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Summary:  
• The relative-range error test is one of several tests described in the ASTM E3125-2017 standard for performance 

evaluation of spherical coordinate three-dimensional (3D) imaging systems such as terrestrial laser scanners (TLS). We 
designed a new artifact, called the plate-sphere target, that allows the realization of the relative-range error tests quickly 
and efficiently without the need for alignment at each position of the test. 

• Use of a simple planar/plate target requires careful alignment of the target at each position of the relative-range error test,
which is labor-intensive and time-consuming. This new artifact significantly reduces the time required to perform the test,
from a matter of about 2 h to less than 30 min while resulting in similar test uncertainty values.

• The plate-sphere target was conceived and initially developed at the National Institute of Standards and Technology 
(NIST), improved based on feedback from collaborators at the National Research Council (NRC) of Canada and TLS 
manufacturers, and commercialized by Bal-tec Inc.

• This new artifact will save users and manufacturers of TLSs considerable time and money.
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1. Challenge

The newly released ASTM E3125-17 [1] standard describes several point-to-point distance tests that
can be used to evaluate the performance of spherical coordinate three-dimensional (3D) imaging systems, 
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commonly referred to as terrestrial laser scanners (TLS).1 The relative-range error test, which is one of 
several tests described in that standard, is a point-to-point distance test conducted along the ranging 
direction of the scanner to evaluate the distance measurement errors of the scanner. This test involves the 
determination of the distance between a planar target placed at two positions, a reference position and a test 
position, along the ranging direction of the scanner by both the TLS and a reference instrument. Because 
the simple planar/plate target requires careful alignment of the target at each position of the test, this is 
labor-intensive and time-consuming for users and manufacturers of TLSs. 

In this paper, we consider a laser tracker (LT) as the reference instrument. A LT is also a spherical 
coordinate measurement system, where a ranging unit is mounted on a two-axis gimbal. The instrument 
measures the range and two angles to a spherically mounted retroreflector (SMR) target. The ranging unit is 
generally based on interferometry or absolute distance measurement technology and can provide range 
measurements with uncertainties of typically less than 10 µm over 60 m, which is an order of magnitude 
smaller than the range uncertainties expected of TLS systems [2,3]. It should be noted that while the TLS 
reduces thousands of points acquired on the plate surface to a single point, this only reduces the influence 
of random errors in the TLS range. The TLS is expected to have large systematic errors in its range, so an 
LT measurement based on a single point will still produce measurements with small enough uncertainty to 
provide a reference measurement for the TLS. 

The ASTM E3125-17 standard mandates three distances determined from the reference position of the 
target. There are, therefore, four different target positions involved, one reference and three test positions.  
Figure 1 shows one way of realizing the relative-range error test with the reference and test positions 
located between the TLS and the LT. The TLS scans the front surface of the plate target at each of the 
reference and test positions, and the center of the plate is determined from the corresponding point cloud 
data. The distance between the center of the plate at the two positions is the test distance. At each of the 
reference and test positions, the outer boundary of the plate target is probed by an SMR that is locked on to 
an LT, to establish the center of the target. The distance between the center of the plate as determined by 
the LT at the two positions is the reference distance. The error in the displacement, which is the difference 
between the distance determined by the TLS and the LT, must be smaller than the manufacturer-specified 
limits to pass the test. 

 
 
 
 
 
 
 
 
 
 

 

  

(a)                                                                                                      (b) 
 

Fig. 1. Setup for a relative-range error test using a flat plate target. (a) The outer boundary of the plate target is probed using an SMR 
to establish the center for reference length calculation. (b) Photo of the target and SMR used to probe outer boundary of the target. 

 
If the TLS and the LT do not measure the same point on the plate, errors are introduced into the 

measurement, thereby increasing the test value uncertainty; these errors increase as the alignment deviates. 
It is generally very challenging to measure the same point by both the TLS and the LT without 
distinguishing features or fiducials that can be used to locate that point. To reduce the impact of this 

                                                           
1 Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does 
not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials 
or equipment identified are necessarily the best available for the purpose. 
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problem, the test is performed by aligning the plate target with the measurement axis (an imaginary line 
joining the origin of the LT and the TLS in Fig. 1) at the reference and test positions. Aligning the plate 
target (shown in Fig. 1) is a considerable challenge (see Ref. [4]) because orienting the plate requires 
repeated measurements on the outer boundary of the plate, which are very time-consuming (about 2 h) and 
labor-intensive.   

To facilitate the reference measurement and the alignment process, we developed a modified plate 
target at the National Institute of Standards and Technology (NIST), which we refer to as the first prototype 
plate target (Fig. 2). This target has five SMRs mounted on the back of the target. The SMR at the center of 
the target is used to ensure that the plate is on the measurement axis at each of the reference and test 
positions. Three of the remaining four SMRs (or all four) are used to align the plate so that it is 
perpendicular to the measurement axis. Because this centering and alignment must be performed at all four 
positions (one reference and three test positions), this process, while an improvement from the previous 
setup, is still labor-intensive and time-consuming. 

 
 
 
 
 
 
 
 
 
 

 

(a)                                                                                                      (b) 
 

Fig. 2. (a) First prototype of a plate target with five SMRs on the back side that are used to center and align the plate to the 
measurement axis. (b) Photos of the target's front side for TLS measurement and back side with an SMR at the center for LT 
measurement and corner SMRs for alignment purposes. 

 
2. Solution 

 
To perform this test more efficiently, we devised a method to add fiducials to the plate target to allow a 

common point to be measured by both the TLS and the LT, thus avoiding the need to align the plate 
perpendicular to the measurement axis and centered on that axis. Our second prototype plate target was 
designed using a 100 mm diameter, commercially available “integration sphere” mounted at the center of a 
square plate with side dimensions of 457.2 mm (18 in.) in such a manner that the center of the sphere lies 
on the front surface of the plate; see Fig. 3(a). The integration sphere is a hollow partial sphere with a 
kinematic nest inside that allows an SMR to be centrally seated so that the center of the SMR is coincident 
with the center of the outer spherical shell of the integration sphere. The design allows the LT to measure 
the center of the SMR from the back side of the plate while the TLS measures both the sphere and the plate 
surface from the front side. The center of the sphere is then projected onto the plane (obtained from a best 
fit of the TLS point cloud data) to obtain a point that, in theory, is coincident with the center of the SMR 
measured by the LT.  
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(a)                                                                 (b) 

 
Fig. 3. Second prototype of the plate-sphere target with a 100 mm diameter integration sphere centrally mounted on a square plate 
with side dimensions of 457.2 mm (18 in.). (a) Target with no laser-absorbing flock paper around the sphere. (b) Target with laser-
absorbing flock paper around the sphere. 

 
We presented this design to the ASTM E57.02 working group in February 2016 and received feedback 

that the data in the region on the plate around the sphere may be noisier because of secondary reflections 
from the sphere. Based on that feedback, we added a laser absorbing ring of black flock paper, as seen in 
Fig. 3(b). 

During subsequent testing, we determined that some scannners were unable to acquire data from a 100 
mm diameter sphere at distances beyond 20 m. We therefore built the third prototype plate-sphere target 
with a 200 mm diameter integration sphere centrally mounted on a large square plate with side dimensions 
of 609.6 mm (24 in.); see Fig. 4. 

 

 
 
Fig. 4. Third prototype of the plate-sphere target with a 200 mm diameter integration sphere centrally mounted on a square plate with 
side dimensions of 609.6 mm (24 in.).  

 
In May 2016, the NIST Dimensional Metrology Group hosted an instrument runoff [5] attended by 

FARO, Z+F, Leica, Trimble, API, Bal-tec, and National Research Council of Canada staff. Basis Software, 
Inc., supplied an instrument for this event. The purpose of the runoff was to assess the suitablity of the test 
procedures in the draft standard at that time, to obtain feedback, and to modify the draft standard so that the 
eventual standard is both useful and practical. During the runoff, we received feedback that the central 
region of the plate was occluded by the sphere, and therefore the test was not performed with the laser 
beam normal (or near normal) to the plate. Based on this feedback, we then built a fourth prototype, 
depicted in Fig. 5, where two 100 mm diameter integration spheres are mounted on the sides of a square 
plate with side dimensions of 304.8 mm (12 in.) in such a manner that the centers of the spheres lie on the 
plane defined by the front surface of the plate. The LT measures the centers of the SMRs in each of the two 
fiducial spheres shown in Fig. 5. The mean of the two center coordinates is then used in the calculation of 
the reference distance. The TLS measures both the plate and the spheres. The mean of the centers is 
projected onto the plate to determine the test distance. 
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Fig. 5. Fourth prototype of the plate-sphere artifact with two 100 mm diameter integration spheres mounted on the sides of a square 
plate with side dimensions of 304.8 mm (12 in.). 

 
The artifact shown in Fig. 5 can be manufactured at low cost because there are no critical tolerance 

requirements for the lateral location of the sphere center (i.e., in-plane position of the centers) with respect 
to the plate.This is because the test protocol allows wide latitude in choosing the “center point,” and 
therefore the only important criterion is that the point identified by the TLS as the “center point” must 
coincide with the point identified by the LT. That issue is addressed in all versions of the artifact described 
in this paper. 

This concept of using multiple sphere fiducials outside a plate was then commercialized by Bal-tec, 
Inc. Their first version of this artifact (shown in Fig. 6) was presented at the annual meeting of the 
American Society for Precision Engineering (ASPE) in Charlotte, NC, in November 2017 (during the 
commerical session and in the booth). In that design, three 100 mm diameter integration spheres are 
mounted in the sides of a circular flat plate 177.8 mm (7 in.) in diameter. NIST was not directly involved in 
the design of this artifact. The addition of the third sphere helps to lower the influence of random errors in 
the determination of the plate center for both the LT and the TLS. 

 
   

  
 

Fig. 6. Different views of the Bal-tec plate-sphere artifact presented at the annual meeting of the ASPE in 2017. 
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3. Benefits 
 
• The relative-range error test is challenging to perform with a plate artifact without any fiducials. 

This is because the plate must be aligned to the measurement axis at the reference position and at 
each of the test positions. Such an alignment process is labor-intensive and time-consuming to 
perform. 

• Our solution of using fiducial spheres on a plate ensures that both the TLS and the LT measure a 
common point on the plate, thus overcoming the need to carefully align the plate normal to the 
measurement axis. 

• The relative-range error tests can be performed in less than 30 min using this new artifact, which 
represents a significant savings in the time and cost required to perform the test. 

 
4. Next Steps 

 
Bal-tec, Inc., will continue to improve the design of this artifact based on feedback from TLS users.  
 

5. Partners 
 
While the idea for this artifact was originally conceived by NIST staff, and the first prototype was 

fabricated at NIST, the concept benefited from extensive discussions with National Research Council of 
Canada staff. Further, feedback from industry partners (FARO, Leica, Z+F, Trimble, Basis Software, Bal-
tec, API) who participated in the instrument runoff held at NIST in May 2016 resulted in improvements to 
subsequent prototypes, leading to the commercialization by Bal-tec. 

 
6. Learn More 

 
More information about the development of the ASTM E3125-17 standard can be found in Ref. [5]. 

Information about the Bal-tec plate-sphere product may be found by contacting representatives from Bal-
tec, Inc. 
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