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AHHOTAIUA

TexHuka (paHTOMHOI BH3yaIM3allMU MO3BOJIAET MOJTy4YaTh HHYOPMALMIO 00 0OBEKTE B YCIOBHAX 3aLIyMICHHOCTH
KaHaJIOB Mepeauu, CON3MEPUMOI C HHTEHCHBHOCTBIO 3a/1€HICTBOBAHHBIX B BOCCTAHOBIEHUHU CIIEKI-CTPYKTYp. OHIM
13 OCHOBHBIX HEJJOCTATKOB JAHHOH METOIMKH SIBISICTCSI CPABHUTEIBHO HU3Kasg CKOPOCTHh pabOTHI, YTO OTpaHUINBACT
ee MPUMEHUMOCTb IPH paboTe ¢ OBICTPO MPOTEKAIOIIUMH IIPOIIECCaMH MM ABIKYIIUMHUCS oObekTamu. [Ipennokena
MOIUGHUKAINS TEXHUKH BHIYUCIUTEIHON (PaHTOMHON BH3yalM3alliH, TO3BOJIIONIAs CHATH ATO OIpaHUYCHHE.
IIpogeMOHCTpUPOBAaHO, YTO CHEKTPAIbHOE MYJIbTUIUIEKCUPOBAHUE CIIEKII-CTPYKTYpP JaeT BO3MOXHOCTh YCKOPUTH
Ipoliecc BOCCTAHOBIICHHS M300paxkeHust. Hanmpumep, npy yBeJIMYEHUH YHCIIa CIIEKTPAIbHBIX KaHAoB ¢ 4 1o 10,
MIPOUCXOAUT yBEJINYCHHE OTHOLICHUs CUTHAJI-UIYM B IIECTh pa3. B To e BpeMs HCIOIb30BaHUE KJIACCHYECKOM
MOHOXPOMHOW (hpaHTOMHO# BH3yaJIM3aLMU HE MO3BOJISIET BOCCTAHOBUTH M300PAXKCHUE B TEX JKE YCIOBHAX U C TEM ke
KONuuecTBOM u3Mepenuil. [IpeuioxxenHas MeToarKka NpyuBIeKaTeIbHa AT TAKUX TPeOOBaTENbHBIX K ObICTpOAEHCTBHIO
MIPUIIOKEHNH, KaK Mepefada JaHHBIX U JUCTAHIIMOHHOE 30HANPOBAHME.
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Abstract

The ghost imaging technique allows us to recover information about an object in conditions of noisy transmission
channels, commensurate with the intensity of the speckle structures involved in the reconstruction. One of the main
disadvantages of this technique is relatively slow reconstruction speed. This limits its applicability for study of dynamic
processes or fast-moving objects. In this paper, we propose a modification of the computational ghost imaging technique
that allows us to overcome this limitation. It is shown that the spectral multiplexing of the speckle patterns speeds up
the image reconstruction. Increase in the number of spectral channels from 4 to 10 leads to the increase of the signal-to-
noise ratio by the factor of 6. Simultaneously, under the same conditions and with the same number of measurements
classical monochrome ghost imaging does not reconstruct the picture at all. This makes the proposed technique attractive
for high-speed demanding applications such as communications and remote sensing.
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WHTepec k mepenade nHGOPMAIIIHN depe3 OTKPBITOE
MIPOCTPAHCTBO CYIIECTBYET NaBHO. PaboTaromue B paano-
JIUANa30HE CUCTEMBI ITUPOKO BHEAPEHBI B HHIYCTPHIO,
OJTHAKO pa3pabOTKa aHAJOTHYHBIX ONTHUYCCKUX CHCTEM
JlanieKa oOT 3aBepllieHus. B nociienHe roasl B 1aHHOM 00-
JIACTU BEIYTCs paOOTHI IO KOAMPOBAHUIO HH(MOPMAIIMK B
BHUXPEBBIX My4kax [1], a Takke pa3pabOTKH aJrOpUTMOB
JUTSL OTCIIC)KMBAHHUS TIOJIOKCHHSI A0OHCHTOB TaKHUX CeTei
JUIS CHIDKEHHS TIOMeX M OIIMOoK B kaHajie [2]. Tounoe
MTO3UIIMOHUPOBaHIE a0OHCHTA HEOOXOMMO, TaK KaK CyIIe-
CTBYIOIIIAsl KOHIICTIIINS ONTHYCCKUX KOMMYHHKAIIAH depes
OTKPBITOE TIPOCTPAHCTBO MOPa3yMEBaET UCIOIH30BaHUE
CPaBHUTEIHHO y3KOHAMPABICHHBIX NCTOYHUKOB U TIPHEM-
HUKOB [3].

Hapsiny ¢ npumeHeHrnem aJanTUBHON ONTHUKU U aJl-
TOPUTMOB MAalIMHHOTO OOydeHus [4] peleHuto 3aaaau
JAUCTAHIIMOHHOT'O OTCJIC)KUBAHUS OG’LCKTOB B YCJIOBUAX BbI-
COKHX IIIYMOB MOXKET CIIOCOOCTBOBAaTh TeXHHUKA (DaHTOMHO#
Bu3yanu3anuu [5]. JlaHHasi TEXHHKa OCHOBaHA Ha pacueTe
3HAYCHHUI KOPPEIAIUOHHON (DYHKIHH TICEBIOCTyYaitHO-
TO CIICKJI-TIOJIS, OCBEIIAOIIETO MOBEPXHOCTh 00BEKTA, U
WHTCHCUBHOCTH, PETUCTPUPYEMON ONMHOYHBIM JIETEKTO-
pOM TIOCTIe B3aMMONCHCTBUS M3ITyUeHUS ¢ 00BEKTOM [6].
B psine MmeTonuk, Ha3pIBAEMBIX BBIUHCIUTEIBHON (haHTOM-
HOW BH3yalTW3aIlfe, 1151 BOCCTAHOBICHUS H300pakeHUs
00BEeKTa MCTIOIB3YETCS IETBIH Ha0Op ICEeBIOCTyYaitHBIX
CIEKI-CTPYKTYP, 3aJaHHBIX C TIOMOIIBIO IPOCTPAHCTBEHHO-
ro Mozyisitopa ceera [7]. Takum oOpazom, nadopmanust 06
00BEKTe MepeIaeTCsl C TOMOIIBIO ITyMa. BHeIIHNe BIUSHUSL
Ha KaHaJI ¢ iepeJjaBaeMoii HH(popMaInei 3aMeIJISIIoT Mpo-
LIECC BOCCTAHOBJICHUSI (PAaHTOMHOTO M300paXXCHHUsS, HO HE
JIeJIal0T €r0 HEBO3MOXHBIM, T. €. TaKas CucTeMa nepeaadu
JTAHHBIX — ITOMEXO0YCTOWYHBA.

OCHOBHOE OTpaHUYCHHE TEXHUKU (PAHTOMHOI BU3yalTi-
3alli¥ — CPaBHUTEIBHO OOJIBIIIOE BPEMsI BOCCTaHOBJICHUS
“HPOPMALIIH. DTO HAKIAbIBACT JOTIOJHATEIBHBIC OTPaHH-
YeHHS Ha BU3YAJIH3AINIO OBICTPO MPOTEKAIOMINX TIPOIIec-
COB WM OBICTPO ABWXKYyIIHXcA 00bekToB. [lepexon ot mo-
CJICIOBATEILHOTO OCBEIIEHHS 00BEKTa CIIEKII-CTPYKTYPaMH
K NapauieIbHOMY MOXKET TI03BOJIMTH OOOWUTH JAHHBIN HEJl0-
crarok. [Ipu 5ToM He u30dexarh B3aMMHOM MHTEpdepeHInH
CIEKJI-CTPYKTYP, CHOPMUPOBAHHBIX MOHOXPOMATHUYCCKUM

U3Iy4eHHeM. PeleHrneM MOXeT CTaTh MCIIOJIb30BAaHUE
IIMPOKOIIOJIOCHOTO HCTOYHHKA — CIIEKTPAJIbHOTO CyTep-
KOHTHHYYMa. JTO TI03BOJIUT OJHOBPEMEHHO IeTeKTHPOBATh
HECKOJIBKO CIICKIIOB, Pa3HECEHHBIX M0 cnekTpy. [Ipuyuem
KOJIMYCCTBO YHUKAJIBHBIX CIICKJIOB OIrPaHUYC€HO UCKIIIOYU-
TEIIbHO TEXHUYECKHMH BO3MOYKHOCTSIMH 38]IeHCTBOBAHHOTO
MPOCTPAHCTBEHHOTO MOJYJISITOPA CBETA.

B nacrosiei padore mpeasiokeHa METoIMKa yCKope-
HUSI BOCCTAHOBJICHUSI MH(POPMAUU 00 0OBEKTE B IIPHUCYT-
CTBHMU LIYMOB, 110 HHTEHCHBHOCTH CPAaBHUMBIX C 3a1CH-
CTBOBaHHBIMH CIIEKII-CTpYKTypamu. TexHuka Gasupyercs
Ha MYJIBTUCIIEKTPaIbHON panTOMHOM Br3yamm3anuu. C ee
UCIIONIb30BaHHEM SKCIIEPHMEHTAIBHO TIOKa3aHO BOCCTA-
HOBJICHHE M300paXCHUSI TECTOBOTO 00BEKTa B yCIOBHSX,
P KOTOPBIX KIacCH4ecKas (paHTOMHAs BU3yaIH3alus He
MO3BOJIHJIA BOCCTAHOBUTH HH(POPMAIHIO 00 00BEKTE.

CxeMa SKCHepUMEHTAJIbHON peann3aiy peioKeH-
HOHM METOIMKH TpeAcTaBiIeHa Ha puc. 1. B kauecte ucrou-
HHKa U3JTyYCHUs UCIIOJIb30BaH CYNEPKOHTHHYYM BHIHMOTO
Jiana3oHa 4acToT, TOJyYeHHBIH Py Jla3epHO# (unamen-

.

AP,

113 TIK

3 SLM
HPZ\//

Puc. 1. DxcniepuMeHTanbHas ycTaHOBKa (DaHTOMHON
BU3YyaIM3alUH CO CIIEKTPaIbHBIM MYJIbTUILICKCUPOBAHUEM.
JP, u IP, — nudpakunuoHHbIE PEIIETKY;

SLM — npocTpaHCTBEHHBIN MOZYIISATOP CBETA; 3 — BBIXOAHOE
3epkaiio; [13 — mapabonuueckoe 3epkano; O — 00beKT;

C — criekrpomerp

Fig. 1. Experimental setup for ghost imaging with spectral
multiplexing. Here, JIP; and JIP, are diffraction gratings;
SLM is a spatial light modulator; 3 is an output mirror; [13 is a
parabolic mirror; O is an object; and C is a spectrometer
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BoccTtaHoBneHne nHdopmaumm B 3allyMeHHOM KaHane MeTogom paHTOMHOM BU3yannsauum...

Tauuu B Boje [8]. IlceBnocmyualinble CIEKI-KapTUHBI B
TUIOCKOCTH 00BEKTa 331aHbl C IIOMOIIBIO TPOCTPAHCTBEH-
Horo moxayastopa ceeta HOLOEYE LETO-2 (¢ pa3pernie-
nueM 1920 x 1080 u pasmepom mmkcena 6,4 x 6,4 MKM).
JleTekTHpoBaHUE N3ITyYEHHMS, IPOILE/IIIETO Yepe3 0ObeKT,
OCYIIECTBIICHO C roMoipio crekrpomerpa ASP-100 mpo-
n3BoOJCTBa Avesta.

MynbTHIUIEKCHPOBAaHHUE BBIITOJHEHO 3a CUET pa3io-
XKEHHUS CIEeKTpa CyNEepKOHTHHYyMa B IPOCTPAHCTBE Ta-
KM o0pa3om, 4ToObl Kax bl yuyactok SLM (Spatial
Light Modulator) 66T OCBeIIICH OTACIBHBIM JIUATIA30HOM.
CraenaHo 3To ObUIO C MMOMOIIBIO IBYX AU(DPAKIIUOHHBIX pe-
LIETOK: MepBasi pacKIaiblBajia U3Jy4YeHHE B CIIEKTD, a BTO-
past KoJuImMHpoBaia (POpMUPYEMBIIT IIy4OK, oOecreyrnBas
TEM CaMbIM OCBEIlleHHe oBepXHOCTH SLM miockum Boi-
HOBBIM (ppoHTOM. Boccranosnenne ¢pantomMmHoro nzodpa-
KeHHs TpeOyeT Bce CIEeKTpalIbHbIE TUATIa30Hbl C 3aKOIUPO-
BaHHBIMHU B HUX IICEBAOCIYYaiHBIMU CIICKII-CTPYKTYPaMH
BHOBB COOpaTh B OJIMH Iy4OoK. [IJIs 3TOr0 M3iydeHne Obl1o
IPOIYIIEHO Yepe3 Mapy peIeToK B 00paTHOM Hampasiie-
HHH, 110CJIe 9ero chopMHUpOBaHHbIN Iy4OK HAIPABIIIICS Ha
BBIXOJJHOE 3€PKaJI0, PACIIOJIOKEHHOE HIKE BXOIHOTIO ITydKa
CYIIEPKOHTHHYyMa.

KonnuecTBo crieKTpaiibHbIX KaHAJIOB, 110 KOTOPBIM BO3-
MOXKHO MYJIBTUITIIEKCHPOBAHHE, B ITPE/IIaraeMoi METONKE

OTpaHUYEHO B TEPBYI0 ouepens pasperienueM SLM. Uem
OoJIbIIIe HCIONB3YETCs MOAIHANa30HOB, TEM MEHbIIee KO-
JIMYECTBO MUKCEIIOB OTBOAMTCSI HA MOIYIISILIHIO KAXKJOTO
W3 HHUX, ¥ TEM HIXKE KadeCTBO M Pa3pelieHHe HTOTOBOTO
n3o0paxkenus. [Ipy 3TOM HIKHIOIO TPaHUILy OTpaHUIHBACT
cTporas 3aBUCHUMOCTh BHOcuMoro SLM ¢azoBoro ciasura
OT UTMHBI BOJHBI m3mydeHus [9]. [Ipu momymsanuu mmpo-
KOIIOJIOCHOT'O M3JTyYEHHUS! MEHBIIEE YHCIIO CIEKTPAIbHBIX
KaHaJIOB TOBOPHT O OOJIBILIEM AMAIa30HE JUIMH BOJIH, OXBa-
THIBAEMOM KaXXKJbIM ydacTkoM SLM, 4To Tarxke IpuBOIAUT
K HEKOPPEKTHOMY BOCCTaHOBJIEHHIO M300pakeHus. B xa-
YecTBE KOMIIPOMHCCHOTO BapHaHTa, a TAKIKE JUIsl JIEMOH-
CTpaluy paboToCOCOOHOCTH METOANKH, BBITOJIHUM MYJIb-
TUIUIEKCUPOBAHME IO JAECITH CHEKTPaIbHBIM KaHaJaM.
BriOpaHHOE KOJIMYECTBO SIBJISICTCS] YCIOBHBIM U 3aBHCUT
OT MapaMeTPOB KOHKPETHOTO HKCIICPUMEHTA.
CreHepHpOBaHHBIN TP Ja3epHON (prutaMeHTannu cy-
TIEPKOHTHHYYM OXBaThIBaeT quamna3oH oT 450 mo 1200 HM,
HO B HacTosmIel padore oH Obu1 orpanndeH 550-650 M.
JlaHHOE Ccy’KeHue Nuana3oHa CBSI3aHO C TEM, UTO IIPU pa3-
JICJIEHUH U3HAYaJIBHOTO CIIEKTPa CYNEPOKOHTHHYYyMa Ha
JecATh KaHAJIOB, U3MEHEHHE (ha30BBIX COBHUIOB B IIpejie-
JaX OIHOTO KaHaJya JOJKHO gocturark 16 %. CyxeHue
JIara3oHa Mo3BOJIMIIO OTPaHUYUTH (ha30BbIil CIBUT OTHUM
npoueHToM. [Ipn GonblieM yMeHbIIEHHH Juarna3oHa ¢a-

N, =10

Puc. 2. ®anToMHbIe H300paXKeHNs I11eIH, BOCCTAHOBJICHHBIE C MCIIOIB30BAHUEM PA3IMYHOIO KOJIMYECTBA CIIEKTPAIbHBIX KaHAJIOB N,.
BeprukanbHble ce4eHns NOMYUSHHbIX H300paKeHNii MOKa3aHbl Ha BCTABKE HUXKE, IJI€ Z — BBICOTA M300PAKEHUS

Fig. 2. Ghost images of the slit reconstructed using a different number of spectral channels »,. Vertical cross-sections of the obtained
images are shown on the insert below with z is image height
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30BBII CABHT elle OO0JIbIle YMEHBIIHIICS, HO BMECTE C TeM
CTaJI0 OBl HEBO3MOXKHBIM HAJIEKHOE Pa3/ieieHHe KaHallOB
Ha CHEKTPOMETpE.

st monTBepxkieHns: paboTocrocoOHOCTH Mpeiarae-
MO METOITKY ¥ BO3MOJKHOCTH BOCCTaHOBJICHHUS HH(OpMa-
K 00 00BEKTE B YCIOBUSX BBICOKHX IIYMOB, BBIIIOJIHCHO
BOCCTAaHOBJICHHE (PAaHTOMHOTO M300paKeHUs MICTH IIH-
puHO# 1,5 MM. [T HATMATHOCTH HKCIIEPUMEHTA BEIOpa-
HBI TaKHe yCIOBHA, YTOOBI ()aHTOMHAs BH3yaln3alus Ha
OCHOBE MOHOXPOMAaTHYECKOr0 M3JIyYeHUS He TO3BOJIMIA
HaOIoaTh N300paXkeHne o0bekTa. Bo Bcex poBeeHHBIX
SKCHepruMeHTax 3aaeiictBoBano 5000 nmceBnoctydaiHbIX
crekI-cTpykTyp. Ha puc. 2 BuHO, 94TO ¢ pOCTOM KOJTHUe-
CTBa 3a/Ie¥CTBOBAHHBIX CIIEKTPaJIbHBIX KaHATIOB N, pacTeT
1 Ka4eCTBO M300paKEeHUsL.

[Ipennoxena MonuduKanus METOAUKNA BBIYHCITH-
TeJIbHOH (aHTOMHOIl BHM3yajW3alHH, OCHOBaHHAs Ha
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CHEKTPaJbHOM MYJIbTUIJIEKCUPOBAHUU 3ajeiicTBO-
BaHHBIX B BOCCTAHOBJICHUH (PAHTOMHBIX M300paKeHHH
CHEKI-CTPYKTyp. Pe3ynbrar BocCTaHOBIEHHS AOCTUTHYT
3a CYET MCIOJB30BaHUS IIHPOKOIIOJIOCHOTO HCTOYHHKA
U3ITyYeHUsI — CYNMEPKOHTHHYYMa BHIUMOTO JHAIa30Ha.
[IpoBeneH 3KCIIEPUMEHT C HCIIONB30BAHUEM TIPEIIOKEH-
HOW METOIMKH TI0 BOCCTAHOBJICHUIO N300Pa’KCHUS IIICIIH.
[IpoaeMOHCTPUPOBAHO, YTO B YCIOBHAX, MPU KOTOPBIX
BOCCTaHOBJICHHE HH(pOPMAIK 00 00BEKTE METOIOM KJIac-
cHuecKoi (haHTOMHOI BH3yaH3allii HEBO3MOXKHO, TIpe/l-
JIO)KEHHAs: METOIMKA MO3BOJISIET MOJYYUTh N300paKeHne
oObekTa. [Toka3aH pocT kauecTBa M300PaXKEHUS C YBEJU-
YeHHMEM 4YMciia CIEeKTpPalbHbIX KaHanoB. Hampumep, npu
YBEJIMYEHUU KOIUYecTBa kaHaioB ¢ 4 10 10, cooTHoIIeHUE
CUTHAJI-IIyM BBIPOCJIO B HIECTh Pa3.
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