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1 Introduction es prt of the digitl trnsition relted to sndustry RFHD the retion of digitl twins t equipment nd industril sites is eoming inresingly widespredF higitl twins n e used for wide rnge of purposesD from simple visuliztion to veri(tion nd vlidtion of oneptsD progress monitoringD onformity mesurementsD or the trining of new st'F o mximize uryD it is neessry to rry out Qh surveys of the geometry nd pperne of instlltionsF emong the mny types of sensors nd tehniques developed for this purposeD terrestril vihe snners @vA remin the sensors of hoie due to their high preisionD high point densityD nd long rngeF 1 sn generlD owing to their omplex geometriesD it is neessry to ondut surveys t multiple positionsD lled vihe sttionsF he sns re then postproessedD denoisedD olorizedD registeredD nd mergedF his proess genertes potentilly mssive Qh point loud tht n e nlyzed y mens of sreen or virtul relity @A hedsetF st n lso e used for di'erent opertions suh sX mesurement of distnes to previous point loud or digitl model s omE ponent of progress or onformity testsD tringulr meshing to otin lighter geometril representtion etter suited to ollision detetion for instneD segmenttion nd ideliztion to reh higherElevel geometri representtionsD suh s nonil shpesD fiEtype gehsD or fsw modelsD in the proess of snPfswD ojet detetion nd Thop pose estimtion of known geh prtsF hese opertions n e performed using lssil methods or deep lerningEsed pprohes IPF he ese of exploittion of the resulting point loud is diretly relted to its qulityF sn prtiulrD olusions must e voidedF heoretillyD every element of the siteD inluding ll equipmentD should e visile to t lest one of the sttionsF oint density must therefore e s homogeneous s possileD nd reh minimum threshold in the lrgest possile reF reise registrtion requires overlp etween point louds issued from di'erent sttionsF he noise level must e s low s possileF end (nllyD to minimize the mount of rw dt to proess nd void rehing potentil time onstrintsD the numer of sttions should e minimlF odyD deisions relting to the neessry mount nd plement of sttions deE pend on the knowledge nd experiene of opertorsF sn this studyD we propose novel pproh for designing optiml solutions through multiojetive optimiztion proE essF qiven Qh model of site or equipment to snD long with its surrounding environment nd QhEessile re for v sttionsD sets of vihe network simulE tions with (xed prmeter vlues were performed to mximize the qulity of surveyed point louds through di'erent riteri @overge nd overlpA while minimizing the numer of sttionsF e reto front ws hrterized y these on)iting ojetives to e used y n expert for informed deisionEmkingF yur min ontriutions to the vihe optiml positioning prolem reX e multiojetive optimiztion pproh is formulted in ontinuous serh spe to provide rih resulting informtionY e method sed on fst nd relisti vihe simultions performed in omplex Qh worldY yjetives evlution is entirely performed on qY olution ounts for lsh detetion etween vihe sttions nd the Qh modelF o the est of our knowledgeD this is the only method tht ddresses the prolem in full Qh spe nd evlutes point loud qulity sed on simultionsF yur solution n e used indoorsD outdoorsD or in omined environmentF efter rief review of relted studies in etion PD we present the vihe simultion tool in etion QF etion R provides desription of the Qh model9s omponentsD surveyed nd loking meshesD nd the serh reD followed y presenttion of the ontinuous serh speD ojetive evlutionsD nd multiojetive strtegy usedF etion S provides the results for simple ses s vlidtion nd hrteriztion of the method9s performne followed y n nlysis of omplex se resultsF pinllyD fter drwing some perspetives in etion TD we onlude the pper in etion UF 2 Previous work he 4rt gllery prolem4 is fundmentl prolem tht entils minimizing the numE er of gurds tht olletively oserve whole rt glleryF his prolem hs een the sujet of numerous theoretil studies nd prtil pplitionsD the most imporE tnt of whih relte to viewEplnningF he prolem n e pprohed in two wys depending on whether n environmentl model is villeF sn the modelEfree seD spe is disovered through oservtionD nd next estEview solutions @xfA re omE monly pplied in n online settingF fy ontrstD sensor network design is generlly performed o1ine for ses with known modelF eent surveysD dedited to the mer plement prolem in surveillne pplitions PI nd the reonstrution of Qh geh models of ojets PTD demonstrte tht most proposed solutions oil down to solving n xEhrd set over prolem @gAD whih entils (nding the smllest sequene of positions tht overs speF por v networksD the uthors of P rised the prolem of plnning for snning @RA nd reviewed the most reent studiesF he spei(ity of R reltes to the sensor hrteristis nd riteri used to qulify Qh point loudD inluding overge omE pletenessD uryD sptil densityD nd registrilityF wost previous studies QPD IWD S operted in Ph environmentD where plnr wlls were simpli(ed to line segmentsD nd the serh re ws disretized in set of possile positionsF hese studies generlly employed simple or modi(ed greedy pprohD whihD lthough suoptimlD provides resonle lol optiml solutions to the g prolemF his pproh lotes n iniE til position with the highest overgeD nd suessively dds new positions with the highest dditionl ontriutions until the glol estimted qulity of the point loud stops improvingF urfe visiilityD point densityD uryD nd overlp re estimted through geometri onsidertions suh s the line of sightD distne from positionD nd inident ngle to segmentsF sntertive pprohes in whih n expert ontriutes to the greedy optimiztion proess were proposed in IF sn WD the uthors implemented greedy pproh on q with oth overge nd overlp estimtionsF sn IWD vihe nd rti(il trget positions used to ese registrtion were optimized using hierrhil strtegy followed y modi(ed greedy methodF yf the few studies QID QWD PS tht operted in Qh environmentD the lst used voxel grid to estimte overgeF sts serh re ws Ph regulr plnr grid with ndidte positionsD possily t di'erent heightsF sn PPD deep reinforement lerning @hvA pproh ws used to lote the optiml set of view poses llowing the snning of Qh geh model with depth mer sensor pled on rooti rmF en gent ttempted to mximize its rewrd y (nding suessive positions tht yielded the highest improvement in overgeD until given mximl numer of poses ws rehedF he overed surfe re ws estimted using noisy mer simultion performed on qD nd voxelized representtion of the Qh geh modelF everl hv lgorithms were ompred for oth disrete nd ontinuous serh spesF wuh like the greedy pprohD this method works well in prtie ut yields suoptiml resultsF snsted of progressively dding sensorsD severl studies pprohed the prolem y optimizing the glol network sensor positions while minimizing their numerF sn TD in the ontext of indoor environment surveyingD set of ndidte points ws distriuted over )oorpln mp with Ph disrete gridD nd the overge prolem ws solved with n ext pproh vi integer liner progrmming @svAF fy onstrining the onnetivity of the vihe network grphD overlpping is solved using mixed integer liner progrmming @wsvAF elthough this pproh inurs n exponentil omplexity in the worst seD it is generlly pplile in prtieF yther studies employed heuristiEsed optimiztion methods to explore the entire serh speD nd did not exhiit the worstEse prolemF he present study flls under this tegoryF sn the (eld of video mersD the uthors of QS proposed twoEstep methodF trting from n initil huge set of mers with given positionsD orienttionsD nd prmetersD providing lmost perfet overgeD the (rst step onsists of (nding the miniml suset llowing VH% of the mximl oserved overge to e rehedF sn the seond stepD the positions nd orienttions of given numer of mers re llowed to move in ontinuous serh spe to improve overgeF foth optimiztion steps rely on the modi(ed prtile swrm optimiztion @yA methodF por v networksD in PHD geneti lgorithm @qeA ws used tht (nds network with numerous positions providing full overgeD nd grdully removed positions until miniml threshold is rehedF sn IVD the performnes of qeD yD nd simulted nneling @eA were ompred in single given environmentF foth forementioned studies operted in Ph world with positions spred over disrete reF sn RD the uthors proposed the simultneous optimiztion of overge nd overE lpping while minimizing the numer of sttionsF his multiojetive optimiztion is performed y qe method with (tness vlue p for given network of sttions sD resulting from the liner slriztion of three funtionsD s expressed y iqution IF

F (s) = λ1Γ(s) + λ2Φ(s) + λ3∆(s)
@IA whereX Γ(s) denotes the overge vlueF

Φ(s) = 2 Nmax-N stations Nmax
-1 is funtion tht dereses with n inrese in NstationsD the numer of tive sttions for given networkD given ll networks hving Nmax sttionsD

∆(s) = 1
Cc where Cc is the numer of onneted omponents in the vihe sttion visiility grphF λ1 = λ2 = 0.4 nd λ3 = 0.2 feuse ll three funtions hve rnge of [0, 1] nd the sum of weights λi is ID F is lso in the rnge of [0, 1]F he qe seeks to mximize this (tness funtion y evolving popultion of sttion networks in Ph ontinuous serh speF yne n remrk tht the optiml solution is dependent on the three funtion formultions nd weightsD s hnges in ny of these yield new optiml solutionF fy ontrstD the multiojetive pproh desried in this pper provides the user with reto frontD llowing the solution to etter mth the requirementsF purthermoreD our pproh is sed on relisti Qh vihe simultions tht ount for onsiderly more omplex environmentsF 3 LiDAR simulation

3.1

Related studies wny vihe simultion tools re ville todyD nd re ommonly used to test the performne of new sensorsD enhmrk pointEloud lgorithmsD nd rete rih dtsets for deep lerning methodsF sn rootisD they n e used for sensorEsed motion plnning PVF por utonomous vehile simultionD they enle the veri(tion of whether (xed or moving ostles n e e0iently deteted @see U nd PUAF sn these (eldsD speed is generlly fvored to relismD s there is need for online simultionsF sn PRD the uthors present method tht ounts for the rollingEshutter e'et of moving vehile rrying vihesD nd the motion lur of moving ostlesF roweverD simultion tools for timeEofE)ight terrestril vihe re often used o1ineD nd they rnge from simple to physillyEsed modelsF flensor II ws n erly ttempt to rete tool integrted into the flender softwre tht relies on ry stingF en implementtion of similr tool with q omputtion using xvidi yptix ws reported in PQF wore relisti models were implemented y relios QUD whih n onsider the lser em divergene nd emitted signl wveformF his llows for the detetion of multiple points in single diretionD orresponding to multiple signl peksD for timeEofE)ight vihesF pinllyD in hssq IHD physil simultion ode ws implemented sed on omplex models of soureD trnsportD light with mteril intertionD nd reeiverF feuse multiojetive optimiztion requires mny simultions of sttion netE worksD where tens of millions of points re reorded for eh sttionD we deided to implement our tool on the q to reh n eptle omputtion timeF yur method is sed on simple ryEsting pprohD nd provides rih results tht re further utilized on q to rpidly evlute ojetive vluesF elism n e improved y dding noiseF Simulation he implemented vihe model employed ry stingF he ode ws sed on the xvidi yptix U lirryD llowing ess to the power of ry tring hrdE wre supportF he vihe simultion tool ws integrted into the nity Qh pltformF e ry ws lunhed for eh lser em diretionF hen the ry hit surfeD the following results were otined @see pigure PAX point positionD or the (rst intersetion point identi(edF st is omputed in world spe ut n e trnsformed into lol vihe oordinte systemF point colorX en equiretngulr pnormi imge is (rst rendered round the urrent sttion nd trnsferred to the q s textureF henD during the vihe simultionD for eh ry diretion hitting surfeD point olor is otined y iliner texture olor interpoltionF point normalD otined y iliner interpoltion of the hit tringle9s vertex norE mls with (s, t) ryentri oordintes of interseted pointsF st is oriented towrd the diretion of the inident ryF reectivityX pollowing vmertin lwD it is equl to R(I • (-N ))D where R is the di'use oe0ient of the mteril ssoited with the interseting meshD I is the diretion of the inident ryD N is the point normlD nd • is the dot produt opertion mesh idX he sh of the tringle9s meshD whih remins t EI if no hit oursF he omputtions of point olorD normlD nd re)etivity re optionlF yn the qD di'erent output u'ers were preElloted to (t the numer of rysF

Noise

Noise model he geometri noise of point loud my hve severl originsD suh s eletroni noise on the sensorD intertion with the tmosphereD or omplex interE tion of the lser em with surfeF sn this studyD we onduted relisti ut not physillyEsed vihe simultionsF hereforeD we employed tles provided y vihe onstrutorsD thus llowing the evlution of noise mplitude for perfetly E urte mesures @see le IAF es n e seenD noise mplitude inreses with higher distne nd lower re)etivityF fy using vmertin di'use lw to evlute re)eE tivity @see etion QFPAD we rehed glol greement with the inrese in the inident ngle to the intersetion point normlD s noted in QQF Reectivity \Distance 5m 10m 20m 40m 60m Black 8% 0.5mm 0.6mm 0.7mm 2.5mm 5.0mm Grey 21% 0.4mm 0.5mm 0.6mm 0.8mm 2.0mm White 89% 0.3mm 0.4mm 0.5mm 0.6mm 1.0mm

Table 1: Noise amplitude of Leica RTC 360 for a single measurement, depending on the distance and reectivity of the obstacle.

Noise computation method huring simultionD eh intersetion point ws rndomly moved long the ry following zeroEmen qussin distriutionD in whih the stndrd devition σ vlue ws omputed y interpolting the vlues of the onE strutor mplitude tleF por omputtionl performneD this initil tle ws trnsformed vi interpolE tion nd extrpoltion into regulr oversmpled tleF sts inputs were normlized @A e Qh mesh model with terE restril vihe positioned in front of itF @A oint loud olorsF @A endered pnormi imge from vihe positionF @dA oint loud normls in flse olorsF @eA xormls olor mpF e ui model ws inE ternlly snned using viheF @fA oint loud re)etivityF @gA e)etivity grysleF @hA oint loud mesh shs in flse olorsF @iA wodel mesh sh TF @jA wodel mesh sh UF distne nd re)etivityD oth in the rnge of [0, 1]F e hose smpling step of 0.01D whih llowed the retion of IHI Ö IHI tle tht ws trnsferred s texture mp to the q for fst σ evlution y iliner interpoltionF elgorithm I summrizes the methods usedF Algorithm 1 Noise computation. Operations in blue are performed on GPU. {iEgywesyx} prom initil onstrutor tleD rete regulr oversmpled noisele rnsfer it s texture mp to q {gywesyx} {dminD dmax is the vihe rnge} {I is the inident ry diretionY R is the di'use re)etion oe0ient} for eh intersetionoint found do distne ← xorm@lidrositionD intersetionointA normlizedhistne

← distance-d min dmax-d min N ← snterpoltedendyrientedxormlet@intersetionointA re)etivity ← R(I • (-N )) σ ← filinersnterpoltion@noiseleD normlizedhistneD re)etivityA ϵ ← ndomlueithqussinhistriution(0, σ) intersetionoint ← intersetionoint C ϵI end for
4 Optimization of LiDAR positioning he generl positioning optimiztion method relies on multiojetive optimiztion sed on vihe simultions omputed using the proposed toolF he elements of the method nd their ssoited lgorithms re presented in the following setionsX surveyed nd loking meshes in etion RFID serh re in etion RFPD lsh detetion round vihe sttions in etion RFQD nd serh spe in etion RFRF he three evluted ojetives re introdued in etion RFSX overgeD overlpD nd sttion numerF he si priniples of the hosen optimiztion methods ! gweEi for monoE ojetive prolems nd wyEgweEi for multiojetive prolems ! re presented in etion RFTF 4.1 Surveyed and blocking 3D triangular meshes hen snning omplete siteD the entire Qh model must e overedF roweverD spei( equipment nd res of omplex industril environments re often surrounded y elements tht limit their visiility nd essiilityF por instneD mhine tool my e surrounded y other mhines or rhiteturl elementsD suh s rriers or postsF sn the ontext of our pplitionD the user spei(es the prt of the model to e snnedF hese models re referred to s surveyed meshesD wheres the remining models re referred to s loking meshesF elthough oth mesh types n interset rys nd e used for lsh detetionD only the intersetion points of rys with surveyed meshes ontriute to overge nd overlpping ojetives @see etion RFSAF huring the initiliztion stepD we voxelized the surveyed meshes9 surfes y imE plementing the method desried in QH on gF e used ui ox whose length orresponds to the lrgest extent of the ounding ox of ll surveyed meshesF qiven the size provided y the userD the voxel size is de(ned s

voxelsize = boxlength 2 d @PA
where d is the smllest integer suh tht voxelsize ≤ usersizeF st should e noted tht the user size should e seleted so tht voxeliztion is relly surfiF por instneD it should e smller thn the wll thikness if oth fes re visileF roweverD the voxel size must not e too smllD s explined in etion RFSFIF eny voxels tht interset tringles re stored in memory with n ssoitive mpD whose keys re the worton keys of n otree with onstnt depth dF his list of full voxel keys @referred to s surveyed geometry voxels throughout this pperA is sorted nd stored in q memory u'erF

4.2

Search area he serh re is the essile re where vihe sttions n e positionedF sts surfe is not intersetleD lthough it often oinides with loking surfe @eFgFD the groundAD nd it is Qh tringulr mesh with ui, vi oordintes tthed to its vertiesF he serh re n e represented y ny prmetri surfeD nd my ontin slopesD urvesD umpsD holesD nd similr feturesF he tringulr mesh my even hve di'erent onneted omponents to represent set of surfes @the di'erent stirs of uildingD for instneA s long s the ui, vi oordintes of the verties do not overlpF yptimiztion ours s vihe sttions evolve in this serh reF rovided vertil height nd Ph oordinte point (u, v) with ontinuous vluesD given sttion9s position n e omputed on the g y (nding tringle with vertex i, j, k nd oordintes ui, vi, uj, vj, u k nd v k suh tht

u = (1 -s -t)ui + suj + tu k v = (1 -s -t)vi + svj + tv k @QA
where s nd t re the ryentri oordintes of point within the tringle suh tht

0 ≤ s ≤ 1, 0 ≤ t ≤ 1 nd 0 ≤ s + t ≤ 1 @RA
o e0iently serh this tringle nd ompute vlues of s nd tD qudtree is uilt on the tringulr mesh of the serh re in the Ph (u, v) speF he qudtree spns [umin, umax] nd [vmin, vmax]D orresponding to the overll serh oordintesD nd its root node ontins ll mesh tringlesF he uild is reursiveD s eh node is sudivided into fourD nd eh tringle is distriuted into one or more hild nodesF he proess termintes for given node when the numer of tringles eomes smller thn the mximum llowedD or given mximum depth is rehedF huring the tringle serhD this enles the quik pruning of nodes tht do not ontin (u, v) oordintesF por the remining nodesD the serhed tringleD if it existsD is found y inverting iqution S nd ensuring tht s nd t oey iqution RF sf no tringle is foundD hole is presentD in whih se the vihe sttion is not simulted nd does not ontriute to the ojetive evlutionF he inverse equtions re s followsX

s = (v -vi)(u k -ui) -(u -ui)(v k -vi) (vj -vi)(u k -ui) -(uj -ui)(v k -vi) t = (u -ui) -(uj -ui)s u k -ui = (v -vi) -(vj -vi)s v k -vi @SA
sf we denote the tringle verties s Pi, PjD nd P k D then the vihe position in Qh is

lidarP osition(u, v) = (1 -s -t)Pi + sPj + tP k + h up @TA
where h is the vihe height ove the ground nd up the vertil diretion in world oordintesF sn our seD ll terrestril vihes were ssumed to remin vertilF sn other ontextsD Qh tringulr lol norml mesh my e usedF he serh spe is the spe in whih n optimiztion lgorithm opertesF sf the numer of sttions N is givenD s in psEtype prolemD its dimension is 2N D s eh ndidte solution of the popultionD or network of vihe sttionsD is represented y oordinte vetor (u1, v1, ..uN , vN )F he vihe positions in Qh re omputed on the g for eh sttion i @1 ≤ i ≤ N A using the method desried in etion RFPF sf optimiztion lso ttempts to minimize the numer of sttionsD s in wsxEtype prolemD then eh ndidte solution hs numer of vlid sttions Nstations etween two userEprovided vlues Nmin nd NmaxD whih n e roughly estimted sed on the extent nd omplexity of surveyed geometryF feuse the optimiztion lirries used in our implementtion @see etion RFTA do not llow the mixing of )otingEpoint nd integerEvlue oordintesD )oting vlue oordinte α etween H nd I is dded to ll ndidte solutionsD resulting in serh spe of dimension 2Nmax + 1F he numer of sttions evluted for given ndidte is

Nstations = rounded(Nmin + α(Nmax -Nmin))
@UA sf the (u, v) oordintes in the serh re re ounded y [umin, umax] nd [vmin, vmax]D then the optimiztions re onstrined y the following oundsX [(umin, vmin, ..umin, vmin), (umax, vmax, ..umax, vmax)]D two (2N ) vetors for given numer of sttionsD [(umin, vmin, ..umin, vmin, 0), (umax, vmax, ..umax, vmax, 1)]D two (2Nmax+1) veE tors in se we seek to minimize the numer of sttionsF F efter eh simultionD the surveyed geometry voxel point ount voxeldensity @denoted voxelhensityfuf in elgorithm PA inresed y the numer of points it ontinedF pinllyD fter ll sttions were simultedD overge ws estimted using the following formulX where Nv denotes the totl numer of surveyed geometri voxels @sgvoxelsAF st should e noted tht voxelsize must exeed the point sping n so tht the required numer of points per voxel goaldensity is t lest IF goverge vlue is in the [0, 1] rngeD where the mximl vlue of I orresponds to sitution where ll surveyed voxel densities hve rehed the density golF goverge mesures lol densities s well s the visiility of glol surveyed geometryF his formul nturlly fores the optimiztion method to spred sttions throughout the serh reF feuse the rtio voxel_density goal_density is limited to ID it penlizes solutions with useless lol overEdensities tht result from n exessive numer of sttions overing the sme reF purthermoreD s point density dereses with distne to the vihe position nd grzing nglesD the sttion positions should not e too fr from the surveyed geometryD or t too lrge ngles of inident rys with normlsF goverge ws omputed on q with ghe hrust ode without trnsferring point loud dt to g ewF ih point oordinte ws onverted into worton key vlue tht ws inry serhed in the surveyed geometry voxel key u'erF useE quentlyD the point keys were ounted through histogrm lgorithmD resulting in the ddition of point ount per voxelF yne the simultions of ll vihe sttions were ompletedD overge ws omputed using simple dditive redution of the threshold density rtiosF e Qh rtogrphy n e exported y visulizing these density rtios using flse olorsF 4.5.2 Overlap efter snning survey of rel siteD the point louds of eh vihe sttion re registered itertively or glolly @see IS for reent survey regrding this topiAF hen no rti(il trgets re ddedD high overlpping etween sns improves the preision of this proess y inresing the numer of fetureEmthing pirsF he (rst step of the overlp estimtion method for given ndidte solution onsists of evluting the overlpping of eh of its two sttions i nd jF o E omplish thisD list of sttions is determined for eh surveyed geometry voxelF st should e noted tht simple ondition for voxel oservtion is to ontin t lest one point from the simulted point loud of given sttionF sn prtieD to preserve memory nd mintin q e0ienyD insted of uilding rel listD TREit long inteE ger voxelstationsIDD initilly set to HD is ssoited with eh surveyed geometry voxel1 F his vlue is denoted y voxelttionsshfuf in elgorithm PF por eh point within point loudD fter determining the surveyed geometry voxel key tht ontins itD voxelstationsID is modi(ed s followsX

voxelstationsID ← voxelstationsID OR lbs(1, i -1)
@WA where i is the sttion index in [1, Nstations]D nd lbs is the leftEit shift opertionF he visiility of given surveyed geometry voxel y sttion i n then e represented y the vrile voxelvisibleiD whose vlue is I if

voxelstationsID AN D lbs(1, i -1) ̸ = 0 @IHA
nd H otherwiseF he overlpping of sttions i nd j is evluted using

Overlapi,j = sg_voxels voxelvisiblei AN D voxelvisiblej sg_voxels voxelvisiblei OR voxelvisiblej @IIA with rel vlue in the rnge of [0, 1]D where H orresponds to no overlp t llD nd I orresponds to perfet overlpF feuse of the symmetry of the formul Overlapi,j = Overlapj,iD nd euse Overlapi,i = 1D only the N stations (N stations -1) 2 overlp ouples hve to e evlutedF his genertes n undireted weighted grph in whih the djeny mtrix oefE (ients re Overlapi,jD with the exeption of Overlapi,iD whih re set to H euseD y onventionD nodes re not onneted to themselvesF e evluted the overlp of ndidte solution s the verge lustering oe0ient of this grphF his oe0ient indites the degree to whih grph nodes re reltedF sntuitivelyD given node triplet (i, j, k)D the oe0ient indites the proility tht j nd k re onneted ssuming i is onneted to oth j nd kF por n unweighted grph with N nodesD where ll djeny oe0ients Ai,j re either H or ID the verge lustering oe0ient is

C = 1 N N i=1 Ci Ci = 1 ki(ki -1) j,k Ai,jA i,k A j,k @IPA
where ki is the degree of node iF everl generliztions of weighted grphs hve een proposed @see QTAF e deided to use the formul suggested in PW euse it is fst nd numerilly stleF st lso presents desirle propertiesD suh s generl verstilityD ontinuity with the unweighted formulD nd roustness to noiseF his leds to the following equtionX

Overlap = 1 Nstations N stations i=1 Overlapi Overlapi = 1 maxi,j(Overlapi,j) j,k Overlapi,jOverlap i,k Overlap j,k j,k,j̸ =k Overlapi,jOverlap i,k @IQA
whih is the overlp for given ndidte solution with vlue in the rnge of [0, 1]F

st should e noted thtD euse the notion of the lustering oe0ient relies on triplets of sttion onnetionsD it ontriutes to the possile detetion of numerous feture mthing pirs etween point loudsF his should ensure roust nd preise glol registrtionF sn our implementtionD voxel sttion visiility ws evluted on the q fter eh vihe simultionF he djeny mtrix oe0ients were omputed on the g y dividing the results of dditive redutions performed on the qF he (nl formul @IQA ws evluted on the gF 4.5.3 Number of stations sn n wsx prolemD the ojetive tht minimizes the numer of sttions is evluted for eh ndidte solution s the vlue of its α oordinteF his vlue is ounded y H nd ID where H orresponds to Nmin nd I orresponds to Nmax @see iqution UAF 4.5.4 Optimization problem types e glol optimum must e found in the serh spe tht orresponds to mximum for overge nd overlpD nd minimum for α @iFeFD the numer of sttionsAF es these ojetives re ll in the [0, 1] rngeD the prolem is onverted into the minimiztion of 1 -CoverageD 1 -OverlapD nd αF snsted of lwys optimizing these three ojetivesD we ddressed four optimiztion prolems tht orrespond to di'erent omintionsX gyieqipsD gyiE eqiyivepsD gyieqiwsxD nd gyieqiyivewsxF le P presents the hrteristis of these prolemsF

Optimization problem

Objectives to minimize Optimization type

1 -Coverage 1 -Overlap α Mono-objective Multiobjective COVERAGE_FIX ✓ ✓ COVERAGE_OVERLAP_FIX ✓ ✓ ✓ COVERAGE_MIN ✓ ✓ ✓ COVERAGE_OVERLAP_MIN ✓ ✓ ✓ ✓
Table 2: Dierent optimization problem types addressed.

gyieqips is presented in this pper primrily for pedgogil purposesD wheres the other three prolems provided the most interesting resultsF sn prtieD s disussed in etions SFIFP nd SFPD for given test seD vriety of multiojetive optimiztion steps re performed to e0iently explore the serh speF heisions to guide the serh nd selet the est ompromise must e mde fter eh step sed on user riteriF st should e noted tht multiojetive optimiztion often inludes on)iting oE jetivesF sn the ontext of this studyD n inrese in overge requires lrge numer of vihe sttions to e spred in the serh reD while n inrese in overlp is ssoited with groupingF por wsx optimiztionD the numer of sttions should e reduedF

4.6

Optimization methods por the gyieqips prolemD we deided to use gweEi IQD whih is powE erful glol monoEojetiveD derivtiveEfree method sed on n evolutionry strtegyF ih itertion updtes the ovrine mtrix of multivrite norml distriution in R dim D where dim is the dimension of the serh speF his is highly e0ient euse it enles lerning from seondEorder model of the underlying ojetive funtionD whih is similr to the pproximtion of the inverse ressin mtrix in the qusiExewton method in lssil optimiztionF ee IR for omprison with other optimiztion methods on enhmrkF sn dditionD this pproh hs very few prmE eters to setD nmely the numer of itertionsD popultion sizeD nd stndrd devition sigm initil vlue2 F por the lst three prolems listed in le PD mny multiojetive optimiztion methods n e used VD mong whih the most ommon re xqe ssD xqe sssD nd wyieGhF xeverthelessD we seleted wyEgweEi @QRD IUAD s it inherits the ene(ts of its monoEojetive versionD inluding rpid onvergene rte nd the sme numer of required prmetersF purthermoreD it uses the hypervolume etween the reto front nd referene point @the unit vetor in our seA s performne inditorF his proves useful when it omes to knowing when to stop itertingD s it tends to onverge symptotilly to mximum vlueF st should e noted here tht s the vriles we seek to minimize @1 -coverageD 1 -overlapD nd αA ll hve miniml vlues of HD the mximl theoretil hypervolume orresponds to unit squre in the se of iEojetive optimiztion @gyieqiyiveps nd gyieqiwsxAD nd unit ue in the se of triEojetive optimiztion @gyE ieqiyivewsxAF e used limes Q for the implementtion of gweEiD nd hrk IT for tht of wyEgweEiF he optimiztions were onstrined s desried in etion RFRF por gweEiD the initil popultion ws derived from single network of initil vihe positioning provided y the userD wheres for wyEgweEiD it ws rndomly generted in the serh speF elgorithm P glolly sums up the vihe positioning optimiztion method emE ployed in this studyF 5 Results

5.1

Simple cases 5.1.1 Noise impact sn this (rst testD vihe ws positioned in front of three surveyed wlls represented y simple retngles @see pigure RAF he wll mteril ws ssigned di'useEoe0ient vlue of HFIF wo vihe simultions followed y overge estimtion were performed without noiseD nd then performed gin with noiseF e used the noise prmeters listed in le ID nd stndrd devitions rnged from HFS to P mm t norml inideneF he user nd voxel sizes were set to I mF oint sping ws set t I point every T mmD whih implies gol density of PFV points per voxelF le Q indites tht the numer of points found on the wll surfe @iFeFD in the surveyed geometry voxelsA in the presene of noise ws smller thn the totl numer of pointsF feuse outliers do not ontriute to overge nd overlp ojetive vluesD simultion overge with noise ws slightly lower thn tht without noiseF pigures S nd S denote outliers in redF elthough the point density is smller on distnt wllsD these outliers re proportionlly more undntF edding noise to vihe simultions for positioning optimiztion introdues n e'et tht tends to reinfore glol trendsF olution ndidtes with high noise level ! tht isD with vihe positions too fr wy from the surveyed geometryD or Algorithm 2 General Multiobjective Optimization Algorithm.

Operations in blue are performed on GPU. {eewii} {lidrrmetersD surveyedGloking meshesD mesh mterilsD omputexoise} {userSizeD pointSpacingD serh re meshD h vihe height} {h1, h2, r seurity volume prmeters round vihe} {wyEgweEi prmetersX w popultion sizeD nsterwx numer of itertionsD nd sigm initil stndrd devition} {N numer of sttions for ps optimiztionD [Nmin, Nmax] for wsx optimiztion} {sxs} snit rytring @xvidi yptix pipeline nd elertion strutureAD llote gud u'ersX point loud positionsD olorsD normlsD re)etivities nd mesh ids if omputexoise then snit oversmpled noisele nd trnsfer it onto q @3.3A end if voxelSize ← gomputeoxelize@surveyed meshesD userSizeA @4.1A oxelize surveyed meshes nd trnsfer result s q gud fu'er voxelueysfuf ellote ud u'ers voxelhensityfufD voxelttionsshfuf @4.1A grete qudtree for serh re uv oordintes @4.2A grete elertion struture for lsh detetion @4.3A goalDensity ← gomputeqolhensity@voxelSizeD pointSpacingA @4.5.1A {sxs wultiojetive yswsesyx yvesyx} for p a I to w do snit solution ndidtes oordintes rndomly @4.6A {ngoordintes re PN @u, vA @psA or 2Nmax @u, vA C I @αA @wsxA @4.4A} end for {wultiojetive yswsesyx} nster ← H while @nster `nsterwxA do for p a I to w do Nstations ← N @psA or Nmin + α(Nmax -NminA @wsxA voxelhensityfuf ← HD voxelttionsshfuf ← H for i a I to Nstations do if ui nd vi found in tringle of the serh re tringle mesh @4.2AD then lidrosition ← to@D uiD vi D hA C1 ← to@D uiD vi D h1AD C2 ← to@D uiD vi D h2A if xy glsh@C1D C2D rD surveyedGloking meshesA @4.3AD then pointgloud ← imultionvidr@lidrositionD lidrrmetersD surE veyedGloking meshesD meshes mterilsD omputexoiseD noiseleA @3.2A voxelhensityfuf ← gontrixoints@pointgloudD voxelueysfufA @4.5.1A voxelttionsshfuf ← gontrittionsh@pointgloudD voxelueysfufA @4.5.2A end if end if end for {ievei yftigsi evi py gexhshei p} coveragep ← goverge@voxelhensityfufD goalDensityA @4.5.1A overlapp ← yverlp@voxelttionsshfufA @4.5.2A nbStationsp ← α @4.5.3A

end for pdteopultion@wD sigmA @4.6A nster ← nster C I end while time 3 of QH sF he resulting simultion for the est ndidte solution is shown in pigure UD nd its overge rtogrphy is displyed in pigure UF his (rst result ws not stisftoryD s the overlp for the optiml fourEsttion on(gurtion ws HD euse the point louds do not shre ny points on the surveyed geometryF hereforeD the question is how mny sttions re neessry nd su0ient to reh lmost omplete overge with more overlpF Multiobjective optimization with a linear scalarization approach he method proposed in R ws implemented with the following di'erenes to llow fir omprisonsX Γ ws evluted using our densityEsed overge estimtion method @see eE tion RFSFIAF ΦD the funtion of the numer of sttionsD ws hnged to P hi = 2 Nmax -N stations Nmax-N min -1 so tht P hi = 0 for Nstations = Nmax nd P hi = 1 for Nstations = NminF he gweEi monoEojetive method ws used insted of the qe to mximize the (tnessF ytherwiseD the funtion ∆ llowing the mesurement of vihe sttion grph visiilityD s well s the weights λiD remined unhnged @see etion PAF Nmin nd Nmax were (xed t R nd IP sttionsD respetivelyF sing popultion of QT ndidte solutionsD the est solution found fter ISH itertions performed in US s presented (tness of HFWQF es shown in pigure VD there ws slight vrition in the solution otined previouslyD with four sttions moving wy from the wllsF sts overge vlue Γ ws HFVQD Φ ws I s the ndidte hd Nmin = 4 sttionsD nd ∆ ws lso I euse of only one onneted omponent s eh sttion is within the visul rnge of t lest n other oneF he overlp vlue ws still H euse the simulted point louds did not shre ny pointsF @A gndidte with est (tnessF @A goverge rtogrphyF Figure 8: Candidate with best tness found with a multiobjective linear scalarization approach.

pitness mximiztion enles the mximiztion of Φ nd ∆ t the ost of overge vlue Γ lower thn tht otined with our gyieqips optimiztion @HFVQ s opposed to HFVWAF sn ftD to inrese ΓD the optimizer needs to either ring the sttions loser to the wllsD whih lowers visiility nd hene ∆D or to inrese the numer of sttionsD whih lowers ΦF ith the given weight vluesD oth solution types re disrdedD s they provide suoptiml (tnessF sf the user requires etter overge @lmost perfet overgeD for instneAD the hs to inrese the overge weight λ1 nd derese ll other weightsD thus indiretly setting his preferenesF yur method is muh more informtive euse it provides reto front for soE lution ndidtesD whih llows the user to esily interpret results nd determine the est ompromiseF pinllyD we elieve tht our overlp estimtion ojetiveD s formlE ized in etion RFSFPD is more dequte thn the proposed ∆ funtion for mesuring the registrility of vihe sttion point loudsF Our multiobjective approach e proeeded in two stepsF pirstD gyiE eqiwsx multiojetive optimiztion ws performed with Nmin = 4 nd Nmax = 12F he popultion ws set to PHH ndidte solutionsD nd PSH itertions were perE formed for totl omputtionl time of WPV sF he (nl hypervolume rehed ws HFWS @with mximum of ID s shown in etion RFTAF pigure W illustrtes the onvergene of the reto frontF @A rypervolumeF es n e seen in pigure IHD the ndidte tht produed the est overgeD point in lue on the lowerErightD rehed n lmost perfet vlue of HFWWF roweverD euse the sttion positions were too stteredD the overlp ws only HFITF fy onE trstD the ndidte with the est overlp of IFHHD point in red in the upperEmiddle prtD rehed overge of only HFSH euse the vihe positions were too groupedF e good ompromise n e rehed y hoosing ndidte solution on the (nl reto front with overge HFWVD slightly elow the mximumD nd n overlp of HFUS @ reddish ornge point in the upperEright prtAF @A fest overgeF @A goverge rtogrphyF pigure II shows the vihe positions nd rtogrphy overge of the ndidte solutionF pigure IP shows the overlp weighted grph drwn round the four wllsF ynly onnetions with signi(nt weights @≥ 0.01A re representedF ell other onneE tions re either stritly HD s the point louds do not shre ny pointsD or very smllD s only points in the voxels of the wll edges re shredF he grph ontins two onneted omponentsD eh of whih groups positions into tripletsD whihD s noted in etion RFSFPD llows for more roust nd preise glol registrtionF he two ompoE nents orresponding to the point louds n e registered with the help of edge points shred etween positions P nd VD nd R nd SF ompromise ws requiredF e hose to selet the ndidte with the sixth est overge of HFSUSF elthough its overge ws slightly lower thn the est se of HFSUVD it produed higher overlp of HFQRH ompred with the HFQHR in the optiml overge seF he IS vihe positions nd orresponding overlpEweighted grphs re shown in pigure ITF sn pigure ITD only links with weight vlues lrger thn HFHS re displyedF he sttions were losely onnetedD eh with IET signi(nt overlpping linksF e mximum Overlapi,j vlue of HFQU ws rehed for ttions P nd WF ttion IP is on the pltformD ttions ID SD VD nd IR re on the slopeD nd ttion IQ is on top of the emnkmentF he glol point loud for this ndidte solution with IS sttions rehed QTTFS million pointsD the mjority of whih re on the groundF emongst the IHQFW million intersetion points with the surveyed meshesD IHPFT were found in the surveyed geomE etry voxelsD whih mens there were very few outliers due to geometri noiseF pigure IU shows oth the point loud nd its overge rtogrphy from di'erent perspeE tivesF he min re of the site ws snned with stisftory point densityF hin struturesD suh s ldders or rilingsD nd smll ojetsD suh s oltsD n e lerly identi(ed in the snF roweverD some prts ould not e snned orretly for the following two resonsF ome res hve limited essF his is the seD for instneD for pltform or etween tnk nd min pipe @see pigures IV nd IVD where the seurity volume is represented y two trnsprent ornge spheresAF hen lsh detetion is performedD these res orrespond to very restrited nd isolted res in the (u, v) prmetri serh speF hereforeD the optimiztion method hs di0ulties rehing nd exploring these ples furtherF es the vihe height ws kept onstntD high @see pigure IVA nd low @see pigure IVdA res ould not e seenF 6 Possible improvements sn our methodD most vihe prmeters were (xed for eh ndidteF ome of these prmeters ould lso e prt of the optimiztion proessF por exmpleD vihe height n vry etween sttions 4 D thus rehing res tht would otherwise remin inessileD s disussed in etion SFPF enother prmeter tht my vry etween @A op view of the IS sttions nd simE ulted point loudsF ndidte solutions is the vihe step ngleF elthough these ngles were (xed t the eginning of the surveyD smller step ngles my provide solutions with fewer vihe sttionsF purthermoreD in the studies presented in etion SD the est solution ws otined fter severl itertive optimiztion stepsF his work)ow n e integrted into n intertive optimiztion proess QVD where the user progressively hooses to fous the omputtionl e'ort on prts of the serh speF pinllyD the vihe model ould eome more omplex to enle more relisti snningF his would enle higher qulity of noise nd rtiftsD suh s mixed nd isolted pointsD due to re)etion nd refrtionF sn survey ses where these phenomen re not negligileD this should provide n interesting improvement in the solutionsF 7 Conclusion e novel method for optimizing the positioning of network of terrestril vihe stE tions on n priori known Qh tringulr mesh model ws presentedF his method relies on fstD qEsedD nd relisti Qh simultions tht ount for noiseY explores omplex serh resY nd detets lshes using geometryF he use of multiojeE tive pproh llows for (nl deisionEmking sed on rih nd informtive resultsF @A qenerl viewF @A qenerl view overgeF @A qenerl view @opposite sideAF @dA qenerl view overge @opposite sideAF @eA gloseEup viewF @fA gloseEup view overgeF ixperiments were presented on simple sesD nd then on omplex industril seD demonstrting the e'etiveness of the methodF sn the futureD we pln to further elerte omputtions using multiple qs to perform prllel evlutions of the ndidte solutions for given popultion t eh itertionF @A vimited ess to pltformF rnsE prent ornge spheres re the seurity volumeF @A vimited ess etween pipe nd tnkF @A goverge rtogrphy E top viewF @dA goverge rtogrphy E ottom viewF 

Figure 1 :

 1 Figure 1: LiDAR station geometry.

Figure 2 :

 2 Figure 2: Simulated LiDAR scan. A model with dimensions of 65.5 m x 50 m x 15.5 m was placed on a 100 m x 100 m surface. The model contains 17 meshes. 7

  Figure 3: Security volume around each station. Left is front view, right is above view.

  qulity of sns provided y eh ndidte solutionD up to three prmE eters were evlutedF he following ojetives must e optimizedF 4.5.1 Coverage goverge ws mesured through lol point density estimtion in eh surveyed geE ometry voxel ellF he user provided density vlueD generlly expressed s the point sping every n mmF essuming tht points were lolly distriuted on regulr gridD whih implies surfi density of I point every n 2 mm 2 D nd tht voxel volumes were lolly interseted y single plnr surfe with re voxelsize 2 D goaldensityD representing the numer of points per voxel with )oting point vluesD n e omE puted s the rtio voxel_size 2 n 2

Figure 4 :

 4 Figure 4: Scene with three walls, 5 m wide and 2.5 m high, placed at 10 m (center) and 30 m (sides) from a LiDAR station.
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 9 Figure 9: COVERAGE_MIN for 4 to 12 stations.

Figure 10 :

 10 Figure 10: COVERAGE_OVERLAP_FIX for eight stations.

Figure 11 :Figure 12 :

 1112 Figure 11: Best compromise for eight stations.

Figure 15 :

 15 Figure 13: Complex model. he vihe simultion prmeters re listed in le RF oint sping ws set to I point every S mmF he horizontl nd vertil step ngles llowed this sping t IH m distneF wore thn TS million rys were lunhed per sttionF he user size ws I mD nd the voxel size ws HFUV mF he gol density ws PFR points per voxelF xoise ws enled for vihe simultionsF sts prmeters re listed in le IF he di'use oe0ient of the surveyed mesh mteril ws ssigned n ritrry vlue of HFPR in reltion to the drk green spet of the modelF yptimiztion serh ws performed in two stepsX

  Figure 16: Best positioning compromise found for 15 stations.

Figure 17 :

 17 Figure 17: Simulated point clouds and coverage cartography for selected best candidate solution with 15 stations.

Figure 18 :

 18 Figure 18: Dicult areas to scan.

Table 3 :

 3 Evaluation results.

Nmax can therefore not exceed 64 in our current implementation.

For the results presented in Section 5, this value was set to 0.5.

In this study, all computations were performed on a Nvidia RTX 3090 GPU 24 GB RAM board.

In real world, the tripod legs can be shortened. Likewise, in order to reach high viewpoints, telescopic poles can be used.
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por the (rst optimiztion stepD PSH ndidte solutions nd QHH itertions were usedF es shown in pigure IRD the hypervolume urve is yet to reh its symptoteF xeverthelessD this provides us with the (rst useful insightF ih ndidte evluE tionD whih inludes vihe Qh position omputtion from (u, v) oordintesD lsh detetion round sttionsD vihe simultionsD nd ojetive vlue omputtionD reE quires n verge of QIR msF ith totl of US HHH ndidtes estimtedD the overll omputtion time for this step ws PQ RPI sF he (nl reto front in QhD with hypervolume of HFQTPD is presented in pigF IRF rereD the lue dots orrespond to ndidtes with smll numer of vihe positionsF elthough these points my hve high overlp of pproximtely ID their overge remins smllD t HFRIH for the est eight positions ndidteF fy ontrstD the red dots orrespond to the highest overge @HFSRP for ITEsttion ndidteAD while their overlp struggles to e su0ientF es the popultion no longer ontins ndidtes with more thn IW sttions @mening they re dominted solutionsAD nd onsidering the two est ISEsttion ndidtes rnk Qrd nd Sth with respetive overges of HFSPH nd HFSHID while their overlp is HFPUQ nd HFPHHD we deided to stik to IS sttions for the next stepF usequentlyD seond optimiztion serh step ws performed for IS vihe sttionsD with popultion of PSH ndidte solutions nd THH itertionsF he (nl reto front otined in Ph @pigure ISA rehed hypervolume of HFRRID whih ppered ner the symptoti vlue @pigure ISAF he verge omputtion time for single ndidte ws QWR msF feuse ISH HHH ndidte solutions were evluted