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SUMMARY

Recent developments of terrestrial laser scannave imade these accurate and efficient
survey instruments more affordable and portable.this paper, the geometric accuracy of
two terrestrial laser scanners (i.e. the FARO Fdtumd the Leica HDS6100) is being
evaluated. Both of these mid-range instruments pdr@se-based and have a panoramic
architecture. The Foctlis currently one of the most compact and affore& terrestrial
laser scanners on the market. The geometric gudlihis latest generation laser scanner will
be compared to the HDS6100. The quality assessnpemformed in this paper are centred
on the self-calibration method for terrestrial laseanners. This method can remove
systematic defects in the instrument without har@wanodifications or specialized
equipment. Through the observation of either diged targets or planar-features, the
residual systematic errors in the laser scanner mrmodelled mathematically. From
previous studies, these unmodelled systematic srcan drastically deteriorate the point
cloud quality and the self-calibration approach basn proven to be an effective tool for
eliminating systematic effects caused by flawsmafividual components and misalignment
between components. Through redundant observatitims distance and angular
measurement precision can be estimated in a lgasres adjustment and used as a
guantitative measure for comparing the systems.th Baser scanners were tested and
calibrated multiple times at the University of Calg Based on the experimental results
presented in this paper, it was discovered that daming from the more affordable Fotus
are contaminated with significant systematic etror€Even after self-calibration, the
measurement random noise is still higher than tBS&L00. However, at close-range the
contribution of the higher random noise to the paging solution is small and does not have
a significant detrimental impact on the mapped scen
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1. INTRODUCTION

Terrestrial laser scanning (TLS) instruments hdxeady established their status as a reliable,
accurate, and high-speed active 3D mapping solufiezsselman & Mass, 2010). By
measuring spatial distances at uniform incremehtaro in two orthogonal directions, 3D
coordinates on any laser-suitable surface can lzsuned without specially-designed targets.
In the past, companies have mainly focused on impgo the positioning accuracy,
acquisition speed, measurable range, and funcii@sale.g. built-in memory storage, Wi-Fi
connectivity, built-in batteries, and on-board ttscreen controller) of the scanner.
Recently, the cost of 3D terrestrial laser scanhes begun to reduce. Companies such as
FARO and Leica are releasing new scanners (i.eusd@nd C5, respectively) that are
opening new markets to the active 3D imaging imyusiConsumers are beginning to find
shorter range applications with lower accuracy mequents for these economical laser
scanners. In this paper, the geometric accuradiieoFARO Focu® will be analyzed and
compared to a higher accuracy laser scanner fromal@e. the HDS6100). The range,
horizontal direction, and elevation angle measurgnpeecision of both instruments were
estimated repeatedly using variance component astins in a point-based user self-
calibration routine (Lichti, 2007). Residual syetic errors in both scanners were also
recovered and modelled empirically by observingaiagé quantity of signalised targets or
planar-features. Self-calibration is useful beeadgspite the manufacturer's laboratory
calibration, systematic errors are still identifalin various scanners (Kersten et al., 2008)
and through self-calibration the geometric accurafcihe scanner can be improved; in some
cases improvement from the millimetre level to she-millimetre level is possible (Chow et
al., 2011b). To assist the point-cloud registratimost modern TLS instruments are equipped
with additional sensors for defining the exterioneatation parameters (EOPs) of the
instrument, for example built-in electronic compadsal-axis compensator, and electronic
barometer. These additional observations are kbdufor reducing correlations between
EOPs and the other parameters in the self-caldsradjustment (Lichti, 2010).

2. MATHEMATICAL MODEL

Software calibration of optical sensors is a wstiablished concept in photogrammetry and
computer vision. For analog and digital camerasdie adjustment based on the collinearity
equations is the preferred self-calibration metfavxdmost cases (Brown, 1971). Regarding
terrestrial laser scanner self-calibration, registn using 3D rigid body transformation with

the observations expressed in the spherical coatelisystem has proven to be an effective
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approach (Lichti, 2007; Reshetyuk, 2010). In tbaper, both the Foctsand HDS6100
were calibrated using this method but with différgaometric primitives. In the point-based
self-calibration (Lichti et al., 2007; Reshetyuk)(®; Schneider, 2009), a large quantity of
signalised targets distributed evenly on the wakksling, and floor of a room were observed.
These targets, acquired by the scanner occupyiifigreht positions and orientations, were
then used for registering the point clouds. Addiéil parameters (APs) were appended to the
observation equations to simultaneously correcbiases, axes misalignments, wobbling, etc.
As an alternative to the point-based self-calibratipproach, well defined geometric features
such as lines, planes, cylinders, spheres, anaddorbe used to replace signalised targets for
registering point clouds and calibrating the scanndén this paper, besides point-based
calibration, planar features were also considewgdsélf-calibration (Bae & Lichti, 2007,
Chow et al., 2011a).

2.1 Point-based user self-calibration of terrestrial laser scanners

The point-based self-calibration method is basether8D rigid body transformation given in
Equation 1. The scanner’s range and angles oligerwaith APs appended are shown in
Equation 2. The calibration models for range, zmmtal direction, and elevation angle
observations are given in Equations 3, 4, and &peaetively. The EOPs of each scanner
setup, 3D object space coordinates of every taaget, APs are estimated simultaneously in a
parametric least-squares adjustment. The stochasbtidel for the observations is also
estimated in the adjustment using variance compoastimation. It is assumed that the
observations are uncorrelated and the standardatit@viof the angular observations is
independent of the scanning geometry. The rangerweétions on the other hand are known
to vary according to the secant function of thadance angle (Soudarissanane et al., 2011).
The elongation of the laser footprint at large diecice angles causes distance measurements
to be integrated over a larger surface area, wheshilts in a lower range measurement
precision.

% Xi | | X
i [EM Y =] Y
Zij Zi Zoj (1)

M, =Rk, R(¢) R (@)

where X;, Y;, andZ; are the object space coordinates of point i.
Xij, Yij, andz; are the Cartesian coordinates of point i in scaspace |.
X, Yo, andZ; are the position of scanner j in object space.
wj, pj, andxk; are the primary, secondary, and tertiary rotasiogles that
describes the orientation of scapmeobject space.
Ri, Rz, andRs are the rotation matrices about the primary, seaon and
tertiary axis, respectively.
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where pj;, 6, anda;; are the range, horizontal circle, and verticatleireading,
respectively to point i in scanner space |
Ap, A, andAa are the additional systematic correction pararsdtar
range, horizontal direction, and vertical directicgspectively.

a; =tan™ +Aa

Bp= A+ Ap, + Asinla )+ Assin[fﬂ—”pi,}+ Aico{fj—”aj} e, O

whereAy describes the rangefinder offset
A; describes the scale factor error
A, describes the laser axis vertical offset
Az and A, describe the cyclic errors
ET, means other empirical range error terms

AB =B+ B,sin(@) + B,codd) + B, sin(26) + B, co{26) + B, seda)

+ B tan(a) + B,o™ +B,sin(a) + By, coda) + ET, @
whereB; describes the scale factor error

B, andBs; describe the horizontal circle eccentricity

B, andBs describe the non-orthogonality of encoder andceadraxis

Bs describes the collimation axis error

B; describes the trunnion axis error

Bs describes horizontal eccentricity of collimatiotnsa

By andB,g describe the trunnion axis wobble

ET, means other empirical horizontal direction erssnts

Aa =C, +Ca +C,sin(a) +C,sin(2a) + C,cod2a) + C,0™ -
+C,sin(268) + C, cog26) + C,sin(46) + ET,
whereCy describes the vertical circle index error
C, describes the scale factor error
C, describes the vertical circle eccentricity
C; andC, describe the non-orthogonality of encoder andrtiwmaxis
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Cs describes the vertical eccentricity of collimatexis
Cs, C7, andCg describe the vertical axis wobble
ET, means the other empirical elevation angle erronsger

The centre of each signalised target can be detedmusing least-squares geometric form
fitting or template matching. Typically a laseasoer cannot aim directly at the centre of a
target like a total station, therefore an ample am@f observations are made on the surface
of the target and the centroid is then calculategipely by exploiting information/properties
about the signalised target such as size, shapkeyelectivity. In cases where the laser
scanner was leveled and/or the heading of the scanvas measured, additional
observations/constraints can be included in thstdeguares adjustment. For example, with
the Focu¥’, when all three attitude angles are measuredniallgrand applied to the point
cloud, the following observations can be addedhéoadjustment (Equation 6).

W=, *0,

obs — Y w
¢:¢obsia¢ (6)
K=K t0,

2.2 Plane-based user self-calibration of terrestrial laser scanners

Instead of a functional model that minimizes theckpancies of tie points in the X, Y, and Z
direction as explained in Section 2.1, a functiamaldel that constrains every point to lie on
the best-fit plane is applied instead in the plhased self-calibration. Although other
geometric features can be utilized, planes areflogebecause they are abundant in urban
environments, which make in-situ self-calibratiomre feasible. Following the same rigid
body transformation model and spherical parametio of the observations in Equations 1
and 2, Equation 7 can be adopted to constrain epeiyt to lie on a plane. Instead of
estimating the 3D object space coordinates of evarget, the plane-based calibration
estimates the four plane parameters while minirgizie sum of squares of the residuals. In
a combined least-square adjustment, the scann@PsEplane parameters, and APs are all
estimated simultaneously.

(,q. —A,o)co a; —Aa)co 6; —Aé?) X,
(ak o} Ck) M, (pij _Ap)cos(aij _Aa)Sin(ei‘ —AH) + Y,
Z

-d, =0 (7)
Pi —A,o)sin(aij —Aa)

i
i
i

(]

whereay, by, ¢, dk are the direction normal and the orthogonal distao plane k.
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3. EXPERIMENT

The Leica HDS6100 was calibrated seven times irpdst three years using the point-based
self-calibration approach and four times usingplane-based self-calibration method. Self-
calibration was carried out for the newer FG€usix times using the point-based method and
once using the plane-based method this year. Thieratéons were all performed at the
University of Calgary in one of two rooms. The devaroom (Figurel) has dimensions 5 m
by 5 m by 3 m and the larger room (Figure 2) isriéy 11 m by 3 m. In both situations,
either a redundant number of targets were obseoverd redundant number of planes were
observed. For the point-based calibration eithular or checkerboard type paper targets
were deployed and their centroids were determirsgtgueast-squares geometric form-fitting
as explained in Chow et al. (2010) and Chow ef28l11b), respectively. In the plane-based
self-calibration, besides natural planes in theirenment (i.e. walls) additional metal plates
with a glossy white finish were introduced to sgren the network geometry. The number
of scans, number of targets/planes, number of wagens, number of unknowns, and the
average redundancy for the HDS6100 and Fdcaalibrations are summarized in Tables 1
and 2, respectively.

Figure 1: Small 5 x 5 x 3m calibration room Figure2: 14 x 11 x 3m arecalibration room

Table 1: Summary of some statistics from the HDS6100 self-calibrations
Dataset Room Point/plane # of # of # of # of Avg.
based scans | targets/planes | obs. unk. Red.
1 Small Point 6 264 3495 833 0.76
2 Large Point 6 63 759 231 0.70
3 Large Point 6 63 762 230 0.70
4 Large Point 4 102 963 335 0.66
5 Large Point 4 104 837 339 0.60
6 Small Point 4 181 2069 571 0.73
7 Large Point 6 300 3591 936 0.74
8 Large Plane 6 9 43137 75 0.33
9 Large Plane 6 9 40653 74 0.33
10 Large Plane 4 70 33900 308 0.33
11 Large Plane 4 60 28194 268 0.33
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Table 2: Summary of some statistics from the Focus™ self-calibrations
Dataset Room Point/plane # of # of # of # of Avg.
based scans | targets/planes | obs. unk. Red.
1 Small Point 4 206 1833 646 0.65
2 Small Point 4 183 2001 573 0.72
3 Small Point 4 176 2040 557 0.73
4 Small Point 4 166 1821 526 0.7
5 Large Point 7 300 3786 942 0.75
6 Large Point 7 300 3429 942 0.73
7 Small Plane 4 52 31200 235 0.33

4. RESULTS& ANALYSES

Non-random trends due to systematic defects camllysbe visually identified in the
residuals when plotted versus the scanner’'s ravere@sons. For instance, significant
trunnion axis error and collimation axis error weteserved in calibration dataset 2 for the
FocusP (Figure 3).
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Figure 3: Residuals of the horizontal circle reading as function of the elevation angle (a)
before self-calibration and (b) after self-calibration.

The estimated raw observation precision of botimisees before and after applying the point-
based self-calibration is given in Figure 4. Therages,, oy, ando, before and after point-
based self-calibration for the HDS6100 and F8tase shown in Table 3. It is evident that in
general the calibration routine can help improwe abservation precision of the scanner and
the standard deviation of the HDS6100’s observatane in general half of the Foctis The
estimated range precision of the HDS6100 is conpar#éo the independent accuracy
assessment carried out in Nuttens et al. (201Q).is worthwhile mentioning that the
HDS6100 was sent back to the manufacturer for regater dataset 1. It is evident from
Figure 4 that after the manufacturer’'s precise rlatooy calibration, the noise level of the
instrument was reduced, but it was still improvadHer using the self-calibration method.
As the scanner experiences wear and tear, the HI&6Elevation angle measurement
precision declined over time and reached the saxe bf precision as the Foclls
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Figure 4: (a) Estimated range observation precision
for the HDS6100 and Focus™ before and after
point-based self-calibration. (b) Estimated

\ horizontal circle observation precision for the
HDS6100 and Focus™ before and after point-based
self-calibration. (c) Estimated elevation angle
observation precision for the HDS6100 and Focus™
before and after point-based self-calibration.
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Table 3: Average observation standard deviation before and after point-based self-calibration
HDS6100 Focus®
Before After Improv. Before After Improv.
o, [mm] 0.55 0.53 2.2% 1.20 1.17 2.6%
oo ['] 38.4 34.2 11.0% 92.0 64.8 29.6%
oy ['] 36.0 32.1 10.8% 46.1 45.6 1.1%

The recovered systematic errors that are eithéststally significant and/or observable in the
range, horizontal direction, and elevation angtedwal plots are shown in Tables 4 and 5 for
the HDS6100 and the Fodfisrespectively. Even though residual systematiorsrcan be
observed in most modern TLS instruments they migghsmall for some scanners. On the
contrary, it can be argued that self-calibratiomisre essential for older or low-cost scanners
because they appear to exhibit more significantues systematic errors. The trunnion axis
error and collimation axis error in the Fotusire the most significant, and after calibration
improvements up to 60% in the horizontal directmeasurement precision can be observed.
If not modelled properly, a 100 arcsec trunnionsamiror and 100 arcsec collimation axis
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error can result in a horizontal error of -5 mm a&naim, respectively at a 48levation angle
and 10 m distance from the scanner. The reasanddie fluctuation of the scanner’'s APs
is unknown; it might be due to the scanner’s infitgland/or temperature changes internal to
the instrument (Glennie & Lichti, 2011). But aspkained in Habib & Morgan (2005) and
Lichti (2008), there are some shortfalls when diyecomparing APs for checking temporal
stability.

Table 4. Recovered systematic errors for the HDS5100 through point-based and plane-based

self-calibration
Dataset Ao Ao B> B3 B4 Bs Bs B~ Co Cs C, Cs
-1.08 11.0 -18.0 -50.5
1 +0.09 +1.8 +3.7 +8.3
-0.83 24.0 -10.7 -22.7 -34.0 6.2
2 +0.16 + 3.8 +1.6 +3.9 +9.9 +1.6
-1.1 26.2 -9.6 -29.0 -27.2
3 +0.20 +0.53 +2.2 +54 | +13.1
-0.57 -11.6 | -12.3 -9.0 -7.5
4 +0.25 +3.6 | £3.6 +36 | £3.6
1.76 9.1 | -14.1
5 +0.47 +38 | £3.6
-17.4 | -14.6 -49.5
6 +47 | £42 | £104
-0.42 -2.0 -40.7 | -117.2
7 0.05 0.9 1.7 4.0
-2.12 11.4 -28.9
8 +0.19 +3.4 +15.9
-1.99 -16.3
9 +0.20 +3.1
-0.94 -6.6 -26.5 8.9
10 +0.08 +1.6 | £10.6 +2.4
0.52 -50.9 10.3
11 +0.12 +10.8 +2.5

Table 5: Recovered systematic errors for the Focus™ through point-based and plane-based

self-calibration
Dataset Ao B> B3 B4 Bs Be B~ Co Cs Co
13.6 10.9 87.4 -203.8
1 +3.1 +3.2 +4.5 +8.8
0.54 -27.5 -51.8 50.3 -138.3 24.2
2 +0.23 +9.2 +3.6 +2.9 +6.8 +4.4
1.12 49.6 -32.6 12.3
3 +0.23 +4.8 +9.8 +2.8
2.12 -54.5 44 .2
4 +0.31 +5.2 +9.8
0.48 58.1 -49.6 -37.3
5 +0.18 +2.2 +3.6 +7.5
0.96 50.2 -59.1 -38.9
6 +0.23 +2.7 +4.1 +8.1
2.02 102.0 -113.3 128.7
7 +0.42 +6.5 +17.7 +13.0

Although the estimated standard deviation of theeolmations is a valid approach to compare
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the two instruments, in most cases the user is @mgerned about the object space accuracy.
To assess the difference in the reconstructed bbpace by the two scanners, a check point
analysis was performed. The HDS6100 and FScwsre calibrated in the same room on the
same day and the determined object space coordifrate both adjustments were compared.
In the small room, 168 targets from dataset 6 ef H#DS6100 and dataset 3 of the FSBus
were compared. In the large room, 200 targets flataset 7 of the HDS6100 and dataset 5
of the Focu¥ were compared. The object space coordinatesndieted by both scanners
were transformed into a common coordinate systemgua 7-parameter 3D similarity
transformation. The computed RMSE of the targetsie and after self-calibration in the X,
Y, and Z directions are shown in Table 6. This akhgoint analysis indicates high
compatibility between the two scanners. In thelsnmpam, the overall differences between
the target positions are less than a millimetealirdirections. At larger distances, the effect
of the angular systematic errors is more pronouncaud after self-calibration the
compatibility between the point clouds acquiredtisyy HDS6100 and Foctiswas improved.

Table 6: Differences between the signalised targ% positions determined by the HDS56100 and
Focus
Before Calibration [mm] After Calibration [mm]
Room RMSE RMSE, RMSE, RMSE RMSE, RMSE,
Small 0.7 0.8 0.5 0.7 0.7 0.5
Large 0.6 0.8 2.2 0.5 0.8 1.4

Systematic artifacts can be observed in the F8qumint cloud as shown in Figures 5 &a
Near the zenith, a hole in the data can be obserddow elevations, a mismatch between
the point clouds measured on the floor capturefage 1 and face 2 is apparent. After
calibration in dataset 7, the 5 mm horizontal dispment between the data captured in front
and behind the sensor is eliminated as shown inr€i§. Note that when capturing a 360
scan, data from face 1 and face 2 overlappedjghusobably because the instrument scanned
beyond 3608, For the analysis shown in Figure 6, the oveilagpoints are removed. The
hole on the ceiling situated 1.7 m above the saarres a maximum diameter of
approximately 1.3 cm before calibration and 1.2 after calibration. Future work will
attempt to improve the self-calibration method asithinate this systematic defect near
zenith.

Figure5: A holeinthe Focus™ point cloud near zenith
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Figure 6: Top view of the displacement between face 1 scan data (blue) and face 2 scan data (red) at low elevation
angles near the tripod (a) before calibration and (b) after calibration in scanner space

5. CONCLUSION

The geometric quality of the point clouds acquitsdtwo different scanners (i.e. a Leica
HDS6100 and a FARO Foci’s was compared quantitatively in this paper. Irefetent
point-based and plane-based self-calibrations waneed out for both sensors to study their
systematic errors and raw observation precisiore ®bject space reconstructed by both
scanners was also compared directly to evaluategéloenetric performance of the more
affordable Focu®. From the empirical data, it was discovered ttra point clouds
generated by both scanners were contaminated bypdeitad systematic errors. The Fotus
showed significant systematic errors in the horiabnircle measurements in all cases. The
HDS6100’s observation quality appears to be detriny slightly, perhaps due to wear and
tear, especially in the elevation angle measuresneven after the residual systematic errors
have been modelled using the self-calibration nthibe random noise of the Fot¥ls
observations remains approximately twice the mageitof that of the HDS6100. However,
in close-range, it has been demonstrated in tlpemihat the discrepancy in the reconstructed
object space is small and negligible for most apions. At longer ranges, self-calibration
has advantages in improving the geometric accucyhe reconstructed environment.
Future work will attempt to improve the self-calilipn technique to remove the systematic
artifacts near the zenith.
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