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ABSTRACT Imaging 3-D measurement systems differ not only in design, power consumption, and
resolution but, most notably, in their measurement performance, which is rarely documented in a
reproducible or comparable manner. In this work, we introduce a simple, universal methodology for
quantitatively characterizing indirect time-of-flight cameras, focusing on point cloud data acquired under
reproducible conditions. Our metrics build upon the ISO 5725-1 standard and related research to enable
standardized comparisons across different systems, independent of their measurement principles. Beyond
trueness, accuracy, and precision, we propose additional metrics to evaluate surface texture quality,
addressing visually disruptive systematic measurement errors. We condense these measurements into 14 key
metrics for a straightforward camera comparison. In addition, we introduce the energy-density-weighted
depth precision index (EPI) as a metric to relate an active measurement system’s performance to the
emitted optical power. Finally, we demonstrate the applicability of our methodology by evaluating seven
state-of-the-art 3-D systems.

INDEX TERMS 3-D depth sensing cameras, characterization, measurement error, optical power, quanti-

tative benchmark, surface texture, time-of-flight (ToF) camera.

I. INTRODUCTION
HE EVOLUTION of electronic imaging technology has
significantly impacted nearly all fields of life and work.
Traditional 2-D cameras have long been the cornerstone of
visual data acquisition, capturing flat images that represent
the intensity of light across a 2-D plane. While classical 2-D
computer vision provides valuable information about color,
texture, and patterns, it inherently lacks depth perception.
In recent years, the advent of 3-D camera systems has
addressed this limitation of computer vision by incorpo-
rating various technologies that allow the capture of depth
information. Fig. 1 represents the most common technolo-
gies. They can be categorized into time-of-flight (ToF) and
triangulation methods, based on the underlying fundamental
physical principles used to calculate distances. ToF works by
measuring the time between the emission of a light pulse and
detection of the reflection. It can be further divided into direct
(dToF) or indirect ToF (iToF), depending on the method

used to measure the turn-around time. These iToF cameras
work by measuring the phase shift between the emitted
and received signal, rather than directly measuring the time
delay [1]. Another term often used to describe iToF systems
is amplitude-modulated continuous wave (AMCW) since this
technique typically involves modulating the amplitude of the
emitted signal.

Triangulation, on the other hand, works by comparing
the discrepancies of natural or imposed features on an
object acquired under well-defined geometric conditions for
observation and projection. It can be further separated into
Stereo Vision and structured light (SL). Stereo Vision uses
two or more cameras to get multiple different perspectives on
a scene and compare the position of features in both images.
To help with the detection, projectors can be used to add
features to the scene. This enhancement is called active stereo
vision (ASV). Examples are the Intel RealSense camera [3]
or Zeiss ATOS Compact Scan [4], which both use two
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FIGURE 1. Summary of 3D-Imaging-Technology families (inspired by [2]).

cameras and triangulating points in the scene to derive depth
information. An SL system generally consists of a single
camera paired with a pattern projector. The difference from
ASV is that the pattern must be known and the discrepancies
between the expected and the detected patterns are evaluated.
A formerly widespread example of this technology is the
Microsoft Kinect for XBox 360 [5] (Kinect V1).

Characterization of 3-D cameras is mostly done doing
qualitative comparison of data and images for specific appli-
cations. While there are some common practices emerging,
neither norms nor generally accepted methods exist to give
guidelines on how to perform qualitative or quantitative eval-
uation. Moreover, there exist no metrics for the quantitative
characterization of 3-D cameras. This article introduces a
comprehensive set of metrics for comparing different 3-D
camera systems, independent of their underlying measure-
ment principles. Additionally, we give detailed description
on how to obtain this metric. The proposed metrics focus
on accuracy, precision, repeatability, and trueness based on
ISO 5725-2:2023 [6], as well as the surface texture based on
DIN EN ISO 25178-2:2023 [7]. In addition, we introduce
the energy-density-weighted depth precision index (EPI) as
a new instrument to quantify the efficiency of active optical
systems, especially for iToF systems.

For data acquisition, we use a setup with an automated
linear translation stage (LTS), enabling precise and repeat-
able capture of point cloud data at various distances. The
measurements are conducted under defined environmental
conditions, without interfering light sources, and with walls,
ceilings, and floors covered in black molton to reduce
unwanted reflections. By systematically varying the distance
between the camera and the objects, we assess each 3-D
camera’s performance across different operational ranges
using these metrics. We have published the complete
benchmark results in [8] and [9], where the standardized,
comprehensive measurement reports can be accessed. All
measurements are accompanied by informative figures, and
the key metrics obtained are compared. In this article, we
present the measurement methodology in detail, and Table 2
provides a shortened comparison of these key figures.

Il. RELATED WORK

Since the advent of 3D-ToF-Cameras in 1999 [16] identifying
meaningful system parameters has been an ongoing area of
research. Up until now, there has been no consensus on
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which parameters and metrics to use, how to acquire and
how to present them, making it difficult to compare the
results of different papers and research groups. Table 1 is
a nonexhaustive list of published benchmarking results and
methods for 3-D camera systems, giving an overview of the
most common metrics and targets used.

Langmann et al. [10] compared two ToF cameras and
one SL camera. Their aim was to enable an application-
independent comparison of these cameras and technologies.
To achieve this, they conducted tests utilizing a wall as a
target for accuracy, precision, and depth error, a Bohler-
Star for evaluating lateral resolution, and a step target
for measuring depth resolution. In addition, they used a
sinusoidal target to evaluate feature preservation and a
rotating flat target to assess the camera’s performance on
angled surfaces.

Burbano et al. [11] compared various cameras: one
ToF-camera, two SL cameras, five passive stereo cameras,
and one active stereo camera. Their benchmark aimed to
evaluate the performance of these cameras in detecting
and tracking humans. They compared these cameras using
the temporal depth stability, accuracy, and precision at
different distances and the human detection reliability of each
camera. They used a static scene with two planar targets at
different distances to evaluate the temporal depth stability
by calculating the root-mean-square error and global signal
stability. Accuracy and precision have been evaluated at
distances between 80 and 520 cm against a flat wall. The
human detection reliability was performed by evaluating how
many pixels a human should occupy and how many the
camera detects. However, their focus on human detection
leaves broader benchmarking needs unexplored, particularly
for general-purpose applications.

In their 2021 study, Servi et al. [13] evaluated and
compared the performance of three Intel Realsense models,
two SL-based and one LIDAR-based sensor in a close range
setting (100-1500 mm). For this, they implement testing
procedures defined by the ISO 1036013 [17] to determine
the probing error, distortion error, and flatness error as
defined in the norm. As test targets, they used a set of planar
and spherical artifacts.

In 2024, Servi et al. [14] compared the performance
of three Intel RealSense models with the Microsoft Azure
Kinect as an optical coordinate measurement system. In
addition to this, they implemented resolution and accuracy
measurements as done by Paredes et al. and an additional
reconstruction test using a variety of objects. These studies
focus on specific sensors and parameters, underscoring the
need for a more holistic approach to benchmarking.

Paredes et al. [2] compared four different ToF-cameras
and focused on seven key parameters, namely, warm-up time,
accuracy, lateral resolution, range resolution, edge noise, and
motion blur performance. Their testing was done using a
planar target, a cuboid target, a Boehler star, and a sinusoidal
structure. In addition to this, they used a rotating Boehler
star to perform motion blur analysis in dynamic scenes.
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TABLE 1. Overview of selected benchmark on 3-D Systems and the evaluated content. ToF: time-of-flight, SL: structured light, AS: active stereo, PS: passive stereo, and
LIDAR: light detection and ranging. Note that all authors use the term accuracy, but describe and calculate systematic bias error.

Author Langmann 2012 Burbano 2016 Gioncola 2018 Servi 2021 Paredes 2023 | Servi 2024 | Pasenetti 2023

[10] [11] [12] (13] [2] [14] [15]
Technology ToF, SL 1::5 ISDIS‘ ToF, SL, AS AS, LIDAR | ToF, LIDAR AS, ToF ToF

Metrics
Accuracy/Bias* X X X X
Precision X X X
Depth Error X X X X X X
Temperature Drift X X X
Resolution X X X X
Reconstruction Error X X X X
Targets
Range [cm] 50—500 80—520 80—420 50—150 50—300 50—150 170—470
images per pos. 100 — 4000 lor3 30 lor3 30
Stepsize [mm] 10 400 20 100 100 100 200
Wall X X X
Flat X X X X X X
Step X X X X
Bohler-Star X X X X
Spherical X X
Sinusoidal X X
Cylinder target,
other Influence of angle Persons influence of Motion Distortion Body
color/material/angle Measurement

While each of these studies provides valuable insights into
benchmarking 3-D camera systems, the employed methods
to acquire and the presentation of results vary widely. This
stems from the fact that the characterization is rarely the
main focus of the research, but is rather introduced as a
means to show improvements or issues. This underscores
the need for a comprehensive and standardized approach for
metrics and testing procedures—a gap that this work targets.

lll. MATERIALS

To evaluate the performance of different 3-D camera systems,
we construct an automated measurement setup that ensures
fast and reproducible data acquisition. In this section, we
give detailed description of the measurement setup and the
measurement procedure.

A. MEASUREMENT SETUP

Fig. 2 illustrates the measurement setup. At the core of
our setup is a motorized LTS (Isel MC1-40 [18], [19]),
enabling precise control of the device under test (DUT)
relative to the target surface. The stage moves the DUT along
a linear path perpendicular to the target surface, covering
a range of distances from 0.4 to 4.0 m, mainly limited by
construction constraints. The translation stage is installed
on the ceiling, with a metal pole attached to its moving
sled, positioning the cameras approximately 1.7 m above the
floor, corresponding to the center of the wall. A tip—tilt—
rotation stage is mounted to the pole and enables precise
rotational alignment of the camera relative to the target.
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To minimize unwanted reflections and scattering within the
setup, the sides, ceiling, and floor are covered with black
molton.

To obtain accurate independent reference measurements, a
single spot laser distance sensor (Dimetix DAN-10-150 [20])
is integrated into the setup, providing reliable and precise
distance measurements with a repeatability of £0.3 mm
to evaluate the accuracy and trueness of the DUT. It is
positioned at the lower end of the pole close to the base of
the tip—tilt-rotation stage and is aligned to the translation
stage.

The matte white wall in our laboratory, with its nearly
Lambertian reflectance characteristics, serves as a suitable
target, especially for cameras with a field of view (FOV)
greater than 60°. To verify the flatness of the wall, we use
the high-precision ATOS Compact Scan 5SM scanner from
Carl Zeiss GOM Metrology GmbH [4]. The resulting scan,
shown in Fig. 3, demonstrates the flatness of our reference
target, with deviations from an ideal plane of mostly within
+1.5 mm, except for slightly higher deviations near the
bottom of the wall.

These characteristics ensure that the wall provides a
reliable Ground Truth for evaluating the accuracy and
trueness of the point cloud data captured by the 3-D camera
systems.

Using the  StellarNet BLACK-Comet  UV-VIS
Spectrometer [21], we determined the reflectance of the wall
and the black molton fabric in the NIR spectrum, confirming
values of 90% and 5%, respectively
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FIGURE 2. (a) Schematic overview of the measurement setup. (b) Actual image of
the setup, including a camera under test.

B. MEASUREMENT PROCEDURE

We defined a procedure to align each DUT perpendicular
to the measurement wall in an identical and reproducible
manner. This alignment is performed before initiating the
automated measurement sequence. The detailed measure-
ment procedure for a characterization is as follows. First,
the DUT is set up with the required setting parameters, e.g.,
illumination time, temporal filters, or lateral filters for the
measurement. After the setup, the camera is left powered
on and set to an active state for half an hour to allow for
thermal stabilization.

Then, the camera is positioned at 2-m distance from the
wall. At this position, we perform the alignment of the
camera and wall. The goal of the alignment process is to
minimize systematic errors introduced by yaw, pitch, and
roll in the 3-D measurements. This ensures that the laser
distance sensor’s measurements and the wall can be rightfully
used as Ground Truth. Roll adjustments are made using a
bubble level integrated into the tip—tilt stage, as it is not
as significant due to our large target. Yaw and pitch are
corrected by analyzing the camera’s depth measurement feed
and minimizing the difference between specific alignment
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FIGURE 3. Divergence of target wall from ideal plane. Measured with a laser
scanner of type Atos Compact Scan 5M from Zeiss.

fields located at the top and bottom, and left and right of
the image, respectively (see Fig. 4). Each alignment field
consists of a 10x10-pixel array, over which an average
distance value is calculated. We position these fields at a
distance of 15% from the sensor’s edges, centered along the
corresponding edge rather than in the corners. This ensures
a consistent setup and measurement procedure across all
cameras. This approach is particularly important, as some
manufacturers, such as Microsoft, exclude data from the
corners of the image, and data quality in the image corners
is often low. To further stabilize the distance measurements,
a temporal average over ten images is applied. We chose
this alignment procedure for each camera over a housing-
oriented mounting system to easily accommodate different
housing types and mounting setups. This approach allows
us to compensate for both intentional and unintentional
misalignment of the sensor and optics, such as the 15° tilt
of the optics in the Microsoft Azure Kinect.

After the alignment, the automated data acquisition pro-
cess is started. The camera moves to the first position
and takes a predefined number of images, then it moves
to the next position. To mitigate vibrations in the pole
after stopping, a 10-s delay is built into the system before
the measurement begins at the desired position. Due to
the mounting of the system and the absence of vibration
sources, no other vibration mitigation methods are employed.
For the measurements presented in this work, we selected
a step size of 100 mm (38 positions) and 100 images
per position, consistent with typical datasheet specifica-
tions from manufacturers, such as Basler, Melexis, and
Orbbec [22], [23], as well as findings from related research
papers as shown in Table 1. For more detailed investigations,
smaller step sizes can also be employed. Preliminary tests
showed that 100 measurements per position are an acceptable
compromise between statistical reliability, time efficiency,
and storage capacity, as the tests showed no significant gain
from higher counts. We use the measurements of all positions
to estimate the physical offset between the LDS and the
DUT. Using this offset, we position the DUT at exactly
2-m distance from the wall and take an additional set of
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FIGURE 4. Visualization of the image regions used for alignment of the camera with
the target and calculation of the RANSAC reference plane.

measurements. These methods form the basis for conducting
the characterization measurements and deriving the metrics
discussed in Section IV.

IV. METRICS

The objective of this study is to define a set of metrics
that characterize the overall performance of 3-D camera
systems, with a particular focus on iToF systems, in a
manner independent of specific application scenarios. Our
primary emphasis is on metrics quantifying measurement
errors along the z-axis (depth). To complement these, we
introduce additional metrics aimed at capturing surface tex-
ture artifacts—such as systematic “ring”’-patterns in distance
measurements (c.f. Fig. 8)—that are not reflected in standard
error measurements and the new EPI metric representing the
system’s measurement efficiency in regard to the power of
emitted light.

A. GROUND TRUTH

Trueness and accuracy are defined relative to the true
value, often referred to as reference value or ground truth.
To accurately calculate measurement errors, it is crucial
to establish this ground truth with the highest possible
precision. In this study, the surface of a wall is used as
ground truth. As depicted in Fig. 3, the wall exhibits a
typical deviation of £1.5 mm from an ideal planar surface.
These deviations combine with alignment errors of the
DUT, mounting inaccuracies of the LTS, and tolerances
in the camera’s construction and propagate through all
measurements.

The excellent planarity of the wall allows fitting a plane
at each position, to be used as a ground truth, significantly
simplifying the per-pixel definition of the ground truth. Using
the fitted plane we can omit high-precision 3-D scan of
the walls taken from all distances as reference. In addition,
this approach compensates small mounting inaccuracies and
precession movement during the measurement.

The plane’s orientation is determined using the RANSAC
algorithm [24] applied to averaged data of the position,
while its distance is derived from measurements taken by
the laser distance sensor. For RANSAC, we determined that
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a threshold of half the standard deviation results in fast and
reliable fitting. This approach ensures repeatable results and
facilitates the efficient setup of cameras.

B. MEASUREMENT ERROR

To characterize the general measurement error, we employ
the metrics of accuracy, precision, and trueness. However,
in accordance with ISO 5725-2:2023 [6], none of these
metrics can be quantified. Also, these metrics are defined
against an infinite number of samples, making the practical
use unfeasible. Trueness represents the average deviation
of an infinite set of measurements from the reference
value, thereby describing the systematic errors. It can
also serve as a metric for evaluating the quality of the
system’s calibration. As a quantifiable approximation, we
calculate the bias as the average deviation of a finite set
of measurements to our ground truth. Precision describes
the closeness of individual measurements. For our metric,
we determine the precision in form of imprecision with the
measurement’s standard deviation. By definition, when these
measurements are performed under identical conditions, such
as consistent location, temperature, and a short time interval,
the precision is referred to as repeatability. The repeatability
conditions for our metric are that the measurements are
taken within a short timeframe, typically 5 s, at the same
position and under the same external conditions. Fig. 5
illustrates these metrics in relation to a given reference
value.

C. MEASUREMENT UNCERTAINTY

This section evaluates the measurement uncertainty of our
setup. We identified three primary contributors for the
uncertainty uf of our reference value: uyay, urps, and
UAD- Uwal includes the target’s unevenness and introduces an
uncertainty of £1.5 mm. uy, also describes the uncertainty
of not knowing which exact point of the wall a pixel views
(see Section IV-A). upps: The error of the reference laser
distance sensor (see Section IV-A). According to the man-
ufacturer, the sensor’s measurements show a repeatability
of 0.3 mm and an imprecision of £1 mm (£20). The
parameter uap (angular distortion) summarizes the combined
effects of deflection of the LTS and misalignment of both
the translation stage and the LDS with respect to the target
wall. Using the ATOS system, we determined uap to be less
than 1.5 mm over the full length of the LTS

2 2 2
Uref = \/ Uyan T ULps T Uap
~ < 2.5 mm. @))

We approximate urs using (1) resulting in a com-
bined uncertainty of < 2.5 mm. This uncertainty is mainly
attributed to the surface unevenness of the target, which
should be taken into account when interpreting the results.
Nevertheless, our current setup provides a reasonable esti-
mate of the 3-D camera’s performance, and the uncertainty
analysis supports a more informed evaluation.
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FIGURE 5. Visualization of bias and imprecision in relation to a reference value and
measurement uncertainty. Inspired by [25].

D. SURFACE TEXTURE

Certain measurement principles can exhibit systematic error
patterns, such as the wiggling effect observed in ToF cam-
eras, as described by Giancola et al. [12]. These patterns, in
general, can be mitigated through proper system calibration.
While the general measurement error in the Z-direction is
addressed by previously defined metrics, those metrics are
insensitive to structured patterns within the measurement
error.

To address this limitation, the surface roughness, as
described in ISO 25178-2 [7], can serve as a metric for
quantifying these calibration errors. Although ISO 25178
does not specifically address ToF cameras, it is a comprehen-
sive standard for 3-D surface texture measurement, providing
definitions for terminology, parameters, instruments, and
calibration methods to ensure consistent characterization of
surface topography across various industries.

We propose utilizing three surface metrics derived from
the primary, waviness (S-F), and roughness (S-L) surfaces,
respectively (See Figure 6). The waviness surface is obtained
by applying a low-pass filter to the primary surface, while
the roughness surface is determined by applying a high-pass
filter. We determined that an eighth-order binomial filter is
most suited as a low-pass filter for our data. The high-pass
filter is realized by subtracting the waviness surface from
the primary surface. For each surface, the corresponding
metric is defined as the root-mean-square height (RMSH),
calculated using the following formula:

1
S, = \/X // 22(x, y)dxdy ()

where z(x, y) is the distance between the measured distance
and the ground truth and A is the area.

E. POWER MEASUREMENTS AND
ENERGY-DENSITY-WEIGHTED DEPTH PRECISION
INDEX

Repeatability and signal-to-noise ratio (SNR) in active
camera systems scale with the emitted energy. Although
increasing emission power of the active optical sig-
nal improves repeatability, safety regulations (e.g., IEC
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FIGURE 6. Schematic of (a) primary, (b) waviness, and (c) roughness surfaces.

60825 [26]) and practical constraints (e.g., cooling and
power consumption) strictly limit power output. As part of
our metric, we measure both the optical energy emitted
during a single image acquisition and the continuous optical
power during regular operation. For high-precision timing
measurements, we use a 4-GHz Tektronix MSO64 [27]
oscilloscope together with a 1.4-GHz iCHaus iC212NST [28]
optical probe. A calibrated MKS/Newport 819F-SL5.3-
CAL2 integrating sphere and a 2938-R benchtop power
meter [29] are employed to measure total optical power.
This setup allows precise monitoring of complex pulse trains
as depicted in Fig. 7 and, by combining timing and power
measurements, enables accurate derivation of the optical
energy within each modulation pulse.

Comparing 3-D measurement systems is often difficult
due to differing camera properties (e.g., size, optical power,
exposure time, FOV, and field of illumination). To address
this, we introduce the EPI, a derived metric relating depth
precision to the optical energy per measurement and the
illuminated area

PP902m . QF
Apy

The EPI can be calculated using (3), where PP90 is the 90th
percentile of the precision at 2-m distance to the target (c.f.
Table 1), Qf is the total optical energy emitted during the
acquisition of a depth image and Ap,y is the area of the
target seen by the camera. In simplified terms, the EPI (in
mm - (mJ/m?)) can be viewed as a measure of how many
photons are required to achieve a given distance accuracy,
where a low EPI indicates efficient use of optical energy,
and a high EPI implies a greater photon requirement to
attain the same measurement accuracy. By normalizing to
the illuminated surface area, the EPI becomes independent of
the chosen FOV of the 3-D system. This, in turn, enhances
comparability of the underlying technologies across different
systems—regardless of their specific target applications.

EPI = 3)

F. EVALUATION

Fig. 8 shows a set of typical visualizations used when
evaluating a DUT. Figures, such as subfigures (a)-(c), visu-
alize performance changes at different distances; however,
per-pixel performance is lost. Heatmap visualizations, like
subfigure (d), help analyze per-pixel performance but are
impractical for all distances. Thus, evaluations typically
focus on specific positions or selected pixels reducing
the number of visualizations. Although these visualizations
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FIGURE 7. Typical modulation scheme, frame layout, and naming convention used
in [8] and [9] of an iToF camera.

provide detailed insights, making comparisons remains sub-
jective and time-consuming. To address this, we propose
distilling the data into 14 key characteristics, enabling
concise and quantitative comparisons. Table 2 summarizes a
subset of these metrics.

These key metrics are derived from measurements at 38
different positions (0.3—4.0 m) and one additional reference
position (2 m) (Section III-A) using the evaluation methods
outlined in Sections IV-B and IV-C. We especially focus on
the center pixel due to its high trueness and repeatability
but complement this with aggregate metrics to represent
overall performance. To reduce the influence of extreme
outliers, we use the 90th percentile (P90) and median values
across all pixels. Since many manufacturers mark pixels
as “invalid” due to factors, such as saturation, low signal
amplitude, or insufficient illumination, the number of valid
pixels usually varies between single measurement positions.
To mitigate errors from excessive invalid pixels, we compute
P90 separately for all pixels and valid pixels as separate
reference quantities. Additionally, to ensure comparable
conditions, the image areas lying on the floor, ceiling, or
curtain are cropped based on the specified FoV. In these
cases only P90 valid is calculated. The last position where no
pixels lie outside the target, allowing P90 all to be computed,
defines the last valid position.

Building on this methodology, we define 14 key metrics
grouped into five categories.

1) Repeatability and precision evaluate measurement
consistency using repeatability at 2000 mm, P90
imprecision for all and valid pixels, and the last valid
position.

2) Trueness assesses systematic bias via upper/lower
bounds, median values, and P90 at 2000 mm and the
last valid position.

3) Surface texture characterizes the primary surface
roughness, waviness, and fine texture at the reference
distance (2 m).

4) Power measurements include optical energy per frame,
estimated power emissions, modulation frequencies,
and duty cycle.

5) Overview summarizes key performance values, includ-
ing maximum center repeatability and bias along all
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FIGURE 8. Exemplary visualization of characterization results of the Schmersal
AM-T100 camera. (a) Repeatability, (b) trueness, and (c) distance error at 2 m.

positions, the P90 valid imprecision, and primary
surface roughness at the reference distance.

A complete characterization of the tested cameras
presented in Section V is available in [8] and [9]. These
documents provide a comprehensive characterization of the
DUT by combining qualitative visualizations with quantita-
tive key metrics, ensuring both an in-depth and a comparable
evaluation.

V. RESULTS
To validate the proposed metrics, we characterized three
state-of-the-art iToF cameras: 1) the Basler Blaze 101 [30];
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TABLE 2. Characterization results of different cameras. Lower is better.

Camera Name Blaze 101 Azure Kinect AM-T100 Flexx 2 MLX75027 D455 Kinect V1
Manufacturer Basler Microsoft Schmersal pmd Melexis Intel Microsoft
Frame Rate 20 20 30 9 30 30 9...30
Repeatability
in [mm]
center {@2 m} 02 09 11 07 11.0 135 57
Precision in z
Imprecision in [mm]
P90 all {@2 m} 03 — 1.0 1.6 — — 56
P90 valid {@2 m} 03 14 1.0 1.6 108 19.1 55
P90 last valid 04 {@218m} | 14 {@195m} | 12 {@225m} | 33 {@283m} | 51{@1.05m} | 104 {@181 m} | 7.5{@223 m}
Trueness
Bias in [mm]
Center {0.4..4 m} 74..433 1.6..+1.0 -4.1..46.8 37..413 -363..+48.8 28.0...+1335 21.1...459.4
Median valid {04..4 m} | -11.7..+407 20..-09 122,444 42..459 28.7..+27.4 28.0..+41069 | -17.3..+436.8
P90 all {@2 m} 8.9 — 55 36 — — 233
P90 valid {@2 m} 8.9 6.8 55 3.6 436 123 232
P90 last valid 92{@218m} | 7.1 {@1.95m} | 50 {@225m} | 9.6 {@2.83 m} | 2466 {@1.05m} | 19.7 {@1.81 m} | 26.1 {@2.23 m}
Surface texture
in [mm]
RMSH PS {@2 m} 38 16 8.1 26 19.9 6.7 12.0
Waviness {@2 m} 36 14 42 1.6 169 63 11.1
Roughneess {@2 m} 0.9 0.4 6.8 2.0 44 1.3 3.6
Power Measurment
in [mJ]
Energy per Frame \ 56,5 \ 42 \ 13,0 \ 71 \ 24,6 \ 44 \ —
Energy-Density-Weighted Depth Precision Index
in [mm - mJ/m?]
EPI {@2 m} 38 \ 0.8 \ 2.8 \ 35 \ 15.0 \ 104 \ —
16
2) the Schmersal AM-T100 [31]; and 3) the Microsoft +10 mm 1
Azure Kinect [32]. Additionally, we included four alternative "
. +8 mm
3-D camera systems for comparison: the Intel RealSense 10
D455 [3], an active stereo camera, the Microsoft Kinect V1, +6 mm g
an SL camera, and the two iToF evaluation kits flexx 2 by u .
pmd [33] and MLX75027 by Melexis. The results are shown o .
in Table 2 and Fig. 9. £2 mm ,
The Blaze 101 and AM-T100 are industrial-grade cam- 0 mm B ] . o
eras designed for process automation and inspection. Both h Repeatability Bias |mprecision RMSH EPI y
. . . ' ' X m
perform depth calculations on the device and integrate (center) P9@‘;;’:'d P9g);’am"d ZErT:cZ mm *W]
seamlessly into industry systems via an Ethernet GeniCam
» AM-T100 w AM-T100
interface. The flexx 2 is a development kit targeted at mobile without Filter  with Filter

applications, such as smartphones, automotive, and AGV
systems. The D455 is a stereo camera with an integrated
projector that improves performance on surfaces with low
texture. This camera is commonly used in various fields
thanks to low price and good documentation. The Microsoft
Kinect cameras, although no longer in production, were
included for their historical and research significance. The
Kinect V1, one of the earliest low-cost SL systems, remains
relevant due to its extensive use in RGB-D datasets and as a
reference for newer 3-D camera systems. The Azure Kinect,
although discontinued, continues to influence the market,
with Microsoft’s partner ORBBEC [23] now offering systems
based on its sensors and specifications.

For a consistent comparison, we tried to match the post-
processing filter settings of all devices to get the best
performance. However, the limited availability of detailed
manufacturer documentation regarding filter parameters and
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FIGURE 9. Comparison of the AM-T100 with and without temporal filtering.

their implementation often makes filter matching of different
camera models difficult. Due to this, only the filter settings
for the Blaze 101, the AM-T100, and the flexx 2 were set
to similar settings, while the MLX75027 was characterized
with filters switched off. The two Microsoft cameras and
the D455 do not allow for changes to the filters and were
therefore tested as-is (with filters being active).

The characterization results are summarized in Table 2 and
Fig. 10. Additionally, Fig. 9 compares two characterization
runs of the AM-T100, one with and one run without spatial
and temporal filters. The results demonstrate the substantial
influence of filter settings on the characterization outcomes
and underscore the metrics’ ability to show performance
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FIGURE 10. Key metrics comparison of five iToF-, one AS-, and one SL-cameras.
Lower Y-values mean better perfor If possible, similar filter settings were used.

differences with different configurations even in a single
camera. However, a detailed analysis of the influence of
filters on the characterization results is beyond the scope of
this work.

The characterization results presented in Table 2 offer
a comprehensive performance evaluation of various 3-D
camera systems. The partially missing values in Trueness,
Precision, and Repeatability are due to high numbers of
invalid pixels or to large FoVs, as specified in Section IV-F.
The limited documentation available for the Kinect V1 does
not specify the duration of the exposure for the depth
image. In contrast, all of the other systems evaluated use
timed illumination, which allows for accurate timing and
energy measurements, while the Kinect V1 consistently emits
115 mW of illumination. Consequently, energy measure-
ments and EPI values for the Kinect V1 were excluded from
our analysis.

To summarize, when compared to other technologies,
all iToF cameras, except the MLX75028 development
kit, exhibit overall robust performance. While the Basler
Blaze 101 demonstrates the highest precision value, the
EPI indicates that this is achieved through the utilization
of high illumination power. The Microsoft Azure Kinect
and Schmersal AM-T100 exhibit slightly superior overall
performance while consuming less energy. Notably, the
Azure Kinect exhibits a superior effective pixel illumination
compared to the other cameras, primarily due to its utilization
of a modulation frequency reaching up to 200 MHz, whereas
the other devices operate at a maximum of 100 MHz.
Nevertheless, the RMSH performance of the AM-T100 is
marginally inferior, albeit with a superior frame rate. The
flexx 2 offers the best overall performance in a compact
form factor; however, its frame rate is considerably slower
than that of the other cameras and it lacks on-device distance
calculation capabilities.

VI. CONCLUSION

Imaging 3-D measurement systems provide a compact and
cost-effective way to capture 3-D point clouds without the
need for moving parts, which are required in scanning
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systems. However, the combination of individual imaging
optics, specialized image sensors, and simultaneous, large-
area, divergent scene illumination results in individual
measurement performance for the typically hundreds of
thousands of pixel receiving channels. Performance often
deteriorates at the edges of the image field. Manufacturer
datasheets rarely reflect this variability and often rely on
inconsistent measurement conditions, making it challenging
to compare 3-D cameras solely based on these specifications.

To address these challenges, this work presents a universal
metric for standardized and independent evaluation of 3-D
measurement systems. Building on the ISO 5725-2 [6]
standard, the metric includes repeatability, imprecision, bias,
RMSH primary surface, and EPI at 2 m as five concise key
performance indicators for quick evaluation. Combined with
nine extended indicators for detailed analysis, the metric
covers individual pixel performance, system-wide charac-
teristics, and systematic measurement errors. These metrics
provide a robust and scalable framework for quantitative
benchmarking of diverse 3-D camera systems. In addition
to common error metrics, we propose the EPI, a derived
metric that normalizes the achieved depth precision, to the
emitted optical energy and the system’s FOV. This approach
is intended to make diverse 3-D camera technologies
more directly comparable, regardless of physical size or
application-specific scaling.

Additionally, we describe an automated setup that allows
fast and reproducable testing of a large variety of 3-D camera
systems. Typically, an evaluation takes 10—-15 min of manual
set up, followed by 30 min of warm-up and 30-60 min for
fully automated data acquisition. The cost of this setup is
less than 10000 €, not including the hardware necessary for
optical timing and power measurements. However, depending
on the need for automation, cheaper setups can be designed
which might require more manual work.

Through the evaluation of seven 3-D cameras, including
five iToF cameras, one active stereo system, and one SL
system, we demonstrated the applicability and versatility
of the proposed approach. Our results show that the
performance of complex 3-D measurement systems can be
effectively summarized and compared using a small set
of standardized metrics, offering practical insights for both
researchers and industry practitioners. EPI offers a fair
and consistent benchmark for evaluating and comparing the
efficiency and performance of 3-D measurement systems
across diverse designs and configurations.

The proposed methodology not only enhances the repro-
ducibility and comparability of performance assessments but
also sets the foundation for future advancements in the field
of 3-D imaging. By establishing a universal and scalable
solution, this work contributes to the ongoing development
and optimization of 3-D camera technologies across a wide
range of applications.

Future work will focus on expanding the applicability of
the proposed methodology in two key areas. First, we aim
to develop a universally applicable setup for performance
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evaluation in dynamic, moving scenes, addressing limi-
tations of current methods focused on static scenarios.
Second, we will investigate the impact of varying ambient
lighting conditions, including sunlight-level intensities, and
explore solutions for replicating such conditions in indoor
environments. These developments will extend the current
methodology, while its relevance and robustness remain fully
intact, ensuring its applicability across an even broader range
of scenarios and applications.
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