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MNpuBoAUTCA pacyeT U aHa/Iu3 ONTUYECKon
CXeMbl LWUMPOKOYro/IbHOro oKysipa Ans
MMMEpPCUOHHOI0 MYJIbTUPUKANBHOTO
HarosoBHOro aucnaes. OKy/isp OCHOBaH Ha
MCNO/b30BaHUU CBETOAEL/NIUTENbHOIO Ky6uka

B KayecTse aenuntens ansa popmmposaHus

ABYX MJIAaHOB U306paxkeHnn. Yron nons

3peHus cocTaBnseT 44°x33°, 60° no guaroHanu.
MakcnmanbHbIf paguyc NnaTHa paccesHUS
(RMS radius) coctasnseTt 13,2 MKM, Npu pasmepe
nukcena 9,3 MKM.

Knto4yeBble cnoBa: 3D n3obpaxxeHne, HAroON0BHbIN
ancnnen, CTepeokynapbl

Cratbs nonyyeHa: 11.10.2024
CTaTbs npuHaTa: 28.10.2024

BBEAEHUE
TeHmeHLMS Pa3BUTHUS HHIUBUAYATBHBIX CPeICTB
HaBUTAllUK, OPUEHTAI[UH U KOHTPOJS 3a JBHKEHU-
SIMH 4eJlOBeKa JUKTyeTCsi Bce 6omee MaccOBBIM HX
IIpUMeHeHHeM B TaKHX 06IacTsIX ueloBedecKoH Jesi-
TeTBHOCTU KaK CIIOPT, MeIUIIMHA, MHTePaKTHBHBIE
KOMITBIOTEPHBIE UI'PHI M BOeHHBIe 3aJa4uu. K MoOUIB-
HBIM HaBHTAI[MOHHBIM CPeICTBAaM BOEHHOIO Ha3Ha-
YeHUsI U HUX TAaKTUKO-TeXHUYeCKUM K Maccoraba-
PUTHBIM XapaKTepHUCTHUKAM IPeIbsIBISIOTCS 0Cobble
TpebOBaHMUS.

B HacTosimee BpeMs 3a pybeskoM OdeHb aKTHBHO
Pa3BUBAIOTCS TEXHOJOTHHM II0 IIOCTPOEHHIO OYKOB
NOIIONHEHHOM PpeaJbHOCTH. M3BecTHBI pa3paboTku
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The design and analysis of the optical circuit

for the wide-angle oculars for an immersion
multifocal head-mounted display are given.

The ocular is based on the use of a beam-
splitting cube as a splitter to generate two
image planes. The field-of-vision angle is 44°x33°,
60° diagonally. The maximum radius of the circle
of confusion (RMS radius) is 13.2 pm, with a pixel
size of 9.3 pm.
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INTRODUCTION

The development trend of individual aids for naviga-
tion, orientation and control over human movements
is determined by their ever more widespread use in
such areas of human activities as sports, medicine,
interactive computer games and combat missions. The
special requirements are imposed on the mobile navi-
gation aids for military purposes and their tactical,
technical and weight-dimensional specifications.

At present, the technologies of augmented reality
goggles are being actively developed abroad. The devel-
opments provided by such companies as Epson (Epson
Moverio BT-200, BT-300), Lumus, Microsoft (Micro-
soft Hololens), Sony (Sony SmartEyeglass), Google
(Google Class) and others are popular. The structure
of augmented reality goggles is based on several vari-
ous technologies for image projection from a micro-
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TakuXx ¢upM Kak Epson (Epson Moverio BT-200,
BT-300), Lumus, Microsoft (Microsoft Hololens), Sony
(Sony SmartEyeglass), Google (Google Class) u mp.
B oCHOBe IOCTPOEHHUSI OYKOB [OIIOJIHEHHOM peasb-
HOCTH HCIIOJIB3YeTCsl HEeCKOJIbKO PA3HBIX TEXHOJOTHH
IIPOELIMPOBAHUS H300pasKeHHUS C MHKPOAMCIUIeS Ha
IIOTYIIPO3PAUHBIN 3KpaH, PACIOJIOKEHHBIN Iepef
I71a30M 4esoBeKa. OJHA M3 TEXHOJOTMH IpeArIosna-
raeT IIpoeLIMPOBaHHE H300paskeHUs IIPU IIOMOIIH
CTepeoKyJIsIpoB [1-4].

OIHUM M3 CYIIEeCTBEHHBIX HEIOCTATKOB CYIIECTBY-
IONUX M pa3pabaTbiBaeMbIX OYKOB J[OIIONHEHHOH
PeayIbHOCTH SIBJISIETCSL OYeHb MAJIBIH YIoJl IIOJSL 3pe-
Hus (Field Of Viev - FOV), nopsiaka 20-40 rpasycos 1o
OHATOHATH. YBeJTHYeHHe 5Ke yraa 0630pa B BBIIIEOIIH-
CaHHBIX CXeMaxX IPHUBOAUT K CYIIECTBEHHOMY YBeJIH-
YeHHIO rabapUTOB U MacChl OYKOB.

PACYET ONTUYECKOIN CXEMbI

Bce mocienmyiomue pacdyeTsl CTepPeoKyispa mas Gop-
MHPOBaHHUS 06beMHOT0 HM306paskeHHUsI CIIeHBbI BHIIION-
HeHbl Ha OCHOBe Pypbre-ONTHKH C IIOMOIIBI IIPO-
rpaMMBbl OIITHYECKOro KOHCTpyupoBaHus ZEMAX-EE
dupmsl Focus Software, Inc. B KauecTBe MCTOYHHKA
13006paskeHHUSI PaCCMATPHUBAIOTCS MHKPOAUCILIEH
Low-Power AMOLED SXCA060 ¢upmbr Olightek
u FLCOS mukpoxucmien ¢upmel Forth Dimensional
Displays c paspemennem 1280x1024. B craThsx [5,6]
B pesy/jbTaTe OUPPAKLIMOHHOIO aHA/IM3a JTMHEHHOU
KOMOMHAIIUU JIBYX IJIAHOB M300paskeHUH OBLIO IT0Ka-
3aHO, YTO IJIa3 aKKOMOAHWPYeT Ha IIHMKOBYI HMHTEH-
CUBHOCTb KPHBOI IpH 1106bIX abeppanusix. Bonee
TOrO, YCTAHOBJIEHO, YTO IIPH Pa3/JIM4YHBIX pa3mepax
3payKa I71a3a MHTeHCHBHOCTD IIOJIYyCYMM He OCTaeTCs
IIOCTOSIHHOM BeJIMYMHOM, IIOCKOJIBKY IJIa3 SIBJISIETCA
OFHUM K3 KOMIIOHEHTOB AHCILIes: (KOMOHMHHUPOBaHHe
MHTEHCHBHOCTEH IIAHOB-U300paskeHUI MPOUCXOIUT
Ha ceTyaTke). B mporpamme pacueT NpoBejieH B 06part-
HOM XOfie JIydeH, IJI BUAHUMOM JJIMHBI H3JIy4eHHUs
B CIIEeKTPAJIBHOM JHaIlia3oHe oT 486 HM 10 656 HM.
PaccmaTpuBaeTcs yIpolleHHas MOAeb I71asa. B xome
pacdera 6bIJIO0 IIPOBEPEeHO HECKOIBKO MOAeeH Iiasa
(Lotmare, Atchison) [7].

OKysip IpelCcTaBAeHHBIN Ha PUC. 1 COOEP>KUT ABa
IUIOCKUX M300paskeHUsI TeHepHUPYeMBIX MHKPOJIU-
CIUIeAMH | K C IIOMOILBIO OIITHUYECKUX 3JIEMEHTOB 2-5
dopmupyeT X MHHMOe H30bpakeHHe. braromaps
CBeTO/IeNTUTE/IPHOMY KyOHKYy 2 MHHMBIE H300pasKeHU S
OKAa3bIBAIOTCS COOCHBIMH M IepIIeHIUKY/ISPHBIMH
3pUTENPHOM OCH. M3/1ydeHHs! 371eMeHTOB H300paske-
HHUH C MHUKPOJHUCII/IeeB POKYCHPYIOTCSI XPYCTAIUKOM
I7a3a B CBeTOBBle IISITHA M300pa’keHHH Ha ceTyaTke
TaKUM 06pa3oM, 4TOOBI MAaKCHMYM CyMMapHOH 3Hep-
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display onto a rear-projection screen located in front
of the human eye. One of the technologies involves
the image projection using the stereoscopic lenses
(1-4].

One of the significant drawbacks of the available
and developing augmented reality goggles is the very
small field of view (FOV) that is equal to about 20-40
degrees diagonally. The viewing angle increase in the
above-described circuits leads to a significant increase
in the dimensions and weight of the glasses.

DESIGN OF THE OPTICAL SCHEME

All subsequent designs of the stereoscopic lens for the
generation of a three-dimensional scene image were
performed on the basis of Fourier optics using the
ZEMAX-EE optical design program by Focus Software,
Inc. The Low-Power AMOLED SXCA060 microdisplays
by Olightek and FLCOS microdisplays by Forth Dimen-
sional Displays with a resolution of 1280x1024 are
considered as an image source. In the papers [5, 6] as
a result of diffraction analysis of a linear combination
of two image planes, it was shown that the eye accom-
modates to the curve peak intensity in the case of any
aberrations. Moreover, it was found that at different
eye’s pupil sizes, the intensity of half-sums did not
remain a constant value, since the eye was one of the
display components (combination of the image plane
intensities occurs on the retina). In the program, the
design was performed in the beam retrace for the vis-
ible radiation length within the spectral range from
486 nm to 656 nm. A simplified model of the eye was
considered. During the design, several eye models
were checked (Lotmare, Atchison) [7].

Puc. 1. Modeab onmuueckol cuCmembl CMepeookyyAspa:
1-mukpoducnaeu; 2, 4, 5 - ckneeHHble AUH3bI; 3- caemodenu-
meAbHbill Ky6; 6- posea (UeHmpanbHas SMKa cem4ameku)
Fig. 1. Optical system model of the stereostopic ocular:
1-microdisplays; 2, 4, 5 - composite lenses; 3 — beam-split-
ting cube; 6 - fovea (central fovea of the retina)
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MU HaxoIMJICS B parioHe doBea (LIeHTPaabHOM SIMKU
ceT4YaTKH) I71a3a HabmomaTerns.

PacdeT mpoBOAMIICS ISl ABYX IIJIAHOB H306paxke-
HHH, YCTAaHOBJIIEHHBIX Ha paccTogHHUAX 1 M (1 gmTp)
s 6mpkHero waHa U 4 m (0,25 AITp) 41t JATbHEro
mnaHa. TakuM obpa3oM, obecrieumBaercss o6beMHOE
BOCIIpUSTHE Iy6UHBI Pe3Kko OTobpaskaeMoro IIpo-
CTPaHCTBA OT 1 MeTpa Ao HecKoOHeuHOCTH. [IpeqMeTHl,
PacIoNoKeHHble Ha YKa3aHHBIX PAcCTOSIHUSIX, HaXO-
IATCS B POKyCe YeI0BeUeCKOro Iasa.

CrucTeMa He SIBJISIETCSI SKeCTKO CBIOCTHPOBAHHOM.
YCTPOMCTBO € ABYMSI BCTPOEHHBIMH CTEPEO0OKY/IIPAMH
OfleBaeTCsl Ha rojIoBY HabiromaTessi, M3-3a Yero BO3-
MOXKHO CMelleHHe II0JI0KeHHS IJ1a3a [0 TpeM OCSIM
B [MalasoHe +2 MM (BIOJb U IIONEPeK ONTHYeCcKOM
ocu). KpoMe Toro, cam 3pavok Ija3a, KOTOPHIM SIB/IS-
eTCsl alepTypHOU OHadparmMol CHCTEMBI, IlepeMme-
IAeTCsl II0 IIOI0 3peHHs B IIpoliecce HabOMIOfeHUs
1 3TO He JO/IKHO KaueCTBeHHO BIIMATh Ha I10/IydaeMoe
n3obpaskeHHe.

JJIs1 JOCTOBEPHOIO BOCIPHSATHS II0Y4aeMOIo H30-
6paskeHHUsI BASKHO IT0A06PaTh TAKOM YroyI IOJISt 3peHHUs,
4yT06bI 60KOBOE 3peHUe HabMIOAaTe s ObIIO 33eCTBO-
BaHO B QOPMHPOBAaHHH CLEHBI. [I0Jy4eHHBIH B OKYy-
Jsipe yroJ IOJsl 3peHHUs COCTaBsieT 44° (yron Bpallle-
HHUS I71a3HOro s16710Ka mpu HabmiogeHuu 45-50°).

Inst Toro 4Tobbl 6BLIO BO3MOXKHO IIepedOKy-
CHPOBaTbCSl C OJHOrO IUIaHA Ha Jpyrou 6e3 BHUIU-
MOIO CMeIleHHsl 0OBeKTOB AOIOJHHTEIbHO 3aJaHa
byHKIMSA, KOTOpas He II03BOJMSeT CMeINAThCs
OMHOM U TOM >Ke TOuKe Ha H300pakeHUSX B Pa3sHBIX
KOHOUIYpaLIHIX.

PacyeT mpoBoauics Ha 16 KOHOUIYypalLlMM, Y4H-
TBIBAIOIIUX CMellleHHe 3padKa, H3MeHeHHe OINTHUKHU
MeXIy CBeTOHEeIUTeNbHBIM KyOHMKOM KM MHKPORH-
CIIIeeM, JUOIITPHUUECKYIO ITOJBIIKKY .

Ha pwc. 2 mpencraB/ieHa guHarpamMma IISTeH pac-
CessHHUS AJ14 BceX KOHOQUTYpallUii. BUIHO, YTO MaKCH-
MajipHOe yXy[lleHHe H300pakeHHsI BO3HHKaeT IpHU
CMeIlleHHH IJ1a3a IollepeK ONTHYeCKOM OCH, a TaKxkKe
IIPA BBeJleHHWH [OIOJHHUTEJIbHOM OTPHILIATeIbHON
ONTUYECKON CHIBl. MaKCHMAIbHBIM PAaAHYyC MSTHA
paccessHust (RMS radius) cocraBisieT 13,2 MKM IpH
pasmepe muKkcena 9,3 MKM. [JJUCTOPCUM He IIPEBbI-
AT 5%, KPUBH3HA 10/ He 6os1ee 0,05 MM.

B xoze paboTsl cucTeMa 6bl1a MCCIeJOBaHA Ha IOSIB-
JleHHe MPHU3PaKoB B IIOCIEe0BaTeIbHOM peXume. Ha
pHC. 3 IOKa3aHO H30bpaskeHHe, IOTyuYeHHOe PacCyu-
TAaHHOM OITHYeCKOM CHUCTEMOM B IMporpamme Zemax
B HeIIOC/Tel0BaTelbHOM peXHMe. BHIHO, 4TO IOMy-
YeHHasl KaPTUHKa JOCTaTOYHO KOHTPAcTHA, IIPHU3PaKu
1 671MKH Ha M300paskeHHH OTCYTCTBYIOT, IHCTOPCHS,
XpoMaTHuecKast abeppariysi BEIpaskeHsI c1a6o.
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Puc. 2. MamHo paccesiHus cmepeookyaspa (945 16 pasnuyHblx
KOHuzypauuli ycmpolicmaa)

Fig. 2. Center of confusion of the stereoscopic ocular (for 16
various device configurations)

The ocular shown in Fig. 1 contains two flat images
generated by the microdisplays 1 and generates their
false image using the optical elements 2-5. Due to the
beam-splitting cube 2, the false images are coaxial
and perpendicular to the optical axis. The radiation of
the image elements from the microdisplays is focused
by the crystalline lens into the light spots of images
on the retina in such a way that the maximum total
energy is in the fovea region (central fovea of the
retina) of the observer’s eye.

The design was performed for two image planes
installed at the distances of 1 m (1 D) for the near plane
and 4 m (0.25 D) for the far plane. Thus, a 3D depth
perception of the sharply displayed space from 1 meter
to infinity is ensured. The objects located at the speci-
fied distances are in focus of the human eye.

The system is not rigidly aligned. The device with
two built-in stereoscopic lenses is placed on the observ-
er’s head due to which the eye position can be shifted
along three axes within the range of +2 mm (along
and across the optical axis). In addition, the eye’s
pupil being the aperture diaphragm of the system, is
moved across the field of view during the observation
process and this should not qualitatively affect the
resulting image.

For reliable perception of the resulting image, it is
important to select such a field-of-vision angle that
the observer’s peripheral vision is involved in the
scene generation. The field-of-vision angle obtained
in the ocular is 44° (the eyeball rotation angle during
observation is 45-50°).

In order to be able to refocus from one plane to
another without any visible displacement of objects,
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PaspaboTaHHasi CTepeollapa OKY/SPOB II03BOJISET
IIOCTPOUTh IMIHpoKopopMaTHOoe 3D-u306paskeHHUe,
He MeHSsS QOpPMaTOB JIEBOTO W IIPAaBOr0 OKYJISPOB.
Puc. 4 - 310 M306paskeHHe GOpPMHpyeMoe OKyISIpaMuU
Ha «6eCKOHEYHOCTH?.

Vcxonueiri dopMaT MaTpul 4x3, miau 1280x1024
muKcesoB. IlycTs mromanu 3D-cTepeo v 3D-MOHO Of K-
HakoBbl. Torma B KaKAOM OKY/spe IUIOIAAb MOHO
OyzmeT cocTaBlsTh 1/3 MaTpuIbl, a obmas IJIOMALb
3D m306paskeHHSs YBeTHIUTCS Ha 33,3%. [OPU30HTAIb
n3obpaskeHus 6yner paBHa 4+4/3=16/3. Pe3ynpTUpy-
fomun dopmat paseH (16/3)x3, wiu 16x9, 4TO COOT-
BETCTBYeT LIMPOKOPOpPMATHOMY 3D H306pasKeHHUIO.

B Hamem ciydae, IpPH «yIJIOBOM» ¢dopmaTe OKY-
TISIpOB 44°x33°, (4x3) monydum (44°+44°/3)x33°, unu
58°40'x33°, T.e. UMeeM II0YTH ILO6aBKy B 12° K OO
3peHHUSs OJTHOTO OKYJISpa.

MoxkHo cmenath ¢opmar 2x1. IIpu 3TOM JieBoe
U IpaBoe H306pakeHHs OyoyT IepeKpBIBAaTBhCS Ha
[I0JIOBHHY, a obiee 3D mosne cocTaBUT 66°x33°, FOV
ropsnka 74°.

Ha ocHOBe pacueToB ONTHYEeCKOHM CXeMBl OKYJIS-
poB 6bl1a pa3paboTaHa KOHCTPYKTOPCKAsl JOKyMeH-
Tallks Ha KOPIIyC. B KOHCTPYKLUMH OKYJ/ISPOB peaju-
30BaHBl TaKHe QYHKIIMOHAJIbHBIE OCOOEHHOCTH KaK:
peryimupoBKa MeXKLEHTPOBOIO PACCTOSHUS OKY/ISPOB
Y OITHYecKasi AUONTPHLHAA IT0JBIDKKA Ha BeIMYHHY
+] ANITP, IpefHa3sHa4YeHHBIe [JIS IOACTPOMKH OKYJIIpa

i g

16/3
3D 3D 3D
mono s mono 3
left right

4

Puc. 4. 1306pa>keHue cmepeoducnaes
Fig. 4. Stereo-display image

Puc. 3. M1306paxkeHue, popmupyemoe onmu4eckol cucme-
MoU Ha cemyamke Yenoeexa

Fig. 3. Image generated by the optical system on the human
retina

an additional function is provided that does not allow
the same point on the images in various configura-
tions to be shifted.

The design was performed for 16 configurations
with due regard to the pupil displacement, changes in
optics between the beam-splitting cube and the micro-
display, and the dioptric shift.

Figure 2 shows the circle of confusion diagram
for all configurations. It is evident that the maxi-
mum image deterioration occurs when the eye is
displaced across the optical axis, as well as when
additional negative refractive power is introduced.
The maximum circle of confusion radius (RMS radius)
is 13.2 pm with a pixel size of 9.3 pm. The distor-
tions do not exceed 5%, the field curvature is no more
than 0.05 mm.

During the process, the system was examined for
the occurrence of spirits in the series operation mode.
Fig. 3 shows the image obtained by the designed
optical system in the Zemax program in the non-
sequential mode. It is evident that the obtained image
is sufficiently high-contrast, the spirits and glare are
absent in the image, the distortion and chromatic
aberration are weakly expressed.

The developed stereoscopic pair of oculars allows
to generate a wide-format 3D image without any for-
mat changes of the left and right oculars. Figure 4 is
an image obtained by the oculars with the “infinite”
settings.

The original array format is 4x3, or 1280x1024 pixels.
Let the areas of 3D stereo and 3D mono areas be the
same. Then in each ocular, the mono area will be 1/3
of the array, and the total area of the 3D image will be
increased by 33.3%. The image horizontal will be equal
to 4+4/3=16/3. The resulting format is (16/3)x3, or 16x9
that corresponds to a wide-format 3D image.

PHoOTONICs vOL. 18 NO.7 2024 ©567
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K ocobeHHOCTSIM I1a3 Habmomatens. [lo paspaboras-
HOM KOHCTPYKTOPCKOM JOKYMeHTalUHWU ObLIM H3To-
TOBJIEHBI y3/Ibl U JleTa/d, IpoBefleHa cbopKa MaKeTa
CTepeoOKy/ISIPOB PUCYHOK 5.

B pe3ynpraTe MpOBeHeHHBIX HCCIeLOBAHUM
U OLIeHKH KOMIIJIEKCHBIX KPHUTEPHeB KadecTBa H30-
bpakeHHsT GOPMHUPYyeMOro OITHYECKUM OI0KOM
OYKOB JIOIIOJIHEHHOM PeaJbHOCTH Ha CXeMaTHYeCKHUX
Mojensix rnaasa 6bUIo MOKa3aHO, YTO: MaKCHMallb-
HBIF pafuyc msaTHa paccesHus (RMS radius) cocras-
aseT 13,2 MKM IIpU pasMmepe MHUKcena 9,3 MKM; IHC-
TOPCHS He IIpeBBINIAeT 5%, KPUBH3HA 10/ He bostee
0,05 MM, 3TH abeppallMK MOIYT 6bITb CKOPPEKTHPO-
BaHBI IPOrPAaMMHBEIM 06pa3oM; IonydeHHOe H306pa-
>KeHHe Ha CeT4aTKe IVla3a [JO0CTaTOYHO KOHTPACTHO,
IpU3paky M OIMKH Ha H300paskeHHH OTCYTCTBYIOT,
OUCTOPCHS, XpoMaTH4ecKas abeppalius BBIPasKeHBI
cnabo.

B mepcrieKTHBe IUIAHHUPYeTCsI IPHMeHeHHe TaKoro
THIIA CHUCTeM IpHU pa3paboTke TpeHaskepoB HOBOTO
IIOKOJIeHHUsI [/I1 KOCMOHAaBTOB M aBHaTpeHaXkepax,
a TakKe IIPU CO3ZAHHHM KOMIUIEKCOB YIIpaB/eHHUS
PO6OTH3MPOBAaHHBIMU aIlIIapaTaMH.
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Puc. 5. Makem cmepeookyAsipos
Fig. 5. Model of the stereoscopic oculars

In our case, with an “angular” format of oculars of
44°x33°, (4x3) we get (44°+44°/3)x33°, or 58°40'x33°, i.e.
we have almost an addition of 12° to the field of view
of one ocular.

It is possible to obtain a 2x1 format. In this case, the
left and right images will overlap by half, and the total
3D field will be 66°x33°, with the FOV of about 74°.

Based on the optical scheme designs for the oculars,
the design documentation for the body was developed.
The ocular structure implements such operational
features as adjustment of the inter-center distance
of the oculars and optical dioptric adjustment by *1
D obtained to adjust the oculars to the features of the
observer’s eyes. According to the developed design
documentation, the units and parts were manufac-
tured, and a model of stereoscopic oculars was assem-
bled (Figure 5).

As a result of the research conducted and evalua-
tion of comprehensive criteria of the image quality
generated by the optical unit of augmented reality
goggles, the eye models showed that the maximum
center of confusion radius (RMS radius) is 13.2 pm
with a pixel size of 9.3 pm; the distortion does not
exceed 5%, the field curvature is no more than 0.05
mm, these aberrations can be adjusted by software;
the resulting image on the eye retina is sufficiently
high-contrast, the spirits and glare are absent in the
image, the distortion and chromatic aberration are
weakly expressed.

In the future, it is planned to use this type of sys-
tem in the development of new generation simulators
for the astronauts and flight simulators, as well as
in the development of control systems for the robotic
devices.
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