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OcoOIMBICTIO THKEHEPHO-T€OIE3NYHUX POOIT MPHU CyNPOBOIKEHH] Oy/IiBHUIITBA €
MIIBUIIEH] BUMOTH IO IX TOYHOCTI. HasiBHI TeXHOJO0r1l IO3BOJSIOTH 3a0€3MEYNUTH IIFO
TOYHICTh PI3HUMH CIIOCO0AMU, OJTHUM 13 SIKUX € Ha3eMHe Ja3epHe ckaHnyBaHHs. [Ipore,
nonpu uuciieHHi nepeBarn HJIC, TounHicTh oOMamHaHHS y OUMBIIOCTI BHUIIAJKIB HE
3aJI0BOJIBHSIE HOPMATUBHUM BHUMOTAaM. TakWMM YHWHOM, IIOCTAa€ TPAKTUYHE 3aBIaHHS
M1JIBUIIEHHS TOYHOCTI JaHUX, OTPUMAaHUX CITOCOOOM HAa3eMHOTIO Ja3epHOr0 CKaHyBaHHS.
Ha chorogHi TakuM METOAOM ITiABUIIEHHS] TOYHOCTI SIBJIIETHCS KajliOpyBaHHS.

B nepiomy po3maini Oyio NpoBeaeHO OISl CyYacHUX JOCIHKEHb KaaiopyBaHHs
HA3EMHHUX JIA3EPHUX CKaHEPIB Ta BU3HAYEHO OCHOBHI HAMPSMKH MOAAJIBIIUX JOCIIKEHb.
Busnaueno, siki (hakTopu BapTO PO3IISIaTH MPU BUPIIICHH] 3a/1a4i MMiABUIIIEHHS TOYHOCTI
HA3eMHOTO JIa3€pPHOTO CKaHyBaHHA. TakoX TMPOBEACHO KOPOTKUH ormsia cdep
3actocyBanHs HJIC, Bu3HaueHo nepeBaru 1 HeJJoJMIKH TEXHOJIOT1].

[IpoBeneno nomnepeaHiit po3paxyHok tounocti HJIC Ha mijgcraBi 3aekiiapoBaHuX
BUPOOHUKOM TEXHIYHUX XapaKTEPUCTUK JJIS CKaHepiB 3 (a30BUM Ta IMITYJIbCHUM
crnoco0aMy BUMIPIOBAHHA BIICTaHE! 1 pi3HUX TUITIB — MAHOPAMHUX Ta FOPUTHUX.

[Ipu anamizi iHcTpyMeHTanbHuX noxuOok HJIC Oyno BuAUIEHO 1Ba OCHOBHHUX
JoKepesia TTOXMOOK, sIKI BUIUIMBAIOTh 3 TEOMETPUYHOI MOJIEI CKaHepa — KyTOMIpHUN Ta
BianeMipauii 0510k. [IpoBeneHo omis BCiX BiJIOMHUX Ha ChOTOJIHI JKEpes MOXHOOoK 3

MCTOIO IIOAAJIBIIOIO BI/IpiIHeHHSI 3az[aqi YHUKHCHHA 1X CHMCTEMaTW4HOI YaCTHUHH.



[IpoanainizoBaHO CrOCOOM BU3HAYEHHS] CUCTEMATHYHOI CKJIAJ0OBOI LUISXOM MPOBEACHHS
KaJIiOpyBaHHsI Ha CIICIIAIBHO BIIAINITOBAHUX KaTIOpyBaTbHUX MOJTITOHAX. 3pOOIEHO OIS
HassBHUX MOJIEJICH TIOJIITOHIB, BU3HAYCHO 1X CHJIBbHI Ta CJ1a0Ki CTOPOHH.

Po3rnssHyTO TECTOBI 00’ €KTH, IO BUKOPHUCTOBYIOTHCS TIPH KaJdiOpyBaHHI — iX THII,
dbopma, cnocobu Bu3HaueHHs koopauHar. [IpoBeeHo ix monepeaaio kiacuikariiro.

besnocepennbo, kamOpyBaHHS MOXXKHA BU3HAYUTH, SK IPOLIEC OI[IHIOBAHHS
nmapaMeTpiB, SKi MalOTh OyTH 3aCTOCOBaHi JJIsI BUIIPABICHHS OTPUMaHUX BUMIPIB J0 iX
BipHuX 3HadeHb. KamibpyBanus HJIC moxe OyTH BHKOHaHE JBOMa METOIaMHU: 3a
JIOTIOMOTOI0 1HCTPYMEHTAJIBHOTO a00 CHUCTEMHOro KaniOpyBaHHs. [Ipu BuUKOpHCTaHHI
CUCMeMHO020 KalibpyeanHs, HA BIIMIHY BIJl [HCMPYMEHMANbHO20 KAaliOpy8aHHsl,
PO3yMIHHS MOJIEJTi TOMIJIOK CKaHepa HE HACTUIbKHU BakJiMBe. HaBmaku, Moziesib TOMHUIIOK
(ab0 ¢yHKIIi TOMPaBOK) BUBOAUTHCA B MpOLIECT KajgiOpyBaHHS METOIOM HaWMEHIIUX
kBajapaTiB. OTXe, MOXJIMBO OLIHUTH 1HCTPYMEHTAJIbHI MOXMOKKA OE€3BIJHOCHO iX
MTOXO/>KEHHS.

B Po3pini 2 O6yno npoBeaeHo psij JOCTIKEHb 3 METOI0 pO3POOJICHHSI CUCTEMHOTO
MIIXO0NY A0 KaliOpyBaHHA Ta PO3POOJICHHSI YHIBEPCAJIBLHOIO MOPSAKY KaalOpyBaHHS,
nocTyrnHoro ais kopuctyBadiB HJIC.

BuokpeMieHO CKJIaJIoBI CHUCTEMAaTUYHO! TOXMOKM BHU3HAYEHHS KOOPAMHAT:
CKJIaJIOBa CHCTEMATUYHOI TOXHUOKH 3a GUMIpAHY 6Ii0CMmalb, 3a NOMUIKY IHOeKcd
8EPMUKANLHO20 Kpy2d, 34 HAXUN 20PUSOHMANbHOI Oci obepmamnHs O3epkaid, 3d
Konimayito, 3a excyenmpucumem. Po3poOJIeHO MoOIeiIh TOMEPEIHbOTO OILIHIOBAHHS
BILJIUBY CKJIQJIOBHX CUCTEMAaTHYHOI MOXMOKH B pO3pi3l yHIBEPCAIBHOI MOJENI MOXUOOK
iHCTpyMeHTa. PO3MIsSHYTO BIUIMB 3a3HAYCHUX CKJIQJIOBUX HA OTPHMaHI KOOPJIWHATH
[UIAXOM 3JI1ICHEHHSI alplOPHOTO CUMYJIALIIITHOTO MO/ICNTIOBAaHHSI OTPUMAHUX PE3yJIbTaTiB
MeTooM MoHTe-Kapio 3 BHECEHOI0 CHCTEMaTHYHOIO MTOXUOKOTO (J1aH1 10 KamiOpyBaHHs)
Ta 3 1i BIJICYTHICTIO (JIaH1 MicJis KajniOpyBaHHA). BpaxoBytouu BiICyTHICTh METPOJIOTTYHHUX
Ta TEXHIYHUX BUMOT JI0 JIA3€PHUX CKAaHEPIB, aBTOP BUXOJWB 3 TOTO, 1[0 T€OMETPUYIHA
MOJIeJIb CKaHepa MPUHUMAEThCS MOI0HOI0 10 TEOMETPUYHOI MOJIEII TaXxeoMeTpa, a caMi

npuiaad MarTh JyXe MomioHy cdepy 3actocyBaHHsS. OTxe, 3HAYEHHS CKJIaJ0BHUX



CUCTEMATUYHOI MOXUOKH OTPUMYBAJINCS 3 HOPMATUBHOI TOKyMEHTAILlli, 110 CTOCYIOThCSA
€JIEKTPOHHOTO TAXEOMETPa 3 TAKOIO K KyTOBOIO TOUHICTIO 1 BUOMPATIUCS SIK MAKCUMAaJIbHO
norycTuMi. Biu3HaueHO BIIMB KOKHOI 13 3a3HAUYEHUX CKIIAJOBUX Ta JOBEACHO 3HAUYHUI
BIUIMB CKJIQJI0OBOi 3a BUMIpPSIHY BIJCTaHb Y TOYHICTh BU3HAU€HHS KoopauHar. OTpumaHi
JaHl TMATBEpAWIN MOMEPEAHI BUCHOBOK MPO HEOOXITHICTh KajdiOpyBaHHS Ha3eMHUX
Ja3epHUX CKaHEPIB JJIs MIABUIIEHHS iX TOYHOCTI 0 PiBHS, JOCTaTHHOIO JJI1 BUKOHAHHS
1H)KEHEPHO-TE€OC3UIHHUX POOIT.

Jlns  oTpuMaHHA [lama3oHy BiACTaHEH, HaA SKUX MOXIJIHMBO IPOBOAUTH
KaJiopyBaHHs OyJI0 MPOBEJEHO JOCIIHKEHHSI MIHIMAJIBHOTO po3Mipy mitomuHHoro TOK
Ta OyJ0 BCTAHOBIEHO MiHIMaIbHO HeoOximHi po3mipu TOK s ogHO3HAUHOTO
BU3HAYEHHS IUIOCKOI, C(OEpUUHOI Ta IMIIIHAPUYHOL IUIOUMHY. 3 ypaxyBaHHIM TOTO, IO
npy NaJiHHI Ja3epHOro MpoMeHs Ha Kpail cdepu abo LUIIHIPY, TOUYHICTH BU3HAUYCHHS
KOOPJIMHAT MOYKE MOTIPIIUTHUCS, OyJI0 TPOBEACHO JOCTIIKEHHS 3 BHECEHHSIM MOXUOKH B
OJIHY 3 TOYOK, 1110 BU3HAYaI0Th c(hpepy a0 LHUIIHAP Ta HACTYITHUM PO3PaXyHKOM KUJIBKOCTI
TOYOK, HEOOX1AHUX JIJIs1 BU3HAUYECHHS TUIOUIMHU. PO3IIsIHY TO KpUTepii NpUHHATHOCTI B 5%,
10% 1 20% 3MmilIeHHs] KOOPAMHAT LIEHTPY BIAHOCHO 3MILIEHHSA KOOPAMHAT TOUYKHU, B SIKY
BHeceHo ToxuOKy. Jlnsa 3amau kamiopyBanHs HJIC 3ampornoHOBaHO BHKOPHUCTOBYBAaTH
Kputepi npuitHITHOCTI B po3Mipi 10%. Takok BU3HAYEHO MaKCHMAaJIbHI BIICTaH1 JI0
wionmHHUX TOK 3 ypaxyBaHHsSM 1X CTaHIApTHUX pPO3MIPIB Ta HAWUMOIIMPEHINTUX
pPEXKUMIB CKaHYBaHHSI.

Po3misitHyTOo  KpuTepii BHOOpPY TECTOBUX OO’€KTIB Ta  3alpOIOHOBAHO
BUKOpUCTOBYBaTH ToukoBI TOK 117151 mpoBeieHHs KaniOpyBaHHs SIK Taki, 1110 JO3BOJISIOTh
IIPOBEJICHHS KaJIIOpYBaHHS BiAAaJIEMIpHOTO OJ0Ka.

Yepes HasBHICTh Y PI3HUX MOJENIEH CKaHEpIB SIK PyYHOIO, TaK 1 aBTOMarH4HOIO
peXKUMY BH3HAYEHHsSI KOOPAMHAT MapoK 3 XMapu TOYOK, 3alpPOMNOHOBAHO CHCTEMY
CTaTHUCTUYHOIO OLIHIOBaHHS BKa3aHuX pexumiB nuisaxoM nopiBHsHHS CKII Biacraneit
MK TOYKaMH, 110 JO3BOJIUTH YHUKHYTH BIUIMBY NMOXHOOK INEPEXOAYy MK CHCTEMaMH
KOOPIMHAT, Ta PO3POOJICHO AJITOPUTM OLIHKH JTOOPOSIKICHOCTI BUMIPIOBaHb 3 METOIO

BUOOPY ONTHUMAJILHOTO PEKUMY MpU KaJliOpyBaHHI.



BpaxoByrwoun BIJCYTHICTh CHCTEMHOIO IMIJXOAY JO MPOEKTYBaHHS IOJITOHIB,
PO3pOOJICHO METOMWYHI OCHOBHU IMPOCKTYBAHHS KalliOpyBaJbHOTO TOJITOHY Ha OCHOBI
nocnimkenux tumiB TOK Ta 3a BU3HAU€HMMH MaKCHMaJbHUMH BiICTaHSMHU. 32 OCHOBY
POEKTYBAaHHS 3alpONOHOBAHO B3SITH BEJIMYMHU MIHIMAJIbHUX BEPTUKAIBHUX 1
TOPU3OHTAJIBHUX KYTIB MIXK TECTOBUMHU 00’€KTaMH. 3a PO3pOOICHHMMH METOIUYHUMHU
ocHoBamu Oyi0 po3paxoBaHOo KuibkicThb TOK 1 3ampornoHoBaHO iX KOHQIrypartiito s
3a/IaHUX MIHIMAJIBHUX KYTiB.

3araibHOBXKHUBAHA  MameMamuyHa MoOelb  KaliOpyeawHs  SIBIIE  COOOIO
napamMeTpUuHy MOJIENb 3 JIOAAaTKOBUMU YMOBAaMH, B SIKii BUKOPHUCTOBYIOTHCSI MaTPHIl
KO€(ILIEHTIB YMOBHUX PIBHSHb Ta KOE(]IIIEHTIB PIBHAHb MOMPABOK, BEKTOP MOIMPABOK,
BEKTOp IapaMeTpiB KaniOpyBaHHs 1 BEKTOp HEB’s130K. [1icist BUpIilIEHHSI CUCTEMU PIBHSIHB
OTPUMYIOTBCS BEJIMYMHU, IO BUKOPUCTOBYIOTHCS JUIsl OCTaTOYHOTO KalliOpyBaHHS
CKaHepa, a caMme mapaMeTpu Tpanchopmallli Mik cucTeMaMy KOOPJMHAT Pi3HUX CTAHIIN
1 TIOJNIITOHA, 3HAYEHHS TMOMPABOK Yy BUMIpPSHI BEJIUYMHH JJIi TECTOBUX OO0’ €KTIB,
HaOMM>KEHH1 3HAYEHHS TOMPABOK 3a BIUIMB CUCTEMATUYHUX TOXUOOK. OHUM 3 HEJIOJTIKIB
i€l MOZeNl € HasABHICTh KOPEJSIii MDK mapaMeTrpaMmu TpaHcdopmallli 1 mapamerpamu
KaJiOpyBaHHS 32 paxyHOK CyMICHOTO BUPIBHIOBAHHSI IIMX MTapaMeTPiB.

3anponoHOBAHO 3IMCHUTH PO3AUIBHHUI pO3paXyHOK 3a3HAYEHUX MapaMeTpiB, s
4oro mpoBeleHO MoAudiKaiio MareMaTudHoi Moxeni. [l momyky mnapamerpiB
TpaHchopmallii MK CHUCTEMaMU KOOPJAMHAT TMIOJITOHAa Ta CKaHepa IMPOMOHYETHCS
BUKOpHUCTOBYBath anroput™m KaOma-Ymesmu. Lleii anroput™ A03BoJIss€ BU3HAYUTH
ONTHUMAJIbHY MATpUI0 OOepTaHHS Ta BEKTOpP 3MIIICHHS MIDK JBOMa CHUCTEMaMu
KOOPJMHAT HABITh Y BUMNAAKY HAsSBHOCTI TpyOMX MOXHUOOK B KOOpAMHATaxX TOYOK. [Ipu
BUKOPHUCTaHHI IIbOTO aJITOPUTMY PO3PaXOBYIOTHCS IIEHTPOIIN ABOX CUCTEM KOOPAMHAT Ta
3MINICHHS] KO’KHOI TOYKH BIJHOCHO IIEHTPOIMIB. 3 JBOX OTPUMAHUX MATPHIlh 3MIIIEHb
pPO3paxoBy€eThCsl KOBapialliiiHa mMarpulsd. Marpuio moBOpOTy OTPUMYIOTH SIK AOOYTOK
MPaBO-CUHTYJSPHUX 1 TPAHCIOHOBAHUX JIIBO-CHHTYJSIPHUX BEKTOPiB, OTPHUMaHUX B

pe3ysbTari po3KiIaJeHHs KOBapialliifHOI MaTpHIli 3a CUHTYJIIpHUMH ynciiamu (SVD).



[licns  ¢opMyBaHHsS MapaMeTpPUYHUX PIBHSIHb 3B’SI3KY 3  YypaxyBaHHAM
HeoOxigHoCcTI TpaHchopMmanii koopauHar 3 CK ckanmepa B CK momirona Oymo
3allpOMIOHOBAHO CIPOIICHHS YHUCEIBHOTO PO3B’SA3KY 3adadl KajJiOpyBaHHS METOAOM
HaMEHIIUX KBaJAPAaTiB NUISIXOM MPOBEACHHS 00epHEeHOi TpaHchopmailii koopauHat 3 CK
noniroHa B CK ckaHepa 1 HaCTymHUM pO3paxyHKOM IapaMeTpiB KamiOpyBaHHS depes
BU3HAYEHY MOJENIb BIUIMBY CHUCTEMAaTHMYHUX MOXHOOK. Takok Oyino 3arnpornoHOBaHO
croci0 30UIbIIEHHS TOBHOTH JIaHUX CKaHYBAHHS 3 METOIO OXOTUICHHSI O1IBIIIOT0 KyTOBOTO
Ta JIHIWHOTO Jilana30Hy B pa3i BUHUKHEHHS HEMOXKIIMBOCTI BJIAIITYBaHHSI TIOBHOIIIHHOTO
KaJiOpyBaJbHOTO TOJIITOHY 32 3a/IaHUMH TTapaMeTpaMu. 3a aHAJIOTIEI0 3 BUMIPIOBAHHSIM
TOPU30HTATBHUX HANPSIMKIB KYTOBUMH MPUHOMaMH, TIPOTTOHYETHCS TIPOBECTH TTOBTOPHE
CKaHyBaHHS TIOJIITOHY 3 TOBOPOTOM CKaHepa. TakuM YHWHOM, BUKOPHUCTOBYIOUH
3aMpONOHOBaHY MOAM(IKAIII MaTeMaTHYHOI MOJIENI, KUIbKICTh TOYOK JJisi 0OpOOKH 1,
BIIMIOBIZTHO, KYTIB Ta BIJCTaHEW 3OUIBIIYETHCA BABIYUl, BTpUYl 1 T.J. AHAJOTIYHO,
30UTBIITY€ThCS KUTHKICTh MaTPHIIh IIOBOPOTY 1 BEKTOPIB 3MIIIEHHS IO OTHOMY ISl KO>KHOT
CTaHLli ckaHyBaHHS. Tako OyJ0 pO3MISHYTO HENIHIMHHUHA CHOCIO MOILIYyKY HapameTpiB
KaJ1iOpyBaHHsI 1 CTBOPEHO Iporpamy B komruiekci Mathcad st HeniHIHHOTO po3B’sI3aHHS
i€l 3aaaui.

B Poznuti 3 HaBeneHO MpakTUUHY amnpoOalii0 MPOBEACHUX JOCTIIKEHb Ta
mpoaHali3oBaHO 11 pe3ynabrath. Jlnsg mnpoBemeHHs KamOpyBaHHS OyJIO CTBOPEHO
KaJiOpyBadbHUN TOJITOH. Yepes HasgBHICTh ACSIKUX OOMEXEHb HE BIAJIOCS 3aKPIMUTH BC1
3anpoektoBaHi TOK, Tomy ckanyBaHHS BiOyBajiocs B JBa €Taly 3 IOBOPOTOM CKaHEpa.
Koopaunatu TecToBHX 00’€KTIB KamiOpyBaHHS BU3HAUYECHO 3 KOXKHOI CTaHI(li CKaHyBaHHS
1 3a [IOMOMOTOI0 BHCOKOTOYHOTO EJIEKTPOHHOTO TaxeoMeTpa 3a po3poOSeHOI0
MoIu(DIKaI€0 MareMaTuyHOi Mojeil OyJlo MPOBEIEHO PO3PAXYHKH JIHIAHUM 1
HEJIHIHHUM CTIOCOOOM SIK ISl OKPEMUX CTaHIlN, TaK 1 OMHOYACHO I HAOOpy 3 JABOX
cranuid. Ha omguii 31 craniiil Oyno BUSBIEHO I'pyOl MOXUOKH y BUMIPIOBAHHSX, TOMY
MONIYK TMapaMeTpiB KaliOpyBaHHS TMPOBOIMBCS [IJIsi PI3HOT KUIBKOCTI TOYOK. 3a
pe3yabTaraMu OLIHKM TOYHOCTI JTaHHUX JI0 Ta MICJIs MPOBEACHHS KamOpyBaHHsS Oyiio

IIOBEECHO:



e 30UIbIIEHHS MOBHOTH JAHUX 4Yepe3 MOBOPOT CKaHEpa J03BOJISIE YACTKOBO
BUPIIMIATH TPOOIEeMy HEMOXKJIMBOCTI 3aKPIIUICHHS 3alPOCKTOBAHUX MapOK 1
MOKpAIIy€ TOYHICTh BU3HAYEHHSI MapaMeTPiB KaJliOpyBaHHS;

e BuKOpUCTaHHSI anroputMy Kalma-YMesmu g03Boisie  po3paxyBaru
ONTUMAJIbHY MaTPUIIIO TOBOPOTY 1 BEKTOP 3MIILIEHHS ITPU HAIBHOCTI IPyOHnX
MOMUJIOK Y BUMIpax Ta MPOCTE JJIsl YUCEITBHOTO PO3B’ I3aHHS;

® pPO3B’sA3aHHS 3a/adi TMOIIYKy TMapaMmeTpiB KajaiOpyBaHHA JIHIMHUM Ta
HEJIIHIMHUM CITOCOOOM J1a€ MPAKTUYHO, OJTHAKOB1 PE3YJIbTaTH;

® 3aMPOTNOHOBAHUM CIIOCIO BUBHAYEHHS MapaMeTpiB KaliOpyBaHH TOCTYITHHMA
st kopuctyBauiB cucteM HJIC B 3BMyailHuX ymoBax 0€3 BUKOPHUCTAHHS
BUCOKOTOYHOTO  OOJMagHaHHS Ta  CHELialdi30BaHOIO  MPOTPaMHOTO
3a0€e3MeUeHHS.

Takoxx 3po0neHO 3araJibHUKA BHCHOBOK NP0 T€, LIO0 BHECEHHS NapaMeTpiB
KamiOopyBaHHs y JaHi, orpuMadi criocobom HJIC, no3Bossie MiABUIIMTH TOYHICTH LUX
CUCTEM JO pIiBHS, LIO BIANOBIAA€ HOPMATHBHUM BHMOI'aM BUKOHAHHS I1HXEHEPHO-
re07IC3UYHUX POOIT MPHU CYNPOBOKEHH1 Oy/[IBHUIITBA.

Kniouosi cnosa: nazemue nazepne ckanyBaHHs, HJIC, kamiOpysanns, JIIJIAP,
METOJM JAMCTAHIIIIHOIO 3HIMaHHS, MPOCTOPOBI JaHI, CUCTEMHE KaJdlOpyBaHHs, TECTOBI
00’€KkTH KamiOpyBaHHA, KaliOpyBaJbHUW TIOJITOH, I1HXEHEPHO-T€ONE3WYHI pOOOTH,
METOJIMKA KaJllOpyBaHHS, MABUIIEHHS TOYHOCTI, MapaMEeTPUYHUH cr1ociO BUPIBHIOBAHHS,

METOJT HAMMEHIITUX KBaJIpaTiB.
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A feature of engineering and geodetic works during construction support is
increased requirements for their accuracy. Available technologies allow to obtain this
accuracy in a variety of ways, one of which is terrestrial laser scanning. However, despite
the numerous advantages of TLS, the accuracy of the equipment in most cases does not
meet regulatory requirements. Thus, there is a practical task of increasing the accuracy of
data obtained by the method of terrestrial laser scanning. Today, such a method of
increasing accuracy is calibration.

In the first Section, an overview of modern research on the calibration of terrestrial
laser scanners was conducted and the main directions of further research were determined.
It is determined which factors should be considered when solving the problem of
increasing the accuracy of terrestrial laser scanning. A brief review of the areas of TLS
application was also conducted, the advantages and disadvantages of the technology were
determined.

A preliminary calculation of the accuracy of the TLS was carried out on the basis
of the technical characteristics declared by the manufacturer for scanners with phase and
pulse methods of measuring distances and of various types - panoramic and hybrid.

During the analysis of the TLS’ instrumental errors two main sources of errors were
identified, which arise from the geometric model of the scanner - the angle-measuring and
distance-measuring blocks. An overview of all currently known sources of errors was
carried out in order to further solve the problem of avoiding their systematic part. The
methods of determining the systematic component by carrying out calibration on specially
arranged calibration polygons were analyzed. An overview of existing polygons models
was made, their strengths and weaknesses were determined.

Test objects used in calibration are considered - their type, shape, methods of
determining coordinates. Their preliminary classification was carried out.

Directly, calibration can be defined as the process of estimating the parameters that

should be applied to correct the obtained measurements to their true values. Calibration



of TLS can be performed by two methods: with instrumental or system calibration. When
using system calibration, unlike instrument calibration, understanding the scanner's error
sources is not as important. On the contrary, the error model (or correction function) is
derived during the calibration process by the method of least squares. Therefore, it is
possible to estimate instrumental errors regardless of their origin.

In Section 2, a number of studies were conducted to develop a systematic approach
to calibration and to develop a universal calibration procedure available to TLS users.

The components of the systematic error of determining the coordinates are singled
out: the component of the systematic error for the measured distance, for the error of the
vertical circle index, for the trunnion axis error, for collimation, for eccentricity. A model
of the preliminary assessment of the influence of the components of the systematic error
in the context of the universal model of instrument errors has been developed. The effect
of the specified components on the obtained coordinates was considered by performing a
priori simulation modeling of the obtained results using the Monte Carlo method with
simulated systematic error (data before calibration) and with its absence (data after
calibration). Given the lack of metrological and technical requirements for laser scanners,
the author assumed that the geometric model of the scanner is assumed to be similar to
the geometric model of the total station, and the devices themselves have a very similar
scope of application. Therefore, the values of the components of the systematic error were
obtained from the regulatory documentation relating to the electronic total station with the
same angular accuracy and were chosen as the maximum permissible. The influence of
each of the specified components was determined and the significant influence of the
component for the measured distance on the accuracy of coordinate determination was
proved. The obtained data confirmed the previous conclusion about the need to calibrate
terrestrial laser scanners to increase their accuracy to a level sufficient for engineering and
geodetic works.

In order to obtain a range of distances at which it is possible to carry out calibration,
a study of the minimum size of the planar CTO was conducted and the minimum necessary

dimensions of the CTO were established for the unambiguous determination of a flat,



spherical and cylindrical plane. Taking into account the fact that when a laser beam falls
on the edge of a sphere or cylinder, the accuracy of determining the coordinates may
deteriorate, a study was conducted with the simulation of an error in one of the points
defining the sphere or cylinder and the subsequent calculation of the number of points
needed to determine the plane. Acceptability criteria of 5%, 10%, and 20% of the center
coordinates offset relative to the offset of the coordinates of the point in which the error
was simulated were considered. It is proposed to use a 10% acceptance criterion for TLS
calibration problems. The maximum distances to planar CTOs are also determined, taking
into account their standard sizes and the most common scanning modes.

The criteria for the selection of test objects were considered and it was proposed to
use point targets for calibration as those that allow the calibration of the EDM unit.

Due to the availability of both manual and automatic modes of determining the
targets coordinates from the point cloud in various models of scanners, a system of
statistical evaluation of these modes is proposed by comparing the MSE of distances
between points, which will avoid the influence of transition errors between coordinate
systems, and an algorithm for assessing the quality of measurements as well as choose the
optimal mode during calibration.

Taking into account the lack of a systematic approach to the design of polygons,
methodological bases for the design of a calibration polygon have been developed based
on the investigated types of CTO and according to the determined maximum distances. It
1s proposed to take the values of the minimum vertical and horizontal angles between the
test objects as the basis of the design. According to the developed methodical bases, the
number of CTO was calculated and their configuration was proposed for the specified
minimum angles.

The commonly used mathematical model of calibration is a parametric model with
additional conditions, which uses matrices of conditional equations coefficients and
coefficients of correction equations, a corrections vector, a vector of parameters for self-
calibration, and a residuals vector. After solving the system of equations, the values used

for the final calibration of the scanner are obtained, namely the parameters of the transition



between the coordinate systems of different stations, the value of corrections to the
measured values for the reference points, the approximate value of the corrections due to
the influence of systematic errors. One of the disadvantages of this model is the presence
of a correlation between the transition parameters and the calibration parameters due to
the compatible alignment of these parameters.

It is proposed to carry out a separate calculation of the specified parameters, for
which a modification of the mathematical model was carried out. To find the parameters
of the transformation between the coordinate systems of the polygon and the scanner, it is
suggested to use the Kabsh-Umeyama algorithm. This algorithm allows one to determine
the optimal rotation matrix and transition vector between two coordinate systems even in
the presence of gross errors in the coordinates of the points. When using this algorithm,
the centroids of two coordinate systems and the displacement of each point relative to the
centroids are calculated. The covariance matrix is calculated from the two displacement
matrices obtained. The rotation matrix is obtained as a product of right-singular and
transposed left-singular vectors obtained as a result of the covariance matrix singular
value decomposition (SVD).

After the formation of the parametric equations, taking into account the need to
transform the coordinates from the CS of the scanner to the CS of the polygon, it was
proposed to simplify the numerical solution of the calibration problem by the method of
least squares by carrying out the inverse transformation of the coordinates from the CS of
the polygon to the CS of the scanner and then computing for the calibration parameters
through the defined errors model. A method of increasing the completeness of the
scanning data was also proposed in order to cover a larger angular and linear range in case
of impossibility of setting up a complete calibration polygon according to the specified
parameters. By analogy with the measurement of horizontal directions using angular
techniques, it is suggested to re-scan the polygon with the scanner turned around. Thus,
using the proposed modification of the mathematical model, the number of processing
points and, accordingly, the angles and distances are doubled, tripled, etc. Similarly, the

number of rotation matrices and displacement vectors increases by one for each scanning



station. A non-linear method of finding calibration parameters was also considered and a
program was written in the Mathcad software for the non-linear solution of this problem.

Section 3 provides a practical approbation of the conducted research and analyzes
its results. A calibration test site was created for calibration. Due to the presence of some
limitations, it was not possible to fix all the designed CTOs, so the scanning took place in
two stages with the rotation of the scanner. The coordinates of the calibration test objects
were determined from each scanning station and with the high-precision electronic total
station. According to the developed modification of the mathematical model, calculations
were carried out in a linear and non-linear way both for individual stations and
simultaneously for a set of two stations. Gross errors in measurements were found at one
of the stations, so the computing for calibration parameters was carried out for a different
number of points. According to the results of the assessment of the accuracy of the data
before and after the calibration, it was proved:

¢ increasing the completeness of the data due to the rotation of the scanner
allows to partially solve the problem of the impossibility of fixing the
designed targets and improves the accuracy of determining the calibration
parameters;

e the use of the Kabsh-Umeyam algorithm allows one to calculate the optimal
rotation matrix and transition vector in the presence of gross errors in
measurements and simple numerical solution;

e solving the problem of computing calibration parameters in a linear and non-
linear way gives practically the same results;

e the proposed method of determining calibration parameters is available to
end-users of TLS systems in normal conditions without the use of high-
precision equipment and specialized software.

A general conclusion was also made that using the calibration parameters into the
data obtained by the TLS method allows to increase the accuracy of these systems to the
level that meets the regulatory requirements for the performance of engineering and

geodetic works during construction support.
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