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Kurzzusammenfassung

Diese Arbeit behandelt die Entwicklung von zuverldssigen und objektiven Metriken zur
Charakterisierung von 3D Kameras auf ihre Eignung fir gesichtsbiometrische
Anwendungen. Als Basis dienen generische Metriken fur die Charakterisierung des
Tiefenmessfehlers von Time-of-Flight (ToF) Kameras, welche in den beiden
vorangegangenen Masterprojekten entwickelt wurden. In der Arbeit werden die
generischen Metriken um Methoden zur Bestimmung der folgenden Parameter erganzt:
Scharfe, Auflésung, Verzeichnung, Einfluss der Materialremission und des Messwinkels
auf den Messfehler sowie um eine Analyse des Messfehlers in x und y Koordinaten.

Zur Bestimmung erforderlicher Metriken fur die Charakterisierung der Kameras wird
zunachst eine Systemanalyse anhand typischer gesichtsbiometrischer Anwendungen
und ihren Anforderungen an ToF Kameras durchgefiihrt. Fur eine Auswahl der
wichtigsten Parameter werden etablierte Charakterisierungsmethoden aus Normen und
Literatur evaluiert und adaptiert. Bei der Auswahl der Methoden wird auf eine méglichst
automatisierte Auswertung geachtet. Die automatisierte Bestimmung der Kennwerte
garantiert nicht nur Objektivitdét durch Unabhangigkeit vom Anwender, sondern
auBerdem eine schnelle Auswertung. So dauert die Charakterisierung des Messfehlers
fur einen Messbereich von 0 1 4 m lediglich drei Minuten.

Im Anschluss werden diese Methoden an drei State-of-the-Art ToF Kameras und einer
aktiven Stereokamera auf ihre Anwendbarkeit getestet. Mit den gemessenen
Kennwerten wird die Eignung der vier Kameras fiir gesichtsbiometrische Anwendungen
untersucht. Zur Verifizierung der Charakterisierungsmethoden werden auf3erdem die
gemessenen Kennwerte mit dem Ergebnis einer qualitativen Analyse der 3D Aufnahme
einer Gesichtsmaske der Kameras verglichen.

Es wird gezeigt, dass die in 1ISO 12233:2023 definierte Slanted-Edge Methode zur
Bestimmung der Schérfe in 2D Kameras auch fur 3D Kameras angewendet werden
kann. Die gewonnenen Erkenntnisse zur Schérfe Uber Messdistanz kdnnen in Zukunft
als Grundlage der Evaluation des Einflusses von post-processing Filtern dienen kénnen.
Zur Bestimmung der Auflosung der 3D Punktwolke wird die Bohlerstern-Methode um
eine automatisierte Auswertung erganzt. Fur die Bestimmung der Verzeichnung und des
Messfehlers in x und y wird eine Methode mit Schachbrettmustern definiert. Die
gewahlten Metriken erweisen sich als zuverlassig bei der Verwendung mit ToF Kameras
und ermdéglichen die Auswertung der Verzeichnung des 2D Intensitatsbilds, sowie der

3D Punktewolke. Zum ersten Mal wird eine umfangreiche Untersuchung des Einflusses



der Materialremission, insbesondere bei hautdhnlichen Oberflachen, und des
Messwinkels auf den Messfehler in 3D Kameras durchgefihrt.

Der abschlieBende qualitative Vergleich zeigt, dass die entwickelten Methoden fir eine
Charakterisierung der Eignung von 3D Kameras fur gesichtsbiometrische Applikationen
geeignet sind. Zusatzlich zeigt der Vergleich weitestgehend &hnliche Ergebnisse in der
Leistungsfahigkeit der untersuchten ToF Kameras, wobei die Basler Blaze101 und die
Schmersal AM-T100 aufgrund ihrer héheren Aufldsung und der grof3eren optischen
Leistung bessere Leistungsfahigkeit als die dafur deutlich kleinere und glnstigere pmd
flexx2 zeigen. Im Gegenteil dazu ist die aktive Stereokamera Intel RealSense D455
aufgrund hoherer Messunsicherheit flr gesichtsbiometrische Anwendungen weniger
geeignet und unterliegt den ToF Kameras im Grof3teil der erhobenen Kennzahlen.
Insgesamt zeigen wir in dieser Arbeit, dass sich die Leistungsfahigkeit von 3D Kameras
mit einigen 100'000 Messpunkten pro Aufnahme auf eine Anzahl von 24 Kennzahlen
reduzieren lasst, die eine fundierte, neutrale Aussage Uber die Systemeignung fur

biometrische Anwendungen erlauben.



Executive Summary

This thesis seeks to contribute to the standardization of characterization methods for ToF
cameras, especially in the field of their suitability for facial biometric applications. Generic
metrics for the characterization of the depth measurement error of Time-of-Flight (ToF)
cameras, which were developed in the two previous master projects, serve as the basis.
In this work, the generic metrics are enhanced by methods for determining the following
parameters: sharpness, resolution, distortion, influence of material remission and
measurement angle on the measurement error, as well as an analysis of the

measurement error in X and y coordinates.

To determine the necessary metrics for the characterization of the cameras, a system
analysis is first carried out based on typical facial biometric applications and their
requirements for ToF cameras. Established characterization methods from standards
and literature are evaluated and adapted for a selection of the most important
parameters. When selecting the methods, care is taken to ensure that the evaluation is
as automated as possible. The automated determination of the characteristic values not
only guarantees objectivity through independence from the user, but also fast evaluation.
For example, characterizing the measurement error for a measurement range of 0 -4 m
takes just three minutes.

The method& applicability is tested on three State-of-the-Art ToF cameras and one
active stereo camera. The suitability of the four cameras for facial biometric applications
is examined using the measured characteristic values. To verify the characterization
methods, the measured characteristic values are also compared with the result of a
qualitative analysis of the 3D image of a face mask from the cameras.

It is shown that the slanted edge method defined in 1ISO 12233:2023 for determining
sharpness in 2D cameras can also be used for 3D cameras. The knowledge gained on
sharpness over measurement distance can serve as a basis for evaluating the influence
of post-processing filters in the future. To determine the resolution of the 3D point cloud,
the Bohler-star method is enhanced with an automated evaluation.

A common method with checkerboard patterns is defined to determine the distortion and
the measurement error in x and y. The selected metrics prove to be reliable when used
with ToF cameras and enable the evaluation of the distortion of the 2D intensity image

as well as the 3D point cloud.



For the first time, a comprehensive investigation of the influence of material remission,
especially for skin-like surfaces and the measurement angle on the measurement error
in 3D cameras is carried out.

The final qualitative comparison shows that the methods developed are suitable for
characterizing the suitability of 3D cameras for facial biometric applications. In addition
to ToF cameras, the applicability of the metrics to active stereo cameras is also
demonstrated. In addition, the comparison shows largely similar results in the
performance of the ToF cameras examined. Due to their higher resolution and greater
optical performance, the Basler Blazel01 and the Schmersal AM-T100 show better
performancethan t he much small er and cheaper
active stereo camera RealSense D455 is less suitable for facial biometric applications
due to its higher measurement uncertainty. In most of the collected key figures, the
camera is inferior to the ToF cameras.

Overall, we show in this work that the performance of 3D cameras with several 100,000
measurement points per image can be reduced to a number of 24 key figures that allow
a well-founded, neutral statement about the system's suitability for biometric

applications.
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1 Introduction

Facial recognition has become part of our everyday life: from unlocking smartphones or
laptops to automated border control at airports. In 2021, the National Institute of
Standards and Technology found 2D facial recognition algorithms to be at least 99.5 %
accurate. Nevertheless, a recognition algorithm can only be as good as the data it is
applied upon. Concerning 2D data, illumination variation or facial poses may influence
the image quality and hence the recognition ability. Furthermore, 2D algorithms can be
spoofed by make-up, video or image materials. All those challenges can be overcome
with 3D face recognition. While 3D face recognition is still in the early stages of
development, it has become an emerging topic driven by the advancements of 3D

sensing devices, namely Time-of-Flight (ToF) cameras. (cf. Guo et al. 2023)
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Introduction

So, how to gather 3D data of sufficient quality to train and test 3D face recognition
algorithms? And once there are sufficient algorithms, how to choose a suitable camera
for data acquisition? While there is a multitude of benchmarks for ToF cameras available,
the absence of consistent evaluation methods makes it difficult to compare benchmarks.
Moreover, there are no benchmarks for ToF cameras tailored specifically for facial
biometric applications yet. As 3D cameras advance and more cameras are available,
finding the right camera for a certain application can be a challenge.

This work aims to propose reliable and objective metrics to characterize not only the
general performance, but especially the suitability for facial biometric applications of 3D
cameras. The metrics shall enhance the generic metrics developed as part of the
preceding master projects. To achieve those objectives, this work starts by outlining
common facial biometric applications for ToF cameras. With these applications, the
system requirements essential for evaluating ToF cameras in a facial biometric context
are identified. A comprehensive review of existing methods and norms serves as the
foundation for the proposed methodologies. Wherever possible, existing norms are
integrated and, if necessary, adapted to fit 3D cameras. For this adaptation and if no
norms are applicable, existing methods are used and modified if needed. In cases where
there are neither norms nor existing methods, novel methods are introduced.
Subsequently, empirical testing is conducted using a selection of State-of-the-Art ToF
cameras and an active stereo camera. This tests the applicability of the proposed
methods not only for a range of ToF cameras but also for other 3D imaging technologies.
Two of the chosen ToF cameras are similar in their sensor size, field of view and power.
The question therefore is whether the proposed metrics can find differences in those two
cameras. The empirical studies conclude by comparing the cameras based on the
previously determined metrics and assessing their suitability for facial biometric
applications. In a final assessment, the metrics6 pr edi cati on of the camer
to a qualitative analysis of their 3D image quality. This assessment does not only verify

the metrics, it also validates the metrics worthiness and its summarizing value.



Mathematical and Technical Background

2 Mathematical and Technical Background

The following chapters contain a selection of definitions and technical background on the

cameras used in this work. Additionally, the file format used to store 3D data is presented.

2.1 Definitions

This chapter covers definitions that will be needed throughout the entire work. Parameter
definitions that are only needed for a single evaluation, such as the definition of resolution
or sharpness, can be found at the beginning of their respective chapter (Ch. 5).

2.1.1 Ground Truth

According to the Oxford Dictionary, the ground truth describes the fundamental truth. It
is usually used in remote sensing, where ground truth describes the reference distances
used for the validation of the data. Consequently, for Time-of-Flight cameras, the
reference value of a measurement is seen as the ground truth (cf. Phillips and Eliasson
H. 2018). Considering the object which will be captured by a camera, the ground truth is

defined byt h e o Hriessltapedsize and distance towards the camera.
2.1.2 Range Image, Depth Map and Point Cloud

There are three ways to depict the distances captured by a 3D camera. Geometrically,
the camera equals a point source (Figure 2-1, a) with the field of view (FOV) describing
the area captured by the camera in degrees (cf. ISO/TS 19159-2:2016, p. 4). Hence, the
captured distances are the radial distances to the objects surrounding the camera. The
image depicting the radial distances is often called the range image. Within the image,
the pixel position is usually given as a pair of u and v coordinates, with u giving the pixel
position in width and v giving the pixel position in height. In most cases, it is easier to
work with cartesian coordinates. The image depicting the orthogonal distance is then
referred to as depth map or depth image (cf. Lindner et al. 2010) (Figure 2-1, b).
Nevertheless, the depth map still depicts the depth information in u and v coordinates.
The data appears in a grid-like manner with a constant sample period of a single pixel.
If all three coordinates instead of only the z-coordinate, all three cartesian coordinates
are determined, the data can be viewed three-dimensionally and forms a so-called point
cloud (cf. Norm ISO/TS 19130-2:2014, p. 8). Still, as the camera only acquires data from
a single point of view, onl y an dabingeidetiscaptufed. ©his tleads to the
point cloud being rather 2.5D than 3D.



Mathematical and Technical Background
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Figure 2-1 Range image and depth map. The range image (a) depicts the radial distances from
the camera to the captured objects, while the depth
cartesian coordinate system with the camera or the sensor as the origin.

Equations 2-1 to 2-3 (cf. Kahlert 2023, p. 37, Boyuk 2023) describe the transformation
from the range image, Q Oh) , to cartesian coordinates. For the transformation, the

camer ads f Qthegpositidn efithg aptical center @ and & in pixels and the pixel

pitch ) and ) in mm per pixel must be known.
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2.1.3 Measurement Error

Measurement errors are divided into statistic and systematic errors. The systematic
errors are described by the trueness. Trueness is defined as the difference between the
average value of a large amount of test results and the accepted reference value (Figure
2-2). In comparison to the bias, which is based on the entirety of possible test results,
the trueness is based on a large sample of test results. (cf. ISO 5725-2:1994).

For describing the statistical measurement errors, precision and repeatability are used.
Those are defined by the closeness of agreement between individual test results, that
are obtained independently under the same conditions. Precision is usually given in the
form of imprecision and is calculated as the standard deviation (Figure 2-2). To obtain
independent results, the measurement is not to be influenced by any previous results
and must be reproducible. If the precision is obtained under repeatable conditions, hence

with the same methods and equipment in the same location within a short time frame, it
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is called repeatability. Just like with precision, repeatability is usually given in the form of
imprecision. (cf. ISO 5725-2:1994)

single random
reference value measurement

dccuracy

trueness

precision
Figure 2-2 Schematic of statistic and systematic measurement errors. (Bastian Stahl)

In a single measurement random and systematic errors superpose each other and
cannot be seen individually. To examine the performance of a single measurement,
accuracy is used. This parameter describes how close a single test result is to its
accepted reference value (cf. ISO 5725-2:1994).

2.2 Geometrical Optics

The idealized domain of geometrical optics assumes an infinitesimal small wavelength.
Consequently, light no longer has a wave nature: wavefronts or rather rays propagate
rectilinear, while diffraction and interference become negligible. This offers a simplified
understanding and manipulation of light rays. One way to manipulate light rays is by

l etting them pass through a | ens. A |l ens
transmitted endHeghy201d,ipsl69).ilnbpratticeplenses are used to
change diverging waves into a beam of plane waves (Figure 2-3, a), to converge waves

into a single spot (Figure 2-3, b) or to diverge plane waves (Figure 2-3, c). (cf. Hecht
2017, pp. 1591 162)
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e \Lqu

Figure 2-3 Cross section of hyperbolic lenses. (a) and (b) show convex or converging lenses that
bend the incoming beam towards the central axis. (c) shows a concave or diverging lens with the
point source positioned in infinity. F1 marks the point source and F. the focal point of the lens.
(Hecht 2017, p. 162)

In converging lenses, the point to which rays converge is called the focal point. In
diverging lenses, the focal point marks the point from which rays seem to diverge. If a
screen is positioned in the focal point of a converging lens, an image of the point source,
which emitted the rays, appears. In the case of a diverging lens, the image is only virtual
and not visible on a screen. This phenomenon is used in cameras to capture images of
objects, as every object, either self-luminous or illuminated, equals several point sources.
Depending on the distance of an object to a lens and its focal point, the image is either
larger or smaller than the object. The Gaussian Lens Formula (Eq. 2-4) gives the
relationship between object distance i and image distance i for a given focal length "Q

P P P
o 2-4

i
Consequently, if a sensor is positioned at a certain image distance, only the point
sources positioned at its respective object image will be in focus and appear sharp in the
image, while point sources positioned at other distances produce a circle of confusion in

the image (Figure 2-4, a).
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Figure 2-4 Depth of field and its dependance on aperture. In both images the black object will
appear sharp in the image, while orange and blue will produce a circle of confusion Z. With a
smaller aperture (b), the circle of confusion decreases which makes the objects appear sharper.
(cf. Lange 2023)

If the circle of confusion is below the resolution of the observer, for example below what
a human can see, an image is still seen as sharp. The distance at which an object
appears acceptably sharp is called depth of field and spans between the close-up limit
"Q and the farthest point of acceptable sharpness "Q. To increase the depth of field, the
aperture D of the lens can be decreased. With lower aperture the outermost rays of the
point source can no longer enter the lens, which reduces the circle of confusion (Figure
2-4, b). Given the F-number "1 of the aperture and the focal distance "Q the depth of
field Q can be approximated with equation 2-5 (Lange 2023):

"Q0Q "Q 0Q

, o~ n o5
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Independent of the aperture, the largest field of depth is reached if the camera focuses
to infinity (Figure 2-5). If the camera focuses to infinity, all objects further away than the

close-up limit, in this case called the hyperfocal length, appear in acceptable sharpness.
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Figure 2-5 Depth of field at focus to infinity. The object positioned at infinity is depicted sharply in
f, while the object positioned at s, produces a circle of confusion Z in the focal plane. If Z is smaller
than the resolution, the object is seen as sharp. (cf. Lange 2023)
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2.3 3D Capturing Methods

While there are multiple methods for capturing data three-dimensionally, this work
focuses on Time of Flight (ToF) and stereo vision. Both techniques offer a 3D capture of
an entire scene with a single camera system. Stereo vision presents a low-cost solution
with high robustness against sunlight, although the technique is usually limited in range
and comes with a high software complexity. In comparison, ToF offers adaptable ranges
and fields of view, while maintaining compact camera size and low software complexity.
(cf. Melexis 2022)

The following chapters explain both techniques and the output file type used in this work.

2.3.1 Time of Flight

Time of Flight determines the distance between object and sensor by measuring the time
it takes light to travel the distance from the laser diode to the object and back to the
sensor. This can be done directly either by integrating photoelectrons from the reflected
light or by counting the time. These methods are usually applied in LIDAR (Light
Detection and Ranging) or LADAR (Laser Detection and Ranging) sensors where the
object is scanned pixel by pixel (cf. Li 2014). On the contrary, time can be acquired
indirectly. Time-of-Flight cameras illuminate the scene with a modulated continuous-
wave and detect the phase shift between the sent and the received signal. With indirect
or CW ToF a scene can be captured entirely at once. (cf. Ortiz et al. 2021) (Beyerer et
al. 2012, p. 370)

For the indirect approach, the phase is determined by sampling the cross-correlation of
the sent and the received signal. There are four samples 0 to 0 taken with the
illumination phase shifted by 90° for each sample. The phase ¢ and the resulting

distance Qare then calculated by equations 2-6 and 2-7. (Melexis 2022)
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Additionally, the samples can be used to determine the reflected amplitude (Eq. 2-8, Li
2014).

) 0 0 0 0 ]
5 2-8

As the phase repeats | tmeasurementardngedsriimiteccby hri ng 2,
frequency of the illumination and its respective wavelength (Eq. 2-7). While objects that

are further away than half of the wavelength can still be captured, their distance will be
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wrapped to a smaller distance. Although the unambiguous range increases by
decreasing the modulation frequency, a lower modulation frequency also results in a
higher measurement error. This is seen in the equation 2-9 (Li 2014), which
approximates the precision in relation to the reflected amplitude 0, the offset 0, the

modulation contrast & and the speed of light &

® Yo 6
Wik Qo B

2-9

To increase the range while keeping a low measurement error, multi-frequency
techniques are used. (cf. Li 2014)

2.3.2 Stereo Vision

The three-dimensional shape of an object can be determined by looking at it from two
different viewing angles, just as most biological systems do. This technique is known as
stereoscopy and is achieved by using two image sensors separated by a baseline or

stereoscopic basis. (cf. Giancola et al., pp. 12i 13)
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Figure 2-6 Stereoscopic principle. B: and B. are the images captured in the two cameras.
(Beyerer et al. 2012, p. 342)

If the cameras are parallel to each other (Figure 2-6), the perpendicular distance do
between camera and object is given by (Beyerer et al. 2012, p. 342):
QM

Q — 2-10
0O O

To determine the distance, a point of the object must be identified in both images. This
so-called correspondence problem leads to matching error. Due to the different viewing
angles of both cameras or faulty camer a
may vary. The problem is increased further by objects with homogenous surfaces.
Overall, there are three types of systematic error sources within the stereo system:

Calibration, matching and reconstruction errors. A calibration error is caused by

9
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erroneous calibration plates or faulty distortion correction. Matching errors and
reconstruction errors occur when reconstructing the point cloud from pairs of 2D points
(Huang et al. 2020). To aid in the matching of corresponding pixels, patternless surfaces
can be enhanced by projecting a pattern onto it. This technique is called active stereo
and, ideally, leads to a locally unique pattern. Although theoretically, the projection of a
white noise pattern would be best suited, real applications usually use a random-dot
pattern. Often, an infrared pattern is used to be insensitive to ambient light. (cf. Giancola
et al. 2018, pp. 16i 18)

2.3.3 Point Cloud Data File Format

There are numerous formats for storing point cloud data. Most file formats, such as PLY
or OBJ store point clouds in an unorganized form. This means points that are positioned
next to each other in the image do not necessarily have to appear next to each other in
the file. When it comes to image filters, this leads to a higher computational cost, as
pixels must be ordered first. Additionally, invalid pixels might not be saved and make it
impossible to order the point cloud afterwards. The PCD file format in comparison stores
point clouds in organized form and offers the storing of different data types. As seen in
Figure 2-7, the data is stored like a table or matrix and keeps the shape of the sensor.
Due to this it is possible to match a sensor pixel to its respective measurement value and

thus resolve which pixel yields invalid data. (cf. Point Cloud Library 1.14.0-dev n.d.)
— U sensor
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Figure 2-7 Structure of the PCD file format. Each pixel yields a set of X, y, z coordinates and an
intensity value. If there is additional data in the frame, it is added to the set for each pixel.
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3 System Requirements

Biometric technologies evaluate biological and behavioral characteristics to recognize
individuals. They are often used in security systems to distinguish authorized from
unauthorized personnel and are thus subject to spoofing. Due to this, there are two main
applications for 3D cameras in facial biometric applications: Face recognition itself and
detection of presentation attacks.

As of March 2024, 3D face recognition is still in its infancy and there are barely any
algorithms available. Due to its advantages compared to 2D data and the advancements
of 3D imagery, it is expected to develop further in the coming years. The advantages
include geometrical information, higher invariance to illumination variations or make-up
and higher accuracy in facial pose estimation. (cf. Guo et al. 2023)

The required properties of 3D cameras for face recognition listed in Table 3-1 are based
on assumptions and the requirements for 2D face image data given in ISO/IEC 39794-
5:2019. For example, according to the norm, the maximum magnification or radial
distortion shall not exceed 5 % for 1:N and 7 % for 1:1 face recognition applications (cf.
ISO/IEC 39794-5:2019, Annex D). Further on, the inter-eye distance (IED) should be of
at least 90 pixels and the pixel density shall be nearly identical in horizontal and vertical
orientation. Hedberg (2020) shows that most face recognition algorithms are relatively
unaffected by higher pixel aspect ratios. However, for face recognition algorithms, high
successful detection rates for faces at a pixel aspect ratio over £10 % are only possible
if a controlled reference is provided (Sun 2014, pp. 99i 103, cited in Hedberg 2020).
Next to face recognition, 3D cameras may be used for presentation attack detection
(PAD). A selection of possible face presentation attacks is shown in Figure 3-1. It can be
expected that new presentation attack methods will always emerge. To enhance the
effectiveness of facial PAD, multi-channel methods that use additional information like
depth or infrared images are used. They prove to be effective against impostors and their
presentation attacks by enhancing single-channel methods. (cf. George and Marcel
2023, p. 262)

11
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GENUINE

ATTACKS

VIDEO

- DeepFakes
- Make-up
- Surgery
e
3D MASK OTHERS

Figure 3-1 Examples of face presentation attacks. The left image shows a genuine user. The right
image shows presentation attacks that try to impose the genuine user by presenting a photo,
video or 3D mask to the sensor. (Hernandez-Ortega et al. 2023, p. 208)

To choose the necessary parameters for the characterization of 3D cameras for facial

biometric applications, a selection of PAD applications is chosen. Table 3-1 shows the

selected applications and their respective requirements for the camera.

Table 3-1 Selection of facial biometric applications for ToF cameras. Requirements marked with
an asterisk (*) are assumptions based on the requirements needed for 2D face recognition.

User Story Description Requirements

3D support Camera union: RGB camera is - Large measurement volume
used for face detection, a NIR ( Tor so of obj e
sensor for skin detection and a 3D other sensors captured)
ToF camera for verifying the other
sensorb6s area co

PAD light ToF camera is used to determine - Small measurement volume

whether an object exists in 3D or
is just an 2D artefact, e.g. photo or

video.

(face)

- Low resolution on face

PAD make-up

2D Face detection with an RGB

- Small measurement volume
(face)
- Higher resolution on face

- Low error in z

attack camera and ToF camera support.
2D landmarks shall be verified
with 3D point cloud.
2D Face detection with a ToF
camer ads NI R
landmarks shall be verified with
3D point cloud.

3D face Detailed identification of a person

recognition based on 3D point cloud. False

acceptance rates below 1:10,000

shall be achieved.
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Table 3-2 shows the functional and non-functional requirements derived from the
applications listed in Table 3-1. Preceding this work, generic metrics concerning the
characterization of measurement error in depth were developed by the author as part of
a masterds project. The metrics covered

and, if possible, adapted for other parameters.

Table 3-2 Functional and non-functional requirements for the characterization. Parameters
highlighted in green are already covered in the existing generic metrics. Parameters highlighted
in gray are covered in this work.

Required metrics Comment
T Number of points on the face Covered in resolution
§_ Measurement Trueness
ﬂgi error in Accuracy
X,y direction Precision
Resolution

Radial distortion

Measurement Trueness
error in Accuracy Already covered in the generic
z direction Precision characterization.

Surface Texture

Resolution
Timings Acquisition Time Already covered in the generic
characterization.
Depends on exposure time.
Latency Highly dependent on

programming language and

technical environment.

Surface related | Influence of angle

influence Influence of surface texture

Sharpness

Bottom measurement bound Covered and defined by

sharpness and exposure time

Over exposure /

Optimal exposure time

Dynamic Range intensity image
Covered in 1ISO 15739:2023

SNR intensity image
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Movement related influence (Motion blur)

pd
o
= | Interference of extraneous light Interference of indoor
c
a illumination, sun light, 50/60 Hz
S flicker, etc.
L
Self-heating Availability  dependent on
camera

Interference of other camera systems

Eye safety

While user story PAD light and PAD make-up attack do not rely on high accuracy in xy
direction -for PAD light it is sufficient to detect larger objects such as the overall shape
of an object and for PAD make-up attack only the IR image is used- high distortion and
low resolution may still affect the evaluation quality. Heavily distorted images, in IR or
3D, make it hard to detect even larger objects, while a low resolution results in blurry
images or missing landmarks. However, 3D face recognition requires overall high
accuracy, high resolution, low error and low distortion of the point cloud. Hence,
measurement error, distortion, resolution and sharpness are the basic parameters
needed to evaluate a camer aods fd. Nextdostlsesef or f aci
parameters, this work covers the influence of surface angle and remission on the
measurement error. As all four user stories capture the face, they may be influenced by
the skin® texture, reflectance and curvature.

Additional parameters, such as the influence of movement or extraneous light and the
interference by other camera systems, require a large variety of measurement set-ups
or human studies. Due to the limited time frame, this work does not cover those

parameters.
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4 Generic Characterization

This work aims to extend and specialize the previously developed metrics used for the
general characterization of 3D cameras. The metrics focus on two fields: The correctness
of measurement including systematic and statistic errors and the visual appearance
hence the depicted surface texture. The following chapters describe the measurement

set-up and the metrics with their definition and respective measurement procedure.

4.1 Measurement Set-up

Molton fabric
10 % reflectance

linear translation stage (LTS)

% reflectance

Figure 4-1 Measurement set-up. Left: Side view schematic of the set-up, depicted without the
curtains. Right: Picture of the set-up, taken from the back. The schematic is kindly provided by
Bastian Stahl.

The camera is mounted under a Linear Transfer System (LTS) which is attached to the
ceiling. The LTS can adjust the camera in z-position with the camera being the origin.
The white wall opposite the camera acts as the object. The other walls and the floor are
hidden behind black fabric with a low reflectance to reduce scattered light (see Appendix
A). Additionally, a laser distance meter measures the distance between the camera and

the wall.
4.1.1 Ground Truth and Measurement Error

With Time of Flight, the distance towards an object is determined by the time it takes the
light emitted from the camera to return to the camera after being reflected from the object.
Hence, a well reflecting target yields better measurement results (Eq. 2-9).

Simultaneously, scattered light, which returns to the camera after having travelled a
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longer distance, negatively affects the measurement. To improve the measurement
results, the target wall is painted in white with a reflectance of 90 %, whereas the other
surfaces are covered in a black molleton fabric with a reflectance of 10 % at the
wavelengths of 850 nm and 940 nm usually used by ToF cameras (Figure B-1, Table
6-1).

Additionally, to determine the ground truth, the Ilaboratory is measured
photogrammetrically. An approximately 2x2 m fracture of the wall is scanned by a

high-resolution laser scanner. The scanner is an ATOS Compact Scan 5m with a
resolution of 0.25 mm (Table A-2).

- 300
225
150
075
000
075
150

- E

Figure 4-2 Photogrammetric evaluation of the laboratory. Left: Reconstruction of the laboratory
with found target points (blue)andac amer aés vi ewpoint (green,
of the wall to a plane.

4.1.2 Camera Alignment

Assuming the target wall is perfectly planar and that a camera is positioned parallel to
the wall, the ground truth is defined by the normal ' and the distance between the
camera and the target. For aligning the camera, ten pictures are averaged pixelwise.
Afterwards four regions on the edges of the picture with a size of 10x10 pixels each are
averaged (Figure 4-3) . The camerabds orientation i
tip-tilt-rotation stage until all alignment fields show similar distance values.

For the ground truth, the distance measured with the laser distance sensor is used.
Depending on the camera and how it is mounted under the translation stage, there is an
offset between the distance meter and the camera. This offset is defined as the
difference between the mean depth measured by the camera and the laser distance

col ored

S

t hen

sensor s measur ement at t wo meters distance f
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Figure 4-3 Schematic of picture fields used to align the camera. The alignment fields are averaged
and displayed. The camera is then adjusted via the tip-tilt-rotation stage until the alignment fields
on opposite sites show similar values. (Bastian Stahl)

4.2 Metrics

The correctness of a measurement is dependent on random and systematic errors.
Systematic errors can be reduced by calibration. Random errors can be reduced with
post-processing filters and averaging. As there is a variety of filters which often cannot
only be switched off individually, but offer different filter settings as well, a single run
cannot characterize a camera thoroughly. To reduce the number of measurements and
to give a fair assessment, all cameras are assessed with their default settings as well as,

if possible, with all post-processing filters switched off.
4.2.1 Measurement Error in Depth

Within the generic metrics, the repeatability is given as the per-pixel standard deviation

of 100 frames obtained within a short period of time at the same position of the cameras

towards the wall. To give a better overview, the 90 % quantile of the repeatability per

position is determined as well. As this parameter is obtained at multiple pixel positions

and hence not under the exact same circumstances, it can no longer be called

repeatability, but is called precision instead.

For the systematicerror,t he trueness is determined as the d
value averaged over 100 frames and the | aser di
by the offset between camera and distance sensor.

In addition to precision and trueness, accuracy is also determined. The accuracy

describes the correctness of a single measurement and combines random and

systematic measurement errors. Herethed i f f er ence bet ween the | aser
measurement, corrected by the offset between ce¢

value is used.
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4.2.2 Surface Texture

The surface texture describes the flatness of a frame. While the measurement error in z-
direction is already covered in the previous metrics, those metrics are insensitive towards
patterns within the measurement error.

Usually, ToF cameras are not able to perfectly transfer from measured radial distance to
z-distance. The resulting measurement error i often called wiggling error (cf. Giancola
et al. 2018) i is dependent on the distance and creates circular patterns in the picture
(Figure 4-4, a), which might disturb object detection for example. For further information
about wiggling error and its sources, please refer to Giancola et al. (2018) or Texas

Instruments (2014). In active stereo cameras, systematic errors are caused by matching

errors. These errors form wave pattern in the measured depth (Figure 4-4, b).

Figure 4-4 Characteristic patterns in the point cloud. Left: Image of the ToF camera Basler
Blazel101. The visible circles are systematic measurement errors. Right: Image of the active
stereo camera Intel RealSense D455. Both point clouds show a plane at 2 m and are visualized
with CloudCompare.

In accordance with norm DIN EN ISO 25178-2:2012 the surface texture is evaluated by
determining the root-mean-square height of three surfaces:

- The primary surface (Figure 4-5, a): The captured surface minus the form
surface. In this case, the form surface is the wall which is assumed to be planar
and parallel to the camera. Hence the primary surface is retrieved by subtracting
the distance to the wall from the captured surface.

- The waviness surface (Figure 4-5, b): The low pass filtered primary surface.

- The roughness surface (Figure 4-5, c): The high pass filtered primary surface.
Usually, this surface depicts the noise of a surface. To save computational
resources, the roughness surface can be retrieved by subtracting the waviness

surface from the primary surface.
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a b C

Figure 4-5 Schematic of primary, waviness and roughness surface. The waviness surface (b) is
obtained by applying a low-pass filter to the primary surface (a), the roughness surface (c) by
subtracting the waviness surface from the primary surface.

The root mean square height (RMS)) is then calculated with equation 4-1 for all three
surfaces (Norm DIN EN ISO 25178-2:2012):

v P
o

a dQOQ® 4-1
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5 Extension of the Generic Metrics

To thoroughly characterize ToF cameras and evaluate them in respect to their suitability
for facial biometric applications, the generic metrics are extended by the parameters
determined in the system requirements (Ch. 3).

While the parameters are technically independent of each other, the distortion must be
measured with the target in focus while also needing a target large enough to cover the
entire image. This makes it necessary to find the smallest distance at which the camera
is in focus. Hence sharpness and resolution are evaluated first, followed by the distortion
and the measurement error in x and y which use the same checkerboard target. Lastly,
the influence of target remission and angle is evaluated.

5.1 Sharpness and Resolution

=13

camera system, to (5®aA2383L02YPi cture detail o

Resolution [is the] measure of the ability

of

Ailn the general case, the resolution determines

contrasting neighbouring features (objects) (cf. ISO/TS 19159-2:2016, p. 7)

For two-dimensional cameras, metrics for sharpness and resolution are specified in ISO
12233:2023. Essentially, the norm differentiates between visual resolution and the
spatial frequency response as a non-visual metric for sharpness and resolution. While
the latter simply describes the decrease of contrast over the frequencies present in an
image, the former describes the frequency at which the contrast has decreased to a level
where it is no longer visually resolved. It must be noted that whether an object is visually
resolvable is dependent on the observer of an image.

For remote sensing, an imagery sensor® (f. ex. LIDAR sensors) resolution may either
refer to the imagery resolution or the sensor resolution. The sensor resolution describes
the fAsmall est difference between indic
di st i nglS0/BSH@189%2:2016, p. 8), which corresponds to the pixel size and the

technically best possible resolution (Eg. 5-1). The sensor resolution can be determined

with the camerads fi el d ofandis directly felat€dvg thea n d

distance ‘Q between camera and object (Eq. 5-2). Depending on sensor size and FOV
the vertical and horizontal sensor resolution may differ, resulting in a non-uniform pixel

density.
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1 Qi T T AN Ouw 5-1
i Qe ii €Qa Q
i Qi OANl Qi tQ 5-2
The imagery resolution,onthec ont r ar vy, describes the wdsmal
uni formly illuminated objects that (I80dTi®5 be

19159-2:2016, p. 7) which corresponds to the visual resolution mentioned in ISO
12233:2023. The imagery resolution is expected to be higher in value or worse than the
sensor resolution. Both types of resolution can be given in the form of angular resolution
or lateral resolution. While the angular resolution describes the field of view captured by
a single pixel, the lateral resolution describes the actual distance captured by a pixel and
is dependent on the distance to the object.

The best lateral resolution is reached at a minimal distance. The camera should be as
close as possible to the object. Given a head of about 20 cm in diameter and a camera
with a FOV of 67°x51°, the camera should be positioned at about 18 cm distance for the

face to cover 80 % of the image (see Eq. 5-3).
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In practice, most ToF camera lenses are focused to infinity and might blur the image at
small distances. For the characterization the minimum distance required to measure
sharp images and the minimum object size that is resolvable with the camera should be

evaluated.
5.1.1 Literature Review

As of March 2024, there are no norms concerning measurement methods for resolution
or sharpness for ToF or active stereo cameras specifically. Likewise, the norm
concerning the calibration and validation of LIDAR sensors, ISO/TS 19159-2:2016, does
not cover the characterization of resolution or sharpness and is thus not applicable.
The norm ISO 12233:2023 defines the evaluation of sharpness and resolution for 2D
electronic still picture cameras. The norm offers two methods to measure the spatial
frequency response (SFR) as a non-visual metric for resolution and sharpness of a
system: The edge-based SFR, measured with a slanted edge target (Figure 5-1, b), and
the sinewave-based SFR, measured with a Siemens star (Figure 5-1, a). The sinewave-
based method was added for cameras with in-camera edge detection algorithms that
lead to ill-behaved results with the slanted edge method (cf. ISO 12233:2023, p. VII).
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Figure 5-1 Test charts for spatial frequency response. Left: Siemens star for the sinewave-based
SFR. Right: Test chart for the edge-based SFR. For the SFR measurement a region of interest
around a single slanted edge is used. (ISO 12233:2023)

In 2019 Bostan et al. show the applicability of the slanted-edge method for a system of
lenses integrated in a robotic vision system. Although the slanted-edge method is not
able to replace proper calibration with precision charts, it offers a simple on-the-fly
method for characterizing the entire lens system. Nevertheless, Bostan et al. state that
to yield reliable results, contrast and sharpness functions must be turned off and the
edge must be of sufficient smoothness. In 2021 Kettelgardes et al. use the slanted edge
method to analyze the temperature induced defocus of a pmd pico Monstar ToF camera.
For this multiple slanted edge targets are positioned at 0.3 and 1 m distance to the
camera and the measured SFR50 value is analyzed as a metric of sharpness.

While the preceded methods feature the slanted edge in the 2D image of the camera,
Goesele et al. (2003) propose a slanted edge method based on the depth data for 3D
scanners. A slanted corner of a cube is captured and its edge profile is compared to an
ideal 90° corner to evaluate the resolution. An entirely different approach is proposed by
Langmann et al. (2012) which uses a three-dimensional Siemens star, developed in 2003
by Bohler et al. for the resolution evaluation of 3D scanners. Langmann et al. uses this
so-called Bohlerstar to measure the visual resolution of a structured light and a ToF
camera by manually evaluating the size of the ambiguous circle in the middle of the star
(Figure 5-2). In 2021 Song extended the study with the evaluation of five ToF cameras
as part of a master thesis with the results being republished in Paredes et al. (2023). The
measurements indicate that most of the cameras show an imagery resolution more than
twice as high as their respective sensor resolution, while also keeping stable values for

the angular resolution throughout the entire measurement range.
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Figure 5-2 Image and evaluation of the Bohler star used in Song (2021). In the evaluation (b) the
size of the ambiguous circle is dependent on the color resolution used to color the depth map and
the observer. (Song 2021)

Table 5-1 Comparison of evaluation methods for resolution and sharpness

Method eSFR Bohlerstar 3D MTF

Parameter Sharpness & Resolution of depth Resolution of depth
resolution of 2D map map (approximated
image (resolution of point  resolution of point

cloud possible) cloud)

Target Slanted edge Bohlerstar Edge profile

Criteria Change of Target shape Sharpness of edge
brightness

Metric defined Yes Yes No

Obijective Yes No Yes

(Independent of

observer)

Evaluation over Yes Yes Not tested

distance

Tested on ToF Partially Yes no

cameras

Orientation Single Multiple Single

Table 5-1 compares the available evaluation methods. Overall, the methods applicable
on 3D data focus on the determination of the resolution and are either not tested, see
Goesele et al. (2003), or not suitable, see the Bohler star method proposed by Langmann
et al. (2012), for the evaluation of sharpness over distance. Due to this, the slanted-edge

method will be implemented to evaluate the sharpness over distance, the minimum
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distance required to measure sharp images and the resolution of the intensity image. To
evaluate the resolution of the point cloud, the Bohlerstar method is used. Although the
method is not objective due to the manual evaluation, it offers a defined metric,
evaluation in all orientations at the same time and the potential to be directly applied to
the point cloud. The evaluation of the 3D edge profile, on the contrary, relies on the depth
map and does not offer a summarizing metric yet. Moreover, of the two 3D methods for
resolution, only the Bohlerstar method has been applied on ToF cameras. To ensure
objective evaluation the method is modified accordingly.

5.1.2 Sharpness and Resolution of the Intensity Image

Sharpness is most easily visible in how edges are depicted. In a perfectly sharp image,
the contrast between two neighboring pixels perpendicular to the edge is maximal. The
lower the contrast of the neighboring pixels, the wider and blurrier the edge appears.
This phenomenon is used by the slanted-edge method to determine the frequency
response of a camera. An edge is captured and the contrast between neighboring pixels
perpendicular to the edge is evaluated. ISO 12233:2023 defines the slanted edge
method for 2D still picture imaging. The norm features a Matlab implementation to
evaluate the edge which is translated to python and applied in this work as well.
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Figure 5-3 Slanted-edge method. The edge spread function is the intensity sampled perpendicular
to the edge. The ESFO&6s derivative, the Iline
domain (eSFR). Top row: Image taken with a digital black and white camera at 5 cm distance to
thetargett The camer ad6s object distance i s skottomtroa:
A simulated perfect edge with 640 x 640 pixels.

To extract the edge-based spatial frequency response (eSFR) of a system, the slanted
edge is detected within the image (Figure 5-3, a/e) and fitted with a linear or polynomial
fit of the 5" degree. Afterwards, the intensity is sampled perpendicularly to the slanted
edge. Values within %, of a pixel are averaged parallel to the edge to receive the 4x

super-sampled edge spread function (Figure 5-3, b/f). The derivative of the edge spread
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function, the line spread function (Figure 5-3, c/g), is then transferred into the frequency
domain with a discrete Fourier transform (DFT) and normalized to the DC component.
Although the original data is 4x super-sampled, for the eSFR the sampling interval is
corrected and the maximum frequency found in the spatial frequency remains at
1 cycle / pixel. Values above 0.5 cycles / pixel should not be considered due to possible
aliasing. As the intensity levels parallel to the edge are averaged, it is important to have
homogeneous illumination. In the best case, the only change in the edge spread function
is due to the edge itself. All frequency components in the eSFR apart from the DC
component are then related to the steepness of the edge. Without homogenous
illumination, there might be bends or bumps in the edge spread function (Figure 5-3, b),
which result in additional higher frequency components that are not related to the edge.
If the DC component decreases as well, the eSFR is no longer normalized correctly.
Likewise, non-linear processing, such as edge sharpening or gamma correction, affects
the steepness of the edge and results in incorrect measurements. (cf. ISO 12233:2023,
pp. 111 13)

Besides non-linear processing of the image, signal clipping due to over- or
underexposure of the image may influence the eSFR: If the image is subject to clipping
the edge may be cut off which leads to faulty high frequency components in the eSFR.
As the name suggests, clipping leads to the signal being cut-off if it reaches higher or
lower values than a certain threshold. Often the intensity value is limited by the minimum
or maximum value of its respective storage size: For example, an intensity value stored
in a 16-Bit unsigned integer can neither be lower than 0 nor higher than 65535.
Depending on the implementation, some cameras may not use their storage type fully.
If a camera implements a 12-Bit analog-digital converter the measured intensity may still
be stored in a 16-Bit integer. Hence, checking for clipping with the storage type limits is
not an option. Nevertheless, if a signal is clipped it no longer shows statistical errors but
always the upper or lower limit. In regions of clipping the signa | 6 s d ewhichvisaltei v e,
signal 6s rate of cLbnger peeigds of eeros in the ESE éindiaate
clipping.

Next to suitable illumination, clipping may be inhibited by choosing the right target
reflectance ratio. According to ISO 12233:2023, the test pattern should have a
reflectance ratio between 4:1 and 10:1. While higher ratios offer more stability against
noise it is also more likely to be influenced by clipping due to over- or underexposure or
non-linear signal processing. For ToF cameras the slanted edge method is applied upon
the equally two-dimensional amplitude image. Consequently, the reflectance ratio of a

possible target should be met not only in the visual spectrum 1 which is measured by
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active stereo cameras 1 but also in the near infrared spectrum used by ToF cameras.
Additionally, as ToF cameras have an active light source, the illumination of the target
decreases quadratically with the distance (cf. Beyerer et al. 2012, p. 367). This leads to
overexposure for white and close-by targets and to underexposure for black and far-
away targets. Furthermore, corner pixels are usually illuminated less than those in the
center. As the illumination radiates radially, corner pixels experience longer distances
when capturing a flat surface. To ensure stable edge detection, the contrast of the edge
must be above the decrease of illumination within the image. Additionally, the target must
be large enough to cover a sufficient number of pixels, specifically 100 to 400 pixels (ISO
12233:2023, p. 12), even at larger distances to the target.

As a summarizing metric for the slanted edge evaluation, the 1SO 12233:2023 proposes
the use of the frequency values where the eSFR drops to 0.1 (SFR10) or 0.5 (SFR50)
respectively. In sharp images the cut-off frequency of the eSFR is shifted to a higher
frequency and both SFR10 and SFR50 values are higher. If the slanted edge is
repeatedly evaluated over increasing distances, the distance of highest focus is visible
as the maximum in SFR10 and SFR50.
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Figure 5-4 SFR10 and SFR50 values measured with the IDS camera. Measurements were taken
every 1 cm with an aperture of 1.4 (a) and 8 (b) while the camera was focused at about 150 mm
object distance. The expected field of depth is shown in grey.

Figure 5-4 shows the SFR10 and SFR50 values over distance measured with an IDS
black and white camera of type UL-324xLE-M with a focal length of 8 mm. With an object
distance of around 15 cm and a pixel pitch of 5.3 um as accepted diameter for the circle
of confusion, the depth of field is approximately between 14.8 and 15.3 cm for an
aperture of 2 and between 13.7 and 16.5 cm for an aperture of 8 (Eq. 2-5). Although in
Figure 5-4 the field of depth appears smaller than expected, the plateau width of the
maxima increases with the aperture6 Enumber as expected and the object distance can

be safely found.
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One of the reasons for the divergence between the expected and found field of depth
might be the nature of equation 2-5 and. Another reason may be the SFR10 and SFR50
values itself. Specific eSFR parameters might prove unstable for the following reasons:

1 Noise: Noise leads to additional high frequency components. This may shift the
SFR10 value to the right.

1 Inhomogeneous illumination: Bumps in the ESF may lead to a lower DC
component in the eSFR. This influences the normalization and with it the
frequencies of specific SFR values.

1 Sample length: The frequency response of a signal consists of an infinite amount
of frequency components. However, if the frequency response is determined
with the DFT only a discrete number of frequencies is shown with the resolution
being the sampling frequency, here a single pixel, divided by the sample length.
With low sample lengths and consequently low resolution, the frequency where
the eSFR is below a certain level may be a lot higher than anticipated.

Noise can be decreased by applying the algorithm to an image averaged over time. The
other issues can be addressed by using the MTFarea proposed by Imatest (2024)
instead of specific SFR values. In contrast to the eSFR10 or eSFR50 value, the MTFarea
is the integrated area below the spatial frequency response and is more stable against
noise and slight changes in the intensity levels while also summarizing all specific SFR
values. However, the MTFarea as proposed by Imatest (2024) is still dependent on the
sample length. This dependency is problematic at large distances to the target as the
area of the image covered by the target decreases and with it the sample length. Dividing
the MTFarea, in this case called the SFRarea, by the DFT length solves this issue.

For the characterization, the 3D cameras are evaluated over the entire length of the
linear translation stage and all three metrics i eSFR10, eSFR50 and SFRarea i are
reported over the distance. It is expected that all three metrics will show similar trends
with the maximum of all three being at the distance where the target is in focus. Should
the SFRarea prove reliable, the report can be reduced to only the SFRarea. To ensure
reliability and repeatability, the target is assessed horizontally and vertically. Additionally,
100 frames i analogous to the generic metrics - are averaged pixel-wise at each position
to reduce noise in the intensity values. As the slanted-edge method relies on
homogenous illumination, ISO 12233:2023 requires the illuminance of the chart to be
within £10 % of the illuminance in the middle of the target. For passive cameras, such
as stereo cameras, two lamps with diffusive radiation positioned at 45° to the target are
used to ensure homogenous illumination. For active cameras, like ToF cameras, this is

not an option. Instead, a white sheet of paper is attached in front of the slanted edge
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target and captured at the same distance as the slanted edge. Afterwards, the intensities
captured with the slanted edge target are normalized pixel wise with the white balance
values. Additionally, for all cameras post-processing filters and, if possible, gamma
correction are switched off. This is especially important as some cameras use spatial
filters which average pixels with their neighboring pixels and visually decrease the
sharpness.

5.1.3 Resolution of the Point Cloud

While the eSFR describes the change of contrast over frequencies in an image,

resolution is a single frequency parameter at which the contrast drops to a value lower

than visually detectable. The ISO 12233:2023 standard, which defines the slanted edge

method used in 0, proposes the iISFR10 frequency value [ € ds the summary resolution

metric, as |l ong as it is cdJdx1R233:2028tp. 1NiABh t he vi
the methods described in 0 only apply to the 2D intensity image, the determined

resolution applies only to the intensity image as well.

As ToF cameras determine the depth with the phase offset between send and received

signal (Eg. 2-7) and active stereo cameras triangulate the depth with two images of a

point (Eq. 2-10), intensity and depth does not necessarily behave identically. In ToF

cameras the determined depth is influenced by multi-path interference, phase noise or

flying pixels, while mismatch of points influences the active stereo cameras most.

Consequently, the imagery resolution of the depth map or point cloud differs from the

resolution of the intensity image and will be most likely worse.

In general, the resolution describes the ability to distinguish between two contrasting

features or objects (cf. ISO/TS 19159-2:2016, p. 7). In a Bohlerstar these contrasting

features are the segments of the star. A segment might be either part of the star or a

hole of the star (Figure 5-5). If the resolution is below or equals the width of a single

segment, the Bohlerstar can be depicted correctly. As a segmeincteédses wi dt h
with radius, the smallest radius i at which the Bohlerstar6 s s egment s are distin
determines the c &mddafdlsangmanseal &l.L2012, p.M40). If the
camerads resolution is allflheese¢edmemtid@dd hdiodt aan csee
either the targetd s d i ,shie bankgreundd d i sot aamixtuee of both.

i
ol — 5.4
0]

“

To determine the smallestradiusat whi ch t he st «lldsthgushaldement s ar
Langmann et al. (2012) manually fit a circle into the colored depth map of the star (Figure

5-2). Due to the manual definition of the ambiguous circle the resulting metric is
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dependent on the resolution and color of the chosen colormap, the observer and his or
her individual color perception. This makes the method subjective and open for potential
measurement errors. For example, Song (2021, p. 51) determines an imagery resolution
of about 0.98° for the Helio2 ToF camera, which is below the
of 0.108A. Either the c indoatedidthe dat@Meet orsthe
measured resolution is erroneous.

To ensure objectivity, the Bohlerstar shall be evaluated
automatically. Before analyzing the number of segments
per radius, inliers and outliers of the star must be defined.
The performance evaluation done by Song (2021) and
Paredes et al. (2023) reveals a typical trueness?! for ToF

cameras of below 10 mm for a measurement range of up

to 3 m. This conclusion is supported by the evaluation
. . . . ) Figure 5-5 Schematic of
done with the generic metrics (cf. Appendix D). As a first  gghler star with 24
proposal points lying within twice the typical trueness Eigmsi?ri'rASpeagglegtfmltghhef
(x20 mm, Appendix D) to the target in depth are physical star or a slot in the
considered inliers. Points lying further away than this star.
threshold are considered outliers. To reduce potential additional errors due to noise, the
automated evaluation is applied to an average of 100 frames. Moreover, the automated
evaluation will be applied to the point cloud instead of the depth map.
Essentially, the method can be applied to the depth map or the point cloud. While the
depth map ensures an even distribution of background and foreground pixels in the star,
it may also be subject to distortion. Depending on the pixel aspect ratio of the sensor,
the star may appear distorted for the observer. Although this distortion can be corrected
internally, the visual and the determined resolution may differ which leads to
misinterpretation. Therefore, the evaluation will be applied on the point clouds instead of
the depth map.
Neverthel ess, the point cloudds pixel
rather depends on the object. Depending on the distance of the background and the
viewing angle, points lying in the slots of the star might have larger x- and y-coordinates
than their respective neighbors. When sorting the points into radii, there might be no
background data for a certain radius. To ensure stable behavior, the number of

distinguishable segments is determined with the inlying points only. To ensure enough

1 Paredes et al. (2023) call the mean measurement error of multiple depth frames accuracy
instead of trueness. This does not comply to the terminology defined in ISO norm 5725-2:1994,
which is applied in this work. For a better understanding, the name is modified here.
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inlying points per radius, multiple circles may be evaluated at once. As a first proposal

the circle width shall be 2 mm.

In detail the evaluation employs of the following steps:

300
200 4

100 4

=100 -

=200 4

=300

Figure 5-6 Bohlerstar evaluation.Every pointdéds distance to the

1.

Relative depth

Determine midpoint of the star. If the target is properly aligned to the camera the
midpoint should be in the center of the image.
Set all points further away than £20 mm from the Bohlerstar target to zero.
Determine the distance of every point to the midpoint and the corresponding
angle to the x-axis.
Sort data by distance into circles of 1 mm width (Figure 5-6, a). Depending on the
binning factor multiple distances are sorted into the same circle.
Sort data within a circle by angle.
Determine the number of clusters (Figure 5-6, c¢) within a circle and within
segments (Figure 5-6, b) of the circle. The clustering threshold equals the
segment size (cf. eq. 5-1).
Report the number of clusters for the entire circle, for horizontal and for vertical
segments per radius.
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the points are sorted into circles (a). The circles are then separated by angle in horizontal and
vertical segments (b). For the entire star and the orientational segments the number of segments
per radius is determined by clustering the points (c). The clustering only uses the inlying points of
the star, which are set to one.

Inspired by ISO 12233:2023 which requires the resolution to be determined at least in

horizontal, vertical and £45° direction (1ISO 12233:2023) and the sensor resolution being
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(usually) different in horizontal and vertical direction, the imagery resolution will be
evaluated in horizontal and vertical direction as well (Figure 5-6, b). As a summarizing
metric, the determined lateral resolution is transferred into angular resolution to be

independent of the distance (Eg. 5-2).

5.2 Distortion

ifGeometric distortion [is the] di spl acement from
on a plane parallel to the i (BDd&50R018ne) in the re

Geometric distortion is a form of optical aberration caused by varying magnification in
the image field of symmetric cylindrical lenses. The magnification changes monotonously
from the center of a frame to its edges leading to a radial distortion. This distortion can
be approximated by the following equation (Jahne 2012, p. 97). (cf. ISO 17850:2015,

p- 1)
W

In equation 5-5, wdescribes the undistorted position and @ the distorted position of a

[ 5-5

feature in form of distance from the center of the image. Depending on Q the pixel
position w of a feature either moves outward or inward from the center of the image. If
the magnification decreases monotonously (Figure 5-7, b), the distortion is called barrel
or negative distortion. If the magnification increases (Figure 5-7, a), there is pincushion
or positive distortion present. (cf. ISO 17850:2015, V-1)
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Figure 5-7 Comparison of distortion types. a) Pincushion distortion, b) barrel distortion and c) a
mixture of both types. (WolfWings 2008)

Measurement methods and metrics for geometric distortion in 2D electronic cameras are
specified in ISO 17850:2015 and in EBU Tech. 3249-E (EBU Tech. 3249-E), which 1SO
17850:2015 is based upon. In1SO 17850:2015 the geometric line distortion is measured
with a regular grid target and the maximum bending of the grid, thus the bending at the

edge of the image, is reported. A schematic of the measurement is visible in Figure 5-8.
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Picture height distortion = : !

H = height of final image

. —

Figure 5-8 Measurement of the picture height distortion. Positive values refer to pincushion
distortion, while negative values refer to barrel distortion. (EBU Tech. 3249-E)

As of March 2024, there are neither norms nor papers covering the characterization of
radial distortion in 3D cameras. Nevertheless, as distortion is mainly dependent on the
lens, the standard method for distortion correction in ToF cameras is the same as for 2D
cameras: A checkerboard target is captured at different angles (cf. Lindner et al. 2010).
Due to this, the measurement methods for 2D cameras proposed in ISO 17850:2015
and in EBU Tech. 3249-E (EBU Tech. 3249-E) will be applied to the 3D cameras as well.
Next to radial distortion, linear distortion appears if the pixel aspect ratio is unequal one.
The pixel aspect ratio descri bes . Thdpixelsizel ati on ¢
can be determined with Equation 5-1. For example, a pixel aspect ratio of 1:2 indicates,
that a pixelbs width is half its height. Nevert
shaped, no matter their pixel aspect ratio. For a pixel aspect ratio larger than one, objects
appear minimized in height. As the pixel aspect ratio only depends on sensor size and

FOV it can be determined without additional measurements.
5.2.1 Measurement Procedure

In TOF cameras, data is presented in two ways: A matrix containing either intensity, X, y
or z-data shaped like the sensor or the point cloud which positions the z-data with its
respective x and y values (cf. 2.1.2). Both presentations may show radial distortion and
need to be evaluated. Essentially, the intensity data in sensor shape represents a
standard 2D image and the distortion can be evaluated by the metrics proposed by 1ISO
17850:2015.

To measure the distortion in accordance with 1ISO 17850:2015, a grid-like pattern is
captured. As the pattern is bent by the lens, the distortion is visible in form of the
misplacement of the corners in the grid (Figure 5-9). The maximal misplacement, visible

at the edges of the image is reported. For the point cloud, the metrics need to be adapted
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as the data is no longer uniformly sampled and standard 2D image detection algorithms
cannot be applied. Nevertheless, the pixel position of a corner found in the intensity
image stays the same for all other data. Hence, accessing the point cloud data of a
corner via the pixel position offers a distortion evaluation of the point cloud. Furthermore,
standard 2D targets can be used for the evaluation of the 2D intensity data and the point
cloud. This is especially important, as a three-dimensional grid or checkerboard might
cause measurement errors due to multipath interference and shadows in the corners or

flying pixels at the edges.
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Figure 5-9 Grid target and its distortion by a camera lens. The solid lines show the regular grid,
while the red diamonds mark the intersections or corners in the captured image. (ISO 17850:2015,

p. 3)

ISO 17850:2015 proposes the use of either a grid target or a dot target. While the camera
can only detect sufficiently large grid lines or dots, once a corner is larger than a single
pixel, the algorithm cannot unambiguously detect the pixel position of a corner.
Especially when testing cameras with very different resolutions, this might be an issue:
On one hand, the pattern must be large enough to be detectable by the camera with the
lowest resolution. On the other hand, for the camera with the highest resolution the
pattern should be still sufficiently thin for unambiguous corner detection. This issue is
solved by using a checkerboard target instead. In a checkerboard the corners between
the tiles are technically infinitely small, while the pattern itself can be detected even with
low resolution cameras due to the different brightness of the tiles. To determine the
distortion, a two-dimensional checkerboard is used as the target. As the distortion
increases to the edges of the image, an image must be fully covered by the target to
determine the maximum distortion (cf. Figure 5-8). Likewise, the checkerboard should
be captured at the distance of highest focus. This is necessary to minimize

mispositioning of the found checkerboard corners due to blurry images. If there are
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multiple distances with high focus, the smallest distance is chosen to ensure a sufficient
size of the checkerboard squares while keeping the target itself small.

The corners in the intensity image are detected with open-source algorithms provided by
the python library Opencv. Once the pixel index of a corner is known, its respective 3D
data can be accessed as well (see pcd file format in 2.3.3). To determine the distortion
the corners positions are matched to the position they should occupy (Figure 5-10). This
is done by choosing the corner closest to the center and constructing an evenly spaced
grid around it. For the point cloud the real-life tile size is used. For the intensity data the
pixel size of a tile is determined by the size of the checkerboard tiles and the sensor
resolution (see Eqg. 5-2). In a distortion free system, all pixels would have the same
resolution, namely the sensor resolution. Consequently, this resolution is used to
estimate the expected position for a corner. It must be noted that the correctness of the
estimation is highly dependent on the correctn
given FOV and the measured distance to the target. In accordance to EBU Tech. 3249-
E, the maximum difference between found and estimated corner position given in percent
of the image length is used as the resulting metric. The difference is reported in height
and width for the intensity and the 3D point cloud individually. To reduce the influence of

noise, the method is applied to an average of 100 frames.

3D data

2550 0081 @ 'S . P F) e

Figure 5-10 Distortion characterization. The expected corners are estimated with the resolution
and the checkerboard square size. While the intensity data (left) shows a mixture of barrel and
pincushion distortion, the point cloud (right) appears to be corrected well. The image was captured
with a pmd picoflexx.
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5.2.2 Measurement Error

To evaluate the systematic measurement error, the characterization method is applied
to an undistorted image (Figure 5-11). Depending on the algorithm used, the positions
of found corners are given by their pixel or subpixel position within the image. If the
corners are given by their subpixel position, they are rounded to integer values to access
the point cloud at the same pixel position of the image. Due to rounding, either as part of
the detection algorithm or afterwards, there is a systematic measurement error of up to
half a pixel. For VGA cameras with a standard image size of 640 x 480 pixel, this
misplacement error leads to an error of around 0,08 % in width and 0,1 % in height. In
the point cloud, which is addressed with the same indexes, the misplacement error leads

to a systematic measurement error of half the sensor resolution.

Intensity
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Figure 5-11 Distortion characterization applied to an undistorted image. Left: The intensity image
features a perfect checkerboard. As the found corners are positioned exactly below the expected
corners, the checkerboard algorithm works as anticipated. Right: In the corresponding point cloud,
all points share the same z-coordinate and are distributed evenly.

On top of the systematic measurement errors, statistical errors influence the
measurement. Due to the reflected amplitude being lower on the dark tiles, pixels
depicting dark tiles will show more noise than their white counterparts (Eq. 2-8). While
this noise will not affect the corner detection, as the contrast between white and black
tiles is higher, it affects the point cloud data in all three axes (Eq. 2-1 to 2-3). Next to
noise induced by the tile color, the noise levels also differ within an image due to different
intensity levels. The camera can be approximated as a point source (cf. Figure 2-1).
Pixels at the edge of the sensor capture lower intensity due to longer distances, which
leads to higher noise (Eq. 2-9). Even if the center corner is not affected and the grid is
thus constructed correctly, other corners may still be misplaced. As the metric
determines the maximum distance between the found corner position and the expected
corner position, the determined value for the distortion may prove unreliable if high noise

is present.
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5.3 Measurement Error in x and y Coordinates

To determine the systematic measurement error a measured value is compared to its
ground truth. In the generic metrics the systematic measurement error in z direction is
evaluated by comparing the distance between camera and white wall to the distance
measured by the camera. To evaluate the systematic measurement error in x and y
direction the ground truth must be parallel to the camera. Although any flat three-
dimensional object of known length would be suitable, the edges of the object may lead
to additional errors in form of flying pixels or multipath interference. Instead, the two-
dimensional checkerboard used for the distortion is suited perfectly as it offers multiple
tiles of known distance while featuring a flat surface. Analogous to the evaluation of
distortion, the checkerboard target must cover the entire image to ensure that not only
the pixels in the center are evaluated. The corners are then detected with the algorithm
described in 5.2.1 and the measured distance between two corners is compared to the
tile size. To evaluate the trueness, the algorithm is applied to an average of 100 frames.
To evaluate the accuracy, the algorithm is applied to a single frame. The 90 % quantile
of all pixels and the median is reported. This is inspired by the generic metrics where the
90 % quantile has proven to be sufficiently stable against outliers, while the median offers
information on the typical error to expect.

Although the checkerboard target offers the evaluation of multiple parts of the image
simultaneously, only a part of the image is evaluated. Moreover, as noise is dependent
on the target reflectivity (cf. eq. 2-8) pixels that capture dark tiles will show higher noise.
To ensure target area independence and to assess all pixels, the statistical measurement
errors in X and y are evaluated with the white wall as the target just like in the generic
metrics. Analogous to the generic metrics, the repeatability describes the standard
deviation of a single pixelds x andThegg coor di
repeatability is evaluated for the center pixel over the entire measurement range (Figure
5-12) and the maximum value is reported. The precision summarizes the standard
deviation of multiple pixels in form of the 90 % quantile and its value at 2 m distance is

reported.
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Figure 5-12 Repeatability and precision in x of the Basler Blaze101. The repeatability per pixel of
the x-coordinate is shown in blue to purple. Brighter colors indicate that multiple pixels share a
certain value. The precision as the 90 % quantile of the repeatability of all pixels at a single
position is shown in black. If less than 90 % of the pixels are valid, the 90 % quantile is only given
for the remaining valid pixels and shown in dashed lines.

5.4 Influence of Target Remission and Angle

Since the measurement error of ToF cameras is directly related to the amount of received
light, it is expected that a larger angle between target and camera or a target with lower
reflection will result in less received light and hence yield a higher measurement error.
This might prove problematic when it comes to measuring faces. A face poses a
multitude of different reflection angles, especially near 70° angles around the nose and
the cheeks (Figure 5-13), which might influence the measurement.

Addi ti y, the ski
there are studies covering the influence of different colors, textures and target reflectivity

onal l nés rmadtbeeandidaredc Adthopgh
on measurement error (cf. Jha et al. 2020, He et al. 2017, Bohler et al. 2003), none cover

the influence of skin or skin-like materials.

-0.10 —0.05 0.00 0.05 0.10 0 10 20 30 40 50 60 70 80 20
Angle in *

-0.25 -0.20 -0.15

Figure 5-13 Angles in a human face. Heatmap (left) and histogram (right) of the angles between
surface normal and z-axis in an exemplary face mask.
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5.4.1 Measurement Set-up

To characterize the usability of a camera for face images, the influence of different target
materials and different angles on the repeatability and trueness of a measurement is
evaluated. To mimic skin, collagen film, Gelafix and silicone are used. Their properties
are listed in Table 5-2. Usually, silicone and Gelafix have specular surfaces. To create a
diffuse surface, silicone is poured into a cast lined with sandpaper of grade 120. In the
case of Gelafix, the material is heated up as well and then pressed onto the same
sandpaper. Additionally, black molleton fabric and white PTFE are used as a worst-case
and best-case reference for the ToF camera. With its high reflectance and homogenous
properties, it is expected that PTFE yields the least measurement error. Analogous,
molleton is expected to yield the highest measurement error due to its low reflectance.
On the contrary, due to its homogenous surface, PTFE might prove difficult to measure
for the active stereo camera and will result in high measurement error.

Table 5-2 Target materials to measure the influence of target remission.

Material Composition Manufacturer Properties

Silicone DragonSkin 30 KauPo (silicone) Used for hyper-realistic face
silicone with FuseFx (pigments) masks (Sanders et al.
pigments 2019); Resembles skin in

visual color, structure and
properties (Xu et al. 2023)
Gelafix Mainly Glycerin, Kryolan Similar density, stiffness
(neutral) Water, Gelatin and frictional behavior as
skin; ability to absorb water
(Dabrowska et al. 2017)
Collagen | COFFI collagen film  Viscofan Resembles skin in structure
and properties; used in skin
tissue engineering;
endogenous fibrous protein
(Xu et al. 2023)

PTFE Polytetrafluorethylen - High diffuse reflectance in
(Teflon) NIR spectrum (Figure B-3)
Molleton Cotton - Low reflectance in NIR

spectrum (Figure B-3)
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The targets are positioned in front of the camera, which is then tilted in 10° steps
from -80° to 80° (Figure 5-14). For each position 100 frames are taken and the center
pixel is evaluated. On one side, this is done due to the limited size of the target. On the
other side, if the camera is not perpendicular to the target, the distance between camera
and target is not constant. For the repeatability, the standard deviation of the frames at
a certain position is evaluated. For the trueness, the average is compared to the average
measured at 0° with the same target.

Target

Adjustabl
table

A

Figure 5-14 Measurement set-up for the influence of target remission and angle. The camera is
mounted on the robot and circles the target in 10° steps.

5.4.2 Systematic Measurement Error

The measurement described in the preceding chapter, see Figure 5-14, relies on the
alignment of the camera to the robot axis and on the exact positioning of the target in the
middle of the circle traversed by the robot. The effect of misalignment, of either target or
camera, on the distance measured by the camera, is visible in Figure 5-15. If the target
is not positioned in the center of the circle, but 2 cm below, the distance measured at 80°
increases by approximately 20 c¢m. I n th
with the robot axis. This means, that at an angle of 90° the center pixel misses the target

(Figure 5-15, b). A misalignment of 2 cm would result in an increase of about 20 cm at

80A. Addi tionally, the point captured by

and may no longer be on the target at larger angles.
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Figure 5-15 Simulation of systematic measurement errors for the evaluation of the influence of
different acquisition angles. Left: Schematic of the misaligned measurement set-up. Right:
Simulated measurement errors for different angles of (a) a target positioned 20 mm below the
center of the circle traversed by the robot and (b) the camera positioned 20 mm sidewards of the

robot axis.
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6 Empirical Studies

After defining the methods in the previous chapter, a selection of state-of-the-art ToF
cameras and an active stereo camera are tested regarding their applicability of the

proposed methods and their suitability for facial biometric applications. The empirical

studies conclude by assessing if the metricscanc or rectly descri be

cloud quality. To simulate real-life conditions for this analysis, a silicone face mask is
used.

6.1 Cameras under Test

Figure 6-1 Cameras under test. From left to right: Basler Blaze101, Intel RealSense D455, pmd
flexx2 (back row) and Schmersal AM-T100.

The Basler Blaze101 and the Schmersal AM-T100 are both cameras designed for the
industry market. As both cameras have similar features, such as the same resolution
and FOV and a similar power consumption (Table 6-1), they are expected to perform
similarly. Although, the Blaze101 features four VCSELSs while the AM-T100 only has two
VCSELs (Figure 6-1), the Blaze is presumed to display overall lower noise levels.

Additionally, pmdoés f FceskcerBumerisdlution zfeGianmla ¢t e d

al. 2018, p.29). With only a single VCSEL and the lowest resolution and power
consumption, this camera is expected to perform the worst. To test the application of the

metricsond i f f er ent kinds of 3D camer a SenselD#456 e |

is evaluated as well. Like the ToF cameras, the RealSense returns a point cloud.
Consequently, all evaluations done on the point cloud data are compatible with the active
stereo camera. For evaluations that require an intensity image, this is not the case, as
the stereo camera consists of two cameras. For methods that evaluate the intensity data
only the left IR camera image is used, as the image is aligned to the depth data and does
not have additional occlusion artefacts (Grunnet-Jepsen et al. 2023, cf.).
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Table 6-1 Comparison of cameras under test. Data are from Basler AG (n.d.a), Schmersal
(2023a), pmd Technologies AG (2023) and Intel (2023). Prices are, excluding the flexx2, from the
official manufacturer websites on the 31.12.2023. The number of VCSELs of the ToF cameras

can be seen in Figure 6-1.

Camera name Blaze 101 AM-T100 flexx2 Realsense
D455
Technology Time of Flight Active Stereo
Manufacturer Basler Schmersal Pmd Intel
Prize 1579 a4 1700 u 2290 419 $ (
Field of view 67° x 51° 67° x 51° 56° x 44° 75° x 62°
Sensor resolution 640 x 480 px 640x 480 px 224 x 172 px 640 x 480 px
Wavelength 940 nm 850 nm 940 nm 850 nm
Frame rate 30 fps 60 fps < 60 fps <90 fps
VCSELs 4 2 1 1 dot projector
Measurement 0.3to 10 m 6m 0.1to7m 0.6to 6 m
range
Power consumption | 15 to 55 W 15t0 40 W 0.57 t0 0.68 Upto1l.44 W
w

Accuracy + 5 mm 1% - <2%

(0.57 5.5m) (at 4 m)
Precision <l1lmm - <1%

(upto 5.5 m)

All cameras are evaluated in their default mode and, if possible, with deactivated post-
processing filters. For close-by targets the exposure time is decreased to reduce
saturation. While the ToF cameras are active and thus illuminate a scene themselves,
the active stereo camera only projects an IR dot pattern onto the scene. To ensure
sufficient illumination of the scene, the active stereo camerad sespective targets are

iluminated additionally.
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6.2 Sharpness

For most of the cameras, the distance of focus is unknown. Only a whitepaper published
by the distributor of the Intel RealSense states that the D400er series cameras focus to
infinity with a hyperfocal distance of 500 mm (cf. Grunnet-Jepsen et al. 2023). Due to
their large measurement range, it can be expected that all cameras focus to infinity. If
there is a minimum measurement distance given in the datasheet, like for the pmd flexx2
and the Basler Blaze101, it can be expected that their hyperfocal distance will be around

this value.
6.2.1 Measurement Set-up

For the sharpness evaluation, a black and white target with an 8° slanted edge is used
(Figure 6-2). The target is printed with water-based ink on AO paper (841x1189 mm) and
has a ratio of around 1:105 in the NIR spectrum (Figure B-2).

Figure 6-2 Slanted edge target. The target is a standard inkjet print on AO paper. The center of
the camera is aligned to the target with the arrows on the site of the target.

The slanted-edge target is captured every 10 cm from 0 to 3 m with the camera attached
to the linear translation stage. All three ToF cameras run with post-processing filters
deactivated. Gamma correction is deactivated for the Blaze101 and the AM-T100 only,
as the flexx2 does not feature gamma correction. The flexx2 is set to auto-exposure
mode, while the Blaze1016 exposure time is set to its minimum value of 100 ¢ sand the
AM-T1006 s e x p o sisiadaptedfdr eaeh position (Table C-1). As the ToF cameras
produce their own illumination, the target will most likely not be illuminated
homogeneously. To simulate homogeneous illumination, the measurements are
repeated with a white paper covering the slanted edge. This white balance is then used
to normalize the slanted edge measurements pixel wise.

In contrast to the ToF cameras, the active stereo camera only produces a dot pattern
actively and is dependent on external illumination. To ensure homogenous illumination,
two Arri S-30-C lamps illuminate the target in a 45° angle at about 1.80 m distance to the

target. Their illumination is dimmed to 75 % at 5200 Kelvin. To verify the measurement
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set-up, the illuminance is measured with a Gossen Mavospec Base spectrometer (Table
A-1). At the center of the target, an illuminance of 686 lux is measured. At the sides of
the target the illuminance differs by 4 lux on opposite sides, which is less than the £10 %
tolerated by 1ISO 12233:2023. Additionally, the active light projector of the RealSense is
switched off, as the projected dots interfere with the slanted edge algorithm by not only
making it impossible to detect the edge, but also leading to inhomogeneous lighting and
high-frequency components in the eSFR that are not related to the sharpness.

o eSFR over distance o eSFR over distance
€SFRS0 ESFRS0
Basler Blaze101 - o Schmersal AM-T100 - astito
-+~ eSFR Area —e~ &SFR Area
o8 eSFRS0 vertical o8 eSFRS0 vertical
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Figure 6-3 Edge-based spatial frequency response over distance. The plots show the eSFR10,
eSFR50 and eSFR area values of the Basler Blaze101, Schmersal AM-T100, pmd flexx2 and the
left camera of the Intel RealSense D455 in horizontal and vertical direction. Dashed lines indicate
invalid eSFR values due to under- or overexposure.

Figure 6-3 shows the eSFR over distance for all four cameras. Higher values in SFR10,
SFR50 and MTFarea imply larger contrast in the high-frequency components of the
signal and thus sharper images. Overall, all cameras show the same trend: Images taken
at small distances appear blurry, while images taken at larger distances up to the end of
the measurement range appear constantly sharp. It can be assumed that all lenses focus
to infinity, although there are slight decreases of sharpness in the data of Blaze101 and
the AM-T100 (Figure 6-3, A and B).

While all cameras focus to infinity, their hyperfocal distances are not identical. In Figure
6-3 the left edge of the high sharpness plateau marks the hyperfocal distance, which is

the minimum distance required to sharply depict an object. For the Basler Blaze101 the
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hyperfocal distance is around 40 cm, which is 10 cm above the minimum working
distance. The highest sharpness is reached at around 50 cm in both orientations.
Although the first valid measurement in the horizontal direction is higher, this
measurement should not be considered. As the measurement in vertical direction at the
same distance is subject to clipping, the horizontal measurement is most likely close to
the clipping limit as well. Compared to the Blaze101, the AM-T100 reaches its hyperfocal
distance further away at around 60 cm. The maximum sharpness is not reached until
90 cm in horizontal direction and 80 cm in vertical orientation. The difference between
distance of maximal focus in horizontal and vertical orientation might be due to noise in
the eSFR. At 60 cm high sharpness and similar values in vertical and horizontal direction
in all metrics are displayed in all parameters. This distance should be used as the
distance of highest sharpness instead.

Of the ToF cameras, pmd 6 s f |l exx2 shows t he s mahlonles:t

about 20 cm, which is 10 cm above the minimum working distance, and the highest
deviation of its eSFR values (Figure 6-3, C). Due to the deviation in eSFR values, the
distance of maximum sharpness cannot be determined unambiguously. A visual review

of the slanted-edge images shows the maximum sharpness at 40 cm. The deviation is

hype

most likely due to noise in the received intensityc aused by t he camerabs |

power and the c¢amer-aiyR24x v pixels -c@amparen to the dthere

cameras. Especially the small sensor size leads to small sample sizes and thus low
resolution of the eSFR. Finally, th e Re al Se n s aldistanteyisppmunél 0cm,
which matches the whitepaper (cf. Grunnet-Jepsen et al. 2023). The ¢ a me rdiaténse

of highest focus is not reached until 2.9 m in horizontal and 2.8 m in vertical orientation.
6.2.3 Discussion

Overall, the three metrics, SFR10, SFR50 and SFRarea display the same trend in
sharpness and validate the expected focus to infinity in all cameras. In contrast to the
assumptions made by Imatest (2024), the SFRarea does not approximate the SFR50,
but rather the SFR10 for the ToF cameras. In case of the RealSense, the SFRarea is
even higher than the SFR10 value at the same distances. Nevertheless, the eSFRarea
is less noisy than the SFR50 and SFR10 values while still showing the trend in sharpness
clearly. Consequently, the SFRarea is suitable to determine the trend in sharpness but
is not able to fully replace the two metrics.

Although the method determines the trends in sharpness unambiguously, results for
specific distances might be unreliable. Especially for the pmd flexx2, specific SFR values

are noisy and the distance of highest focus cannot be determined. The same applies to
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the RealSense D455, where a positive trend in sharpness is visible. The noise might be
due an overall small number of pixels and the decrease in relative target size. Both lead
to a low resolution of the eSFR. According to ISO 12233:2023 a region of interest of 100
to 400 pixels is needed for a reliable application of the slanted edge. For distances above
2.7 m the flexx2 has less than 100 pixels on the target, while 400 pixels are never
reached.

Next to the decrease of relative target size, the intensity decreases with distance. Lower
intensity leads to higher noise and edge-unrelated frequency components. This effect
most likely causes the decrease in sharpness for the Blaze1l01 and the AM-T100 but

may | ead to the high variance .in the flexx206s

Nevertheless, the slanted edge method is applicable to determine the sharpness for ToF

and active stereo cameras. Especially the

results and the information gi v e fcf @rbnoett
Jepsen et al. 2023), confirms the applicability of the method.

6.3 Resolution

Sharpness and resolution are interconnected; the distance of highest sharpness is also
the distance of highest resolution. As the distance of highest focus is determined in the
previous chapter, it is sufficient to evaluate the resolution at this distance only. The
imagery resolution of the intensity image is determined with the SFR10 values
determined in the slanted edge measurement (Ch. 6.2.2). The imagery resolution of the

point cloud is determined with the Bohler star.
6.3.1 Resolution of the Intensity Image

One way to determine the imagery resolution for the intensity image is by using the
SFR10 values determined with the slanted edge method. The SFR10 value is the spatial
frequency at which the contrast drops to 10 %. The reciprocal of the spatial frequency,
which is the spatial period, describes the length of an object that is still resolvable.
Consequently, as the spatial frequency is given as a fracture of the sample frequency,
here a single cycle per pixel, the spatial period is a fracture of a pixel. Multiplying the
SFR1006s r e c thepsemsar aekolution (Ech 5-1 and 5-2), leads to the imagery
resolution. For unequal pixel sizes in height and width, the sensor resolution in height
and width differs as well. Table 6-2 shows each camera®& sensor resolution and their

ratio, also known as the pixel aspect ratio.
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Table 6-2 Sensor resolution and pixel aspect ratio. Values are determined with the FOV given in
the respective datasheets. Throughout the distortion measurements (6.4.1), the given FOV of
Basler Blazel01 and Intel RealSense D455 was found to be incorrect. Values in brackets are
determined with the corrected FOV: 65°x51°instead of 67°x51° for the Blaze1l01 and 78°x62°
instead of 75°x62° for the D455.

Sensor resolution Basler Schmersal pmd flexx2 Intel RealSense
Blaze101 AM-T100 D455

In width in ° 0.105 (0.102) 0.105 0.25 0.117 (0.122)

In height in ° 0.106 0.106 0.256 0.129

Ratio width:height 1:1.015 1:1.015 1:1.023 1:1.102 (1:1.06)
‘ (1:1.046)

The sensor resolution is the minimal technically possible resolution, while the imagery
resolution describes the achieved resolution at a certain position. Figure 6-4 shows both
resolution types in horizontal and vertical direction. The resolution is given as angular

resolution for a better overview.
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Figure 6-4 Angular resolution in intensity over distance. The imagery resolution values are
determined with the measurement data acquired in the slanted edge measurement. For both,
imagery and sensor resolution the corrected FOV of the Basler and RealSense are used.

Overall, the AM-T100 reaches the lowest resolution with 0.19° in horizontal and 18° in
vertical direction on average (Table 6-3), while the flexx2 shows the highest imagery and
sensor resolution. Compared to the sensor resolution, the flexx2 reaches the best

relative imagery resolution with about 1.5 times the sensor resolution. The Blazel01

shows the worst relative imagery resoluti on wi t h about 3 times
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resolution. Nevertheless, between 400 and 1000mm t he Bl azel1l016s i magery
is similar in value to the Real Sensebs -i magery
T1006s i magerTyher eBd mlzwetbisoni.magery resolution de

distance. This trend might be due to an unsuitable lens or measurement errors in the
slanted edge method. Comparing vertical to horizontal resolution, all cameras show a
better resolution in horizontal than vertical direction which matches the expectation from
the sensor resolution (Table 6-2). However, for some distances the Blazel01 and the
flexx26s vertical i mizegeethay the herzamthl imagery resolut®n which
does not match the expectations. This also indicates measurement error in the SFR10.
On average, the horizontal imagery resolution is better than the vertical imagery
resolution for these cameras as well (Table 6-3).

Table 6-3 Imagery resolution of the intensity image. The value for angular resolution is the
resolution reached at the distance of highest focus as determined in 6.2.2. In case of the
RealSense the angular resolution at the hyperfocal distance is given. Additionally, the average
resolution for distances above the hyperfocal distance is given in brackets.

Basler Schmersal pmd flexx2 Intel
Imagery Resolution Blazel01 AM-T100 RealSense
D455
Angular Horizontal in ° 0.23(0.28)  0.17(0.18) 0.37(0.35)  0.23(0.22)
Vertical in ° 0.23(0.29)  0.18 (0.2) 0.4 (0.39) 0.25 (0.24)
Lateral Horizontal in mm | 2.68 1.87 3.81 2.52
at 600mm  Vertical in mm 251 1.98 4.52 2.72

6.3.2 Imagery Resolution of the Point Cloud

For the Bohler star evaluation (Ch. 5.1.3) two stars were manufactured with a laser
cutter: A 72-segment star made of painted Delrin and a 24-segment star made of white
PTFE. Due to the width of the laser beam when cutting, the star segments cannot be cut
into the middle of the star and a circle of 10 mm remains (Figure 6-5). The 72-segment
star allows the discrimination of resolutions between 0.87 and 17.5 mm, while the
24-segment star allows the discrimination of resolutions between 2.62 and 52.4 mm. By
default, the Bohler star measurement is done with the 72-segment star. If a camera is
not able to distinguish the segments, the 24-segment star is used. The cameras are
positioned at their distance of sharpest focus to the target. In case of the Intel RealSense,
the hyperfocal distance is used instead. As the Bohler star does not have a back pane,
the laborat or yé6s pl anar white wall acts as the backg

the target is additionally illuminated.
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Figure 6-5 Bohler star targets. The 72-segment star (left) is black Delrin (POM) painted white with
acrylic paint, the 24-segment star (right) is made of white Teflon (PTFE). Both stars have a
diameter of 400 mm with a middle circle of 10 mm. The general target shape is described in
chapter 5.1.3.

Figure 6-6 shows the captured point clouds. The imagery resolutions derived with the

point cloud are listed in Table6-4. At t he di stance of highest foci

imagery resolution of the point cloud approximately matches the imagery resolution of
the intensity image (Table 6-3). Despite the nearly identical sensor resolution, the
Bl azel016s i magery resol «rtliomsi 9 magety
contrast to the imagery resolution of the intensity image, the difference is smaller.
Consequently, the AM-T100 displays higher imagery resolution in the point cloud than in
the intensity image. Although the values do not match, they only differ by about 0.04° at

t he measur ement di stance. Whil e the same

resolution, the vertical imagery resolutions match approximately.

Table 6-4 Imagery resolution of the point cloud. The lateral resolution is derived with the
measurements from Figure 6-6 and transformed into the angular resolution.

Basler Schmersal pmd flexx2 Intel
Imagery Resolution Blaze101 AM-T100 RealSense
D455
Horizontalinmm | 1.9 2.3 3.0 325
Lateral o
Vertical in mm 2.6 2.4 3.0 >52.4
Horizontal in ° 0.22 0.21 0.41 3.71
Angular o
Vertical in ° 0.24 0.23 0.41 >5.64
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Figure 6-6 Lateral imagery resolution of the point cloud measured with the Béhlerstar.
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Overall, the imagery resolution of the point cloud is close to the imagery resolution of the
intensity image. Like shown by the latter, the horizontal resolution is either equal or lower
than the vertical resolution. Although this trend matches the trend in the sensor
resolution, the difference between horizontal and vertical direction is larger than
expected from the sensor resolution.

Next to the ToF cameras, the active stereo cameras can only partially resolve the
24-segment Bohler star. Due to this the actual imagery resolution can only be determined
for the horizontal segments. The first few measurement points should be ignored as the
number of points per evaluated circle is below the number of segments and the shape
cannot be determined reliably.

6.3.3 Discussion

As the imagery resolution of the intensity image is determined with the slanted edge
method, the same limitations apply. Excluding the Basler Blazel01, the majority of
determined SFR10 values from which the resolution is derived, is above the Nyquist
frequency of the image. Although the image is 4 times super sampled, leading to a
Nyquist frequency of 2 cycles per pixel instead of 0.5 cycles per pixel, values above 0.5
cycles per pixel should still be handled with caution. Nevertheless, as none of the
resolutions is better than the technically possible sensor resolution, they can be assumed
to be correct.

It must be noted, that the imagery resolution in Table 6-3 is given for the distance of
highest focus (Ch. 6.2.1). For the flexx2 and the AM-T100 the distance of highest focus
differs with the orientation. Consequently, there is no single distance where the overall
highest resolution can be reached and the imagery resolution given in Table 6-3 is not
necessarily the highest resolution. Nevertheless, using the resolution at the distance of
highest focus as determined in chapter 6.2.1 offers a better comparison to the resolution
determined for the point cloud with the Béhler star. For the flexx2 this leads to the listed
imagery resolution being higher than the average imagery resolution.

Compared to the slanted edge results, the evaluation with the Bohler star indicates lower
imagery resolution, but overall similar values. This might be due to the inlying threshold
of £20 mm for the BoOhler star. A larger threshold would lead to better resolution. Although
the similarity of the results supports the method, as the ground truth is not known the
correctness cannot be validated conclusively. Moreover, resolution is always dependent
on the observer and there are no universal thresholds. Nevertheless, the determined

imagery resolutions are on average around 2 times the sensor resolution which matches
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Songbs (2021) observations. He determined
resolution for most of the evaluated ToF cameras.

Just like shown in Langmann et al. (2012) and subsequent works, once the segment size
is above the imagery resolution, the star can be resolved for all larger radii. This is not
always the case for the active stereo camera and most likely due to occlusion related
mismatching of the points, as the horizontal segments are better resolved than the
vertical ones. In the vertical segments the shape of the star is still visible in the colors of
the point cloud. However, decreasing the threshold for accepted inliers to 10 mm does
not lead to a radius where the star is fully resolved. If the Bohler star is positioned closer
to the wall, occlusion is reduced.

an

Nevertheless, for radiiabove 15mm t he al gori thm can correctly

misrepresentation of star. This is not the case for smaller radii, where the number of
detected segments is larger than possible. To ensures stable behavior even if points of
the empty segments are further away from the center than their counterparts on the
target, the algorithm only clusters the inlying points. Consequently, the determined
number of segments corresponds only to the filled segments and is doubled afterwards.
In cases, where all segments are being displayed as full, all points are clustered into the
same segment. However, if the number of points in an evaluated circle is small and their
distance to each other is above the width of a segment, the algorithm finds up to twice
the number of segment s. This effect i s
evaluation. As the points within the circle are clustered by their corresponding angle, the
same effect occurs at the edges of the evaluation interval, here 0 and 2 * Figure 5-6, c).
If a segment is split, it is interpreted as two segments. Additional checks might be helpful
to intercept this effect.

In total, the automated evaluation of the Bohler star is implemented successfully. For the
Blaze1l01 and the AM-T100 the segment evaluation proves to be stable, while the flexx2
shows more deviation in the number of found segments. This might be due to the
camer ads s mzlUptoaradiusal 21 mm, there are less pixels than segments

within the evaluated circle. Hence, the structure cannot be evaluated reliably.
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6.4 Distortion and Measurement Error in x and y

To analyze radial distortion and systematic measurement error, a checkerboard target is
captured at the ¢ a me rdstance of highest focus (Ch. 5.2.1). In case of the Intel
RealSense D455 the hyperfocal distance is used instead as the distance of highest focus
is not reliable. The checkerboard target has a tile size of 19 mm, which corresponds to
about 34x25 visible tiles at 500 mm distance for a camera with 67°x51° FOV, like the
Basler Blazel01. To reduce overexposure, the Basler BlazelO1 is run in shortrange
mode with an exposure time of 150 ps and the Schmersal is run with an exposure time
of 1000 ps.

While the evaluation of radial distortion and systematic measurement error uses a
checkerboard as target, the evaluation of statistical measurement errors relies on the
white wall as target. Analogous to the evaluation in z-direction in the generic metrics
(Ch. 4.2.1), the camera captures the wall from 0.4 to 4 m. At each position 100 frames
are taken and averaged. The cameras operate in their default mode.

For both targets and all cameras, the black molleton curtain is closed to reduce
interference by external light. However, as the RealSense relies on external illumination,
the respective target is additionally illuminated for this camera. To ensure maximum
sharpness, the ToF cameras are run with post-processing filters deactivated, while the
active stereo camerads | R projector is deacti ve

corner detection.
6.4.1 Results

While the radial distortion uses the checkerboard as target, the pixel aspect ratio and the

distortion it causes can be determined directly wi t h t he rati o of t he ¢
resolution in height and width. Table 6-5 lists the aspect ratio distortion of the four

cameras. Like the pixel aspect ratio (Table 6-2), the distortion is normalized to the width.

For a positive pixel aspect ratio, like present in all four cameras, objects within the image

appear squeezed in height.

While the large pixel aspect ratio of the RealSense with over 10 % might impact the

performance of face detection algorithms (Sun 2014, pp. 99i 103, cited in Hedberg

2020), the aspect ratio distortions of the other cameras are negligibly low when it comes

to face detection and face recognition. Nevertheless, the distortion may still be

noticeable. However, the visual distortion is only equivalent to the calculated aspect ratio

di stortion if the i mageBigure -8, xhe Blazed@lptleecAM- r at i o i
T100 and the flexx26s checkerboard i m#g83ges have
whil e the Real Bgure$-8)bhae dratiaa &eut1(096. As the i mage
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negative pixel aspect ratios superimpos
visible distortion is decreased in all/l
pixel ratio should still be visible.

To determine the radial distortion, the pixel aspect ratio is negligible as the expected
positions of the checkerboard corners are determined with the actual resolution of a pixel.

Table 6-5 Measured radial distortion. The values are determined with the FOV given in the
respective datasheets. Throughout the distortion measurements, the given FOV of Basler
Blaze101 and Intel RealSenseD455 was found to be incorrect. Values in brackets are determined
with the corrected FOV.

Distortion Basler Schmersal pmd flexx2 Intel RealSense
(width/ height) Blaze101 AM-T100 D455

Distortion due to 0/15% 0/15% 0/2.3% 0/10.2%

pixel aspect ratio (0/4.6 %) (0 /6 %)

Radial distortionin | 3/1% -71-4% -1/-1% 3/-1%
intensity (171 %) 171 %)

Radial distortionin | -2/-2 % 5/6 % 1/17 % 43/42 %

depth

By default, the Basler Blazel0l performs an automatic distortion correction which
corrects radial and tangential distortion (Basler AG n.d.b). Although not explicitly
mentioned, the camera seems to correct not only the point cloud, but also the intensity
image: While the checkerboard in Figure 6-8 still appears distorted in width, there is
barely any radial distortion visible. Instead, the image appears to be slightly tilted. This
is supported by the corners on the left side of the image showing increased distances
(Figure 6-7). For each measurement, the camera is aligned to the wall by examining
specific alignment fields (Figure 4-3) . For distorted point

leads to systematic measurement errors and is most likely the reason for the tilt visible
in the checkerboard image. The distorted z-data might also be the reason, why the point
cloud displays slight traces of a barrel distortion on the left side. All these effects might
be an indication for asymmetricity in the lens or for lens tolerances and missing individual

calibration for each camera.
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(Figure 6-8, A). Right: Diagonal sectional image of the deviation between depth data and white
wall at 2 m distance. The analysis was created as part of the generic metrics.

The linear distortion in the intensity image is most likely due to deviation in the FOV. By

counting the number of visible checkerboards, the real FOV in width is estimated to be
about 64.9° (Eq. 6-1) instead of the 67° given in the datasheet (Basler AG n.d.a). In
height, the actual FOV with about 50.5°, with about 24.5 tiles visible, confirms with the
given 51° in the datasheet. With a FOV of 65°x51° the distortion decreases to about 1 %

in height and width, while the pixel aspect ratio increases to 4.9 %.
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In contrast to the Basler Blaze101, the Schmersal AM-T100 still shows radial distortion.

While the intensity image shows bar r e |

di

storti

on, the point

smaller, but appears to be overcorrected and displays pincushion distortion instead. This

distortion is most likely due to the range mode being too high. According to the manual,

distortion may be reduced by changing the range mode to the largest distance present

in the scene (cf. Schmersal 2023b, pp. 28i 32). Here, the camera is run in the highest

mode (Range7500), leading to higher distortion and thus lower trueness than usually

present. Nevertheless, the x and y values might still be used to correct the intensity data.

Like the AM-T100 the pmd flexx2 displays barrel distortion in its intensity image. As not

all corners are found, the determined radial distortion in the intensity image is smaller

than visually anticipated. In contrast to the AM-T100, the distortion in the point cloud is

nearly perfectly corrected. Although badly visible in Figure 6-7, a few corners are at

entirely different locations than expected T mostly quite close to other corner locations -

and their deviation does not follow a specific pattern, which supports that its origin is

most likely measurement error instead of distortion.
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Figure 6-8 Radial distortion of the ToF cameras under test. Each row shows the found positions
of the checkerboard corners in either red or black and their expected positions an undistorted
image in blue for the intensity image (left) and the 3D point cloud (right).
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Figure 6-9 Radial distortion of the Intel RealSense D455. Found corners of the checkerboard are
marked in either red or black and their expected locations in an undistorted image are marked in
blue. Left: Distortion of the intensity image with the expected locations of the corners being
determined with a FOV of (a) 75°x62° or (c) 78°x62°. Right: Distortion of the point cloud with (b)
all outliers visible and (d) zoomed in.

Like the Basler Blazel01, the RealSense D455 undistorts not only the point cloud, but
the intensity image as well (Figure 6-9, a and c). Just as with the Blaze, the radial
distortion in the intensity image is corrected well, while a linear distortion remains.
Estimating the FOV with the number of tiles yields a FOV of 77.5°x62.6° at 42.2x32 tiles
(cf. eq. 6-1), which is above the default FOV of 75°x62° but still within the tolerance of
+3° given in the datasheet (Intel 2023, pp. 69i 70). Figure 6-9 b shows the corner
locations with a FOV of 78°x62°. By adjusting the FOV, the distortion decreases to 1 %
in width and is only present in the dark side of the image. Additionally, the pixel aspect
ratio decreases to 6 %, which is below the 10 % determined with the original FOV, but
still noticeable (cf. EBU Tech. 3249-E, p. 42).

Contrary to the intensity image, the point cloud shows high distortion of maximal 43 % in
width and 42 % in height. Zooming in (Figure 6-9 d) shows that pixels are either quite
close to their expected location, indicating a good distortion correction, or very far off,
which is most likely due to measurement errors. The analysis of the systematic and

statistical measurement errors supports this assumption (Appendix D, Table 6-6).
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Table 6-6 Systematic and statistical measurement error in x and y. Values marked with Q90
represent the 90 % quantile.

Metrics in mm Basler Schmersal pmd flexx2 Intel Real-
Blaze101 AM-T100 sense D455
Trueness x (Q90) 11 2.5 2.2 1249
Trueness x (Median) -0.2 0.7 -0.3 0.3
Accuracy x (Q90) 1.4 3.0 25 76.5
Accuracy x (Median) 0 1.0 -0.2 0.5
Repeatability x (Center) 0.2 2.8 0,6 13.5
Precision x (Q90 valid @2m) 0,2 1.7 0.7 9.7
Trueness y (Q90) 0.9 2,0 1.8 90.7
Trueness y (Median) -0.1 0,7 -0.4 0.4
Accuracy y (Q90) 1.1 2.0 1.9 94.1
Accuracy y (Median) 0.2 1.0 -0.4 2.3
Repeatability y (Center) 0.2 2.8 0.6 13.5
Precision y (Q90 valid @ 2m) 0.1 15 0.5 7.8
WhiletheReal Senseds median in trueness and accurac
median,the90% quanti |l e exceeds % tuantil®inbdoth parametenser as dé 90

about 5 times and in trueness up to 48 times. Compared to the other cameras, averaging
the frames does not decrease the measurement error. Itis likely that, due to the repetitive
pattern of the checkerboard and the deactivated point projector, points are mismatched
between the two cameras. This matching error leads to far off distances and a single
measurement might be closer to the actual distance than averaged measurements
(Figure E-1). As repeatability and precision are determined with the white wall instead 1
which is not as challenging as the checkerboard for the camera i the metrics are far
lower in value, although still higher in value than for the other cameras.

Overall, the ToF cameras show similar values in trueness, precision and repeatability.
Yet, of the three ToF cameras, the Schmersal AM-T100 displays the highest errors.
Zooming into the point cloud, the Schmersal AM-T100 shows a non-uniformly spaced
pixel grid (Figure 6-10) which forms a characteristic pattern. Although both cameras
express their data in millimeters, the Basler Blazel01l saves data as floating-point
numbers, while the AM-T100 saves data as integers. In the AM-T100 even small
statistical errors will lead to a measurement error of at least 0.5 mm. Additionally, this

rounding error will form patterns in the point cloud. It must be noted that averaging over
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100 frames is not sufficient to erase this rounding error as there are still misplaced pixels

visible in the averaged frame. Nevertheless, as all measurement errors are above 0.5

mm, this effect is only one of the effects causing measurement error.

Pointcloud front view

Pointcloud front view
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Figure 6-10 Pixel grid in x and y coordinate. Comparison of the Basler Blaze101 (A) and the AM-
T 1 0 B) pixel grid. 5 point clouds are drawn on top of each other in different colors. The point

clouds show the white wall at a about 1.1 m distance.

6.4.2 Discussion

Overall, the method to determine distortion proves to be stable and reliable for a range

of cameras. However, this does not apply to the metrics. Typically, the outermost pixels

display the highest noise. As the highest difference between actual and anticipated

corner location is used for the metric, the method is highly influenced by noise. This is

especially visible with the stereo camera. Calculating the distortion for every

checkerboard corner and taking the median of these values would make the metric more

stable against noise. Since distortion is not linear (Equation 5-5) this approach would

he

t

e forithe

bl

S i
intensity image. As the outermost corners cannot be found, the determined distortion is

Vv

S

either lead to overall too low values. Thise f f ec t

lower than expected. For the intensity image the metric also depends on the correctness

of given FOV and measured distance. Although an incorrect FOV is visible in the images,

it is not indicated in the metrics. Future iterations should include an automatic check for

linear distortion. This also ensures a separation between linear and radial distortion,

which is currently not implemented. Technically the standard EBU Tech. 3249-E, which

the evaluation is based upon, does not separate between the two types of distortion

either. The reported metric might still be misleading.

Apart from the distortion, the method also proves suitable for the determination of

measurement error in X and y. This is also true for the Intel RealSense, although its

accuracy is lower in value than its trueness. Even if the trueness is bad, if the standard

deviation (precision) is large, there will always be (single shot) measurements that are

59



Empirical Studies

close to the reference value. The same effectleadst o t he Real Senseos

lower than the trueness. Large outliers, like visible in Figure 6-9, lead to high values in
trueness. lokation chatnsdar away from its expected location once in 100
frames still has a high value in trueness, while its accuracy might be small in comparison.
Especially with large outliers there are more frames needed to compensate outliers. One
approach could be to average more frames. Another approach might be to evaluate more
pixels, which reduces the significance of few outliers. This also offers more information
on the entirety of the image. One way to evaluate more pixels is to decrease the
checkerboard 6 s t i | e s i z mightfiittberwienpai the checkerbosrd detection
in the corners. The chosen detection algorithm does not tolerate blurry edges, which is

the reason why the edgecor ners in the flexx20s i mage

different detection algorithm might solve both issues. Moreover, a different detection
algorithm might allow the measurement with activated post-processing filters or, in case
of the active stereo camera, activated IR projector.

Nevertheless, the determined methods and metrics prove to be applicable for all

cameras and summari ze the cameraods beha

6.5 Influence of Target Remission and Angle

The measurements are done using the measurement set-up proposed in 5.4.1 with
Uni ver sal R o b oThié mbotbiReEs @ half drdecat a.maximum arm length of
85 cm. The cameras are attached to the robot with an angled bracket made of acrylic
gl as s . T h densdsaligeed dstadly to the robot. Each time a target is switched,
the height of the hoist which the targets are positioned upon, is adjusted according to
their respective thickness. This is done by alternating the roboté s p o lsetween @07
and 90° and adjusting the height until the center pixel lies on the upper edge of the target.
Except for the Basler Blaze, all cameras are operated in their default mode with post-
processing filters activated. As each measurement takes around 7 hours per camera for
all targets, operating only one camera with deactivated filters allows an insight into the
influence of post-processing filters while simultaneously saving time. Due to the small
distance between camera and target, the Blazel01 is operated in its short-range mode.
For the ToF cameras the ambient light is switched off, while it remains switched on for
the active stereo camera. The ambient illumination, measured with a Gossen MavoSpec
Base (Table A-1), is of approximately 728 Ix with a temperature of 3889 K and a flicker

of less than 1 %.
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6.5.1 Results

Figure 6-11 depicts the measurement results of all cameras. Positions where the center
pixel does not lie on the target and invalid pixels are not displayed.

Comparing the results to the measurement errors related to the misalignment (chapter
5.4.2) all cameras, except the Basler Blazel01 with activated filters, seem to be
misaligned to the robot axis. It must be noted that the measurements with the Blaze were
not done consecutively, resulting in different alignments for both runs.

Furtheron,inthe AM-T 1 006 s me a s u r fertnemess the teesdddr RTEE shows
an increase on both sides of the center. This is supposedly due to the target being
positioned below the center point of the circle. A similar trend can be seen for molleton
fabric between -30° to 50°. For larger angles, the graph bends into the opposite direction.
This indicates a target related measurement error instead of an alignment related error.
Ignoring the misalignment, the trueness values of all ToF cameras remain nearly
constant from -60° to 60° for all target materials excluding molleton. For the active stereo
camera, this only applies to the measurements with Gelafix, silicone and molleton. With
collagen film the results for -60° to -20° and 20° to 60° are all invalid. With PTFE angles
larger than £20° lead to bad repeatability and trueness. These errors might be due to its
homogenous surface.

Next to the trueness, the repeatability is assumed to be unaffected by the misalignment.
As expected, the repeatability increases with larger angles for all cameras. In case of the
ToF cameras, larger angles lead to scattering of the light. As less reflected light reaches
the sensor, the measurement error increases (Eq. 2-9). When using the Blaze101 with
deactivated post-processing filters and molleton fabric, the repeatability is above 20 mm,
and hence not visible in Figure 6-11 (B). In addition to fewer light, a tilted plane leads to
neighboring pixels with divergent depth information. The more the plane is tilted, the
further the depth of neighboring pixels lies apart. In case of the active stereo camera, a
mismatch of points hence leads to a larger measurement error. Overall, as most angles
present in a face are between 40° and 70°, an increase in repeatability of up to 5 times
the value measured at 0° should be expected when measuring a face with ToF or active
stereo cameras. As seen with the Basler Blaze, the increase is worsened by post-
processing filters, although overall repeatability values are far lower.

In total, the Basler Blaze101 yields the best results with post-processing filters activated

and similar results as the flexx2 with deactivated filters.
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Figure 6-11 Influence of different surfaces on repeatability and trueness. Basler Blaze101 with
activated (A) and deactivated post-processing filter (B), Schmersal AM-T100(C), pmd flexx2 (D)
and Intel RealSenseD455 (E). The Blazel01 is evaluated with activated (A) and deactivated (B)
post-processing filters. For an easier comparison, the y-axis is limited to the same values for all
cameras. Nevertheless, single values might lie above this limitation (Molleton, B, left image).
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6.5.2 Discussion

While measuring the influence of target material and angle, the alignment proves to be
the biggest challenge. A small misalignment leads to high measurement errors for large
angles, which renders the measurement data unusable at these positions. Further on,
the reference value used to determine the trueness should be changed to the actual
distance between camera and target. The results presented in 6.5 were determined with
the average value measured at 0°. While this offers insight on the influence of the angle,
it cannot depict systematic measurement errors due to different target materials.
Although in this study the distance from the bottom edge of the camera housing to the
target was measured manually with a ruler, due to the visual evaluation, the possible
mispositioning of the ruler with small targets and camera internal offsets the measured
distances are not suitable as reference value.

Overall, PTFE proves to be a good best-case scenario and molleton fabric a worst-case
scenario for all ToF cameras repeatability-wise. While these targets offer insights on the
expected measurement values, they cannot offer insights on the actual influence of skin.
For most cameras collagen yields the highest value in repeatability, while the material
also leads to the highest relative increase when increasing the angle. Nevertheless, as
the active stereo camera struggles with collagen, this is not a target suitable for a metric.
Gelafix and silicone yield quite similar results, with the repeatability with Gelafix being
slightly lower than with silicone. Due to the low shelf life of Gelafix, the similar results of
all skin-like materials and the possibility to fabricate large silicone surfaces easily, the
material selection can be reduced to silicone, molleton and PTFE to save time.

To conclude, the method proves to be functional. Although there are adaptations needed
in the alignment to reduce the systematic measurement error and ensure reliable and
repeatable conditions, the next step should be to expand the analysis to more than the

center pixel and to define summarizing metrics.

6.6 Comparison

Based on the previously determined key values for measurement error, resolution and
distortion, the camerasosuitability for facial biometric applications is evaluated with the
requirements described in the system requirements (Ch. 3).

Figure 6-12 visualizes all previously determined metrics. For an easier comparison the
metrics for resolution are multiplied by 10, as the original values are relatively small
compared to the other metrics. The chart also shows the metrics determined with the
generic metricsf or each ¢ amer antrsposttgdcessiny filter deaaivated

(Appendix D). Due to the checkerboard analysis requiring maximum sharpness, most of

63



Empirical Studies

the new metrics are measured with post-processing filters deactivated. For an equitable
comparison, the generic metrics are measured with post-processing filters deactivated
as well. However, this does not apply to the evaluation of the influence of target remission
and angle. Moreover, there are no summarizing metrics defined for this evaluation yet.
Exemplary, the maximal repeatability, that is measured with skin-like materials at 40°
and 70°, is used. Those two angles are chosen, as they have the highest occurrence
within the used mask (Figure 5-13). Additionally, the measurement range where the
trueness is barely influenced by target remission or angle could be used. Despite its
summarizing character, the metric is highly dependent on correct alignment and will most
likely yield faulty values. As it would also be the only metric that is better with higher
value, the metric might be misleading. All other metrics are better with lower values.
While Figure 6-12 shows all determined metrics, for a better overview, a summarizing
figure of the metrics can be found in the Appendix. Moreover, Figure E-3 includes the
camerads peak power consumption and pri
Altogether, the RealSense D455 displays the lowest performance, in most of the
categories. The camera only offers low radial distortion in its 2D image, stable
repeatability throughout increasing angles and low roughness. While the low roughness
leads to the point cloud looking smoother, the high RMS height in waviness still indicates
bumps in the point cloud. Moreover, the relatively bad resolution indicates that the
camera cannot resolve small objects like eyes or mouth. Next to the RealSense D455,
the pmd flexx2 shows smaller measurement error in all orientations and overall smaller
distortion. Despite its small size and low power consumption, the camera shows similar
performance than the other ToF cameras. Nevertheless, the camera shows bad
repeatability when faced with skin-like materials and non-orthogonal angles, low
resolution and exceeds the radial distortion of 5 % tolerated by ISO/IEC 39794-5:2019
in its 3D image.

Overall, the Basler Blazel01 offers the best performance and is the only camera that
stays below the limit of 5 % radial distortion in its point cloud. While the Schmersal AM-
T100 offers low statistical measurement error in depth, the Basler Blaze101 offers lower
measurement error in X and y coordinates. Still, both cameras have similar imagery

resolution, which will likely yield similar looking images.
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Figure 6-12 Comparison of all four cameras by their metrics. Lower values in metrics indicate
better performance.
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To check if the required inter-eye distance of 90 px is met (cf. ISO/IEC 39794-5:2019),
we analyze the number of pixels lying within the average IED for adults at the hyperfocal
distance (Eg. 6-2). As the inter-eye distance is dependent on age, gender and ethnicity,
there is no single average value available. Exemplary, the average IED of 62.5+4.1 mm
determined for a group of 756 Turkish participants in a range of 19 to 89 years of age is
used (cf. Yildirim et al. 2015).

Q ada
OAl Qi M

Q 5 Nw 6-2

At 40 cm hyperfocal distance and a sensor resolution of 0.102° (Table 6-2), the Basler

Blazel01 covers the IED with about 88 pixels. This coverage is above the other three

cameras, which cover the IED with about 57 px (AM-T100 at 60 cm), 72 px (flexx2 at

20 cm) and 59 px (RealSense at 50 cm), but still below the required number of 90 px.

The AM-T1006s | ow per f or ma nccaemei laggéisperfochlgistahaee t o t he
while the flexx26s high performance is due to
hyperfocal distance of 200 mm, the flexx2 captures only about 212x162 mm, which would

not cover an entire face.

In conclusion, none of the cameras have a sufficiently high resolution to be suitable for

2D face recognition and probably not for 3D face recognition either. Nevertheless, the

metrics show that, from this selection of cameras, the Basler Blazel01 and the

Schmersal AM-T100 are suited best to capture faces.

6.7 Verification and Validation

To test the suitability and illustrate the worthiness of the metrics, the key values
summarized in 6.6 are compared qualitatively to point clouds captured of a face mask.
Although the empirical studies already verified the trueness of individual metrics,
evaluating the quality of a 3D face image offers the verification of multiple parameters at
once. lIdeally, the prediction given in the metrics matches the point cloud quality.
Moreover, this assessment shows whether all important features are covered or if some
features are still missing.

Figure 6-13 depicts the point cloud of a silicone mask captured with all cameras in default
mode. For the ToF cameras, post-processing filters are deactivated and external
illumination is switched off. For the active stereo camera, the IR projector remains
activated and the mask illuminated as described in 6.5. The mask was captured with the
robot measurement set-up (Figure 5-14) at 0° angle at 85 mm. 100 frames were
averaged for the depicted point clouds. For the ground truth, the same mask is captured

with 13 cameras and its point cloud is determined photogrammetrically.
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Basler Blaze101

Schmersal AM-T100

Pmd picoflexx2

RealSense D455 '

Figure 6-13Compari son of a maskds point cloudslefttaptured
Side view of the point cloud taken with the program CloudCompare. Right: Front view of the same

point clouds as on the left. The point clouds are aligned by their eyes, mouth and chin. The colored

point cloud at the top was calculated photogrammetrically with 13 cameras.
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Overall, the Blaze 101 and the Schmersal AM-T100 show the highest quality in their
point clouds. Considering the front view, their point clouds are of similar quality. The
Basler Blazel016s point c¢cloud appears t
most likely caused by misalignment, as the image captured with the short-range mode
is not tilted (Appendix D, Figure E-2). For the AM-T100, the patterns found in chapter
6.4.1 are visible in the nose and the cheeks in the side view image. Apart from the

(0]

patterns, the point c¢cloud itself appears

matches the higher root mean square height of the roughness measured for the AM-
T100 (Figure 6-12).

Despite the flexx26 s  demsar resolution, the point cloud still shows the correct shape
and specific features, like eyes or mouth, are well distinguishable. This is not the case

€ess

for I ntel 6s Re the Pmtrclous shows la highgpuel density, t he mask s

shape is entirely distorted and only the nose is hinted. Despite the high point density on
the face, confirming a high sensor resolution, the structure itself is resolved badly which
matches the bad imagery resolution of 3.75° in width and at least 5.64° in height (Table
6-4). Nevertheless, the measurement error expected from the metrics is far higher than
the measurement error visible in this point cloud. This deviation is most likely due to the
unsuitable targets used for the evaluation of the metrics, while this face mask has more
texture and is a better target for the active stereo camera.

On contrary, the ToF cameras depict the eyes, chin, tip of the nose and lips pointier,
while the nose is also broader than original. No camera captures the eyebrows.
Considering the shape of the bridge of the nose, the eye socket and the chin, the
Schmersal AM-T100 is closest to the original shape. Yet, this is not true for the forehead
and the lips, which are depicted better by the Blaze101. While the chin is smaller and
pointier, forehead, lips and nose are depicted just like with the Blaze101. The evaluation
of the influence of target remission and angle confirms a decrease in trueness with
angles above 60° for all cameras, which explains the pointier shapes. In the same
evaluation the AM-T100 displays the best repeatability and the smallest decrease of
repeatability with angle, while the flexx2 shows the best relative increase in repeatability
over angle for silicone targets. The B1 a z e bdll ke§ galue for the repeatability at 70°
is mainly duetot h e ¢ a me rparfdrsmange®m gollagen. As this mask is made of
silicone, this metric is not applicable. However, as the point clouds in Figure 6-13 are
averaged over 100 frames, bad repeatability and accuracy only have small effects.

In total, the observations confirm the expectations derived from the metrics. While the
RealSense D455 shows better performance than expected, the camera does not capture

the face mask in sufficient quality. Next to the RealSense, the ToF cameras provide point
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clouds of adequate quality. The fl exx26s | ow sensor resolutio
metrics, leads to a low quantity of points, which inhibits further assessment of the quality.

Overall, Basler Blazel01 and Schmersal AM-T100 provide point clouds of the best

quality. While their differences in distortion are neither proven nor denied by the

assessment, their differences in roughness and primary surface are supported by the

point cloud quality. However, shape distortion of individual face features is not covered

in the metrics. Nevertheless, the metrics can correctly differentiate between two similar

cameras.
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7 Conclusion

By enhancing the generic metrics with metrics concerning sharpness, resolution,
distortion and measurement error in X and vy, this work successfully proposes methods
that characterize the general performance of 3D cameras and their suitability for facial
biometric application. Moreover, the empirical studies show the applicability of all metrics
not only for ToF cameras, but also for active stereo cameras.

Regarding the sharpness, the slanted-edge method as defined in ISO 12233:2023 for
2D imagery proves suitable for 3D cameras as well. The trend of sharpness and imagery
resolution over distance can be determined for the intensity image.

For the characterization of imagery resolution of the point cloud, the Bohler-star method
is refined further with an automated and more objective evaluation method. The retrieved
imagery resolution matches the imagery resolution determined with the slanted-edge
method. For ToF cameras, the imagery resolution is on average two times worse than
the sensor resolution.

Concerning distortion, the proposed metrics offer stable and reliable characterization in
2D and 3D data for different types of Time-of-Flight cameras. For active stereo cameras
further refinement of the metrics is recommended to accommodate possible noise. The
results indicate that all cameras undistort their point cloud, while only some undistort
their intensity image. For cameras that do not correct their intensity image, the x- and y-
coordinates of the point cloud can be used for distortion correction.

Finally, the influence of target angle and skin-like materials on the measurement error in
ToF and active stereo cameras is evaluated for the first time. Despite challenges in the
alignment, the results give an insight into what measurement errors to expect at large
angles, which are present in the nose and the cheeks. Independent on the angle, PTFE
leads to the highest measurement error in the active stereo camera and to the lowest
measurement error in the ToF cameras, while this is the other way around for molleton.
Although the trends in trueness and repeatability are similar for all three skin-like
material, the lowest measurement error is reached with collagen and the highest with
gelatine as target.

Comparing the metrics6 phedécamei @&ndhemaricshe gluad d
offer a comprehensive characterization of the cameras6features. When compared to
characteristic parameters found in literature, theyi ndi c at e tshi@bility torfeea a s 6

recognition.

Next to the characterization methods and summarizing metrics, this work provides

comprehensive assessment of three Time-of-Flight cameras i namely the Basler
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Blazel01, the Schmersal AM-T100 and the pmd flexx2 i and the active stereo camera
Intel RealSense D455. Excluding the resolution, all ToF cameras show similar
performance. The Basler Blazel01l offers the best accuracy, trueness and distortion
correction, while the Schmersal AM-T100 offers the best precision and sensor resolution.
Despite its low optical performance, the pmd flexx2 offers perfect distortion correction in
width and similar accuracy as the Blaze101 while costing nearly 7 times less. However,
due to its low resolution the pmd flexx2 is not suitable for face recognition.

I n contrast to the ToF camer as, I ntel 6s act i
measurement error. Although the active stereo camera is less affected by angle than the
ToF cameras, due to its bad imagery resolution the camera is not suitable for face
recognition either.

While none of the cameras match all requirements given in ISO/IEC 39794-5:2019 for
face recognition, the Basler Blaze101 is most suited for face recognition.
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8 Future work

This thesis proposes multiple suitable methods for the characterization of 3D cameras,
which offer further exploration.

For example, the characteristic curves determined for the sharpness can be used to
further evaluate the influence of post-processing filters on sharpness and resolution.

To date, the Bohler-star method was assumed not to be able to determine the sharpness
over distance. With the automatic analysis proposed in this work, this assumption should
be reassessed by expanding the evaluation to the entire measurement range. If the
results determined with the Bohler star match the trend in sharpness determined with
the slanted-edge method, the latter could be replaced. This replacement offers a faster
assessment and simultaneously evaluates sharpness and resolution of the point cloud.
Although the Bdhler-star method is applicable to active stereo cameras, the result is
highly dependent on the distance between star and background. This might not be the
case with the 3D slanted edge as proposed by Goesele et al. (2003). As an alternative
approach, this method should be adapted to ToF and active stereo cameras as well.
The proposed methods for evaluating the influence of target remission and angle also
lay the basis for further exploration. The study should be extended to real-life skin. This
extension offers not only insight about how the used materials mimic skin, but also about
the influence of oily or sweaty skin. Moreover, assessing angles of a variety of human
faces of different ages, genders and ethnicities is needed to determine suitable

summarizing metrics.
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Appendix A Measurement Equipment

Table A-10verview of the utilized spectrometerds technic
Device Technical
specifications
DWAREF-Star Miniature NIR | Product type: DS-InGaAs-512 NIR-25
(StellarNet Inc. n.d.b) BW-ND
Manufacturer: StellarNet Inc.
Detector type: InGaAs
Sensor: 512 px
Measurement range: 90071 1700nm
Grating: 300 g/mm
Slot width: 25 em
Resolution: 2,00 nm
Starting wavelength: 861,84 nm
BLACK-Comet UV-VIS Product type: CXR-50
(StellarNet Inc. n.d.a) Manufacturer: StellarNet Inc.
Detector type: CCD/CMOS
Sensor: 2048 px
Measurement range: 28017 900 nm
Grating: 590 g/mm
Slot width: 50e m
Resolution: 1.50 nm
Starting wavelength: 273 nm
SILVER-Nova Product type: 25 TEC2 BW16
(StellarNet Inc. n.d.c) Manufacturer: StellarNet Inc.
Detector type: CCD
Sensor: 2048 px
Measurement range: 1907 1110 nm
Grating: 600 lines
Schlitzweite: 25e m
Resolution: 0,50 nm
Starting wavelength: 182.43 nm
Mavospec Base Manufacturer: Gossen
(Gossen n.d.) Detector type: CMOS
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Sensor: 256 px
Measurement range: 38071 780 nm
Resolution: 1.72 nm
Starting wavelength: 182,43 nm
[lluminance
measurement error: +/-3 %
TableA-20Overview of the wutil iz esdecifititisns.ance meter 6s
Device Technical
specifications
Laser distance meter DAN-10- | Manufacturer: Dimetix
150 Measurement 0.05to 100 m
(Dimetix n.d.) range: +1mm
Accuracy: 0.3 mm
Repeatability: 100 Hz
Measuring rate: Red, visible
Wavelength:
3D-Scanner Compact Scan 5M | Manufacturer: ATOS
Volume: 600 x 450 x 450 mm
Point density: 0.250 mm
Distance: 590 mm
Camera angle: 25°
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Appendix B Reflectance Measurements
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Reflectance Measurements
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Figure B-3 Spectra of target materials used for measuring the influence of target remission. The
spectrum of skin is depicted in the background in grey and was gathered as part of a long-term
study with approximately 400 probands of different ages, gender and skin color (Rest 2022). All
Measurements are taken with a StellarNet DWARF-Star Miniature NIR Spectrometer and a
StellarNet BLACK-Comet UV-VIS Spectrometer CXR-50 (Appendix A: Measurement equipment).

81



Measurement Set-up

Appendix C Measurement Set-up

Schmersal A/(?l‘1 E}OO/

(e

Basler Blaze 101

Figure C-1 Measurement set-up to evaluate the influence of target remission and angle.

Table C-1 Exposure times for slanted edge evaluation with the Schmersal AM-T100.

Distance Exposure time
<200 mm 10

20071 300 mm 100

30071 400 mm 300

4007 500 mm 500

> 500 mm 1000
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Generic Characterization

Appendix D Generic Characterization

The complete generic characterization can be found in the digital appendix on the CD

attached.

D.1 Basler Blaze101
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D.2 Schmersal AM-T100
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Figure D-81 nt el Real Sense D4556s repeatability and preci !
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