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Abstract. A study of the topology elements of the optical disk angle-measuring structure is carried out using
high-precision angular optoelectronic converters and a high-resolution reading head. For high-precision
determination of angular parameters and other characteristics of optical disks, it is necessary to make a
numerical estimate of the main components of the reading head error and determine the main parameters of its
nodes. As the required errors have a submicron value, it is necessary to take into account that the optical system
has its own resolution limit, which will allow of distinguishing individual defects of a given size. When the last
captured image is reached, a report file is generated based on the calculated values for the controlled topology
of the optical disk, which specifies coordinates of the stroke positions on each of the tracks and the value of the
necessary correction.
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BBEJEHUE

AHanu3 coCTaBAAAOLMX norpewHocTn C‘IMTbIBaIOI.I.I,Eﬁ r0/I0BKU
B maHHOI paboTe HcCIeYIOTCS IOTPEIIHOCTH CUH-
THIBAIOIeN TOJOBKK NPH CKAHUPOBAHUU KOJO-
BBIX M CUUTBIBAIOIINX THUMOOB C TOMOIIBIO JaTUH-
KOB yIJla OIITHKO-31eKTPOHHBIX IIpeobpa3oBaTenei
Y YIJIOM3MepHUTeNlbHON MallMHbI TOBBIIIEHHOM TOY-
HOCTH C HCII0/Ib30BaHHEM CUHTBIBAOIel [0I0BKHU
MOBBIIIEHHOM TOYHOCTH.

IIpoleccsl 3/J1eKTPOHHO-JIy4eBOH JTUTOTpaduHU
IJ15 TIONyUeHHU s KOJOBBIX U CUYMTBIBAIOLIUX TUM6OOB
He MMeEIOT OTPaHUYeHUH 10 Pa3pelleHUI0 U Ipel-
CTaBJISIOTCSI Haubosee mepcrieKTHBHBIMU [1].

[IpeMMyIeCTBO JaHHOIO MeTOJa U3rOTOBIeHU S
KOJIOBBIX M CUMTBIBAIOMIKX THUMOOB 3aK/II0UaeTCs He
TOJIbKO B UX BBICOKOK pa3pellaomlell CIoCOOHOCTH,
HO U B BO3MOXHOCTH aBTOMaTH3HUPOBATh IPOIlecC
HX CYUTBIBAHHUS C UCII0Tb30BaHHEM I1€PCOHAIBHOTO
KOMIIBIOTEPA, YTO I03BO/ISEeT 3HAUUTEIbHO IIOBBI-
CUTb IPOMU3BOAUTENIBHOCTD TPYAa NPU GOPMHUPOBaA-
HUM U aHa/IH3e 3alIMCAaHHON UHPOPMALIHH.

Jpyrou MeTof [2] Tak>ke I03BOIseT IIOAy4YaTh
KOJIOBBIE K CYMTHIBAION[He THUMOBI BBICOKOIO HAHO-
MeTPOBOTO pa3pelIeHus.

B cBsI3M C TeM, 4YTO B HacTosllee BpeMs pa3pe-
IeHHe CAaMHUX KOJOBBIX MU CUMTBHIBAIOMIUX JTHM-
60B MOXeT JOCTUTHYTh HAHOYPOBHS, [/ U3yUe-
HUS 3/IeMeHTOB TOIOJIOTUHU yIJIOU3MePHUTeIbHBIX
CTPYKTYp Heobxonumo ocoboe BHUMaHHUe obpa-
TUTb Ha IIOCTPOEHHE CAMOM ONTHUKO-3/IeKTPOHHOM
CHCTeMBl CYUThIBAHU S HHPOPMAIMH C UCII0JIb30-
BaHHEeM JAaT4YMKOB yI/Ja ONTHUKO-3/IeKTPOHHBEIX IIpe-
obpasoBaTtesiell U yII0M3MePUTETbHON MAIIHHBI CO
CUMTBIBAIOINIEH T'OJIOBKOH.

[Ipy 3aJaHHBIX IapaMeTpax CUHUTHIBAIOIEH
TOJIOBKH IIpeJle/IbHAs IIOTPEIIHOCTb COCTABUT He
6oiee 0,96".

INTRODUCTION

Analysis of reading head error components

This work studied the scanning errors of the reading
head when scanning code and readout limbs with
electrooptic angle encoders and an angular measur-
ing machine with increased accuracy using a reading
head with enhanced accuracy.

The electron-beam lithography processes for
obtaning the code and readout limbs have no
resolution limitations and appear to be most
promising [1].

The advantage of this method of fabricating the
code and reading limbs is not only in their high
resolution but also in the ability to automate the
reading process using a personal computer, which
significantly increases productivity when generating
and analysing the recorded information.

The other method [2] also produces coding and
reading limbs with high nanoscale resolution.

As nowadays the resolution of code and readout
limbs can reach nanoscale levels in order to study the
topology elements of angle measuring structures, it is
necessary to pay special attention to the construction
of electrooptic information reading system itself
using angle sensors of electrooptic converters and
angle measuring machine with reading head.

With the given reading head parameters, the
limiting accuracy will be no more than 0.96".

Selection and calculation of the main parameters of the
angle measuring machine reading head elements

For high accuracy determination of the angular param-
eters and other characteristics of the working sam-
ples and photomasks of optical limbs, circular scales,
rasters and multi-digit code disks, it is necessary to
make a numerical estimation of the basic compo-
nents of the reading head error, which is a part of the
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Bbi6op 1 pacyeT 0CHOBHbIX NapaMeTpPoB /IEMEHTOB
CYMTbIBAIOLLEN FONI0BKM \[FﬂOMSMEpI/ITEﬂbHOVI MaLIWHbI
JJisi BBICOKOTOYHOIO OIlpeJesieHus yIJIOBhIX Iapa-
MeTpOB U JPYTUX XapaKTepHUCTUK paboumux obpas-
0B U $OTOmA6I0HOB ONITHYECKHUX TUMOOB, KpPyro-
BBIX IIKAaJI, PACTPOB U MHOTOPa3PASHBIX KOLOBBIX
I HCKOB He0b6X0M MO JaTh YUCIeHHYIO OL[eHKY OCHOB-
HBIM COCTAB/ISIIOIIKMM IIOTPeIIHOCTH CYUTHIBAOIIEN
FOJI0BKH, BXOASAIel B COCTaB yIJIOM3MepHUTe/lbHOU
MaIIUHbL. {15 oIIpeie/IeHH s BeTMYMHBI [TIOTPeLIITHOCTH
371eMeHTOB CUMUTHIBaIOIeH I0JI0BKH He0OX0I MO OIIpe-
Je/IUTh 1 3a1aTh OCHOBHBIE ITaPAMETPhI y3/I0B TOJIOBKH.
[71aBHBIM, OLpele/lsaolUiM TOUHOCTHBIM, GaKToO-
POM CUMTEIBAIOILE! TOJIOBKH SIBISTCS TMHEHHOe yBe-
JHYeHHe BCell OIITHKO-3/IeKTPOHHOM YacTH. [/1s 60/1b-
IIMHCTBA 3a/1a4 IIOTPEIIHOCTh OIITUYeCKOro JHCKa He
IOJIKHA HpeBbIaTh 0,065 MKM /s YITIOM3MEPH-
TeJIbHBIX CTPYKTYP AHAMEeTPOM He MeHee 90 MM, IIpHU
3TOM pa3mep HePOBHOCTH Kpas JIeKHUT B JHUalla30He
ot 0,110 0,5 MKM. ObecriedeHre TpebyeMOH IIOr PeIIHO-
CTH BO3MOXKHO IIPH YCJIOBUM MCII0JIb30BAHM S METOMIOB
1dpoBoi 06paboTKU H306paskeHUs AedeKTa INTPUXA,
3aHHMMAIOIIEro Ha ITIOBEPXHOCTH MaTPUYHOIO IIPHEM-
HHKa HU3/1y4YeHH s He MeHee TpeX GOTOUYBCTBHUTE/IbHBIX
3JIEMEHTOB. 3aaBIIMCh Pa3MepPOM 3IeMeHTa MaTpHUy-
HOTO IIPHMeMHHKA U3/Iy4eHHUs U BeIMYMHON pa3Mepa
nedeKTa, ompeneIiM Tpebyemoe IMHEHHOe YBelnde-
HUe [} CYUTHIBAIOIIEL FOTIOBKH I10 opMyJIe:

B= 3x Py
ok
rae P, - TOPU30HTA/JIbHBIHA pa3sMep GOTOUYBCTBHU-
TeJILHOTIO 37IeMeHTa IIPUeMHHKA HU3/Iy4eHU s, MKM,;
W, - MUHHMaJIbHBIH pa3Mep fedeKTa MTPHUXa, MKM.

[TpoBeeHHBIL aHAJIM3 [10Ka3aJI, YTO B [I0CTABJIeH-
HOM 3aj/laue ONTHMaJbHBIM OyIeT HCII0/b30BaHHUE
IIpreMHHKa U3/Iy4eHHUd Ha oCHOBe I13C-CTPYyKTYphI
Tuma Sony ICX834 ¢ pasMepoM 4yBCTBHUTE/IILHOTO 3/1e-
MeHTa 3,1 MKM. []y151 obecriedeHust TpebyeMol Iorper-
HOCTH Heob6X0A MO peaTr30BaTh OIITHYECKYI0 CUCTEMY
C IMHENHBIM yBelH4YeHHeM 93x.

Ilpu 3alaHHOM JIMHEHHOM yBeJM4YeHHUHU U Ipo-
CTPAaHCTBEHHOM paspemeHuu 4330 %2854 muKce-
7ey MpHeMHHKA M3/Iy4eHHs 33 OJHH KaJp MOXHO
MONYy4YUTh HabarogaeMoe JTHHeNHOe II0Jle pasMe-
poM 144x93 MKM.

B cBA3U C TeM, 4TO TpebyeMble IIOrPeIIHOCTH HMEIOT
CyOMHUKPOHHYIO BeTUYHUHY, HEOOXOLHUMO YUHTHI-
BaTh, YTO OLTHYECKAas CHCTeMa MMeeT IIpefes paspe-
IIAOIIeH CII0COOHOCTH, KOTOPasi II03BOJIUT Pa3IMvaTh
OTHe/IbHbIe NePeKTHl 3aJaHHOro pasmepa. IlpenensHas
paspelnanmas CriocobHOCTh A, B COOTBETCTBHU C KPH-
TepueM Abbe, orpenieniseTcs GOpMyJIOH:

__ A
2xAgs’

@

®)
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angle-measuring machine. To determine the error
value of the reading components, it is necessary to
determine and specify the basic parameters of the read-
ing head assemblies.

The main and critical factor that defines the
reading head accuracy is the linear magnification
of the entire electrooptic part. For most tasks the
optical disc error should not exceed +0.065 pm
for angle measuring structures with a minimum
diameter of 90 mm, and the edge roughness size in
the range of 0.1 to 0.5 pm. The required error can be
achieved by using digital image processing methods
of the stroke defect, which occupies at least three
photosensitive elements on the surface of the matrix
radiation receiver. By specifying the element size of
the radiation matrix receiver and the defect size, we
determine the required linear magnification P of the
reading head by the formula:

3x Py
B=
where P, - horizontal dimension of the photosensitive
element of the radiation receiver, pm; W, - minimum
dimension of the stroke defect, pm.

The analysis has shown that the optimum solution is
to use a Sony ICX834 CCD-based receiver with a 3.1 pm
sensing element. An optical system with a linear
magnification of 93x has to be implemented in order to
provide the required accuracy.

At a given linear magnification and spatial
resolution of 4330 x2854 pixels of the radiation receiver,
an observable linear field of 144x93 pm can be obtained
in a single frame.

As far as the required errors are of sub-micron
magnitude, it should be considered that the optical
system has a limit of resolution that will distinguish
individual defects of a given size. The resolution limit
A, according to the Abbe criterion, is defined by the
formula:

@

A

A=
IxAg,’ @

where A is the operating wavelength; Ay is the
numerical aperture of the lens.

For a large value of linear magnification, the
numerical aperture equals, approximately, a unit. The
operating wavelength should be as short as possible and
must match the sensitivity of the radiation receiver. In
the case of a silicon radiation receiver the maximum
sensitivity and quantum efficiency is at a wavelength
of 450 nm.

Taking these values into account, the limiting
resolution will be 0.22 pm. Therefore, the minimum
possible size resolvable by the reading head optical
system will be a stoke defect of 0.2 pm. According
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rae A - pabodasi [yIMHA BOJIHBI; Ay ~ YUC/IOBas allePTypa
00BbeKTHBA.

J7st 60/1bIIOro 3HaUeHUSI TUHEMHOTO yBeaHnve-
HUS 00beKTHBA YHC/IOBASI ANlepPTYypa NPUOIN3UTETBHO
paBHaA enuHHIle. Pabouas AauHA BOMHBI JOJIKHA
6bITHh MHHHMAaJIbHA M COIJIACOBAHA C YYBCTBUTENb-
HOCTBIO IIPUeMHHKA U3/IyuyeHUd. /i cayvast Kpem-
HHeBOTO IIPUeMHHKA HU3JIyYeHHUsI MaKCUMYM 4yB-
CTBUTEIBHOCTU U KBAaHTOBOM 3dHeKTUBHOCTH IIPUXO0-
OHUTCS Ha JUIKMHY BOJHBI 450 HM. C y4eTOM 3THX 3Have-
HHUH, BeJINYHUHA IIpe/ie/IbHOM pa3pelnaroe cr1ocob-
HOCTHU CcOCTaBUT 0,22 MKM. TaKUM o6pa30M, MUHH-
MaJIbHO BO3MOYKHBIM pa3sMepoM, pa3pelllaeMbIM OIITH-
YeCKOM CHCTeMOM CUHTHIBAIOIIEHN IOJOBKHU, OymeT
medpexT mTpuxa 0,2 MKM. COIVIaCHO BBIPasKeHHUIO 1),
I BBIOpaHHOTO IIpHeMHHUKA I10/Ie3HOe JTHHEHHOe
yBeJIMYeHHe COCTaBUT B=50%, a pa3Mep JTHHEHHOTO
11oj1s1 290 x190 MKM.

Elne ofHOM Ba>KHOM COCTaB/SIOLIEH IOIPEIIHOCTH
CYUTBIBAIOIIEH TOJIOBKH SIBISETCS OUHAMHUYECKas
[IOTPeIlHOCTH, 00yC/IOBIeHHAS BpalleHHeM yIIOu3-
MepUTeNIbHOM CTPYKTYPHI B IIpoliecce IpoBefeHUs
H3MepeHHH. [JUHAaMHUYecKas MMOrPeluIHOCTh OymeT
ompenensiTbCSl BeJIMUYUHOM CMa3blBaHHUS ONTHYe-
cKoro n3obpaskeHHUsI, KOTOPOe, B CBOIO O4Yepesib, 3aBU-
CHUT OT CKOPOCTH ABUKeHU S U BpeMeHHU 3KCIIOHUPO-
BaHUA GOTOUYBCTBUTEIBHBIX 3JIeMeHTOB. [I14 pac-
JyeTa CKOPOCTH BpalleHUS YIJIOHW3MepUTelbHOU
CTPYKTYPbl OTHOCHUTE/IBPHO CUUTHIBAOLIEN TOJTOBKH
NpUMeM ee MaKCHMaJAbHBIH AHaMeTp paB-
HBIM 165 MM. JIMHelHad OJHHA IyTH BHENIHEro
panuyca yriIou3MepUTelbHOM CTPYKTYPBl COCTABUT
Sypm = 520 MM. C y4eTOM JIMHELHOIO yBe/lHUYeHUs
OIITHYeCKON CHUCTeMBbI 50x, pasMepa HabnomaemMoro
JIUHerHoro moas H-V =290x190 MKM, a TaKyke MaK-
CHMMaJbHO BO3MOXHOM YacCTOTHI 3aXBaTa KaJpoB
fps =7 kagpoB/c mony4yuM, YTO AJIsI 3aJAaHHOTO JIMHEHN-
HOTO [0/ HeoOX0IMMO BBIIIOIHUTH COOTHOIIEHHE

S
N, = VHHM = 1800 xanzpoB. Bpems, HeobxomuMmoe

OJI 3aXBdTa TAKOTO KOJIHYeCTBa KaAPOB, PaBHO

t =% =260 c. B aToM ciydae HeobxonuMas CpefHss

CKOPOCTb /11 CYUTBIBAHUS JOPOXKKHU Ha MaKCH-
Ma/IbHO BO3MOKHOM pafHyce yrJIOM3MepPUTeIbHOM
CTPYKTYPBI COCTABHUT V=2 MM/C, a yI/I0OBas CKOPOCTh
BpallleHUs paBHa w=0,024 pan/c = 1.4 rpazn/c.

MorpewHoCT OT HaKAOHA GOTONPUEMHOrO 610K
CYUTBIBAIOLLLEH FONOBKM

O,E[HI/IM K3 HCTOYHHKOB IIOI'PEITHOCTH C‘-II/ITI:IB&IOH.[QFI
TOJIOBKH SBJISIETCS CHCTEMaTHY€eCKas IIOIPellHOCTb,
O6YCJ'IOBJ'IP_HH8.${ HaK/JIOHOM YyCTAHOBKH MaTPHYHOI'O

a Mone 3peHns
Field of view

\ LTpux

- Stroke

~ .
e ,
. £
b

LTpux

Stroke
Mone 3peHus
Field of view

Puc.1. Mpouecc cuwueku U306paxkeHull WmMpuxa no eepmuxa-
Au (a) uau 2zopuzoHmanu (b)

Fig.1. The process of stitching images vertically (a) or horizon-
tally (b)

to expression (1), for the selected receiver, the
useful linear magnification will be $=50x and the
linear field size 290x190 pm. Another important
component of reading head uncertainty is the
dynamic uncertainty arising due to rotation of the
angle structure during measurement. The dynamic
error will be determined by the amount of blurring
of the optical image which, in turn, depends on
the speed and exposure time of the photosensitive
elements.

To calculate the rotation speed of the angle
measuring structure in relation to the reading head,
we take its maximum diameter to be 165 mm. The
linear path length of the outer radius of the angle
measuring structure will be Syy;,, = 520 mm. In view of
linear magnification of optical system 50x, observed
linear field size H-V =290x190 pm, and also maximum
possible frame rate fps = 7 fps, we conclude that for the
given linear field it is necessary to adhere to the

. S
ratioN; = VH“M =1800 frames.
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[IPHeMHHMKA H3/1yYeHHs] OTHOCUTEIPHO KOHTPOIKpYye-
MOM YIJIOU3MePUTEIbHOM CTPYKTYPBI.

B TakoM ciydyae Heob6X0QMMO YUUTHIBATh IIOI Pell-
HOCTb YCTaHOBKM IIPHeMHHKa OTHOCUTEIBHO ocell OX
u OY. TIoBOpOT MaTpHLIbI BOKPYT ocH OZ (r1apasienbHo
IIJIOCKOCTH HabsofaeMon CTPYKTYpPhl) He IIpHUBesieT
K $OPMHPOBAHUIO [IOTPeIHOCTH. KOOpAUHATHI (X, )
IITPHXOB IIPHU HaK/IOHe GOTOIIPHEMHOro 6710Ka MOSKHO
BBIYMC/IMTD P [IOMOIIY MAaTPULIBI II0OBOPOTA:

X, X,
Yo | = Mp| Yy, ©)
0 0

rae (X, V) - KOODAHUHATH IITPHUXA PH OTCYyTCTBUM
HaKJI0OHa $oToIpreMHoro 6710Ka; My - MaTpHILia IIOBO-
POTa, KOTOPYIO BBIYMC/IHM C IIOMOIIBIO YIJIOB T3HTa -
Bpanana. B HameM cjlydae OBOPOT BOKPYT ocu OZ He
OKa3bIBaeT BIIMSAHUS Ha TOUHOCTb OIIpe/ie/IeHU s KOOP-
OUHAT ITpuUXa. Torga pesyabTUPYIOMAs MaTPHIlA
[I0BOPOTA I10C/Ie IIepeMHOKeH U [IPUMeT BU/I:

cosp 0 -sinf3
M, = |sinasinf cosa sinacosp |. @)
cosasinf -sina cosasinf

C ygetoM (4), BBIpaskeHHe (3) MOSKHO 3aIIHCATh KaK:

%, = x,cosf
{ 5)

., = X,sina sinf +y, cosa.

HOI‘peHIHOCTb, BBI3BAaHHAS HAKJIOHOM (l)OTOHpI/IeM‘
HOM T'OJIOBKH, 6y,IIET OITpefesIssThCs M3 BhIPpASKeHHU !

Xnon = V(Xa= %)+ (T~ Vo)’ % ©

rae P, - pasmep MUKCeAS MaTPUYHOIO IIPpUeMHHKA
H3JIyYeHHUs 110 TOPU30HTAJIH, MKM; [} - THHEHHOe
yBelIH4YeHHe OITHYEeCKOM CHCTeMBl CYMThIBAIOIIEeN
TOJIOBKH.

3a/aBIIKCh IIpeae/bHBIMHU 3HAaYeHUSIMHU YIJIOB
HaKJIOHA GOTOIIPHEMHOH ToJIOBKU o =11 f=50x, moiy-
yaeM 8Xpou = 0,06" I1s1 MaKCHMaIbHOTO pa3Mepa IHa-
MeTpa pabouell 30HbI TUMba 90 MM.

CnyyaiiHas COCTaBAAIOLAS NOrPELIHOCTH, BbI3BaHHAs
wymMamu GpoTonpueMHUKA CHUTBIBAIOLLLEN FONOBKM

C ydeToM TpeﬁoBaHI/II;I BBICOKOTOYHOI'O U3MEPEHHUA
,ELECI)EKTa TpaHHUILBI HITPHXA U, KaK CIIeACTBHE, 60J1b-
IIIOT0 IMHEHHOTO yBe/IMYeHH I OIITHYEeCKOM CHUCTEMBI,
OOJHHWM H3 (l)aKTOPOB, BIHUAKIIUX Ha CYMMApPHYIO
IIOrpeIlIHOCThb C‘-II/ITI:IBaIOII_IeI:I T'OJIOBKH, GYILYT OIyMBbI
doTonmpueMHUKa. [IosBIeHUe IyMa Ha H3o00paske-
HUU IIPUBeZET K CIy4alHOMY Ilepepaclpeie/leHUI0
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The time required to capture this number of frames

ist= % =260 s. In this case the average speed required
to read the track at the maximum possible radius of the
angle-measuring structure will be v=2 mm/s and the
angular rotation speed is @=0.024 rad/s = 1.4 deg/s.

Errors caused by inclining of the photoreceiver unit reading
head

One of the sources of the reading head error is the sys-
tematic error due to inclination of the matrix photo-
detector installation relative to the angle-measuring
structure being monitored.

In this case it is necessary to take into account the
error in the receiver positioning relative to the OX and
OY axes. Rotation of the matrix around the OZ axis
(parallel to the plane of the observed structure) will not
produce an error. Coordinates of the strokes (%X,,¥,)
arising at inclination of the photodetector unit can be
calculated using the rotation matrix:

Xy Xy
g’u = MR YH ’ (3)
0 0

where (x,, y,) - are the coordinates of the stroke in
the absence of tilting of the photodetector unit; My -
is the rotation matrix which we calculate using the
Tait-Brian angles. In our case the rotation around the
OZ axis produces no effect on the accuracy of the stroke
coordinates. Then the resulting rotation matrix after
multiplication will look like:

cosp 0 -sinf3
M, = |sinasinp cosa sinacosf |. 4@
cosasinf -sina cosasinf

According to (4), expression (3) can be written as:

{iu = x,c0sf ©
5

., = X,sina sinf +y, cosa

The error caused by inclination of the photodetector
head will be determined from the expression:

on =K%+ G 3o ©
where P, is the horizontal pixel size of the matrix
photodetector, pm; B is the linear magnification of the
reading head optical system.

By setting the photodetector angle limits a=1 and
B=50x, we obtain 8Xpyoy = 0.06" for a maximum
working area diameter of 90 mm.
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SHEPruH M306paskeHU S IITPHUXA U II0SIBIEHUIO IIOT pell-
HOCTH B pe3yjbraTe ollpefe/eHus IPAHHUL] IITPUXa.

Illym poTorpreMHHUKA CUUTHIBAIONIEH [OJIOBKH OB
paccyMTaH I10 MeTOAY IlepeHoca GOTOHOB. ITa MOJEe/Ib
JHHeNHa, II03TOMY BCe COCTaB/ISIONI e IyMa CK/Iabl-
BaroTCcsl. CyMMapHBIH MIyM 03 B [I3C-MaTpuIie CKIaJbl-
BAETCS U3 CIeAYIOIMX COCTAB/IAIOIMX:

0} = Ko +0.+K(p, - Hy dark)» @)

rie K - ycusieHHe KaMepsl, 0; ~ BApHALIKsI TEMHOBOTO
IIyMa; 0/ — BApUAIIMS IIyMa KBAHTOBAHHS; Hy ~ KOIH-
4ecTBO GOTOHOB, HAKOIIJIEHHBIX B TeUeHHe BpeMeHH
9KCIO3ULIUH; Hy 4,y ~ KOTHIECTBO TEMHOBBIX OTOHOB.

BenuauHy ([~ Hy 4arl) MOKHO HAMTH U3 BBIPAXKEHUS
JUIS1 OTHOLIEHM Sl CUTHaJI/IyM SNR:

_ Hy_p'y.dark
GY
Bapuaunﬂ myma KBAHTOBaHUSA PaCC‘-II/ITbIBaETCH
CHEILYIOH_II/IM O6p330MI

1My )
-1l 5 ©

I7Ie L, 5o ~ €MKOCTD HACBIIIEHHS IIMKCEJIST, TO eCTh MaK-
CHIMaJIbHOE KOJIMYeCTBO GOTO3/IeKTPOHOB, KOTOPOe OH
MOXKeT yIep>KUBATh 1P COXPaHEHHUH He/MHeLHOIo
OTKJIMKA, k - paspsimHocTs ALIL. C yueToM (9), BEIpaske-
Hue (7) IpUHUMAaeT BU[:

SNR =K (1t~ 1y gux) = K SNR 0, (8

2
1(H
“K- - K2 4= | Fpsa
0,(c,~K-SNR) = K’ + ol ) (10)
OTKyZa MOKeT OBbITh Hali[leHa BeJTHUHHa 8y.

I yKa3saHHBIX JAaHHBIX Sy = 14,78 3/1eKTPOHOB,

a Bapyalus IyMma o§ = 218,58 371IeKTPOHOB, YTO COOTBET-
2,
gy
100
Ha poTonpueMHUK. HampsskeHue, COOTBETCTBYIOLIee
myMy HOpPHeMHHKHKa H3J1y4YeHHUSI, PaBHO

Uy =Ugnyt,,=28,65MB.

CBs3b MeXKAY PaCCYMTaHHBIM 3HaYeHHEM IIYMOBOIO
HaIpsyKeHHS U OTKJIOHeHHeM CUT'Hajla, CHUMaeMoro
c poTompueMHUKa, B eguHHULIaX ALIL, BelpaskaeTcs
CJIeYIOIIHUM COOTHOLIEHHEeM:

e
Uy -2
U b

max

CTByeT n, = = 370,47 $OoTOHOB, MOIABIIUX

8U pc = (11)
rae Uy ., -~ MaKCHMajbHOe 3HaYeHHe HaIlPSAKeHUS
¢ doTonpueMHUKa, paBHOe 3,3 B. Torma SU,pc = 140,
YTO COOTBETCTBYET aHA/IOMYHOMY OTK/IOHEHHIO B 3HA~
YeHHUSIX SIPKOCTH ITHKCeIsl Ha H306paskeHUHU 1 COCTaB-
nset 0,0085 0T ero MOMTHOM Pa3psiTHOCTH.

Random error component caused by photodetector reading
head noise

Given the requirements for high accuracy in mea-
suring the stroke-face defect and the resulting
high linear magnification of the optical system,
one of the factors influencing the total error of
the reading head will be the photodetector noise.
Occurrence of noise in the image will result in a
random redistribution of the stroke image energy
and will create an error as a result of the stroke
boundary detection.

The photodetector noise of the reading head has been
calculated using the photon transfer method. This
model is linear, so all the noise components add up. The
total noise ¢ in the CCD sensor is the sum of the

y
following components:

0! =Ko +0.+ Ky, - Hy dark)» @)

where K is the camera magnification; g - dark noise
variation, o, - quantization noise variation; p, is the
number of photons accumulated during the exposure
time; y 4,y 1S the number of dark photons.

' The value (y - pyAdark).can bg found from the expres-
sion for the signal-to-noise ratio SNR:

By~ H .dark
SNR = =X K (1, 4, )= K- SNR- 0, (8)
y
The variation in quantization noise is calculated as
follows:

L ( By )
% =ﬁ[”;< ] ' ©)

where p,, ., is the saturation capacity of a pixel, i.e.
the maximum number of photoelectrons it can hold
while maintaining a non-linear response, k is the ADC
resolution. Taking into account (9), expression (7) takes
a form:

2
1 sal
0,(0,~K- SNR) = K’ + - (“g_lj .o

Hence, the §, value can be found.

For the given data §, = 14.78 electrons and noise
variation o] = 218.58 electrons, corresponding to

2.
Y100
The voltage corresponding to the radiation receiver
noiseis Uy =U,n,t, = 28,65mV.

The relationship between the calculated value of the
noise voltage and the deviation of the signal taken from
the photodetector, in ADC units is expressed by the
following relation:

= 370.47 photons hitting the photodetector.
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[71st pa3paboTaHHOrO aJIrOPUTMa 06pabOTKU COCTAB-
nsoomas MOrpellHOCTH, BbI3BaHHAS MIyMaMH $OTO-
NpHeMHHUKA CUYUTHIBAIOMIEH [OJIOBKH, COCTABUT

"
8X oy = 0,012"".

CocTasngiowLas NOrpewHoCT anropuTMa 06paboTkm
U306paXKeHNs WTpUxa

Anroputm 06paboTku KM306paskeHHUSs, [10/1y4aeMOIroO
CUMUTHIBAIOIEH TOJOBKOM CHCTEMBI, 3aK/II0YaeTCs
B HaXOXXJeHUU NedeKkToB U AedOopMalUI 37IleMEeHTOB
TOIIOJIOTMM TMM60B, K KOTOPBIM OTHOCSITCSI HEPOBHOCTD
Kpasi MITPHXA, CKOJIBI U BBIOOMHBI Ha IPaHUILIE IITPHXa,
MHKPOLIApallMHbl U 3arpsi3HEHHUSI Ha [IOBEPXHOCTHU
numba.

Hcxons M3 3aflaHHBIX YCIOBUH 15 OIlpefiesIeHUsI
pasmMepa JedekTa B paboTe aJirOPUTMa JOJIKHBI OBITH
IpefyCMOTPeHBI C/le/lyIolHe OIlePalluui: HaxoxK/Ie-
HHe Ka>K[0ro OT,eJIbHOTrO IITPHXa, BEIUKC/IeHe HOMU-
HQJIBHOM IIPSIMOM, OTHOCHUTEIPHO KOTOPOH byneT pac-
CYUTBIBAThCS JedeKT MITPHUXa U pacueT AedpekTa
1151 00HAPY>KeHHOT0 IITPHXa.

O6Hapy>KeHHe IITPHXa OCIOKHEHO TeM, YTO IIPH
BBICOKOM yBe/THMYeHHUH ONTHYeCKON CUCTeMBbI CUMTHI-
Balollel roJI0BKU HEKOTOpble IITPUXHU, B 3aBUCHUMO-
CTH OT TOTO, Ha KaKOM M3 pabouunx HOposkeK OHHU pac-
IIOJIO’KEHBI, He IOJTHOCTRIO MONaJaloT B I10JIe 3peHUs
CUCTeMBI, MJIM IITPUXU JOPOKKH He YKJIaJAbIBAIOTCS
I10 BBICOTE I10715 3peHUs. [ TOro 4Tobbl B Ja1bHek-
IIeM IIPaBU/IBHO ONpefeNnTh AedeKT MTPHUXA K ero
nosnoskeHHe Ha 1HuMbe, He0bXOAHMMO COBMIOCTH YCII0-
BUe IIoNajaHusl Ha obpabaTeiBaemoe H306paske-
HUe He MeHee /IByX IIOJIHBIX M300pa>keHU I MITPUXOB.
Pean3aIiys 3TOr0 yCIOBUS BO3MOKHA C MCIIOTb30Ba-
HHeM MeTOJa CIIKMBKH H300pasKeHH .

CmuBKa 60TBIION ITOC/IeL0BAaTeIbHOCTH H306pa-
JKeHUH SIBJISIeTCS 3aTPYLHUTEIbHON M HeolpaBAaH-
HOM oIepaliyeH, IOCKOJbKY IIPU COXpPaHEHHH pas-
pelnaromiei criocob6HOCTH H306paskeHUST BBIXOLHOE
curuToe u3obpakeHHe OymeT 3aHHMATh OTPOMHBIH
06’peM ITaMSITH, KOTOPBIH CTIOKHO OyeT Kak 06pabaTsl-
BaTh, TaK M XPAaHUTb HA 3aIIOMHUHAIOIIEM YCTPOHCTBE.
[T09TOMY CIIMBKY PeKOMEHJYeTCs esaTh IS MUHU-
MaJIBHBIX YYaCTKOB JTXM6a, JOCTATOUHBIX /JISI OIIpe-
Je/IeHHsI IPOCTPAHCTBEHHOT'O TI0JIOKEHHU ST OT/AETBHOI0
LITPUXA U €TI0 JedeKTa.

lanpHenmee obHapykeHHe IITPHUXa Lieaeco-
06pa3HO MPOU3BOAUTH 110 OJHOMEPHOMY IIpe/CTaB-
neHUO S(X) 3aperuCTPUPOBAHHOIO HM306paskeHUS
f(x, y). Puc.2 unmocTpUpyeT pe3yabTar IIpecTaBie-
HHUS HUCXOLHOT0 M300paskeHU S MITPUXA B popMe OLHO-
MEepHOro CUI'HaJIa. 3aTeM Ha OHOMEPHOM IIpe/ICTaB-
NTeHUH n306paskeHUsT HeoOXOAUMO HAUTH 001acTH
HMHTepeca, cofiepkallike ITPUXHU. B HarieHHBIX 061a-
CTSIX OIIpeIeJITIOTCS [IapaMeTphI IITPH XA, BKIIOYas €To
nedeKT roaokeHHUs LeHTpa. [Ipolecc obHapy>KeHHU s
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wmpuxa auméa (a), e 0dHomepHom sude (b)

Fig.2. An example of a one-dimensional representation of the origi-
nal limb stroke (a), the feature image (b)

8U upc = (1)
where U_,,, is the maximum voltage value at the
photodetector equal to 3.3 V. Then 8U, . = 140, which
corresponds to a similar deviation in pixel brightness
values in the image, makes 0.0085 of its full digit
capacity.

For the developed processing algorithm, the error
component caused by photodetector reading head noise
will be 8Xp;oy = 0,012".

The error component of the stroke image processing
algorithm

The processing algorithm of the image obtained by
the reading head of the system is aimed at detection
of defects and deformations in elements of the limb
topology, which include roughness of the stroke
edge, chipping and nicks on the stroke, micro-
scratches and dirt on the limb surface.

Based on the given conditions, the following
operations must be included in the algorithm so as
to determine the defect size: finding each individual
stroke, calculating the nominal straight line relative
to which the defect of the stroke will be calculated
and calculating the defect for the detected stroke.

Stroke detection is complicated by the fact that
at high magnification of the reading head optical
system some strokes, depending on the working
tracks they are located on, do not fall completely
into the system field of view, or the strokes of
the track do not fit within the height of the field
of view. In order to be able to correctly identify a
defective stroke and its position on the limb, it is
necessary to observe the condition of at least two
complete images of the strokes on the processed
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He oIlpefie/isieT TOYHOCTb pacueTa AedeKTa U I10JI0Ke-
HMS IITPHUXA U He BJIKseT Ha UTOrOBYIO [IOT PEIIHOCTb.
[l71s1 yBeU4YeHU s BEPOSITHOCTHU IIPABUIBHOI0 06Ha~
PY’KeHHSs MTpHUXa HeobxonuMo 06ecredruThb BbICO-
KU YPOBEHb IPKOCTH U PABHOMEPHOCTH IIOJCBETKH
ydacTka 1umMba B 3afjlaHHON 06/1aCTH I0/SI 3peHUS
CYHTBIBAIOIIEeH FOJOBKH.

sl janbHeHIIero aHa/KM3a MapaMeTpoB TOIIO-
JIOTUU 37IeMeHTOB THUMba HeoOX0JIHMMO BBIIIOTHUTH
BBIYHC/IeHHe HOMUHA/IbHBIX IPSIMBIX, OTHOCUTEIBHO
KOTOPBIX OylyT pacCUUTEIBATHCS AedeKThl IITPHXOB.
J17151 3TOro Heo6X0IMMO U IOCTATOUHO OIIPeJle/IUTh [iBe
TOYKH, Uepe3 KOTOpble MOXKET ObITh IIOCTPOeHa TOJIBKO
ofHa npsamMasi. HaxoxxJeHHe To4dek [/ IIOCTPOeHHU s
HOMHWHAJIbHOU IIPSIMOM IPaHHULBI INTPHUXA IIPOHU3BO-
JUTCSI HA OCHOBE OIlpefie/IeHH sl TOYeK Hadajla IITPHUXa
B BepXHeH U HHM’KHeH 4acCTH KaJpa. JIs 3Toro mpo-
H3BOJUTCS IpeJCTaBleHHe N300paskeHU s BepXHe
YaCcTH KaJpa Ha OCHOBE CyMMHKPOBAaHUS OTJe/IbHO
cTpok ¢ 110 N/2 1 o1 N/2 mo N. B pesynrsraTe GOpMHUPY-
IOTCSI 1Ba SHEPreTHUYeCKHUX paclpeeneHus u3obpa-
SKeHHU LITPHXa B BepXHeH U HHKHEH 4acCTH Kajpa
(puc.3).

ITocie HaXOXKJeHHS HOMHUHA/BHOU IIPSIMOM I'pa-
HUI] IITPHXa OIpefie/IsI0TCs MOJIOKeHUSI TOUeK Ipa-
HUIIbI Hadaja U KOHIIA Ka’KJ0ro NITPHUXa B BePXHeH
Y HUDKHeH 4acCTH Kazpa (puc.4). [lns 3Toro gocTa-
TOYHO HAUTH IIPOM3BOLAHYIO U ONPeeluTh LIeHTP
B 00/1aCTH MaKCUMAa/IbHBIX U MHUHHUMAaJIbHBIX IINKOB
CHUTHasa:

dS (X) st (x 9S,(x)
S OX ox

rzie SY(x), S(x) ~ IpoHM3BoAHAs It QYHKIIMH CUTHAIA
Si(X), S,(X) B BepxHeH M HH>KHeH YacTH Kajpa
COOTBETCTBEHHO.

HaxoxxpeHue LileHTpa NPOMU3BOJHOH B 3a/laH-
HOM 00/1aCTH CUTI'HaJla LieslecoobpasHo peann30BaTh
Ha OCHOBE aJITOPHTMa B3BEIIeHHOIr0 CyMMUPOBAHHUS:

S (x) = (x) = (12)

S4(x)-x

Zx _0°n ) 13)
Z St (x)

Jlyist Toro 4To6Bl UCKIIOUUTH BAUSHHUEe GOHOBOM

COCTaBJISIIOIIEH, 1le/1Ieco00pa3HO MCII0Nb30BATh aJIr0-
PHUTM B3BEIIEHHOI0 CyMMHPOBAHUS B OKHe [Ay, Ag,l:

7 5d(x)
ore Lo 00X o

ZASP sd (x)

rae A, = max{Si(x)-3}u A, = max{Si(x) + 3}.
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Puc.3. Onepayus Haxo>xdeHust mo4eK Ha4aad u KoHUAa Wwmpuxa
no 0AUHe Ha 0CHO8e CYMMUPOBAHUS NOAOBUH KAOpa

Fig.3. The operation for finding the start and end points of a stroke
by length, based on the summation of halves of a frame

image. This condition can be met by using the
image stitching method.

Stitching a large image sequence is a difficult and
unreasonable operation since, while maintaining
image resolution, the output merged image will occupy
a huge amount of memory which would be difficult
both to process by and to store in a storage device. It is
therefore recommended that the stitching be done for
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Puc.4. Onepauus HaxoxoeHUs HOMUHAAbHBIX NPAMBbIX 2PAHUL
Wmpuxo8 N0 mo4kam npou3eodHol cuzHano S;(x), S,(x)
Fig.4. The operation for finding the nominal straight edge of the
strokes from the signal derivative points S;(x), S5(x)
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UYepe3 monydeHHBble Mapbl KOOPAUHAT LIEHTPOB
IIPOM3BOAHBIX CUTHAJIOB CTPOMTCSI HOMUHAJIbHAS TIPS
Mas L < (C',y) A NTOo MITPUXA.

OTHOCHUTE/IbHO HakJeHHBIX HOMKHAJ/IBHBIX IIPSIMBIX
PacCUMTHIBAETCS BeIMUYMHA AedeKTa U JedpopMaliuU
TPaHULBI KaXkKA0To ITPHXa, KOTOPas oIlpefenseTcs
KaK CpefiHeKBaZpaTU4ecKoe OTKJIOHeHHe abCcomIoT-
HOM Pa3HOCTH KOOPAMHAT IPaHUI] HITPHUXa OTHOCH-
TeJIbHO HOMHUHAJIBHOM MPSIMOM B KaskI0M N-0H CTpoKe
Hn306paskeHUS:

N -2
w, = \/;IZ(AXW—AXW) . (15)
1=1

151 pa3pabOTaHHOrO a/ITOPUTMA BeTMYMHA TOrPeIi-
HOCTH QJITOPUTMA ByIeT ONPe/ieIAThCS C IOrPeIIHO-
CTBIO OTIpefie/ieHUs ueHTpaanofI TOYKH IIPOU3BO-
IHOM N-TO CHUTHa/a SH(X) MeTOJ0M B3BeIIeHHOIO
cyMMUpoBaHuUs U byfeT paBHa:

8X. =0,01- (16)

d1p B

rge P, - pasMep MHKCeJII MAaTPUYHOIO IpHeMHHKA
H3JIyYeHHs 10 TOPU30HTANIH, MKM; [} - THHeHHOe
yBe/lIM4YeHHe ONTHUYEeCKOM CUCTEeMBI CUHUTHIBAIOIIEN
rojaoBkH; 0,01 - MorpemrHOCTh METOa B3BEIIEHHOI 0
cyMMupoBaHHUA. C y4eTOM 3HAaUeHUM TUHEHNHOTO
yBeJIHYeHUs U pa3Mepa GOTOUyBCTBUTEIBHOIO 3JIe-
MeHTa 8X4;, = 0.0026".

CocTaBnsAioWwas norpewHoCT CMasbliBaHNA
n306paXkeHus BChefCTBUE ABUKEHMS AMM6O]A npu
KPYroBOM CYMTbIBAHUM

JBU>KeHHe KOHTPOJIHUPYeMOH yI/JOM3MepHUTe/lb-
HOM CTPYKTYPEL C YIJIOBOM CKOPOCTBIO W BHI3BIBAET
CMa3bIBaHUHE LLI/ICI)pOBOI‘O 1/1306pa>1<em/151 Ha6mo/:[ae-
MBIX I_LITpI/IXOB. CorjacHo I‘EOMETPI/I‘-IECKOI;I OIITHUKE,
B HepBOM HpI/I6JII/I>KEHI/II/I MOJKHO 3aIlCAaTh Be/JIU-
YHHY NPUPOCTA pa3Mepa U300paskeHU s MITPUXA
KakK JII/IHEI;IHYIO BeJ'II/I‘-II/IHy CMAa3bIBAHUS Alr KOTO-
paﬂ HpI/I BPEMEHI/I SKCIIO3HMI U CI)OTOHpI/IEMHI/IKa
tyxen AJIS1 HAbJIOJaeMOTO HITPUXA B BHJe BepTHU-
KaJIBHOU TUHUHU paBHa:

zy Zo+l,/ 2) 17)

A, = ot
1 3KCIT /( f: ZO + ].h

rge 1, - pasMep mITpUXa B TOPHU30HTATBHOM
HallpaBJIeHUH.

Ecnu He KOMIIEHCHUPOBATh BAUSIHHE CMa3blBa-
HUSI, TO C y4eTOM TOT0, YTO UCIIO/Ib3yeTCsI a/ITOPUTM
ompefeeHHs YSHepreTUUeCcKOro IeHTpa AJIs olpe-
Je/eHHUs TPaHUI] INTPHUXA, BOSHUKAET CUCTeMATH-
YecKas MOrpeImHoCcTh 8X,,,,,, PAaBHAS:

_ﬁ sxcnlz(f, ZO+1h/2j'

zo+1, (18)
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minimal areas of the limb, sufficient to determine the
spatial position of the individual stroke and its defect.

It is useful to further detect the stroke using the
one-dimensional S(x) representation of the recorded
image f(x, y). Figure 2 illustrates the result of
representing the original image of a stroke in the form
of a one-dimensional signal. The regions of interest
containing the strokes must then be found in the one-
dimensional representation of the image.

In the detected areas the stroke parameters are
defined, including its centre position defect. The
detection process does not determine accuracy of the
calculated flaw or stroke position and has no effect
on the resulting error. A high level of brightness and
uniformity of illumination of the limb area within a
given field of view of the reading head is required to
increase probability of correct stroke detection.

To further analyse parameters of the limb element
topology, it is necessary to calculate the nominal
lines with respect to which the stroke faults will
be calculated. For this purpose it is necessary and
sufficient to determine two points through which only
one line can be drawn. Finding points for drawing the
nominal line of the stroke boundary is done on the
basis of determining the stroke start points at the top
and bottom of the frame. This is done by representing
the image of the upper part of the frame based on the
summation separately of the lines from 1 to N/2 and
from N/2 to N. As a result, two energy distributions of
the stroke images in the upper and lower part of the
frame are formed (Fig.3).

After finding the nominal straight stroke edge, the
positions of the start and end points of each stroke at
the top and bottom of the frame are determined (Fig.4).
For this purpose it is enough to find the derivative and
determine the centre in the area of maximum and
minimum peaks of the signal:

dS (X) st (x 9S,(x)
ox T x

where S!(x), S¢(x) is the derivative for the signal
functions S,(x), S,(x) at the top and bottom of the
frame, respectively.

Finding the centre of the derivative in a given signal
area is expediently implemented on the basis of a
weighted summation algorithm:

S{(x) = (x) = (12)

ZX 0Si(x) X
ZX Osi(X ‘ (13)

In order to eliminate the influence of the background
component, it is useful to use a weighted summation
algorithm in window [A, Ayl
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Y3 IpuBeJeHHOTr0 BhIPaskeHU I BULHO, 4TO 80X a5
3aBHCHUT OT BpeMeHH 3KCIIO3ULIUK 1 CKOPOCTH IIepeMe-
IeHHU s IITPHXa (CKOPOCTH [IBHKEHHU S YITIOM3MEPUTeb-
HOH CTPYKTYPBI).

[1OrpenIHOCTh OIpesie/IeHUs] KOOPAUHAT TPaHHUIL
mTprxa (18) MOKHO Tak>Ke BBIPA3HUTh OT BAPHALIHH Bpe-

MeHH 3KCIIO3ULIUH St !

X, - {w / z(zf“lh/zﬂ St (19
zy+1,

H3meHeHMe HHTepBaJ/ia BpeMeHH 3KCII03u LU [TI0KM
Stywen 329ACTYIO 0OYCIOBIEHO 3KCIIIyaTaLlMOHHBIM
$aKTOpPOM BO3LeHCTBUS Ha 3JIeKTPOHHBbIE KOMIIO-
HEHTBI CUCTEeMBbI, FeHepUpyIollHe BpeMeHHBbIe 3JIeK-
TpUYeCKHe MMIIYIbChl 3alaHUA BPeMeHU 3KCIIO-
3SULMK. HapyleHue BpeMeHHBIX XapaKTePHUCTHK
BBI3BAaHO, B [I€PBYI0 O4Yepe/ib, HeCTabHIbHOCTBIO, KOTO-
pas obyciiaBiIKBaeTCsl K3MeHeHUSIMU TeMIIepaTyphl,
HaOps>KeHUs NHUTAHUA U OPYTHUMH GaKTopaMU.
JlJist COOTBETCTBYIOIIMX 3/IEKTPOHHBIX KOMIIOHEHTOB
IIPOM3BOAUTE/IH IIPEACTABIAIOT IPAAYyHUPOBOYHYIO
Tab/Iu11ly KOPPeKTHPOBKH BO3eHCTBUS TeMIIepPaTy Phl
Ha BBIXOJHOH CHUIHa/. Torga BeJM4YKMHa BapUalluHd
BpPeMeHH 3KCIIO3UIUH IIPHeMHHKa U3/ydyeHHus byner
BbIpa>kaThCs:

Otyen = AT [ Uy, ko +t, k], (20)

rae k,, k, - mompaBouHble K0O3QOUIIMEHTH H3MEHEeHHU S
BBIXOJHBIX XapaKTEePHUCTUK OIIePALIMOHHOI0 YCHIHUTE/IS
1 LUPPOo-aHATIOr0BOro IIpeobpa3oBaTessi IIPU U3MeHe-
HUU TeMIlepaTypsl Ha AT.

C yyeTom (20), BBIpaskeHHUe (19) MOKHO 3amucarh
B BU/JE:

§X, 0 = [co/ z(%—ﬂﬂﬂ[(uexp. k- +t,,- k)] Q)
Zy+1

U3 BBIpaskeHU s BULHO, YTO YeM boJbIle CKOPOCTh
IepeMelleHH s, TeM 60JIbllle BIUsHIEe HeCTabHIbHOCTH
9KCIIO3ULIMHU Ha IIOTPeIIHOCTh U3MePeHU I KOOPAHMHATEI
TpaHMIBI HITPHUXA.

OueHUM MpefenbHYI BeJIMYHUHY HOTPEIIHOCTH,
06yC/IOBIIEHHYIO CMa3blBaHKEM H300paskeHHUS U Bpe-
MeHeM 5KCIIOHHUPOBAHUS IIPU 3aJaHHOM YIJIOBOL CKO-
pocTH BpamieHHus 1uMba. IIpy MUHHUMAIbPHOM Bpe-
MeHHU 3Kcro3uiuu 0,04 Mc BeTMUMHA COCTaBIISAIONICH
[IOIPeIIHOCTH CMa3bIBAaHUS M300paskeHU S BC/IEICTBIE
IBIDKEHH S TMM6a ITPH KPYTOBOM CUHMTBIBAHUHU COCTA-
BUT O0X, ., = 0,012", TPy MaKCHMaIbHOM BPeMEHH 3KC-
mo3uuu 84,8 MC IIOTPEIIHOCTh COCTABUT 8,3 MKM.
TakuM 06pazom, It MUHMMH3ALUH 10T PEIIHOCTH
OT CMa3bIBaHUS H300paskeHU s HeOOXOIHUMO BBIIIOI-
HSITh PeTUCTPALI M0 H306paskeHUSI HA MUHUMAJIb-
HOM 3KCIIO3UIIHU.

X S x

X=A

C'= —Ast , (14)
> osix)

where A, = max{Si(x)-3} and A,=max{Si(x)+3}.

A nominal line L c(C',y) for the n-th stroke is
plotted through the resulting pairs of coordinates of
the centres of the derived signals.

With respect to the found nominal lines, the
magnitude of the defect and the boundary deformation
of each line is calculated, which is defined as the
standard deviation of the absolute difference between
the coordinates of the line boundaries with respect to
the nominal line in each N-th line of the image:

1 2
w, = \/ﬁ;(AXW—AXW) . (15)

For the developed algorithm, the error value of the
algorithm will be determined with the error of
determining the central point of the derivative of the
n-th signal Sh(x) by the weighted summation method
and will be equal to:

§X,, = 0,01 2= (16)

B’
where P, is a pixel size of matrix radiation receiver
measured horizontally, pm; B is linear magnification
of optical system of the reading head; 0.01 is an error
of the weighted summation method. Taking into
account values of linear magnification and size of
photosensitive element 8X4;, = 0.0026".

Component of the blurring error due to motion of the limb
during circular reading
Movements of the controlled angular measuring struc-
ture with angular velocity  cause blurring of the digi-
tal image of the observed strokes. According to geomet-
ric optics, in the first approximation, we can write the
value of the increase in the size of the stroke image as a
linear blurring value A;, which, at the exposure time of
the photodetector t,,, for the observed stroke as a ver-
tical line, is equal to:

A = @ty / (Zf—‘) —Llh/z} 1)

zy+1,

where 1, is a stroke size measured horizontally.

If the blurring effect is not compensated for, then,
given that the energy centre algorithm is used to
determine the stroke boundaries, there is a systematic
error 8X,,,, which is equal to:

(S)(CMa3 = ﬁ =wt, ., /2 Z_O—Llh/z .
2 £ zy+1,

cMas

(18)
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Bansuue gedopmanum 06bekTa KOHTpons (KNMHOBUAHOCTb
W Her10CKOCTHOCTb NOBEPXHOCTH I'IVIMﬁa) N HETOYHOCTH
€ro yCTaHOBKK1
BasKHBIM HCTOYHHKOM IIOTPEIIHOCTH IIPH KOHTPOJIe
3JIeMeHTOB TOIIOJIOTUH TUMOa SBJIsIeTCs ero popma,
a MMEeHHO, Ha/IHYHhe TaKHX ee OTKJIOHeHHMI, KakK
KJIMHOBUJHOCTD U HEIJIOCKOCTHOCTH ITIOBEPXHO-
CTH. [Ipyroil UCTOYHHUK IIOIPEIIHOCTH — HETOUHO-
CTH YCTAHOBKH JINMOA, 2 HMeHHO 3KCIIeHTPUCHUTET
U HeIlepIIeHAHKY/ISPHOCTD OCH BpallleHHU.
KIUHOBUIOHOCTD IIOOJIOKKHU JTHMOa momobHO
KJIaCCHUYECKON IIpHU3Me IIPUBOAUT K U3MeHEeHHU IO
OpHeHTAIlMH JIy4a Ha BBIXOZE M3 IIOAJIOXKH. IIpu
BpaleHUU TuMba n1y4 OymeT omKUCBIBATh KOHHUYe-
CKYIO IIOBePXHOCTh CHHXPOHHO C BpallleHHUeM I0f-
NOXKHU. Omunbra u3MepeHus 6X,, BbI3BaHHAS KJIH-

HOBUOHOCTDIO numMmba, HaXOOUTCH
W3 COOTHoIIeHU [17]:
8X, =z-tgo, (22)

rae O - ONyCcK Ha KIMHOBUJHOCTD; z - pabounn
0Tpe30K 06beKTHUBa.

Ilpu 3amanuu, z=0,25° MM, [3=50><, a BeJIMYMHa 0
OorpaHHYeHa TpebOBAHUSIMU JAHHOIO 3aJaHHUS

10120 yrnoBeix cekyHz. Torma 86X, = 0,06".

AHaJIOTUYHBIM 06pa30M MOXKHO HAKMTH IIOTpel-
HOCTb BC/Ie[ICTBHE HellepIIeHAUKYISPHOCTH II0BEPX-
HOCTH JTMUM6a U3 COOTHOILIEHHUS:

_z. @m-1)
B

rfe p - LOMYCK Ha MepIeHAUKYISIPHOCTh, pAaBHBIN
[IPUMEPHO 3 MKM i1 1'06oro yuacTka numba gua-
MeTpoM d =100 mM. [Ipu Takux JaHHBIX 80X, = 0,86".

TakuM ob6pa3oM, cuCTeMaTHYeCcKas COCTaB-
NAI0IAs OTPEIIHOCTH U3MepeHHUH, 00yCI0BIeH-
Has qebopmaiuen n1umba, paBHa:

8X, -arctan [ij ) (23)

2p

8X, = 8X_+8X, = 0,92".

[lorpemHOCTh, BbI3BaHHAasl 6HMeHHeM IINHH-
Hejst yIJIOM3MePHUTe/NIbHOIO YCTPOHMCTBA, TaKyke
KaK U IOTPeNIHOCTH 3KCIeHTPUCHUTeTa U abeppa-
LUK ONTHYEeCKOM CHCTeMBbl, HOCUT CHCTeMaTH-
YeCKUM XapaKTep U U3MeHSeTCsl IIepUOJHUYEeCKH.
JlaHHas COCTaBJISIONIAs IOTPEITHOCTH MOXKET OBITh
CKOMIIEHCHPOBaHa Ha 3Talle IOCTUPOBKU IMIKaJIbI
Y yCTpaHeHa BBeJleHHeM COOTBETCTBYIOIMX MIOIIpa-
BOYHBIX KO3QPUIIHEHTOB, KOTOPbIE O pefesoTCs
Ha OCHOBe JJaHHBIX, II0Jy4yaeMbIX ¢ 6710K0B 06pa-
OO0TKM TUHENHOH U yIJTIOBOM KOOPAHHATHL O TEKY-
IleM IIPOCTPAHCTBEHHOM II0JI0’KeHUH 1MMba 0THO-
CHTeJIbHO CYMThIBAIOIeH TOJIOBKH.

HAHO MHAVCTPUA Tom 15 Ne1 2022

It follows from the above expression that X,
depends on the exposure time and the stroke speed (the
speed of the angular measuring structure).

The error of the stroke boundary coordinates (18) can
also be expressed by variation of the exposure time
St

3KCIT*

X e = {o) / 2{%—

Variation of the exposure time interval 8t is often
caused by an operational factor affecting the electronic
components of the system that generates temporal
electrical pulses of the exposure time reference.
Disturbances in timing characteristics are primarily
caused by instabilities due to changes in temperature,
supply voltage, and other factors. For the appropriate
electronic components, the manufacturers provide a
calibration chart to correct for the effect of temperature
on the output signal. The value of the variation of the
exposure time of the radiation receiver will then be
expressed as:

Llh/zﬂ St (19)

zo+1,

8ty = AT [ Uy, k- +t, ks (20)

where k, k, are correction factors for changes in output
characteristics of operational amplifier and digital-to-
analogue converter when the temperature changes by
AT.

Given (20), expression (19) can be written as:

§X,.p = [w/z[%—%ﬂﬂ[(uexp-ku. o k)] (D)

From this expression, it can be seen that the higher
the travel speed, the greater the effect of the exposure
instability on the stroke boundary coordinate error.

Let us estimate the limiting value of the error due to
image blurring and exposure time at a given angular
velocity of limb rotation. At minimum exposure time
of 0.04 ms the magnitude of error component of the
image blurring due to limb motion at circular readout
will make 8X,,., = 0,012", at maximum exposure time
of 84.8 ms the error will estimate 8.3 pm. Thus, to
minimize the error from image blurring, it is necessary
to perform image registration at the minimum
exposure.

Effects of the control object deformation (wedge-shaped and
non-planar limb surfaces) and inaccuracy of its mounting

An important source of error in checking elements of
limb topology is the shape of the limb, namely its devi-
ations such as wedge-shaped and non-planar surfaces.
Inaccuracies in the positioning of the limb, namely
eccentricity and non-perpendicularity of the axis of
rotation produce still another source of the error.
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CymMapHast norpewHoCTb OCHOBHBIX COCTABASIOLYMX
NOrpewHOCTe! CYUTHIBALOLLEN FONOBKM

HCHOJII:SYS[ HOHy‘-IEHHbIe 3HAYeHHs COCTAaBIAIOIINX
HOFpEH_IHOCTI/I, 10 U3BeCTHOM MeToaHKe, MO>KHO HPO‘
BeCTHU pacqu cmeapHoﬁ l'IOI‘peI.LIHOCTI/I CUUTBIBAIO-
IleH TOJI0BKU. BrIpaskeHHe AJIs CYMMapHOL ITOTpell-
HOCTHW MAIIHUHBI HpI/I KOHTPOJ’Ie BeJIMYUHBI ILe(l)EKTa
3JIEMEHTOB TOIIOJIOTHUH YI‘JIOI/I?,MepI/ITEHI:HOﬁ CTPYK‘
Typr HMeeT B

- 2 2 2
TAX, = \BX0, + 8XE +8X2,,, +8X,. Q4)
PacyeT ¥ MCCIeJ0BaHKe IIOrPeIIHOCTH IIOBbILIeH-
HOM TOYHOCTH, 00yC/IOB/IeHHbIE BhIIIeIlepedrcIeH-
HBIMH COCTaBJISIONMMHU, [I0KA3a/JIK, YTO BeIMYUHA
CYMMapHOH IIOIPelIHOCTH He npeBblmaet 0,038 MKM.

BbIBO/bl

L5 obecriedeHU st HE06XOAHUMBIX TPeOOBAHMUI ITOBBL-
IIeHHOH TOYHOCTH C UCII0/Ib30BaHKEeM CUHThIBAIOIIer
TOJIOBKH JIJIsl aHa/IK3a U306paskeHH I 3/1eMeHTOB TOIIO-
JIOTUU yTTIOM3MePUTEeIbHBIX CTPYKTYpP He0OX0qHMO
IIOCTPOeHMe OIITUKO-3JIeKTPOHHOI CUCTeMBI Ha ba3e
matpuuHoro [13C-poTorprueMHUKa C pa3mepoM GoTo-
4yBCTBUTE/IBHOIO 37IeMeHTa He MeHee 3,1 MKM U pas3pe-
meHHeM 4330 x2854 niuKkcened U paspsgHocTs ALIII He
MeHee 12. CucTeMa 10/I’KHA paboTaTh B OTPaskeHHOM
cBeTe Ha pabouell nuuHe BoAHEL 450 HM. [Ipu Benu-
YMHe JIMHEHHOTO YBeJUYeHHUsI B =50X 1 orpaHHUYeHH U
Ipefe/lbHOM pa3pellaloller ciocobHOCTH B 0,2 MKM
HedeKThl MeHbIIEero pasMepa pasTudUMBbl He OyayT.
Pa3mep JIMHENHOIO [10/1s1 3peHHU S IIPH 33IlaHHOM yBe-
JIMYeHUH cocTaBUT 290 %190 MrxM. Heobxommumas cpen-
HsIsl CKOPOCTD [IJISL CUMThIBAHHUS JOPOXKKH Ha MaKCH-~
MaJIbHO BO3MOXHOM pajJiuyce YIJIOM3MepUTe/NTbHOU
CTPYKTYPbI COCTaBUT V=2 MM/C, a YIJI0OBasi CKOPOCTh
BpallleHKs paBHA = 1,4 rpaz/c. IIpH 3aJJaHHBIX I1apa-
MeTpaxX CUMTHIBAOIIeH FOJIOBKHU IIpe/ie/IbHas [TOr pell-
HOCTB COCTaBUT He 6ostee 0,96" (0,038 MKM).

NHO®OPMALINA O PELLEH3MPOBAHUU

Pepmakuus 61arofapUT aHOHHMHOIO PelleH3eHTa
(pelLieH3eHTOB) 33 UX BK/IaJ, B PeLleH3UpPOBaHUe 3TOK
paboThl, a TaKsKe pa3MellleHHe CTaTel Ha CakTe XKyp-
Hasla U nepenauy HO6 eLIBRARY.RU.
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The wedge shape of the limb substrate, similar to a
classical prism, causes the beam to change orientation
at the exit from the substrate. As the limb rotates, the
beam will describe a tapered surface synchronously
with the rotation of the substrate. The measurement
error 8X, caused by the wedge shape of the limb is
found from the relation [17]:

8X, =z-tgo, (22)

where 0 is the wedge-shape tolerance, z is the working
distance of the lens.

When given, z=0,25° mm, B=50x, and the value of
0 is limited by the requirements of this assignment to
120 angular seconds. Then 68X, = 0.06".

Similarly, you can find the error due to non-
perpendicularity of the limb surface from the ratio:

z (n-1) d
§X, =5 arctan (Z_pj’ (23)

where p is the perpendicularity tolerance, equal to
about 3 pm for any section of the limb with a diameter
d =100 mm. With these data 6X, =0.86".

Thus, the systematic component of the measurement
error due to the deformation of the limb equals:

8X, = 8X_+ 68X, =0,92""

As with eccentricity and optical system aberrations,
the error caused by the angular measuring spindle
run-out is systematic and varies periodically. This
component of the error can be compensated for at
the scale alignment stage and is eliminated by the
introduction of suitable correction factors which
are derived from the linear and angular coordinate
processing units on the current spatial position of the
limb relative to the reading head.

Total error of the main error components of the reading head
Using these error components, it is possible to calculate
the total error of the reading head using the known
procedure. The expression for the total error of the
machine when controlling the magnitude of the defect
of the elements of the topology of the angle-measuring
structure is as follows:

TAX, = \[8X% gy +8XY +8X2,, +OX

dip 3KCII S*

(24)

Calculation and study of the enhanced accuracy
error due to the above components showed that the
total error does not exceed 0.038 pm.

CONCLUSIONS
In order to meet the required enhanced accuracy
requirements using a reading head for analysis of the
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Heknapauus o KoHpaukme unmepecos. Asmop 3assnsem 0o
0Mcymcmauu KOHPAUKITOB UHMEPecos UAU AUMHBLIX OMHOWeHUL,
Komopble mMo2Au bl n08AUAML HA pabomy, npedcmasAeHHyHo 8 daH-
Holl cmamebe.

images of the topology elements of angle-measuring
structures, an optoelectronic system based on a matrix
CCD photodetector with a photosensitive element size of
at least 3.1 pm and a resolution of 4330x2854 pixels and
an ADC resolution of at least 12 digits must be designed.
The system should operate in reflected light at an oper-
ating wavelength of 450 nm. With a linear magnifi-
cation value of B=50x and a resolution limit of 0.2 pm,
smaller defects will not be distinguishable. The size of
the linear field of view at a given magnification will be
290x190 pm. The average speed required to read the track
at the maximum possible radius of the angle measur-
ing structure will be v=2 mm/s and the angular velocity
of rotation is w = 1.4 deg/s. With the given reading head
parameters, the margin of error will be no more than
0,96" (0.038 pm).

PEER REVIEW INFO

Editorial board thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. It is
also grateful for their consent to publish papers on the
journal’s website and SELibrary eLIBRARY.RU.

Declaration of Competing Interest. The author declares that he has
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

U3OATEJIBCTBO «TEXHOC®EPA» NPEOCTABINAET KHUTY:

Camoxun A.B.

PUIMKK

OBbEMHBIE CUHI'Y/IAPHBIE
MHTETPA/IbHBIE YPABHEHW
INEKTPOJUHAMMWKN

M.: TEXHOCPDEPA, 2021. - 218 c. ISBN 978-5-94836-618-0.

g...

B KHUre © NOMOLBI CHHIYIAPHEX HHTEIPANBHEN YPAUHCHHA PACCMaTPHBAOTCH Pa3nuyHbie
KAAcchl 3ajad aferTpofuHasikn. Motnorpaduin coctont us aeyx acteit. B nepsof 4acti sbi-
BOMATCA OO LCMEBIE CHHIYIAPHBE HHTETPATBHEE YPABHCHIA, ONNCAIBAIOUINE 3341 PACCEANNA
AEKTPOMATHHATHRIX BO/IH HA TPEXMCPHBIX HOOHOPOIHBIX H AHHIOTPONHBY CTPYRTYPAX, 4 TAKKE

CHHIYAAPHEIC YPARHCHIA C 320a310bIBAHHEM 110 BPEMCHH, GHHCHBAIINE 32 ZaM1 BE3aUMOIeACTEI
HECTAUHOHAPHOTD HI0A © OFPaHMNEHHON MATCPHANLHON cpenoi. C HonobsosaHness Iy IeHHBX YPABHEHH JOKIIH BIOTON TCopesil
CYNECTROBAHIS 1 CAMHCTEEHHOCTH PEHICHI PATITTHIX KAACCOR 38784 PACCenni Bonn. Bo BTOPOil 9acTi wanaraiorcn wiepaiuoHHe
METOIL UL PELCHIS YPARHEHIT, MATCMATHICORN CIPOT0 0BOCHORMBAETCH TPUMEHEHIE MeTaia TaAePRIHA I METO KORIORATII 18
UHCACHHOTD PEIICHIA YPABHCHI, ONICLEBAIONIIX 371391 PACCEARNA BOMH HA TPEXMEPHIWX HEOIHOPOTHIX H AHHAOTPOIHLIX CTPYK-
Typax. [Ipeinararton sddekTHRHbIE ATTOPHTAMB YHCIEHHOTO PEIICHIA CHHIYAPHLIX YPanHCH.

KAK 3AKA3ATE HALUM KHWIM?

125319, Mocksa, afm 91; Tan.: +7 4835 234-0110; chakc: +7 495 956-3346; e-mail: knigi@technosphera.ru; sales@technosphera.ru

HAHO MHAVCTPUA Tom 15 Ne1 2022



YeTblpHaguaTas MexayHapoaHas cneuuanuqmﬁnaa :

29 - 31 mapta 2022

‘». 7 \;.‘

_ 2Ufi
Poccusa, MOCKBaQ, s
LIBK «2KcnoueHTp», NaBu/iboH 1

OcHOBHbIe pa3aenbl BbICTABKMU:

" [ > HEZABMCHMBIA
+ Chipbe AR NPOM3BO/ACTEA KOMNOIUTHLIX MaTepHanos, ..iﬂ i { b\ e
HKOMMNOHEHTHI: CMOAbI, ,ﬂ,ﬂﬁaBHH, TeEpMAnNacTUrM;yrnepooRoe EIPG Rating CHCTEMEI ayauT

BOMNOHKHO M T.A.
« Hanoauutenu u moauduratops MapannensHo NPOBOAMTCA BLICTABHKA!

* Creknonnactuk; yrnennactuy, rpaduronnactu, . nOﬂMyPETAHaKC

BasansTonnacTvk, BazansToBblE BONOKHE, APEBECHD-

noauMmMepHbld komnosut [ANK) v T.4. TN AT A AT AR A A 114 A4 A CoB A BT B
wowwe potyurethanes. ru

s Monydabpurartel (npenpern)

» MpombiUNEHHBIE [TOTOBLIE) M3AEANA M3 KOMIO3UTHBIX

MaTepHanoe

* TexHONOrMK NPOM3BOACTES KOMNO3IUTHBIX MaTEpHManos

CO CNELMANbHBIMK M 33aJaHHBIMK CBOWCTEaMMH

s OBopyaoBaHWe W TeXHONOTMYECHanR OCHACTHA

ONA NPOM3BOACTES KOMNO3MTHEIXMATERHANCDE

* MHCTpYMEHT AnA 06pabaTkK KOMMNOIMUTHBIX MaTepHanos

* WamepuTensHoe u ucrsiTatensHoe obopyaosaHue
* CepTuduralla, TEXHWIECHWUA PErNamMeHT g:;::;ﬂh“bm
* KomnbloTepHoe mogenpoganme o KNEWU U

= Yrunuzauma " ket TEPMETHMEM

UHdopmaunOHHaA NnoagepHKa:

= T

' (s v i comronm oo SRS 3y » P—

G- AUTOMOTIVE AFROGSPACE (R aTarms -0 " . ??‘;,::'““
wiBn T dysewen UGG HAHOMDEDS
" TEONTL = BCEang, .. T EFENER, EOTH
B Compositebook . = Cromies crebikn sect-cend RS :l-'i:.'.’-ln' \L-
AupeKryms; Opranm3satopsbl:
Bbjcramm Hmnrtw qﬂmﬂx{:nnw
115230, qu cum, Mockea, Xnebosasenckui npoesa, X O Eﬂ i &
Aom 1e 10, oduc 507 | Ten.: 8495 958-1620 : ‘hl ; [l
E-mail; lnﬁl@tumpomtﬂ-expﬂ ru | Cait: www.composite-expo.ru k‘ﬁ.‘
|

Mup-Ikeno

DT A RO THTA

'ﬂlum youtube.com/user/compoexporussia y @mmﬁ"—'ﬂﬂﬁm b o



100% FTAPAHTUA

TEXHOCODEPA MONIYYEHUA BCEX HOMEPOB

PEKNAMHO-W3OATENBCKWI LLEHTP

OT WJLEW A0 JATTVCKA
BAFGHIB0ACTRD

e S |
Croumocts 2200 p. 33 HOMeD Crovmocts 1430 p. 3a HoMmep Croumocts 1430 p. 2a HOMEpP
MNepvogMyHocTs: 10 HoMepoR B rog MepHoaryHoCTE: 8 HOMEDOR B rag MNepHoaMYHOCTE: B HOMEDOB B Mon
www.electronics.ru wwnw photonics.su www j-analytics.ru

[IO[IMHCKA HA XYPHAIIbI

www.technosphera.ru

CETH TRACKSIDE B METPO

bl YMEEM CTPOMTE Ty U

“CEA3L-2027" - KPYTHERLIAN
BHIHEC-TUNOULALKA -
B COEPE TENENOMMYHMCALIE

1] HH-I-Q;'uAu,HDHI-IHl

LR st -

e — T

— E—— ——

o 15 1 | 2022

CTtoumocts 1056 p. 3a Homep Croumocts 1287 p. 2a Homep Croumocts 1716 p, 3a Homep
MepHoarYHOCTE: 8 HOMEPOR B rog MepHoaruHocTs: 8 HOMEDOR B o MNepruoaHyuHoCTe: 4 HOMePa B ron
wawwlastmile.su wawnw.nanoindustry.su wanw stankoinstrument,su



