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METO/J U3MEPEHWS PEJIbE®HO-
YACTOTHOW XAPAKTEPMCTUKM
NA3EPHbIX NTOKATOPOB

NP CKAHUPOBAHWUU PEJIbEDA

B.A.Conomamun, d.m.H., vsolomatin@mail.ru,
JI.A.Banabanosa, acnupanm, Mockosckuii 2ocydap-
cmeeHHblll yHUsepcumem 2eode3uu u kapmozpaguu,
Mockaa, Poccus

MNpuBoANTCS oNMcaHue yCTaHOBKW, NpefHa3sHa4YeHHOMN
ANs onpepeneHuns pesbedHO-4acTOTHbIX
XapaKkTepuCTMK, MeTOAMNKA U pe3yabTaThl

M3MepeHuii. BBoaumTca noHsTUe "penbegHo-
YacToTHasi XapaKTepucTuka“, npeacrasnsiouiee
NasepHbI cKaHep Kak puabTp NPOCTPAHCTBEHHbIX
4acToT NpU 30HANPOBaHUN pe/ibeda NOBEPXHOCTH.
MpepnosxxeH cnocob nsmepeHus penbedHo-
YaCTOTHbIX XapaKTepUCTUK Sla3epHbIX JIOKaTOpPOB

C UCNOJ/Ib30BaHUEM TeCcT-06beKTOB B Buge ctryneH4artoro
M3MeHeHUs AanbHOCTU (MPOCTPAHCTBEHHbBIN aHanor
M3MepeHUs NepexofHO XapaKTepucTuKm).

BBEAEHUE

B paMKax TeopuH JTHHEMHON QUIBTPALIMU HCIIONb3Y-
I0TCSL TaKue 0600IleHHble XapaKTepUCTUKHU OITHYe-
CKHMX M ONTHKO-3/IeKTPOHHBIX CHUCTeM, KaK HMIIYJIbC-
Hasi XapaKTepUCTHKa (QyHKIMS pacCesiHHS TOYKH,
OyHKLMS paccessHUSI JIMHUH), IPOCTPAaHCTBEHHO-
YaCTOTHAsl XapaKTepHUCTHUKA, KOHTPACTHO-4acTOTHAs
XapaKTepucTuka (QyHKLHUS Iepefadd MOIY/ISLHH),
nepexofHas xapaKTepUCTHKa (KpaeBast pyHKIUA) [1,2].
9TU XapaKTepPUCTHUKH, KaK H3BeCTHO, B3aHMOCBS-
3aHBI U NPeJCTAB/ISIOT CUCTEMY B LIeJIOM HJIH OTZe/Ib-
Hble ee 3BeHbsl KaK QMIBTP IIPOCTPaHCTBEHHBIX
4YacToT, IepefalollUM CIeKTpalbHOe (IO IPOCTPaH-
CTBEHHOI 4acToTe) paclipefle/leHHe SHepreTHUecKUX
COCTABJISIIOIIMX CHTHaja (IIOTOKA M3/ydeHHs, SIPKO-
CTH, 00/1y4eHHOCTH), U [03BOJISIOT OLIeHHUTh KaueCTBO
ONTUYEeCKON HJ/IH ONTHKO-3JIEKTPOHHOM CHCTEMBI,
cosmamomei u3obpaskeHue obpvekTa. Tak, IpPH CKa-
HUPOBAaHUH pa3jokeHHe I0/si 0630pa OIIHCHIBAETCS
CBepPTKOM QYHKUMHU pacIpefe/leHUsl MOTOKa H3Jy-
YeHHUs B IIosie 0630pa ¢ MMITYJIbCHOM XapaKTePUCTH-
KOM CKaHHUPYIOILIer CUCTeMBl. I10 IPoCTpaHCTBeHHON
KOOpAMHaTe (10 OCH CKaHHPOBAaHHUS) CBEPTHIBAIOTCS
3HepreThdveckue (CBeTOBble, SIPKOCTHBIE) ITPOLIECCHI,
I103BOJISIIOIIME MOJe/INPOBaTh JBYMEPHYIO (IIJIOCKYIO)
IIPOCTPAHCTBEHHYIO CTPYKTYPY.

68 ®OTOHMKA N24/64/2017

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
ONTUYECKUE UBMEPEHUS I——
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

MEASURING METHOD

OF RELIEF-FREQUENCY
RESPONSE OF LASER LOCATORS
IN THE RELIEF SCANNING

V.A. Solomatin, Doctor of Engineering Sciences.
vsolomatin@mail.ru, D.A. Balabanova, graduate
student, Moscow State University of Geodesy and
Cartography, Moscow, Russia

The concept of "relief-frequency response" has
been introduced, representing a laser scanner
as a filter of spatial frequencies when probing
the surface relief. A method for measuring the
laser locator relief-frequency response has
been proposed using test objects in the form
of a step change in range (a spatial analogue
of measuring the transient response). The
article describes the installation designed to
determine the relief-frequency response, the
method and the results of measurements.

INTRODUCTION
In the framework of the theory of linear filtration, the
following generalized characteristics of optical and
optoelectronicsystemsareused, suchaspulseresponse
(point scattering function, line scattering function),
spatial frequency characteristic, contrast-frequency
response (modulation transfer function), transition
response (edge function) [1, 2]. These characteristics
are known to be interrelated, representing the
system as a whole or its individual links as a spatial
frequency filter that transmits the spectral (by spatial
frequency) distribution of the energy components
of the signal (radiation flux, brightness, irradiance)
and allowing us to estimate the quality of the optical
or optoelectronic system, which creates an image of
the object. Thus, the scanning of the field of view
is described by the convolution of the distribution
function of the radiation flux in the field of view
with the pulse response of the scanning system. By
the spatial coordinate (along the scanning axis), the
energy (light, brightness) processes are convolved,
allowing to model a two-dimensional (flat) spatial
structure.

With laser scanning for the purpose of constructing
a spatial model of the relief (laser location), an
informative parameter is the range as a function of
the spatial coordinates determining the direction
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IIpu 7ma3epHOM CKAaHUPOBAHUHU C 1LIe/IbI0 IIOCTPO-
eHHsI IIPOCTPAHCTBEHHOM Mofenu penbeda (1asep-
HOM JIOKaLIMM) HHPOPMATHBHBIM IIaPaAMETPOM SIBJISI-
eTcd OAJIBHOCTh KaK QYHKIHS MPOCTPAHCTBEHHBIX
KOOPAHHAT, OIpeeNsIoNUX HallpaBJIeHHe B IIONe
0630pa, To ecTh penbed CKAHHUPYeMOM IIOBEPXHO-
CTH, a He KaKOH-IH60 >HepreTHYeCKUM IIapaMeTp
CUrHana. MMIynbcHAas XapaKTepUCTHKA CHUCTeMBI
U Ipolefypa CBePTKU IMPHOOpPeTaroT B 3TOM CIy-
Jae WHOM CMBICJI. MMIyJIbCHAsl XapaKTepHUCTHKa
TPaKTyeTCs KaK QYHKIIHS, OMMCHIBAIOMAS BBIXOJ-
HOI CUTHaJI IIPU BXOJAHOM BO3[EMCTBUH, IIpeACTaB-
JIIeMOM 6-(1)yHI<uHeI71. Mogeibio 8—(1)yHKLmH opu
3HEpPreTHYeCKOM OIIMCAHHUH CHUTHAJIA MOXKeT OBITh
TOYEeUHBIN UCTOYHUK H3/IYUYeHUS HJIH [IPU OLHOMeEp-
HOM IIpe[CTaBJIeHUMU CUTHaIa CBETSILIASCS JTHHUS.
IIpyu onMCcaHUM CUTHana QyHKIHel pacnpeneneHus
JANBHOCTH IO HPOCTPAHCTBEHHBIM KOOpPAHMHATaM,
TO eCTb IIPU OIIMCAHUU penbeda ITOBEPXHOCTH, MoOJe-
NbI0 8-QYHKIIUHM MOSKeT CIIY>KUTh, HAIPUMeP, Y3KUU
BBICTYIl Ha IIJIOCKOM IIOBEPXHOCTH, NpenCcTaBIsIo-
MM HUMIYJIbCHOE HM3MeHeHHe CTPYKTYPHI peibeda
(manpHOCTH). IIpHM CKAaHHUPOBAHHUH TAKOIo 0OBEKTA
CHCTeMOM JIa3epHOM JIOKALlUM BO3HHUKAET CHUTHAI,
NpeACTaBASIOMUN HMIIYIbCHYI0 XapaKTePUCTHUKY
CKaHHUPYIOIIeH CHCTEMBI.

CKAHUPOBAHWE PEJIbE®A

JonycTUM, CKAaHHPOBaHHe JIa3ePHBIM IIyYKOM OCY-
IeCTB/ISITCS 10 OCH X, CKAHUPYeMBIH penbed 3amaH
byHKOpen S(x) B 3aJaHHOM CHCTeMe KOOpIAMHAT
(puc.l). PyHKIMS S(X) IBISETCS CeueHHeM JIByMepHOL
dyHKkuMK S(X,y), OIHCBIBAIONIEl peibed IIPU QUKCH-
POBAaHHOM 3HAaUeHUH Y, U oIlpele/sieTcs KaK

R‘N\U‘

S(x)- ['S(x.y)dy,

N|o

roe b - mupuHa cTpoku. Ha puc.la moxkasaHBb
pacxofsiuiuecs jasepHble IyYKH M3 ABYX To4ek
IOJIOKeHU s CKaHepa X; U X,. Ha IJIOCKOM ydacTke
IIOBEPXHOCTH Ja3epHoe ISITHO HMMeeT pa3Mep a
10 OCH X, IIPUYeM /11 CHMMETPHUYHOIO J1a3epPHOT0
nyyka a=b. IIpy HCIIONIB30BAHHUHM HMIIYJIbCHBIX
OaJ1bPHOMEPOB [aJIbHOCTb OIpefensieTcsl 110 HHTep-
Bajly BpeMeHHU MeX7y IlepelaBaeMbIM HUMIIYIbCOM
U OTPa’keHHBIM OT IIOBEPXHOCTH HMIIYIbCOM (3XO-
CUTHAJIOM), IIOKa3aHHBIM Ha pHc.lb U 1c. B obuiem
clydae IPU AHUCKPETHOM H3MEpPeHUM [AATbHOCTH
C oIlpefeleHHON BpeMeHHON YaCTOTOH OCYIIecT-
BJISIETCS IIPOCTPAHCTBeHHAas BbIOOpKa QYHKIIUU
S(x) c ee ycpelHeHHeM BHYTPH pa3Mepa Jasep-

HanpasneHve ckaHMpoBaHUs

S(x)

a)
I(©) DX0-CUTHanN
| « | t
0 ‘ : D |
b ! |
o] |
© | SXx0-curHan
| « | /_/\ t
I P ! |
of | 1 ;
o I
I(t) |
I I
0 ‘ |0 Il |2
d)

Puc. 1. CkaHuposaHue Ad3epHbIM Ny4KOM: a) Ad3epHble Ny4KU;
b) axo-cuzHan npu AoKauuu u3 MouKU X, ; ¢) 3Xo-cuzHan npu
AOKAUUU U3 MOYKU X, ; d) omcuempl danbHocmu I, u l,

Fig. 1. Laser beam scanning: a) laser beams, b) echo signal
when locating from x, point, c) echo signal when locating from
X, point, d) range counts I, and |,

in the field of view, i.e., the relief of the surface
being scanned, and not any energy parameter of the
signal. The pulse response of the system and the
convolution procedure acquire a different meaning in
this case. The pulse response is treated as a function
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S(x)

describing the output signal
at the input action represented
by the 6&-function. The model
of the 6-function in the energy
description of the signal can be
a point source of radiation or, for

] — 0.6{ >

fi a one-dimensional representation
of the signal, a luminous line.
When describing a signal by the
range distribution function with

J s(f,)
\A
=,

respect to spatial coordinates,
i.e., when describing the surface
relief, a model of the §-function
can be, e.g., a narrow protrusion

Puc.2. K pacuemy umnyAnbcHol xapakmepucmuku ckaHepa
Fig. 2. Calculation the scanner pulse response

X -1/a 0l 1/2a 1/a fx
R(x)=S(x)
_/\k S(f)R(F)
S(x)
0 X ~fm 0

£ on a flat surface representing a
pulse change in the relief (range)
structure. When such an object
is scanned with a laser locating
system, a signal appears that

Horo msTHa [2,3]. OgHaKo IpPU AOCTATOYHO BBICO-
KO 4acToTe BBIOOPKU (HECATKU OTCYETOB B Mpene-
Jax /1a3epHOro MsiTHA) Ipoliefypa CKAaHUPOBAHUS
CBOAUTCS K CBepTKe QYHKIUHK S(X) C HUMIY/IbCHOM
XapaKTEPUCTUKOM CHCTeMBI R (X):

S(x)*R(x)= f:S(X)R(AX—X)dX,

a CIIeKTP CBEPTKH HAXOOUTCS IPOHU3BeJeHHEeM COOT-
BeTCTBYIOmUX crieKTpoB S(f)R(f,), rme f, - mpocTpan-
CTBEHHAsl 4YaCTOTa, % — 3HAK CBEPTKH, AX — CABHUT
I10 ocH X (pHuc.2).

Ha puc.2 BUJHO, YTO B Pe3y/IbTaTe CBePTKHU CIIEKTP
¢yHKUMHU S(X) yTPauHBaeT BBICOKKE IIPOCTPAHCTBEH-
Hble YaCTOThl U MOJeNb pesibeda OKa3bIBAETCS CIJIA-
SKeHHOHM. B H/leaJIbHOM CJlydyae HMMIIYJIbCHAsI XapakK-
TEePHUCTHKA CHCTEMBI OIMCHIBAETCSI IPSIMOYTOIbHOM
byHKILMeH, IIUPHUHOL, PAaBHOM pa3Mepy a Jla3epHOro
ISITHA M0 OCH X. CIIeKTpPOM IMPSIMOYTOJIBHOM QyHK-
uuu R(x) sBasieTcss QYHKIMS OTCUETOB

R(f,)=asinc(af,),

rze
sin(maf, )

sinc(af, ) - p

dynkuus R(f,) y6beiBaeT mo ypoBHs 0,6 mpu
f,=1/2a, T.e. Ha 4acToTe, BJIBOe MEHBIIEI YACTOTHI
IepBoro Hyas GyHKUHUH OTCYETOB, IIO3TOMY IIpHU
MOfleIMPOBAaHUU penbeda IPOCTPAHCTBEHHYIO
vyacrtoty (f,=f,=1/2a) ynobHo cumMTaTh MaKCHMaJb-
HOM I10 YPOBHIO 0,6 HaCTOTHOU XapaKTepPUCTHUKHU.
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represents the pulse response of
the scanning system.

RELIEF SCANNING

Let us assume that the scanning with a laser beam
is performed along the x axis, the scanned relief is
given by the S(x) function in the given coordinate
system (Fig. 1). The S(x) function is a section of the
two-dimensional S(x, y) function describing the relief
for a fixed value of y and is defined as

%N\U‘

S(x)= [S(x.y)dy,

where b is the width of the line. Fig. 1a shows the
divergent laser beams from two points of the scanner
position, x; and x,. On a flat part of the surface,
the laser spot has a dimension a along the x axis,

No

Puc.3. Cxema 3kcnepumeHmanbHol ycmaHosku: 1- aazep-
HblIl 0aAbHOMEP, 2 = NYY0K U3Ay4eHus, 3 — mecm-06sekm,
4 - N00BUXXHOE OCHOBAHUE, 5 — MUKPOMEMPEHHbIL 8UHM,
6 - Mukpomemp

Fig. 3. Experimental installation scheme: 1~ laser range
finder, 2 - radiation beam, 3 - test object, 4 — moving base,
5 — micrometer screw, 6 — micrometer
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Puc.4. HopmuposaHHas nepexodHas xapakmepucmuka
Fig. 4. Normalized transient response

1,2

10 | \

\
J

G (x), oTH. eq.

X, MM

Puc.5. HopmuposaHHasg umnyabcHasn xapakmepucmuka
Fig. 5. Normalized pulse response

SKCNMEPUMEHTAJIbHOE ONMPEAEJIEHUE
MMNYJ/IbCHOM XAPAKTEPUCTUKU

Ha npakTHKe MUMITyIbCHAsl XapaKTePUCTHKA CKaHepa
MOXKET OT/IIMYaThCsl OT HJEaJbHOM IPSIMOYIOIbHOM
dopmel. TeopeTHUeCKH PacCUUTaTh ee GOpPMy He IIpefi-
CTaBJIeTCS BO3MOKHBIM, II03TOMY /ISl ONKCaHMS
CKaHepa KakK QHUIbTPa IPOCTPAHCTBEHHBIX YaCTOT
1eslecoobpa3Ho 3KCIepHMeHTalbHOe OIlpefie/leHHe
HMMITY/JIbCHOM XapaKTepUCTHKHU II0 OIpefieJleHHBIM
TecT-06beKTaM. Haubonee yno6HOM B IIPaKTHYECKOM
OTHOIIEHHH IIpeJCTaB/IseTCsl MOAeIb CTYIIeH4aToro
CHTHaJIa, KCII0/Ib3YeMOro IIPH OIIpefie/leHUH IIepexof-
HOM XapaKTePUCTUKHU CHUCTeMBbl (KpaeBoM QyHKILIMH).
Takast Moje/nb CPaBHUTETIBHO IIPOCTO peash3yeTcs
B BHJIe IIPSMOYTOJBHOIO YCTyIla, CO3ZAIOLIero CTy-
IeHYaThll Iepernaj JaJbHOCTH IIPH PacIIONOKeHUU
IJIOCKMX IOBEPXHOCTeI MoJeNnu IepIeHJUKYISIPHO
OCH JIa3epHOro Iy4YKa. YIOMSIHYTasl BbIIIe MOJeb
8-GyHKLMH B BHJe Y3KOro BBICTyIla Ha ILIOCKOH
IIOBePXHOCTH Ha IIPaKTHKe OKa3a/ach MeHee yIo6HOM.
HIMIIyJIbCHYIO XapaKTePHUCTHUKY MOXKHO IONTYy4HTb,
IubdepeHIIUPYS [IePeXOAHYI0 XapaKTePUCTHKY, IOy~
YeHHYIO 10 CTYIIeHYaTON MOJIe/IH [T0BEPXHOCTH.

CXEMA YCTAHOBKHU
s mpoBefeHHUS SKCIIePHMeHTa II0 H3MepPeHHI0
NepexoJHOM XapaKTepPUCTHKHU JIa3epHOro AajibHO-

where a = b for a symmetric laser beam. When using
pulse range finders, the range is determined by the
time interval between the transmitted pulse and the
reflected pulse from the surface (echo signal) shown
in Fig. 1b and 1c. In the general case, for a discrete
range measurement with a certain time frequency,
a spatial sample of the S(x) function is performed
with its averaging inside the size of the laser spot [2,
3]. However, at sufficiently high sampling frequency
(dozens of counts within the laser spot), the scanning
procedure is reduced to the convolution of the
S(x) function with the pulse response of the R(x)
system:

S(x)#R(x)= f:S(X)R(AX—X)dX,

And the convolution spectrum is the product of
the corresponding spectra S(f)R(f,), where f, is the
spatial frequency, = is the convolution sign, and Ax is
the x axis shift.

Fig. 2 shows that, as a result of convolution, the
spectrum of the S(x) function loses its high spatial
frequencies, and the relief model is smoothed out.
Ideally, the pulse response of the system is described
by a rectangular function, a width equal to the size a
of the laser spot along the x axis. The spectrum of the
rectangular R(x) function is the function of counts

PHOTONICS N24/64/2017 7
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Pe3ynbTaThbl l/I3MepEHl/Il;I I'IEDEXO,EI,HOVI XapaKTepuUCTnkm n oueHka nx TO4HOCTU

0,0 8,522 8,522 | 8,521 8,522 | 8521 | 8,522 8,522 8522 8522 8522 8522 444-107 1,40546-1077
0,3 8,523 | 8,523 8,522 8,522 8,522 8,522 8,523 8523 8523 8,523 8,523 1,78-10° 5,62183-1077
0,6 8,524 8,524 | 8,523 8,523 | 8522 8,523 8,524 | 8,523 8523 | 8,524 8523 4,44-107 1,40546-1077
0,9 8,526 | 8,527 8,526 8,525 8,526 8,524 8,527 8,526 8,526 8,527 8,526 1,11-107 3,51364:1078
1,2 8,530 | 8,531 8,534 8,531 8,532 8,526 8,535 8,535 8532 8533 8,532 | 4,44-107 | 1,40546-1077
15 8,536 | 8,538 8,54 8,538 8,539 8,534 8,54 8,541 8,539 8,538 8,538 1,00:10°®  3,16228-1077
1,8 8,541 8,544 | 8,544 8,545 | 8,545 @ 8,544 8,544 8,545 8543 8544 8544  111-107 3,51364-1078
2,1 8,546 8,548 8,548 8,548 8,548 8,548 8,548 8,548 8,548 8,548 8,548 4,44-107 1,40546-1077
2,4 8,549 8,550 | 8,549 8,550 | 8,55 8,549 8,550 8,550 8,549 8,549 8,550 1,78-107° 5,62183-1077
2,7 8,550 | 8,550 8,550 8,550 8,550 8,550 8,550 8,550 8,550 8,550 8,550 O 0
3,0 8,550 | 8,550 8,550 @ 8,550 8,550 @ 8,550 8,550 ' 8,550 @ 8,550 8,550 | 8550 O 0

Mepa 6bi1a cO6paHa yCTaHOBKA, CXeMa KOTOPOH II0Ka-

3aHa Ha pHC.3. JIasepHBIN AanbHOMEp (HMCIIONb30Ba- R(f,)=asinc(af,),

nack nasepHas pynerka BOSCH GLM 40 Professional)

YCTaHABIMBAJICA HA MOBUKHOM OCHOBaHMH, mepe- || where

MeIIAMEMCs [ePIeHAUKYISPHO HaIpPaBIeHUI0 sin (xaf, )

W3/Iy4eHHs C IOMOIIBI0 BUHTA C OTCUETHBIM YCTPOK- sinc(afx)=Tx.

T

CTBOM (I/ICHOHBBOBBJICH CTOJIMK € MHKPOMETpPOM x

M3 KOMIIJIEKTa OIITHYecKor ckambu OCK-2). HM3me-
PeHUs NMPOBOLHUINCH HA PACCTOSHUU (JATBHOCTH ;)
OKOJIO 8,5 M C IIaroM CMellleHUs KapeTku A=0,3 MM
IIpU HCIIONB30BAHUU TecT-06beKTa B BHIE YCTyIa
C Ilepernajgom JaJbHOCTH h=30 mm.
TexHHUYeCKHe JaHHEBIE JIa3epHOro JajbHOMepa:
e [MaIa3oH U3MepeHUU - 0,15-40 m;
* TOYHOCTb H3MepeHHs (IpelesbHOe 3HAUYeHUe
IIOTPELIHOCTH) +1,5 MM;
* HaWMeHblllee 0ToOpaskaeMoe 3HaUeHHe — 1 MM;
* KJIACC1a3epa-2;
. pa6oqaﬂ OJIMHA BOJIHBI - 635 HM;
e Bec-0,lKr;

« rabaputsl 105x41x24 MM.
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The R(f,) function decreases to a level of 0.6 when
f, = 1/2a, i.e. at a frequency half the frequency of
the first zero of the count function, therefore, for
the relief modelling, it is convenient to consider
the spatial frequency (f,=f =1/2a) as the maximum
frequency characteristic by a level of 0.6.

EXPERIMENTAL DETERMINATION OF THE
PULSE RESPONSE

In practice, the pulse response of the scanner
may differ from the ideal rectangular shape.
Theoretically, it is not possible to calculate
its shape, therefore, to describe the scanner as
a filter of spatial frequencies, it is expedient to



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
I OPTICAL MEASUREMENTS
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

OTH. ea.

1,2

1,0

.-7"—_" g
.f/-_)' 0,8 Bl
./f ; \'-.
7 |/ o6 ~, G(f,)
4 1
i o _ \
a4 ~
____.// i 02 \R(fx) o 1
" ~
- - N, 0 o o .
-07 -05 -03 -01 0 01 0.3 0.5 0.7

foo 1/MM
Puc.6. PenbepHo-4acmomHble xapakmepucmuku
danvHomepa: R(f,) - udeanvHas; G (f,) - nonyyeHHas
3KCNepuMeHmManbHo
Fig. 6. Relief-frequency response of the range finder: R(f,) is
ideal response; G(f,) is a response obtained experimentally

s monydeHHs HaAeXKHBIX 3HaueHHI OTCYETOB
IIepeXOoHOM XapaKTepUCTHUKHU OblI0 IIpou3BefeHo 10
CepuM M3MepeHUH (peasIn3allui [IepPeXOLHOM XapaKTe-
puctukH). llar cmemeHus KapeTku A=0,3 MM obecrie-
4ypBas 11 OTCUETOB JAJIBHOCTH |; B IIpefenax ceuyeHHUs
7a3epHOro Iy4yka. Pe3yseTaThl U3MepeHHI M OlieHKa
KX TOYHOCTH IIOKa3aHbI B Tabnule, Ife cpefHee KBa-
IpaTH4ecKoe OTKIOHEHHe OMHOI0 H3MePeHH s

S(i-1o)

o= y
n-1

a cpefHee KBafpaTHUeckoe OTKIOHeHHe apudMeTH-
4eCKOH CpeHHBL

-

rae 1., - cpefiHee 3HaUeHHe NAIBHOCTH B CEPHH U3 N=
10 ©3MepeHHUH.

=

experimentally determine the pulse response for
certain test objects. The most convenient practically
is a stepped signal model used in determining the
transient response of the system (edge function). It
is relatively easy to implement such model in the
form of a rectangular ledge creating a stepwise
range difference when the model plane surfaces are
located perpendicular to the axis of the laser beam.
The above-mentioned model of the §-function in
the form of a narrow projection on a flat surface
proved to be less convenient in practice. The pulse
response can be obtained by differentiating the
transient response obtained from the stepped
surface model.

INSTALLATION SCHEME
To carry out the experiment to measure the transient
response of the laser rangefinder, an installation
was assembled according to the scheme shown
in Fig. 3. The laser rangefinder (using the laser
measuring tape BOSCH GLM 40 Professional) was
mounted on a movable base moving perpendicular
to the direction of radiation with a screw with
a counting mechanism (a table with micrometer
from the set of optical bench OSK-2 was used). The
measurements were carried out at a distance (range
1;) of about 8.5 m with a carriage increment A=0.3
mm using a test object in the form of a ledge with a
range difference of h=30 mm.
Specifications of laser range finder:
¢ Measuring range is 0.15-40 m;
e Measurement accuracy (limit value of error) is
+1.5mm;
+ The smallest displayed value is 1 mm;
e Laserclassis?2;
+ Working wavelength is 635 nm;
« Weightis 0.1kg;
+ Dimensions are 105x41x24 mm.
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O4eBUIHO, 3HAYEHUS 0 U M COCTaBIISIOT IIpeHe-
6PE)KI/IMO MaJible BeJIMYHUHEI.

PE3YJIbTATbl SKCNMEPUMEHTA

Ilo pe3ynpTaTaM HM3MepeHHUI oIlpefensach Ilepe-
XOIHasl XapaKTepUCTHKa (kpaeBast pyHkums) H(x),
nytem InubbepeHuMpoBaHUS H(X) BBIUMCISLIACH
HMIIY/JIbCHAS xapakTepucTuka G(x), a 10 HeHM U IIpo-
CTPAaHCTBEHHO-4aCTOTHasi (penbedpHO-4ACTOTHAS)
xapakrepuctuka G(f,) Kak mpeobpasoBaHue Pypre
éyukuuu G(x). HopmupoaHHble QyHKIHUH H(x),
G(x), G(f,) moka3zaHbl Ha puc.4-6. ComocTaBleHUe
IIOJIy4eHHON penbedHO-YAaCTOTHON XapaKTepHu-
ctuku G(f,) co cnmexkrpom R(f,) mmmynabca mpsmo-
yronbHOM GOpMBI TOM ke HIMPHUHBL a (@ - IHPHHA
ISITHA B pacCMaTpUBaeMoM cilydae a=3 MM) (pHC.6)
[I03BOJISIET OMpPeNe/UTh MaclmTab NpPOCTPAHCTBEH-
HBIX YaCTOT IIPU BBHIIOJTHEHUH Ipeobpa3oBaHUs
dypbe, IIOCKOJIBKY IIEPBBIM HYJIb B CIIeKTPe IIPSIMO-
YyronbHOM QYHKLHMU IIPUXOLHUTCS Ha BIIOJHe OIlpe-
meneHHyo0 4actory f,=1/a. BumHO, 4YTO peaybHas
xapaktepuctuka G(f,) oxBaTeIBaeT 3HAUYUTEIBHO
60oMPIIME [UAIa30H IPOCTPAHCTBEHHBIX YaCTOT,
TO eCTh ANIPOKCHMMAIIUs HMIIYJIbCHON XapaKTepH-
CTUKH IIPSIMOYTONBHON QYHKIIMeMN MHMPUHOH a (pas-
Mep ISITHA) JaeT 3aHH’KeHHBbIe Pe3yJbTaThl B OTHO-
IIeHUH TOYHOCTH BOCIIPOH3BeIeHUs penbeda IpHU
CKAaHUPOBAHUHU.

3AKJ/TIOMEHUE

PenbedHO-4aCTOTHASI XapaKTepUCTHUKA, Ipen-
CTaBJSIS JIa3ePHYI0 CKAHUPYOIIY JTOKALHOHHYIO
CHUCTeMYy KaK QHIBTP IPOCTPAHCTBEHHBIX YaCTOT,
I103BOJIsSIeT PACCMATPHUBATh 3Ty CUCTEMY KaK TMHEeH-
HOe 3BeHO B o0Iiell cxeMe Ipeobpa3oBaHUs CUTHA-
JIOB IPU CKAaHHUPOBAHUU penbeda IMOBEPXHOCTH.
PenbedHO-4aCTOTHASL XapaKTepPUCTHUKA Ja3epHOH
JIOKALIHOHHOM CHUCTEMBI OIIpefieisieT TOYHOCTh BOC-
Ipou3BefleHUs penbeda, XxapaKTepU3yeMylo HHa-
I1a30HOM IIepefaBaeMbIX YacTOT. [Ipu 3KCIepu-
MeHTaJIbHOM OIlpefieleHUH pelbedHO-4aCTOTHOMN
XapaKTepUCTHKU B KadeCTBe TecT-0OBeKTa Liese-
coo6pa3sHO HCII0Ib30BATh MOMENb CO CTYIeHYaThIM
n3MeHeHHeM nanbHOCTH ('ycTym'), IO KOTOPOMY
HeIIOCPeJICTBEHHO OIIpeJleNisieTCsl IepeXoJHas
XapaKTepUCTHUKa (KpaeBast GpyHKIIHS), IO3BOJSIO-
Imasi BBIYMCAMUTH pelbedHO-YACTOTHYIO XapaKTe-
PUCTUKY. Pa3paboTaHHas yCTaHOBKA U METOJHKA
HU3MepeHUI MOATBEPXKIAT BO3MOKXHOCTBH 3KCIIe-
PHMEHTAIBbHOTO OIpefe/leHUs [TepexoJHON XapaK-
TePUCTHUKHU H pacyeT IO HeH PpesbePHO-4ACTOT-
HOM XapaKTepUCTHKHU. llenecoobpa3Ho B mepeuHe
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To obtain reliable values of the counts of the
transition response, 10 series of measurements
(realizations of the transient response) were made.
The carriage increment of A=0.3 mm provided 11
counts of the range I; within the cross section of the
laser beam. The results of measurements and an
estimation of their accuracy are shown in the table,
where the standard deviation of one measurement
is
E(li_lcp)z

0=
n-1 ~

and the standard deviation of the arithmetic mean is

o

T

vn

where 1, is the average distance in a series of n=10
measurements.

Obviously, the values of 0 and M are negligibly
small.

M-=

EXPERIMENT RESULTS

The H(x) transient response (edge function) was
determined from the measurement results, the G(x)
pulse response was calculated by differentiating H(x)
followed by determination of the G(f,) spatial frequency
(relief-frequency) response as the Fourier transform
of the G(x) function. The H(x), G(x), G(f,) normalized
functions are shown in Fig. 4.5.6. A comparison of the
obtained G(f,) relief-frequency response with the R(f,)
spectrum of a rectangular pulse of the same width of
a (a is the spot width, in the case under consideration
a=3 mm) (Fig. 6) allows us to determine the scale of
the spatial frequencies during the Fourier transform,
since the first zero in the spectrum of a rectangular
function occurs at a completely determined frequency
f,=1/a. It can be seen that the real G(f,) response
covers a much larger range of spatial frequencies,
i.e., the approximation of the pulse response by a
rectangular function with a width of a (spot size),
yields an underestimation of the accuracy of the relief
reproduction as a result of scanning.

CONCLUSION

The relief-frequency response, representing the
laser scanning location system as a filter of spatial
frequencies, makes it possible to consider this system
as a linear link in the general scheme of signal
transformation when scanning the surface relief. The
relief-frequency response of the laser locating system
determines the accuracy of the relief reproduction,
characterized by the range of transmitted frequencies.
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IIapaMeTPOB M XapaKTEPUCTHUK Ja3ePHBIX JIOKATO-
POB, HCIIONB3yeMBbIX AJIS CKAaHHUPOBAHHUS penbeda
IIOBePXHOCTeHM, HapsAAy C pa3MepaMHU CedeHHS
JTa3epHOTO IIy4Ka Ha OIpefeeHHOM PpacCTos-
HUHM YyKa3blBaTh pelbedHO-HACTOTHYIO XapaKTe-
PUCTHKY, OIpeeleHHYI Ha 3TOM PaCCTOSHUU
0 obBbeKTa.
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OKOHHbIE ®YHKLIUU
AN TAPMOHHWYECKOIO
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In the experimental determination of the relief-
frequency response as a test object, it is expedient
to use a model with a stepped range change ("ledge"),
followed by direct determination of the transition
response (edge function), which makes it possible to
calculate the relief-frequency response. The developed
installation and the measurement method support
the possibility of experimental determination of
the transient response and subsequent calculation
of the relief-frequency response. It is advisable to
indicate the relief-frequency response determined at
this distance to the object in the list of parameters
and characteristics of laser locators used to scan the
surface relief, along with the dimensions of the laser
beam section at a certain distance.
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V3naH1e BTOpOE, NepepaboTaHHOe 1 J0NONHEHHOE

B.M./iBopkoBuy, A.B.[lBopKoBUY

LleHa 475 py6.

Knura cogepxuT nogpobHyto MHGOpMaLyIo 0 napameTpax KNaccuyeckmx OKOHHbIX GYHKLMA, CKOHCTPYMPO-
BaHHbIX PA3IMYHLIMM AaBTOPAMM B BUAE MPOV3BELEHUI, CyMM 1 CBEPTOK PA3NyHbIX GYHKLMA W B BULE
OTAENbHBIX Y4ACTKOB M3BECTHDLIX OKOH, 1 X PUMEHEHNM NS aHANI3a CUTHANOB C NCMO/b30BaHNeM BO.
MpyBefeHbl pe3ynbTaThl aBBTOPCKON pa3paboTky psfia HOBLIX BLICOKOIQAEKTUBHLIX OKOHHBIX YHKLMIA C npu-
MEHeHMEM CNefyoLLIMX aNrOPUTMOB: MUHUMU3ALMK CNEKTPA BHE NPeAenoB 3a;aHHOr0 YacTOTHOTO UHTEpBana;
MUHUMM3ALMKM Pa3Tnyni GOPMbI M CMEKTPA OKOHHBIX GYHKLMI; MAKCMMU3aLMM CKOPOCTH CNada YPOBHEN
H0KOBLIX 1eNECTKOB CMIEKTPA OKOHHBLIX GYHKLMIA; NePEMHOXEHISI OTHOCUTENbHLIX CMEKTPOB OKOHHbIX GYHKLWN.
0coboe BHUMAHME yAeNeHO aHaNW3y paBHOBOHOBLIX OKOH Jlonbga — Yebbiwesa 1 bapcunoHa — TemeLua,
TOXZAECTBEHHO annpPOKCUMMUPYEMbIX KOHEUHbIM YNCI0M KOCUHYCOMAANLHBIX QYHKLMIA; C MPUMEHEHNEM 3THX
(YHKLNA peann30BaHbl HOBbIE OKHA, 06ecneynBaloLLe CylLecTBeHHOE NOAaBaeHME HOKOBLIX NeNeCTKOB.
PaccmMoTpeHbl NPUHLMALI 06paboTKI OFPAaHNYEHHBIX O CNEKTPY CUrHANOB C UCNO/b30BAHNEM CYOMONOCHBIX

LMCKPETHDLIX BENBET-NPeobpa3oBaHiii OT BTOPOrO 40 NSTOT0 NOPSAKOB M GOPMUPOBAHME HA UX HA3e OKOHHbIX
GYHKLMA. MoapO6HO aHAM3NPYIOTCS METOALI 06pabOTKI BUAEOMH(MOPMALMM C NPUMEHEHMEM ABYXMONOCHDIX
1 KOMBMHMPOBAHHLIX BEMBAET-NPE0bpa30BaHMiA, peann3aLiMy Ha UX 0CHOBE KpaTHOMACIITAabHbIX Mpeobpasosa-
HUiA 306PKEHNA.
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