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BCTVYII

AlikonaJibHe PiBHAHHS - Ile HeJliHiliHe judepeniiaibie PiBHAHHS, 10
BUBOJUTLCA 13 piBHAHL MakcBesia i MoB’d3y€e XBUILOBY ONTUKY 3 T€OMETPIIHOIO
onTukoio. Ile piBHSAHHA Mag JieKiJbKa (PI3UIHUX IHTEpIIpeTalliil, cepe) SKnX

3a/iada MOIIYKY HalKOPOTIIOrO HUILAXY Ta €JeKTPOMArHITHUI IOTEHIIal.

HacTKoBuil BUIIAI0K aiiKOHAJILHOTO PIBHAHHS MOYKHA PO3IJISIIATH 3 TOUKN
30pYy ONTUMAJBHOI'O KEPyBaHH - 3a HAMKOPOTIINIT Yac TPONTH BiJCTaHb Bl
OJIHI€T TOUKM 10 iHIIOI. JIJIs IbOro piBHAHHS MOXKHA PO3B 32T I'€OMETPHUIHO.
Takwnit nigxig morpedye BiIHOCHO HU3bKY OOYMC/IIOBAJIbHY IIOTYKHICThH, TOMY
3aCTOCOBYETHCs B DaraThbox cdepax, HAIPUKJIAJL, Y KOMII I0TepHiil rpadiiii. AK

[IpaBUJIo, affkoHa/IbHEe PIBHAHHSA BUKOPUCTOBYETHCS I 3-BUMIPHOT'O IIPOCTOPY.

4-BUMIPHUIT IIPOCTIP BUKOPUCTOBYETHCA B Oararbox rajy3six Ta HaOyBae
Bce OLIBIITOro po3BUTKY. He Tak jjaBHO cTaja momyidpHa 3-BUMipHA MevYaTh, a
BIKe 3apa3 aKTUBHO PO3BUBAIOTH Ta MOUYMHAIOTH BUKOPUCTOBYBATHU 4-BUMIpHY
nedath |1]. V Takux rasgyssx sk KomirorepHa Tomorpadis [2] abo reosoris,
e JIOCJIJIKYIOTh aKTUBHICTD BYJIKAHY (3], /U1t MOJie/i BUKOPHCTOBYIOTh Yac siK
JeTBepTuil mpocTip. basnm gannx Takok BUKOPUCTOBYIOTH 4-BUMIPHY MOJENb Ta
qac Jyist onncy ob’ekry [4]. Bigyasizanis 4-BumMipHOTO mpocTopy HEOOXijHA Jist
nociKkerHst ppakTaiiB Ta kBarepHionis |[5]. Takoyk BoHA BUKOPHUCTOBYEThHCSI

JIJIST PO3BPOOKU irop.

VY 11iit poboTi 6yJI0 PO3IVISTHYTO YacTKOBHIT BUIMA0K aflKOHAJBHOI'O PiBHSIH-
HsT, 1[0 BUHUKAE 13 crerniabHoro Habopy PYHKIIN, 1110 OMUCYIOTh TPAHIIHI YMOBI
Ta BUJILJIEHHS KOMILJIEKCHOTO BapiaHTa HeJIHIHHUX TepeTBOpeHb y OaraToBUMIp-
HoMYy TpocTopi. Peasizariss meToty Oysia BUKOHaHA I 4-BUMIPHOTO TIPOCTOPY.

[leit MeTo/1 MOYKHA TAKOXK BHKOPHUCTOBYBATH Y MHOTOBUMIDHOMY IIPOCTOPI.
Marepiaysin ganoi poboru Oyiau npejcrasieHi Ha IX-iit MikHapoHii
HayKoBo-lIpakTu4Hiil KoHdepenil «Results of modern scientific research and

development», 14-16 smcronama 2021 p., Masapu [6].



INTRODUCTION

The eikonal equation is a non-linear partial differential equation. It
is derivable from Maxwell’s equations of electromagnetics, and provides a
link between physical optics and geometric optics. This equation has sev-
eral physical interpretations, including the shortest-path problems and the

electromagnetic potential.

The partial case of eikonal equation can be considered from the optimal
control point of view of - to pass the distance from one point to another in the
shortest time. Eikonal equation can be solved geometrically. This approach
requires relatively low computing power, so it is used in many areas, such
as computer graphics. Typically, eikonal equation is used for 3-dimensional

space.

4D is used in many industries and it is becoming more and more
widespread. 3D printing has recently become popular, and 4D printing is
already being actively developed and used [1]. Time is used as the fourth
space for the model in such areas as computed tomography [2] or geology,
which studies the activity of volcano [3]. Databases visualization also may use
a multidimensional models to describe the information objects in data mining
[4]. Visualization of 4-dimensional space is usefull for the study complex and

quaternion functions and fractals [5]. It is also used in developing games.

In this work was considered a special case of the eikonal equation that
arises from a special set of functions that describe the boundary conditions
and the selection of comprehensive variant of nonlinear transforms in a
multidimensional space. In addition, the implementation of the method
was carried out only for 4D, although it could be used for spaces of other

dimensions.

The results of the work were presented at the conference Proceedings
of IX international scientific and practical conference ”Results of modern

scientific research and development”, Madrid, Spain, 2021 [6].
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results showed that the average number of frames decreases more slowly with

increasing nonlinearity than in the first test.
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BUCHOBKU

Y pamkax 1iel podoTn 6yB pO3TJIAHYTHIl YacTKOBUI BUIIAI0K affKOHAIb-
HOT'O PIBHAHHS Ta MPOaHAJII30BaHl ICHYIOUl MeTO/ I oro po3B’a3ansd. Takoxk
OyB PO3IVISHYTHI PO3IIUpEHnii MeTo 1 TpacyBanHst cdep (sphere tracing) st
HeJIHITHX TpaHcdopMalliit. Y poOOTI 3alpOIIOHOBAHO CIIOCIO BUKOPUCTAHHS
PO3IIUPEHOrO CHOCO0Y /1 4-MipHOTO MPOCTOPY Ta MPOJEMOHCTPOBAHO Ha TMpa-

KTUII].

s po3mmpenas MeToy TpacyBaHHA cdep 0 4-MIpHOTO BUKOPUCTO-
BYIOTBHCS BIJIMTOBIJIHI BJIOCKOHAJIEHI Bepcil HeIBHUX (DYHKITIH, dKi ONUCYIOTh

NPUMITHBHI T'PaHUII.

s HesiHiitHOrO TpacyBaHHs cdpep Ha KOYKHOMY KpPOIIi iTepallil po3rJisi-
JIa€ThCsl KpaiioBa 3ajada, Jie KOyKeH KPOK € 3BUYaiiHuM JIudepeHIiaaibHIM
PIBHSHHSM IEPIIOro MOPSJIKY 3 IOYaTKOBOIO YMOBOIO PE3YJ/IbTATY IOIEPEIHBOIO
KpoKy. udepenniaabae piBHSIHHS BULJIAIAE sIK (DYHKIlisI BiJ TOUKH, B dAKiii
IepepPaxoBY€EThCs 3HaUeHH HOPMaJILHOro BeKTopa. 1 1boro BUKOPUCTOBYE-
ThCsl JJOOYTOK 3BOPOTHBOI MaTpulli K001 Ta BeKTOpa, SIKWil 3a/1a€ HaIpPaBJIEHHs
IIPOMEHIO. Y HiBepcaJIbHUM IiJIXi1 He € JOIIJIbHIM, OCKIJIbKI BUKOHYE 3a0araro
o0UmnC/IeHb y BUMAJIKY, KOJIU TMTPOMIHb 3HAXOIUTHCS JOBOJII OJTM3BKO JI0 TPAHUI
abo He MOYKe BIJITBOPUTH BUKPUBJIEHHs MTPOMEHIO JOCTATHBO TOYHO. Tomy OyJ1o
0o0paHO 3MiMaHuil MaxiJl — 38 3aMOBUYYBAHHSIM BUKOPUCTOBYBATH OY/Ib-sIKHil
JIOBOJII TOYHUIT MeTOJ, PO3B’si3aHHsl 3BUYAiiHUX JndepeHIliaJbHuX PiBHSIHD Ta
Yy BHUIQJKY, KOJU BiJICTaHb MiK I'DAHUIEI0 Ta IIPOMEHEM € JIOBOJII MaJIOl —

BUKOPUCTOBYBaTU MeTo, Eitnepa.

Posmmpennit MmeTo 1 TpacyBanHus cep OyB peasi3oBaHuil dK IIeiaep Ha
MoBi GLSL. JIns marpuii fkobi BUKOPpHCTOBYBaBCs CIIEIiaJbHII ITapaMeTp,
SIKUI 3a/1a€ BILIMB HEJIIHINHOT TpaHcdopMallil Ha 1poMinb. [l pi3HuX 3HAYEHDb
IIHOTO TTapaMeTpa OyJI0 BUSHAYEHO CepeHIO Ta MaKCUMAaJIbHY KIJTbKICTb KaJIPiB
3a CEeKyH/ly Tij dyac pobotu tmeitepy. Il gac TecTy Oy/10 BUABIEHO, 110 HABITH
HE3HAYHWIT BILUIMB HEJIIHIHOT TpaHchopMallil 3HaYHO 3MEHITYE MIBUJIKICTH POOOTH
meiiiepy. Yum Oijibllle 3HAUEHHSI ITapaMeTpy, TeM MeHIIIa cepeiHs KiJIbKiCTh
KaJIpiB 3a cexkyHy. [Ipu 3HauenHi mapamerpy Oijibiine Hizk 0.65 1mreiigep mparoe

JIyZKe TOBLIBHO.
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Takork OyB peaJsizoBaHuMii Melijep /st HECKIHUYEHHNX MTePIoJINTHUX T'Pa-
Huilb. HIBuaKicTh floro podoTH, sIKIO 3HAUEHHsI [TapaMeTpa HeJiHIHHOCTI J10-
PIBHIOE HYJIIO, BJIBOE MEHINa, HI2K IIPU BIJICYTHOCTI HECKIHUYEHHUX IePIOTUIHUX
rpaHullhb. Pe3yabrarn TecTy MmokasaJiu, 1o cepe/iHs KiJIbKICTh KaJIpiB Ipu 3011b-

IIeHHI apaMeTpy HeJIHIIIHOCTI MaJja€ MOBLIbHIIIE, HI?K Y MEPIIOMY TeCTI.
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Code fragments for shader, written in GLSL:

#define ANTIALIASING 3

#define RAY_STEP 200
float minIn(in vec4d r){
float m=r.x;
if (m>r.y)m=r.y;
if(m>r.z)m=r.z;
if(m>r.w)m=r.w;

return m;

float maxIn(in vec4d r){
float M=r.x;
if (M<r.y)M=r.y;
if (M<r.z)M=r.z;
if(M<r.w)M=r.w;

return M;

float sdPlane( vecd p ) {

return p.y;

float sdSphere( vec4 p, float r ) {
return length(p)-r;

float sdEllipsoid( in vec4 p, in vecd r) {
return (length(p/r) - 1.) * minIn(r);

float sdTesseract( vec4 p, vecd b ) {
vecd d = abs(p) - b;
return min(maxIn(d),0.0) + length(max(d,0.0));
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float udRoundTesseract( vecd p, vecd b, float r) {
return length(max(abs(p)-b,0.0))-r;

float sdCapsule( vec4 p, vecd a, vecd b, float r ) {

vecd pa = p - a;
vecd ba = b - a;
float h = clamp( dot(pa,ba)/dot(ba,ba), 0.0, 1.0 );

return length( pa - bat*h ) - r;

float sdCylinder(in vec4 p,in vec2 h ) {
return max(length(p.xzw)-h.x, abs(p.y)-h.y );

float sdCone(in vec4 p,in vec2 h ) {
return max( length(p.xzw)-h.x, abs(p.y)-h.y) - h.x*p.y;

float sdCubicalCylinder(vec4 p, vec3 rhih2) {
vec3 d = abs(vec3(length(p.xz), p.y, p.w)) - rhlh2;
return min(max(d.x,max(d.y,d.z)),0.) + length(max(d,0.));

float sdDuoCylinder( vec4 p, vec2 rir2) {
vec2 d = abs(vec2(length(p.xz),length(p.yw))) - rir2;
return min(max(d.x,d.y),0.) + length(max(d,0.));

float nonlinear_param = 0.65;

vecd getNormVector(in vec4d rd, in vec4d point){
mat4 jacobian = mat4(1.0, nonlinear_param*cos(point.y), 0., 0.,
nonlinear_param*cos(point.x), 1.0, 0., O.,
0., 0., 1.0, O.,
0., 0., 0., 1.0);

mat4 inverse_jacobian = inverse(jacobian);
vec4 norm_vector = inverse_jacobian*rd;

norm_vector = normalize(norm_vector);
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return norm_vector;

vec4 heun (in vec4 init, in float dist, in vec4 rd, in int maxstep){
vecd res = init;
float h = dist/float(maxstep);

vecd k1, k2;
for (int i=0; i<maxstep; i++)
{
k1l = getNormVector(rd, res);

k2 = getNormVector(rd, res+h*kl);
res = res + hx(k1/2.0+k2/2.0);
}

return res;

vec4 rungeKuttad (in vec4 init, in float dist, in vec4 rd, in int maxstep){
vecd res = init;
float h = dist/float(maxstep);
vecd k1, k2, k3, k4;

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

{

k1l = getNormVector(rd, res);

k2 = getNormVector(rd, res+hxk1/2.0);

k3 = getNormVector(rd, res+h*k2/2.0);

k4 = getNormVector(rd, res+h*k3);

res = res + (k1+2.0%k2+2.0%¥k3+k4)*(h/6.0);
}

return res;

vecd euler(in vec4 init, in float dist, in vec4 rd, in int maxstep){
vecd res = init;
float h = dist/float(maxstep);
for (int i=0; i<maxstep; i++)
{
res = res + h*getNormVector(rd, res);

}

return res;



float epsilon = 0.0005;
float a = 3.0;

vec2 castRay( in vec4 ro, in vec4 rd, in float maxd ) {
float t = 2.0;
float h=epsilon*2.0;
vec2 res;
vecd point = rot+rd t;
for( int i=0; i<RAY_STEP; i++ ) {
if (abs(h)<epsilon || t>maxd ) break;

res = map(point);

h = res.x;
if (epsilon*a > abs(h))
{
point = euler(point, h, rd, 10);
}
else
{
point = heun(point, h, rd, 10);
}
t+=h;
}
return vec2( t, t>=maxd 7 -1. : res.y );
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