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B cTaTbe onmncaHbl MeTOAUKUN reoMeTpu4eckom
Ka/IM6pOBKUN ONTUKO-3/IEKTPOHHbIX

annapaTos (O3A) 1 cnoco6bl NOBbIWEHUS

ee TOYHOCTWU. Pe3ynbTaTbl NPUMEHSIOTCS

ONg reoMeTpruyeckomn KaambpoBKku

ODA AMCTAaHUMOHHOI0 30HAMPOBaHUSA

3emMaun, onTnyeckas cmcteMma KoTopbix
cdokycnmpoBaHa Ha 6eCKOHEYHOCTb,

a usob6paxxeHue popmMmumpyeTtcsa nytem

«CLUMBKU» U306pakeHnii, cpopMmUpPOBaHHbIX
HeCcKobKuMU poTonpuemMHukamun. ins
pacwmpeHus TeXHOOrMYeCKNX BO3MOXXHOCTEN
KasiMbpoBOYHOM annapaTypbl NpeasoXXeHo
ncnonb3oBaTb Ans8 popMMpoBaHUs TecT-
ob6bekTa undppoBoe MUKposepkaibHoe
ycTpoicTteo (DMD), koTopoe no3sonsieTt
co3paBaThb NpaKTUYecku nobyto popmy

M pa3Mmep pUCYHKa TecT-06beKkTa nop,

3apauum kanubposku ODA. MNpoBeaeHa
reomeTpuyeckas kanmbposka makeTta
MHOromMaTpuyHoro O3A C NOMOLLbIO pa3HbIX
cnoco60B GpOpMMUPOBAHUS 3TA/IOHHOMN CBA3KU
BeKTOpOB: NocjiefoBaTe/IbHOro NpoeLupoBaHus
TeoA0/IMTOM NnepekpecTus CeTkU Ha poKasibHYIO
NJ1I0CKOCTb MakeTa ODA, TecT-o6beKkTamMm

B BUAE MacCUMBA TOYEK U3rOTOBNIEHHOI O
MeTOo40M NINTOrpadum Ha CTEKNSHHOMN
NnoAaJIoXKe U TeCT-06beKTOM, CGOPMUPOBAHHbLIM
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The article describes methods of geometric
calibration of optoelectronic devices (OED)
and ways to improve its accuracy. The results
are used for the geometric calibration of the
Earth remote sensing OED, the optical system
of which is focused to infinity, and the image is
formed by “stitching” images formed by several
photodetectors. To expand the technological
capabilities of calibration equipment, it is
proposed to use a digital micromirror device
(DMD) to form a test object, which allows you
to create almost any shape and size of a test
object pattern for the tasks of OED calibration.
The geometric calibration of the layout of the
multi-matrix OED using different methods

of forming a reference bunch of vectors:
sequential projection of the grid intersection
with the theodolite onto the focal plane of

the OED layout, test objects in the form of

an array of points made by lithography on

a glass substrate, and a test object formed by
a DMD device. The features of mathematical
processing for each method of forming

a reference bunch of vectors are described.
The estimation of the error of the geometric
calibration of the OED model, performed with
various methods of setting the reference
bunch of vectors, was carried out: when using
theodolite — 0.48"; array of points on a glass
substrate - 0.21" and formed DMD - 0.09".
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DMD-ycTponcTBOM. OnmncaHbl 0CO6eHHOCTU
MaTeMaTuM4eckoim o6paboTKu Ans Kaxaoro
cnoco6a ¢popMUpoOBaHUS 3TA/IOHHOM CBA3KU
BeKTOpoB. [lpoBeAeHa oueHKa NOrpewHoCcTU
reomMeTpuyeckom KannbpoBku makerta OdA,
BbINOJIHEHHOM NPU pas/INYHbIX cnocobax
3a/1aHUA 3TA/IOHHOW CBA3KU BEKTOPOB: NpU
ncnosb3oBaHuu Teogonuta — 0,48"; Mmaccmea
ToYyek Ha CTeK/JIAHHOM noaJsioxke — 0,21

n cbopmuposaHHoro DMD - 0,09".

KntoyeBble cnoBa: AUCTAHLMOHHOE 30HAMPOBaHME
3emMan, KanNMbpoBKa, LMdpoBoe MMKPO3epKaibHOe
YyCTPOWCTBO, ONTUKO-3/1EKTPOHHbBIA annapar,
3/1eMEeHTbl BHYTPEHHEr0 OPUEHTUPOBAHMS,
doTOoNpUEMHUK
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BBEAEHUE
KanubpoBKa 3aK/II0YaeTCss B YCTAHOBIEHUH 3aBUCH-
MOCTH MeXKIy ITOKa3aHHSIMHU CPelCTBa HU3MEepUTeb-
HOIM TeXHHUKHU (Ipubopa) KU pa3MepoM H3MepsieMOH
(BXO[HOI) BeIMUMHBL. [eomMeTpUyeckas KalubpoBKa
IofpasyMeBaeT H3MepeHHe 3JIeMeHTOB BHYTPeH-
Hero opHeHTUpPoBaHHUS (9BO) OITHKO-3JIeKTPOHHBIX
anmnapatoB (O3A). TeoMeTpuueckas KalubpoBka
[103BOJIIeT HM3MEepUTh PaKTHYecKoe B3aMMHOe pac-
rnojnoxkeHue GOTOINPHEeMHHUKOB, YCTAaHOBIEHHBIX
B POKaJIIBHOM IITIOCKOCTH OJA, a TakkKe HCKa’kKeHHS,
BHOCHUMBIe 00BeKTUBOM ODA, IIpeskae BCero HC-
Topcued [1]. IlonydeHHBIe pe3y/lbTaThl KaTUOPOBKU
HCIIOJIB3YIOTCSL MU Iocaenylomen obpaboTke m30-
OpaskeHH1. 9BO ODA ompemensoTcs CJIeyIOWUMU
napaMeTpamu: GoTorpaMmeTpruueckKuM (3QpPeKTHB-
HbIM) QOKYCHBIM PpaCCTOSIHHUEM; PaCIO/loXKeHHeM
boTonprueMHHUKOB B QOKaJIbHOM IIIOCKOCTH O3A;
MaCCUBOM KO03$OHUIIMEeHTOB, OMHCBIBAIIIUX JUCTOP-
cHI0 06beKTHBA ISl KasKI0T0 IIHKCesa.

2BO O3A npuMeHSAIOTCA OJIs IIOCTPOeHHUST MOJIeNTH
CBSI3U MEXIY IHKCeTaMH H300paskeHHs KU COOTBET-
CTBYIOIleH TOYKH IIpefAMeTa, HaIpHMep CHSITOM
ODA 3eMHOM IIOBePXHOCTbIO (A CO34AHHUS TOIIO-
rpaduYeckUx KapT). DTa IpolieAypa Heobxomuma
TaKKe IPU «CIIMBKE» HECKOJIbKHUX H300pasKeHHUH,
COOPMHUPOBAHHBIX PasHBIMHU QOTOIIPHEMHHKAMHU
O3A. CornacHo MeToAMKe, IIPeII0KeHHON B UCTOY-
HHKe [2], doTokamepa Cc H3MepHUTEIBHON TOYKHU
3peHHs SIB/ILeTCs YIJIOMepPHBEIM NpubopoM. I1oaTomMy
Mofie/ib CBSI3U MeXJy IHKCeTaMH H300pakeHHS
U COOTBETCTBYIOIIEM TOYKOM 3€MHOM IIOBEPXHO-
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INTRODUCTION

Calibration consists in establishing the rela-
tionship between the readings of the measur-
ing equipment (instrument) and the size of the
measured (input) quantity. Geometric calibration
involves the measurement of elements of inte-
rior orientation (EIO) of optoelectronic devices
(OEDs). Geometric calibration makes it possible
to measure the actual mutual arrangement of
photodetectors installed in the focal plane of the
OED, as well as the distortions introduced by the
OED lens, primarily distortion [1]. The resulting
calibration results are used in subsequent image
processing. EIO of the OED are determined by the
following parameters: photogrammetric (effec-
tive) focal length; the location of photodetectors
in the focal plane of the OED; an array of coeffi-
cients describing lens distortion for each pixel.

EIO of the OED are used to build a model of the
relationship between the pixels of the image and
the corresponding point of the object, for exam-
ple, the earth’s surface taken by the OED (to cre-
ate topographic maps). This procedure is also nec-
essary when “stitching” several images formed
by different OED photodetectors. According to
the method proposed in the source [2], the cam-
era, from the measuring point of view, is a goni-
ometer. Therefore, the model of the connection
between the image pixels and the corresponding
point on the earth’s surface is produced through
an angular representation, and the angles should
act as a reference. The accuracy of determining
the EIO of the OED is characterized by the reliabil-
ity of the angular representation during geomet-
ric calibration and, as a result, determines the
accuracy of topographic maps. In the limit, this
is the totality of all angular measurements, i.e.
“bundle of rays” [2]. Thus, the reference bundle
of vectors is several vectors with a known mutual
spatial arrangement relative to each other.

The expansion of remote sensing tasks entails
the production of a wide range of OED nomencla-
ture. There are many options for the existence of
EIO in them due to various designs of equipment,
the format and relative position of photodetectors
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CTH IIPOM3BONMTCS 4epe3 yIJIOBOe IIpefCTaBjleHHe,
M B KayeCcTBe 3TajiOHA [OJ/UKHBL BBICTYIIATh YIJIBL.
TouHoCTh ompeneneHuss 9BO ODA xapaKkTepu3yercs
ZIIOCTOBEPHOCTBIO YIJIOBOI'O IIPeICTaB/IeHUs IIPU reo-
MeTpHUYeCKOM KaJIHOpPOBKe U, KaK CIelCTBHe, OIIpe-
JesnsgeT TOYHOCThb TororpaduyecKHX KapT. B mpe-
Jele 9TO COBOKYIIHOCTb BCeX YIJIOBBIX H3MepeHHH,
T.e. «CBsSI3Ka ay4er» [2]. Takum obpa3oM, sTaIOHHAL
CBSI3Ka BEKTOPOB — HECKOJIbKO BEKTOPOB C H3BECTHBIM
B3aMMHBIM IIPOCTPAHCTBEHHBLIM PaCIIOI0KeHHEeM
APYyT OTHOCHUTEJIBHO Apyra.

PacmupeHHe 3afad AMCTAHLHMOHHOIO 30HIHPO-
BaHHUS BjedeT 3a cob60l IPOHM3BOACTBO IIHPOKOK
JTUHEeHNKH HOMeHKIaTypbsl O9A. BapHaHTOB cylie-
CTBOBaHHSA B HHUX DBO MHOXKeCTBO 3a CUeT pas3jiuhy-
HBIX KOHCTPYKLHH almapaTyprl, GopmMaTa U B3aHUM-
HOI'O PacIooKeHHsI POTONPHEeMHHKOB B POKaTIbHOM
II0cKOoCTH O3A, pasMepa MMUKceIa MaTpHUIL U GOKyC-
HOIO PpaccTosiHHS. J[Is Llejled reoMeTpH4YecKOH
KanubpoBku ODA ¢ pa3sHBIMH XapaKTepHUCTHKaMH
M3TOTaB/IMBAIOT ONTHMAJIbHBIN TeCT-06beKT B BHJe
CTeK/IISIHHOM IUIACTHHBI C TpebyeMBIM PHCYHKOM
(B3aMMHBIM PpacIOJOKeHHeM, pa3mepoM U ¢op-
MOI 3/IeMeHTOB TecT-06beKTa), HaHeCeHHBIM Ha ee
[I0BePXHOCTb METOJOM JIMTOrpaduu. OZHAKO H3r0-
TOBJIEHHE TeCT-00BbeKTOB C Pa3/IMYHBIMU PUCYHKAMU
KaK/IBIH pa3 BiedeT 3a c060l BpeMeHHbIe U TeXHOJIO-
TAYecKHe 3aTPaThl.

Jlnss TeoMeTpUYeCKOM KaJHMOPOBKH MOSKHO
HCII0/Ib30BAaThCSl YIJIOMepHOe YCTPOMCTBO, HAIIPH-
Mep TeoLONHUT [3], KOTOPBIM YCTaHABIHUBAETCS Heper,
Kanubpyemeim OJA, a 3puTenbHasi Tpyba Teomonura
[I0C/IelOBATe/IbHO IIPOeLIUpPYeT IlepeKpecTHe CeTKHU
3pUTeNbHON TPYOBI, IIOACBEUEHHOE OCBETHUTEeIeM,
YCTAaHOBJIEHHBIM BMECTO OKYyJISIpa, Ha pa3JIM4HbIe
y4acTKU ¢oTonpreMHHKa ODA. MoskeT 6BITh peanu-
30BaHa CXeMa B KOTOPOM IOBOpPauMBaeTCs HeloCper-
CTBeHHO KanubpyeMblli O9A, a ero ImoBOPOT H3Me-
pseTcs yIJIOMepHBIM YCTPOMCTBOM. YIJIOMepHOe
YCTPOICTBO B TAKOM CJIydae OIpefesieT 3TaJIOHHYIO
CBSI3KY BEKTOPOB, a ITOTPEIIHOCTh KaTHOpOBKYU byneT
B II€pPBYIO O4Yepelb 3aBHCETh OT TOYHOCTH YIJIOMEp-
HOTO0 yCTPOKCTBA.

JlJist reoMeTpHUYeCKON KaTUO6POBKU YaCTO KCIIOJb-
3yI0TCSI KOJUIMMAllMOHHBIe CXeMBbl [3], B KOTOPBIX
B KadeCTBe TeCT-00beKTa BBICTYIIAeT MACCHB TOYEK,
OJHOBPeMEHHO IIpOellMpyeMBIX Ha BCIO HOKAIBHYIO
IIJIOCKOCTh. [IOrpemrHocTh KanHOPOBKU B IEePBYIO
odepeib 3aBHUCHUT OT TOYHOCTH OIpele/leHHsl pac-
CTOSHUS MeXOy TouKaMH. CpemHeKBaapaTHYecKas
IIOTPeNIHOCTh KATUOPOBKU B TaKUX C/Iydasix MOKeT
mocturath 0,4-0,6" (o) [3]. B maHHOM cy4ae Koop-
JUHATHl MaCCHUBA TOYeK, IlepecydTaHHbIe B YIJIOBYIO
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in the focal plane of the OED, the pixel size of the
matrices and the focal length. For the purposes
of geometric calibration of OED with different
characteristics, an optimal test object is made in
the form of a glass plate with the required pat-
tern (mutual arrangement, size and shape of the
elements of the test object), applied to its surface
by lithography. However, the production of test
objects with different patterns each time entails
time and technological costs.

For geometric calibration, you can use a gonio-
metric device, for example, a theodolite [3], which
is installed in front of the OED being calibrated,
and the spotting scope of the theodolite sequen-
tially projects the crosshairs of the spotting scope
grid, illuminated by the illuminator installed
instead of the eyepiece, onto different parts of
the OED photodetector. A scheme can be imple-
mented in which the directly calibrated OED
rotates, and its rotation is measured by a gonio-
metric device. The goniometric device in this case
determines the reference bunch of vectors, and
the calibration error will primarily depend on the
accuracy of the goniometric device.

Collimation schemes [3] are often used for geo-
metric calibration, in which an array of points
acts as a test object, and they are simultaneously
projected onto the entire focal plane. The calibra-
tion error primarily depends on the accuracy of
determining the distance between points. The
root-mean-square calibration error in such cases
can reach 0.4-0.6" (o) [3]. In this case, the coordi-
nates of the array of points, recalculated into an
angular measure, taking into account the focal
length of the collimator, set the reference bunch
of vectors. The field of view of the collimator and
the size of the test object will limit the size of the
calibrated field of view of the OED. In this case, it
is possible to project the image of the test object
with overlap onto the focal plane of the OED at
different angles by turning either the collima-
tor or the OED being calibrated, which slightly
increases the calibration time, but complicates
the process of processing the results. The calibra-
tion error by this method in [4] was 0.5" (0).

The authors proposed a digital micromirror
device (Digital Micromirror Device - DMD) for
use as a test object. DMD has become widespread
in various fields of optoelectronics, in projectors,
spectroscopy, lithography, machine vision sys-
tems, etc. [5]. In the process of calibration, DMD
makes it possible to form a pattern of a test object
of almost any shape and size, limited only by
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Mepy € y4yeToM GOKYCHOI'0 PacCTOSHHU S KOJUIMMATOpa,
3a[jalI0T 3TAJIOHHYIO CBA3KYy BeKTOpOB. Iloje 3peHHs
KO/UIMMAaTopa M pa3Mep TecT-o6beKTa OymyT orpa-
HUYHBATh BeTHUYHHY KaIHOpyeMOro IIONs 3peHHSs
O2A. B TakoM ciay4yae MOXHO CIIPOELIHPOBAThH K30~
OpaskeHHe TeCT-00BbeKTa C IepeKphITHeM Ha GOKalb-
HYIO0 IIJIOCKOCTh ODA moj pasHBIMH yIJIaMH, I10BO-
paydmBasi LIK KOJUIMMATOP, UM KanubpyeMsliii O9A,
UYTO HEe3HAYHTEeJbHO YyBeJIHMYMBAET BpeMs Kajlu-
OpPOBKH, HO YCJIOKHSIET IpoliecC o6paboTKK pe3yib-
TaTOB. IIOrpemIHOCTh KATHOPOBKU TaKHM MeTOLOM
B pabore [4] coctaBuia 0,5" (0).

ABTODBI HPeIIOKHUIN LHPPOBOe MHKPO3ePKajb-
Hoe ycTporicTBo (Digital Micromirror Device - DMD)
IJISI UCIIOJIB30BAHUS B KauecTBe TecT-o6bekTa. DMD
IIOJIYYMJIO IIMPOKOE PACIHPOCTPaHEeHMe B Pa3IMYHBIX
0671aCTSIX ONTO3TeKTPOHUKH, B IIPOEKTOpPax, CIIeK-
TPOCKOIIMH, JUTOTpadHUH, CHUCTeMax MALIMHHOIO
3peHuss u Ap. [5]. B mpouecce KanubpoBku DMD
mo3possieT GOPMHPOBaTh PHCYHOK TecT-06beKTa
IIPaKTHYeCKH 10601 GOpPMBI U pasMepa, OrpaHUYeH-
HOTO JIUIIb ero QU3UYecKor IIJIOMIAJIKOM, a TaKkKe
obecrieyrBaeT BO3MOKHOCTh OJHOBPEMEHHOIO IIPO-
eLMPOBaHUS HM300paskeHUS Ha BCe GOTOIIPUEMHUKHU
O3A c yueToM HX B3aHMMHOTIO PacIiojokeHus. DMD-
YCTPOMCTBO I103BOJISIeT 3KCIEPHMEHTAJIbHO IIOA0-
6paTh MmapamMeTphl PHCYHKa TeCT-06beKTa C y4eToM
B3aMMHOTIO PaCIOJIOKeHUS (POTOIMIPUEMHHKOB KakK
JUI eJUHHUYHBIX YHHKAAbHBIX O3JA, Tpe6ylou_u/1x
M3TOTOB/IEHUS OTOEJAbHOIO CIeLHaJbHOTO TeCT-
obbeKTa, Tak U g I<an1/16p0131<1/1 O32A, HuCIIonb3yIO-
KX GOTONIPUEeMHMKHU B BHJIE «JTHHEeK”.

IIpuMmep wucrionb3oBaHus DMD gy reomerpuyve-
CKOM KanubpoBKH IpexacTaBieH B [6]. ITpouemypa
3aK/II0YaeTCsA B HpoelMpoBaHKK DMD Ha 3KpaH Mac-
CHBa TOYeK U ChbeMKe 3TOro 3KpaHa LU$POBOH KaMe-
pout [6]. OnmHako ODA [y LUCTAHIIMOHHOIO 30HAM-
poBaHus 3emnu ([33) umeroT bonblirie PpoKycHBIE
paccTosiHug (BILIOTH [0 eCSITKOB METPOB) U CPOKy-
CHpPOBaHbI Ha 6eCKOHEYHOCTh. [109TOMy Cxema reome-
TPUUECKON KaTUOPOBKHU [6] AJ1s1 HUX He MOLONET.

ABTOpHl Ope[jaraloT YyCTaHaBIMBaTk DMD
B $OKa/JIbHOM IIJIOCKOCTH KO/UIMMATOPa M HCIIO/Nb-
30BaTh B KayeCTBe M3MepHTe/IbHOL IIKa/Jbl MaCCHUB
MHKpo3epKal DMD c TOYHOM pPaBHOMEPHOH IIPO-
CTPaHCTBEHHOM CTPYKTYpOM. DTOT BapHaHT obecrie-
YUT UMHUTALHIO0 O@CKOHEYHO YIAJIeHHOrO IIpeJMeTa
Y II03BOJIUT PACIIONIOKHUTh KO/UIMMATOP M KajlH-
6pyeMsii O9A Kak MOXKHO Oi1mKke ApPYyr K IpYyry.
DMD-yCTpOHCTBa H3rOTAaBIHUBAIOTCS MeTOAOM JIUTO-
rpaduu, IIO3BOJIAIONIMM CO3JaBaTh MHMKpO3epKajia
pasmepom ot 5,5 MM [7]. TIo3TOMy cuMTaem, 4TO
IIOTPeIIHOCTh H3TOTOBJIEHHUSI MPOCTPAaHCTBEHHOH
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its physical platform, and also provides the pos-
sibility of simultaneously projecting an image
onto all OED photodetectors, taking into account
their relative position. DMD device allows you to
experimentally select the parameters of the pat-
tern of the test object, taking into account the
relative position of the photodetectors, both for
single unique OED, requiring the manufacture of
a separate special test object, and for the calibra-
tion of OED, using photodetectors in the form of
“rulers”.

An example of using DMD for geometric cali-
bration is presented in [6]. The procedure consists
in projecting a DMD onto a point array screen and
capturing this screen with a digital camera [6].
However, OED for the Earth remote sensing (ERS)
have long focal lengths (up to tens of meters) and
are focused to infinity. Therefore, the geometric
calibration scheme [6] is not suitable for them.

The authors suggest installing the DMD in
the focal plane of the collimator and using an
array of DMD micromirrors with an accurate
uniform spatial structure as a measuring scale.
This option will provide an imitation of an infi-
nitely distant object and will allow you to place
the collimator and the OED being calibrated as
close as possible to each other. DMD devices are
fabricated by lithography, which makes it pos-
sible to create micromirrors as small as 5.5 pm [7].
Therefore, we believe that the error in manufac-
turing the spatial structure of DMD micromirrors
will lead to calibration results comparable to the
results of calibration using a test object on a glass
substrate.

To verify this, the authors studied the influ-
ence of various methods of forming a reference
bunch of vectors on the results of the geometric
calibration of the OED with a long-focus lens.
For this purpose, calibration methods have been
developed that minimize the influence of the con-
sidered factors on its accuracy.

OBJECT OF STUDY

As an object of study, a calibrated model of the
OED was taken, the main technical characteris-
tics of which are presented in Table 1. The OED is
equipped with three photodetectors staggered in
the focal plane. Such an arrangement is typical for
OED remote sensing, carrying out route scanning
surveys, which consists in surveying the Earth’s
surface along the flight path of the spacecraft. The
photodetectors are installed with an overlap used
for “stitching” the images formed by several photo-
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CTPYKTYphl DMD-MHKPO3€pKa/y MPHBEIET K Pe3yib-
TaTaM KaJaHOPOBKHM, CPaBHUMBIM C pe3y/lbTaTaMHU
KaTHOPOBKU C IIOMOIIBIO TeCT-06beKTa Ha CTeK/ISH-
HOM IIOJJIOKKE.

YT0o6Bl yOEOIUTBCS B 3TOM, ABTOPBI HCC/IEOBAIU
BIMSIHUE Pa3/JIMYHBIX CI10C060B pOPMHUPOBAHUS ITa-
JIOHHOH CBSI3KM BeKTOPOB Ha pe3yJbTaTkl reoMe-
TpU4eckor KalubpoBku ODA ¢ IIHMHHODOKYCHBIM
obvekTHBOM. JIjIsi 3TOM Lenu 6BUIM pa3paboTaHsl
MeTOOUKH KaTHOPOBKHM, MUHHMH3HUPYIOIIHE BIIHS-
HHe pacCMaTpUBaeMbIX GaKTOPOB Ha ee TOYHOCTD.

OBBEKT NCCNIEAOBAHUA
B KkaudecTBe 0OBbeKTa MCC/IefOBAHMS B3SIT KaJUOpye-
MBIM MaKeT O9A, OCHOBHBIE TeXHHYECKHE XapaKTepH-
CTHKH KOTOPOTO IIPe/CTaBleHsl B Tabn. 1. ODA cHab-
JKeH Tpems (GOTOINpHeMHHKAMHU, YCTaHOBJIEHHBIMU
B IIaXMaTHOM IIOpsKe B GOKasb-
HOU IIJIOCKOCTH. Takoe pacro-
JIOKeHHe XxapaKTepHo nnas O3A
J33, OCyIIecTBAAIOMKX Mapll-
PyTHBIe CKaHHUPYIOLIHe CbeMKH,
3aK/IIOYAIIEHCS B CheMKe 3eM-
HOM II0BEPXHOCTH BJOJIb TPAaCCh
rojieTa KOCMHYECKOro alllapara.

makeTa O3A

device layout

TexHU4ecknn napameTp

Technical parameter
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detectors. In such systems, the number of photode-
tectors can reach several tens.

DESCRIPTION OF THE COMPARED

METHODS OF FORMING A REFERENCE
BUNCH OF VECTORS

The calibration model (Fig. 1) shows the refer-
ence vectors, which are defined in terms of the
linear coordinates of the test object Xk;, Yk; and
the focal length of the collimator lens f'y; pro-
jections of reference vectors (theoretical) Xk,
Yk;'; and projections of reference vectors (actual)
X', Y. To simplify the construction of the ray
path, the collimator lens and the OED layout
lens are shown as a single optical system. From
the point of view of mathematical transforma-
tions, the optical system of the collimator lens

Ta6nauua 1. OCHOBHble TEXHUYECKME XapakTepUCTUKM Kanmbpyemoro

Table 1. Mainor technical characteristics of the calibrated optoelectronic

3Ha4veHne
Value

QoToIpHeMHHUKH YCTAHOBJIEHBI ®OKyCHOE paccTosiHve 06bekTUBa f', MM 1000
C TIepeKpbhITHEM, HCII0/Ib3YEMBIM Lens focal length ', mm
OJI «CIIHBKU» I/I306P3.)K8HI/II;I,
C(I)OpMHpOBaHHBIX HEeCKOJIbBKUMHU KonunyectBo n Tnn potonprmemMHmkos Nm, wT. 3 KMOTM
poTomprUeMHUKAMHU. B Takux Number and type of photodetectors Nm, pcs. 3CMOS
CUCTeMax KoJIHu4YecTBOo (§oTo-
NPHEeMHHUKOB MOXKeT JJOCTHTaTh ®dopmat qJOTonpmeMHMKg, nnKcenoBs 2048x1024
Photodetector format, pixels
HECKOJIBKHX OeCATKOB.
Paszmep dpoTonpremMHmMKa, Mm 10,2x5,1

OMNNCAHUE Photodetector size, mm
CPABHUBAEMDbIX
Crnocob0oB B3anMHoe pacnosioxeHve GoTonpmMeMHUKOB
¢OPMMPOBAH ns Mutual arrangement of photodetectors
STAJIOHHOU CBA3KNA KOOPAMHATbLI HY/1E€BbIX MUKCEN0B 16,6457; 3,0266
BEKTOPOB ¢0TOI'-Ipl/IEMHVIKOB, XQNm, YO, MM -5,8158; 16,9036

OPO coordinates of zero pixels of photodetectors, 5,4382; 2,8406
Mopenp KanubpoBku (puc. 1) X0y, YOy, MM
IIOKa3bIBaeT JSTAJIOHHBIE BeK- Be/INYNHA MOBOPOTA GOTOMPUEMHUKOB Ky, PAL, 0,0000000
TOPBI, KOTOpble OIpPeIeNsITCs rotation value of photodetectors Ky, rad -0,0013308

. —0,0019986
yepe3 JIHHeHMHble KOOPAHUHATHI
TecT-06bexTa Xk, Yk; 1 poxycHoe
pacCTOsIHHe 06beKTUBA KOJIIH- Paﬂ“anPHaﬂgMCTopCMﬂ,MM,He60ﬂee 0,0004
, Radial distortion, mm, no more

MaTtopa f'y; MPOEKLIUH 3TANOH-
HH,X B?KTOPOB (TeopeTueckue) Pasmep nukcenap, MM 0,005x0,005
Xk;', Yk{'; © mpoeKLIMK ITATOHHBIX Pixel size p, mm
BeKTOpoB (dakTHueckue) X, Y;.
Hnst  yOopouleHHsT IIOCTPOEHUS [mameTp BXOLHOMO 3payka, MM 50
Xoaa nyqeﬂ 00BEeKTUB KOJJIMMaA- Entrance pupil diameter, mm
Topa M 06BeKTHB MakeTa ODA
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[IOKa3aHbI eIUHOM ONTUYECKOHN CUCTeMOH. C TOUKHU
3peHHus] MaTeMaTH4YeCKHX Ipeobpa3oBaHMUU OITH-
YeCKyI CHCTeMy OOBeKTHBA KOJJIMMATOpa U 06%B-
eKTuBa ODA MOXXHO IpenCcTaBUTh KaK OOHO Liejoe,
IepecYUTaB KOOPAUHATH ToueK TecT-obbekTa XKk,
Yk; B dokanbHyl0 II0CKOCTh MaKeTa O3A Xk, Yk
C momomiplo MacmTabHOro ko3ddUIHMeHTa, OIpe-
nensieMoro Kak OTHolIeHHe (OKYCcOB 0OBeKTHBaA
KoJUIMMaTopa M MakeTa O3A. H3-3a HCKakeHHH
obvexkTHBa MakeTa ODA, BBI3BAaHHBIX JHCTOPCHEH
M IIOTPENIHOCTBIO H3rOTOBJIEHHUS, KOOPAHMHATHI
TOYeK TecT-06beKTa CIIPOeLUPYIOTCSI B HEKOTOPBIX
OPYyTUX IIONOKeHUsIX. Koln4yecTBO BeKTOPOB 3aja-
eTcsi TakKUM obpa3oM, 4YTOOBI PaBHOMEPHO CIIpoe-
LIMPOBaTh UX IO BCeM IomaAy GpoTONpHeMHHKOB
Kanubpyemoro Makera ODA, W IpPHU 3TOM YTOOBI
OCTaBaJIOCh AOCTATOYHASI 0671aCTh MeXAy H306paske-
HUSMHU Ha QOTOIPHUEMHHUKAX JIJI aBTOMATHUeCKOTOo
BBIUMCJIEHUS KOOPAHHAT LIeHTPOB Touek. [Js Bcex
Tpex Cy4yaeB 3a[JaHHUs 3TaJIOHHOMN CBSI3KH BEKTOPOB

and the OED lens can be represented as a whole
by recalculating the coordinates of the points of
the test object Xk;, Yk; into the focal plane of the
OED layout Xk;', Yk using a scale factor defined
as the ratio of the foci of the collimator lens and
the OED layout. Due to distortions of the lens of
the OED layout, caused by distortion and manu-
facturing error, the coordinates of the points of
the test object projected in some other positions.
The number of vectors is set in such a way as to
uniformly project them over the entire area of
the photodetectors of the calibrated OED layout,
and at the same time to leave a sufficient area
between the images on the photodetectors for
automatic calculation of the coordinates of the
points centers. For all three cases of setting the
reference bunch of vectors, the same number of
reference vectors was used - 90 (45 in the direct
position of the collimator and 45 in the inverted
position).

OITHYeCKas CUCTeMa 06bEKTUBOB KOJJIUMATOpa / MakeTa O3A
Optical system of lenses collimator / optoelectronic layout

[IpoeKLMs STaIOHHBIX BEKTOPOB (TeopeTHuuecKas)
Etalon vectors (theoretical) &

TIpoeKL S STATOHHBIX
BEKTOPOB (parTryecKas)
Etalon vectors (factual)

\
QOoTOIpHEeMHUKHU
Photodetectors

doxkanbHas IJIOCKOCTh
Focal plane

Puc. 1. Modenb kanubposKu KoAAUMAamopom
Fig. 1. The model of calibration by a collimator

STaJIOHHBIE BEKTOpA
Etalon vectors

®oKanbHas IIOCKOCTh
KOJIZIMMaTopa
Collimator focal plane
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KCII0/Ib30BaJIOCh OJMHAKOBOEe KOJHYeCTBO 3Ta/IOH-
HBIX BeKTOPoB - 90 (45 B IIpsIMOM IIOJIOKEHHH KOJI-
nuMaTopa U 45 - B IepeBepHYTOM).

CTeHs reoMeTpHYecKoH KanubpoBku (puc. 2)
COCTOMT M3 KoJiMMmartopa I, MmakeTta ODA Z U ocBe-
tuTens 3 [8]. Kominumarop 1 BKIO4aeT 06beKTUB la
U TecT-06beKT Ib, PacroyoskeHHBIN B (QOKATbHOU
II0CKOCTH 06bekTHBaA la. TecT-06beKTOM SIBJSETCA
CTeKJISHHAA IIJIACTHHA C PHMCYHKOM, HM3TOTOBJIEH-
HBIM MeTonoM auTorpaduu. CTekAAHHAL IUIa-
CTMHA M3TOTOB/leHa M3 Zerodur (Kaacc pacuimpe-
HUs 0) 4715 ToAJepsKaHUsI CTabUIBHOCTH pa3MepoB
IIPpXU BO3MOXXHOM HarpeBe. TeXHOJIOTHS KM3IOTOB-
neHust obecreynBaeT BBICOKYIO TOUYHOCTb B3aKM-
HOTO ITPOCTPAHCTBEHHOIO PaCIIOIOXKEHMS 3JIeMeH-
TOB PHUCYHKA TeCcT-00BbeKTa 3a CUeT HCIIOTb30BAHUS

TIpoeKLMs 3TAJIOHHOMN
CBSI3KU BEKTOPOB
Etalon vectors projection

STaJIOHHAs CBSI3Ka BEKTOPOB
Etalon vectors

75 P v v i i

Puc. 2. Cxema ¢ xodom Ay4a 00H020 U3 8eKIMOPO8 3MAnoH-
Holi cesa3ku (a) u sHewHul eud cmerda (b) zeomempuyeckoti
Kanubposku makema O3A (KOXKyx He NOKA3aH): 1 - KoAAUMA-
mop (1a - o6sekmus, 1b — mecm-o6sekm); 2 - makem O3A
(2a - o6vekmus, 2b — pokanbHas nAockocms); 3 — ocaemu-
menb; 4 — Koxyx (YCAOBHO He NOKA3aH)

Fig. 2. The scheme with one of etalon vector (a) and the
external view set-up (b) the geometric calibration of the
optoelectronic device layout (a cover not shown): 1- col-
limator (1a - lens, 1b - test-object); 2 - optoelectronic device
layout (2a - lens, 2b - focal plane); 3 - illuminator; 4 - cover
(conventionally not shown)
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The geometric calibration stand (Fig. 2) consists
of a collimator 1, an OED layout 2 and an illumi-
nator 3 [8]. The collimator 1 includes a lens 1a and
a test object Tb located in the focal plane of the lens
la. The test object is a glass plate with a pattern
made by lithography. The glass plate is made of
Zerodur (expansion class 0) to maintain dimen-
sional stability when subjected to heat. The man-
ufacturing technology ensures high accuracy of
the mutual spatial arrangement of the elements of
the test object pattern through the use of imaging
units, e.g., Heidelberg DWL 66+ [9] or KBTEM-
OMO EM-5189-02 [10]. The scheme allows you to
form a reference bunch of vectors with an error of
no more than 0.01”. To measure the movement of
the coordinate table in these installations, a high-
resolution differential interferometric system is
used, for example Renishaw RLDI10, providing
a measurement error of no more than 1 nm [11].

The pattern of the test object is an array of
transparent points on an opaque background. The
illuminator includes an array of LEDs and milky
glass to provide uniform illumination of the test
object pattern. On the back side of the board, on
which the LEDs are installed, air cooling (fan) is
provided for efficient heat dissipation during LED
operation.

A DMD is used to form a reference bunch of vec-
tors, then in the geometric calibration scheme,
instead of the test object 1b and illuminator 3,
a DLP LightCrafter 4500 is installed without lens
1 (Fig. 3). This device provides spatio-temporal

Puc. 3. BHewHutli 8ud DLP LightCrafter 4500:1- o6sekmus;
2 - 3/eKMpoHHAs naama

Fig. 3. The external view of the DLP LightCrafter 4500:
1-lens; 2 — electronic board
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YyCTaHOBOK GOpPMHUPOBaHUS H300paskeHUI, HAIIPH-
mep Heidelberg DWL 66+ [9] mnu KBTOM-OMO
9M-5189-02 [10]. Cxema mo3BonsgeT CPOPMHUPOBATH
3TAJIOHHYIO CBSI3KY BEeKTOPOB C IIOTPEeLIHOCTBIO
He bGomee 0,01". [lns uU3MepeHUs IepeMelleHUS
KOOPAMHATHOIO CTOJIa B 3THX YCTAHOBKAaX HCIIOJIb-
3yoTca nuddepeHIManbHaAs HMHTepdpepoMeTpUye-
CKasg CHCTeMa BBICOKOTO pa3pelleHHs, HaIllpuMep
Renishaw RLD10, obecrmeuuBaroias IIOCPeIIHOCTh
usMepeHus He 6onee 1 HM [11].

PUCYyHKOM TecT-06beKTa SIB/ISIeTCS MaCCHUB IIPO-
3pa4yHBIX TO4YeK Ha Hempo3padyHoM ¢oHe. OcCBeTH-
Tejlb BK/IIOYaeT MacCHB CBETOJHONOB M MOJIOYHOE
CTeKJIO 1151 obecriedeHUs paBHOMEPHOM IOACBETKU
PHCYHKa TecT-06bekTa. C TBIIbHOM CTOPOHBI IIJIATHI,
Ha KOTOpPOM YCTaHOBJIEHBl CBeTOAHUOIBI, IIpen-
YCMOTPEHO BO3JYyIIHOe OXJaXkAeHHe (BeHTHJISITO-
poM) 115t 93¢deKTUBHOIO OTBOAA TeIllla IIpU pabote
CBeTOZKO/IOB.

Eciu nnsg GopMHpOBaHHUSA 3TaJOHHOU CBSI3KHU
BEeKTOPOB HMCIIOJIb3yeTCs DMD-ycTpOHCTBO,
TO B CXeMe TeOMeTPHUYeCKOM KaJTHOpPOBKH BMECTO
TecT-06BeKTa 1b M ocBeTHTeNsl 3 YCTaHABIHUBAETCA
DLP LightCrafter 4500 6e3 obwvexTHBa 1 (puc. 3).
9toT mnpubop obecrmeunBaeT MNPOCTPAHCTBEHHO-
BpeMeHHOe yIIpaB/ieHHe CBeTOBBIM II0TOKOM OT 0CBe-
TuTens 3 (puc. 4), npomoAyaupoBaHHOT0O DMD 1
IIOCPeACTBOM IIPOrpaMMHOro obecrmedeHus [12].

BB paccMOTpeH JIpyrou crocob ¢opMHpOBaHHUS
3TaJIOHHOH CBSI3KHM BEKTOPOB — C IIOMOILIBIO Teom0-
JATA. B ponM TeomonnTa KMCIIONB30BAH TaxeoMeTp
Leica TS30 1 (morpemrHocts u3mepenus yria - 0,5").
[Ipubop ycTaHaBIMUBaeTCs B cxeMe (PHC. 4) BMeCTO
KoJutiMaTopa 1 U OCBeTHTe/NsT 3. BMeCTo CTaHOapT-
HOTO OKYJISIpa B 3pUTeNbHYIO Tpyby 2 TaxeoMeTpa
Leica TS30 1 moMelleH CIelHanbHO pa3paboTan-
HBIF OCBeTHTeJIb 3 [JIs1 PeryIMpyeMoro ypoBHS IOZ-
CBETKU CEeTKU 3PHUTeIbHOM TPYOBHI.

B mpeacTraBieHHBIX Ha puc. 2, 4 U 5 cXeMmax
reOMeTpPUYeCKOM KaTHOPOBKK HMMeEIOTCSl HarpeBalo-
mipMecs 3/JeMeHThl: OCBeTUTeNH, POTOIPHeMHHUKH.
B mporecce KaJIHOPOBKU OCBETUTENH U GOTOIIpHEM-
HHKH HarpeBalOT OKPY>KAIOLLYI0 UX CpPelly, YTO BefeT
K IIOSABJIeHHIO I'PajjHeHTa II0Ka3aTeJsl IIpe/ioMIle-
HUSA. [IoMMMO 3TOr0 B IIOMEIIEHHH MOTYT IIOSB-
JIATHCS BO3AYIIHBIE IIOTOKK OT CHCTEM OXJIa’KIeHHUS.
OTH GaKTOPEI IPUBOAAT K TOMY, YTO B OIITHUYECKOM
TPaKTe CXeMbl TeOMeTPHUYEeCKON KaJTHUOPOBKU ITpoe-
LM pyeMBble JIYYH MOIYT OTKJIOHATLCS Ha HEKOTOPYIO
Be/IMUMHY. /19 CHU>KeHHS 3TOr0 BIUSHUS OITHYe-
CKHH TPaKT 3aKPBIBAETCSI KOKYXOM, BBIIIOTHEHHBIM
M3 IOPUCTOr0 MaTepHanaa THMAa CHaHOOH] IJIOT-
HOCTBIO He 6onee 17 r/m?. KoxkyX yCTaHaB/IHBAETCS

il

TIpoeKLIKsI STAJIOHHOM CBSI3KU BEKTOPOB
Etalon vectors projection

/ﬁ\

\m\ﬁ AP

DTaJ0HHAs CBSI3Ka BEKTOPOB
Etalon vectors

a)

b)

Puc. 4. Cxema zeomempuyeckol Kanubposku makema OSA

€ X000M Ay4d 00HO20 U3 BeKMOpo8 3manoHHol ces3ku (a)

u 8HympeHHuli eud DLP LightCrafter4500 (o6sekmug u 3nek-
mpoHHas naama cHame) (b): 1- koaaumamop (1a — o6vek-
mus; 1b — DMD, Tc — ceemodeaumeAnbHas npusma); 2 — makem
O3A (2a - obvexmus, 2b — pokanbHas naockocmn); 3 — ocee-
mumenb, 4 — KOXXyX

Fig. 4. The scheme of the geometric calibration of the opto-
electronic device layout one of etalon vector (a) and internal
view of the DLP LightCrafter4500 (lens and electronic board
removed) (b): 1- collimator (1a - lens, 1b - DMD, 1c — beam
splitting prism); 2 - layout optoelectronic device (2a - lens,
2b - focal plane); 3 - illuminator; 4 - cover
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TakKUM 06pa3oM, 4TOOBI HarpeBaroIluecs U He BXO-
OsIlMe B OINTHYECKHM TPAKT CXeMBbl KaTHOpPOBKHU
YaCTH OCBeTHUTeNsl ¥ MakeTa ODA ObI/IH OTKPBITBIMHU.
9To0 HeobXogHMMO IJisi CBOGOMHOTO OTBOJA BBHILES-
€MOro MMM TeIlJla BO BpeMsl KanH6poBKH. Koxkyx
IOJIKeH OBITh MOPUCTHIM, YTOOBI 06eCIIeYUTh OTBOZ,
Tell/la M3 ONTHUYeCKOro TpaKkTa, a TaKxke yCTpa-
HUTb 3aCTAHUBAHHUS BO3AYLIHBIX Macc. IS CHIXKe-
HUS BIUSHUS BUOpalMil 060pymoBaHUe, BXOAsIIee
B CXeMy reOMeTPHYeCKON KaTHOPOBKH, pa3MelleHo
Ha BUOPOM30JIHPYIOIUI CTOI.

METOAUKA NMOJTYHMEHUA

N30OBPAXXEHUI TECTOBbIX OBbEKTOB
KonmnumaTop ¢ TecT-06beKTOM B BHJE CTEKISHHOM
IIaCTUHBL uiu DMD, kanubpyeMsiil mMakeT ODA
M OCBETHUTE/Jb BH3YyaJIbHO BBICTABJIAIOTCA COOCHO.
B DMD 3arpyskaeTcsi pUCyHOK TecT-06beKkTa C Tpeby-
eMBbIM IIepHO/IOM U pa3mMepoM Touek. [Tombupaercs
OCBeIlleHHOCTb C y4eTOM HHTerpajbHOH YyBCTBH-
TeJIbHOCTH GOTOIIPHEMHHUKA U IOoAOHpaeTcss BpeMs
HaKOIIJIEHHSI 3apsajga GOTONPHUEeMHHUKOM TaKHM
obpaszom, uTobBl curHan B eguHHIAX ALIl 6bi1
Ha ypoBHe 80-90% MaKCHMyMa OLUMQPPOBKH (OJis
yBeJIHYeHHUs! OTHOIIEHHUS CHUTHal/IIyMm). ITO Heob-
XOJIHMMO [I/I1 TOYHOTO BBIUKCIEHHUS LIeHTPOB H306pa-
SKeHHH To4eK. A Takke UCKI04aeTcs 061acTh (boree
90% OoT MaKCHMAaJIbHOIO yPOBHS CHMIHasia), KOTO-
pasi XapaKTepH3yeTcss HauboblIel HeJTMHEeMHOCTBIO
doTompreMHUKA.

s DMD I@pH HeZOCTAaTOYHOCTH [JHaIla3oHa
PeryiupoBKH BeIHYMHBI TOKa OCBETHTENS B OCBe-
TUTeNbHYI0 cucTeMy 3 (pucC. 4) yCTaHaBIMBAIOT
HeCKOJIBKO CJI0eB MaTOBOM IUTeHKH Folarex HS 1x
matt 140, KoTopast paccerBaeT CBET aHAJIOTHYHO
MOJIOYHOMY CTeK/y, YMeHBIIaeT CBETOBOM IIOTOK
Ha ~50% W pmenaer ero paBHOMepHBIM. I[lombupa-
eTcs 4acToTa paboTsl MUKpo3epkanl DMD coBMeCcTHO
C BeJIMYMHOM TOKa MHUTAaHHSA OCBeTHUTeNs] TaKUM
obpa3zom, 4YTOOBI H3-3a IOIPENIHOCTH HECHHXPOH-
HOCTH paboThl OTAENBHBIX MHKpO3epKan uau 650-
KOB MHKpo3epKaJl DMD M H3-3a HeCOIIAaCOBAaHHO-
CTH 4acToThl paboTst DMD u dpoTonpuemHuKa O9A
He Habomanocs MeplaHue.

ITo n3obpaskeHuIo Ha poTonpueMHUKax ODA pucy-
HOK TecT-06beKTa pacIIoNOraloT B LieHTPe (OKasb-
HOM IJIOCKOCTH Kojnmmaropa (puc. 5). Ha kaxk-
opld GoTompHeMHHUK ODA MpoeLpyeTcss MaTpULA
u3 15 Touek (5 - IO TOPU3OHTAIM U 3 - IIO BEpTHU-
Ka/IM) PUCYHKa TeCT-06beKTa KOJ/IMMAaTopa.

CpeMKa HJeT B paboueM BpeMeHHOM peXHMe
ODA, 4T0bbl HarpeB QOTOIPHEMHHKOB H COOTBET-
CTBeHHO M3MeHEeHHe KX B3aMHOTO IIPOCTPaHCTBEH-
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control of the light flux from illuminator 3 (Fig. 4),
modulated DMD 1 through software [12].

Another method of forming a reference bunch
of vectors was considered - using a theodolite.
A Leica TS30 total station 1 was used as a theodo-
lite (angle measurement error - 0.5"). The device

TIpoeKLs 3TaTIOHHOM
CBSI3KU BEKTOPOB
Etalon vectors projection

DTaJ0HHa4 CBsI3Ka BeKTOPOB
Etalon vectors

a)

Puc. 5. Cxema zeomempuveckoli kaaubposku makema ODA

€ X000M Ay4a 00HO20 U3 8eKMOpPO8 3manoHHol ces3Ku (a)

U 8HewwHull 8ud maxeomempa Leica TS30 (b): 1- maxeomemp
Leica TS30 (1a - 3pumenbHas mpyé6a, 1b - cemka); 2 — makem
O2A (2a - o6vexmus, 2b — pokanbHas naockocme); 3 - ocee-
mumenb; 4 = KOXyX

Fig. 5. The scheme of the geometric calibration of the opto-
electronic device layout with one of etalon vector (a) and
external view of the Leica TS30 tacheometer (b): 1- Leica
TS30 tacheometer; 2 - telescope; 3 - illuminator
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OfHa U3 TOYeK U306paskeHHsI TeCT-06beKTa
One of the test-object image points

Puc. 6. [Tpumep u30bpa>keHus pucyHka mecm-o06sekma
KoAAUMAamopa Ha CmekAsIHHOU naacmuHe Ha omonpuemHu-
Kax O2A

Fig. 6. An example of an image of a collimator test-object
pattern on a glass plate from the optoelectronic device
photodetectors

HOI'O I10JIOKeHHUSI U [lepeoJ4ecKOr CTPYKTYPhI ITHK-
CeJI0B BO BpeMsi KaaHOPOBKHU OBIIM IPHOIMKEHBI
K pabouemy.

KonnumaTop IIOBOPAaYMBAETCS BOKPYI CBOEH
OIITHYeCKOM OCH Ha 180° oid yCTpaHeHHS CHCTeMa-
THUYeCKOHN IOIPelIHOCTH, CBSI3aHHOK C KOJIJIMMAaTo-
poM, TeCT-06beKTOM Ha CTeKISHHOM IOJJIOKKe HUIH
DMD. AHa/JlOTHYHbIe U3MePEeHHUS [IOBTOPSAIOTCS /IS
IIOJIOKEH U KOJUIMMAaTOopa, II0OBEPHYTOro Ha 180°.

OnucaHue MeTOAMKU NONyHEeHUs

306 pakeHun nepekpecTns Teoa0IuTa
3putensHyio Tpyby 2 (puc. 5) Teomonuta 1 U Kalu-
opyeMbisi ODA BH3ya/JbHO BBICTAB/ISIIOTCSL COOCHO.
ObecreynBaeTcsl OCBeleHHOCTb (OTONpPHEeMHHUKA
O2A 80-90% BeJIHYHHBI €ro eMKOCTU HaChIIIEHUS.

=

is installed in the circuit (Fig. 4) instead of the
collimator 1 and illuminator 3. Instead of a stan-
dard eyepiece, a specially designed illuminator 3
is placed in the spotting scope 2 of the Leica TS30
total station 1 for an adjustable level of illumina-
tion of the spotting scope reticle.

In the presented in Fig. 2, 4 and 5 geometric
calibration schemes have heating elements: illu-
minators, photodetectors. During the calibration
process, illuminators and photodetectors heat up
their environment, which leads to the appear-
ance of a refractive index gradient. In addition,
air flows from cooling systems may appear in the
room. These factors lead to the fact that in the
optical path of the geometric calibration scheme,
the projected beams can deviate by some amount.
To reduce this effect, the optical path is closed by
a casing made of a porous material of the spun-
bond type with a density of not more than 17 g/ m?
The casing is installed in such a way that the parts
of the illuminator and the OED model that are
heated and not included in the optical path of the
calibration circuit are open. This is necessary for
the free removal of the heat generated by them
during calibration. The casing must be porous
to ensure heat removal from the optical path, as
well as to eliminate the stagnation of air masses.
To reduce the effect of vibrations, the equipment
included in the geometric calibration scheme,
placed on a vibration isolation table.

METHOD FOR OBTAINING IMAGES

OF TEST OBJECTS

The collimator with a test object in the form
of a glass plate or DMD, the

O671acTh, UCIIO0/Ib3yeMast B KauecTBe IabIoHa

The area used as the template for a preliminary search
for the center of the crosshair of a theodolite grid

O

optoelectronic device photodetector

AJIS IIPEOABAPUTEJIPHOIO ITIOMCKA LIEHTPA ITepeKpeCTUA CeTKU TeO40IHUTA

Puc. 7. Mpumep u3obpaxkeHus cemku meodoauma Ha pomonpuemHuke OSA
Fig. 7. An example of the image of the mesh and bisector of theodolite on the

OED to be calibrated, and the
illuminator are visually aligned.
A test object drawing with the
required period and point size
is loaded into the DMD. Illumi-
nation is selected taking into
account the integrated sensitiv-
ity of the photodetector and the
charge accumulation time of
the photodetector is selected so
that the signal in ADC units is
at the level of 80-90% of the dig-
itization maximum (to increase
the signal-to-noise ratio). This
is necessary for accurate calcu-
lation of the centers of point
images. It also excludes the
region (more than 90% of the
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JIHeMHBIMHU IepeMellleHHUSIMH TeOAOJIHUT BbICTaB-
nsieTcsi coocHO ¢ O3A, uTob6bl pa3sHHUIIA OCBeIleH-
HOCTH II0 BCel (POKaJIBbHOM IUIOCKOCTH ODA 6blia
He 6Gomee 10-20%. 3putensHass Tpyba TeomonuTa
II0C/IeI0BATEIBHO IIOBOPAYMBAETCSl TAKUM 06pasoM,
YTOOBI CIIPOELIPOBATh U IIPOM3BECTH CBEMKY CeTKH
TeomonuTa (pUC. 7) Ha KaxABIA GOTONPHEMHHUK
O3A B 15 pa3sIUYHBIX PaBHOMEPHO PacCIIOJIOKeH-
HBIX Y4YaCTKOB AHAJIOTMYHO PACIIOIOXKEHUIO TOYeK
Ha pHUC. 6 A TeCT-06beKTa KOIJIMMATOPA.
3puTenbHas Tpyba TEOMONHUTA [IepPeBOSUTCS Yepe3
3€HMT, TEOJOIUT II0BOPaYHBaeTCd Ha 180° B IIJIOCKO-
CTH TOPH30HTA [/ yCTpaHEHHs CHCTeMaTH4eCKOM
IIOTPEIIHOCTH TeOAO0ArTa. M3MepeHUss aHATOTUYHO
IIOBTOPSIOTCS [JIsl HOBOI'O II0JIO’KeHH I TeOOIUTA.

Oco6eHHOCTU MaTeMaTu4eckon o6paboTku
n3obpaxxeHun gnsa tect-obbekTa
[lepBoHAYaNIbHO OIIPefesaTCsd KOOPAHHATHL IIPO-
eKIMH 3TaJIOHHOM CBSI3KH BEKTOPOB Ha QOTOIpHEM-
HUKH I1yTeM BBIUHCIeHHUS S3HepreTUu4eCcKUX LeHTPOB
TSKeCTH TO4YeK M306paskeHHUs TecT-06BeKTa, TO eCcTh
II0 pacHpesie/IeHUI0 SPKOCTH B HU306paskeHUU. [s
CHIDKeHHUSI BJIMSHHUS IIYyMOB 3HAaudeHHs CHTHala
B KaskAOM IIHKcesle BO3BOASTCS B KBaapar [13]. [ng
CHMJKeHHUSI BJIHSHHUSA Ha TOYHOCTh BBIYHC/IEHUS
KOOPJAHMHAT SHEePreTHUYeCKoro LeHTpa TSKeCTH TOYeK
$OHOBOr0O CUrHa/Ia BBOAMJ/ICS IIOPOT, 3HAUYEHUS CHUIL-
HaJla HUKe KOTOPOro IIPUHUMAIUCh «0» [14]. 3aTem
OIIpefle/III0TCSL HEBSI3KM IIPOeKUHH 3TaJlOHHOU
CBSI3KH BEKTOPOB (TeOPeTHYeCcKOl) U MPOeKLHH 3Ta-
JIOHHOM CBSI3KKM BeKTOPOB (daKkTHuecKoM) Ha $oTo-
nprueMHUKH ODA. HeBA3KU BXOAAT B CHCTEMY
JTUHENHBIX anrebpanvyeckyX ypaBHEHMUI, pelleHHe
KOTOPBIX METOAOM HAaMMeHBIIMX KBaZpaToB OymeT
yTouHsATE OBO O3A [8]: B3amMHOe pacCIIO/OKeHHe
dboTonmprueMHHUKOB, GoTorpaMMeTpHYecKoe (GOKyC-
HOe pacCTosgHHe U KO3QPHUIIMEeHTHl, OMMCHIBAIOIIMe
noycTopcuio o6bekTHBA. To, HACKOABKO ITPABH/IBHO
yTouHeHHBIe DBO OJA yMeHbBIIAIOT HeBA3KH, OIpe-
meinsieT TOYHOCTb KaTUOPOBKU — CpefHeKBaZpaTHUe-
ckoe oTkiaoHeHHe (CKO), BRIYMC/IEHHOE 10 HeCKOM-
[IeHCHPOBAHBIM HeBSI3KaM.

OcobeHHOCTBIO KanubpoBKHM ODA C HCIIONIB30-
BaHHeM TecT-06beKkTa, cdopmMupoBaHHOro DMD,
SIBJISIeTCSl IIpefBapHUTe/NbHAsI IIOATOTOBKA IIabnoHa
PHUCYHKa TecT-o6beKTa. [lJIsi 3TOro Ilepef IIpoBe-
oeHHeM Kanub6poBKU GOopMUpYyeTcs H300pasKeHHe
B 11060M MaTeMaTH4YecKOM IIaKeTe C TpebyeMbIM
[IePUOLOM M pasMepoM TO4YeK. 3Ha4yeHHs IIHMKCe-
n0oB B dopMmuUpyeMoM H306paskeHHHU, KOTOpHIe
6ymyT BeICTYmath [yisi GOPMHPOBAHUS STATOHHOM
CBSI3KHM BEKTOPOB, 3aJalOTCSd PaBHBIMHU «1», OCTajb-
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maximum signal level), which is characterized by
the greatest non-linearity of the photodetector.

For DMD, if the adjustment range of the illumi-
nator current is insufficient, several layers of the
Folarex HS 1x matt 140 matte film are installed
in the lighting system 3 (Fig. 4), which scatters
light like milk glass, reduces the luminous flux
by ~50% and makes it uniform. Picked up operat-
ing frequency of the DMD micromirrors together
with the value of the illuminator supply current
in such a way that no flickering is observed due to
the error of the non-synchronization of the opera-
tion of individual micromirrors or blocks of DMD
micromirrors and due to the inconsistency in the
frequency of operation of the DMD and the OED
photodetector.

According to the image on the OED photodetec-
tors, the pattern of the test object is located in the
center of the focal plane of the collimator (Fig. 5).
A matrix of 15 points is projected onto each OED
photodetector (5 horizontal and 3 vertical) draw-
ing of the test object of the collimator.

Filming is in progress the operating time mode
of the OED, so that the heating of the photodetec-
tors and, accordingly, the change in their mutual
spatial position and the periodic structure of the

10,8 MKM
10.8 pm

CTpokan
Rown

{

|
i
'
'
'
'
' '
' '
' '
r- - - el
' '
' 1
' '
' '
'
'
'
]

Ctpokan+1

5,4 MRM Rown+1

5.4 pm

--- ' CTpokan+2
Rown+2

Cronber n +1
Columnn+1

Cronbers n
Column n

Puc. 8. Hymepauus u nepuod cmpok U cmoAabu,08 0uazoHanb-
Hol cmpykmypbl Mukpo3epkan DLP LightCrafter 4500

Fig. 8. Numbering and period of rows and columns of the
diagonal structure of DLP LightCrafter 4500 micromirrors
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Hble - «0». YYUTHIBAeTCS IIE€PHUOJ CYeTa A CTPOK
B 2 pa3sa MeHBUIUI, YeM it CTONOII0B, a TaKKe TO,
4yTo mporpaMMmHoe obecrieueHune DLP LightCrafter
4500 mpeobpa3oBBIBaeT OPTOTOHAJIbHOE H300paxke-
HUe B JUAaTrOHAJbHOE, COOTBETCTBYIOLee CTPYKType
MUKpPO3epKaJl, [I0Ka3aHHOM Ha pHUC. 8.

Oco6eHHOCTU MaTeMaTu4eckon 06paboTku
n3o6paxkeHUi nepekpecTus Teof0INTA
[TocKONIBKY H300pa’KeHHe CeTKH TeOoLONHTa IIpPo-
eLupyeTcsi Ha Bce QOTONPHEeMHHUKH He OJHOBpe-
MeHHO, a Ha M300paskeHUH CYIIeCTBYIOT 3HA4M-
TeJlbHBIe Ilepelajbl OCBELIeHHOCTH, He CBSI3aHHBIe
¢ u3obpaskeHHEeM IlepeKpecTHsI CeTKH, TO OCYILecT-
B/IsleTCS TPHUOMTHU3UTENBHBIN IIOUCK IIepeKpecTHs
Ha BceM M300Pa’KeHHHU IIyTeM BBIYHCIEHHS KpOCC-
Koppensiuuu [15] Mexay mabnoHOM Iepekpe-
CTUSI CeTKH TeOoJONHTa W Hu3obpakeHueM C $HoTO-
npuemHHUKa ODA (puc. 7). B KadecTBe mabioHa
HCII0Nb3yeTCsd IpelBapUTe/NbHO BBIpPe3aHHad
obmacTte KM306pasKeHHUs] cO Bcero GOTONpHEMHHKA
O2A. [Jlanmee IpOU3BOOUTCS TOYHOE BBIYHCIEHHE
KOOPOHUHAT >HEpPreTUYecKOro IeHTpa TSKeCTU
rnepexpectus ¥ 3BO aHaJIOTUYHO, KaK U /i TeCT-
06beKTa, YCTAHOBJIIEHHOIO B GOKAIBHOM ITJIOCKOCTH
KoJUIMMaTopa.

CpaBHeHMe pe3ybTaToOB MO TOYHOCTU

Pe3ynbTaTsl KaaUOpPOBKH B CHCTeMe KOOPAHUHAT
$OKAIBHOM IVIOCKOCTH MaKeTa OJA: MPOeKLIUH 3Ta-
JIOHHOH CBSI3KH BEeKTOPOB M HeCKOMIIeHCHPOBaHEIe

=

pixels during the calibration were close to the
working one.

The collimator rotates 180° around its optical
axis to eliminate the systematic error associ-
ated with the collimator, test object on a glass
substrate or DMD. Similar measurements are
repeated for the position of the collimator rotated
by 180°.

Description of the Theodolite Crosshair
Imaging Technique

The spotting scope 2 (Fig. 5) of the theodolite 1
and the calibrated OED are visually aligned coaxi-
ally. The illumination of the OED photodetector is
provided by 80-90% of the value of its saturation
capacitance. By linear movements, the theodolite
is set coaxially with the OED, so that the differ-
ence in illumination over the entire focal plane
of the OED is no more than 10-20%. The theodo-
lite spotting scope is sequentially rotated in such
a way as to project and shoot the theodolite grid
(Fig. 7) onto each OED photodetector in 15 differ-
ent evenly spaced sections, similar to the arrange-
ment of points in Fig. 6 for the collimator test
object.

The spotting scope of the theodolite is trans-
lated through the zenith, the theodolite is rotated
180° in the horizon plane to eliminate the system-
atic error of the theodolite. The measurements
are similarly repeated for the new position of the
theodolite.

20 20

10 -

20

10

magnified by 2000 times for clarity)

Puc. 9. M'paguueckoe npedcmasneHue nozpewiHoCMu Kaaubposku 8 cucmeme KoopouHam GokanbHol naockocmu makema O3A,
MM: d — maxeomempom; b — KonauMamopom ¢ pucyHKomM mecm-06seKma, HAHECEHHbIM Ha CMEKASIHHYI0 NOOAOXKKY; C — KOAAU-
Mamopom ¢ pucyHkom mecm-o6esexma copmuposaHHbim DLP LightCrafter 4500 (e — npoekuuu 3maaoHHoU Ces13KU 8eKmopos,
X — HECKOMNeHCUPOBaHble Hess3KU yaeauyeHHble 8 2000 pas dns HazAsidHocmu)

Fig. 9. A graphic representation of the calibration accuracy. The coordinate system of the focal plane of the optoelectronic device
layout, mm: a - by a tacheometer; b - by a collimator with a test-object pattern applied to a glass substrate; ¢ - by a collima-
tor with a test-object pattern formed by DLP LightCrafter 4500 (e - projections of etalon vectors, x — uncompensated residuals
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Tabnnua 2. MorpewHoCcTb reoMeTpmu4eckom Kanmbposkn maketa O3A
Table 2. The geometric calibration accuracy of the optoelectronic device layout

MorpelwHoCTb
Error

nepekpecTus
crosshairs

TaxeomeTp Leica TS30
Leica TS30 total station

Cnocob 3aaHns 3TaIOHHOW CBSA3KW BEKTOPOB A/151 TeCT-06bekTa C pUCYHKOM B BUAE
Method of specifying a reference bunch of vectors for a test object with a patternin the form

MaccuBa ToYeK
point array

Ha CTeKISHHOW MOAN0XKKe
on a glass substrate

DLP LightCrafter 4500
DLP LightCrafter 4500

doTorpammeTpmu4eckoro GoKycHoro 0,0207 0,0048 0,0183
pacctoaHusa (3a), Mm

Photogrammetric focal length (3a), mm

FeomeTpuyeckon kannbposku (3a), 0,48 0,21 0,09
Geometric gauge (30), "

HeBs3KU (puc. 9). [Ias HArISIAHOCTH HECKOMIIEHCH-
poBaHble HeBSA3KHU yBenudeHbl B 2000 pas. OTcyT-
CTBHE OJHOBPEMEHHOTO CMeIlleHHs BCeX HeBSA30K
Iy Kakoro-mubo QpoTompHeMHHKA XapaKTepH3yeT
JOCTOBEpHOEe OIpeJe/ieHHe ero II0JIOKeHHUS, OTCYT-
CTBHEe IMOAYIIKOOOPAa3HOIO PACIONIOKEHHUS HeBs-
30K — J0CTOBEepHOe oIlpelesieHHe KO3QPUIIMEHTOB,
OIHCBIBAIONUX JUCTOPCHIO 06BbeKTHBA. BUAHO, UTO
HeBSI3KM HOCAT CAy4YalHBIM XapaKTep, IJIS ClIyd4as
C TaXeOMEeTPOM - B DOJIbILIEH CTeIIeHHU.

[IorpemHoOCTh TeoOMeTpPHUYecKOHM KaJlubpoBKHU
MakeTta ODA B 3aBHCHMOCTH OT crocoba ¢popmupo-
BaHHUS JTA/IOHHOM CBSI3KKM BEKTOPOB IIpe[CTaB/leHa
B Tabi. 2.

[TorpemHoCTs ompeneaeHus GoTorpaMMeTpuUye-
CKOro $OKYCHOTO PacCTOSIHUS B ~4 pa3a Oosbllle IpU
HCIIONB30BAHHUM TaxeoMeTpa Leica TS30 1o cpaBHe-
HUIO C TeCcT-06beKTOM, HAaHECeHHBIM Ha CTeKJISH-
HYIO IIOJJIOKKY. DTO 00yCJIOBIIEHO HEOOXOJHMOCTBIO
BPYYHYIO M3MeHSTb I10I0KeHHe 3PUTEIbHON TPYOBI
IS IIpOeLIPOBAaHUS IIepeKpecTusl CeTKH II0 BCeHr
doKanbHOU IMIOCKOCTH MakeTa ODA, YTO HPHBO-
OUT K yBeJIMYeHHIO BpeMeHH KaJhOpPOBKH, KOTO-
poe coctaBuso 6onee 1,5-2 4.- 370 6Gosnblle, YeM
IJ1s1 TecT-06BbeKTa Ha CTeK/ISIHHOM IOJJI0XKKe M DLP
LightCrafter 4500 B 4 pa3a. 3a 3o BpeMs poTomnpreMm-
HUKKU MakeTa ODA HarpeBalTCs U COOTBETCTBEHHO
M3MeHSIOT CBOe B3aHMHOe IIPOCTPAHCTBEHHOE
IIOJIO’KeHHE M IMePHOAHYECKYI0 CTPYKTypy IHKCe-
n0B. IlorpemHocTh ompeneneHuss GOTOrpaMMeETPHU-
4ecKoro poKyCHOIO PACcCTOSIHUS Takke OOJbIle IIpHU
ucnons3oBaHuu DLP LightCrafter 4500 wu3-3a
Harpesa DMD, KOTOpPOro HeT IIPU HKCII0/Ib30BaHUHU
TecT-00beKkTa Ha CTeK/ISIHHOM ITOAJIOKKe.

[IorpemHoOCTh TeOMeTpPHUYeCcKoHM KaJlubpoBKU
GonbpIle IpH MCIIONB30BAaHHUU TaxeoMmeTpa Leica
TS30. 9T0 00yC/I0BIEHO IIOTPEIIHOCTHIO eIMHUYHOTO
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Peculiarities of Mathematical Image
Processing for a Test Object

Initially, the coordinates of the projections of the
reference bunch of vectors on the photodetectors
are determined by calculating the energy centers
of gravity of the image points of the test object,
that is, by the distribution of brightness in the
image. To reduce the effect of noise, the signal
values in each pixel are squared [13]. To reduce the
influence on the accuracy of calculating the coordi-
nates of the energy center of gravity of the points
of the background signal, a threshold was intro-
duced, the signal values below which were taken as
“0” [14]. Then the residuals of the projection of the
reference bunch of vectors (theoretical) and the pro-
jection of the reference bunch of vectors (actual) on
the OED photodetectors are determined. Residuals
are included in the system of linear algebraic equa-
tions, the solution of which by the least squares
method will refine the EIO of the OED [8]: mutual
arrangement of photodetectors, photogrammetric
focal length and coefficients describing lens dis-
tortion. The extent to which the corrected EIO of
the OED reduce the residuals determines the accu-
racy of the calibration, root-mean-square devia-
tion (RMSD) calculated from the uncompensated
residuals.

A feature of the OED calibration using a test
object formed by DMD, is the preliminary prepa-
ration of the test object pattern template. To do
this, before calibration, an image is formed in any
mathematical package with the required period
and point size. The pixel values in the generated
image, which will act to form the reference bunch
of vectors, are set equal to “1”, the rest is “0”. It
takes into account the counting period for rows 2
times smaller than for columns, as well as the fact



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
OPTICAL ELECTRONIC SYSTEMS & COMPLEXES
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

H3MepeHUs YIJIOB TaxeoMmeTpa Leica TS30 B muama-
30He 0-360°, KOTOpas COCTaBHIA 0,5" (o), JHCKpeT-
HocTh — 0,1". IlpenmosnaraeTcsi, 4TO 3Ta BeJHYHUHA
BKJIFOYaeT KaK CHCTeMaTH4YeCKyl, TaK K CIydamu-
HYIO IIOTPeIIHOCTH. ObIIyI0 MOTpemrHOCTh YAaaoCh
YMEHBIIUTD B 3 pa3a. 3a cyeT 6OIBIIOr0 KOJIHIECTBA
H3MepeHUH (Bcero 90) yAanoch CHU3UTh CIYYaAHHYIO
IIOTpeIIHOCTh. M3MepeHHeM MasbiX yIJIOB B Auala-
30HEe HeCKOJbKMX FPajyCcoB, IIePeBOSLOM Yepe3 3eHUT
3pUTEeNIBHOM TPYOEL U IOBOPOTOM TaxeomeTpa Ha 180°
B IIJIOCKOCTH TOPHU30HTA yAA/JIOCh YMEHBIIUThH CUCTe-
MaTH4ecKylo. OCHOBHOM BKJIaJ, B IIOTPeIIHOCTb
reoMeTpHUYeckOrM KaTHOpPOBKU IIPU MCIIOJIb30BaA-
HUU TecT-00beKkTa Ha CTeKJISHHOM IOAJI0KKe U DLP
LightCrafter 4500 BHOCHUT ITOTPEIIHOCTb TEXHOJIOTHH
HX HU3TOTOBIeHUs, A1 DLP LightCrafter 4500 Takas
IIOTPEIIHOCTh MeHBIIIe B 2 pasa.

BbIBO/bl

[IpenyiokeH MeTOf, TeOMeTPHUYeCKOM KalnHuOPOBKHU
O9A ¢ ATUHHOQOKYCHBIM OO6BEKTHBOM U YHHBEp-
CaZpHBIM CI10C06 3aaHUS STAJIOHHOM CBSI3KH BEKTO-
poB Ha ocHOBe DMD-yCTPOMCTB, yCTaHABIHMBAEMBIX
B GOKATBHOK IJIOCKOCTH KOJJIMMAaTOpa, B KOTOPBIX
B KaueCcTBe HM3MEPHUTe/IbHOM NIKA/IBl HCII0JIb3YeTCs
MacCHB MHKpo3epKal DMD ¢ TOYHOM paBHOMeEP-
HOM IIPOCTPaHCTBEHHOM CTPYKTYPOH, IT03BOISIOMIEH
371eKTPOHHBIM 06pa3om CHOPMHUPOBATH TeCT-06BEKT
10608 GOpMBI U Pa3MepoB C UMHUTAIIUEN B peasb-
HBIX YCIOBHUSIX OeCKOHEYHO yJaleHHOro IIpeJMeTa.
[IpenyioskeHHBIM MeTOJ, KaJlHOPOBKU [eMOHCTpPH-
pyeT pe3y/ibTaThl, [10 TOUHOCTH He Xy>Ke, YeM MeTO[
KaJIMOPOBKHU C HCIIONb30BAaHHEM TeOJ0/IHUTa U TecT-
obpekTa B BHJE MacCHBAa TOYeK Ha CTeKISHHOM
IIOZIJIOKKE.
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that the DLP software LightCrafter 4500 converts an
orthogonal image to a diagonal one, corresponding
to the micromirror structure shown in fig. eight.

Peculiarities of Mathematical Processing of
Images of Theodolite Crosshairs

Since the image of the theodolite grid is not pro-
jected onto all photodetectors simultaneously, and
there are significant differences in illumination on
the image that are not associated with the image
of the grid crosshair, an approximate search for
the crosshair is carried out on the entire image by
calculating the cross-correlation [15] between the
crosshair template of the theodolite grid and the
image from the OED photodetector (Fig. 7). A pre-
cut image area from the entire OED photodetector
is used as a template. Next, the exact calculation
of the coordinates of the energy center of gravity
of the crosshairs and EIO is carried out in the same
way as for the test object installed in the focal
plane of the collimator.

Comparison of Results in Terms of Accuracy
Calibration results in the coordinate system of the
focal plane of the OED layout: projections of the ref-
erence bunch of vectors and uncompensated residu-
als (Fig. 9). For clarity, the uncompensated residu-
als are magnified by a factor of 2000. The absence
of a simultaneous shift of all residuals for any pho-
todetector characterizes a reliable determination of
its position, the absence of a pincushion arrange-
ment of residuals - a reliable determination of the
coefficients describing the lens distortion. It can
be seen that the residuals are random in nature, for
the case with a total station to a greater extent.

The error of the geometric calibration of the OED
layout, depending on the method of forming the ref-
erence bunch of vectors, is presented in Table 2.

The error in determining the photogrammetric
focal length is ~4 times greater when using a Leica
TS 30 total station compared to a test object depos-
ited on a glass substrate. This is due to the need to
manually change the position of the spotting scope
to project the reticle crosshairs over the entire focal
plane of the OED layout, which leads to an increase
in the calibration time, which was more than
1.5-2 hours, which is more than for a test object
on a glass substrate and DLP LightCrafter 4500 4
times. During this time, the photodetectors of the
OED layout heat up and, accordingly, change their
mutual spatial position and the periodic structure
of pixels. The error in determining the photogram-
metric focal length is also greater when using DLP
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LightCrafter 4500, due to DMD heating, which is
not present when using a test object on a glass
substrate.

Geometric calibration error is greater when using
a Leica TS 30 total station. This is due to the error
of a single measurement of the angles of the Leica
TS 30 total station in the range of 0-360° was 0.5"
(g), discreteness was 0.1". It is assumed that this
value includes both systematic and random errors.
The overall error was reduced by 3 times. Due to
the large number of measurements (90 in total),
it was possible to reduce the random error. Mea-
surements of small angles, in the range of several
degrees, transfer through the zenith of the spotting
scope and rotation of the total station by 180° in the
horizon plane managed to reduce the systematic.
The main contribution to the geometric calibration
error when using a test object on a glass substrate
and DLP LightCrafter 4500 introduces an error in
their manufacturing technology, for DLP Light-
Crafter 4500 error is 2 times less.

CONCLUSIONS

The proposed method of geometric calibration of OED
with a long-focus lens and a universal method for
setting a reference bunch of vectors based on DMD
devices installed in the focal plane of the collimator,
in which an array of DMD micromirrors with an accu-
rate uniform spatial structure is used as a measuring
scale, which makes it possible to electronically form
a test object of any shape and size with an imitation
of an infinitely distant object in real conditions. The
proposed calibration method demonstrates results
that are no worse in accuracy than the calibration
method using a theodolite and a test object in the
form of an array of points on a glass substrate.
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