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Abstract

This report describes a terrestrial laser scanner (TLS) testing event, the NIST Measurement
Week, held at the National Institute of Standards and Technology (NIST) during the week of
May 12-16, 2025. The Crime Scene Investigation and Reconstruction (CSIR) subcommittee of
the Organization of Scientific Area Committees (OSAC) for Forensic Science is currently involved
in the development of an Interim Performance Assessment (IPA) procedure that can be
performed in-house by law enforcement agencies and forensic consulting firms. The
Dimensional Metrology Group (DMG) at NIST set up the test at their facility and invited law
enforcement agencies and TLS manufactures to run the IPA and provide feedback. This report
describes the event, the lessons learned and key takeaways.

Keywords

Dimensional metrology; Forensic science; Interim performance assessment; Law enforcement
agencies; Terrestrial laser scanners



NIST IR 8583

September 2025

Table of Contents

L. INTrOUCHION ... s 1
2. The Proposed TeSt ProCEAUIE ........cceuueiiieeeciiieeeeeriennerrrrnnsesseenssesseenssessesnssessennssessennssessesnssessennsnenes 2
3. IAFSM and LesSONS LEArned.......cceuuuueiiiiiiiiiirmiiiiiniiinireesinninnessssesssssssneessssesssssessssmsesssssssssssnnes 4
4. NIST Realization of the Test Procedure...........ccoviiiiimiimiiiiiiiiiiiiniiiiiiieressssnnre s essnnes 7
LT U4 T 4T T Y 12

References



NIST IR 8583
September 2025

Acknowledgments

The authors are grateful for funding from the Forensic Science Quality Assurance Program
(FSQAP) and the Accelerating Forensic Innovation for Impact (AFI2) program from the Special
Programs Office at NIST. The authors thank Erica Romsos, JP Jones, and Henry Swofford for
their support. The authors also thank the organizations that participated in this event. The data
and feedback they provided will be invaluable as the committee works on the revision of the
draft IPA.



NIST IR 8583
September 2025

1. Introduction

Terrestrial laser scanners (TLSs) are increasingly used by law enforcement agencies for crime
scene digitization and preparation of visual/quantitative information for use in courtrooms [1-
3]. To ensure the TLS is operating under specification, law enforcement agencies send their TLSs
back to the manufacturer for calibration on a periodic basis. These calibrations can be
expensive and lead to down time. Facing significant calls for a standardized Interim
Performance Assessment (IPA) that can be run in-house, the Crime Scene Investigation and
Reconstruction (CSIR) subcommittee of the Organization of Scientific Area Committees (OSAC)
for Forensic Science [4] initiated the Forensic Metrology task group in June 2022 to address this
issue. The National Institute of Standards and Technology (NIST) joined the effort in April 2023.

The objective of the task group was to draft national forensic standards for the collection of
metrological data at crime scenes using advanced 3D technologies such as light detection and
ranging (LiDAR), simultaneous localization and mapping (SLAM), and photogrammetry. A
secondary objective was to develop an IPA for TLSs to be incorporated as an OSAC standard. It
was not the objective to replace the periodic manufacturer calibration with the proposed IPA,
rather, to provide law enforcement agencies with information that will allow them to decide
when it is best to send their TLSs back to the manufacturer and to assess its performance
between manufacturer calibrations. It is possible that in some instances, the state of the TLS
could change significantly enough due to boxing/shipping/handling or mishandling that there
might be a need for manufacturer calibration sooner than recommended. In other instances,
the state of the TLS might not have changed significantly, and the manufacturer calibration can
be delayed without negative consequences. The proposed IPA would provide information to
support making these decisions.

With funding from the Special Programs Office at NIST, the Dimensional Metrology Group
(DMG) at NIST established facilities to realize the IPA in the current draft. NIST hosted a
Measurement Week in the third week of May 2025 to allow law enforcement agencies and
manufacturers of TLSs to run through the IPA. The testing occurred between Monday
5/12/2025 and Friday 5/16/2025. This report provides background information related to this
effort and an overview of key discussions and findings during the Measurement Week.

The main objectives of the Measurement Week were to determine whether the proposed IPA
would be applicable to all TLSs used by law enforcement agencies and to assess proposed IPA in
terms of feasibility and practicality. It was not the objective to compare instruments, hence no
data are presented in this report. Five law enforcement agencies in the Washington DC area
and four TLS manufacturers participated in this event. A TLS belonging to the NIST Center for
Neutron Research (NCNR) was also part of the study.

The rest of the report is organized as follows. Section 2 provides a brief overview of the
evolution of the test procedure in the current draft. Section 3 provides an overview of the tests
conducted at the 2024 International Association of Forensic and Security Metrology (IAFSM)
conference in San Diego, CA. Section 4 provides an overview of the NIST realization of the test
and lessons learned. A summary is presented in Section 5.
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2. The Proposed Test Procedure

One of the main requirements of the IPA was that no expensive calibrated artifacts be used
since many law enforcement agencies do not have the budget to procure such artifacts. The IPA
therefore was designed to rely on checkerboard targets printed using a laser printer or those
that can be procured relatively inexpensively, such as the ones shown in Fig. 1.

4

3
| :
Fig. 1. Checkerboard targets, 1. printed on a laser printer, 2. commercially obtained, cardstock paper with

adhesive backing, 3. commercially obtained, plastic/rubber with magnetic backing, and 4. commercially
obtained, paper with adhesive backing.

The initial proposal for the IPA test procedure required the placement of certain number of
fixed targets in a room. The idea was to measure these targets using the TLS immediately after
it returned from a manufacturer calibration. This established the baseline values for inter-target
distances. To assess the state of the TLS over time, the same targets were to be scanned on a
periodic basis to determine whether the measured inter-target distances had changed from the
baseline values. While this approach is reasonable, there were a couple of issues to consider.
The IPA as described assumes that the walls in the room remain stable after the first
measurement, an assumption that might not necessarily hold given that law enforcement
agencies might perform this IPA in a variety of buildings where environmental factors and
building materials might not be optimal for long-term stability. A second problem with the
proposed IPA was that there was no independent realization of the meter, i.e., no calibrated
object in the scene to check the scale of the TLS (i.e., its ranging unit). Considering these, the
group updated the IPA as follows.
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The current draft of the IPA requires the placement of 20 targets in a room, which are then
measured from four positions of the TLS. There are two parts to the IPA. The first part is a test
of accuracy and involves the comparison of 24 inter-target distances measured by the TLS (six
per TLS position) against reference values (measured by a calibrated tape measure or other
means). The six lengths are positioned/oriented so there is one short and one long horizontal
length, one short and one long vertical length, and one short and one long diagonal length. The
second part is a test of precision and involves the calculation of angular and range precision
from the data collected. The IPA does not require the targets to be permanently fixed on the
wall, stability is only required for the duration of the test. However, it is important to ensure
that the walls are planar and that the targets are pressed flat against the walls.

Use of a reference, such as calibrated tape measure which is an independent realization of the
meter, allows the evaluation of the TLS scale. As mentioned earlier, scans are performed
immediately after the TLS returns from a manufacturer calibration to establish baseline values.
To assess the state of the TLS over time, the targets (which do not need to be in the same
positions as the baseline scan) are scanned on a periodic basis to determine whether the
distance accuracy and angular/range precision have changed from the baseline values. A
statistical test is used to determine whether the change in the angular/range precision is
significant.
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3. IAFSM and Lessons Learned

Prior to the NIST Measurement Week, a version of the proposed IPA was tested at the 2024
IAFSM conference held in San Diego, CA. Nineteen targets were fixed on four walls in a room,
see Fig. 2. In addition to these 19 targets, a set of 10 gradient targets printed on paper and 10
gradient targets printed on cardstock were also fixed on a wall. The black portion of the
gradient targets were of varying gray scale intensities ranging from 10 % to 100 % in steps of
10 %. The goal was to assess the effect of intensities on the target detection ability. There were
also four calibrated artifacts (two bars with spheres at the ends and two bars with contrast
targets at the ends instead of spheres) placed in the scene. These were all scanned from five
positions of the TLS. Target pairs 1-2, 1-3, 2-3, 6-8, 6-9, and 8-9 were measured using a
calibrated tape measure. A laser tracker with a hand-probe was used to measure the target
center coordinates to provide additional reference information.

Fig. 2. Checkerboard targets distributed in a room at the IAFSM 2024 conference. Target pairs 1-2, 1-3, 2-3, 6-8,
6-9, and 8-9 were measured using a tape measure, (a) targets 1 through 9 on two walls, gradient targets, two
calibrated artifacts, and a laser tracker shown, (b) targets 10 through 14, a calibrated artifact, and the
measurement of target center using the hand probe shown, (c) targets 15 through 19 and a calibrated artifact
shown.
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Four TLS manufacturers participated in this event. One manufacturer provided the laser tracker
used in the study. The IAFSM measurements provided several valuable lessons:

While some manufacturers were able to provide target centers in the TLS coordinate
system without any registration/transformation, some manufacturers were unable
to provide that information easily.

The accuracy and repeatability of target detection is likely influenced by the angle of
incidence of the laser on the target, see [5] for more on this. Angle of incidence is
the angle between the laser and the normal vector to the plane of the target, see
Fig. 3(a). Angle of incidence close to 0° indicates near normal incidence of the laser
on the surface while larger angles of incidence indicate the laser is grazing the
surface. Target 5 was located on a wall protruding out, which increased the angle of
incidence substantially; the software for many TLSs could not detect this target.

(a) (b)

Fig. 3. (a) Angle of incidence and angle of reflection, (b) target oriented along 45°/135°, (c) target oriented along

0°/90°

Some TLSs had difficulty when the angle of incidence was near zero (normal
incidence on the target) because of high return intensity causing saturation in the
detector.

Scans of the gradient targets showed that the intensity of the black portion has a
significant effect on the TLS’s ability to detect target center. The software for many
TLSs could not detect the center of the targets with lower contrast.

Some of the targets were placed so that the lines of transition between black to
white were aligned horizontally and vertically (referred to as 0°/90° targets) while
others were placed so these lines were rotated by 45° (referred to as 45°/135°
targets), see Figs. 3(b) and (c). In Fig. 2(c), targets 16, 17, and 19 are examples of the
0°/90° orientation while 15 and 18 are examples of the 45°/135° orientation. It was
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observed that the target detection repeatability is likely affected by the rotational
orientation of the target, with 45°/135° orientation producing better (smaller)
repeatability.

e (Calibrated tape measure values agreed with laser tracker data to within about
1 mm. The variation in the measurements performed by three pairs of people was
also under 1 mm. It should be noted that tape measurements require at least two
people, one person to hold one end and the other person to read the tape at the
other end. For long lengths, a third person might also be required to hold the tape
against the wall in the middle to prevent sag.

e Several TLSs measured half the room in the front-face and half the room in the back-
face of the scanner. This is advantageous because the tests are more sensitive to
several geometric/optical misalignments in the TLS. Measuring the entire collection
of targets in only one face is not optimal as several geometric/optical misalignments
are not revealed to the maximum extent. Fig. 4 shows the difference between a
front-face and a back-face measurement. Assigning one side of the TLS to be the
front-face, measurements made with the spinning mirror oriented so that laser
beam emerges from this face are referred to as front-face measurements. As the
spinning mirror turns and the laser is directed from the back-face, measurements
collected with the laser pointed in that direction are referred to as back-face
measurements.

Back-face

Back-face

(a) (b)

Fig. 4. Front-face and back-face scanning shown, (a) top view, (b) side view. Data collected in the shaded region
of the spinning mirror are in back-face while the data collected in the non-shaded region are in front-face.
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4. NIST Realization of the Test Procedure

Following the lessons learned at the IAFSM 2024 conference event, the IPA was realized in the
large-scale dimensional metrology laboratory at NIST. Twenty laser-printed cardstock targets
with high contrast were fixed on three walls. We initially attempted to tape the targets directly
to our walls but noticed that the center of the target would protrude out. Because the walls are
metallic, magnetic sheets with adhesive backing were procured, the targets were attached to
the adhesive side while the magnetic side was fixed to the walls. This ensured that the targets
were flush against the walls.

The layout of the targets is shown in Figs. 5 and 6. The portion of the room used is 13.1 m x

6.4 m x 4.0 m, temperature controlled to 20 °C £ 0.5 °C. The four positions of the TLS are
marked on the floor. The target and TLS locations were chosen so that the angle of incidence
was between about 5° and 45°. There is no centering requirement for the TLSs at each location,
i.e., the marks on the floor are for guidance only.

The network of 20 targets was calibrated using three of DMG’s TLSs. Two of those TLSs are
short-range high accuracy scanners while one is a long-range low accuracy scanner. Two of the
TLSs (one short-range and one long-range) could scan the targets separately in front-face and in
back-face, thus, the technique described in Shi et al [6] was adopted. The distances between all
pairs of targets were calibrated to an uncertainty of 0.2 mm (k = 2).

During the week of May 12th, 2025, NIST hosted a Measurement Week, where law
enforcement agencies and TLS manufacturers were invited to run through the IPA. Each group
that participated in this event performed the following activities:

e Measured a set of six lengths (one short and one long horizontal, one short and one long
vertical, and one short and one long diagonal) using a calibrated tape measure provided
by NIST. The lengths that were measured are shown in Figs. 5 and 6. The tape measure
used for the Measurement Week was calibrated internally in our tape-tunnel facility
using an interferometer.

e Performed a scan of the targets from four positions of the TLS. The participants chose
the scanner settings (such as resolution, quality, etc.) that they considered appropriate
for the test.

e Processed the data and reported center coordinates. Only one participant provided the
data at the NIST location. All other participants completed the data processing on a later
date at their facilities.

We did record the TLS settings used by the participants as well as additional information such
as when the TLS was last calibrated, the extent of use (i.e., the amount of boxing/shipping that
can impact TLS performance), etc. The TLS settings will clearly influence test results. Higher
point density and improved quality factors will require more time to perform the IPA but result
in superior data and higher likelihood of passing the test. But because the user is primarily
interested in knowing whether their TLS performs at the settings that they would commonly
use in the field, this IPA does not require users to perform the test at a standardized setting.
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Fig. 5. (a) Targets 1-16 and TLS positions 1, 2, and 4, (b) targets 10-20 and TLS positions 1-4
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Fig. 6. (a) Six lengths measured using the calibrated tape measure, (b) measuring the short horizontal length
using a tape measure

Because DMG was able to calibrate the center-to-center distance between all pairs of targets
using our own TLSs, DMG was able to provide participants with the error in the measured
length between all pairs of targets and for all four positions of the TLS. This additional
information is not part of the IPA.
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The Measurement Week provided several valuable lessons:

e The entire measurement process, including the tape measurements, took less than 1
hour.

e The data processing, however, took more time primarily because the extraction of
target center in the TLS coordinate system is not a task typically performed, either by
law enforcement agencies or even by the manufacturers. Many TLS manufacturers
typically do not provide software that has a feature for such extraction in an efficient
manner.

e Finding four positions for the TLS in the room so that the angle of incidence to all 20
targets is between 5° and 45° is a significant challenge. Even in our laboratory at NIST
where we had a large room without any obstacles (such as furniture or equipment),
there was only a small portion in the room where we could place the TLS to meet this
condition.

e Participants indicated that while they have space available in their facilities to conduct
this test, the rooms they considered using varied from a conference room to a vehicle
bay. Finding space on the wall so there is unobstructed view to the targets from the TLS
might be a challenge.

e Although the IPA was designed to primarily show errors in the angular measurement
systems of the TLS, some TLSs showed large length errors that appear to be due to
errors in their ranging systems that were beyond specification limits. One agency sent
their TLS back to the manufacturer for annual calibration and subsequently brought it
back NIST for testing; the errors in that TLS were within specification. Another agency is
sending their TLS back to the manufacturer for annual calibration in a month and will
bring it back to NIST for testing. The large observed errors have prompted the
committee to investigate whether to expand the IPA to include a long-length test, such
as over a 20 m distance, to detect ranging errors.

In addition to the test, the committee also requested participants to scan a variety of contrast
targets, some of which were commercially available, to determine whether there was any
difficulty in determining the target centers. Fig. 7 shows the targets considered for this study.
Some TLSs could not detect the center of targets 7 and 9. The white portion of target 7 is not as
bright as the other targets while the dark portion of target 9 is not as dark as the other targets,
thus the contrast between the black and white portions of both targets are not as strong.

10
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Fig. 7. Variety of contrast targets considered, 1 commercially available paper/adhesive, 2. commercially
available plastic-rubber/magnetic, 3. commercially available cardstock/adhesive, 4. laser printed cardstock, 5.
scale bar with contrast targets at the ends, 6. paddle target, 7. contrast target with partial sphere on back [6], 8.
laser printed paper target, 9. laser printed paper target with reduced intensity for the black portion

11
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5. Summary

This report describes a terrestrial laser scanner testing (TLS) event, the NIST Measurement

Week, held at NIST during the week of May 12-16, 2025. The objective of the event was to

solicit feedback from law enforcement agencies and TLS manufacturers on a proposed test

procedure currently being developed within CSIR-OSAC. Some key aspects of this event and
takeaways are summarized in Table 1 below.

Table 1. Summary of key aspects and takeaways.

What is this An event to test a procedure to evaluate terrestrial laser scanners for use by law

about? enforcement agencies and forensic consulting firms.

Who hosted this The Dimensional Metrology Group (Sensor Science Division) and the Applied and

event? Computational Statistics Group (Statistical Engineering Division) at NIST hosted
the event.

When did this May 12-16, 2025

occur?

Where did this At the large-scale dimensional metrology laboratory in Building 220, NIST,

occur? Gaithersburg, MD.

Who participated?

Five law enforcement agencies from the Washington DC area and four TLS
manufacturers. Each brought at least one TLS for the test. One agency brought
four TLSs. A NIST-NCNR TLS was also part of the study.

What did they do?

Each TLS was used to scan 20 contrast targets mounted on three walls from four
positions of the TLS. Participants also measured the distance between six pairs
of targets using a calibrated tape measure.

What were the
key findings?

e Participants had difficulty extracting center of the contrast targets in the
coordinate system of the TLS. Some manufacturers’ software does not seem
to provide an efficient way to do this.

e Trying to maintain an angle of incidence between 5° and 45° for all 20
targets from all four positions of the TLS was a challenge.

e Some TLSs belonging to law enforcement agencies demonstrated large
length errors resulting in their considering bringing their units back to NIST
after annual manufacturer calibration.

e Committee must determine if there is a need to include a long-length test to
detect range errors.

How long did it
take to execute
the IPA?

It took less than 30 minutes to perform the four scans and about 10 minutes to
perform the tape measurements.

12
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