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(Summary)

The transition layer modelling is an actual problem that often occurs in the analysis or design
of physical environments, which consist of two or more components. Examples of such
environments are composites. In the heterogeneous environments models construction, depending
on the selected level of detail, transition layers can be described as: separated units; simplified
elements of regular structural units; and as random distribution of some different materials
concentration of microlevel model elements. Models included in the last class are the most
promising in terms of research, automation, and further practical usage, since give ability to most
adequately describe the real physical and spatial structure of heterogeneous environments.

Random microlevel models can be divided into cellular and random scalar fields models, to
which is devoted this work. Compared to the cellular, the latter give considerable flexibility of real
physical microstructures formalization that can be modeled by them.

On the other hand, the usage of more primitive in comparison with microlevel, structural
models of heterogeneous environments, greatly simplifies the calculations and reduces their
number, especially in tasks of design. The main disadvantage of models which are included in this
class is the usage of averaging techniques, which are based on a number of axiomatic assumptions
that cannot always be kept in practice, so their usage is very limited.

This paper provides a version of the described models classes main advantages combination.
For this, the method of microlevel random transition layers construction at different modeling scales
is proposed. This allows one to construct the heterogeneous environments structures models, as a
combination of deterministic elements with given stochastic transition layers between them. In
addition, the method can be used recurrently for direct multiscale modelling of random scalar fields.

Taking into account that simulation of random scalar fields requires a large number of
identical calculations, it can be effectively done on SIMD (Single Instruction Multiple Data)
architectures of computing devices, such as graphics cards (GPU). This paper describes such
software implementation based on OpenCL (Open Computing Language) technology. Thus, one
can significantly increase the speed, due to the simultaneous code execution on a large number of
computing cores.

The problem of random scalar fields construction consists of following stages:

1. build random distribution in some representative volume element (RVE) of heterogeneous

environment, that preferably is a three-dimensional matrix, each element of which is a
random scalar quantity (intensity) in the range [0, 1];
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2. coarsening of basic random distribution, preferably by linear filter, by calculating intensity
as the average value of neighboring intensities weighted by some coefficients (well known
Gaussian filter is very often used at this stage);

3. application of level-cut on received coarsened field at some level of selected range or
simultaneous usage of several level-cuts.

Graduation, i.e. modeling of some functional transitions between phases of heterogeneous
environments, is widely used in models of functionally graded materials (FGM). For graduation of
random scalar fields models, special function that describes the desired form of random fields is
introduced into base intensity distribution coarsening filter. In the simplest case, intensity function
describes the linear decline, between environment phases that conditionally equal to 1 and 0. Then
should be repeated the previously described steps of random scalar fields modelling, with the
difference that under filtering the value intensity should be added to found coarsened field. This
approach can be used iteratively. In this case, by reducing the size of the filter at each iteration, it is
possible to simulate heterogeneous structures with different scales of grading.

Taking into account relatively large number of elements of the representative volume element
matrix, high memory access latency of SIMD architectures for random graded transition layers
construction, is proposed the following procedure:

1. Apply to the initial intensity function, saved in the representative volume element matrix,
two-level-cut. Accept values that do not get into the cut as masked and assign them
opposite in sign value, reduced by some constant. Here, one phase intensity equal to zero,
and another, to one. The constant is needed for cases where it is necessary to consider the
intensity equal to zero or one. There no necessity to create a separated masking matrix.

2. Create a new matrix of the same size and construct there a random field with required filter
by using previously described steps.

3. Multiply the unmasked intensity function values on the desired ratio, and add to them the
value of constructed random field.

4. Normalize unmasked values.

5. Remove the mask.

An example of the realization by high-performance parallel and distributed computing
technology OpenCL is shown. This allows one to effectively do the modelling on computing
devices with SIMD architecture, such as graphics cards or multi-core CPU. In particular, the
simulation results are presented, which show that even when using an ordinary PC configuration,
implementation under OpenCL technology provides more than ten-fold acceleration in the

calculations of such problems.
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MeTox no0y/10BH BUNIAKOBUX NepexiTHUX MAapiB Ta HOro 3aCTOCYBaHHA Y
MYJbTHMACIITA0OHOMY MO/IEJIIOBAHHI CTPYKTYP reTeporeHHUX cepeloBHIL 32 JOMOMOI 010
TexHoJiorii OpenCL
(Pe3ome)

MopenoBaHHsl MEPEXiIHUX IIapiB € aKTyaJIbHOI 3aJadelo, IO YacTO 3YCTPIYaeThCs MpPU
aHaJi31 YM MPOEKTYBaHHI (I3MYHHUX CEPEIOBUIL, SKI CKIANAIOTHCS 3 ABOX UM OLIbIIEe KOMIIOHEHT.
[IpukiagomM Takux CepemoBHUIN € KOMMO3UIliHHI MaTepianu. [Ipu moOymoBi Mojaeneld CTPYKTypH
TeTEPOreHHUX CEPEIOBUII, B 3AJICKHOCTI BiJl 0OpaHOTo PiBHS JeTali3allii, MepexiHi Iapyu MOXYTh
OIMCYBATHUCS SIK: OKPEMi OJIMHUIII; CIIPOILEH] €IeMEHTH PErYIAPHUX CTPYKTYPHHUX OAMHHUIIh; Ta K
BUMAIKOBUH PO3MOJUI 3 AESIKOI0 KOHIICHTPALIEI PI3HUX MaTepialiB €JIeMEHTIB MiKpOpiBHEBOT
Mozeni. Mopeni, 10 BXOAATH A0 OCTAHHBOTO KJIAacy € HaWOUIbIl MEePCHeKTUBHUMHU Y IUIaHI
JOCIIJKEeHb, aBTOMATH3allli, Ta NOJAJIBIIOr0 MPAaKTHYHOTO BUKOPUCTAHHS, OCKUIBKH JalOTh 3MOTY
MaKCHMaJIbHO aJeKBATHO OIMHCYBATH pealbHI (i3MYHI Ta MPOCTOPOBI CTPYKTYPH T€TEPOTCHHOTO
CepeIoBHIIA.

BumnankoBi MiKpopiBHEBI MOJeNi, B CBOIO uepry MOAUISAIOTHCS Ha KOMIPKOBI Ta MOAENi
BUIA/IKOBUX CKAJIIPHUX IOJIB, SKUM IPHCBSUEHa JaHa poOoTa. Y MOPIBHSAHHI 3 KOMIPKOBHMMH,
OCTaHHI Jal0Th 3HaUHY THYYKICTh y (hopMaizalii KjaciB pealbHUX (PI3UUHUX MIKPOCTPYKTYP, L0
MOXYTh OyTH HUMH 3MO/ICTHOBaH.

3 1HIIOT CTOPOHHU, BUKOPUCTaHHS OUIbII NMPUMITHBHUX, Y MOPIBHSAHHI 3 MIKpOpIBHEBUMH,
CTPYKTYPHUX MOJIeJIel TeTepOreHHUX CEepeOBUIlL, 3HAYHO CIPOIIye OOYUCIEHHS Ta 3MEHUIYE iX
KUIBKICTh, 0OCOOJIMBO y 3a7adax NpoeKTyBaHHA. OCHOBHUI HEIOMIK MOJIENEN, 0 BXOAATh IO IbOTO
KJIaCy — BUKOPUCTaHHS METOJIB YCEpEIHEHHs], sIKI 0a3yI0ThCS Ha Al aKCIOMaTUYHUX MPUITYILEHb,
SAKMX HE 3aBXIU BJAETbCA NOTPUMYBATHUCA Ha TNPAKTHUI, TOMY iX BHUKOPHUCTaHHS € CHJIBHO
OOMEKEHHUM.

VYV nanHiii poOOTI HABOAWUTHCS BaplaHT OO €HAHHS OCHOBHHMX II€peBar OIMHUCAHUX KJIACIB
Mozeneil. [l 1poro, MpomoHyeTbCcs METOA MOOYTOBH BUITAJKOBUX MIKPOPIBHEBUX MEPEXiTHHUX
mapiB Opu pi3HUX MacmrTabax wmozemoBaHHs. lLle mae 3mory OyayBaT Mojeni CTPYKTYp
reTepOreHHUX CEePEIOBHUIL, SIK KOMOIHALIIIO JIETepMiHOBAaHUX €JIEMEHTIB 3 33JJaHUMHU CTOXaCTUYHUM
MepexiTHUMH IapamMu MK HUMH. KpiM Toro, mMeroa MoXHa 3aCTOCOBYBAaTH PEKYPEHTHO s
0e31mocepeTHHOT0 MYJIBTUMACIITAOHOTO MOZICITIOBAHHS BHITAIKOBHX CKAJIIPHUX TTOJIIB.

BpaxoByroun Te, 1110 MOAETIOBAaHHS BUIIAIKOBUX CKAISIPHUX MOJIIB BUMArae BeJUKY KUIbKICTb
OJTHAKOBHUX OOYMCIIeHb, Horo epexktuBHO peamizoByBatu Ha SIMD (Single Instruction Multiple
Data) apxiTekTypax oO0YHCITIOBAIbHUX MPUCTPOIB, HAaNpUKIIa, Ha rpadiunux kaprax (GPU). V mii

po0OTI omucaHO TaKy MporpamHy peamizamiro Ha ocHoBi TexHoJorii OpenCL (Open Computing
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Language). TakuM 4MHOM, MOKHA 3HAYHO 30UIBIIUTH IIBUAKOMAIIO, 32 PaXyHOK OJIHOYACHOTO
BUKOHAHHS IPOTPAMHOTO KOAY Ha BEJIHKIH KUTBKOCTI 00YHCITIOBAIBHUX SIEP.

3amada MOJIETTIOBAaHHS BUITAJKOBUX CKAISPHUX CKIIAJA€THCS TAKUX OCHOBHHX €TaIliB:

1. moOGynoBa 6a30BOTO BUITAJKOBOTO PO3IMOALTY y neskomy eiaemeHTapHomy 00’emi (RVE)
TFeTepOreHHOr0 CEepEeIOBHUIIA, 110 MEPEBAXKHO MPEACTaBIsE COO00 TPUBUMIPHY MAaTPHIIIO,
KOKCH €JIEMEHT SIKOi € BHITQJIKOBOIO CKAIIPHOIO BEIMYMHOKO (IHTCHCHBHICTIO) B Jiama3oHi
[0;1];

2. orpyOJieHHsI 6a30BOT'0 BHIAJIKOBOTO PO3IOILTY JACIKHM, IIEPEBAXKHO JIHIMHUM, (PLIBTPOM,
HUIIXOM OOYHUCIIEHHS 1HTEHCUBHOCTI, SIK CEPEIHbOI0 3HAYEHHS CYCIAHIX 1HTEHCHUBHOCTEH,
3BAKCHUX JESTKUM KOEe(PIIIEHTOM (IyKe 9acTo, Ha [[bOMY €Talli BUKOPUCTOBYETKCS, 100pE
Bigomuii, ["aycoBuii GpinbTp);

3. 3aCTOCYBaHHA Mepepisy OTPUMAHOr0 OTpyOJICHOro MoJis Ha JIeIKOMY piBHI BHUOPaHOro
nianma3zoHy, a0 3aCTOCYBaHHS OJJHOYACHO KUIBKOX MepepisiB.

I'panyroBaHHs, TOOTO MOJEIIOBaHHS NESKUX (DYHKIIOHAIBHO 3a/IaHUX NIEPEX0/iB MiXk (azamu
TeTePOTeHHUX CEPEAOBUII, IMIMPOKO 3aCTOCOBYETHCS B MOJEIAX (PYHKIIOHAIBHO-TPALYHOBAaHUX
MmatepianiB (FGM). [lns rpagyroBaHHS Mojeleill BUIAIKOBUX CKAISIPHUX TOJNIB, y QIbTp
orpy0ieHHs1 6a30BOT0 PO3MOALTY IHTEHCUBHOCTEH, BBOJIATH ClielliadbHy (DYHKIIIO IHTEHCUBHOCTEH,
mo onucye OaxaHy (opMy BHUIAAKOBUX TMOJMIB. Y HAWOPOCTIINIOMY BHIAJKY, QYHKIISA
IHTEHCUBHOCTEH ONMHUCYE JIHIMHUN craa, MK (a3amu cepeoBHINa, 1o yMmoBHO piBHI 1 Ta 0. [Ticns
I[bOT'O, TOBTOPIOIOTHCS TIONEPEAHBO OMUCaHI KPOKU MOJIEIIOBAaHHS BUIAIKOBUX CKaJSIPHUX MOJIB, 3
TI€I0 BIJMIHHICTIO, IO NpH (QUIBTPYBaHHI, MO 3HAWIEHOro OrpyOJE€HOro 3HAu€HHsS MOJs CIiJ
JOJIaTH 3HA4YEHHS 1HTEHCUBHOCTI. Llei miaxig Mo)KHa BUKOPUCTOBYBATH iTepauiiiHo. Ilpu npomy,
3MEHIIYIOUM Ha KOXHIM ITepauii po3Mipu (iabTpa, 3’SBISETbCS MOXJIMBICTH MOJIEIIOBATH
reTepPOreHH1 CTPYKTYpH 3 PI3HUMHU MacuITabaMy IpajyroBaHHs.

BpaxoByroun JOCUTh BEJIMKY KiNBKICTh €1€MEHTIB MaTpHIll €JIeMEHTApHOro 00’€My, BUCOKY
JATeHTHICTh JocTyny 1o mnam’ari Ha SIMD apxitektypax uiss noOyJOBH BHIAJAKOBHX
rpagyioBaHUX MEPEXiTHUX LIapiB, MPOMOHYETHCS HACTYIHA MIPOLIEaypa:

1. 3actrocyBatu 140 mouyaTKoBOi (YHKIIi 1HTEHCHBHOCTEH, 30€pekeHoi y MaTpulli
€JIEMEHTapHOro 00’eMy, MojBiHHUI nepepi3. [IpuitHATH 3HAYEHH:, 110 HE MONAJAI0Th B
nepepi3 K 3aMacKOBaHI Ta MPUCBOITH M MPOTHJICKHI MO 3HAKY 3HAYEHHS, 3MEHIIICHI Ha
nesiky KoHCTaHTy. [Ipu 1poMy BBa)kaeMoO 1HTEHCHBHICTB OJIHI€T (pa3u cepeloBHINa PIBHY
HYJIO, a 1HIIOI, piBHY oauHMLi. KoHcTaHTa HeoOXinHa A BUMAIKIB, KOJIU HEOOXiTHO
PO3IIIAIaTH IHTEHCUBHOCTI, 1110 PiBHI HYMIO YM oAuHULI. Hemae HE0OXiAHOCTI CTBOPIOBATH

OKpEeMY MaTpHUII0 MaCKyBaHHSI.



2. CTBOpPUTH HOBY MATPHIIO TAKOTO X PO3MIpy, Ta MOOyAyBaTH B Hil BHITaJIKOBE TIOJIE 3

3aCTOCYBaHHSM HEOOX1THOTO (DUTBTPY, 32 TOTIOMOTOIO MOTIEPEHHO ONMUCAHUX KPOKIB.

3. IloMHOXXUTH HE 3aMacKOBaHI 3Ha4eHHA (YHKIII I1HTEHCHMBHOCTI, Ha HEOOXITHHUH

KOC(IIIEHT, Ta JI0JaTH 10 HUX 3HAYCHHS MTO0YI0BAHOTO BUIIAIKOBOTO ITOJIS.

4. HopMmamizyBaT He 3aMacKOBaH1 3HaYCHHS.

5. 3HATHU MACKY.

HaBoautbcs nmpukian peanizallii Ha OCHOBI TEXHOJIOTIi BUCOKOMPOIYKTHUBHUX MapaleIbHUX 1
posnoxainenux obuuciedb OpenCL. lle mae 3Mory eQeKTHBHO NPOBOAMTH MOCTIOBAHHS Ha
obunciroBaIbHUX TpucTposix 3 SIMD apxirTekTyporo, Hampukiaa, Ha rpadiyHUX KapTrax Y
OaraTosiIepHUX IEHTPAJIBHHUX Tpolecopax. 30KpeMa, HaBEeHI pe3yabTaTH MOJICIIOBAHHS, 3 SIKUX
BUJHO, IO HABiTh NpPU BHUKOPHCTAaHHI NEPCOHAIBHUX KOMII IOTEPIB IMEPECiyHOi KOMIUIEKTalii,
peanizaiis 3 gomnomoror TexHoiorii OpenCL pgae OuIbII HIX JECATUKPATHE NPUCKOPEHHS B

00YHCIIEHHS TAKNX 3ajJa4.



