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Anomauia. Y Haw uac MOHKOCMIHHI Memanesi KYNOAU O0O080Ji NOWUDEHI,
Hanpuxkiao, npu 36e0eHHi NPAasOCIABHUX XPUCMUAHCLKUX Kanauyb. 3azHaueni 6yoieni
CNOPYOACYIOMBCA HA 32A0KY NPO BU3HAYHI NOOIi, Ha nepexpecmsax 0opie, y cKeepax i
napkax, 0ins yinowux 0xcepen, y 8ilicbKO8UX YACMUHAX, BUNPABHUX 3aKAAOAX, JIIKAPHAX
ma eocnimanax, Ha kiadosuwax i m. 0. IcHyroui apximexmypui peniciliHi KaHOHU
8UMA2AOMb eCMeMUYHOL NPUBAOIUBOCI 8KA3AHUX KOHCMPYKYIl, po3maimms ix ¢popm
ma poszmipie. OOHak, npu YboMmy NOmMpiOHO 0008 ’513k060 Opamu 00 yeazu maKi
enacmugocmi, AK HAOILHICMb, 008208IUHICMb, HeBeNUKl eumpamiu 6UcOmOBIeHHs i
excnayamayii mowo. Ha cmadii eckizHo20 npockmy8anHs OJisi 0OUUCTIeHHA MIYHOCMI
MOHKOCMIHHUX ODOJIOHOK 3pYUHA Oe3MOMEHMHA Meopis, AKd, HA HCalb, He 8PAX08YE
epanuyni ymosu obnupanus. Tomy, 3 memoro nio8uUUjeHH BIONOBIOHOI MOYHOCHII,
00peUHOI0 € OYIHKA 8NIUBY HABCOCHUX (AKMOpIe HA MeMOPAHHI 3)CUNIL Memane8ux
KYNoi8, 30Kkpema 8i0 il iIXHbOi 81acHOT 8acu.

Knrwuoei cnoea: apximexmypHi KOHcmpyKyii; énacHa eaza; MepudioHanvHi ma
Kinbyesi 3yCunis, memanesi Kynonu, npagociasHi Kanauyi, MoHKOCMIHHI 0OO0JIOHKU.

IHocranoBka npo6jaemu. HuHinHii nepion icHyBaHHS YKpaiHU JOCUTh BaXKKUH,
IO CIPUYMHEHO TPHUBAIOUOI BKe OaraTo pokiB BiiiHOIO. Yepe3 Hei BellMKe 4HCIIO
TPOMAaJISTH 3BEPTAETHCS 32 JTYXOBHOIO MIATPUMKOIO /0 BCEBHINHIX cil. MaTrepiaitbHUM
IIPOSIBOM 1[bOT'O € 3BEJICHHS YNCIEHHUX MTPaBOCIaBHUX KaILJIUIb Y PI3HOMAHITHUX MICLISX
Hamoi aepkaBu. Kymoin CTaHOBIATH HAWOLIBII CUMBOJIYHY YacTUHY CaKpaJbHUX
OyniBenb. ToMy iX €CTETUYHOMY BUTIJISIY Ta PO3MAITTIO (DOPM 1 pO3MIpiB MPUALISETHCS
ocobnmMBa yBara MpH apXiTeKTYpHOMY MpPOEKTyBaHHI. [HKomM Bka3aHi ¢axTopu
cynepeyaTb TaKMM BJIACTHBOCTSIM, SK HaJIiHICTb, JOBrOBIYHICTb, HEBEJIUKI BUTpATU
BUTOTOBJICHHS, eKcIuryatallii Tomo. CrpoIieHHs, 30KpeMa, pO3paxyHKiB Ha MIITHICTh
CIIPUSIE CKOPOUEHHIO TPUBAIOCTI Ta TPYAOMICTKOCTI ONpaIfOBaHHS BKa3aHUX TEXHIYHUX
00’exTiB. Ha meBHe BupileHHs 3a3Ha4eHO1 IpoOeMu CIpsSMOBaHa 1151 HAyKOBa CTAaTTH.

AHamiz gociigxenb i myOaikamii. 3arajqbHI MHUTaHHS —apXiTEKTypPHOTrO
IIPOEKTYBaHHs MPaBOCIaBHUX XpamiB moAaHo y BunanHi [1]. Lle cTtocyeTbest BCmsikux
¢dbopm Ta po3mipiB KynoiiB. OfgHaK BIUIMB HaBeAeHUX (hakTOpiB HA MII[HICTb, HAAIMHICTb,
JIOBrOBIYHICTb, BapTICTh CHOPYMKEHHS ¢ MOJajiblly eKCIUlyaTalllo BKa3aHHUX
KOHCTPYKIIH He po3IiiafaeTbcsa. AKIEHTOBAHI aclekTu He 3a0e3nevyloTh MOXKIIUBICTD
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MPOBEJICHHS HaJIe’)KHOI KOMIUIEKCHOI onTuMi3aliii. Y ctarTi [2] 3amporoHOBaHO CIIocio
CTPYKTYPHO-TTApaMETPUIHOTO KOMIT FOTEPHOTO T€OMETPUIHOTO MOJISTTIOBaHHS KYyTIOJIiB
CaKkpaJbHUX XPUCTUSHCHKUX OymiBenb. TeopeTwdni 3acamu Oe3MOMEHTHOI Teopii
TOHKOCTIHHUX OOOJIOHOK BHUKJaAeHO B myOmikamii [3]. [ mopiBHSHHS aHaTITHYHUX
PO3B’s13KiB 3a fnomomMororo Gopmynu Jlamnaca Ta pe3ynbTaTiB, OTPUMYBaHUX METOIOM
CKIHUGHHHX €JIeMEeHTIB, JajJi BHUKOPHCTOByBaJlacs CHCTEMa aBTOMATH30BAaHOTO
npoektyBanHs SolidWorks [4, 5].

@opmyaoBaHHA wWijel. 3aBAaHHS TMOJSra€e B OLIHII BIUIUBY >XOPCTKOTO
3aleMJICHHS OTIOPHUM KiJIbIleM MiBCPEpPUUHUX TOHKOCTIHHUX METaJIeBUX KYIIOMiB Ha 1X
MeMOpaHHI 3ycw/ulsl Bil BiacHOi Baru. lle m03BOisie YTOYHIOBATH PO3pPaxyHKOBI
3HAQYeHHS IMJI Yac eCKI3HOI0 apXiTeKTYpHOrO TMPOEKTYBaHHS, He 301JbIIyIOUH
TPYAOMICTKICTh 3a3HAaYEHUX MPOILIECiB.

OcHoBHa 4acTtuHa. [[aHUM JOCHIJKEHHSM OIpalbOBAaHO KiJbKa BapiaHTIB
niBc(hepUIHIX TOHKOCTIHHUAX CTAJeBUX KYTIOJIiB i3 Pi3HOIO TOBIIMHOIO O Ta pajiycaMu R
CepeMHHNX TMOBepXoHb. [ToOymoBaHo Tpadiku MepumioHanbHUX N, ¥ KinbleBUX Ny
3yCHJIb METOJIOM CKiHYCHHHX elIeMeHTIB Ta 3a Gopmyiioro Jlamiaca,

—¢+&+ch08(|)=0, (1)
R R
ne g =77 H/m? — Bara oiMHUII TIJIOII KyTI0J1a TOBIIMHOIO 8=1 MM;
k — 6e3po3mipHmii KoeiIieHT, SKUi JOPIBHIOE TOBIIMHI 00OJOHKH B MM;
(@ — KyT MK BEpTHKAIHHOIO BicCIO 0OepTaHHS Kyroja Ta MOTOYHWUM ITOJOKEHHSIM

paniyca R.

3ayBakxuMo, y criBBigHomeHH1 (1) Ny CTBOPIOETHCS BAarOBUM HaBaHTAKEHHSM Ha
TOPU30HTAJILHOMY PiBHI KyTa .

Ha puc. 1 mokazano MeMOpaHHi 3ycHUIsl KymnoJia paaiycoMm R=1 M Ta TOBIIWHOIO
d=1 mm. JliBi rpadiky BiAMOBIIAIOTH aHANITUYHAM PO3paxyHKaM, a MpaBi — YUCETbHOMY
MEeTOMy CKiHYeHHuX eyneMmeHTiB cuctemu SolidWorks. Bumgno, mo N, TpakTudHO
OITHAKOBi, a Np OiJIsT OMOPHOTO KBS IS0 HE AOCATAIOTh MaKCHUMAaJIbHOI BETUYMHU
3rijHo 3 hopmyroro Jlamnaca Ta gaini pi3Ko 3MEHIIYIOThCS, 3MIHIOIOYH CBiif 3HAK.
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Puc. 1. 3ycwmmns kynona pagiycom R=1 M i TOBIIHHOWO 6=1 MM
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Puc. 2 imocTpye BU3HAYeHI MepuJIIOHAIBHI ¥ KIUIbLEBI 3yCHWIUIA IJis KyIoJya
pagiycom R=1 M Ta TOoBumMHOIO 0=0,5 MMm. Po3TamryBaHHS 300pa)keHb aHAJIOTiuHE
poaHajizoBaHOMY Bullle BuUmaiky. OTpuMaHi pe3yJjbTaTH MPOrHO30BAHO y JiBa pasu
MEHIII BXXe PO3TIISTHYTHX.
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Puc. 2. 3ycunns kynona pagiycom R=1 M i ToBmuHO©0O 6=0,5 MM

HactymHuii pucyHOK BiITBOprOE€ MeMOpaHHi 3yCHILIS KyIoya pajiycoM R=3 M Ta
TOBIIMHOIO 0=1 MM. 3a CBOIM SIKiICHUM XapaKTepOM IOCIiKYBaHi BEJIMYMHU TOIOHI
MpOaHaTi30BaHUM BHILE, a KUTBKICHO y TpW pa3u OUIBII MOYATKOBHX i B IIICTh pa3
HoTiepeTHbO HaBEJCHUX.
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Puc. 3. 3ycwmns kynona pagiycom R=3 M i TOBIIMHOIO 0=1 MM

Orxe, MepuAlOHAJIBHI Ta KibIEBI 3yCWUIS B MiBC(HEPUUYHUX TOHKOCTIHHHUX
KyIoJiax TpOMOPLIHI TOBLIMHI W panilycy BKa3aHUX 000J0HOK. OOIpyHTyeMO ILie
MaTeMaTHYHO.
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[Totoune 3ycwmnst N, BH3HauaeTbcs Barol P chepruyHOTO CerMeHTa,
PO3MO/IITIEHOO 110 KOy pajilyca 7 HalexxHoi napaseini. Maemo

P=v-8-§, (2)
1ie Y — TITOMa Bara 3aCTOCOBaHOTO MaTepially KOHCTPYKIIii,
d — TOBIIMHA KYTIOJa;
S — romia cheprudHOTO CerMeHTa, siKa JOPiBHIOE
S=2n-R-h, 3)
ne h — oro BUcCOTA.
JloBkrHA KOJIa TOTOYHOT Mapanei

[=2m- 7. (4)
MepuioHanbHe 3yCHILIsS
N = PIL_P R )
sing [ r

Ha ocHoBi cniiBBigHOIIEHB (2) ... (5) oTpuMy€eMO
_y-8-2n-R-h R _y-8R*-h ©)

2.1 r 7 '

Bupa3 (6) moka3zye, 110 MepHIIOHAIBHI 3yCHJUISI MPOMOPIiHI TMHUTOMIM Basi
MaTepiary, TOBIIFHI KYTIOJIa i pajiycy WOoro cepenHHOI oBepxHi. OcTaHHE TBEpHKEHHS
CIIUPAEThCS HA Te, 10 BeMWYUHU R, /i Ta r 3MIHIOIOTHCS MPOTOPIIIHHO. SIK HACiIOK
aHAJOTIYHUH XapakTep MoaudiKaIliid KiTbIIeBUX 3yCHJIb BUTUIABAE 3 piBHSIHHS (1).

BucnoBku. YV naniii my0Omikariii mpoaHai3oBaHO BIUTHUB KOPCTKOTO 3allleMJICHHS
OTIOPHUM KiJIbIIEM MiBCPEPUIHUX TOHKOCTIHHUX 000JIOHOK Ha iX MeMOpaHHI 3y CUILIS BiJl
BJIacHOI Baru. 3po0JieH0 HeoOXi/IHI TeOpeTUUHi y3arajibHeHHs. [IpakTuuHuil pe3yiabTaT
noyisirae B 3a0e3MeyeHHI MOJKJIMBOCTI CHIPOLIEHOr0 HaOJIM)KEHOro BH3HAUYEHHS
3a3HaueHUWX (AKTOPiB TMiJ Yac eCKI3HOro TMPOEKTYBaHHS, HANPUKIAA TaKuX
apXITEKTypHUX KOHCTPYKIiH, $SK MeTaleBl KyMNojdu MpaBOCIaBHUX KaIUIMlb, 0e3
BUKOPHCTAHHSI JOPOTOTO CIIeIiali30BaHOTO KOMIT FOTEPHOTO TIPOTPaMHOTO 3a0e3eYeHHSI.
[lepcriekTBaMU MOJANBIIAX HAYKOBUX PO3BIOK 3 MOJAHOI TEMATHKHU € JOCIIKEHHS
eNITICOIMHUX, Tapa0booiTHUX, TiNepOOTOiMHNX Ta IHIUX 000JIOHOK 00epTaHHS.
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Abstract — Model of time-of-flight sensor signal for two objects in its field of view is
presented, along with method for estimation of object’s edge coordinates using that
Sensor.

Keywords — edge detection, time-of-flight sensor.

Statement of the problem. In the process of manufacturing or testing, detection of
edges of different objects is necessary. At that, in many cases detection without any
mechanical contact is desirable, which leads to use of optic distance measurement
systems.

In many cases, use of time-of flight (TOF) sensors is desirable, because of their
compact size, low energy consumption and price. Some of the commercially available
sensors have narrow field of view (FOV) — i.e. 1-2° [1], and that, combined with high
sampling frequency, in theory allows one to obtain edge position precisely simply
measuring distance. However, TOF sensors have a significant drawback: if many objects
at different distance are in the FOV, sensor output (i.e. measured value) is abnormal [1].
Therefore, one can detect coordinate of edge of an object using measured distance with
some error.

Analysis of recent research. Author has no information about research, related to
errors of TOF sensors on edges. Similar study, devoted to geometry perception using
direct time-of-flight sensors for robotic safety is presented in [2]; however, that study
does not contain any data about precision of estimation of coordinates of, say, cuboids
considered in the paper. Therefore, task of edge coordinate detection is actual and not
solved.

Formulation of goals. Goal of the study is to develop model TOF sensor signal for
two objects and a method that allows one to estimate coordinate of the edge using TOF
measurements.

Main part. As a start of analysis, model of distance measurement should be
developed, taking TOF sensor’s principle of operation into account. TOF sensors [3]
operate based on two principles: indirect TOF (iTOF) and direct one (dTOF).

In the latter case, sensor’s transmitter emits a high-frequency square wave and
generates a start signal for counter. When receiver receives reflected wave, counting is
stopped, and, after integration during a certain time, histogram “number of photons vs
time delay” is obtained, and distance is calculated using the highest peaks [4]. Some of
the sensors (e.g. ST Microelectronics VL53L7CX [5]) even provide ability to measure
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distance to many objects in the sensor’s FOV (using clearly separated peaks). The
advantage of dTOF is far measured distance (up to hundreds of meters, depending on the
emitted power), and its drawback is its low resolution, which is unacceptable for small
distances characteristic for most of manufacturing and test stand scenarios.

In the former one (iTOF sensor), sensor emits a sinusoidal signal, and its receiver
receives the reflected wave, and then phase shift between waves is detected as follows
[5]. Period T of each generated sinusoid is divided into 4 bins each 7/2 long, which are
shifted by 90° as shown in Figure 1. Reflected wave is integrated in each of the bins, and
charge or number of photons received, is integrated in order to obtain Q; ... Q.

Radiated signal

Reflected signal

XN
XN X

] .
[ & | >

Q,

Q,

Figure 1. Principle of phase shift estimation in an iTOF sensor

Then, phase shift ¢ is calculated using formula [5]

Qs — Q3
= arct ( ) 1
v=ari\o e, M
and then, distance is calculated as follows [5]:
4= sy )

where c is the speed of light, f, is light modulation frequency.

iTOF sensor generally operates at small distances (up to some meters), but has a
resolution of millimeters and higher, and, therefore, is a good choice for a test stand or a
machine. However, if two or more objects are in its FOV, output signal does not reflect
distance to any of those objects.
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Assume that we have iTOF sensor with a FOV in the form of a circle of radius R,
and two long objects, situated at distances d; and d, respectively, are in the mentioned
FOV (see Figure 2). Assume also that spatial and time distribution of photons in the
transmitted light is uniform. Then, receiver will receive two sinusoids, one shifted by
phase ¢, and second by phase ¢,, respectively.

y A
Object] T~ Object2
distance d1 distance d2
S,
=X
R
——/
- X >

Figure 2. Sensor’s FOV over two objects

If both objects have close reflectivity, contribution of each sinusoid may be assumed
to be proportional to the area of FOV segment, which lies over the respective object;
segment area S based on the coordinate of the edge x is determined by the formula

0,if x>R
R%arccos(x/R) — xVRZ — x2,if x €[0; R]
mR% — R?arccos (%) + xVR? — x2,if xe[—R;0)’
TR%,if x < —R

S(x) = 3)

In addition, in order to account for signal processing algorithm of the sensor,
weighting coefficient w should be introduced; therefore, signal at the input of sensor’s
receiver takes the form

A(x) = w(mR? — S(x)) sin(2rfy + @1) + (1 — w)S(x) sin(2rf, + @)
@2).

In order to test model (4), test rig, shown in Fig. 3 was used. That rig includes stepper
motor that drives a ball-screw pair with 1 mm step. On the caret of a ball-screw pair,
Nooploop TOF Sense-F2 Mini sensor was installed; as a test specimen wooden box was
used, and position of its side wall edge was estimated. TOF Sense F2 Mini data output
frequency is 50 Hz, speed of the caret was 20 mm/s; measured data were registered using
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standard NAsssistsant software ver. 4.11.0. Test results are shown in Fig.4 along with
MatlLAB modeling results, obtained using formula (4) with different w.
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Figure 3. Test rig

Time, s

Figure 4. Test results

As one can see from Fig.4, measured signal and model with different weighting
coefficients are rather close to measured data (w=0.005 and w=0.003 are the closest). At
that, when sensor moves from closer object to farther one, abrupt change in the distance
measured occurs only when edge between objects comes to the FOV edge, i.e. close to
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+R. Therefore, one can use that fact in order to estimate x coordinate of the edge as
follows:

1) Detect coordinate x, of the rapid distance change and distance d, that

corresponds to the farther object.

2) Calculate FOV radius using an obvious formula R = d - sin (6/2), where 8 is

the FOV angle of the sensor according to its datsheet.

3) Calculate edge coordinate x, = x, + R, taking “-” sign if FOV transition is from

closer object to farther one and “+” otherwise.

Conclusions. As one can see, model of the TOF signal is confirmed by experiment,
and thus can be used for modeling of iTOF sensor signal. Edge coordinate detection
method, presented above, may also be used in practice. One should note, however, that
the method proposed cannot be applied to dTOF sensors, and weight coefficient of the
model should be adjusted appropriately for each TOF sensor.
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