25 after DT ;

end allpass6;

architecture allpassL of BandDel_r is

begin

constant tg:real: =TAN(Math_2_PI*DF/2.0);
constant a:real:=(1.0-tg)/(1.0+tg);

constant b:real:= -COS(Math_2_PI*Fb*6.0);
constant bl:real:= -COS(Math_2_PI*Fb*3.4);
signal RGO : real:=0.0;

signal Z1,Z2: real:=0.0;

signal z11,z12,z21,z22 ,RGtmp,R11,R12,R2:real;

DP:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,t2: real;
begin
if RST="1'then
Z1<=0.0;
22<=0.0;
RGtmp<=0.0;
R2<=0.0;
elsif CLK="1" and CLK'event then

t2:=(DI-Z2)*0.156;--a*1.5;

tt2:=DI+t2;

t1:=(tt2-21)*(-0.8);--b;

ttl:=tt2+t1;

Z1<=tt1;

Z2<=t1+71;

R2<=DI;

RGtmp<=(Z2+t2)+R2; -- output register

end if;
end process;

DP2:process(CLK,RST)
variable dell,del2,c,t,t1,t2,tt1,tt2: real;
begin
if RST='1'then
Z11<=0.0;
212<=0.0;
Z721<=0.0;
Z222<=0.0;
RGO<=0.0;
R11<=0.0;
R12<=0.0;
elsif CLK="1" and CLK'event then

t2:=( RGtmp-Z22)*a;
tt2:= RGtmp+t2;
t1:=(tt2-212)*b1;
ttl:=tt2+t1;

Z11<=tt1;
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z12<=z711;
Z21<=t1+712;
722<=721;
R11<=RGtmp;
R12<=R11;
RGO<=(Z22+t2)+

end if;
end process;

DO< =transport G¥RGO*0.25 after DT ;
end allpassL;

R12; -- output register
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Sergiyenko A. M.! Qasim M. R.’
I Computer Engineering Department of NTUU “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine

Modeling of the wave propagation in the solid bar

Introduction. The acoustic processes in solids are usually modeled in the computers using the finite
difference method, which affords the huge computational resources. On the contrary, the digital
waveguide (DWG) method provides the high-speed computations utilizing much less computation
volume [1]. A lot of successful examples of the DWG implementation are shown in modeling and
sound synthesis of the string and wind musical instruments [2,3]. But this model does not take into
account the dispersion in the sound propagation.

In this work, a DWG method modification is proposed which provides the modeling of the sound
dispersion in the solid bar.

DWG model basics. DWG is a digital model of the wave propagation in the ideal waveguide. It is
based on the principles, described in the work [4], but adapted to the sound wave modeling. The
forward f; = Rvy and backward b; = —Ruv, waves are considered in the i-th point of the waveguide,
where f; and b; are the pressure of the forward and backward (reflected) waves, respectively, R is
the wave impedance, vy, vy are the particle velocities. For the solid cylinder with the cross-section
A the impedance is equal to R = gc/A, where p is the matter density, ¢ is the velocity of the
longitudinal waves. The real pressure value is equal to u = f; + b;.

In the DWG model, the signals are sampled at a sampling frequency of F, which is at least two
times greater than the maximum considered frequency. Then the i-th section of the waveguide of
the length L looks like two delay lines at n = L/(c,Fs) cycles, where ¢, is the wave velocity.

The homogeneous parts of the waveguides are connected together by the adapters, also called as
the scattering nodes. The adapter function is designed to satisfy the Kirchhoff’s law. For the case
of joining two waveguides:

wl=rvfi+ (1 —r)v202=(1+r)vl —rog2; (1)

where r = (R2 — R1)/(R2 + Ry) is the reflection coefficient. Similarly, when three waveguides
are connected, then the adapter node calculates the following formulas:

Ay = (291 — 1) A+ 293 B + 2g5C; (2)

B, =291A+ (292 — 1) B + 293C

Co=2g1 A+ 2g2B + (293 — 1)C;

where A, B, C' are the waves entering the node, A4, B,, C, are the waves leaving the node, g1, g2, g3

are the specific impedances of the waveguides, and g1 + g2 + g3 = 1,9; = R;/(R; + Rs + R3).
DWG model improvement. Due to the theory, the primary longitudinal wave with the phase
velocity ¢,, and the secondary transverse wave with the velocity c,,cs < ¢, are propagated in the
solid bars [5]. The waves of different types can be transformed into each other interacting with the
media boundaries. Besides, the longitudinal waves have a dispersion, i.e. its velocity ¢, depends on
the wave length A. The velocity ¢, in a cylinder is approximated as follows [5]:

cp = co(1 —v°pa®/X%) = f(N), (3)
where v is the Poisson ratio, which is equal
to 0.29 for the st?ei, a is the cylinder radius. Vin 4— Waveguide P [# RR
Therefore, the DWG model has to be corrected LA_’ ¢, =fiN) .
according to this formula. Sz H H‘ SR
The modified DWG model of a bar is illus- 1 Waveguide S [
trated by Fig.1. This model consists of the left Cs

LA and the right RA adapters, the waveguide

P of longitudinal waves, and the waveguide S Figure 1. Structure of the solid bar model



of transverse waves. Each three port adapter

compute the equations (2). Its port, which means the bar end, is connected to the network, which
implements the wave reflection with the suppression factor sy, or sp due to (1). The actuating
signal v;, is fed to the model through an adder.

The waveguide S performs the delay to the given number of clock cycles and some wave
attenuation. The waveguide P does the same but it has a set of channels. Each of them has
the separate frequency band, delay, and attenuation depending on the respective wave length A
according to (3).

Experimental results. Up to eight channels of the waveg-
uide P are implemented on the basis of the allpass filters H(f)
described in [6]. Each channel has the dynamically tun- db
able band pass filter, which is implemented as is shown 0
in [7]. The resulting amplitude-frequency characteristic

of the waveguide S is shown in Fig.2. Here, the frequency —20
f is measured in parts of the sampling frequency Fy, the

characteristics of two neighboring channels are shown as —40 ' : : : ;f

well. 0 0.1 02 03 04 05
The model was actuated by a narrow ultrasound im- Figure 2. Amplitude-frequency

pulse, and the velocity v was measured in the output of characteristic of the waveguide P

the adder node (see Fig.1). The time diagram of it which
represents the wave signal is shown in Fig.3. This diagram shows that the waves are really dispersed
after the propagation through the bar model.

The model is described by the
VHDL language and therefore, it can V
be implemented both in the VHDL
simulator and in FPGA. The model
described in the style for the synthe-
sis and configured in Xilinx Spartan-6
FPGA contains 2680 logic cells, 60
DSP48 blocks, 16 BlockRAMs, and
provides the sampling frequency F, < >
100 MHz. This provides the modeling ‘ 0 2 2 S
in real time.

Conclusion. A  modified DWG

method for modeling the solids is pro-

posed which takes into account the dispersed wave propagation. The method is based on the digital
wave guides which delay is depending on the wave length. An example of the solid bar model
described in VHDL shows the effectiveness of this model.

A M

t, us

Figure 3. Time diagram of the wave signal in the solid bar
model
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AITAPATHE MOJEJIOBAHHA ITOIIMPEHHSA YVJIBTPA3BYKOBHUX
XBWJIb Y TBEPJIOMY TUII

Anatoliy Sergiyenko, Mustafa Rekar Quasim
MODELING THE ULTRASOUND WAVE PROPAGATION IN THE

SOLID BODY BY THE HARDWARE

Po3rnsiHyTO yMOCKOHAJICHWH XBUJICBHW AITOPUTM MOJICIIOBAHHS TOIIMPEHHS YIBTPa3BYKY,
KU TIONArae y TPEACTABICHHI CEpelOBUINA Yy BHUIVIAAI CHCTEMH XBHJIEBUX (UIbTpiB Ta
BIIPI3HSAETBCSA THM, IO 3aBIAKU peami3aiii OaraTokaHaJbHHX (IIBTPIB 3 MPOrPaMOBAHOIO
3aTPUMKOIO, 3MEHIITYETHCS MOXMOKA MOJIEITIOBAaHHS JUCIIEPCIHHOTO MOMIUPEHHS 3BYKY. AJTOPUTM
nipu peanizanii y [UIIC nae 3Mory BUKOHYBaTH MOJICTTIOBaHHS y pealbHOMY Yaci.

Kurouogi ciosa: I[TJIIC, nucniepcist 3ByKy, XBUneBUid GpiibTp.
Puc.: 3. bi6x.: 8.

The improved ultrasound propagation wave modeling algorithm is proposed, which consists in
representing the medium in the form of a system of the wave digital filters. The algorithm differs in
that due to the implementation of the multichannel filters with the programmable delays, the
simulation error of the sound propagation dispersion is decreased. The algorithm implementing in
FPGA provides the modeling in real time.

Key words: FPGA, sound dispersion, wave digital filter.
Fig.: 3. Bibl.: 8.

Beryn. AxycTudHI TipoliecH B TBEPAMX TijlaX 3a3BUYall MOJCNIOIOTHCS B KOMITIOTEpax 3a
JIOTIOMOTOI0 METOJTy PI3HUIIEBUX PIBHSHB, SKUW BUMarae BeITUKUX OOUMCIIOBAILHUX pecypcis [1].
Jlist MiHIMI3aMii IUX PECypCiB 9acTO BUKOPHCTOBYIOTh METOJ MU(PPOBUX XBHUIEBOIIB, a00 METOJ
DWG (digital waveguide), sikuii 3a0e3nedye BUCOKOMIBUIKICHI o0uncneHHs [2]. bararo ycmimHux
MPUKIIAIiB BIOpoBa/pKeHHS Merony DWG moka3aHo B MOJIEIIOBaHHI Ta 3BYKOBOMY CHHTE31
CTPYHHUX, TyXOBHX Ta BIpTyaJbHHX MY3MUYHUX IHCTPYMEHTIB, a TaKOXK B BOKoJepax [2, 3, 4]. Ane
111 MOJIEJTh HE BPaXOBYE PO3CIFOBaHHSI (IUCIIEPCi0) XBUJIb y TTOIIMPEHHI 3BYKY.

VY naniii po6oti mpononyetbes Moaudikaimiss metrony DWG, ska 3abe3nedye MOAETIOBaHHS
3BYKOBOIT IMCTIEPCii B TBEPAIN CMYXKII.

OcnoBu moaeai DWG. DWG - e nudpoBa Moaenb po3MOBCIOJKEHHSI XBHIIb B 17IealTbLHOMY
xBUJIeBOAl. BoHa 0asyeThcs Ha NpHUHIMIAX, OMUCAHUX y poOoTi [5], ame amanToBaHWX 10
MO/ICJIIOBAHHS 3BYKOBUX XBUJIb [2,4]. IIpu 11pboMy y i-if TOUIl XBUIICBOJY PO3IIISLIAIOTHCS NPAMI f;
= Rvy1 3BOpOTHI XBWI b; = —Rv,, 1€ fi Ta b; — 1le THCK NPAMHX 1 3BOPOTHHUX (BIAJI3€pKaTICHUX)
XBUJIb, BIIMNOBIAHO R — XBWIEBMH IMIIENaHC, V; V), — MIBUAKOCTI YaCTUHOK pedoBUHH. Jlyist
YKOPCTKOTO IMITIHAPA 3 TUIOMICIO MEePETUHY A 1el iMIieane JopiBHIOE R = pc,A, e p — TYCTHHA
Mmarepaiy, ¢, — IIBUAKICTb MO3J0BXHUX XBHJIb. PeaqbHe 3Hau€HHS THCKY JOPIBHIOE CyMi THCKIB
MPSIMO1 Ta 3BOPOTHOI XBUJIb: U = f; + b;.

Y uudposiii mMomeni DWG curHanm KBaHTYIOThCS 3 YaCTOTOI AWCKperw3amii Fy, ska,
IIOHalMEHIIIe, B JIBa pa3H MEePEeBUIIYE MAaKCUMAaJIbHY YaCTOTY XBWIIb, SIK1 AOCTIIKYIOThCS. Toxl i-it
CerMEHT XBUJIEBOAY JIOBXKUHOIO L BUTIISAAE SIK JBI JiHIT 3aTpUMKH Ha n = L/(c,F;) TakTiB cCUTHAITY
JMCKpEeTH3aIlii.
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Kinbka ogHOpITHUX XBHJICBOIIB 3'€THAHYIOTHCS MK COOOIO B OJIHIM TOYIII 32 JIOTTOMOTOIO BY3J1a
ajanrepa, KWW TaKOXXK HA3WBAIOTh BY3JIOM po3citoBaHHs. (DYHKI[IOHYBAaHHS ajanrTepa MOBHHHE
migsraty 3akoHy Kipxroda. Jlns Bumaaxy 3'eIHaHHS ABOX XBHJICBOJIB II€ O3HAYa€ BHUKOHAHHS
PIBHSHB:

vpi=rvag + (1 —71) vp; (D)
vie=(L+r)va— rvp;
nr=(Ry— R)/I(R, + R)) — xoedillieHT Bi3epKafoBaHHs. Tak camMo, KOJHM MIAKIIOYEHO TPHU
XBHJICBOJIU, TO Y BY3JIi afantepa po3paxoByIOThCS HACTYIHI (OPMYIIH:
vo1=(2g1— D) va+2gvp+2g3 vp;
vin=281va+ (28— 1) vp+ 283 vp3; 2)
Vi3 =2g1va+ 28 vp+ (283—1) vp;
1€ Vf1, Vi, VB — XBUIIL, IO BXOJSTD Y BY30IL, Vpi, Vi, Vb3, — XBHIIL, 110 BUXOISTH 3 BY31a, g1, §2, &3
— TUTOMI IMIIEaHCH XBHJICBOIIB, TaKi MO g1+ g2+ g3=1,Ta g, =R/(Ri+ R, + R3),i = 1,2, 3.

Ynockonanena moaeab DWG. 3rifHo 3 Teopi€io NOMIMPEHHS aKyCTUYHUX XBHIIb Y TBEPIUX
TUIax, SKi MawTh OOMEXKEHI pO3MIpH, HANPUKIAA, Yy CTPHXKHSIX, pPO3TJILAalOTh OCHOBHI —
MOB3JIOBXKHI XBUJII 3 ()a30BOI0 IIBUAKICTIO €, Ta BTOPUHHI — MONEPEUHI XBUII 31 MIBUAKICTIO Cj,
IpU4oMy ¢ < ¢, [6]. Ilpu B3aeMozii HUX XBHUJIb BOHH MOKYTh IEPETBOPIOBATHCH O/HA B 1HIIY. Lle
MO’KHA TTPOMOJICTIOBATH TIPH 3’ €JJTHAHHI XBUJICBO/(IB 3 TAKMMH XBUJISIMH Y BY3IIi ajantepa.

KpiM Toro, moB3IOBXkHI XBWJII MarOTh JUCHEPCIIO, TOOTO, IX MIBHIKICTB C, 3aJIEKUTh Bil
JOBKMHU XBUJl A. Hampukiaa, MBHIKICTh MOB3JIOBXHUX XBHIb Y UWIIHAPI OIIHIOETHCS
dhopmyroro [6]:

cp= co(1 =V’p’a’l W) = f0), 3)
ne v — koedimient [lyaccona, mo mgopiBHioe 0,29 mist craii, a — paaiyc muiiHapa. Tomy Moensb
DWG noBrHHa OyTH 3KOpPEKTOBaHA BiMOBIAHO A0 i€l GopMyIH.

MopaudikoBany wmoxenb DWG neskoro crpwxHs a00 IWIIHApPAa MOXKHA TIPEIACTaBUTH
CTPYKTYpOIO, sika mokazana Ha puc.l. Ils moxens ckmanmaernscs 3 miBoro (LA) ta mpaBoro (RA)
aZanTepiB, XBUICTIPOBOLY P MpoIONIbHUX XBUJIb Ta XBUJICBOAY S MOMEPEYHUX XBHIJIb. Y KOKHOMY
3 TPHOXIIOPTOBUX aJaNTepiB OOYUCIIOIOThCA BHpasu (2). IXHi mopTH, fKki 03HAYAIOTH TOPII
CTPYDKHSI, MIAKIIOYEHI JO0 MEpeXK, SIKI peami3yloTh BIAA3EPKaJICHHS XBUJIb 3 KOE(IIIEHTOM
MPUAYIICHHS §; Ta Sg 3T1IHO 3 piBHAHHAMU (1). CurHan 30yKeHHS V;, TONAETHCS y MOJACITH Yepes
cymarop.

Vi, 4—| Waveguide P[4 RA
LA—) ¢ =fIN) —p H
=S H —SR
< Waveguide S ¢
_’I CS
Puc. 1.

CtpyKTypa MO CTPUKHS

XBuJeBil S BUKOHYE 3aTPUMKY Ha 3a/laHy KUIBKICTb TaKTIB YAaCTOTH JAMCKPETH3allii Ta MeBHE
oclla0JIeHHST XBUJICBOTO CHUTHANTy. XBHJICBIJ P CKiIagaeThcs 3 KUIBKOX KaHAIIB, KOKEH 3 SIKUX Mae
OKpeMi Jiarma3oH 4acTOT MPOIYCKaHHS, 3aTPUMKY 1 3racaHHs B 3aJE€XKHOCTI BiJ BiJNOBIIHOI
JIOBXKHHHM XBUJII A 3rigHo 3 (3).

Otxe, mogudikoBana monens DWG 3naTHa mpuiiMaTH 10 YBaru JUCIEPCHICTH MOLIHPEHHS
3BYKY Y TBEpJOMY TiJli, TOOTO, 3aJI€KHICTh ()a30BOi MIBUAKOCTI 3BYKY BiJl HOTO TIOBXUHHU XBUJI1 200
YaCTOTH.

ExcnepumenTaibHi pe3yabratu. byma po3pobieHa mporpamMHa MOJEIb CTPHOKHS 31
CTPYKTYpOIO siK Ha puc. 1. B Hiif 10 BOCbMH KaHaJiB XBUJIEBONY P peamizyloThCs Ha OCHOBI
cmyroBux (urbTpiB Ha 6a3i (azoBoro xBuieBoro (inbrpa, skuii ommcaHo y [7]. Koxken kanan
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XBUJIEBOY Ma€ JMHAMIYHO HACTPOIOBAHUN CMYTOBUH (PUIBTP, KUK peanizoBaHO TakK, K MOKa3aHO
B [8]. CymapHa aMIUTITy[IHO-4aCTOTHA XapaKTEPUCTHKA XBHJIEBOLY S mMoka3zaHa Ha puc.2. Tyt
4acToTa f BUMIPIOETHCS B YACTKAX YaCTOTH AucCKperu3allii Fs. Ha puc.2 Takox moka3aHi 4acTOTHI
XapaKTePUCTHKH JBOX CYCIIHIX KaHaJiB XBUJICBOY.

Mopenb 30ymKyBanach BY3bKHM YIIBTPAa3BYKOBUM IMIYJbCOM, a IHTEHCHUBHHICTh 3BYKY V
BUMipIOBaJlaCh Ha BHUXOJI By3Ja cymaropa (auB. puc.l). YacoBa miarpama, sika IpeICTaBIse
XBUJILOBUW CHUTHAJ, TIOKazaHa Ha puc.3. Llg mgiarpama mokasye, IO XBHJII JIMCHO 3a3aHAIOTh
aucriepeii mij yac po3MoBCIOIKEHHS Yepe3 MOENb CTPIHIKHS.

v
H() |
db A
0
0 wmw
N J\/\NWWM
_40 1 ! ! 1 | i

0 0.1 02 03 04 05 0 05 1 L5 2 25 3 35 4
Puc. 2. Cymapna amrmityao- ‘

YaCTOTHA XapPaKTEPUCTHKA Puc. 3. Yacosa Jlarpama MOLMPeHHs

XBHIIEBOY P YIIBTPa3BYKOBOTO IMITYJIbCY Y CTPHIKHI

0 VHDL, 1 TOMy BOHa MOX€ OyTH peali3oBaHa SIK Yy
CI/IMy.]'ISITOpl VHDL tak 1 B [JIIC. Mopenb, onncana cTuieM JUIsi CHHTE3Y 1 Tpu KOH(DIrypyBaHHI y
IUIIC Xilinx Spartan-6, mictute 2680 moriyaux enementi, 60 6mokiB MHOkeHHsT DSP48, Tta 16
osokiB mam’ sTi BlockRAM. Ipu 1iboMy 3a6e3nedyeThest 4acToTy Auckperu3arntii curnany Fy < 100
MI 1. Taka gacTora 3a0e3redye MOJSITIOBAHHS B PEXKUMI peaTbHOro 4yacy.

BucnoBku. 3anponornoBano moaudikoBanuii meron DWG st MozienoBaHHsS TBEPAOTO Tija,
KU BpPaxoBY€ AWUCIEPCHICTh MOMIMPEHHS XBHJIb. MeETOJ 3aCHOBaHMH Ha Mojeni Hu(poBoro
XBUJIEBOJY, 3aTPUMKA SIKOTO 3aJIEKUTh BiJ TOBXHUHU XBuWII. [Ipukian Moaeni CTpUKHS, ONMKUCAHOI
Ha VHDL, noka3ye eQekTHUBHICTb I1i€l MOsIemi.
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