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NapannenbHble MeToAbI pelleHusi rpaBUTaUMOHHOM 3a4a4um n Ten

lMocmaHoeka 3a0ayu u ee MameMamuy4yeckasi Mooesib

3anaua. /lano HauanbHOe nonoxenue N Toueunsix Ten. Kaxxnoe Teno xapakrepusyercs Mmaccoil m (ckansip-
Hasl BEJIMYMHA) U HAYaIBbHOW CKOpPOCThIO V (BekTop). [Ipenmnomnaraercs, 4To Ha Tejia He JEHCTBYIOT HUKAKUE CUJIBI,
KpOMe I'paBUTALMOHHBIX. [loa neficTBHeM IpaBUTALMU Tella U3MEHSIOT CBOE IOJOXKEHHE, a TAKKe CKOpPOCTb.
[IpomoaenupoBaTh 3BOIIOLUIO JAHHOTO HabOpa B3aUMOJICHCTBYIOIUX TEIL.

Mamemamuueckas mooens 3a0ayu NCNOIAb3YET CIEAYIOIUE POPMYJIIBI.

1. 3akoH BCeMUPHOTI0 TATOTEHHUS

F = Gmim,/r®, rae My 1 My — Macchl B3aMMOJICHCTBYIOIIIX Tel, I — PACCTOSIHHE Mexk /Iy HuMH, G — rpaBuTa-
LMOHHAs MTOCTOSIHHASI, paBHAas 6,67-10_11 H-MZ/KFZ, F — abcomtoTHast BeIMUMHA CUJIBI, C KOTOPOM KaXKJI0€ U3 Tl
JICHCTBYET Ha JApyroe (Cuiia, IeHCTBYIOIIAs Ha TEJIO | CO CTOPOHBI TEJa |, HallpaBJieHa OT Telia | K Tey j).

2. [IpaBUJIO CII0KEHHST CHJT

Ecnu Ha Teno 1elCTBYIOT HECKOIBKO CUJI, TO HX MOKHO 3aMEHUTH OJJTHOM CWJION, PAaBHOM BEKTOPHON CymMMe
BCEX UCXOJIHBIX CHIL.

3. Bropoii 3akon HeloTona

F = ma, roe F — cuia, gelicTByromas Ha Tejao, M — Macca Tella, & — yCKOpeHHe, KOTOpoe TeJlo MpHoopeTaeT
101 JIelicTBHEM JIaHHOM ciuibl (F 1 & SBJISIOTCS BEKTOPHBIMH BEJIMYMHAMU; UX HATIPABJICHHS COBIAJIAIOT).

B3aumoneiicTBre Tea1 MOJENUPYETCs MOIIAroBO C MOMOILBIO TUCKPETHBIX OTPE3KOB BpEMEHHU (PUKCHUPOBAH-
HoM jummtensHOcTH df. Ha kaIoM 1mare BBIYHMCIISCTCS CUJIA, JCHCTBYIOIIAs Ha KaXI0€ TEJIO B HAYaJIbHBIA MO-
MEHT BpeMeHH (¢ mpuMeHeHueM Gopmyi 1 u 2), mo HaiijieHHOU cuiie ompexensiercs: yckopenue a (popmyna 3).
3akoH apmwkenus tena S = S(t) onpenensercs u3 nupGepeHINATBEHOTO YPaBHEHUS BTOPOTO TOPSIKA

d?s/dt® = a(t),

KOTOPOE PaBHOCHIJIBHO CUCTEME JIBYX Au(depeHInanbHbIX ypaBHEHUH IEPBOTO OPSIIKA:

dS/dt = V(t),

dv/dt = a(t),
rae V(t) — ckopocTh Tea B MOMEHT t.

O6o3navas S; = S(tj) u Vi = V(ti), rne tj = to + i-dt, 1 ucmonb3ys NPOCTEHIINI YUCICHHBIH METOJ PELICHUS
cucteMbl TuddepeHInanbHbIX ypaBHEHUH, TpH KOTOpOM (GyHKIUsS a(X) 3aMEHSETCS] MOCTOSHHBIM 3HAYCHHEM
ai = a(tj) Ha xaxmom otpeske [tj, tis1], momygaem cieayrone GOpMyITbl I TIepecUeTa MOJOKEHUS U CKOPOCTH
Tena:

Vis1 = Vi + a;-dt,

Si+1 = S; + V;-dt + ai-dt2/2.

JU1st IPOCTOTHI MPEATOIaraeTcsl, 4TO BCE Tella PacloyIOKeHbl B OJTHON MIIOCKOCTU. B 3TOM citydae Bce Bek-
TOpPHBIE BEJINYMHBI, CBA3aHHBIE C ATUMH TeJIaMU, TaKXke JiexaT B 3TOU miaockocTu. [lonoxenne kaxaoro Tena on-
penensercs AByMsi KoopanHatamu (X, Y); Kaxaas BEeKTOpHAs BEMUYMHA TAK)KE OIMPEICIACTCS IByMsI KOOpAUHATA-
mu: F = (Fy, Fy). a=(ax. ay). V= (Vy Vy).

B cnyuae, korjga B3aMMOAEHCTBYIOIIHME Tella pacroyiaralorcs OJU3K0 IpYr OT Jpyra, OMUCAHHBIA MpoCTei-
IIMI METOJ| pacyeTa OKa3bIBAETCS HEYCTOWUYMBBIM B CHJIy YBEIWYEHUsS MOTPEIIHOCTEN BbIUKCIEHUA. B naHHON
CUTYyallud MOKHO HCIIOJIb30BaTh 00Jiee TOUHBIE METO/bI MHTEIPUPOBaHUs cUcTeM AU depeHInalIbHBIX YpaBHe-
HUH, a TaK)Ke TIepeMEeHHBIN 11ar o BpeMeHH (Mbl He Oy/1eM paccMaTpUBaTh MOA0OHBIE MOIU(UKALINN).

Jlnist TOro 4yTOOBI ONMMCAHHBIN BBIIIE TPOCTEUIINN BapUaHT AITOPUTMA HE MPUBOJIMI K HECTAOUIBHOMY I10-
BEJICHUIO CHCTEMBl OJIM3KO PACIIOJIOKEHHBIX Tell, MOKHO HAJIOKUTh OIPaHUYEHHE HAa MAKCUMATbHOE 3HAYeHUe
cunbl, NEUCTBYIOIIEH Ha TEJIO CO CTOPOHBI APYroro (OJIM3KO pacmoiokKeHHoro) Tena. Pazymeercs, mogo6Hoe or-
paHUYEHHE HEJb3sl CUYMTATh ONPABIAHHBIM C (DU3HUECKON TOUKH 3pEHHS, OHAKO MPH MOJEIUPOBAHUU PealbHOM
CHCTEMBI aCTPOHOMHUYECKUX TeJl PACCTOSHUE MEKIY HUMH SIBJISIETCS HACTOJIBKO OOJIBIINM, YTO CHIIBI HUKOTA HE
JIOCTUTAIOT YKa3aHHOT'O MOPOTOBOT0 3HaueHHud. J[aHHOEe OrpaHWYeHHE IMPEeJIHAa3HAuY€HO JIUIIb ISl TOTO, YTOOBI
00ecreynTh yCTOWYMBOE MOBEACHUE MOOENbHOU CUCTEMbl Meil, UCTIONb3yeMOW MPU TECTUPOBAHUU MOJTYUYEHHBIX
BapHUaHTOB MIPOTPAMMBEI.

[Tpu MoaenupoBaHUM CHUCTEMBI (C YUETOM HaJIOKEHHOT'O OrpaHMYEHHs Ha MaKCUMaJIbHOE 3HAYEHUE CUJIbI)
MOYKHO JOCTaTOYHO IPOM3BOJIbHBIM 00pa30M BHIOMPATh TaKW€ XAPAKTEPUCTHKH, KaK MAacChl T€J, UX CKOPOCTH,
paccTosiHUA MKy HUIMH U 3HaUY€HHE IPAaBUTAIIMOHHON MOCTOSHHOIA.
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HenapannenwbHbIl eapuaHm npo2pamMmmbi

Brauane npuBenem Menee 3(pGEKTUBHBIN BapuaHT IPOrPaMMBbI, B KOTOPOM JUI KaXKAOTO Tela sIBHBIM 00pa-
30M BBIYUCIIIOTCS BCE JEHCTBYIOIINE HA HETO CUJIBL.

#include <iostream>
#include <iomanip>
#include <cstdlib>
#include <ctime>
#include <cmath>
#include <omp.h>

using namespace std;

#define gravity 10 // rpaBuTauMoHHaa MNOCTOAHHAA

#define dt 0.1 // war no BpemeHu
##define N 800 // KONMM4YecTBO 4acTul,
#tdefine fmax 1 // MaKcuMasibHOe 3Ha4YeHue Cubl

#define Niter 100 // uucno wuTepauui

struct Particle

{
1

double x, y, vx, vy;

struct Force

double x, y;
}s
Particle p[N];
Force f[N];
double m[N];

void Init()

{
for (int i = 0; i < N; i++)
{
p[i]l.x = 20 * (i / 20 - 20) + 10;
p[i]l.y = 20 * (i % 20 - 10) + 10;
pli].vx = p[i].y / 15;
pli].vy = -p[i].x / 56;
m[i] = 100 + i % 100;
f[i].x = 0;
flil.y = @;
}
}

void CalcForcesl()

{
for (int i = @; i < N; i++)
for (int j = 0; j < N; j++)

{
if (i == j) continue;
double dx = p[j].x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[]j] * r_2;
if (fabs > fmax) fabs = fmax;
f[i].x = f[i].x + fabs * dx * r_1;
f[i].y = f[i].y + fabs * dy * r_1;
}
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void MoveParticlesAndFreeForces()

{

for (int i = 0; i < N; i++)

{

double dvx = f[i].x * dt / m[i],
dvy = f[i].y * dt / m[i];
(p[i].vx + dvx / 2) * dt;

p[i].x +=
p[i].y += (p[i].vy + dvy / 2) * dt;
p[i].vx += dvx;

p[i].vy += dvy;

f[i].x = ©;

fli]l.y = ©;

}
void info(char* s, double time)

{

<< setprecision(12) << "po:
}

void main()
{
Init();
double t
for (int i

{

omp_get_wtime();
0; i < Niter; i++)

CalcForcesl();
MoveParticlesAndFreeForces();

}
t = omp_get_wtime() - t;

info("Non-Parallel (N*N)", t);

y3Jj1ax HpHMOYFOHBHOﬁ CCTKU U BpallatOMIUXCA BOKPYTI HEHTpPA 9TOM CETKH.
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cout << setw(30) << left << s << "Time:
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<< fixed << setprecision(@) << setw(6) << 1000*time
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<< setw(12) << p[@].y << endl;
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B xadecTBe TECTOBBIX 3HAUCHHIA, KOTOPHIC B JAJIbHEHIIEM OyIyT MCIIOIB30BATHCS IS POBEPKU MPABUIIb-
HOCTH Pa3IMYHbIX MOJU(PHUKAIIMNA UCXOTHON MPOrPaMMbl, BRIBOJISATCS 3HAYCHHS KOOPAWHAT HAYaJIbHOW YACTHIIBI
nocne 100 urepaumii. Kpome TOro, BbIBOAUTCA BpEeMs pacueTa B MHUIMCEKYHJAX; Uil 3TOrO MCIIOJIb3YyeTCs
byukims omp_get_time().

[Tpu BBINOJIHEHNH TPUBECHHOMN MTPOrpaMMbl OyJIET BHIBEICH CICAYIOIINNA TEKCT:

Non-Parallel (N*N) Time: 8358 p0: -285.496803732846, 7.014089107234

OcHOBHas 4aCTh BBIYMCIICHUI BhINONHACTCs B GyHKImu CalcForcesl, ompenenstoieil CHiIbl B3auMOICHCT-
BUSI MKy TenaMu. Mcronb30BaHHBIN B HEHM TBOWHOM IMKJI, B KOTOpOM 00a mapamerpa nepedupatorcst ot 0 10
N-1, mpuBOAUT K TOMY, YTO OJHA U Ta K€ CHUJIa, BO3HUKAIOIIAs MPH B3aUMOJCUCTBUU JIBYX TEI, BHIYUCISAETCS
JABAXbI. Bwmecte ¢ TEM, IIPU HAXOKACHUU CHUJIbI UCITIOJIB30BAHbI ITIPUEMBI, IMTO3BOJIAIOIIUC YCKOPUTH BEIYMCIICHUA.
BO BCIIOMOTaTeIbHOU MEPEMEHHOM I_2 coXpaHseTcs BeIUYnuHa, 00paTHas KBapaTy pacCTOSIHUS, YTO MO3BOJISIET B
jl&J'II)HGﬁIHGM n30exarn IMPUMCECHCHUS Ooncpanun JCICHUA (KOTOpafl BBITIOJIHACTCA JOJbIIC, YEM OIlCpalvsd YMHO-
JKEHUs); ellle B OJHOM mepeMeHHO# I_1 coxpaHseTcsl BeluYrHa, 00paTHas pacCTOSHHUIO; TaKUM 00pa3oM, (GyHK-
ous U3BJICYCHHA KBAAPATHOT'O KOPHA BBI3BIBACTCA CI[I/IHCTBGHHBII?I pas.

O4eBHIHBIM CIIOCOOOM YCKOPUTH BBHIYMCICHUE CHII SIBISIETCS OPTaHU3AIMS 00OHOBPEMEHHO20 HAXOXKICHUS
CHUJI, IEUCTBYIOIIMUX MEXAY napoi tein. i 3Toro J0CTaTOYHO U3MEHUTh LIMKIIBI TaK, YTOOBI apaMeTp BHYTPEH-
HETo IMKJIa | ObUT BCera 6obiie apaMeTpa BHEITHETro UKJA i

void CalcForces2()

{
for (int i =0; 1 < N - 1; i++)
for (int j =1 + 1; j < N; j++)
{
double dx = p[j].x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[j] * r_2;
if (fabs > fmax) fabs = fmax;
f[i].x += dx = fabs * dx * r_1;
f[i].y += dy = fabs * dy * r_1;
f[j].x -= dx;
f[il.y -= dy;
}
}

Uto0Ob! H30€KaTh MOBTOPHOTO BHIUMCICHHSI KOMIIOHEHTOB CHJI, T KOMITIOHEHTBI COXPAHSIOTCS B TIepEMEH-
HeIX dX u dy.

[Tpu BeuUCIEHUSX, HCmoab3yomux Gynkmuo CalcForces2, pesyabTat OyAeT ClIeAyIOIHM:

Non-Parallel (N*(N-1)/2) Time: 5024 p0: -285.496803/32846, 7.014089107234



MapannenbHble METOAbI pelleHsl rpaBUTaLMOHHON 3aaa4m n Ten 5

MapannenbHbie eapuaHmMbI NPo2pPaMMbl, UCMONb3yOUWue obwWyr namMmsims

PacnapannenuBaHue He3a(pceKTUBHOro anroputma

JloGaBuM B Ha4aslo MPOTPAMMBI TUPEKTUBY, ONPEICIISIONIYIO YHCIO TTOTOKOB IS MapaJUIeIbHOTO BapHaHTa
IPOrPaMMBI:

#define Nthr 2 // 4ucno noTokoB

Brauase npeobpasyem ¢yukunuto CalcForcesl; mis sToro 1octaTo4Ho A00aBHUTh B €€ HAYaiao AUPEKTUBY
omp parallel for:

void CalcForcesi1Par()
{
#tpragma omp parallel for num_threads(Nthr)
for (int i = @; i < N; i++)
for (int j = 0; j < N; j++)
{
if (i == j) continue;
double dx = p[j].x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 sqrt(r_2),
fabs = gravity * m[i] * m[]j] * r_2;
if (fabs > fmax) fabs = fmax;
f[i].x += fabs * dx * r_1;
f[i].y += fabs * dy * r_1;

}
} -
AHaJIOrHYHYIO0 JUPEKTHBY MOXKHO J100aBUTh M B Hadano ¢pyukimun MoveParticlesAndFreeForces, xots a¢-

(exT oT pacnapaiyIeTMBaHus JaHHOTO JTala aIrOpUTMa OyeT CyIIECTBCHHO MEHBIIHIM:

void MoveParticlesAndFreeForcesPar()

{

#tpragma omp parallel for num_threads(Nthr)
for (int i = @; i < N; i++)

{

double dvx = f[i].x * dt / m[i],
dvy = f[i].y * dt / m[i];

p[i].x += (p[i].vx + dvx / 2) * dt;
p[i].y += (p[i].vy + dvy / 2) * dt;
p[i].vx += dvx;
p[i].vy += dvy;
f[i].x = 0;
fli].y = ©;

}

}

O6a notoka 6yAyT UMETh OAMHAKOBYIO HAarpy3Ky, MO3TOMY €CTECTBEHHO OXHUAATh, YTO BpeMs paboThI Mpo-
IpaMMbl YMEHBIINTCS IPUMEPHO BABOE. Pe3ynbTaT oka3pIBaeTCs Jake JTYUIINM, YEM 05KHAJIOCh!

Parallel (N*N) Time: 3373 p0: -285.496803732846, 7.014089107234

BapuaHTbl pacnapannenuBaHua 3cheKkTUBHOro anropurma
6e3 6anaHCUPOBKN Harpy3Ku

[Tpu ananornunom npeodpazoBanuu Gpynkimuu CalcForces2 (mocpencrsom nqo00aBiIeHUs B €€ HAYAI0 AUPEK-
tuBsl #pragma omp parallel for num_threads(Nthr)) pesynbrat Oynet ciaenyromum:

Parallel (N*(N-1)/2) Time: 2887 p0: -285.496/99994540, 7.014052806288

B nanHOM ciydyae ycKOpeHHe, 10 CPaBHEHHMIO C HCXOJIHBIM HeMapajuleJIbHBIM alTOpPUTMOM OKa3aoch
MEHBIIIE JIBYX, MOCKOJBKY MTOTOKM HE cOaaHCHpOBaHBI 1O Harpy3ke. Eme Gosee BaXHBIM SBISETCS TO 00CTOS-
TEJICTBO, YTO PE3YJIbTAT BBIYUCIECHUH OTIMYAETCS OT paHee MOIyYEeHHOTro. DTO OOBICHIETCS KOHKYpeHyuell no-
MOK06 32 JIOCTYII K dJIeMeHTaM MaccuBa f, MOCKoIbKy Teneph KaKAblii JJIEMEHT M3MEHSIETCSl Ha Pa3lIMuHbIX UTe-
panmsax BHELIHETo HUKJa (KOTOpbIe MOTYT BBIIOJIHATHCS MMapajuleIbHO Ha pa3HbIX MOTOKax ). [Ipu 3ToM BO3MOXKHA
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CHUTYyaIlus, KOTjja 3Ha4eHUEe HEKOTOPOro 3jeMeHTa MaccuBa f OyneT 0JHOBPEMEHHO CYMTAHO M YBEJIUYCHO pas-
HBIMU [TIOTOKAMHU; B pE3yJIbTaTe, pa3yMeeTcs, OJHa U3 J0OaBICHHbBIX CUJl OyJeT MoTepsHa.

Jlst uicipaBlieHHs] OTMEUEHHOT'0 HEJ0ueTa JOCTAaTOYHO 3alIUTUTh OMEepaToOpbl U3MEHEHUS AJIEMEHTOB Mac-
cuBa f ¢ MOMOIIBIO KPUTHUYESCKOH CEKITHH:

void CalcForces2ParA()
{
#tpragma omp parallel for num_threads(Nthr)
for (int i = 0; 1 < N - 1; i++)
for (int j =1 + 1; j < N; j++)
{
double dx = p[j].x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[]j] * r_2;
if (fabs > fmax) fabs = fmax;
#pragma omp critical

{

f[i].x += dx = fabs * dx * r_1;
f[i].y += dy = fabs * dy * r_1;
f[j].x -= dx;

;[j]-y -= dy;

}

K COXKaJICHUIO, HOJ'Iy‘I@HHBIfI BAapUAHT OKAXKCTCs KpaﬁHe HGSQ)(I)GKTI/IBHLIM, IIOCKOJIBKY OAWH U3 IIOTOKOB pE-
TYJISIpHO OYZIeT IPUOCTAaHABIMBATH CBOIO pa0OTy B OXKHUIAHUHM OCBOOOXKICHUS KPUTHIECKON CEKIIUU:

Parallel (--, critical) Time: 7141 p0: -285.496803732846, 7.014089107234

BHpO‘IGM, cAcIaHHasA MOIII/I(bI/IKaIII/IH JOCTUTACT CBOCfI IICIn: Tenepb pCSYJILTaT BI)ILII/ICJIGHI/II;'I HC 3aBUCUT OT
nopsaKa J0CTyIa MOTOKOB K 2JIECMCHTaM MacCHBa f

I[JI?I TOTO ‘ITO6I)I yCKOpI/ITI) BBIYUCIICHUA U HpI/I 9TOM HEC IIOHyCKaTI) KOHKypeHIII/II/I IIOTOKOB, 1OCTAaTOYHO HC-
IIOJIB30BATh BCIIOMOI'aTCJIIBHBIC MACCHUBBI ((,Z[O68.BO‘1HBIX CHUJm» tf, CBA3aB C KaXXIbIM ITIOTOKOM CBOI MacCHUB )1068.—
BOK. B pGSYJ'II)TaTe HpI/I BBIYUCIICHUN )106aBOK HC 6y21€T BO3HUKAThH KOHKypeHHI/II/I. HpI/I 3TOM IOOITOJIHUTECIBbHO
NpuACTCA NMpCAYCMOTPETh HUKII, B KOTOPOM 3JICMCHTHI MAaCCUBOB tf 6y,HYT ,Z[O6aBJ'I$[TI>C$I K COOTBETCTBYHOUIUM
siaeMeHTaM MaccuBa f

Force tf[N][Nthr];

void Init()

{
for (int i = @; i < N; i++)
{
p[i].x = 20 * (i / 20 - 20) + 10;
p[i].y = 20 * (i % 20 - 10) + 10;
pli].vx = p[i].y / 15;
p[i].vy = -p[i].x / 50;
m[i] = 100 + i % 100;
f[i].x = 0;
f[i]l.y = o;
}
for (int i = 0; i < N; i++)
for (int j = @; j < Nthr; j++)
{
tf[i][j].x = o;
tf[11[3].y = o;
}
}

void CalcForces2ParB()

{
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#pragma omp parallel for num_threads(Nthr)
for (int i = 0; 1 < N - 1; i++)
{
int k = omp_get_thread_num();
for (int j =1 + 1; j < N; j++)
{
double dx = p[j].x - p[i].x, dy = p[]].y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[]j] * r_2;
if (fabs > fmax) fabs = fmax;
tf[i][k].x += dx = fabs * dx * r_1;
tf[i][k].y += dy = fabs * dy * r_1;
tf[j]l[k].x -= dx;
tf[jI1[k].y -= dy;
}
}
#tpragma omp parallel for num_threads(Nthr)
for (int i = 0; i < N; i++)
for (int j = ©; j < Nthr; j++)

{
Flil.x += tf[i][F].x;
fli].y += tf[i][j].y;
tf[i][j].x = ©;

, tf[i][3].y = e;

}

WHTEepecHO OTMETHUTb, YTO JaHHbBII BapuaHT Oy/eT BBINOIHATHCS ObICTpEe HE TOJIBKO BapUaHTa C KPUTHYE-
CKOH CeKIMEeil, HO U EPBOHAYAJIbHOTO BapUaHTa (P KOTOPOM BO3HUKAJIA KOHKYPEHIIUS TIOTOKOB):

Parallel (--, add array) Time: 1858 p0: -285.496803732846, 7.014089107234

BapuaHTbl pacnapannenuBaHus 3cpdeKkTMBHOro anroputma
c 6anaHCMpPOBKOW HarpysKku

EcTecTBeHHO OKHIATh, YTO €CJIM B MOCIICTHEM BapUaHTE MapauIeIbHONW pOrpaMMbl 00eCIIeYnTh cOanaH-
CUPOBAaHHOCTH HArpy3KH ISl IOTOKOB, CKOPOCTh MPOTPaMMBI €llie 0oJiee YBETHIUTCS.

[Ipocreitmum criocobom obecrneunth OoJjiee PaBHOMEPHYIO HArpy3Ky IMOTOKOB SIBJISIETCSI MCIIOJIb30BaHUE
omuu dynamic:

#tpragma omp parallel for num_threads(Nthr) schedule(dynamic, block)

Hwke npuBeneHs! pe3yabTaThl pacyeToB I pa3HbIX 3HadyeHui mapamerpa block (pasmepa «mopuumn» ure-
panuii, KoTopasi Ha3Ha4aeTcsl KaKJI0MY MOTOKY):

Parallel (--, --, dynamic 1) Time: 2043 p0: -285.496803732846, 7.014089107234

Parallel (--, --, dynamic 25) Time: 1536 p0: -285.496803732846, 7.014089107234

Takum 006pa3oM, CKOPOCTh MPOTPaAMMBbI TIOBBIIIAETCS B CIIyYae, €CJIM KaKIOMY MOTOKY Ha3HAYaeTCs JA0CTa-
TOYHO OOJIbINIAs TTOPIIHS UTEPALTHA.

Jlpyrum criocoboM oOecrieueHus: cOATaHCUPOBAHHOCTH HArPY3KU SIBJISIETCSl paclpelieiecHue UTepaluil mo
«I1oJI0CaM»: TIOTOKY ¢ HoMepoM K HaszHauaroTcst utepamnuu ¢ Homepamu K, K + Nthr, k + 2*Ntrh, ..., rne Nthr 060-
3Ha4yaeT 00Iee YMCIO MOTOKOB (IOTOKH, KaK W UTEpalluu, HyMEpYrTcs OT Hyss). [Ipu 3ToM WTepanuu IuKia
pacHpeeIIIoTCs IO TIOTOKaM CIISAYIOIUM 00pa3oMm:

0,1,2,...,Nthr-1,0,1, 2, ...,Nthr-1,0, 1, 2, ..., Nthr-1, ... .

[Mpusenem BapuanTt ¢pynkuuu CaclForces, B KOTOpoM HCHONB3YeTCs pacpeIesICHHE 10 MOJI0CaM:

void CalcForces2ParD1()

{
#tpragma omp parallel num_threads(Nthr)

{
int k = omp_get_thread_num();

for (int i = k; 1 < N - 1; i+=Nthr)
{
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for (int j =1 + 1; j < N; j++)

{
double dx = p[j].x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[j] * r_2;
if (fabs > fmax) fabs = fmax;
tf[i][k].x += dx = fabs * dx * r_1;
tf[i][k].y += dy = fabs * dy * r_1;
tf[jI1[k].x -= dx;
tf[j1lk].y -= dy;
}
}
}

#tpragma omp parallel for num_threads(Nthr)
for (int i = @; i < N; i++)
for (int j = @; j < Nthr; j++)

{
Flil.x += tf[i][j].x;
Fli].y += tf[i][j].y;
tf[i][j].x = ©;

, tf[i][3].y = e;

}

JlaHHBIN BapHaHT BBINOJIHAETCS ObICTpee, YeM IepBOHAYAIbHBIA BapHAHT 0e3 OaJaHCHPOBKH HArpy3KH, OJ1-
HAKO OH OyZET POUTrphIBaTh BAPUAHTY C AMHAMUUYECKUM pacCHpeesIeHueM IIOTOKOB:

Parallel (--, --, stripes) Time: 1825 p0: -285.496803732846, 7.014089107234

Haunbonee ontumanbHasi GallaHCHPOBKA HArpy3KH JOCTHTAETCS IPU PaCIpENeIeHUH MOTOKOB MO «00pat-
HBIM T10JIOCam». B 3ToM citydae utepaiuu pacrupeaenstoTcs Mo MOTOKaM B «3€PKATbHOMY MOPSIIIKE:

0,1,2,...,Nthr-1, Nthr-1, ..., 2,1,0,0, 1, 2, ..., Nthr-1, Nthr-1, ..., 2, 1,0, ... .

[Tpusenem Bapuant ¢yHkiuu CaclForces, B KOTOPOM HCHOJNB3YEeTCs pacrpeiesieHHe Mo 0OpaTHBIM IOJI0-
cam:

void CalcForces2ParD2()

{
#tpragma omp parallel num_threads(Nthr)

{
int k = omp_get_thread_num();
for (int i@ = @; i@ < N / Nthr; ie++)
{
int i = (i@ % 2 == @) ? i@ * Nthr + k : (i@ + 1) * Nthr - k - 1;
for (int j =1 + 1; j < N; j++)
{
double dx = p[j]l.x - p[i].x, dy = p[j]l.y - p[i].y,
r2=1/ (dx * dx + dy * dy),
r_1 = sqrt(r_2),
fabs = gravity * m[i] * m[j] * r_2;
if (fabs > fmax) fabs = fmax;
tf[i][k].x += dx = fabs * dx * r_1;
tf[i][k].y += dy = fabs * dy * r_1;
tf[j]l[k].x -= dx;
tf[j1[k].y -= dy;

}

}
#tpragma omp parallel for num_threads(Nthr)

for (int i = @; i < N; i++)
for (int j = @; j < Nthr; j++)

{
fli].x += tf[i1[F].x;
flil.y += tf[i][]].y;
tf[i][j].x = ©;

, tf[i][j].y = @;
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OTOT BapuaHT BBHINOJHSETCS ObICTpee, YeM BapUaHT ¢ pa3OMEHHEM IO «OOBIYHBIM» IOJOCaM, HO IIO-
MPEeKHEMY HEMHOTO MEJIJICHHEE, YeM BapUaHT ¢ TUHAMHYCCKHM paclpeieIcHHEM TOTOKOB:

Parallel (--, --, b-stripes) Time: 1695 p0: -285.496803732846, 7.014089107234

Jlyis GoJiee HATJIATHOTO CPAaBHEHUS CKOPOCTH BBITIOJHEHHUS Pa3IMYHbIX BAPHAHTOB aJITOPUTMA MPUBEACM MX
B OOIIIEM CITHCKE:

N = 800, Niter =100, Nthr =2

Non-Parallel (N*N) Time: 8358 p0: -285.496803732846, 7.014089107234
Non-Parallel (N*(N-1)/2) Time: 5024 p0: -285.496803732846, 7.014089107234
Parallel (N*N) Time: 3373 p0: -285.496803732846, 7.014089107234
Parallel (N*(N-1)/2) Time: 2887 p0: -285.496799994540, 7.014052806288
Parallel (--, critical) Time: 7141 p0: -285.496803732846, 7.014089107234
Parallel (--, add array) Time: 1858 p0: -285.496803732846, 7.014089107234
Parallel (--, --, dynamic 1) Time: 2043 p0: -285.496803732846, 7.014089107234
Parallel (--, --, dynamic 25) Time: 1536 p0: -285.496803732846, 7.014089107234
Parallel (--, --, stripes) Time: 1825 p0: -285.496803732846, 7.014089107234
Parallel (--, --, b-stripes) Time: 1695 p0: -285.496803732846, 7.014089107234

MapannenbHbie anzopummsbl peweHusi 3ada4yu n mes,
ucnonb3yrouiue nepedayy coobujeHuli

[Tpu mporpaMMHON peanu3ayy MapauieIbHOr0 AITOPUTMA PEIICHHS 3a/1a4u N Tel, OCHOBAaHHOTO Ha Iepe-
Jaue COOOIIEHHH, MOKHO UCIIOIB30BATh JIFOOYIO U3 TPEX OCHOBHBIX MOJIEJICH B3aUMOJICHCTBHUS MPOIECCOB, MPU-
MEHSIEMBIX TP CHHXPOHHOM MapajlIeIbHOM ITPOrpaMMHUPOBAHUU:

® Mmodenb «ynpasiauuli—pabouuey, CBI3aHHas ¢ IapaIurMon nopmeerns 3aday,

® MoOdenb nyivcayuu, TP KOTOPOH TPYIIIBI B3aUMOACHCTBYIONIMX MPOIECCOB MOMIEPEMEHHO HAXOATCS B

POJIH OTIIPABUTEIIS U TIOTY4aTEIIs;
® MoOenb KOHellepd, B KOTOPOI COOOIIEHUS IMHUPKYIUPYIOT IO IIETIOYKE MPOIECCOB, NMPUYEM KaXKIbIH
IIpoIiecC BCerja MojyyaeT JaHHbIe OT MPEIIECTBYIOLIEro Mpolecca U MepeiaeT JaHHbIe CIEAYIoLIeMy.

B nanpHeitmem npeamnosiaraeMm, 4yTo yuciao Ted N mpomopruoHalbHO 4HCTy padounx mporeccoB Wproc;
IIPH 9TOM C KaXIbIM IporieccoM Oyzet cBsizan 610k w3 N/Wproc ten. B Mozensix mynbcaiin 1 KOHBeiiepa ooliee
YHCIIO TTPOIIECCOB PABHO YHCITY PabOUYMX MPOIECCOB; B MOJICITH «YIPABISIONIHI—padoyre) 001ee YnucIio mpouec-
coB pasHo Wproc + 1 (Wproc pabo4nx mporeccoB + ynpaBIIsOIIHi TPOIECC).

Wudopmanus o Tenax BKIOYAET JBa HAOOpa MTaHHBIX: TOCTOSHHBIA HA0Op Macc Tel ¥ M3MEHSIOMNIACS Ha-
60p MmostoXkeHU 1 ckopocTelt Tell. B To Bpemst Kak MOJIOKEHUS U CKOPOCTU MPUXOIUTCS MEPECchlIaTh MEXy pas-
JMYHBIMU TIpOIlecCaMy TIPU JIFO00H peai3alyy MapajuieIbHOTO ITOPUTMA, MAacChl Tell 1eIeco00pa3HO XPaHUTh
B Ka)XJIOM ITIpoliecce B MOJIHOM oobeme. [103ToMy BO Bcex OMUCHIBAEMBIX Jajiee allrOpUTMax MpernoiaraeTcsi, 4To
JUTSL XpaHEHUSI MacChl TeJ UCIOJIB3YETCs OTMENbHBI MaccuB M pasmepa N, a st XpaHEHUs JPYTrUX XapakTepu-
CTHK Ten (TOJIOKEHUE, CKOPOCTh, JEMCTBYIOLIAs Ha TEJIO CHJAa) UCIOJB3YIOTCS MAacCHBBI COOTBETCTBYIOIIMX
CTPYKTYp, aHAJIOTHYHBIX CTpykTypam Particle u Force, onucanubim Bbime. [Ipu 3TOM pa3Mepsl STHX MacCHBOB
CTPYKTYp OYyAyT, Kak npaBuiio, MeHbIe N.

Mopgenb «ynpaBnsilowmn—padoyme»

OcHoBHasi mpo0sieMa, BO3HUKAIOIIAs MPHU pacrapaUIeTMBaHUKA aJIrOPUTMa PEIICHUs 3aaadd N Tei, o0y-
CJIOBJICHA T€M, 4TO B 3((EKTUBHON HEMapaUIeIbHON peaTu3aiii 3TOro arTOPUTMa BHEIITHUMA UK, CBI3aHHBIN C
HAXOXKJICHUEM CHUJI, BBIMOJIHSACT Pa3IMYHOE YUCIIO BBIUMCIICHUI HA pa3HBIX HTEpalusax. TakuM oOpa3oMm, eciiu
MPOCTO Pa30UTh UCXOAHBIA HA0Op TEN HAa OJIOKM PaBHOTO pazMepa M 00padaThiBaTh KaXIIblii OJIOK B OTIEIHHOM
npoliecce, TO Harpy3Ka Ha IpOIeCcChl OKAKETCsl HEPaBHOMEPHOM.

B mMozmenu «ymnpasisiromuii—pabourey» mporecc-ynpapisionni BHavane GopMupyer noprdens 3aaad, Kax-
Jasi U3 KOTOPBIX OIpe/IelisieTcs mapoit Homepos 0J10koB (i, J), 3amaua (i, ]) COCTOMT B BBIYMCICHHUH JUISI BCEX TE,
BXOJISIIIUX B OJIOKH | W J, 3HAYEHU CHJI B3aUMOICHCTBUS MeX1y HUMHU. [IOHSITHO, YTO TOCTATOYHO paccCMaTpH-
BaTh OJI0KH, st KOTOPBIX | < j. [Tpu Hymepanuu 6:10k0B ot 0 10 Wproc—1 nosydaem ciieayroIime napsbi:

0, 0), (0, 1), ..., (0, Wproc-1), (1, 1), (1, 2), ..., (1, Wproc-1), ... , (Wproc-1, Wproc-1).

Takum 00pa3omM, obmee koaruecTBo 3aaa4 papHo Wproc-(Wproc + 1)/2.
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Hcnonb3oBanue noprdens 3agad odecrnednBaeT XOpouryto cOaJaHCUPOBaHHOCTE JJIsl pabodnx MpoIeccoB,
OJIHAKO HE TTO3BOJISICT 3apaHee ONMPEACNIUTh, KaKue UMEHHO OJIOKH Tesl OyayT 00pabaThiBaThCs KaXIbIM MPOIIEC-
coM. [loaToMy B AaHHOM MOJENTH UMEET CMBICI XPAHUTh B KaXKJIOM Ipolecce HHPOPMAIHIO O TEKYIIEM COCTOS-
HUH BCEX TEJL.

Hrak, B kaxaoM pabodem mpoiiecce XpaHutcs uHdpopmanus o Macce Bcex Tea (double m[N]), o tekymem
cocrostuuu Beex ten (Particle p[N]) u o cunax, neiicrByromux Ha tena (Force fTotal[N]). Kpome Toro, xaxmbii
npolecc JTOJDKEH XpaHuTh emie oauH MaccuB tuna Force (Force f[N]), B kotopom Oyner XpaHHTBCS Ta 4acTh
CYMMapHOW CHJIBI, JCUCTBYIOIICH Ha KaXKI0€ TeJI0, KOTOPasi BEIYUCIIEHA HEMOCPEICTBEHHO B ATOM IpoIiecce.

B 3TOM citydae ynpaBistonIuii Mporece MOKeT BOOOIe He XpaHUTh JaHHbIE O B3aUMOICHCTBYIOIINX TENaX,
00OMEHHBAsICh C pa0OYMMHU MPOIIECCAMHU TOJIBKO MapaMH YUCET — HOMEPOB OJIOKOB.

[Tpu B3aMMOAEHCTBIH YIPABIAIOMIETO B pabouero NporeccoB Kaxkplii 0cBOOOAMBIIMIICS pabouunii porecc
MOCBhUIACT YIPABIISIONIEMY COOOIICHHE-3aIIPOC O HOBOH Tape OJ0KOB it 00padOTKH, a YIPABJISIFOIINN TTOChUIACT
3TOMY paboueMy mpoIeccy Ju00 OYepeHyIo napy O10KoB u3 moprdens 3aaad, 1ud0, eciiu HopTQelb MycCT, Clie-
IUATLHOE YBEJIOMIJICHHE O TOM, YTO 33/1a4M 3aKOHYHIIMCH (B Ka4€CTBE TAKOTO YBEJIOMIICHUS MOXKHO, HAIIpUMED,
noceutath napy (-1, -1)).

YroObl HE UCIIOIB30BATH OOJIBIIOTO KOJIMYECTBA MIPOBEPOK MPH paboTe ¢ mopTdeseM 3aad, B HEro 1eaeco-
00pa3Ho cpa3y 3aHECTH HE TOJBKO «HACTOsAIIME» mapbl 6J0koB (B konmuectBe Wproc-(Wproc + 1)/2), Ho u yBe-
JoMiIeHHs 00 ucuepnanuu 3a1a4 (B koauuectse Wproc). Jlanusiii Habop 6710k0B 0popMIIsieTCs B BUIEC MAaCCHBA U
3aIoJIHSACTCS OJIMH pa3 — B Hadase paboThl YIpaBJIsIoOIIEro npomecca. Bee mocneayromme AecTBUS TTOBTOPSIOT-
Csl CTOJIBKO pa3, KaKoBO 4HCIIO uTepanuii anroputma Niter. B aToM mukie 3amyckaercsl UK 10 3a1adaM U3
noptdensi, B KOTOPOM YIPABJISIFOIININ MPOLECC 0KUAAET OT JH0O0ro u3 pabouux MPOIECCOB YBEIOMIICHHS O TO-
TOBHOCTH IPHHATH OYEPEAHYIO 3334y, TOCJIE Yero MOChUIAET 3TOMY IPOIIECCY 3a/lauy C O4epPEeIHBIM HOMEPOM
(Ipu TOM MOXHO TapaHTUPOBATh, YTO B KOHIIE KOHIIOB Ka)Iblii pabOUYMid MPOIecC MOIYUHUT «ITyCTYIO» 3a7ady
(-1, —1)). st mogobHOro ooMeHa COOOIIEHUSIMH JOCTATOYHO HCIIOJIb30BaTh (DYHKIIMU B3aWMOCHCTBHS THIA
«TOYKa—TOYKAY.

Ternepp onumieM aedcTBHsS paboYKX MpoleccoB. BHavyane B KaXIOM MPoIecce HHUITMATTU3UPYIOTCS XapakK-
TEPUCTHKHU BCeX Tel. Bce mocnemyromme OeiCTBHS MOBTOPSIOTCS CTOJIBKO pa3, KAKOBO YUCIIO MTEpAalUi airo-
putma Niter.

[Toka B OTBET Ha 3amMpOC OYEPETHON 3a/1a4H TPOIIECC HE TMOIYUHT «ITYCTYIO» 33a]ady, BBITOTHSIIOTCS AEHCT-
BUS 110 BBIYUCICHUIO CHJI B3aUMOJICHCTBHUS MEX/IY TEIaMH, BXOASIIMMHU B OJOKH (i, J) ouepemHON MOITydeHHOM
3a7aun (BBIYKMCICHHBIE CHIIBI ToMeratoTes B MaccuB f). [Ipu 3TOM crienyer mpeaycMoTpeTs JBa BapuaHTa QyHK-
I[MM BBIYMCIICHHS CHJI: OJUH JJIsi 00paboTku 610K0B Buaa (i, i), a mpyroit — amst 6;mokoB (i, j) mpu i # j. [Tocne
HOJYYEeHHUsI «ITYCTON» 3a/Ja4M MPOLECC BBIXOAUT U3 LUKJIa Mo oOpaboTke 3aaad. Ilocie Toro xak Bce pabouune
IPOLECCH BBIMIYT M3 LKKJIA 00pabOTKH 337a4, HEOOXOAMMO OOBEAMHUTH JJISl KaXI0T0 Tejla BCe EHCTBYIOIINE
Ha Hero CUJIbl, BEIYMCIEHHBIE B K&KAOM U3 pabouux mpoueccoB. i 3TOro mpoiie BCero UCHoab30BaTh KOJIEK-
TuBHYIO oneparuio peaykuua MPI_Allreduce, kotopass 00eCreuyuT pacChUIKy MOJYYCHHBIX CYMMAapHBIX 3Haye-
HUI BO Bce paboune mpouecchl. [locne 3Toro kax el paboumii mporecc T0JKEeH NepecuuTaTb COCTOSIHUA (T. €.
MOJIOKEHUS U CKOPOCTH) TEX TEJ, KOTOPBIE BXOJAT B COOTBETCTBYIOIIHM €My OJIOK (€CTECTBEHHO CBs3aTh C pado-
YHM MPOIIECCOM paHra i OJIOK Tell ¢ TeM ke HoMepoMm). [Ipu 3ToM creayer Takke OOHYJIUTh 3HAYCHUSI SJIEMEHTOB
maccuBa T (amementsr maccuBa fTotal oOHymsaTE He TpeOyeres). Hakowerr, mocie mepecyera COCTOSTHHM TeT Kax-
JIBIA TIpoIIecC AOJDKEH MepeciaTh HOBbIE COCTOSIHUS «CBOMX» TeJ BCeM IpoiieccaMm. Jliist 3Toro yj00HO HCHOIb30-
BaTh KOJUIEKTHMBHYIO omeparuio MPI_Bcast (Heo6xonaumo oOGecreduTs, 4TOObl KaKIbIi pabounii MPOIecC BhI-
MOJIHSUT TIEPECHUIKY TOJIBKO TOM YaCTH MacCHBa COCTOSHUM P, KOTOpas Oblila epecyrTaHa 3TUM MPOLIECCOM).

3ameuanmue. J[71s1 TOro 4TOOBI KOJUIEKTHBHBIE ONEPAIMU BBIMTOIHSUIMCH TOJIBKO JIJIsl paboduX MPOIECcCOB, B
Hayvaje IporpaMMbl HEOOXOAUMO OTPECIUTh HOBBI KOMMYHHKATOP, BKIFOUYAIOIINI TOJIBKO paboyune MpoIecchl,
¥ HCIIOJIb30BaTh TOT KOMMYHHUKATOP B KOJUIEKTUBHBIX OTIEPAIHSIX.

[IpuBeneM aBa BapuaHTa pe3yIbTaTOB, BRIBEIEHHBIX MPOrpaMMOi Mpu 00paboTke Habopa MCXOMHBIX JaH-
HBIX, OITUCAHHOTO paHee. [Iporpamma Obla peanu3oBana B Buje 3amanus MPIDebug9; nporecc panra 8 ucmosb-
30BaJICS B KaueCTBE YIPABIAIONICT0. BBIBOA BBIMONHSIICS ¢ moMolnblo GpyHkiui Show u ShowLine. ITomumo
00IIero BpEMEH! pacueTa JUIsi KaXKI0TO MPOoIlecca BRIBOAMIACH HH(GOPMAIIHS O YHCIIe Tap Tel, Al KOTOPBIX BEI-
YHUCIISUTICH CHIIBI TPABUTAIIMIOHHOTO B3anMo/eicTBus. KpoMe Toro, B 1emsX MpoBEpKH MPAaBUILHOCTH alTOpUTMa
BBIBOAMIINCH (PHHAITBHBIE TO3UIMHA IJIs1 IEPBOTO U TIOCIETHETO Tela U3 UCXOJIHOTO Habopa. PacueTsl mOKa3bIBafOT
HE CIHMILIKOM XOPOIIYI0 cOaJaHCUPOBAHHOCTH MPOIIECCOB M0 YMCITY BBIYMCICHHBIX CHJI, HO TIPH 3TOM BBICOKYIO
CKOPOCTh, CPAaBHUMYIO C JIyUIIIell CKOPOCTHIO, JOCTUTHYTOW B MapaJlieIbHOM mporpamme ¢ obmiel mamsTeio. B
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CHITy OCOOCHHOCTEH aJITOPUTMA IPU PA3JIUYHBIX 3aIlyCKaxX YMCIIO CHUJI, HAlJACHHBIX B KQXKJIOM Ipolecce, pa3iuda-
eTCHl.

0] I>» Time = 1561.64 PairsCount = 4850550
0] 2> -285.496803732846 7.014089107234
1] 1> Time = 1572.00 PairsCount = 4136000

2| 1> Time = 1571.87 PairsCount = 3740750
3] 1> Time = 1571.74 PairsCount = 4050950
4] 1> Time = 1571.60 PairsCount = 3490350
5| 1> Time = 1572.09 PairsCount = 3440750
6| 1> Time = 1571.69 PairsCount = 3040250

7| 1> Time = 1571.69 PairsCount = 5210400
7] 2> 368.910141051039 41.575105017689
8| 1> Manager Time = 1549.99

0] I» Time = 1579.54 PairsCount = 4870650
0] 2> -285.496803732846 7.014089107234
1| 1> Time = 1589.97 PairsCount = 4320250

2| 1> Time = 1589.61 PairsCount = 3955500
3| 1> Time = 1589.77 PairsCount = 4000750
4] 1> Time = 1589.45 PairsCount = 3465200
5/ 1> Time = 1590.03 PairsCount = 3196100
6| 1> Time = 1589.41 PairsCount = 2896200

7| 1> Time = 1589.64 PairsCount = 5255350
7] 2> 368.910141051039 41.575105017689
8| 1> Manager Time = 1539.45

Mopaenb nynbcauuu

B mMozenu nmynbcanuu Bce MPOLECCH SABISIOTCS PaBHONPABHBIMY, T. €. pabouuMu. B 3Toil Mogenu kaxapiit
IPOLIECC «OTBEYAET» 33 BBIUMCIICHUE CUJI, CBSI3aHHBIX C TelaMu cBoero Onoka. IIpu aTtoM, pazymeercs, mporecc
JIOJIKEH T10JIy4aTh COCTOSIHUS BCEX TEN, KOTOPBIE B3aUMOJEHCTBYIOT C «Er0» TEJaMHu.

Hanomuum, uto B 3¢(peKTUBHOM BapHaHTE HEMapaIeIbHOIO aJIFOPUTMa JUIsl KayKIOro Tesla BBIUUCISUINCH
CHJIBI €r0 B3aMMOJICHCTBHS C TEIaMHU, UMEIOIUMH OOJIbIINE MOPSAKOBbIE HOMEpA; MPU ATOM HaWJEHHbIE CHUJIbI
cpa3y 100aBJIsUTUCh K CyMMAapHOH CHJIE JUIS KaXI0T0 U3 JBYX B3aUMOAEHCTBYIOIINX TEll.

C yderoM 3TOro 0OCTOSATENBCTBA JHOOOMY MPOLECCY B AITOPUTME IMYJIbCAMM JAOCTATOYHO MOIydYaTh CO-
CTOSIHUSI T€J TOJIBKO OT T€X IPOLECCOB, PaHT KOTOPBIX MPEBOCXOIUT paHr JaHHOTO mporecca. OHAKO MPU ITOM
KaKIBIN IIPOLECC TOJKEH «BO3BPAIATh» TEM IIPOLIECCaM, KOTOPbIE MEPEAANIN EMY COCTOSHUS, COOTBETCTBYIOIINE
3HAuEHUs BBIYMCIEHHBIX cuil. TakuMm oOpa3oM, yacTb CyMMapHOW CHJIBbI, IEHCTBYIOLIEH Ha KaXkJ10€ Teso u3 0J1o-
Ka, CBSI3aHHOI'O C HEKOTOPBIM IPOLIECCOM, BBIUUCIISAETCA B CAMOM IIPOLIECCE, a YACTh IEPECHUIAETCS 3TOMY IIpO-
1IecCy OT MPOLECCOB MEHBIIETO PaHra.

Puc. 1. bioku ogmHakoBoro pazmepa Puc. 2. bioku pa3noro pazmepa
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[ToHsATHO, YTO TPU PaBHOMEPHOM paCIpEACICHUN TEJl 10 0JI0KaM paboTa MPOIECcCOB He OyaeT cOamancupo-
BaHa: mpoiiecc panra (0 JOJDKEH MOIYYUTh OT BCEX JIPYTUX MPOIECCOB COCTOSIHUS UX TEJ W BBIYUCIIUTE BCE CHITBI,
JICWCTBYIOIME HA CBOM Telia (MOMYTHO TIepeciiaB COOTBETCTBYIOLIME CHIIBI BCEM IpolieccaM 0oJiee BRICOKOTO paH-
ra), a nmpouecc paara Wproc — 1 noymkeH BEIYUCIUTS JIUIIb CHJIBI B3aUMOJICHCTBUS MEX/y CBOMMH TEJIaMHU, Iepe-
CJIaTh COCTOSIHUSI CBOMX TEJ BCEM IPOIIECCAM MEHBIIIETO PaHra M MOJYYUTh OT HUX 3HAYCHHS BBHIYMCICHHBIX B
ATHX TIporieccax cuil. Mcmonb3ys cxemy, IpUBEACHHYIO Ha PHC. 1, MOKHO CKa3aTh, YTO KaXKIbIH MPOIIECC JTOJDKCH
0o0paboTaTh CBOW CTOJIOCI] JaHHBIX, MEPECIaB BBIYMCICHHBIC CHIIBI «BBEPX» IO CBOEMY CTOJIOIY, IPU STOM
«TUIOMIA]IB» CTOJIOIA COOTBETCTBYET 00BEMY BBIYUCICHHIA, KOTOPHIE JOJDKEH MPOU3BECTH JTAaHHBIH MPOIIECC.

Jlnst Gonee paBHOMEPHO# OaaHCMPOBKM HArPy3KU JOCTATOYHO UCIIONB30BATh OIOKU PA3HO20 pazmepd, OT-
BeIsl JUIs mporiecca panra () HaMMEHbIee YMCIIO Ted, a Juiss mporecca panra Wproc —1 — nauGombinee (cMm.
puc. 2).

Takum 00pa3oMm, B TaHHOM METOJe MOTpedyeTcsi mpeaBapuTeiIbHO chopmupoBath MaccuBbl blockSize u
blockStart, pasmep KOTOPBIX paBeH YKCIy MPOIICCCOB; MPU 3TOM JUIs Tpoliecca panra | 3Hauenue blockSize[i] om-
peleIseT YnucIIo Tej, BXOsAIIee B JaHHbIH 010K, a 3Hadenue blockStart[i] — unmexc HauanbHOTO TENa, BXOASIIIE-
ro B IaHHBIN OJIOK.

Jlnst hopMUpPOBAHHS STHX MACCHBOB MOYKHO HCIOJIB30BATh CICIYIONIMIA alrOPUTM: BHAYalle BBIYUCIISACTCS
CpeiHee KOJIMYECTBO aVvISize B3auMOJCHCTBYIOIIMX Map Tea s Kaxmoro Oimoka, pasuoe N - (N — 1)/2Wproc,
3aTeM, HauuHas OT npaBoit BepxHei mapbl (N-1, N—1) cyMMHUPYIOTCS mapbl TeJl pacloyIOKEHHbIE B CTOJIOIAX, JI0
TEX IMOp, MOKa KOJUYECTBO Map HE MPEBLICUT aVvrSizZe, mocie 3Toro Bce Tejia, COOTBETCTBYIOIIHME TPOCMOTPEHHBIM
cTONOIaM, CBSI3BIBAIOTCS C OUEPEIHBIM OJIOKOM, U TIPOIIECC MOBTOPSIETCS. Y Ka3aHHbBIC BBIYMCICHHS CIEIYET MPO-
BECTH JIJIsl K&XKIOT0 pabovero mpoiecca. B xo/ie 3THX BBIYHUCICHH HEOOXOAMMO TAKKE OMPEACIUTh pa3Mep Mak-
cuManbHOro Os10ka MaxBlockSize, mockosbky KMEHHO Tako# pasMep HAIO0 MPEAyCMaTPUBATh 1 MACCHUBOB, HC-
MI0JIb3YEMBIX JIJISl IEPECHUIKH JaHHBIX MEX/Iy IMPOIIECCaAMH.

Kpome dopmuposanus maccuoB blockSize u blockStart, B Hauane paboThl Kaxa0r0 mpoiecca Tpedyercs
WHHUIMATU3UPOBATh COCTOSHUS TE€X TEJ, KOTOPbIE OTHOCATCS K OJIOKY, CBA3aHHOMY C 3THM mpoieccoM. Hamom-
HUM, YTO JUI YMCHBIICHUS YUCIIa TIEPEChUIOK JTAHHBIX I[EIeCO00pa3HO XPaHUTh B KaXJIOM IPOIIECCE MACChI BCEX
test M[N]. TTaMaATh A1 MPOYMX MACCHBOB CIICAYET BBIACIATH JUHAMHUYCSCKH: I Ipoliecca panra | MaccuBbl P u f
(tuma Particle u Force coorBeTcTBeHHO) M0/KHBI MMeTh pasmep blockSize[i], a maccussr tp u tf, npennasHaueH-
HBIC JIJIS TOJTYYEHHS JTaHHBIX (COCTOSHUM U CHJT) U3 JPYTUX MPOIECCOB, TODKHBI HMETh pazmep MaxBlockSize.

Tenepb KpaTKO OMHILEM IMOCIEAYIOIINE ACHCTBUS, BBITIOIHICMbIC KOKIBIM padounM mporieccoMm. Bee atu
JICHCTBHUS TIOBTOPSIOTCS CTOJIBLKO pa3, KAaKOBO YMCIIO uTepaluii aaroputma Niter.

BHauase kaxJpIii IpoIiecc BBIMOJHAST MEPEChUIKY JaHHBIX U3 CBOETO MacCHBa ) BCEM MPOIIECCaM MEHBIIIe-
ro panra. JIJisg 3TO¥ mepechUIKH MOKHO MCIIOJIb30BaTh aCHHXpOHHYI0 Komanay MPI_Isend, mo3sosstomryto mpo-
JIOJDKATh BBIITOJIHEHHE MTPOTPaMMBbI, HE 0)KHJIasi OKOHYAHUS JCUCTBUI 10 MEPEChUTKE COOOIIEHHS. 3aTeM poIiece
BBIUUCIIAET CHITBI, ICHCTBYIOIINE MEXK/TY T€JIaMH CBOETO OJIOKa.

[Tocne aToro [uist BceX MPOIECCOB, PAHT KOTOPBIX MPEBOCXOJUT PAHT JAHHOTO IMPOIECCa, BBITOIHSIIOTCS
CIICIYIOIIME TPH JCHCTBHUS: MPOIIECC MOIyYaeT OT Hporiecca OOJBIIEr0 paHra COCTOSIHUS UX TEJl, BBIYUCISAET CH-
JIbI, JICUCTBYIONINE MEXIY CBOMMH TEJIaMU W TeJIaMH, IMOJIYUEHHBIMU OT ATOTO Ipolecca (U 3TOM CHIIBI JIJIst
CBOMIX TeJI HAKaIUIMBAIOTCs B MaccuBe f, a cuuibl auist Ten apyroro mpoiecca — B MaccuBe tf, koTopslii B Hauaie
IPOIICTyPhl BBIYMCICHHS CHJT JOJDKEH OBITh OOHYJICH), U TIepechuIaeT 00paTHO MaccuB cui tf.

Haxkomerr, mporiecc moy9aeT OT BCEX MPOIECCOB MEHBIIETO paHTa BHIYUCIIEHHBIE B HUX MACCHBBI CHIT U J10-
OaBisieT 9TH cuItbl (moMenieHHble B MaccuB tf) k Mmaccusy f.

[Tocnemnee AeWcTBHE COCTOMT B IEpecyYeTe COCTOSHHUS TeJl C HCIHOib3oBaHueM cui f u oOHymeHuun
maccuBba f.

[TpuBeneM BapuaHT PE3yJIbTATOB, BBIBEJACHHBIX MPOrpaMMOM MpH 00pabOTKe HabOpa MCXOIHBIX JTaHHBIX,
orucanHoro panee. [Iporpamma Obia peanu3oBana B Bune 3aganus MPIDebug8; Bce mporeccs sBisuuch pado-
guMHU. BeIBOJ BBINONHSICA ¢ omolibio yrkiuii Show u ShowLine. [ToMmumo oOiero BpeMeHH pacyeTa yis
Ka)JIOTO TpoIlecca BhIBOAMIACH HHPOPMAIIUS O YHCIIC Tap Tell, JJIsi KOTOPBIX BBIYMCIISUIUCH CHIIBI TPABUTAIIUOH-
HOTO B3auMoJeicTBus. KpoMe Toro, B 1esX MpOBEPKH MPABHILHOCTH aIrOPUTMa BBIBOAWINCH (PHHAIBHBIE MO~
3HIIMU JJIs1 IEPBOTO U MOCIIEAHETO Tella U3 UCXOAHOTO Habopa. PacyeThl MoKa3hIBalOT XOPOIYI0 cOalaHCUPOBaH-
HOCTB IMPOIECCOB 10 YMCIY BBIYMCIACHHBIX CHJI. B TO jke BpeMsi 10 CKOPOCTH BBITIOJHEHHUS JaHHBIH BapHaHT yC-
TyIaeT BAPUAHTY «YIPABISIONIHI—Pa00dHey.

0] 1> Time = 1757.50 PairsCount = 3797500
0] 2> -285.496803732846 7.014089107234
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1] 1> Time = 1783.95 PairsCount = 4046000
2| 1> Time = 1781.43 PairsCount = 4050400
3| 1> Time = 1785.88 PairsCount = 4020000
41 1> Time = 1780.60 PairsCount = 4016600
5| 1> Time = 1790.49 PairsCount = 4009500
6| 1> Time = 1786.08 PairsCount = 4001400
/| 1> Time = 1790.46 PairsCount = 4018600

7| 2> 368.910141051039 41.575105017689

Mopenb KOHBeMnepa

B Mozenu xoHBeiliepa, Kak U B MOJIETH MYJIbCAIMH, BCE MPOLECCHI ABISIOTCA PaBHOIPABHBIMU, T. €. pado-
yuMu. OOIIUM CBOMCTBOM ATHX MOJIENEH SBISETCS M TO, YTO KaXKIBIH MPOIECC «OTBEYAET» 3a BHIYMCICHUE CHUII,
CBSI3aHHBIX C TeJaMH cBoero 0sioka. OJHaKO B MOJIeHM KOHBeWepa Mpolecc MoJydyaeT JaHHbIe O COCTOSHUU Tel,
CBSI3aHHBIX C JIPYTMMH TPOLIECCAMHU, HE HANPSMYIO OT HHX, a 10 IIETO0YKe, BCETr/ia MPUHUMAs JaHHBIE OT CBOETO
«JIEBOTO» COCeJla U MOChLUIas JaHHBIE CBOEMY «IIPaBOMY» coceny. sl mpaBUIBLHOTO OMpEeeHNs PAaHTOB JIEBOTO
W MpaBOro coceaa I Mpolecca paHra | cieayeT ucmnonb3oBath (opmynsr (i + Wproc — 1) % Wproc u
(i + 1) % Wproc cooTBeTCTBEHHO.

B mpocreiitiem BapuanTe MO KOHBeWepa Ha Kaxaoi u3 Niter ureparuii anropuTMa Kaxkablid Imporece
BHayalle MepechbuIaeT Teja U3 CBOero 0J0Ka B MPaBbli MPOIIECC, 3aT€M BBIYHCIISET CUIIbI B3aUMOACUCTBUS MEXKIY
TEJIaMU CBOEro 0JI0Ka, 1mocie 4ero B 1ukie, nosropstouiemcs Wproc — 1 pas, nosnyyaer ouepeaHoi OJI0K Ten OT
CBOETO JIEBOT'O COCEJa U BBIUMCIISIET CHIIBI MEXKIY CBOMMU TeJlaMH U TeJlaMH U3 moiydyeHHoro Onoka. [Tocie BbI-
YHCIICHHUS BCEX CHJI, IEHCTBYIOIIMX Ha TEJa U3 CBOETO OJI0Ka, MPOIIECC MEePECYNTHIBAET COCTOSIHUS CBOUX TeEJL.

K coxxanenuto, B ONMCaHHOM MPOCTEHIIIEM BapUAHTE CUITbI MEXKY TellaMU U3 Pa3HBIX OJIOKOB BHIYHCISIOTCS
08adicObl: B KAKIOM U3 TPOIECCOB, CBSI3aHHBIX C ITUMH OJIOKaMH. B 3TOM OTHOIICHUM NaHHBIA BapUaHT aHAJO-
THUYEH NIEPBOMY U3 PAaCCMOTPEHHBIX paHee HemapaiedbHbIX alTOPUTMOB.

YroObl HEe yOIUPOBATh BHIYHUCICHUE CHII, MOXKHO MOJU(HUIIMPOBATH AITOPUTM CIICAYIOIMIMM 00pa3oM: Kax-
JIBIA TIpOIIecC MEepechUIaeT CBOEMY MPaBOMY cOCely HE TOJbKO HaOOp COCTOSHUI odepenHOro Onoka Tel, HO U
Habop cun, NEACTBYIOIUX Ha 3TU Tejla (BHadaje 3TOT HabOp CONEpKUT HyseBble 3HaueHus ). [lomyunB 3TH naH-
HBI€ OT JIEBOT'O COCEJIa, MPOIIECC BHIUMCIISAET CUIIbI B3aUMOJICHCTBHS TOJBKO JUISl TEX CBOMX Tell, «MCTHHHBIE» HO-
Mepa KOTOpbIX (T. €. HOMepa TeJl B UCXOJAHOM Habope J0 pa3/iefieHus ero Ha OJIOKW) MeHbul/e UCTUHHBIX HOMEPOB
B3aMMO/ICHCTBYIOIIMX C HUMHM TeJ, MOJy4EeHHBIX U3 Apyroro nporecca. Kpome Toro, mporecc 100aBiseT BbIUKC-
JICHHBIE «TTapHBIE» CHIIBI K MOJIyYeHHOMY HAa0Opy CHJI, TIOCJIE YeTo MepechulaeT NaHHble aajbie. [locie Toro kak
OTIIpaBJIEHHBIN OJOK JTAaHHBIX COBEPIIUT «IIOJHBIH 000pOT», OH BEpHETCS K MOCJIABLIEMY €ro Mpoueccy, U Mpu
9TOM OyZIeT copepkaTh Ty 4acTb CHJI, IEHCTBYIONIMX HA Tella JTAHHOTO TPOIecca, KOTOpble ObUIM BHIYUCICHBI B
npyrux npoueccax. Ocranercss 100aBUTh Ty YacTh K CHJIaM, BBIYMCICHHBIM B CAaMOM IIpoliecce, U MepecuuTaTh
COCTOSIHUSL cBOMX Tell. KpoMme mepecdera cOCTOSHHS Ha 3aBEPINAIOIEM JTane KaXJIoH WTepariu HeoOXO0IMMO
OOHYJIATH 3HAYEHUS CHUIL.

VYkazanHast MoauduKalus UCXOJHOTO HE3I((EKTHUBHOrO aaropuTMa MPUBOJIUT K HECOATaHCUPOBAHHOCTU
IPOIIECCOB: MPOLECCH C MEHBUIMMH paHraMu OyIyT BBIUYMCIATH OOJblee KOJIMYECTBO CHI. B nmaHHO# mMozmenw,
BMECTO TOTO YTOOBI BBOJWUTH B PACCMOTPEHHE OJIOKM pa3HOTO pa3Mepa (Kak B pacCMOTPEHHOW paHee MOJENH
MyJIbCALMH ), MOKHO TIPUMEHUTH JPYToi MPUEM: PACHpeaeNeHUs TeJ HO HOA0CAM TIPU COXPaHEHUH OJMHAKOBOTO
pasmepa blockSize ms Beex 6:1oxoB (blockSize = N / Wproc). Pacnipenenenue mo mojgocam B JaHHOM Cilydae 03-
HAuaeT, YTO B KaXKJbIH OJIOK OyAEeT BXOIUTH MO OJHOMY Tey U3 KaXKI0H MOJ0CHl, Ha KOTOpbIe pa30MBaeTCsl BECh
Habop tesn. Hampumep, B cirydae pa3OMeHHs Ha MPOCTHIE MOJIOCH B I-i 00K OyyT BXOAWTH Teda C HOMEPAMH |,
i + Wproc, i + 2-Wproc,

[TonoGHBIN moaxon morpedyeT MOAM(UKALMU MPOLEAYphl MHUIMAIU3ALUU COCTOSIHUNA TeJ, CBSI3aHHBIX
¢ I-M MmpoIeccoM, OJHAKO 00ECIIEYHUT XOPOIIYI0 cOaTaHCHPOBAHHOCTH MPOIIECCOB. [IpH ompeneieHiH TOTo, KaKue
CHJIBI TpeOyeTcsl BBIYMCIATh B JAHHOM IPOIecce, a KaKhe CHIIbI OCTaBUTh JUISl BEIYUCIEHHS «TApHOMY» Tpoliec-
Cy, IOCTaTOYHO, KaK W B MPEABIIYIIEH MOAN(UKAIINN aITOpUTMa, CPABHUBATH «MCTHHHBIE» HOMepa 00padaThi-
BAaEMBbIX T€J U BBIYUCIATH CUJIBI TOJIBKO B TOM Clly4yae, KOr/ia HOMep Tella, OTHOCAILIEToCs K TeKYIIeMY MpoLeccy,
MeHbule HOMEepa Teja, MOJy4YeHHOTO OT JPYroro mporecca (BU HEpaBEHCTBA POJIM HE UTPAST: MOXKHO HCIIOIB30-
BaTh U BapUaHT aJTOPUTMA, B KOTOPOM CHJIBI BBIYUCIISIOTCS B ClIydae, €CJIM HOMEp Tejla U3 TEKYIIero mporecca
O0/1bUWe HOMEPA TeJla, MOTYUYSHHOTO OT JAPYroro Mmporiecca).
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JlocTHYb UIeaNIbHON COATaHCUPOBAHHOCTH, MTPU KOTOPOM KaXKIbI MPOIIECC BBIYUCISAET OJHO U TO e YHCIIO
CHJI, MOXKHO C TIOMOIIIBIO Pa30MEHUs TEI Ha 0Opamubie noocel (TaHHOE pa30MeHUE ONMMUCAaHO B pasfelie, MOCBS-
IIEHHOM NapaJljIeNIbHBIM aJITOPUTMaM ¢ O0IIeH MaMAThIO).

[Tpu momo6HON MOoaMUKALMK UCXOAHOTO aNTOPUTMA 1€J1eCO000pa3HO ONPEAETUTh HOBYIO CTPYKTYPY AaH-
HbIx ParticleForce, Bkitodaronnyro kak JaHHBIE O COCTOSHMUM HEKOTOPOIo Tena (MOJ0XKEHUE X, Y U CKOPOCTh VX,
VY), TaK U JaHHbIe O JIeicTByromux Ha Hero cuiax (fx, fy). B kaxmom mporiecce Hazo omucaTh MacCHBbI P U tp
tuna ParticleForce, kaxmpiit u3 koTopbix umeeT pasmep blockSize. B maccuBe p xpanutcs uHboOpMaIus o «coo-
CTBEHHBIX» TeJax Ipoiiecca (B TOM YMCIe M 3HAYCHHS CUJI, BHIYMCIICHHBIE B 3TOM IIpoOlecce), a MaccuB tp uc-
HOJIB3YETCS JUIsl TIOJyYEHUSl U NOCIEAYIOUIEN NEePEChUIKM JaHHBIX O COCTOSIHUM TE€J U3 APYTUX IPOLECCOB, a I0-
CJie 3aBepLICHUS KOHBEHEPHBIX BHIYMCICHUN — JJIs MOJIyUYeHHUsl JaHHBIX O JOOABOYHBIX CHJIAX JJIsi «COOCTBEH-
HBIX» TeJI IPOLIECCa, BEIYUCICHHBIX B IPYTHX Mpoleccax.

[IpuBeneM BapHaHTHI Pe3yNbTAaTOB, BHIBEJCHHBIX MPOrpaMMoi Mpu o0paboTke HabOpa UCXOAHBIX JaHHBIX,
omucanHoro panee. [Iporpamma Obiia peanu3oBana B Bune 3aaanus MPIDebug8; Bce mporeccs sSBIsuMch pado-
yrMH. BeIBoJ BeIMONHsIICS ¢ momornbio ¢yaknuii Show u ShowLine. [Tomumo o61ero BpeMeHu pacyera Juis
Ka)XJIOTO TpoIlecca BBIBOAMIACH MHPOPMALIUS O YHCIIE Tap Tell, A1l KOTOPBIX BBIYUCISUIMCH CHIIBI TPaBUTAIMOH-
HOTro B3ammo/eiicTBus. Kpome Toro, B 1ensx NpoBepKHU MPAaBHIBHOCTH AITOPUTMA BHIBOAUIUCH (PUHATBHBIE TO-
3ULMU JUIS IEPBOTO U MOCIEAHET0 Tela U3 UCXOIHOro Habopa.

[lepBbiii BapuaHT COOTBETCTBYET alTOPUTMY 0e3 0amaHCUPOBKH MPOLIECCOB (B KaXKIOM MPOIIECCE CHUIIbI BbI-
YHCISUTACH TIpU 00paboTKe mapsl TeJ, B KOTOPO HOMEP «CBOETO» Tella ObLI MeHbUie HOMEPA Tella, TIOTYYSHHOTO
u3 apyroro mnpoiecca). HecMotpst Ha siBHYI0 HecOaIaHCHPOBAaHHOCTD MO KOJMYECTBY HalICHHBIX CUJI, BpeMs pa-
0O0TBI IPOLIECCOB CPABHUMO C BPEMEHEM, ITOJIYYEHHBIM /Il MOJIENU MYJIbCALUU.

0] 1> Time = 1736.41 PairsCount = 7495000
0] 2> -285.496803732846 7.014089107234

1] 1> Time = 1748.09 PairsCount = 6495000
2| 1> Time = 1750.67 PairsCount = 5495000
3| 1> Time = 1752.22 PairsCount = 4495000
4] 1> Time = 1750.43 PairsCount = 3495000
5/ 1> Time = 1750.01 PairsCount = 2495000
6| 1> Time = 1752.19 PairsCount = 1495000
/| 1> Time = 1752.83 PairsCount = 495000

/| 2> 368.910141051039 41.575105017689
BTopoit BapuaHT COOTBETCTBYET aJITOPUTMY C OAJTaHCHPOBKOI Ha OCHOBE pa30MEHHs Ha MOJOCH. AITOPUTM
OKa3aJcs MouTH COATaHCHPOBAHHBIM IO YUCIY BBIYUCISCMBIX CHJI, OJJHAKO BpeMsi pabOThl KaXJIOTOo IMpolecca
YBEJIMYHJIOCH (32 CUET JOMOJHUTEIBHBIX PAacyeTOB, CBSI3aHHBIX C ONPECICHUEM «HCTHHHBIX» HOMEPOB B3aUMO-
JICUCTBYIOIUX TE).
0] I> Time = 2212.17 PairsCount = 4030000
0] 2> -285.496803732846 7.014089107234

1] 1> Time = 2226.92 PairsCount = 4020000
2| 1> Time = 2228.65 PairsCount = 4010000
3] 1> Time = 2229.17 PairsCount = 4000000
41 1> Time = 2227.52 PairsCount = 3990000
5| 1> Time = 2228.85 PairsCount = 3980000
6| 1> Time = 2226.93 PairsCount = 3970000
7] 1> Time = 2227.18 PairsCount = 3960000

7] 2> 368.910141051039 41.575105017689

Tpetuit BapuaHT COOTBETCTBYET AITOPUTMY C OATAHCUPOBKON Ha OCHOBE pa3OMeHusl Ha 0OpaTHBIE MOJIOCH.
AJIFOpI/ITM IIOJTHOCTBIO C6aJ'IaHCI/Ip0BaH 10 YHCJIY BBIYUCIACMBIX CUJI U JAa€T HEMHOI'O MCHBIICE BPEMA 110 CpaB-
HEHUIO C MPEABIIYIINM BapUaHTOM OATaHCUPOBKH, OJHAKO MOTYYCHHOE BPEMsI MO-TIPEKHEMY YCTYAeT BApUAHTY
0e3 kakou-mrb0 OamaHcupoBku. CremyeT oOpaTUTh BHUMaHUE HA TO, YTO B CHUIy OCOOCHHOCTEH pazOueHus Ha
oOpaTHbIE TIOJIOCHI KaK MepBOoe, TaK U MOCIEAHEE TEI0 U3 UCXOHOTO Habopa oOpabaTeiBaeTCs B JAHHOM CIIy4ae B
nporiecce panra 0.

0] I>» Time = 2210.63 PairsCount = 3995000
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0] 2> -285.496803732846 7.014089107234
0] 3> 368.910141051039 41.575105017689

1] 1> Time = 2225.66 PairsCount = 3995000
2| 1> Time = 2225.72 PairsCount = 3995000
3| 1> Time = 2222.78 PairsCount = 3995000
41 1> Time = 2219.32 PairsCount = 3995000
5| 1> Time = 2222.57 PairsCount = 3995000
6| 1> Time = 2219.82 PairsCount = 3995000
7l 1> Time = 2224.73 PairsCount = 3995000

3agaHuA AnA CaMOCTOATENIbHOIro BbIMNOSTHEHUSA

MPIGravitl. Peanmu3oBath MeTo «ynpaBistomuii—padoune» B Buae 3ananus MPIDebug9 snekrponHoro
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