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1 INTRODUCTION

Three dimensional (3D) laser scanners have been employed for some years in applications such as
cultural heritage, forensics, 3D land (topography) and “as built” surveying. Three dimensional laser
scanners use a high-speed laser-based range finder mounted on a rapidly rotating head to scan the
environment, thus producing a high-density digital point cloud representation of the scene that can be
archived and analysed as required. Often, full colour information is recorded simultaneously by a
coaxially mounted camera to provide a more realistic 3D image.

In recent years, the range measurement capability of laser scanners has been improved to the extent that
sub-millimetre accuracy and range noise can be achieved over tens of metres or more. In fact the
National Institute of Standards and Technology (NIST) in the US has recently reported the development
of a 3D scanner with a 10 um precision at a range of 10.5 m'. This increase in accuracy together with
the increased requirement for rapid acquisition of high-quality data at relatively low cost in high-value
manufacturing industries, and applications such as reverse engineering and factory maintenance has led
to the migration of three dimensional laser scanners from surveying to engineering application.

With the increase in take-up of 3D laser scanner technology and the ever higher accuracy demands,
comes increased demand for calibration, performance verification and measurement traceability. These
issues of calibration and traceability for non-contact optical measurement systems are complex and not
simply limited to the calibration and compensation of systematic errors in the instrument itself.
Significant systematic errors can arise due to, for example, the interaction between the scanning laser
light and the material and surface properties of the objects being scanned, and the incident angle of the
laser beam to the surface. However, for the class of 3D laser scanner considered in this work, the level
of range accuracy is such that the accuracy is dominated by the geometrical errors of the instrument and
the accuracy of the laser ranging system.

Calibration of a laser ranging system is relatively straight forward and can be carried out using, for
example a calibrated length artefact or a more accurate coordinate measurement system such as a laser
tracker, or by comparison with a reference interferometer. However, there is no documentary standard
covering the calibration or performance verification of laser scanners. Furthermore, volumetric
performance tests conducted at NIST have shown that systematic errors can still be evident after
calibration and that they can be attributed to incomplete compensation for geometrical alignment
errors> . There is, therefore, a need to improve the way that these devices are calibrated in order to
realise their full potential.

The National Physical Laboratory (NPL) has therefore carried out an initial investigation into the
feasibility of calibration of the geometric errors of 3D scanners using the “network method” - previously
developed at NPL for laser tracker calibration®>.

In section 2 of this report, we briefly describe a mathematical model of the geometric errors of a laser
scanner. In section 3, we provide a summary of the network method used for calibration of instrument
errors. In section 4 we present the method used for testing a laser scanner. The results and observation
are presented in section 5, with a final summary and conclusions in section 6.

2  GEOMETRIC ERROR MODEL OF A LASER SCANNER

An idealised representation of the internal geometry of a laser scanner is shown in Figure 1. A rotating
platform mounted on a fixed base carries a laser source and rotating mirror assembly; the platform
rotates about the standing axis, Z. The laser source is aligned such that the laser beam is aligned coaxially
with the rotation axis of the rotating mirror, known as the transit axis, 7. The laser beam reflects off the
rotating mirror at the point, O, which lies at the point of intersection of the mirror surface and the rotation
axes, T and Z. The mirror is tilted at 45° with respect to the axis 7 such that the laser beam reflects off
it to a point, P, on the NZ plane where ON is perpendicular to OT.
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Angle encoders measure the rotation angles, Hm of the spinning platform around the Z axis, and Vm of
the rotating mirror assembly around the T axis. It is assumed that these encoders are perfectly aligned
with the rotation axes and are free from other errors. The angles measured by the encoders, together
with the range information, Rm, obtained from the laser ranger provide point coordinates in spherical
polar form.

7 Rotating mirror

Laser
source

Rotating
platform

Figure 1 The ideal geometry of a laser scanner.

Deviations in the perfect geometry described above lead to systematic errors in the range and angle data
and hence errors in the coordinate measurements. These geometric errors need to be compensated to
obtain the best performance from the scanner. A method is, therefore, required to determine the
geometrical errors.

A geometric error model of a typical laser scanner has been developed by NIST® 7 ®, The eighteen
parameter model is:

ARm = k(x; sin(Vm)) + x4

1z _ X3 i Xsz  Xe n 7

n(Vm) Rmsin(Vm) tan(Vm) sin(Vm) tan(Vm)
x

+ xg, sin(Hm) ] + [Rl_rz + X5 + X114 €0S(2 HM) + x4 sin(2 Hm)]

+ xg,cos(Hm)

X
AH =k[
mn Rmta

Xipcos(Vm)  x,cos(Vm)
AVm =k [ ~ R + R + x4 + x5,cos(Vm) — xg,cos(Vm)
—xy,c0s(Vm)
+ — Rm Xxs,cos(Vm) + xg,cos(Vm) + xq,4c05(2 Vm)

+ x12pc05(2 Vm)]

Where ARm, AHm and AVm are the errors in range, azimuth and elevation respectively, the parameter &
is 1 for points measured in front-face (when the point is in front of the scanner) and -1 for points
measured in back-face (when the point is behind the scanner). The model parameters are as described
in Table 1.
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Table 1 The eighteen parameters of the NIST error model

Parameter Description

Xin Beam offset along N

Xiz Beam offset along Z

X2 Transit axis offset

X3 Mirror offset

X4 Vertical index offset

X5n Beam tilt along N

X5z Beam tilt along Z

X6 Mirror tilt

X7 Transit axis tilt

X8y Horizontal encoder eccentricity along X

Xsy Horizontal encoder eccentricity along Y

Xon Vertical encoder eccentricity along N

X9z Vertical encoder eccentricity along Z

X0 Range zero offset

Xila Horizontal encoder scale error (second order)
X11b Horizontal encoder scale error (second order)
X124 Vertical encoder scale error (second order)
X12p Vertical encoder scale error (second order)

In 7 the twelve parameters that are sensitive to fwo-face tests (tests involving points measured in front-
face and in back-face) were determined by fitting the model parameters to data obtained from a series
of two-face tests on a reference artefact. In this work, we fit all eighteen parameters to our data, as
described below.

3 THE NETWORK METHOD FOR INSTRUMENT CALIBRATION

The network method of instrument calibration can be thought of as a generalisation of the bundle
adjustment used in photogrammetry. Bundle adjustment refers to fitting the parameters of a
mathematical model of the measurement system to the data obtained. In photogrammetry, the model
includes parameters that describe the exterior orientation — the position and orientation of the camera(s),
and the interior orientation — the errors in the camera system. Photogrammetry is a triangulation
technique that uses only angle data.

The generalised method used for the work reported here applies to instruments that have sensors
providing any combination of angle and range data. The method involves:
e establishing a mathematical model of the systematic errors of the instrument under test;
e measuring the apparent position of multiple targets using the instrument under test from multiple
(at least four) different locations;
e fitting the parameters of a model of the experiment to the observed range and angle data, where
the model of the experiment includes parameters that describe:
o the instrument position and orientation,
o the target positions,
o the geometrical errors of the instrument under test; and
e computing the uncertainties associated with the model parameters obtained.

For a detailed explanation of the mathematics involved in this method as applied to laser tracker
calibration see *°.
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4 METHOD

The scanner used for the experiments reported was a Surphaser model 25SHSX IR-X scanner with the
following specifications:

e range: 0.3 m—30m;

e range noise (1 sigma, 90 % Lambertian surface): 0.1 mm at 3 m range;

e range uncertainty at 5 m with contrast target: 0.5 mm.

The targets were 1.5 inch tooling balls mounted in magnetic nests fixed to columns, floor, bench and
other solid structures within the laboratory. A total of twenty six targets were used spread over a volume
of approximately 4.9 m x 6.7 m X 3.8 m. The balls were spray coated with titanium dioxide powder to
ensure a matt surface more suited to detection by the scanner.

Compensation for geometric errors was turned off in the scanner software by editing the error
compensation file and setting the compensation parameters to zero.

The following scan settings were used:
e configuration: 1 pass HQ;
e horizontal resolution: 40 LPD (lines per degree);
e vertical resolution: 40 PPD (points per degree).

The scene was scanned from four locations using SurphExpress software (version 2.50). Each scan
covered an azimuth range of 359° (the maximum allowed by the software), so that all target spheres
were scanned in front-face and back-face. Obtaining data in front-face and back-face maximises the
sensitivity of the experiment to the geometric errors as twelve of the eighteen parameters change sign
between front-face and back-face. Each scan was manually edited to exclude data points that were not
on or near the sphere targets.

Figure 2 Example data set after manual editing. Only data on or near the target spheres remains.

Figure 2 shows an example of a typical scan after removing points not on or near the target spheres. The
resulting point clouds were then exported and processed to do the following.
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1. Separate points that lie on the spheres into those scanned in front-face and those in back-
face.

2. Identify the data points that lie on each sphere.

Fit points identified in step 2 to a sphere to locate sphere centres.

4. Use sphere centres with network software to determine locations of target spheres, scanner
positions and orientations and geometric errors, and uncertainties in all these parameters.

W

Bespoke software written in LabVIEW 2013 and Matlab R2014a was used to process the experimental
data. A brief summary of the processing follows.

4.1 SEPARATE POINTS INTO FRONT-FACE AND BACK-FACE

The exported data was in the form of a comma separated variable (CSV) file of x, y, z coordinates. This
data was first converted to spherical polar form. An example of the un-processed angle data is shown in
the plot of Figure 3. The discontinuities in the data correspond to the edges of each region of data in the
point cloud.

Azimuth [~

Raw angle data

3- Elevation m
s
2 = = ffi
£, o
E |'_'__._r__J er
O 1 -
':% -2
-3-

| 1
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000 110000 120000 130000
point number

Figure 3 An example of typical un-processed angle data.

The data file is arranged such that data obtained in front-face occupies approximately the first half of
the data, with the back-face data occupying the remainder of the file. In the data set shown in Figure 2,
the break between front-face and back-face data clearly comes just before point number 60000 as
indicated by the large decrease in the azimuth data.

Another indicator of the transition from front-face to back-face data in the file is the change in scan
direction in elevation; for front-face points, the scan direction is down, whereas for back-face points the
scan direction is up. To reliably locate the point index in the data file where the transition from front-
face to back-face occurred, we differentiated the angle data and scanned the differentiated data for a
spike in the elevation accompanied by a change in sign of the elevation data.

Figure 4 shows a close up view of the region of the differentiated angle data where the transition from
front-face to back-face occurs. This is clearly indicated by a spike in the differentiated azimuth data with
a corresponding change in sign from negative to positive in the differentiated elevation data.
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Differentiated angle data differentiated azimuth |7
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Figure 4 Close up view of the region of the differentiated angle data showing the location where the
transition from front-face to back-face occurs - at point number 59263.

The data file was then split into two parts each containing either front-face or back-face data only and
each part processed to locate an approximate position of the sphere centres. An example of a point cloud
dataset after splitting into front-face and back-face data is shown in Figure 5.

30 Picture

Figure 5 An example of a point cloud after splitting into points scanned in front-face (red) and back-face
(yellow).

4.2 IDENTIFY DATA POINTS THAT LIE ON EACH SPHERE

After splitting the point cloud into two data sets containing either points scanned in front-face or points
scanned in back-face, a 3D variant of the Hough transform algorithm was developed to process the data
sets to identify the data points that lie on each of the target spheres. A kd-tree data structure was
constructed to make searching the data more efficient. The algorithm works as follows:
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1. For each point, P;, in the point cloud:
Find the nearest neighbours and form a surface around P;.
Find the surface normal at P;.
Generate two points, 4;+ and 4;., a distance R along the normal on either side P;
(where R is the nominal radius of the sphere).

Close up View

Figure 6 The output of Step 1. Points near a target sphere with
their normal vectors drawn in grey a length R on either side of the
surface at that point.

2. Form a 3D accumulator vector, ACC(x, y, z, count), with a x, y, z coordinate resolution of
10 mm, with each count element initialised to zero.

3. For each point, 4;+ and A4;.:
Increment the count element in ACC that has x, y, z coordinates nearest to the point 4;+,
Ai..

4. For each element in ACC with count # 0:
If the count in ACC > threshold then add the x, y, z coordinates in ACC to a list of
nominal target centres, Cnom.

5. For each nominal target centre in Cnom:
Find the points, SP;, in the point cloud within R + » of Cnom, where r is a radial
tolerance, j is the target index, 1 < j < N,, where M, is the number of target spheres and
k is the point index for the j” target, 1 < k < M;, where M; is the number of points on
the j” target sphere.

The output of Step 1 of the algorithm is shown graphically in Figure 6, which shows the computed
normal vectors (grey) through some of the points in the point cloud around one of the targets. Each
normal vector is drawn with a length of 2R and centred on the individual point. The ends of the normal
vectors therefore represent the points 4;+ and A;.. The vectors through the points that are on the target
sphere all point to a common centre. These points were identified as being on the sphere by the algorithm
and are coloured green/blue in the image. The points that were not found to be on the sphere are coloured
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red. Figure 7 shows two examples of sections of the data sets around a target. Each target appears twice
in the image; once in data points scanned in front-face and once from data points scanned in back-face.

4.3 FIT POINTS TO A SPHERE

Once the points on each target sphere, SP+;, had been identified, they were used to compute the
approximate coordinates of each sphere centre using a standard library routine within LabVIEW
(NI_gmath.Ivlib:Fitting on a Sphere.vi), which computes the centre coordinates and radius of the sphere.
This gave a better approximation for each sphere centre. Because of noise on the data and the relatively
coarse accumulator resolution* used (10 mm), it was necessary to perform a further step in order to
ensure that the data points used to compute the sphere centre coordinates were reliably chosen.

This additional step was to return to the original data set and extract all points within a small radial
tolerance (current radius estimate + 2 mm)' of the current best estimate of each sphere centre. These
points were then used to compute a better estimate of the sphere centre coordinates using the same
LabVIEW algorithm as previously. The radial residuals of the fit were also calculated and plotted.

In addition, extra processing was required to eliminate any falsely detected spheres by checking the
computed radius for each sphere.

The output of this processing step was a list of sphere centre coordinates, one list for those detected in
front-face and one for back-face.

Close up View Close up View

Figure 7 Two examples of the data points used to compute the coordinates of the centre of the sphere. The
picture shows two images of the same sphere the red points were scanned in front-face and the yellow
points in back-face. The points used to compute the centre of each sphere image are coloured blue/green.

Figure 7 shows examples of areas of the point cloud data around two of the target spheres after the
processing described above had been applied. The points scanned in front-face are coloured red and
those scanned in back-face are yellow. The two sets of points are distinctly separated. This is due to the
un-compensated geometrical errors of the instrument. Note that in the right hand image, the difference

* A smaller accumulator resolution could have been used, but this would significantly increase memory
requirements and computing time.
1 This tolerance range proved best at ensuring the best selection of data points for the final sphere fit.



NPL Report ENG 59

between the apparent sphere position determined from the front-face and back-face data is of the order
of the sphere diameter, which was 38.1 mm.

4.4 PROCESS SPHERE CENTRE DATA

The sphere centre coordinates were then processed using bespoke software written in Matlab that
implemented the process described in Section 3.

5 RESULTS AND OBSERVATION

Figure 8 Perspective views from above (left) and the side (right) showing the range (with respect to the
scanner) over which data was taken.

Figure 8 shows a combination of all the scans showing the angular and distance range over which data
was recorded. The image on the left of Figure 8 shows that data was spread reasonably in horizontal
angle with data taken close in and at further distance. The image on the right shows the extent of data in
the vertical direction. It was not possible with our setup to locate targets directly above the scanner or
at elevation angles higher than 52.7° or lower than -44.2°.

5.1 SPHERE CENTRE LOCATION

The range from the scanner to the target spheres varied from approximately 1299 mm to 6733 mm and
the number of points used to compute the centre coordinates varied accordingly between 77 to 2320

points. The range of distances and number of points per target for each of the four scans are shown in
Table 2.

Table 2 Scanner-to-target distance range and the range of number of data points per target for the four
scans

Scan  Distance to target /mm Number of points per target
Maximum Minimum Maximum Minimum

1 5890 1694 1498 110

2 4824 1299 2320 187

3 4509 1598 1769 102

4 6733 1413 2011 77

All target spheres were therefore well within the operating range of the scanner (0.3 m to 30 m) and the
number of data points used to fit the sphere was sufficient. However, due to the line of sight constraints
the points are necessarily distributed over a partial sphere as shown in Figure 7.
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5.1.1  Sphere radius

The sphere fitting process consistently estimated the sphere radius to be smaller than the nominal radius
of 19.05 mm. For example, the estimated radii computed for scan 1 are show in Figure 9 plotted as a
function of distance from the scanner. The computed radius varies from just over 18.2 mm to 18.96 mm.
There does not appear to be any correlation with range.

Radius v Distance
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Figure 9 Computed sphere radius versus distance for scan 1.

5.2 MODEL PARAMETERS

Table 3 shows the model parameters and their uncertainties obtained by fitting the model to the sphere
centre data obtained from four scans from four different locations. The process was able to estimate all
model parameters except for x5, and xs.. This was due to two unresolved degrees of freedom, one
involving x5, x7 and xo;, and the other involving xs,, and x9¢,. Examination of the equations on page 2
reveals tight correlation between x5, and x7, and between xs, and xo,. These correlations can be broken,
and the unresolved degrees of freedom resolved if x5, and xs. are fixed by some other means.

Table 3 Model parameters determined by the fit to experimental data.

Parameter Description Value /mm or Uncertainty /um
arc seconds or arc seconds
Xin Beam offset along N 0.512 23
Xiz Beam offset along Z -0.136 32
X2 Transit axis offset -0.117 7
X3 Mirror offset 0.520 13
X4 Vertical index offset 15.025 0.5
Xsn Beam tilt along N - -
X5z Beam tilt along Z - -
X6 Mirror tilt 665.807 0.9
X7 Transit axis tilt -173.052 24
X8y Horizontal encoder eccentricity -16.545 0.5
along X
Xsy Horizontal encoder eccentricity 14.342 0.5
along Y

10
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Xon Vertical encoder eccentricity 13.067 2
along N

Xoz Vertical encoder eccentricity 1.274 7
along Z

X0 Range zero offset 0.817 31

XIla Horizontal encoder scale error  -2.992 1
(2" order)

Xi1b Horizontal encoder scale error  -1.287 0.5
(2™ order)

X12a Vertical encoder scale error -9.740 6
(2™ order)

X12b Vertical encoder scale error -9.214 4
(2" order)

5.3 TARGET POSITIONS
Table 4 lists the target sphere centre coordinates and their corresponding uncertainties determined by
the fit of the model to the data. These parameter values represent those that would be obtained if the

scanner was corrected using the error model described in Section 2 and the model parameters listed in
Table 3.

Table 4 Target coordinates obtained from the model fit to the data.

Target coordinates /mm Target coordinate
uncertainties /um

X y z u(x) u(y) u(z)
-310.1 2284.7 -1073.6 41 50 72
-300.8 1943.5 -367.3 33 37 62
-313.2 1526.3 -668.4 36 36 62
-1195.6 3005.1 669.0 41 41 116
-1203.2 2950.7 3133 39 41 110
-1705.3 -2320.2 -1031.1 49 41 90
-1674.2 -2328.7 789.6 39 38 104
404.1 -1410.6 -1260.5 42 55 72
806.2 -2387.8 -858.9 40 45 76
860.8 -2400.1 723.2 33 46 66
1573.7 -1335.1 -384.6 34 37 62
2936.0 -1823.4 590.8 41 30 57
2924.2 -1784.6 -98.1 40 30 66
2969.3 -1762.0 2401.1 61 52 91
2948.4 -1739.5 1113.4 45 32 61
2958.2 -1735.2 1705.0 47 32 67
2570.0 -988.2 45.7 34 29 57
22233 -745.2 -90.2 29 28 53
1740.6 111.2 -381.2 29 26 53
2154.8 846.4 -386.2 36 26 58
2255.0 1557.7 21.6 36 32 58
1676.6 1950.3 -372.7 33 40 65
3158.9 4250.8 25779 63 90 144
3139.2 4260.6 1574.2 54 63 134
3112.8 4237.5 3443 43 54 121
3091.5 4323.9 -831.6 46 60 126

11
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5.4 RESIDUALS
Table 5 lists the standard deviation of the residuals of the individual sensor data. These values represent

the standard uncertainty of the system when compensated using the error model described in Section 2
and the model parameters listed in Table 3.

Table 5 Standard deviation of length and angle residuals.

Sensor Standard deviation of
residuals

Rm 107 pm

Hm 3.8 arc seconds

Vm 7.1 arc seconds

6 SUMMARY AND CONCLUSIONS

An experiment has been carried out to investigate the feasibility of applying the “network test” that has
previously been developed at NPL for laser tracker calibration to 3D scanners such as the Surphaser
model 25HSX IR-X. A scanner error model developed at NIST has been used for this work.

An experiment was performed using 26 1.5 inch diameter spherical targets scanned from four different
locations. All geometric error compensation was disabled. The resulting point clouds were processed to
separate data scanned in front-face from that scanned in back-face, and each resulting data sets were
further processed to isolate data points on each spherical targets. These data points were then used to
compute the centre coordinates of each target.

The sphere centre coordinates were then fitted to a mathematical model of the experimental process that
included the error model of the scanner using a non-linear least squares algorithm. This fit yielded the
target coordinates, scanner locations and orientations, and the scanner error model parameters and their
uncertainties.

The process was able to determine all but two of the scanner error model parameters, but some
parameters were tightly correlated and two degrees of freedom were unresolved. The target centre
coordinates were located with maximum uncertainties in x, y and z of 63 um, 90 um and 144 pm,
respectively.

The standard uncertainty in the individual sensors was estimated to be 107 pm for the range sensor and
3.8 arc seconds and 7.1 arc seconds for the horizontal and vertical angle sensors respectively.

The higher uncertainty obtained for the vertical angle sensor and the z axis target coordinates is likely
to be due to the lack of targets positioned at the extreme of the elevation range.

6.1 LIMITATIONS OF THE CURRENT METHOD

The following limitation applied or were observed during this work.

1. The sphere radius was consistently determined by the software to be smaller than the nominal
radius. The reason for this could be, for example, insufficient coverage of the surface, or a
distortion effect due to the finite size of the laser beam spot and its distortion when projected
onto the sphere surface.

2. There was no up-to-date calibration of the ranger system, and no calibrated scale in the setup.

3. The range linearity behaviour observed by NIST is not explained by the model, and no therefore
taken into account in the data processing.

4. There were no targets directly above or at very high elevation angles, which could improve the
angle encoder calibration.

12
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6.2 FUTURE POSSIBILITIES

The following improvements to this experiment could be made by NPL in a follow-up project.

1.

2.

3.

Include ranger errors in the model and optimise the network to allow the range errors to be
identified in the calibration process.

Introduce scale either using a reference artefact or a laser tracker to ensure traceability to the
metre.

Use larger spheres to reduce distortion of the laser spot when projected onto the surface and/or
compensate for spot distortion and its effect on the range measurement.

Investigate the unresolved degrees of freedom and correlations and a method of resolving them.

13



NPL Report EM

REFERENCES

1

E Baumann, F R Giorgetta, J-D Descenes, W C Swann, I Coddington and N R Newbury, “Comb-
calibrated laser ranging for three-dimensional surface profiling with micrometer-level precision at
a distance”, Optics Express 22 (1) 24914-28, 2014.

M Ferrucci, B Muralikrishnan, D Sawyer, S Phillips, P Petrov, Y Yakovlev, A Astrelin, S
Milligan and J Palmateer, “Evaluation of a laser scanner for large volume coordinate metrology: a

comparison of results before and after factory calibration”, Meas. Sci. Technol. 25 , 105010,
2014.

M Ferrucci, B Muralikrishnan, C Blackburn, D Sawyer, S Phillips, V Lee, P Petrov,Y Yakovlev,
A Astrelin, S Milligan, J Palmateer, “Ranging performance evaluation of a laser scanner”,
Proceedings of the 28n Annual, Meeting of the ASPE 2013, St. Paul, MN, USA.

B Hughes, W Sun, A Forbes, A Lewis, “Determining laser tracker alignment errors using a
network measurement”, Journal of the CMSC, 5 (2) 26-32, 2010.

B Hughes, A Forbes, A Lewis, W Sun, D Veal and K Nasr, “Laser tracker error determination
using a network measurement”, Meas. Sci. Technol. 22 (4) 045103 (2011).

M Ferrucci, B Muralikrishnan, C Blackburn, D Sawyer, S Phillips, V Lee, P Petrov, Y Yakovlev,
A Astrelin, S Milligan, J Palmateer, “Performance evaluation of a laser scanner”, LVMC 2013,
Manchester, UK.

B Muralikrishnan, M Ferrucci, D Sawyer, G Gerner, V Lee, C Blackburn, S Phillips, P Petrov, Y
Yakovlev, A Astrelin, S Milligan and J Palmateer, “Volumetric performance evaluation of a laser
scanner”, Proceedings of the 28th Annual Meeting of the ASPE 2013, St. Paul, MN, USA.

B Muralikrishnan, M Ferrucci, D Sawyer, G Gerner, V Lee, C Blackburn, S Phillips, P Petrov, Y
Yakovlev, A Astrelin, S Milligan and J Palmateer, “Volumetric performance evaluation of a laser
scanner”, 2014, Prec. Eng. 40 139-150, 2015.

14




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




