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Abstract
Terrestrial laser scanners (TLSs) are portable dimensional measurement instruments that produce
a 3D point cloud by measuring the distance and two angles to points in the scene. Contrast targets
are sometimes used to evaluate the performance of these scanners by comparing inter-target dis-
tances to measurements made using higher accuracy instruments or to register scans from differ-
ent positions of the TLS. The choice of algorithm, distance of the target from the TLS, scan resolu-
tion, and rotational orientation of the target contribute to errors in the target center coordinates.
We explored this problem using an artifact consisting of spheres and a contrast target that allowed
us to monitor the center of the contrast target in a coordinate system established using the spheres,
where the assumption is that the sphere centers are unaffected by factors mentioned earlier and
therefore provide a stable coordinate system. We considered three different TLSs and four algo-
rithms to detect contrast target center (three custom developed and one from the manufacturer).
For each TLS, we performed scans at two distances, two resolutions, and three rotational orienta-
tions of the target, for a total of 12 cases (with 10 repeated scans per case, total of 120 scans). We
calculated two response variables for each case—inter-case variation d and intra-case variation s.
For TLS A, low resolution scans produced the worst results (large d and s values) for the original
equipment manufacturer (OEM) algorithm, with d and s as large as 2 and 0.3 mm, respectively,
for one of the cases. For TLS B, target orientation of 90◦ produced the worst results for the OEM
algorithm, with d and s as large as 2 and 1.3 mm, respectively, for certain cases. For TLS C, only
the far distance, low resolution, and 90◦ target orientation case produced the worst result for the
OEM algorithm, with d and s values as large as 0.3 and 0.6 mm, respectively. Our custom algo-
rithms clearly outperformed the OEM algorithms for TLS A and B and while the OEM algorithm
marginally outperformed the custom algorithms for TLS C.

1. Introduction

Terrestrial laser scanners (TLSs) [1, 2] are spherical coordinate dimensional measurement instruments
that produce a 3D point cloud by recording the range and two angles of points on the surfaces of
objects in the scene. They are portable and are therefore extensively used in many indoor as well as
outdoor applications such as in construction [3, 4], deformation monitoring [5, 6], mining [7], cave
[8], tunnel [9], and bridge [10] surveying, forest monitoring [11], cultural heritage preservation and
modeling [12], crime and accident scene reconstruction [13], ship building [14], etc.

The significant benefit of TLSs when compared to laser trackers or some total stations is that TLSs
can obtain data from objects in the scene without the need to use special cooperative targets at each
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Figure 1. Contrast target with alternating black and white geometries.

Figure 2. Target oriented at roll angles of (a) 45◦, (b) 67◦, (c) 90◦. Laser spots are shown as filled red circles. Some points lie on
the transition lines in (a) and (b). In (c), the transition lines are entirely between scan columns and rows. Note that the size of
the red dots in the figure depends on the distance of the target from the TLS while the spacing depends on the distance and the
resolution of the scan.

point of interest. While cooperative targets are not necessary, other types of targets are sometimes used
to either evaluate the performance of the TLS by comparing inter-target distances to measurements
made using higher accuracy instruments (such as a laser tracker) or to register scans from different posi-
tions of the TLS. Contrast targets (also referred to as checkerboard targets), see figure 1, are commonly
used for this purpose as they are inexpensive and can be easily procured. Because a contrast target is
two-dimensional as opposed to a sphere, the target position and orientation, in conjunction with the
algorithm employed to detect the center, can introduce errors, see [15].

In [15], the authors considered the effect of target pitch and yaw rotations on the center coordinate
(see section 2 for more on this). In this work, we consider the effect of target roll on the center coordi-
nate. Roll is the rotational orientation in the plane of the target. Three different roll angles are shown
in figure 2. The underlying hypothesis for this work is that the roll orientation in combination with
the sparsity of the data set and the algorithm employed can affect center coordinates. The reasoning is
straightforward. TLS collects data in vertical columns. If a target is arranged as shown in figures 2(a)
and (b), a large target will register some points within each square and some points in the transition
region between the black and white portions, potentially allowing for a more accurate center estimation.
If a target is arranged as in figure 2(c), the lines of a scan column or row can completely miss the tran-
sition region resulting in errors in the center location. This problem is exacerbated at low resolutions
and far distances.

The algorithm used to detect the center is an important factor in this study. There is only some lit-
erature available on this topic. An edge-based technique was proposed in [16] and later in [17, 18]. The
technique involved identifying points whose intensities are mid-way between the black and the white
portions, as they represent the points in the transition region. This was followed by fitting lines to those
points and determining the intersection. A method based on correlation was presented in [19] where
they match an input image within a search window but do not use a pre-defined mask, instead the
mask was the region of interest rotated by 180◦. This method required that the region around the center
remain symmetric. A similar approach where a mask is matched with the measured data was presented
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in [20]. Unlike the case in [19] where the measured data rotated by 180◦ was used as the mask, here,
an orthographic image of a typical target was used as a mask to match the intensity image of the target
to determine center. An approach based on Morse theory was presented in [21] where the intensity is
transformed to surface height and saddle points are extracted to detect target center. They claim higher
precision in the target centers than the scanning resolution. A geometric method to determine the target
center with higher precision was reported in [22]. They estimated various parameters from the point
cloud which they then used to determine the variant of the target center calculations to choose from.
They showed that their approach can reduce errors by up to 6 mm compared to conventional automatic
methods. A technique based on template matching was described in [23] where a model of the target,
including intensity information, was fit to the point cloud to find the center of the target. A review of
different algorithms and a comparison of their performance can be found in [24]. In this paper, we con-
sider three custom developed algorithms in addition to the manufacturer-provided algorithm. One of the
custom algorithms is an edge-based technique while the other two are area-based techniques. They are
described in section 3.

The motivation for the work described in this paper is an ongoing documentary standards effort
within the Crime Scene Investigation and Reconstruction subcommittee (CSIR) of the Organization for
Scientific Activities in Forensics (OSAC) [25]. This subcommittee is currently developing an interim per-
formance assessment procedure for TLSs [26, 27] that use contrast targets. To better inform the com-
mittee on optimal placement of targets, it is necessary to understand the effect of factors such as target
orientation, scan resolution, and distance, on target induced errors. The work described in this paper is
a step in that direction. This is particularly important because these targets are frequently employed in
registering multiple scan data into a single 3D point cloud. Errors in locating target centers can accu-
mulate leading to large errors in the overall point cloud. Further, as mentioned earlier, these targets are
also sometimes used to evaluate the performance of TLSs. Errors in target centers might be attributed
to poor TLS performance when in fact the TLS is performing normally. Quantifying target center errors
is therefore important in a number of domains such as construction, surveying, forensics, manufactur-
ing, etc., where TLSs are increasingly used. The rest of this paper is organized as follows. We describe the
approach in section 2, the algorithms used in section 3, present results in section 4, and conclude with a
discussion in section 5.

2. Approach

We evaluated the errors in the contrast target centers using the artifact shown in figure 3. We described
the artifact in an earlier work [15]. While we previously built the artifact to allow for pitch (about the X
axis) and yaw (about the Y axis) rotations, we have since modified the artifact to allow for roll rotations
(about the Z axis). The artifact is comprised of four 100 mm diameter spheres made of aluminum with
a dull gray finish, and sphericity better than 10 µm. A contrast target, made using a laser printer and
cardstock paper, is glued onto a flat aluminum plate, which is bolted to the breadboard on which the
spheres are also mounted. The breadboard is mounted onto a single rotation stage to allow orientations
about the Z axis as shown in figure 4 to be presented to the TLS. We positioned the contrast target in
three roll orientations: 45◦, 67◦, and 90◦ degrees. The flatness of the target is limited by the flatness of
the aluminum plate and the process of gluing the paper onto the plate. Scan data from a high accuracy
TLS indicates the flatness of the target is about 0.3 mm. As we will see in the results section, this flatness
is comparable to the magnitude of the errors in the center coordinate we are observing. However, the
flatness of the paper has a second-order effect on the center errors because we are only interested in the
movement of the center in the plane of the target, not perpendicular to the plane of the target. That is,
we are focusing on the errors along the X and Y direction, not along Z, in figure 3. We have not consid-
ered the effect of the optical properties of the contrast target surface in this paper.

From the scan data of this artifact, we established a coordinate system using spheres A, B, and C
(origin located at center of sphere A, center of sphere B on the X axis, and center of sphere C on the XY
plane), and then evaluated the center of sphere D and the center of the contrast target in that coordinate
system. Because a sphere appears spherical from any viewpoint, we expect the coordinate system estab-
lished using the spheres to not be influenced by the orientation of the artifact. To evaluate the validity
of our coordinate system, we compared the range of values of the coordinate of sphere D in our estab-
lished coordinate system for the different cases (see table 1) with range of values of the coordinate of
the contrast target. If the range of the contrast target coordinates is significantly larger than for sphere
D (especially along X and Y) for the different cases considered, we can conclude that the contrast target
suffers from errors due to the algorithm and/or distance/resolution/orientation combinations.
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Figure 3. Artifact comprising four spheres and a contrast target to study errors as a function of orientation.

Figure 4. Different roll orientations of the artifact, (a) 45◦, (b) 67◦, (c) 90◦. The TLS is located directly in front of the target, at
target height, at either 5 or 10 m distance.

Table 1. Different cases considered (10 scans were performed for each case).

Resolution (ppd)

Case Distance (m) TLS A/B TLS C Target roll orientation (◦)

1 5 28 30 45

2 10 28 30 45

3 5 109 90 45

4 10 109 90 45

5 5 28 30 67

6 10 28 30 67

7 5 109 90 67

8 10 109 90 67

9 5 28 30 90

10 10 28 30 90

11 5 109 90 90

12 10 109 90 90

We performed measurements on our artifact using three TLSs. One was a long-range (maximum
range of more than 1 km) lower-accuracy TLS (TLS A) based on a time-of-flight range measurement
system, one was a short range (∼25 m) high-accuracy TLS based on a combination of time-of-flight and
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Figure 5. Intensity (in color) as a function of the azimuth and elevation angles for one of the TLSs at the 10 m distance, 28 ppd
resolution, 67◦ target orientation for the (a) measured data, (b) interpolated data.

phase-shift range measurement system (TLS B), and the third was a short range (∼25 m) high-accuracy
TLS based on a phase-shift range measurement system (TLS C). These three TLSs effectively represent
the majority of TLSs used in the field today.

For each TLS, we performed the following scans. With the artifact about 5 m away from the TLS,
and the TLS resolution set at a certain value, we performed 10 scans at each of three nominal target roll
orientations: 45◦, 67◦, and 90◦ (30 total scans). We then changed the resolution and repeated the scans.
We next moved the artifact to about 10 m from the TLS and repeated the scans for both resolutions. A
total of 120 scans per TLS were thus acquired as seen below:

ns = nd × nres × nto × nrep = 2× 2× 3× 10= 120, (1)

where ns is the total number of scans for each TLS, nd is the number of distances, nres is the number of
resolutions, nto is the number of target orientations, and nrep is the number of repeats considered.

The different cases considered are listed in table 1. Regarding the choice of resolutions selected for
the experiments, we chose one value at the lower end and one value at the higher end of the range of
resolutions allowed for that TLS. From the options available, we choose 28 points-per-degree (ppd) and
109 ppd for TLSs A and B. From the options available, we choose 30 ppd and 90 ppd for TLS C.

We segmented each scan point cloud into five parts: each of the four spheres and the contrast target.
The contrast target center was then found using the original equipment manufacturer (OEM) software
for each scanner and also using our custom algorithms. We then transformed all centers into a coordi-
nate system established using the centers of spheres A, B, and C.

3. Algorithms employed

In this study, we considered contrast target centers from four algorithms—three custom and one from
the software provided by the manufacturer. The three algorithms that we implemented are described
here. These operate in the T–P–I domain, where T is the azimuth angle, P is the elevation angle, and
I is the intensity. Figure 5(a) shows the intensity (in color) as a function of the azimuth and elevation
angles for the measured data for one of the TLSs at the 10 m distance, 28 ppd resolution, 67◦ target ori-
entation. There are only about 730 points in the plot, which corresponds to a grid of about 30 × 30.
There are not enough points in the transition regions (intensities around 0.4–0.6) to detect the edges.
Because the highest density data we collected (5 m distance and 109 ppd resolution) encompassed a
grid that was almost 250 × 250 points, we interpolate all data using natural neighbor interpolation to
a 250 × 250 grid; such a grid is shown in figure 5(b) for the data in figure 5(a) where the transition
regions are more clearly defined. We use such 2D interpolated point cloud in the following algorithms.

3.1. Edge method
We first identified edge points whose intensities were within ±0.5σ of the mean intensity, where σ is
the standard deviation. We separated the edge points into four quadrants and combined points in non-
adjacent quadrants, resulting in the red and blue points in figure 6(a). We fit a line through the red
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Figure 6. Intensity as a function of angle along with (a) edge points and concentric circles that define the region of interest (b)
edge points, concentric circles, and least-squares best fit lines.

Figure 7. Binary point assignment based on k-means and concentric circles for the case where the circles are (a) offset, (b)
centered.

points and another line through the blue points and determined the intersection point. Using this initial
center, we extracted the region of the target that was within two concentric circles (shown in figure 6),
again identified the edge points, fit lines, and found an updated center, (t,p). The purpose of the con-
centric circles is to eliminate points near the center of the target and near the edges where there may be
mixed pixels that could potentially introduce errors. The radius of the inner and outer circles are param-
eters that are chosen based on target size.

3.2. Centroid method
We used k-means clustering to pre-assign points on the targets as belonging to the ‘low’ intensity region
or the ‘high’ intensity region of the target. Thus, each point had a binary assignment, either 0 or 1,
based on intensity. We then moved the two concentric circles described earlier using a minimization
process so that the centroid (in the T–P plane) of the ‘high’ and ‘low’ intensity points in the region
defined between the circles was as close as possible. The resulting center of the circles, (t,p) is consid-
ered the center of the target. Figure 7(a) shows the binary assignment of points for the interpolated
data in figure 5(b). The blue region has an assigned k-means value of 0 while the yellow region has an
assigned value of 1. The concentric circles are intentionally offset in this figure. If we consider the region
between the circles, the blue region is not balanced, i.e. there are more blue points to bottom and right
than there are in the top and to the left. Figure 7(b) shows the concentric circles centrally placed so that
the blue and the yellow regions are balanced. All points in the region of interest (i.e. between the con-
centric circles) contribute to the identification of the center whereas in the edge method, it is only the
points in the transition region that contribute to the center.
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Figure 8. Intensity as a function of angle along with concentric circles and edge lines for the case where the circles are (a) offset,
(b) centered.

3.3. Intensity method
We identified two lines that divide the target into four regions. We combined two non-adjacent regions
to reduce the four to two regions. We calculated the mean intensity in each region and the deviations
from the mean for all points in that region. We then calculated the sum of squared deviations. We trans-
lated and rotated the lines so that the sum of squared deviations was as small as possible. Figure 8(a)
shows a starting guess for the two lines and the resulting four regions. Here, the two predominantly yel-
low regions also include several points from the blue regions, thus resulting in a larger sum of squared
deviation. After the lines have been adjusted as shown in figure 8(b), the yellow and blue regions are
segregated so that the sum of squared residuals is as small as possible. As before, we only considered
data within a region of concentric circles whose radius had been previously established. The center of
the circles is always kept coincident with the point of intersection of the lines.

4. Results

As mentioned in section 2, for each TLS, we performed 10 repeated scans for each of the 12 different
cases listed in table 1. From each scan, we calculated the center coordinates for the two objects (sphere
and contrast target). The sphere center coordinates were obtained by fitting a least-squares best-fit
sphere to the point cloud. The contrast target center coordinates were obtained using each of the four
algorithms (three custom algorithms and the OEM software). To assess whether the distance/resolu-
tion/orientation and/or the algorithm affects the center coordinates, we calculated two response variables,
inter-case variation d and intra-case variation s, from the data. As the names suggest, response variable d
is a measure of the variation in the center coordinates across the 12 different cases listed in table 1 while
response variable s is a measure of the variation in the center coordinates within the 10 replicates of a
given case. The rationale for the selection of these two variables lies in the need to distinguish systematic
effects from random effects. The variable, s, captures the variation in the 10 replicates for a given case, it
can therefore be viewed as an estimate of random effects. The variable, d, captures the variation between
the cases, it can therefore be viewed as an estimate of systematic effects. We describe the calculation of
the two response variables in section 4.1.

We present results for each TLS in sections 4.2–4.4 where we tracked the response variables d and s,
to understand the effect of distance/resolution/orientation and algorithm. For each TLS, we first present
results for the center of sphere D and then discuss results for the center of the contrast target for the
different cases shown in table 1. The variation of the sphere center across the different cases listed in
table 1 is important to monitor because it represents our ability in establishing the coordinate system. If
the variation in the contrast target center is much larger than that of the sphere, we can conclude that
variation is in fact due to the algorithm and/or the distance/resolution/orientation combinations. On
the other hand, if the variation in the contrast target center is not significantly larger than that of the
sphere, we cannot conclusively state that the observed variation is due to the algorithm and/or the dis-
tance/resolution/orientation combinations. Response variables d and s are calculated from X and Y coor-
dinates only as they are affected by the rotational orientation of the target. The Z coordinate is deter-
mined from the plane of the contrast target and is not affected by target rotation.
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Figure 9. The overall center, (x̃, ỹ), is shown in orange while the case center, (x̄j, ȳj), is shown in blue. Note that the case center
changes from case to case because it is the average coordinate for that case. Response variable d is a measure of the variation in
the center coordinates across the different cases, i.e. it is the distance between the blue and orange dots. Response variable s is a
measure of the variation in the center coordinates within a given case, i.e. it is the average distance between the 10 centers and the
case center for a given case.

4.1. Calculation of the response variables
We first describe the calculation of the two response variables d and s for the sphere. For a given TLS,
let

(
xij, yij

)
denote the sphere center coordinates for repeat i of case j, i = 1, . . . ,10; j = 1, . . . ,12. We

calculated the median X and median Y coordinates, (x̃, ỹ), which we will refer to as the ‘overall cen-
ter’. The overall center is shown as the orange dot in figure 9 for sphere D using the data from TLS A
as an example. This center is determined from the 120 estimates of the center coordinates (1, . . . ,10; j =
1, . . . ,12; ). Next, we calculated the center coordinates for the 12 different cases as the average X and Y
coordinates from the 10 replicate scans, which we refer to as the ‘case center’. These are shown as the
blue dots in figure 9. Let

(
x̄j, ȳj

)
denote the case center for the jth case.

Inter-case variation d: This is defined as the offset distance between a case center and the overall
center, given by

dj =
√(

x̄j − x̃
)2

+
(
ȳj − ỹ

)2
. (2)

This is shown in figure 9 for case 2.
Intra-case variation s: This is defined as the average offset distance from the case center within a set

of 10 replicate scans for a given case. To evaluate this variable, for each case, we first calculated the offset
distance between each center coordinate and its case center,

sij =
√(

xij − x̄j
)2

+
(
yij − ȳj

)2
. (3)
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Figure 10. Response variables d and s calculated for sphere D for the 12 different cases. Thresholds are calculated as three stan-
dard deviations above the mean response. Points have been randomly staggered in the horizontal direction to minimize overlap.

We then calculated the average offset distance as

sj =
1

10

10∑
i=1

sij. (4)

This is shown in figure 9 for case 10.
We performed similar calculations for the contrast target but because there are four algorithms, we

estimated the response variables separately for each algorithm. To make comparisons between the OEM
and custom algorithms easier, we only considered the worst performing custom algorithm for each case.
To summarize, we estimated the following quantities from the data acquired:

• Sphere D: For each of the 12 cases, we estimated the inter-case variation d and intra-case variation s

• Contrast target OEM algorithm: for each of the 12 cases, we estimated the inter-case variation d and
intra-case variation s

• Contrast target custom algorithms: for each of the 12 cases, and for each of the three custom algo-
rithms, we estimated the inter-case variation d and intra-case variation s

When comparing the OEM algorithm to the custom algorithms for a given case, we chose the largest
d and s from the three custom algorithms for that case, i.e. we only considered the worst performing
custom algorithm and compared that to the OEM algorithm.

4.2. TLS A
The response variables d and s for sphere D are shown in figure 10. A threshold calculated as the sum of
the mean and three times the standard deviation of the 12 values is also shown in the figure (purple line
for d and green line for s). Response values for the contrast target that are larger than these thresholds
can be reasonably attributed to the algorithm and/or the distance/resolution/orientation combinations.

In figure 11, we compare the performance of the OEM algorithm to the performance of the cus-
tom algorithm. Inter-case variation d for the OEM algorithm is plotted against inter-case variation d
for the custom algorithm in figure 11(a). Intra-case variation s for the OEM algorithm is plotted against
intra-case variation s for the custom algorithm in figure 11(b). A dashed diagonal line has been added
to figure 11. Points that lie above the dashed line correspond to cases where the response value (either d
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Figure 11. (a). Inter-case variation d for the OEM algorithm plotted against inter-case variation d for the custom algorithm,
(b) intra-case variation s for the OEM algorithm plotted against intra-case variation s for the custom algorithm. Text annotation
indicates case number.

or s) obtained from the OEM algorithm was higher (worse) than the response value obtained from the
worst-performing custom algorithm. The purple and green lines in figure 11 correspond to the thresh-
olds established from the sphere D values (figure 10), and text annotation identifies case numbers where
response values were well above the corresponding threshold. From figure 11, values for d and s are gen-
erally larger for the OEM algorithm than for the worst performing custom algorithm indicating that the
custom algorithms perform better. For example, d is approximately 2.2 mm for the OEM algorithm and
0.5 mm for the worst performing custom algorithm for case 2, which is a 77% improvement for that
case. Intra-case variation s is approximately 0.3 mm for the OEM algorithm and 0.05 mm for the worst
performing custom algorithm for case 5, which is an 83% improvement for that case.

We next consider the factors that potentially affected the performance of the OEM algorithm.
The cases with the largest inter-case variation d for the OEM algorithm are cases 2, 10, 6, and 9
(figure 11(a)). The cases with the largest intra-case variation s for the OEM algorithm are cases 5, 2,
6, and 9. The d and s values for these cases are all above their corresponding thresholds. These cases all
correspond to the 28 ppd setting indicating that the OEM algorithm performs poorly at low resolution.
We further investigate the effect of different factors affecting the OEM algorithm through a factor analy-
sis as described next.

The combinations for the 12 cases in table 1 correspond to a full factorial experiment on two-level
factors (distance and resolution) and one three-level factor (angle). As such, we explore the effect of
these factors on the OEM algorithm further by estimating the factorial effects, including the main factor
effects and interaction effects, on both d and s. As specific hypotheses were not established a priori and
data were collected without randomization, we restrict ourselves to the estimation and ranking of the
factorial effects but refrain from conducting a formal statistical analysis to determine effect significance.

Table 2 defines the main factor effects for this analysis. For the two-level factors, distance and res-
olution, the factor effect is proportional to the change in the average experimental response (d or s)
from the cases performed at the ‘high’ setting to the average response from the cases performed at the
‘low’ setting. For the three-level factor, angle, we use the linear-quadratic system to define the main
and interaction effects. This system parameterizes the effect of angle through two orthogonal compo-
nents: C1 compares the average response at a 90◦ roll angle to the average response at the lower two roll
angles, while C2 compares the average response when roll angle is 67◦ to the average response when roll
angle is 45◦. In addition to the four main effects, five two-term interactions and two three-term interac-
tions can be estimated from these data. Further information on estimating factor effects can be found in
Wu and Hamada [28]

Figure 12 plots the magnitude of the factorial effects in descending order. The text annotation below
each bar identifies the source of the effect using the letters defined in table 2. Single letters correspond to
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Table 2. Factors and levels.

Factor Low High

A—distance 5 m 10 m

B—resolution 28 ppd 109 ppd

C1—angle 45◦ and 67◦ 90◦

C2—angle 45◦ 67◦

Figure 12. Absolute effect estimates from TLS A for the main and interaction effects from the factors listed in table 2, ranked by
effect magnitude.

Figure 13. Distributions of d and s values from the three custom algorithms for TLS A. Text annotation identifies case numbers
that produced large values. Points have been randomly staggered in the horizontal direction to minimize overlap.

a main factor effect, e.g. the largest effect on inter-case variation d is attributed to factor B, Resolution.
Combination of letters correspond to interaction between factors, e.g. the BC1 interaction between reso-
lution (factor B) and angle, specifically the largest roll angle compared to the other two (factor C1), has
the largest effect on the intra-case variation s. Factor analysis also indicates that distance (factor A) by
itself and in combination with angle (C2) has a large effect on inter-case variation d while the interac-
tion between resolution (factor B) and angle (C1) has a large effect on intra-case variation s.

In many systems, the responses are driven by just a few effects. In such cases, when plotting the mag-
nitude of the factorial effects there will be a clear distinction in bar heights. In figure 12, the height of
the bars gradually decreases without an obvious ‘elbow’ point, which may be indicative that none of the
effects studied here are truly significant. Further experimentation would be needed to be conducted to
clarify the significance of these effects.

Finally, we compare the three custom algorithms. In figure 13, the d and s values from the 12 cases
are plotted for each of the three custom algorithms. Text annotation has been added to identify certain
case numbers that had large values. The distribution of values is very similar across the three algorithms,
suggesting no noticeable difference in custom algorithm performance. All custom algorithms performed
poorly for case 10, i.e. far distance, low resolution, and 90◦ target orientation.
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Figure 14. (a). Inter-case variation d for the OEM algorithm plotted against inter-case variation d for the custom algorithm, (b)
intra-case variation s for the OEM algorithm plotted against intra-case variation s for the custom algorithm. Text annotation
indicates case number.

4.3. TLS B
In figure 14, we compare the performance of the OEM algorithm to the performance of the custom
algorithm for TLS B. As before, inter-case variation d for the OEM algorithm is plotted against inter-
case variation d for the custom algorithm in figure 14(a). Intra-case variation s for the OEM algorithm
is plotted against intra-case variation s for the custom algorithm in figure 14(b). The purple and green
lines in figure 14 correspond to the thresholds established from the sphere D value for this TLS, and
text annotation identifies case numbers where response values were well above the corresponding thresh-
old. From figure 14, values for d and s are generally larger for the OEM algorithm than for the worst
performing custom algorithm indicating that the custom algorithms perform better. For example, d is
approximately 2.2 mm for the OEM algorithm and 0.9 mm for the worst performing custom algorithm
for case 10, which is a 59% improvement for that case. Intra-case variation s is approximately 1.3 mm
for the OEM algorithm and 0.1 mm for the worst performing custom algorithm for case 11, which is an
92% improvement for that case.

We next consider the factors that potentially affected the performance of the OEM algorithm. Case
10 (10 m, 28 ppd, 90◦ orientation combination) produced the largest inter-case variation d, which is
significantly larger than the threshold (purple line). Numerous cases produced large intra-case variation
s. The four largest values were for cases 11, 9, 6, 2, and 1, all of which are significantly larger than the
corresponding threshold (green line). To better understand the factors contributing to these large values,
we consider the plot in figure 15 which shows the magnitude of the factorial effects in descending order.
The largest effect on inter-case variation d is attributed to factor C1, target orientation. That is, the 90◦

target orientation produced values for inter-case variation d that is noticeably different from the values
for 45◦ and 67◦ orientation. The largest effect on intra-case variation s is attributed to factor AC1. That
is, far distance (10 m) and 90◦ target orientation produced values for intra-case variation s that were
noticeably different than for the other cases.

In figures 16, the d and s values from the 12 cases are plotted for each of the three custom algo-
rithms. There is no noticeable difference in custom algorithm performance. All custom algorithms per-
formed poorly for case 10, i.e. far distance (10 m), low resolution (28 ppd), and 90◦ target orientation.

4.4. TLS C
We compare the performance of the OEM algorithm to the performance of the custom algorithm in
figure 17 for TLS C. Values for response variables d and s are generally comparable between the OEM
algorithm and the worst performing custom algorithm. These values are all within the threshold for
this TLS, except for case 10 (10 m, 28 ppd, 90◦ orientation combination), indicating that the contrast
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Figure 15. Absolute effect estimates from TLS B for the main and interaction effects from the factors listed in table 2, ranked by
effect magnitude.

Figure 16. Distributions of d and s values from the three custom algorithms for TLS B. Text annotation identifies case numbers
that produced large values. Points have been randomly staggered in the horizontal direction to minimize overlap.

target algorithms perform comparably with sphere fitting in most cases. Case 10 produced the largest
inter-case variation d and the largest intra-case variation s for both the OEM and custom algorithms
with the OEM performing marginally better than the worst performing custom algorithm.

Because case 10 was the only case that produced d and s values larger than their corresponding
thresholds, we do not analyze the effect of various factors such as distance/resolution/orientation.
Figure 18 shows a comparison across the three custom algorithms. As before, there is no noticeable dif-
ference in custom algorithm performance. All custom algorithms performed poorly for case 10, i.e. far
distance, low resolution, and 90◦ target orientation.

5. Conclusions

Contrast targets are commonly used in conjunction with TLSs to either evaluate the performance of the
TLS or to register scans from different locations. These targets have alternating black and white geome-
tries (typically, rectangles or triangles), the point of intersection being the center of the target. In this
paper, we explored the effect of rotational orientation of the target (rotation in the plane of the target)
on the center coordinate. We considered three TLSs, two target distances, two resolutions, three rota-
tional orientations, and four algorithms (one from the OEM, and three custom developed) in our study.
Our study was conducted on a specially built artifact comprising four spheres and a contrast target that
allowed us to monitor the center of the contrast target in a coordinate system built using the center of
three spheres. Spheres centers are not influenced by the factors considered in this study, therefore the
coordinate system established using spheres are stable across the different cases considered. For both the
fourth sphere (sphere D) and the contrast target, we monitored two response variables for the 12 cases
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Figure 17. (a). Inter-case variation d for the OEM algorithm plotted against inter-case variation d for the custom algorithm, (b)
intra-case variation s for the OEM algorithm plotted against intra-case variation s for the custom algorithm. Text annotation
indicates case number.

Figure 18. Distributions of d and s values from the three custom algorithms for TLS C. Text annotation identifies case numbers
that produced large values. Points have been randomly staggered in the horizontal direction to minimize overlap.

(different combinations of distance/resolution/target-orientation) we considered—the inter-case variation
d and the intra-case variation s. We note the following.

For TLS A:

• Response variables d and s for the contrast target were significantly larger than the threshold (deter-
mined from sphere D) for some cases, indicating a problem with distance/resolution/orientation
and/or the algorithm.

• Custom algorithms generally performed better (smaller d and s values) than the OEM algorithm. One
case showed a 77% improvement in d and an 83% improvement in s.

• With regards to the OEM algorithm, low resolution (28 ppd) produced large values for d and s, as
large as 2 and 0.3 mm, respectively, for one of the cases. In addition, target rotational orientation in
combination with distance and resolution also affected d and s values.

• All three custom algorithms performed comparably.
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For TLS B:

• Response variables d and s for the contrast target were significantly larger than the threshold (deter-
mined from sphere D) for some cases, indicating a problem with distance/resolution/orientation
and/or the algorithm.

• Custom algorithms generally performed better (smaller d and s values) than the OEM algorithm. One
case showed a 59% improvement in d value and a 92% improvement in s value.

• With regards to the OEM algorithm, 90◦ target orientation produced large values for d while a com-
bination of distance (10 m) and 90◦ orientation produced large values for s. These values were as
large as 2 and 1.3 mm, respectively, for certain cases.

• All three custom algorithms performed comparably.

For TLS C:

• Response variables d and s for the contrast target were within the threshold (determined from sphere
D) for all cases except for case 10.

• Case 10 produced the largest inter-case variation d and the largest intra-case variation s for both the
OEM and custom algorithms with the OEM performing marginally better than the worst performing
custom algorithm. These values were as large as 0.3 and 0.6 mm, respectively, for the OEM algorithm.

In summary, the rotational orientation of the target, especially at low resolution and far distance is an
important factor to consider when using contrast targets in the scene of a TLS scan. Because the algo-
rithm plays a key role, we recommend users discuss appropriate target orientation with the TLS manu-
facturer prior to placing them in the scene. For our custom algorithms, target orientation of 45◦ or 67◦

is a better choice than the 90◦ orientation.
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