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Abstract

Laser scanning technology is widely used for precise 3D spatial data acquisition, but measurement precision is affected by factors
such as incidence angle, target reflectivity, and range. This study focuses on the automotive-grade Robosense Airy LiDAR and
compares its performance with traditional survey-grade laser scanners. Four representative laser scanners — Robosense Airy,
Leica MS60 MultiStation, Leica BLK360, and Z+F IMAGER 5016 — were assessed under controlled laboratory conditions. This
study quantitatively evaluates the laser scanner measurement precision using a high-precision linear rail test system. Test targets
with calibrated reflectance levels were positioned at varying distances and incidence angles. Results reveal distinct performance
characteristics across sensors, with survey-grade scanners demonstrating superior precision compared to automotive-grade LiDAR.
Users should select sensors that match their application requirements and understand each instrument’s response characteristics to
exploit its capabilities for precision.

1. Introduction

Laser scanning has become a fundamental technology for ac-
quiring 3D spatial data in applications such as geospatial sur-
veying (Harmening et al., 2021), robotics (Weiss and Biber,
2011), and autonomous driving (Li and Ibanez-Guzman, 2020).
The measurement precision of LiDAR systems is influenced by
multiple factors, such as the incidence angle, target reflectivity,
and range (Kukko et al., 2008). These parameters affect the in-
tensity return, signal-to-noise ratio, and ultimately the precision
of derived point clouds. Previous studies have demonstrated
that oblique incidence angles and low-reflectivity surfaces tend
to increase range noise and systematic bias, while near-normal
incidence and high reflectivity improve measurement stability
(Soudarissanane et al., 2009). Additionally, instrumental er-
rors, range-dependent errors, such as beam divergence, and at-
mospheric effects, have been widely reported as critical con-
tributors to the measurement uncertainty (Schmitz et al., 2019).

Although laser scanners have been widely implemented, fully
characterizing the geometric and radiometric factors that affect
measurement precision remains challenging. Laboratory exper-
iments enable precise control over variables such as target re-
flectance, range, and incidence angle, allowing rigorous quanti-
fication of their individual and combined impacts on laser scan-
ner precision (Linzer et al., 2020) (AbdelGafar et al., 2025).
However, systematic comparisons of different sensor classes
under identical conditions remain lacking. To support optimal
sensor selection and deployment, there is a need for traceable,
quantitative tests that evaluate instrument-specific precision char-
acteristics.

This study develops a systematic laboratory-based approach us-
ing a high-precision linear rail positioning system to quantify
and compare the precision of four representative laser scan-
ners across varying incidence angles, ranges, and reflectance
levels. Four representative instruments spanning different pre-
cision classes were evaluated: the automotive-grade LiDAR
Robosense Airy, the lightweight terrestrial laser scanner (TLS)

Leica BLK360, the survey-grade MultiStation Leica MS60, and
the high-end TLS Z+F IMAGER 5016 (cf. Figure 1). Test tar-
gets with three calibrated reflectance levels were systematically
positioned at multiple distances and incidence angles (cf. Fig-
ure 2). Point clouds from each scanner were processed using
global least-squares plane fitting to quantify the measurement
deviations and assess the influence of each factor.

(a) (b)

(c) (d)

Figure 1. Tested sensors: (a) Robosense Airy LiDAR, (b) Leica
BLK360 TLS, (c) Leica MS60 MultiStation, (d) Z+F IMAGER

5016 TLS.

The results reveal heterogeneous performance across instruments,
with pronounced reflectance and range dependence for auto-
motive grade sensors and more stable behaviour for survey grade
scanners. These findings highlight the importance of under-
standing each sensor’s response characteristics. Sensor selec-
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tion involves trade-offs between cost, environmental constraints,
and measurement precision requirements. For applications de-
manding millimetre-level precision, empirical validation and
instrument-specific correction strategies are essential to achieve
desired performance.

It should be noted that this study focuses on evaluating meas-
urement precision across different laser scanners, quantifying
random measurement deviations. The assessment of overall ac-
curacy, including potential systematic measurement deviations,
is beyond the scope of the present investigation.

2. Related Work

Laser scanning measurements, whether conducted in terrestrial
or airborne settings, are influenced by a wide range of factors,
including instrument design, atmospheric conditions, object sur-
face properties, and scan geometry (Soudarissanane et al., 2011).
All these factors can cause random and / or systematic meas-
urement deviations. Therefore, such influences are critical in
applications such as land mapping, tunnel surveys, structural
health monitoring, and autonomous driving. In practice, how-
ever, deviations from ideal conditions often cause degradation.
For example, in airborne surveys, large incidence angles re-
duce return intensity and distort land mapping (Wu et al., 2021).
In tunnel environments, long ranges and oblique angles lower
point density and increase positional errors (Roca-Pardiñas et
al., 2014). In structural health monitoring, scan geometry and
surface properties affect measurement reliability (Xu et al., 2018).
In autonomous driving, wet or low-reflectivity road surfaces
often lead to unstable or missing returns (Choe et al., 2023).
Among the various influencing factors, incidence angle, range,
and surface reflectivity are the most frequently studied and also
the easiest to experimentally control.

The shape of the laser footprint on the target surface changes
with the incidence angle, becoming elongated and distorted at
oblique angles. The angular incidence effect is evident for all
targets, and becomes more pronounced at larger incidence angles;
this effect is even stronger for bright (high-reflectivity) targets
(Kukko et al., 2008). (Kaasalainen et al., 2011) proposed a cal-
ibration scheme for TLS based on external targets, considering
both distance and incidence angle, and introduced an empirical
correction function to compensate for systematic angular incid-
ence effects. At the same time, the incidence angle also affects
the strength of the returned signal. (Zhang et al., 2020) found
that increasing the incidence angle reduces the backscattered
intensity. They proposed that a laser ratio method based on spe-
cific laser wavelengths can be used to mitigate these effects.

Range effects represent another major source of variability. (Jutzi
and Gross, 2009) proposed an intensity normalization frame-
work that incorporates distance, incidence angle, and atmospheric
attenuation. (Höfle and Pfeifer, 2007) emphasized the need for
hybrid model- and data-driven strategies. Empirical evidence
supports these approaches. (Wu et al., 2021) showed that dis-
tance normalization in airborne LiDAR reduces intensity vari-
ance and improves classification accuracy. Nevertheless, sev-
eral studies reported deviations from the theoretical inverse-
square law. Causes include beam divergence, detector non-
linearities, and background illumination (Zhang et al., 2020).

Surface reflectivity interacts with both incidence angle and range.
This interaction further amplifies their influence on measure-
ment quality. (Laconte et al., 2019) found that automotive-

(a) Black Reflectance Target (1.4%)

(b) Gray Reflectance Target (10%)

(c) White Reflectance Target (95%)

Figure 2. Reflectance targets (30 cm × 30 cm) used in the
experiment: (a) Black (1.4%), (b) Gray (10%), (c) White (95%).

grade LiDAR shows centimeter-level biases under oblique in-
cidence. Such biases are critical in safety-relevant navigation
tasks. (Muralikrishnan, 2021) also reported that deviations in
terrestrial scanners increase with both distance and incidence
angle. Application studies confirm these interactions. (Roca-
Pardiñas et al., 2014) showed that tunnel inspection precision is
strongly affected by range and incidence geometry. (Pesci and
Teza, 2008) demonstrated that low-reflectivity surfaces amplify
noise and bias, especially at oblique angles. Collectively, these
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results show that reflectivity and geometric factors jointly de-
termine LiDAR measurement uncertainty across applications.

The above findings also indicate that manufacturer-provided
specifications for laser scanners may be insufficient for cer-
tain high-precision applications; when possible, users should
perform instrument-specific empirical tests. Despite extens-
ive prior work, important gaps remain: systematic comparis-
ons across instrument categories (from automotive LiDARs to
survey-grade scanners) are limited, and the combined effects of
incidence angle, range, and reflectivity on geometric precision
have not been fully quantified. To help address these gaps, we
evaluated the precision of the four representative laser scanners
under controlled laboratory conditions using 3 distinct reflect-
ance SphereOptics targets.

3. Methodology

This section describes the methodology adopted for evaluating
the influences of angular, range, and reflectance variations on
LiDAR measurement precision. The following two subsections
detail the specifications of the tested laser scanners and the ex-
perimental procedure implemented using the high-precision lin-
ear rail system (PHIL).

3.1 Laser Scanners

The tested laser scanners are summarized below and are illus-
trated in Figure 1. For each instrument, both the technical spe-
cifications and the data acquisition settings are described in a
single item:

• Robosense Airy LiDAR: A compact automotive grade
LiDAR widely deployed in robotics and now being adop-
ted in indoor surveying instruments. Data was acquired
on Ubuntu 22.04 using the official Robosense SDK, with
point clouds obtained from the ROS2 /laserscan topic
and saved in PLY format. Each test captured a single
frame (scan frequency: 10 Hz, scan duration: 0.1 s). As
a 96-channel LiDAR with channels uniformly distributed
across a 180° vertical field of view, point cloud density
decreases with increasing range. In practice, approxim-
ately four laser point cloud lines intersect the target at 5 m
range, two laser point cloud lines at 10 m, and one laser
point cloud line at 15 m; notably, no point cloud returns
were observed on black targets at 15 m distance.

• Leica BLK360 TLS: A lightweight terrestrial laser scan-
ner optimized for rapid 3D data acquisition in architec-
tural and engineering contexts. Only 360-degree scanning
is supported; the scan mode was set to ”Standard Resol-
ution” (point density: 10 mm at 10 m), with an estimated
scan duration of 1 min 50 s.

• Leica MS60 MultiStation: A survey-grade total station
integrating reflectorless laser scanning, supporting both prism
and scanning modes. In scanning mode, the built-in cam-
era was used to select the target area, and the instrument
performed single-point scanning via horizontal and ver-
tical motors. The scan resolution was set to 0.1 gon in
both directions (15.7 mm at 10 m), with a scan speed of
1000 points per second.

• Z+F IMAGER 5016 TLS: A survey-grade terrestrial laser
scanner offering high precision and mid-range capabilities

for geospatial and industrial measurement tasks. The in-
strument operates 360-degree scanning; to reduce exper-
imental time, the resolution was set to 25.1 mm at 10 m,
with a scan duration of approximately 45 s.

For all four sensors, the acquired point clouds were manually
cropped in CloudCompare to isolate the target scan region for
subsequent analysis. To ensure consistency in point density
across sensors and, consequently, comparability of the preci-
sion results, point clouds from the Leica BLK360, Leica MS60,
and Z+F IMAGER 5016 were randomly downsampled to 100
points. The Robosense Airy point cloud was not downsampled
due to its inherently much lower point density.

3.2 Experimental Procedure

The experimental procedure is illustrated in Figure 3. The ex-
periments were conducted at the Geodetic Institute Karlsruhe
using the 24 m high-precision linear rail system PHIL, as shown
in Figure 4. The rail system consists of three major parts: A
device for installing the instrument to be investigated, a cart
that can be automatized moved along the rail track as well as
an interferometer, enabling the highly accurate localization of
the cart. The rail system can achieve positioning uncertainty
of ±0.1 mm and has a maximum velocity of 9 m/s (Hennes,
2006). Since only precision is investigated in this study, the in-
terferometer is currently not used. Test targets comprised three
SphereOptics metal panels with calibrated reflectance coatings
at 1.4 % (black), 10 % (gray), and 95 % (white) reflectance levels.
These targets are subsequently mounted on the cart (see Fig-
ure 2).

Experiment Start

System Setup:
Laser scanner,
PHIL

Reflectance Targets Mount:
Black (1.4%),
Gray (10%), White (95%)

Scenario A:
Range
Positions: 5, 10, 15 m

Scenario B:
Incidence Angle
Angles: 0◦, 30◦, 60◦

Experiment End

Data Processing:
Point cloud extraction,
Plane fitting,
Deviation analysis

Figure 3. Flowchart of the experimental procedure.

The experimental protocol comprised two main test scenarios,
as shown in Flowchart 3. First, for the range and reflectance
evaluation (Scenario A), targets were systematically positioned
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(a) Experiment schematic of PHIL system with laser scanner and tar-
gets

(b) PHIL system at Geodetic Institute Karlsruhe (Hennes, 2006)

Figure 4. High-precision linear rail test system (PHIL): (a)
Experiment schematic showing the PHIL system (gray) with

laser scanner and scan target (red), (b) PHIL system installation
at the Geodetic Institute Karlsruhe

at intervals of 5 m, 10 m, 15 m relative to the scanner to be in-
vestigated along the rail. These positions are measured by the
motor of the cart (see right side of Figure 4(a)). Second, to
investigate the influence of the incidence angle (Scenario B),
targets were placed at a fixed distance of 5 m and subsequently
rotated to incidence angles of 0◦, 30◦, and 60◦ relative to the
laser beam axis. Figure 5 shows the connector used to mount
the target onto the cart, which allows precise adjustment of the
incidence angle via a circular scale.

It is worth noting that some of the investigated distances are in
the close range of the used geodetic instruments, which might
cause a different behavior than it can be observed for longer dis-
tances. These short distances are determined by the maximum
range of the automotive LiDAR.

For each configuration, a single scan was performed. For laser
scanner point clouds, plane fitting is critical for quantifying ran-
dom measurement deviations and assessing sensor performance
characteristics (Nurunnabi et al., 2014). After the experiments,
data processing included point cloud extraction, plane fitting,
and deviation analysis, as indicated in the flowchart.

4. Results and Discussion

4.1 Data processing of the results

Data processing was performed in Python, primarily using the
Open3D library. Plane fitting was performed on PLY point
clouds using a least-squares estimator (Shakarji and Srinivasan,
2013). Each point cloud was read with Open3D and represented
as an N × 3 matrix of coordinates. Let X = {xi}Ni=1 denote

Figure 5. Connector between the cart and scan target. The
bottom circular scale (disc) is used to adjust the incidence angle.

the point set where each xi = (xi, yi, zi), and x̄ its centroid.
The coordinates were mean-centered:

Yi = xi − x̄ (1)

Singular value decomposition (SVD) was applied to the mean-
centered coordinate matrix Y to extract the plane normal. The
plane normal vector n was taken as the right singular vector
corresponding to the smallest singular value. To ensure consist-
ent orientation, the normal was flipped if its z-component was
negative. The fitted plane equation is expressed as

ax+by+cz+d = 0, n = (a, b, c)T, a2+b2+c2 = 1 (2)

with
d = −n · x̄. (3)

The orthogonal distance from a point xi to the fitted plane was
computed as

di = axi + byi + czi + d. (4)

Point-to-plane distances were summarized by their mean and
standard deviation:

d =
1

N

N∑
i=1

di (5)

s =

√√√√ 1

N − 1

N∑
i=1

(di − d)2. (6)

Figure 6 presents example fits and intensity maps for each sensor
at 5 m. The left column shows frontal views of the fitted plane
and the right column shows side views; color encodes meas-
ured intensity (low to high: blue to red). From the frontal
views in Figure 6, the Robosense Airy point cloud clearly shows
four distinct line-like bands, a direct consequence of its multi-
beam (96-line) scanning architecture. The other sensors pro-
duce single-return profiles per scan line but achieve higher ap-
parent point density by rotating the sensor during acquisition.
From the side views it is also apparent that the Airy and BLK360
point clouds are visibly thicker and exhibit larger scatter (higher
deviations), whereas the MS60 and Z+F 5016 produce much
thinner, more tightly clustered point clouds. The next subsec-
tion provides a quantitative analysis of these qualitative obser-
vations.
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Figure 6. Point cloud plane fitting results for the black target at
5 m for (from top to bottom): (1) Robosense Airy, (2) Leica

BLK360, (3) Leica MS60, (4) Z+F IMAGER 5016. Left: front
view; right: side view. The blue plane is the fitted surface, and

point colors indicate reflectance intensity
(blue→green→yellow→red for increasing intensity).

4.2 Analysis of the results

Following data processing, we analyzed the mean and standard
deviation of point-to-plane distances. The mean values across
all configurations were on the order of 10−12 mm, indicating
negligible systematic bias. Consequently, standard deviation
was adopted as the primary metric for assessing measurement
precision. Figures 7 present a comprehensive analysis of point-
to-plane standard deviations across all test configurations. Each
figure displays results for all four sensors, with the left sub-
plot illustrating distance effects (incidence angle fixed at 0°)
and the right subplot showing angular effects (distance fixed

at 5 m). Colored lines distinguish the three reflectance targets
(black, gray, white). Due to substantial differences in meas-
urement precision across sensors, individual y-axis scales were
adopted for each sensor to facilitate visual interpretation. The
observed ranges are approximately: Robosense Airy point-to-
plane standard deviation spans 8–33 mm; Leica BLK-360 point-
to-plane standard deviation ranges 1–7 mm; Leica MS60 point-
to-plane standard deviation spans 0.4–1.6 mm; Z+F IMAGER
5016 point-to-plane standard deviation ranges 0.2–1.5 mm (pos-
terior to edge-point filtering). These quantitative differences
underscore the substantial disparities in measurement stability
between automotive-grade and survey-grade instruments. The
experimental design (5–15 m range, 30 cm targets) accommod-
ates Robosense Airy constraints but may not represent optimal
conditions for other larger range scanners. Detailed sensor spe-
cific analysis follows.

The Robosense Airy LiDAR exhibits strong reflectance depend-
ence, as shown in Figure 7 (first row). Measurement preci-
sion degrades significantly at 5 m on higher reflectance targets,
with the point-to-plane standard deviation reaching approxim-
ately 32 mm on white surfaces. Optimal performance occurs
at approximately 10 m range, where fewer laser lines intersect
the target and the reflected signal reduced because of the dis-
tance, potentially reducing saturation effects. At 15 m, no re-
turns were observed on black targets. Notably, the standard
deviation decrease with the increasing incidence angle at 5 m.
This reflectance-dependent degradation may be attributed to sat-
uration effects in the single-photon avalanche diode (SPAD)
detection principle employed by the Airy (Piron and Redouté,
2024).

The Leica BLK360 TLS demonstrates substantially superior
performance compared to the Robosense Airy LiDAR across
most configurations, with results comparable but slightly in-
ferior to the MS60 and Z+F systems, as shown in Figure 7
(second row). Point-to-plane standard deviations for the BLK360
range approximately from 1 mm to 7 mm across varying dis-
tance and incidence angle combinations. Optimal performance
is achieved at approximately 10 m range. Across reflectance
types, the BLK360 exhibits markedly superior performance on
white targets and degraded performance on black targets. Not-
ably, on white surfaces, the standard deviation increases sys-
tematically with the incidence angle, following the expected
trend. However, this angular dependence is not clearly observ-
able on black and gray targets. Given its compact form factor
and cost-effectiveness, the BLK360 demonstrates reliable per-
formance for centimetre-level precision measurement tasks and
is straightforward to operate.

The Leica MS60 MultiStation achieves one of the lowest and
most consistent deviations across all test configurations, as shown
in Figure 7 (middle row). Similar to the BLK360, the primary
performance driver is reflectance rather than distance or incid-
ence angle. On white targets at normal incidence, the point-to-
plane standard deviation is approximately 0.4 mm across dis-
tances and angles. On gray and black targets the standard de-
viation increases to roughly 0.7 mm and 1.5 mm, respectively.
These results indicate that the survey-grade MS60 is well-suited
for high-precision applications and that knowledge of surface
reflectance can help users optimize measurement strategies to
achieve the best precision.

As shown in Figure 7 (bottom two rows), the Z+F IMAGER
5016 TLS demonstrates notably different behaviour compared
to the Leica-series sensors and the Robosense Airy. Unlike the
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other instruments, the Z+F performs optimally on the gray re-
flectance target, achieving submillimeter precision in this con-
figuration. The Z+F exhibits pronounced edge artifacts in raw
point clouds, visible in the side view (bottom right) of Fig-
ure 6. Point-to-plane distance standard deviations increase sub-
stantially at 15 m distance when edge points are retained. This
degradation arises from the increased laser spot size at longer
ranges; with a beam divergence of approximately 0.3 mrad, the
spot diameter reaches approximately 12 mm at 15 m range, caus-
ing range uncertainties at target edges. After removal of edge
points (denoted ZF2 in the figures), measurement precision im-
proves significantly, approaching or exceeding that of the MS60
across most configurations. It should be noted that scanner
acquisition mode influences reported precision: the Z+F IM-
AGER 5016 was operated in balanced mode, representing a
mid-level compromise between point cloud quality and acquis-
ition time. For phase-based scanners such as the Z+F, careful
extraction and filtering of mixed pixels at target boundaries is
essential for higher precision measurements.

In summary, the tested sensors exhibit distinct performance char-
acteristics determined by their design architectures. The Leica
MS60 MultiStation achieves exceptional measurement stabil-
ity with sub-millimetre precision across all configurations and
is recommended for high-precision applications. The Z+F IM-
AGER 5016 TLS delivers comparable precision but requires fil-
tering of edge points in the point cloud due to spot size effects
at longer ranges; however, its scanning speed substantially ex-
ceeds the MS60. The Leica BLK360 provides reliable perform-
ance for general surveying tasks, while the Robosense Airy is
suitable for applications with lower precision demands such as
autonomous driving. Users should select instruments matching
their specific application requirements to achieve the desired
measurement precision.

5. Conclusions and Outlook

This study systematically evaluated the effects of incidence angle,
range, and surface reflectance on measurement precision across
four representative laser scanners: Robosense Airy, Leica BLK-
360, Leica MS60, and Z+F IMAGER 5016. The Robosense
Airy exhibits substantially lower precision compared to other
sensors, with performance degradation particularly pronounced
on high-reflectance targets, which is distinct from the other tested
instruments. The Leica BLK360 demonstrates superior per-
formance relative to the Airy but remains below that of survey-
grade instruments. Without additional point cloud filtering, the
Leica MS60 achieves the best precision across diverse config-
urations. The Z+F IMAGER 5016 exhibits notable edge arti-
facts in raw point clouds; however, after removal of edge noise,
it achieves superior precision exceeding the MS60. Both Leica
sensors demonstrate improved performance with increasing tar-
get reflectance, whereas the Z+F performs optimally on gray
targets in this experiment. These findings underscore the crit-
ical role of instrument-specific characteristics in determining
measurement precisions and highlight the necessity of empir-
ical validation for precise applications.

It should be noted that the current experimental design encom-
passes a limited number of angles and distances, particularly
for mid-range laser scanning scenarios. The primary object-
ive of this study was to validate the feasibility and reliability
of the reflectance target methodology and linear rail test sys-
tem. In future work, the experimental protocol will be fur-
ther refined to include more comprehensive angle and distance

Figure 7. Point-to-plane standard deviations under distance and
angle variations (mm). Each row represents a sensor, with the

left subplot showing distance impact (angle fixed at 0°) and the
right subplot showing angle impact (distance fixed at 5 m).

Colored lines represent different reflectance targets (Black, gray,
White). ZF2 differs from ZF by removing points with low
reflectance or high error at the point cloud on target edges.
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settings, as well as additional sensor types and reflectance val-
ues. Moreover, subsequent experiments will incorporate phys-
ical modeling to provide a deeper theoretical explanation of the
observed results.

Future work will integrate interferometer measurements with
the linear rail system’s CAD data to establish ground-truth dis-
tance values, enabling rigorous assessment of accuracy and pre-
cision. Additionally, the experimental design will be extended
to include more sensor types, broader reflectance ranges, and
dynamic scenarios.
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