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Abstract: Over the last few year§jDAR has become a popular technology for the direct
acquisition of topographic information. In spite of the increasing utilization of this
technology in several applications, its accuracy potential has not been fully explored. Most
of current LIDAR calibation techniques are based on empirical and proprietary procedures
that demandthe y st e mé s r a w whick @ay umnot beveays divailable to the
enduser.As a result, we can still observe systematic discrepancies between conjugate
surface elements overlapping LIDAR strips. In this paper, two alternative calibration
procedures that overcontbe existing limitations are introduced. The firptocedure
denot ed as meih&l, mgkesiusei of the LIDAR point cloud from parallel
LiDAR strips acaiired by asteadyplatform (e.g., fixed wing aircraftpver an area with
moderately varying elevation. The secqdcedurede n ot e d -aigorousrgethads i

can deal with noparallel strips, but requires tintagged LIDAR point cloud and
navigation d#a (trajectory position only)acquired by a steady platfornWith the
widespread adoption of LAS format and easy access to trajaaforynation this data
requiremenis not a problemTheproposed methods can be applied in any type of terrain
coverage Wwhout the need for control surfaces and estatively easy to implement.
Therefore, they can be used in every flight mission if needed. Besides, the proposed
procedures require minimal interaction from the user, which can be completely eliminated
after mnor extension of the suggested procedure.
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1. Introduction

A LIDAR system is composed of a laser ranging and scanning unit and a position and orientation
system (POS), which consists of an integrated differential global positioning system (DGPS) and an
inertial measurement unit (IMUT.he laser scanner measurestaices from the sensor to the grgund
while the integrated GPS/IMU observations provide the position and attitude information of the
platform The coordinates of the LiDARoints are the result of combining the derived measurements
from each of its systeroomponents, as well as the mounting parameters relating such components.
The relationship between the system measurements and parameters is embodied in the LIDAR
equation[1-3], Equation 1. As it can be seen in Figure 1, the position of the laser (giman be
derived through the summation of three vectdis 0-oand” ) after applying the appropriate rotations:

Ryaw; pitch, roll, Repr aiige @NARy p. I this equationqy is the vector from the origin of the ground reference
frame to the origin of the IMU coordinate systeigis the offset between the laser unit and IMU
coordinate systems (levarm offset vector), andl is the laser range vector whose magnitude is
equvalent to the distance from the laser firing point to its footprint. It should be notedytisat
derived through the GPS/INS integration process while considering thealeweoffset vector
between the IMU body frame and the phase centre of the GEB&nan The terniRaw, pitch, ron Stands

for the rotation matrix relating the ground and IMU coordinate systemmish is derived through the
GPSI/INS integration procesBqy, 4 sprepresents the rotation matrix relating the IMU and laser unit
coordinate gstems \hich is defined by théoresightangles), andRy p refers to the rotation matrix
relating the laser unit and laser beam coordinate systems it 6 being the mirror scan angles. For

a linear scanner, which is the focus of this research work, the mirror is rotated in one direction only
leading toa zeroa angle. The involved quantities in the LIDAR equation are all measured during the
acquisition proess except for thieoresightangles and levesrm offset vector (mounting parameters),
which are usually determined through a calibration procedure.

Figure 1. Coordinate systems and involved quantities in the LIDAR equation
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The calibration process is usually accomplished in several steps: (i) Laboratory calibration, (ii)
Platform calibration, and (iii) kilight calibration. In the laboratory calibration, which is conducted by
the system manufacturer, the individual systemmonents are calibrated. In addition, the eccentricity
and misalignment between the laser mirror and the IMU as well as the eccentricity between the IMU
and the sensor reference point are determined. In the platform calibration, the eccentricity between th
sensor reference point and the GPS antenna is determined. lightircalibration utilizes a
calibration test field composed of control surfaces for the estimation of the LIDAR system parameters.
The observed discrepancies between the LiBleRved andcontrol surfaces are used to refine the
mounting parameters and biases in the system measurements (mirror angles and ranges). Curre
in-flight calibration methods have the following drawbacks: (i) They are time consuming and
expensive; (i) They are gerally based on complicated and sequential calibration procedures;
(i) They require some effort for surveying the control surfaces; (iv) Some of the calibration methods
involve manual and empirical procedures; (v) Some of the calibration methods tagquanailability
of the LIDAR raw measurements such as ranges, mirror angles, as well as position and orientation
information for each pulse; and (vi) There is no commonly accepted methodology since the calibration
techniques are usually based on a mastufarprovided software package and the expertise of the
LiDAR data provider.

As a result of the netransparent and sometimes empirical calibration procedures, collected LiDAR
data might exhibit systematic discrepancies between conjugate surface slenwmrlapping strips.
The elimination and/or reduction of the effect of systematic errors in the system parameters have beer
the focus ofthe LIDAR researchcommunityin the past few years. The existing approaches can be
classified into two main categes: system driven (calibration) and data driven (strip adjustment)
methods.This categorization is mainly related to the nature of utiézed dataand mathematical
model. System driven (or calibration) methods are based on the physical sensor mbdelthela
system measurements/parameters to the ground coordinates of the LIDAR points. These method:
incorporatet he systemds raw data or-taggad pdinedosdor tieh et
estimation of biases in the system parameters with theedighe LIDAR equationin this paper, the
term Araw datao is used to denot e &ael positiorhamd q u a
orientation information as well as the measured range and scan angle for eachVorsayer, the
utilized sequence of rotation angles defining the system attitude and boresight angles has to be definec
The access to the system raw measurements is usually restricted to LIDAR system manufacturers
Such a restriction hasiggered the devepment of methods that utilize the XYZ coordinates of the
LIDAR point cloud only These procedureare classified as datiiven (or $rip adjustment
methods[4-11]. The major drawback of such methods is the mathematical model employed. The
effects of gstematic errorsin the system parameterare usually modeled byan arbitrary
transformation function between the laser strip coordinate systethereference coordinate system
The utilized transformation function mighot be appropriate depending the nature of thénherent
biases in the LiDARSystem parameters
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Although existing calibration procedures are basedtbe appropriatanathematical modeli.¢.,
LiDAR equation) theyrequire the access to thaw data 12-14], which may not be available for all
enduserspor at least the trajectory and tisi@gged point cloudl5-17]. In [12], natural and mamade
control surfaces, represented by a set of planar surfaces, are utilesttrtatethe systentalibration
parametersMore specifically, thealibration parametee estimated bgnforcing the coincidence of
the LIDAR points andthe control surfaces they belong Without the availability of control surfaces,
the proposed procedure in [12] cannot be applié@ control requirement is circumvented 1I3{17],
where the system biases are estimated using overlapping Strgmethod proposed idJ] estimates
the calibration parameters by conditioning a group of points to lie on a common plandilizad
planes are selected manualljne calibration procedure estimates the system parameters as well as the
parameters describing the involved plan€le proposed procedure in [13] canly be applied
whenever planar surfaces with varyistppes and aspectee available. Thus, the procedure is
restricted to LIDAR data covering urban arelst®reover, the number of unknowns changes with the
number of planes used in the calibration procedbimilar to [13], the proposed procedure in [14] is
based on planar sades, which are automatically derived through a segmentation procedure
Pre-processing of the LIDAR point cloutb extract the planar patches migldgatively affect the
quality of the calibration procedure if it is not properlymplemented. Thecalibration methods
proposedn [15-17] utilize trajectory and timéagged point clouanly. In spite of the relaxed data
requirements in these methodisey havesomelimitations For instance, in [15point primitives are
utilized to establish the cospondence between overlapping stripge to the irregular nature of the
LiDAR points, the identification of distin@nd conjugat@ointsin overlapping stripss quite difficult
and not reliableMoreover, this methodssumes that the true ground cooatis can be derived by
averagng thecoordinates of tie points in overlapping striphe averaging process will not lead to the
correct estimate of the LIDAR point in the presenceahe systematic errors [16,17], only biases
in the boresight angles are estimated in the calibration procédareover,the parameters describing
the utilized surfacein [16] are estimated within the calibration procedufbus the number of
estimated parameters depends on thengxof the area being utilized in the calibration procedure.
In [17], the boresight angles are estimated usibgerveddiscrepancies between conjugate surface
elements in overlapping LIDAR strips. The discrepancies are obtained thaougtching procedre
that works on interpolatedata The implemented matching procedure does not lead to accurate
estimate ofthe horizontal discrepancies when compared to the estimated vertical discrepancy
Therefore, the estimated biases in the boresight pitch andngeaglesare oflower accuracy than
the boresight roll anglsince the former lead to horizontal discrepancies while the lattes tead
horizontal as well as vertical discrepancies among overlapping. strips

In this paper, two new calibration procedurestheestimationof biases in the system parameters
that overcome the limitati@nof existing calibration procedures are introducébe two presented
methods differ in terms of data reqgmentto satisfy the neexdof severalusers The firstprocedure
denoted ashel Si mp Mmethod, s designedo work with the LIiDAR point cloud onlyin spite of
the increasing adoption of the LAS format, some of the mapping agencies still require only the
delivery of the XYZ coordinates of the LIDAR point clouchérefore, several users only have access
to the point cloud coordinate&lthoughthe Simplified methodhas the same data requirement as strip
adjustment procedures, properly modelghe impact ofthe present systematic errors on the LIDAR
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point cloud The Simplified method provides a new concept of utiliziegtimateddiscrepanies
between conjugate surface elements in overlapping strips for the estimation of biases in the systen
parameterdn this regard, the proposed procedure can also be used as a quality control tool to evaluate
the performance of the data acquisition system, as in Th&].simple nature of the utilized data in the
Simplified methodrequires a stricflight configurationandterrain characteristicdMore specifically,

the Simplified method assumes the availabilitygrallel flight lineswith small pitch and roll angles

as well as minoterrainelevation variations compared to the flying height above ground.

The secondprocedure denoted asthe i Q u -aigorious method, is designed to work with
time-tagged LIDAR point cloud and navigation data (trajectory positionontrast to the position
and orientation information for each pulsehich is neededfor rigorouscalibration procedureshe
Quastrigorousmethodonly requires a sample of the trajectqgsitions at a much lower ratéhe
trajectory attitude is not used this approach sincéné utilization of such information would require
the knowledge of the sagnce of rotation angles defining the system attjtwd@ch mightnot be
always availableAnother advantage of the Quaggorousmethod is that it computes approximations
of some of the system raw measuremeints position, heading, and scan mirroigée of the platform
at the moment of pulse emission). Such characteristic makes the method ready for implementation
with datasets where raw measurements are avail@weparedto the Simplified method, the
Quasirigorousme t hod d o e s n dlight cordigunatiom snces darr dea with notparallel
strips over terrain with significant terrain elevation variation regardless of the flying height. The only
limitation of this method is having system wittsmall pitch and roll angles, which is ciitealistic for
steady platforms (e.g., fixeding aircraft). Although the Quasiigorous procedure can make use of
control surfaces, the availability of such control is not mandatory for the calibration process. In the
Quastrigorous method,biases in thesystem parameters are estimated while reducing discrepancies
between conjugate surface elements in overlapping stripentrol surfaces, if availablén terms of
the nature of the needed data, Qeasirigorous methodhas similar requirement as somef ¢the
existing techniqueslp-17]. However,the proposednethod overcomes trexistinglimitations of such
proceduresn termsof the modeled biases in the system parameters, the utilized primitives as well as
the mechanism of utilizing themn contrast ¢ [15], suitable primitives (poinrpatch pairs) are
implemented in the Quasigorousmethod.When compared to [16], the unknown parametkrsiot
dependon the extent of the area or the number of primitives being utilized irQunestrigorous
calibration procedureMoreover, a robust matching procedure capable of determining accurate
planimetric and vertical discrepancies between conjugate surface elements in overlapping strips is
proposedcircumventing th@abowe mentionedimitation in [17].

In summary, he proposed methodbave several advantagewhen compared with existing
techniques such g9 they demand data that can be easily available to theissrd(ii) the utilized
primitives do not impose any restrictions on the areas where nveocaluct the calibratioprocedure
(e.g.,the methods dmot require the availability of planar patches with varying slopes and aspects,
which canonly be presentin LIDAR data over urban areasfii) they donot requi
information (iv) they are based on suitable primitivgsointpatch pairs)that do not require
pre-processing of the LIDAR datav) they are relatively easy to implemerfvi) they can be
implementedn every flight mission if neededvii) they can also be utilized asguality control" tool
(especially the first method) to evaluate the quality of the LIDAR point ¢cland(viii) the proposed
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procedures are characterized by having a high level of automation (manual interaction is restricted to
the selection of local aas, which will be utilized for the estimation of discrepancies between
overlapping strips). The procedures can be fully automated through the development of a tool that
isolates local areas characterized by facets with different slopes and aspectssigg.eigen

value analysis)

The paper starts by investigating the appropriate mathematical model relating conjugate surface
elements in overlapping strips in the presence of systematic errors in the system parameters. Th
mathematical derivation is based a simplified LIDAR equation, which is obtained based on the
considered assumptions in each method. Due to the irregular nature of the LIDAR points, appropriate
primitives that can be extracted with a satisfactory level of automatenréquiring minimum user
interaction) are introduced for both methods. In addition, experimental resultsusiigted andeal
data are presented. Finallyethaper presents some conclusions and recommendations for future work.

2. Proposed Calibration Methods

In this section, two new calibration procedures for the determination of the biases in the system
parameters arpresentedThe first introduced method, denotedi@mplified method, utilizes only
the LIDAR point cloud and deals with paralleligs. The second proposed method, denoted as
i Q u -aigorous method can deal withboth parallel anchon-parallel strips.However, his method
requires timetagged LIDAR point cloud and the trajectory posititata In the experimental results
section, a emparative analysis between the two proposed calibration procedures will be presented.

2.1.Simplified Method

In the Simplifiedmethod the system biases are estimated using the detected discrepancies between
overlapping LIDAR strips. More specifically, this calibration method consists of atswprocedure:
first, the discrepancies between parallel overlapping strips are deteritm@edthe system biases are
estimated using the detected discrepancies between the strips.

The proposed method will be explained in the following subsections. First, the mathematical model
relating the discrepancies between parallel overlapping stripshanslystem biases will be derived.
Such analysis will also lead to the optimum flight configuration for reliable estimation of biases in the
system parameter§he mathematical derivation will utilize a simplified LIDAR equation, which is
based on some reawmble assumptionginally, a methodology for detecting the discrepancies and
evaluating the transformation parameters relating overlapping strips will be presented.

2.1.1 Mathematicaimodel

In the Simplifiedmethod, the following assumptions are consedein the mathematical derivation:
(&) we are dealing with a linear scanner with the mirror scanning in the -Hggbsgirection,
(b) flying directions are parallel to the positive and negative directions of {#vesYof the ground
coordinate systen(c) the flight lines follow a straigHine trajectory with constant attitudé]) the
LIDAR system is almost vertical.€., Ryaw pitch, ron © ldentity matrix for a system flying along the
positive direction of the ¥axis), (e) the LIDAR system has relatively smhabresightangles,(f) the
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mapped area is comprised of a relatively flat terrain, where the height variations are much smaller than
the flying height above groundnd(g) the Y-axis of the ground coordinate systesydefined halwvay
between the overlapping strips at the ground |éMet. convention used for the laser scanner and IMU
body frame coordinate systems is rightward-up (righthanded) Such assumptions simplify the
LiDAR geometric model as represented bbguation 1 to the form in Equatisr2. Note that the scan

angle p) and the lateral distance)(for a given point are defined relative to the flight trajectory.
Therefore, one should use the appropriate signs when dealing with two flight lines, wHickvare
opposite directionsBased on the abovassumptionspne can conclude that tf&mplified method
requires the availability oparallel flight lines captured by steadyplatform over an area with
moderately varying elevatiotf the strips are notlown along the Yaxis direction, then the dataset

just need to be rotated in order to use the equations that will be derived in this getidernative

way, which isimplementedin this paper, would be to rotate/recalculate the detected discrepancies
between overlapping strips to correspond to a coordinate system where the flight direction is parallel to
the Y-axis. The implementatiomletails areprovided in he experimental refig section as well athe

impact of deviationérom the above listed assumptions.

eDXg el -Dk D ge(r+Dr)S|n(Sb);a C eDXg el -Dk D gexz

C > 5

Xg © X, + gDYH+gD/( 1 Dwue 0 U =X, +eDYu+eDk 1 —DWueOU o
ébzy ¢ D Dw 1 g@-(r+Dr)COSGb)u @DZQ gD/ Dw 1 g@- Hg (22)

c c (,}DXg (:e-l Dk D/;ae (I’+Df)SIn(Sb)QJ c e DXg e-1 Dk -ng(’axg

Xg© Xo+ & DYU+€ Dk -1 DWue 0 EJ X+eDYU+eDk -1 bwW€ol
e ¥ e ue ue Y (2b)
ebzy 6D Dw 1 ug(r+Dr)cos§b)u @DZQ gD/ Dw 1 gé Hyg (

where,

Equation 2 is valid for a system flying along the positive direction of thax¥ (this flight line will

be denoted as the forward strip),

Equation ® is valid for a system flying along the negative direction of thexig (this flight line will

be denoted as the backward strip),

aX, Y,a& are the components of the lexsam offset vectoﬂ% ,

Sis thescale factor for the mirror angbe(this scale factor should be unity for a bfese system),

H is the flying height above ground, and

x is the lateral distance between the LIDAR point in question and the projection of the flight tyajector
onto the ground.

The LIDAR point coordinate(&)?’e), as presented in Equat®@ab, are function of the system
parameters{k) and measuremen(E) (Equation 3) and represent the true point coordin(a\(e,sﬂe). In
the presence of biases in the system parameters, the LIDAR point coordinates will become biasec
()k(JBiased)and will be function of the system parameters and measurements as well as the biases in the
system paramete(dz), as expressed by Equation 4. In this work, as shown in Equation 4, we will

investigate the impact of biases in tleerarm offset component§ddXx,dY,ddz ), biases in the
boresightangles @bw;, db/ ,dbk ), constanbias in the measured rander), and constant scale bias in
the scan mirror angiss). Equation 4 can be linearized with respect to the system parameters using
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Taylor series expansiogielding the form in Equations &nd 6, after ignoring second and higher order

terms. The termlff.g represents the partial derivatives with respect to the system parameters, while the
X

term Efeag represents the impact of the system biases onto the dpdimcblouda%).
X

| -

UU
XG = xTrue = f(X’| ) (3)

where
X =(DX,DY,Dz,Dw, Dj , Dk,Dr,S), and

| = ()\(’O,yavv, pitch,roll , b, r)

B|ased = f(X+C£Z,| ) (4)
where,
&K =(dDX,dDY,dZ,ddw;, dY , ddk,dDr ,dd)
eoX o
cC C C
Blasedo f(X,l )+Ef€&: XTrue+Ef€C£:_ True ng : (5)
X X
BZ i
C &X ;0 &Ko Ko Ko c O o
e U e u e u e u _ e U
XBiased True ('W + édYG g + édYG l:J + éaYG l:] - True CN (6)
gch HzDX,aDY,zDZ ngG HoDW,aD/’ , Dk gch HaDr gch Has gch HTotaI

By differentiating Equatios 2 with respect to theystem parameterEquation 6 would lead to the

form in Equation 7.The multiple signsin this equationindicate the impact for the forward and
backward strips (with theop sign referring to the forward gb). So far, we discussed the impact of
various biases in the LIDARSystem parametersn the derived point cloud. Usinthe derived
expression, we would like to derive the mathematical relationship between conjugate points in
overlapping strips, which afown in the same or opposite directions.

Ko Xgseq Xrue@ & DX @H aDj @in(b) dDr @H b g

éy,u _é Uo € o ° o u

émeg YBlased YI'rue l:Jo é d:)Y H abw® x dbk l:J (7)
@iG UTotaI @ZBlased TrueH @ abz - Xd:)/ - COS@) dr - x b ds H

Due to the presence of various systematic errors, thecbrdaminated coordinates of conjugate
points in overlapping strips will show systematic discrepancies. The mathematicabnetigdi
between these points can be derived by rewriting Equatiéor the two overlapping strips and
subtracting the resulting equations from each other. An example of such a relationship for two strips,
which are flown in opposite directions, is shownEquations8, 9, and D. It should be noted that
Equation8 refers to the forward strip (denoted by the subschptvhile Equation9 refers to the
backward strip (denoted by the subscBpt

&Xp- X €dDX - HdDj -sin(b,)dDr - Hb, dS g

eY Ymeﬂo g dDY + H dDw + x, dDk E’ 8)

gZ Z...0 @&DZ-x,dD -cosp,)dDr - x, b, ng
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g - meg & dDX + H dDj +sin(b,) dDr + H b, dSg
é é u
aYs YTrueu g - dDY - H dDw- x, dDk 3 ©)
@Z ZroH 8dDZ - xg dDj - cospg) dDr - xg by dSy

&,-Xgg @ 2dDX - 2H dDj - [sin(b,) + sin(b,)] dDr - H (b, +by) dS o

eY Y ”0 g 2dDY + 2H dDw + (x ,+x ) dDk (10)

gZ -Z H @' (XA' XB) db - [COSbA) COS()B)] dbr - (X A A' XBbB)ng

Equation D can be simplified by assuming that in the scan angle range of [#5}, which is the

typical scan angle range for operational LIDAR systems, the sine and tangent functions are almost
equivalent. Therefore, the terrsin(b,) +sin(b,)]dDr in Equation D can be simplified to

[tan(b,) + tan(,)]dDr =[- X,/ H + (- x;)/H]dDr = dDr[D/H], since - (x, +x)=-(- D)=D, where D
refers to the lateral distance between the two flight lines in question (see Eaguwslso, one can
assume that the cosine function ithis range is almost constant. As a restiite term
[cos(,) - cos,)] dor can be reduced to zero. Finally, assuming #hat - x,/H and b, © - x;/H,

the term(x, b,- x; b;) &5 can be simplified to'(xf\H;Xé)as:(XA- x,)b.a5, where(p, °© D/H) refers

to the total scan angle between the two flight lings, the scan angle from one flight line to an object
point, which is vertically below the second flight ljmefer to Figure2a). Such simplifications would
leadto Equation 1.

eX,- Xgo €2dDX - 2H dDj - D/H dDr - H b, dSg &dDX - 2H dj - D/IH dDr - H d g

eY YBHOe 20DY + 2 H abw- D dbDk g 20DY + 2 H abw- D dbDk 3 (11)

@Z-ZH@ _(XA_XB)dDj_(XA_XB)bTOS g '(XA'XB)d:)j'(XA'XB)dq l:‘:l
where U & byl S
Equation 1 can be rewritten after mathematical manipulation to produce the form in Equafion 1
where the coordinates of a given point in the forward strip is expressed in terms of the coordinates of
the corresponding point in the backward strip. As it can be seen in Fgtite coordinates of the
involved points are referred to a locaordinate system whose-akis is halfway between the two
strips. The mathematical manipulation leading to the transition from Equatiém BEquation 2 is
graphically illustrated in Figur@b. As it can be seen in this figure, the height discrepanayeleet
conjugate points in overlapping strips (last row in Equatibnislthe result of a rotation angleoand
the flightdirection (.e., roll angleequivalent tledi + 20 i

eX g € dX - 2HOD/—D/HODr—qu eXp o
eYAE g 2dDY + 2 H cbw- D dbk ot Rw”mgvsﬂ (12)

€Z,8 € 0 ¢ €Zs



Remote Seng01Q 2 88¢

Figure 2. (a) Observed object point in overfapg strips flown in opposite directions.
(b) The intoduced tilt across the flight direction by theresightroll bias and the scan
angle scale bias
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For two flight lines, whichare flown in opposite directions with 100% overlap, the expression in
Equation 2 would reduce to the form in EquatidiB (for such flight lines,D and by are equal
to zero).

é,XAr\a é,20DX -2H ang éij?
ey u_e u ey u
8Z,H 8 0 H 8Z: Y

In a similar fashion, one can derive Equatibfy which expresses the mathematical relationship
between the biasontaminated pointoordinatesof the same object point in two overlapping strips
that are flown in the same direction.

eX,o &€ D/Hdr -Hd @ exXg o
é, u_é u éy u
ghhu=e  TDDI T Rasglay (14)
8Z.H & D dbj H eZ: 4

Equations 2, 13, and 14eveal the possibility of identifying the presence of systematicseimdhe
system parametensy evaluating the discrepancies between conjugate points in overlapping strips,
which are flown in the same or opposite directions. Moreover, using thessoagud is possible to
determine the flight configuration that maximizes the impact of systematic errors. For example, as it
can be seen in Equatidd, parallel strips with the least amount of necessary overlap for identifying
conjugate surface elemendse useful for magnifying thboresightyaw and roll biases as well as
biases in the range and mirror angle scale (this is caused by the large lateral Bistaddetal scan
anglebr). In addition, higher flying heights are optimal for magnifying Hueesightpitch and roll
biases (Equations 12 and 13)Also, closer inspection of these equations would allow for the
determination of an optimal flight configuration desigvhich decouples various systematic errors.
For example, working with four stripghich are captured from two flying heights in opposite
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directions with 100% overlap are optimal for the recovery of the planimetric-denepffsets as well

as theboresightpitch and roll biases (Equatidr3). In addition, two flight lines, which are fim in the

same direction with the least overlap possible, are optimal for the recovery lmjrésghtyaw and

roll biases, range bias, and mirror angle scale bias (Equetjo@nly a vertical bias in the leverm

offset components cannot be detectgdbserving discrepancies between conjugate surface elements
in overlapping strips. Such inability is caused by the fact that a vertical bias in thaleveffset
components produces the same effect regardless of the flying direction, flying heigtanangle.

The inability of estimating the vertical bias in the lever arm components is not critical given the fact
that the vertical levearm offset component can be determined with a very high accuracy by field
survey.This has been confirmed by thefdhatthe quality of LIDAR data in the vertical directios
knownto be much better when compared to the quality in the XY directions.

In summary the discrepancies between parallel strips in the presence of the studied biases can be
modeled by 3 shift$Xr, Yt, Zr) and a rotation angle around the flight liG8. The relationship
between the system biases and the discrepa(Xie¥r, Zr, ) between conjugate bi@®ntaminated
points in two flight lines, which are flown in opposite directiamgiven by Equation 15. It should be
noted that this equation would reduce to the form in Equation 16 for flight lines with 100% overlap.
For two flight lines flown in the same direction, the relationship between the system biases and the
discrepancies éiween the strips is expressed by Equation 17. mibkiple signs (@° ) in these
equations depend on the relationship between forward and backward wsitfip#he top signused
when theforward stripis to the right of the backward giri

eX;g €dX - 2H dy @D/H dor @H d g

é, U_é u
&V T a 20DY+2H.0DW@DOD/( N (15)
ef ¢ 8 2dDj © 2d q H

eX;g dX - 2H aDjz

é, U_é

&vr N e20DY+2.H ODW\ (16)

e’ H € 2aDy H

eX o e@D/HaDr@qu

u é u

eYT‘J ¢ @Dy (17)

éz,u é °Ddy U

é. u é o u

ef g é 2d q U

The derived mathematical relationshipetween the biases in the system parameters and the
discrepancieamongoverlapping stripassumes that we can identdgnjugate points in overlapping
strips, which is not the case for LIDAR surfacAsdiscrepancy detection procedure, which can deal
with LIDAR surfaceswill be presented in the next section.

2.1.2 Discrepancydetection methodology

In order to come up wit a methodology for the determination of the discrepancies between
overlapping strips, one must address the following questions:
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1 What are the appropriate primitives, which can be used to identify conjugate surface elements in
overlapping strips comprised ioregular sets of noxonjugate points?

1 What is the possibility of automatic derivation of these primitives?

What is the possibility of automated identification of conjugate primitives in overlapping strips?

1 What is the appropriate similarity measure ichhutilizes the involved primitives and the defined
transformation function to describe the correspondence of conjugate primitives in
overlapping strips?

=]

The following subsection presents the answers to the above questions as they are related to th
selected primitives.

2.1.2.1 Primitivesextraction

As it has been mentioned earlier, one cannot assumetpginint correspondence in overlapping
strips due to the irreguland sparseature of the LIDAR points. Instead of points, one can use linear
and aeal features, which can be identified in overlapping stidsh primitives, however, would
require preprocessing of the LIDAR point cloud to extract areal and linear features (e.g., segmentation,
plane fitting, and neighboring plane intersection). Moegpknear and areal features can be reliably
extracted only in urban areas. Such a restriction would limit the practicality of the calibration
procedure. In this research, we aim at selecting primitives, which can be derived with minimal
preprocessing othe original LIDAR points. Moreover, the selected primitives should be reliably
derived in any type of environment (e.g., urban and rural areas). To satisfy these objectives, we chose
to represent one strip using the original points, while the other istnppresented by triangular
patches, which can be derived from a Triangular Irregular Network (TIN) generation procedure. TIN
generation from a given set of points is an automated procedure, which is available in several software
packages. As an exampkagure 3 illustrates the case where the strip denote&lpys(represented by
a set of points while the other strip denoted &Yy is represented by a set of triangular patcbes to
the high density of the LIDAR data as well as the relatively smdudinacteristics of terrain and man
made structures, using TIN patches to describe the physical surface is quite accikptalojeite
obvious that there are some exceptions where the TIN patches would not represent the physica
surface. These exceptions are caused by the irregular and sparse distribution of the LIDAR points. In
vegetation areas, for example, planar patchesugh the LIDAR points do not represent the
vegetation physical surface. Another instance of such a deviation will take place at building boundaries
where the TIN patches are connecting points along the building rooftop and neighboring ground. In
such a ase, the TIN patches do not represent the building walls since the LIDAR point cloud would
not necessarily coincide with the building boundaries and its footprint along the ground. Figure 4
illustrates tlese exceptions. In summary, although one cannotnasghat there is poirtb-point
correspondence in overlapping strips, one can argue that we havdogmanth correspondence as
long as the patch represents the physical surface.



Remote Seng01Q 2 88¢

Figure 3. Conceptual basis of the proposed pagpatch correspondengeocedure

Transformation Function

The discrepancy detection procedure can be carried out using the entire overlap area betweer
neighboring strips or it can be conducted using an aggregated set of local areas to speed up the proce:
In this research, an aggregated set of lacahs will be utilized to speed up the process. Regardless of
utilizing the whole overlap region or the aggregated set of local areas, the correspondence betweel
conjugate poinpatch pairs should be established. The identification of the-patoh pais as well as
the estimation of the transformation parameters are explained in the following subsection.

Figure 4. Exceptions where the TIN patches will not represent the physical surface
(highlighted in yellow)

7

2.1.2.2 Similarity measure and primitivesatching

This section explains the proposed procedure for establishing the correspondence between
conjugate poinpatch pairs and their utilization for the estimation of the parameters of the

transformation function. As shown in Figueif the pointg in S belongs to the triangular pat&

represented by the vertic& , S, , andS, in S, then this point should coincide with that patch

after applying the appropriate transformation functishich is assumed to be defined thyeeshifts
andthreerotation anglegalthough theconsideredystematic errors this researckvould lead to three

shifts and one rotation across the flight direction, we can consider a general transformation involving
three rotation anglésthe reason for such a generalization will be discussed in the experimental results
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section) In other wordsthe volume of the pyramid whose vertigeqgNjS, , S, , andS, should

be zero. Such a volume can be mathematically described by Eqitibising multiple poinfpatch

pairs, we can estimate the transformation parameters which satisfy the volume constraints. The
solution to the defined constraints aftiee linearization shown in Equatioh9 can be derived through
Equation20. For reliable estimation of the transformation parameters, the utilized patches should have
a balanced distribution of slopes and aspects.

xq\i Yq\i ZQi
X, Y, Z, 0
. Th . 18
Xpn an ZPb ( )
X, Y, Z,
where,
ex .0 eX; o ex z
é U é u
qulu eY +R Y
equu ng 82‘1 H
w=AX+Be ‘“‘(0, SY) (19)
where,

- Xxare the corrections to the approximate values of the unknown paramgtefs Zr, w, 7, k),
- Ais the partial derivative matrix w.r.t. the unknown parameters,

- Bis the parti al derivative matrix w.r.t. the
- w is the estimated determinant using the approximate values for the unknown parameters and
points6é coordinates, and

- Byisthe apriorivariancec ovar i ance matri x of the pointsd c
£E=[A"(BS, B )" A'A(BS, B)'w

Be=w- Ak

£ =8"B" (BS, B")'B&/redundancy a- posteriorivariancefactor

§Y = ﬁ S, - a-posteriorivariance covariancenatrix of thepointcloudcoordinate

After introducing the necessary similarity measure, we need to propose a matching methodology for
establishing the correspondences between poin @nd patches ir5. The approach proposed
by [19] deals with the poirto-pach matching problem in the presence of significant rotations and
shifts between two overlapping surfaces. For such a case, the Modified Iterated Hough Transform
(MIHT) is used to sequentially estimate the transformation parameters through a voting scheme
accumulator arrayFor the current workthe correspondence is performed in an iterated manner, using
the Iterative Closest Patch (ICPatgtmocedure, which corresponds to the Iterative Closest Point (ICP)
approact20] after some modification. Thaitial correspondence betwegmandS, can be established
by determining the patc§, with the shortest normal distance to the pajhliwhich corresponds tq
after applying an initial approximation of the transformation paramefense we are dealing with
small biases in the system parametavkjch will lead to discrepancies between overlapping strips in
the order of few decimeters to few meters in the worst cagesan consider zero shifts and rotations
as the initial parameterTo be considered a corrauiatch, the shortest normal distance should be less
than a given threshold to avoid situations where the triangular patch does not represent the physica
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surface (e.g., in vegetation and building boundagshown in Figure)4Moreover, the projection of
giNpnto the patcl®, should be located inside the patch. The initial correspondences can then be used to
derive an updated estimate of the transformation parameters, which can be used to derive a new set «
correspondencesThe new correspondences can be utilized to derive a better estimate of the
transformation parameters. Such a procedure is repeated until convergence, where there is nc
significant change in the estimated transformation parameters from one iterationeatthe

Once the transformation parameters relating parallel overlapping strips are determined, the biases ir
the mounting parameters can be estimated using Equdttoasd 17 for strips flown in opposite
directions and in the same direction, respectivalyhese equations, the transformation parameters are
expressed as a linear combination of the biases in the LIDAR systeimetersThe resulting linear
system can be then solved using a ksgstares adjustment procedure to derive an estimate of the
sydematic biases in the data acquisition system.

2.2. QuasiRigorous Method

In contrast to the&Simplified calibration procedure, the Quasgyorouscalibration procedure does
not have restrictions in terms of the flight configuration and terrain elevations. In other words, this
calibration procedure can deal with rparallel strips over terrain with significant elevation variation
regardless of th#ying height. This method only assumes theg are dealing with a linear scanaed
that the LIDAR system units almost vertical.The biases in the system mounting parameters are
estimatedn a singlestep procedurehile reducing discrepancies betwemmjugate surface elements
in overlapping strips.

This section starts by deriving the mathematical model relating conjugate points in overlapping
strips in the presence of systematic biasethe system parametershen, the similarity measure,
which incaporates the primitives together with the established mathematical relationship to describe
their correspondence, is introduced.

2.2.1 Mathematicaimodel

The following assumptions are considered in mhathematical derivation of th@uastrigorous

method:(a) we are dealing with a linear scann@®), the LIDAR system is almost verticalg, pitch
and roll angles are almost zero), gnjithe LIDAR system has relatively smhbresightangles. Such
assumptions simplify the LIDAR geometric model as represented by Equation 1 to the form in
Equation 21The convention for the laser scanner and IMU body frame coordinate systémmsame
as the one used in Simplifiedethod, rightforward-up (righthanded).

&osk - sink Og éDXg é&osk -sink Ogé 1 -Dk Dj gé (r+Dr)sin(S b)g
X © X, + 2sink cosk 08 2DY3+ gsink cosk 08 2Dk 1 Dm)J ¢

g0 0 1yéDzy g O 0 1yeéo Dw 1 g@(r+Dr)cos§b)g

€Cosk - sink Og éDXg écosk -sink Ogé 1 -Dk D gexg

=X, * gsink cosk Ou eDYu+ gSink  cosk 03 ng 1 - puH Y

ueu
g o0 0 1HgDZg go 0 1yé&Db Dw 1 yezy

(21)
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where,

i DX,DY,DZ are the components of the lexaam offset vectorF\’;,

i Sisthescale factor for the mirror anglé (this scale factor should be unity for a bfeee system),

i zis the vertical coordinate of the laser point with respect to the laser unit coordinate system

T Xis the lateral coordinate of the laser point with respect to the laser unit coordinate, sylkich is
the lateral distance (with the appropriate sign) between the LIDAR point in question and the
projection of the flight trajectory onto the ground.

The same mathematical derivation presented in section 2.1.1, through Equatiahsvall be
utilized here. The only difference is that the LIDAR mathematical model expressed by Equation 21 is
now considered. By ifferentiating Equatior21 with respect to thesystem parameterghe form in
Equation 2Zan be derived

eoX ;@ X giased Xrrued €COSk dDX - sink dDY +sink zdw+cosk zdDj o

2dYe ﬂ = gYBiased- Yo e SzgsinkaDX +cosk dDY - cosk zdDw+sink z dDy H+
éch g'l'ota| éZBiased_ ZTrueg é az - X(D/ g

& sink xdDk - cosk sin(Sb) dDr +cosk z b dSg (22)

+gcoskank— sink sin(Sb)dDr +sink z b &5 3
é - codSb)dDr - xb o5 g

By rewriting Equation22 for two overlapping stripsA and B) and subtracting the resulting
equations from each othexe can derive thenathematical relationship between conjugate points in
overlapping strips.The resultis shown in Equatior23. In a similar fashion,the mathematical
relationship between control point$ available,and the LIDAR points can be derived by rewriting
Equation 22 for the control surfack) (and the LIDAR stripB) and subtracting the resulting equations
from each other. i8ce the termyf /ux’ dk will be equal to zero for the control surfatiee discrepancy
between the control and LiDAR points will redutze the form in Equation 24. It is important to
mention that Equation 2Zanbe written for all LIDAR stripsvhich overlap with the contr@urface.

Equations 23 and 24 are the final linear observation equations, when dealing with overlapping strips

and control surfaces, respectively. These equations allow us to recover the biases in the systen
parametersdDX,dDY,dDz,dDw,dDj ,dDk,dDr ,dS). As already mentioneth the Simplified method the

vertical bias in the levearm offset parameteigbz) cannot be detectedhen using only overlapping

strips Such inability is caused by the fact that a vertical bmashe leverarm offset parameters
produces the same effect regardless of the flying direction, flying height, or scanTangktimate
such bias control information would be needeth the absence ofontrol data, thanability of
estimatng (abz) is not critical since this quantity can be obtained with high accuracy from field
survey.It should be noted thatertical controlwill contribute towardsthe estimation okystematic
errors that producerertical discrepancies betwedhe LIDAR points and the control surface.

Therefore, vertical control contributesvardsthe estimation of the vertical levamoffsetcomponent
(adz), the rangdadr), the roll (dDj ) and the mirror anglecale(aS) biases(refer to the thirdrow in

Equation 2). However,we cannot recovefbz)and (abr) simultaneously due to the high correlation

between these parameters. As can be observed in the third line in Equation 24, the vertiaahlever
offset bias ¢ bz ) and theimpact of therange bias ¢os&b)dDr ) are highly corelated in the range
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of the utilized scan anglé.€., cosgp)° 1 for bi [- 25°,+25°]). To avoid correlatioretween(dDj ) and
(c8), well distributed data in the across flight direction should be uEee.use offull control data

over slged surfaces will contribute towartte estimation of all parameters.

Once the biases are recovered, we can reconstruct the corrected point cloud using Egjuation 2
this equation, the term&j@(,dﬁv,dﬁz,dﬁm,dﬁ ,dI§<,dDEd§) are the estimatedbiases in the

systemparameters.

X, o X, o &lcosk, - cosk,)dDX - (sink, - sinkg)dDY g
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The procedure for estimating the necessary quanitieandk) presented in Equatier23 and 24

usingthe available data (timagged point cloud and trag@ry positions)s as follows:

(I) For a LIDAR point mapped at timé) (weidentify trajectory positions within a certain time interval

(t7 o, t+ t)ae

(I Then, a straight line is fitted throughe selected trajectory positions to come up with a local

estimate of the trajectory. After defining the local trajectory, the necessary quantities can be estimated

as follows:

1 X, whichis thelateral coordinate of the laser point with respect to the laséicoordinate system,
can be determined by computing the normal distance (with the appropriate sign) between the
LiDAR point and the interpolated trajectory data. The intersection of the normal from the LIDAR
point to the interpolated trajectory will filge the position of the trajectory at tirtie
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1 z which is the vertical coordinate of the laser point with respect to the laser unit coordinate system,
can be determine by subtracting the elevation of the laser firing pdjrdat(timet, given by the
interpolated flight trajectory, from the LIiDAR point elevatiaf) (i.e.,z = Z1 H; and

1 8, which is the trajectory heading, can be computed once we have the local estimate of the trajectory
and its direction (defined by the neighbouring trajectory positions);

1 b, which is the scan angle, can be computed by simple trigopnometric operation using the estimated
lateral distance and the trajectory height above ground.

As already mentioned, there is no direct correspondence between points apwerlLiDAR
surfaces. Similato the discrepancy deteat procedure presented in the Simplifieéthod,we will
represent one strip using the original points, while the second strip will be represented by triangular
patches, which can be derived from a Triangulaggutar Network (TIN) generation procedutie.
addition to the previously listed aahtages of utilizing point§IN patchessuch primitivesprovidea
way of describing the surface while having an explicit lorekween the surface representation scheme
andthe LiDAR equationlin the next section, the pott-patch matching procedure along with the
similarity measure, which utilizes the matched primitives and the derived mathematical model to come
up withan estimate ahe biases in the system parameter,b& introduced.

2.2.2 Similarity measure and primitives matching

As abovementioned, we will represent one strip using the original points, dencggdwiyle the
second strip, denoted b$, is represented by triangular patches, which can be derived from a
Triangular Irregular Network (TIN) generation procediéhen dealing with control information, the
control data is represented by points #rebverlapping LIDAR stripsare representeoly TIN patches.

The correspondence between pointSimand patches i%; is established in an iterated manner, using
thelterative Closest Patch (ICPatghtpcedure, which was already describe&ation 2.1.2.2.

Differently from the disrepancy detectionsed in theSimplified method that utilizes the volume
constraint as the similarity measure, a ptiased similarity measukeill be introducedfor the Quasi
rigorous methodThe triangular patch will be represented by one of its vertices together with th
orientation of its surface normal. Since the patch verteX and the LIDAR point inS; might not be
conjugate, this fact should be considered by the implemented similarity measure. Therefore, a
pointbased similarity measure, which can deal with -nonjugate points, is proposed. More
specifically, norconjugate points will be used in the constmintEquatiors 23 and 24to derive an
estimate of the biases in the system parameters. In order to compensate for fact that the points (e.g
patch vertexpoint)\(JB in S and point>\(4A inS,) are not conjugate, one can manipulate the weight

matrix of the patch vertex poinFor the vertex poinX; of a triangular pteh, zero weights will be

assigned to that point along the patch plane. This weight restriction will ensure the minimization of the
random component between conjugate ppatth pairs along the patch normal in overlapping strips
after applying the estinbed system biases (as will be explained later in this section). First, a local
coordinate systemUVW) with theU andV axes aligned along the triangular plane is defined. The
relationship between the strip coordinate syst¥iviZ( and the local coordinatg/stem VW) can be

represented bfquation B. The rotation matrix in that equation is defined using the orientation of the
normal to the triangular planar patch including the vertex in question. The original weight ppafrix
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as shownin Equation Z, is defined as the inverse of the variagogariance matrixs which

XYz’
depends on the accuracy specification of the data acquisition system. Using the law of error
propagation, the weight of that vertex point in the lovaordinate systenp,, can be derived
according to Equation® As it has been noted earlier, the weight along the triangle plane normal is the
only useful information when workingvith nonconjugate points along corresponding conjugate

point-patch pairs. Therefore, the weight matrix can be modified according to Equatibmally, the
modified weight matrix,,,in thestrip coordinate system can be derived according to Equa@on

Vo  eXo
&/ u=ReYy (26)
Ve éZd
b -1
PXYZ = a XYZ (27)
eR, Ry Rwo
Rww=RPoR" = gR/U R R/WS (28)
v Rw RvH
© 0 0g
Rw= 0 03 (29)
€ 0 Ryl
P>I<Yz =R FEJIVWR (30)

The evaluation of the redundancy in the calibration procedure will be based on the rank of the
weight matrix for the individual points. For a point defining a planar patch, whose weight matrix has
been manipulated according to Equat® a contributionof one will be considered towards the
redundancy computation€., one effective equation per constraint).

As mentioned earlier, the proposed weight restriction in EquaBiomilRensure the minimization
of the random componentetween conjugate pohpich pairs, after applying the estimated system
biases. In the Least Squares Adjustment (LSA) procedure, the unknown parameters are estimated t
minimize the weightedquareesum of the mislosure vectog, as represented by Equatiof. 3t
should be noted that the résure vecto® in Equation 3 is composed of a rando(&;.) and a
nonrandom(d)‘() component. The random component is introduced by the random noise in the system

measurements while the noandom component is introduced by the fact that we are dealing with
norrconjugate points alonghe pointpatch pair.Equatons 2135 demonstrate thattilizing the
modified weight matrixEquation30, the nonrandom component is eliminated. Since the veﬂﬁr
shown in Equations3and 3, represents the difference vector relative to the plane coordinate system,
dW will equal to zero (the nenonjugate points lieon the same plane). Therefore, the term
a dU\JT PMJequals to zero and the LSA target function gets the form in Equdijoamh@re we have

only the random component. Finally, EquatioiGsaBd 37 show that the LSA target function, which
contains aly the random component, minimizes the weighted sum of the squar@oin componest
between conjugate pohpatch pairs after the manipulation of the weight matrix according to
Equation 2.

Se™ PE=min (31)
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Where[ey asev asew ag represent the random components of the-ctusure vector in th&JVW
coordinate systemi.€., the planar patch local coordinate system vethns being along the plane
normal). For reliable estimation of the system biases, the utilized patches should balaced
distribution of slopes and aspects.

In summary, th€uastrigorouscalibration procedure proceeds as follows:

1 The correspondence between pointSiand patches i, is established using the Iterative €dst

Patch (ICPatch) procedure; O O
2 For eachconjugatepoint-patch pair, (e.g., patch verteg; in S and pointX, in $), one can write

the observation equations similar to those in Equations 23 and/2dn dealing with overlapping

strips and contradurfaces, respectively
3 The initial correspondences are used to derive an updated estimate of the system biases. Then, tt

estimated system biases are used to reconstruct both surfaces using Eduatomce after

reconstructing the LIDAR point cloudhé correspondence between pgiatch pairs might have
changed, a new set of correspondences has to be established. The new correspondences are utiliz
to derive a better estimate of the system biases.

4 Such a procedure is repeated until the correctionthe estimated calibration parameters are
almost zero.

The main differences between the Quaigjorous and the Simplifiechethodscan be summarized
as follows
1 The Simplified method utilizes the LIDAR point cloud only, while tlfguastrigorous method
utilizes timetagged LIiDAR point cloud and trajectory position data;
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1 The Simplified method requires paralldlight lines with small pitch and roll angles and minor
terrain elevation variations compared to the flying height above ground, whil®ulastrigorous
methodonly requires small pitch and roll angles;

1 The Simplified method is a twstep procedure, while th&uasirigorous methodis a
singlestep procedure;

1 The Simplified method cannot handle the use of control information since the derived equations are
based on the relationship between conjugate surface elements in overlapping strips. More
specifically, the derived mathematical model relating conjugate surface elememtsriapping
strips, which is a rigid body transformation (3 shifts and 1 rotation angle around the flight
direction), is not valid for relating conjugate LIDAR and control surfaces. Qhastrigorous
method, on the other hand, can handle control dedagh Equation 24.

3. Experimental Results

In this paper, we presented two new calibration procedures for the estimation of systematic errors in
the LIDAR acquisition systenExperimental results using simulated dagveproven the validity of
the preserd calibration procedures.More specifically, it has beenverified that the proposed
calibration procedures lead &m accurate estimated the system parameters when ussigiulated
LiDAR data that comply with the listed assumptiokkreover, thesimulationexperimental results
have shown that reasonable deviations from the listed assumptions would not significantly affect the
quality of the estimated parameters. More specifically, the Simplified method produced good estimates
when dealing with noparallel strips with 20deviation from parallelism, pitch and roll angles of up to
5, and variations in the terrain elevation of up to 10% relative to the flight h&ightQuastrigorous
method on the other hand, can tolerate pitch and roll anglagpdb 5. Due to the space limitation,
only the results from real datdll be presented in this paper.

To perform the experiments using real dadalLiDAR dataset, which was captured by an Optech
ALTM 2050 using the optimum flight configuration, was iz&ld. The optimum flight configuration,
as mathematically demonstrated in section 2.1.1, consists of four strips which are captured from two
flying heights in opposite directions with 100% overlap, and two flight lines, which are flown in the
same directio with the least overlap possible. In addition to strips in the optimum configuration, some
extra strips were acquired as well. Figure 5 shows the characteristics of the acquired dataset an
Table 1 presents the involved overlapping strip pairs. In addit testing the validity and comparing
the performance of theroposed calibration procedures, we would like to investigate whether the
calibration results are significantly different when adding more overlapping pairs to the minimum

recommended optimunt onf i gur ati on. Tabl e 2 shows t he
corresponds to the minimum optimal configuration, consistirtgrekeoverlapping pairs. Test scenario

Aill 6 adds one more overlapping pair raverlappifge mi
pairs. Finally test scenario Alll o0 adds three

of six overlapping pairs.
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Figure 5. LIDAR dataset configuratian

N Strip _ _ o
W%%E Number Flying Height | Direction
1 2,000 m SW-NE

2 2,000 m NE-SW

3 1,000 m SW-NE

4 1,000 m NE-SW

5 1,000 m SW-NE

6 2,000 m NE-SW

7 1,000 m NE-SW

8 1,000 m SW-NE

Table 1.Characteristics of the involved overlapping pairs in the proposed calibration procedures

OverlappingPairs % of Overlap Direction

(i) Strips 1&2 100% Opposite directions
(ii) Strips 3&4 100% Opposite directions
(iii) Strips 3&5 50% Same direction
(vi) Strips 1&6 70% Opposite directions
(v) Strips 5&7 50% Opposite directions
(vi) Strips 7&8 40% Opposite directions
(vii) Strips 26 70% Same direction

Table 2. List of the utilized overlapping pairs for the tested scenarios

Test Scenario OverlappingPairs
I (), (i), and (iii)
Il (@), (i), (iii), and (vii)
1] (), (i), (iii), (iv), (v), and (vi)

3.1.Simplified MethodResults

As described in section 2.the Simplified method consists of a tw&tep procedure. First, the
discrepancies between parallel overlapping strips are deterntiegl the system biases are estimated
based on the determined discrepancies betweesttips using the derived equation$attion 2.1.1.

Note that the flight lines are either in the 48V or SWNE direction. Theprovided formulasn
Section 2.1.1 assume that the flight lines are parallel to th&xi¥. Therefore, the estimated
transfornation parameters using the discrepancy detection procedure need to be recalculated to
correspond to a coordinate system where the flight direction is parallel teAke.YEquations 8 and
39 are utilized to compute the transformation parameétﬁ?;and R,s+ ) in the local coordinate system
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given the transformation parametséb:sf'T andR,; ) in the ground coordinate systeand the heading

angleK . Table 3 preents the recalculated transformation parameters. {ve local coordinate system).
X = RXq (38)
R, 7 RR,/ R (39)

Although the conducted analysis of the impact of the studied biases has proven that the effect on the
derived point cloud will consist of three shifts;, Y1, Zt) and one rotation around the flight direction
(), we also computed the other two rotatemmgles in order to check for the presence of other biases,
such as unmodeled biases in the system parameters andNG&R&Yyigationerrors.We can notice in
Table 3a significant discrepancy in the along flight direction (Y direction) for the strips fiown
opposite directions. This discrepancy is believed to be caused by biasedbarasightpitch angle.
Also, significant values for the angle for strips 1&2, 2&6 and 1&@re evident This can be
explained by deviation from paraliein between overlapping strips.

Table 3. Estimated transformation parameters w.r.t. the local coordinate system using the
discrepancy detection procedure

X, (m) Y. (m) Z. (m) W (sec) f (sec) k (sec)
Strips 1&2 10.25 1.27 10.01 10.54 1.34 67.68
Strips 3&4 10.01 0.52 0.02 12.59 19.72 20.52
Strips 3&5 10.32 10.19 10.06 7.20 96.48 6.48
Strips 2&6 10.42 0.15 0.01 14.65 74.61 1136.10
Strips 1&6 10.67 1.51 10.06 4.68 91.08 71.64
Strips 5&7 10.13 0.55 0.04 0.68 12.96 15.40
Strips 7&8 0.48 0.82 0.06 1.62 1166.32 12.84

In order to determine the magnitude of th@ses in the system parametetise estimated
transformationparameters iMable 3 are then expressed as a linear combination of the biases in the
LIiDAR system using Equation 15 for strips flown in opposite directions. It should be noted that for
strips which are flown in opposite directions with 100% overiap, 6trips 1&2 ad 3&4), Equation
15 would reduce to the form in Equation 16. For strips flown in the same dirdétjoation 17 should
be used. One example of these linear equations is given in Eqdation strips 1&2. Finally, the
resulting equations are used in adesquares adjustment to derive an estimate of the systematic biases
in the data acquisition system. The system biases were estimated using three different test scenaric
(refer to Table 2). The results obtained for the different test scenarios aredapofable 4We can
observe in this table that, the bias in boesightpitch angle is the most significant one, followed by
the bias in théoresightyaw angle.

é,XTg QZODX- 2H20ngj (l;—0.25g
ey u _e u_e u
g f Hsmpgl&g g ZCD/ H g134 H
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Table 4.Estimated system biases using the Simplified method for thetScenarios in Table 2.

Test Scenari dDX (m) dDY (m) dDw() dDj (") k() ddr m &S

I 10.07 10.11 75 [ 80 0.26  0.00056%
I 10.08 10.11 75 [ 139.5 0.22 0.000567
1l 1011 10.10 86 116 41 0.28 0.00067C

To test the equivalency of the estimated calibration parameters obtained using the three test
scenarios, one can compare the numerical values of the individual parameters. However, such &
procedure would not lead to a meaningful quantitative measure iofettpgivalency or deviation.
Similar to [21], a pairwise comparison of the estimated calibration parameters is devised in this
research. More specifically, the original LIDAR strip is reconstructed using two sets of calibration
parameters. The coordinatesthe LIDAR points after reconstruction using the two sets of calibration
parameters are compared throughRMSE analysis. If the estimated RMSE values are within the
predictednoise level in the point cloudoordinateswhich is based on the law of errpropagation
using the expected noise the system measurements and navigation dltan the system
manufacturer specificationdhe estimated calibration parameters are deemed equivaledverage
noise levelin the LIDAR point cloudin the XYZ directionsis (0.27m, 0.29m, and 0.12nrom a
flying height of 1006h and (0.45m, 0.48m, and 0.18miprh a flying height of 200@. Table 5
presents the RMSE analysis for the three test scenarios, using strip 1 (flight height of 2000 m) and
strip 3 (flying heght of 1,000 m). The values presented are equal or smaller than the noise level,
indicating the equivalency of the calibration parameters.

Table 5. RMSE equivalency analysis for the three test scenéBiogplified method)

Strip 1 Strip 3
I vs.I I vs. I Il vs. Il I vs.l I vs. I Il vs.lll
X (m) 10.08£0.15 0.13+0.04 0.21+£0.11 710.03+0.10 0.06+0.02 0.10£0.08
(0.17) (0.13) (0.24) (0.10) (0.07) (0.12)
10.02+0.05 10.08+0.05 10.07£0.01 0.00£0.03 710.02+0.03 10.02+0.00
Mean£Std (RMSE) Y (m)
(0.05) (0.10) (0.06) (0.03) (0.04) (0.02)
Z (m) 0.04+0.00 10.00+0.02 10.04+0.02 0.04+£0.00 710.01+0.01 10.05+0.01
(0.04) (0.02) (0.05) (0.04) (0.02) (0.05)

3.2. QuasiRigorous Method Results

As in the Simplifiedmethod, the system biases in the acquisition system were estimated using the
threetest scenarios. The estimated system biases are reported in Talbliel6 are compatiblevith
the estimated system biases ugimg Simplifiedmethod ¢ompare the reportegsults inTables 4and
6) except for the range and the mirror angle scale bidses.reason for such incompatibility is
explained later on in this paragrapg{s presented inextion 3.1 for the Simplifiedhethod results, the
equivalency of the estimatechlibration parameters obtained using the three testasios were
evaluated for the Quasigorousmethod as well. Here again, a paiise RMSE comparison of the
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estimated calibration parameters was performed. Table 7 presents the RMSE analysibifee tiest
scenarios, using strip 1 (flight height g0@0 m) and strip 3 (flying height of@0 m).Comparing the
estimated RMSE and predicted noise magnitude in the point cloud coordoregesan conclude the
equivalency of the calibration parametergept for thepair-wise analysis involvingcenario |, where

we can observe RMSE values in the Z direction larger than 60cm. For this test seemado notice

the same values for the mean differences, whighify that these RMSE values adeeto constant

shifts in the Z direction. Correlations between lheesightangles and levesrm offset components,

and between the range and the mirror angle scale biases could be observed in all tested scenarios. T
correlation between the range and the miangle scaldiaseswere found to bé 0.98,10.87, and

10.91 for scenarios |, Il and |ltespectively.The correlation between these parameters explains the
difference between the estimated values for such bizseg the Quasiigorous and th&implified
methods(i.e., observed discrepancies between Tables 4 andH®) testscenario | presented the
highest correlation, explaining the high RMSE valurethe equivalency analysis involving scenatrio |

It will be shown in the results evaluationcgen that even though we have this constant shift
introduced when using test scenario |, the obtained compatibility of the overlapping strips after the
calibration procedure will be quite similar for all three test scenarios.

Table 6. Estimated system &aseausing the Quasiigorousmethodfor the 3 test scenarios

Test Scenaric dDX (m) dDY (m) dDw/(") aby () dok () ddr (m)y 5

I 10.07 10.11 79.6 12.6 52.5 0.59 0.00038
I 10.08 10.12 80.8 14.8 17.3 0.00 0.00097
1] 10.05 10.09 84.3 11.2 32.5 10.09 0.00103

Table 7.RMSE equivalency analysis for the three configuration c@3eastrigorousmethod)

Strip 1 Strip 3

I vs.lI I vs. Il vs. Il I vs.lI I vs. I Il vs.lll
X (m) 0.01£0.02 0.06£0.01 T10.05£0.03 0.00£0.03 0.05£0.02 10.04+0.01

(0.03) (0.06) (0.06) (0.03) (0.05) (0.05)
Meanz=Std Y (m) 0.02+0.13 0.03+£0.12 10.02+£0.00 0.00£0.01 710.00£0.00 0.00x0.01

(RMSE) (0.13) (0.13) (0.02) (0.01) (0.00) (0.02)
Z (m) 0.62+0.03 0.71£0.04 10.09+£0.01 0.60+£0.01 0.69+0.01 10.09+£0.00

(0.62 (0.71 (0.09) (0.60 (0.69 (0.09)

3.3.Results Evaluation

The calibration results will be evaluated qualitatively and quantitatively. The qualitative evaluation
will be performed by visually comparing the quality of generated intensity images from the original
and adjusted (reconstructed using the estimatednsysteses) point cloud to check any improvements
in the clarity and definition of various objects. In addition, profiles will be generated using the original
and adjusted point cloud to chefile any improvements in the quality of fit between overlapping
strips. The quantitative assessment, on the other hand, will be performed by applying the discrepancy
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detection procedure (described Saction 2.1.2) to the overlapping strips, after reconstructing them
using the estimated system biases (Equation 24). Vdiaation is reported in the next subsections.

Qualitative Evaluation: The improvement in the quality of the generated intensity images is
illustrated in Figure 6. Figure 6a shows the intensity image generated before the calibration procedure
while Figuresbb and 6¢ show the intensity images generated after the calibration peoosthg the
Simplified and the Quasigorous methods, respectively. In both methodsnfiguration 11l was
utilized. As it can be seen in this figure (refer to the circled anedSgure 6), enhancement in the
feature definition, such as at airplanes and surface markimgsr© r d A P | RiBuBly Ylearera r e
in the generated intensity images after the calibration procedinis. means that, besides the
positional accuracy ofhe LIDAR point cloud, the calibration procedure also improves the data
interpretationWe can observe from the visual analysis of the intensity images quite compatible results
for the two proposed methods. To illustrate the improvement in the qualitybaftiveen overlapping

strips, profiles whose location are shown in Figure 7 were drawn. Figure 8 shows profiles along
strips 1&2 before and after the calibration procedure. We can observe a significant improvement in the
compatibility of these profiles tdr the calibration, especially in the profiles which are in (or almost in)

the flight directio® Y direction caused bymproved estimatef the boresightpitch angle Profile 4,

on the other hand, does not present improvements since it is perpendicthlarflight direction,

where no significant discrepancies were detected (refer to Table 3).

Figure 6. (a) Intensity image generated before the calibration procedure. (b) Intensity
image generated after the calibration procedure using the Simplified matitbdest
scenario lll. (c)Intensity image generatedfter the calibration prodeire using the
Quastrigorous method and test scenaliio

(b)




