10

15

20

25

30

35

-1 -

Met hod and nobil e capture apparatus for capturing

el enents of infrastructure of an underground |ine

net wor k

The invention relates to a method for the positiona
correct capture of exposed infrastructure elements

arranged underground, in particular in an open

excavation, by means of a mobile capture apparatus.
Furthermore, the invention relates to a mobile capt
apparatus for the positionally correct capture of e
infrastructure  elements arranged underground, in

particular in an open excavation. The exposed

infrastructure elements are, in particular,
infrastructure elements of distribution networks.

Underground infrastructure elements are usually sit

in large numbers in so-called line networks. These
networks are differentiated as so-called transmissi
distribution networks both in terms of their networ
structure and in terms of the manner in which they

laid and in terms of their regulatory boundary
conditions. While transmission networks consist of
superordinate, large, individual long-distance line
with rectilinear courses for national and internati
transport, the distribution networks, with their hi
degree of intermeshing of a plurality of infrastruc
elements and their structure that is composed of sm
parts or is highly ramified, perform the regional
redistribution to the end consumers. Infrastructure
elements of the transmission networks are even laid
significantly more deeply than those of distributio
networks.

According to the specifications and regulations of
owners and operators of public distribution network

the documentation of line networks laid in the grou
nowadays a distinction is drawn between two measure
variants, in principle, across multiple sectors: th
lines and connection elements are calibrated either
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means of electronic tachymeter devices, GNSS system
(abbreviation of Global Navigation Satellite System

even manually by means of the traditional tape meas

In the case of laying fiber-optic cables, for the p

of later locating, so-called spherical markers with

RFID chip (abbreviation of radio-frequency
identification) have recently been used as well, si
calibration by the current conventional methods is
inadequate with regard to accuracy. For the calibra

of underground line networks, external firms of eng

for surveying are generally commissioned for constr

projects. In this case, there is a high time expend

on coordination between the customer (network opera

the contractor (construction company) and the sub-s

provider (surveying engineer). At the same time the
customer currently still does not acquire a
georeferenced, three-dimensional model of the insta
infrastructure elements which the customer could us

for quality investigations regarding conformity to
guidelines or for later line information. In the ca

small construction projects such as e.g. the connec

of an individual consumer to the distribution netwo

the construction companies often only prepare rough
sketches by means of a tape measure on site for cos

time reasons. These sketches are in some instances
susceptible to errors and also inaccurate. In both
measurement variants, the line as an infrastructure
element is depicted in the documentation drawings
generally only by a sequence of traverses. The actu
geometric course of a line is thus disregarded here

Both for the maintenance of these line networks and
the planning of new civil engineering projects in t
vicinity of such line networks in the distribution
network, it is accordingly absolutely necessary to
available documentation that is as precise as possi
with accurate position indications of these undergr
infrastructure elements with an absolute accuracy o
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few centimeters. Inadequate knowledge about these

infrastructure elements in respect of location and

may result in damage to these infrastructure elemen
to interruptions of supply and in the worst case ev

fatal injuries to persons.

US 2014 210 856 Al describes a method for capturing
visualizing infrastructure elements of a line netwo
which are arranged in a manner concealed in a wall
floor element of a building. In a state in which th
infrastructure elements are arranged in an exposed
manner, they are captured by means of a laser scann
control point, the coordinates of which are known,
additionally captured. On the basis of the data cap

by the laser scanner, a 3D model of the infrastruct
elements is created, the coordinates of which model
defined in relation to the control point. After the
infrastructure elements have been concealed, a mark
arranged at a visible place. For the visualization

now concealed infrastructure elements, said marker
captured by a camera of a mobile display unit and t
model of the infrastructure elements is represented
manner superposed on the camera image in the displa
unit. What has proved to be disadvantageous about t
known method, however, is that both during the capt
of the infrastructure elements for the purpose of
generating the 3D model and during the visualizatio

the 3D model superposed on the camera image in the

captured scene, a respective control point or marke
to be arranged. This results in arelatively large
of work steps and also an increased susceptibility

vandalism, for example the undesired removal or

displacement of the markers.

WO 2018/213 927 A1 describes a method for capturing

exposed infrastructure elements of alarge national
distance line (“pipeline”) in a transmission networ
which pursues the objective of checking the minimum
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of cover prescribed by regulations. For this purpos
platform mounted on a vehicle outside the excavatio
moved at constant speed in a forward direction alon
exposed pipeline. A local point cloud is generated
means of a conventional LIDAR measuring apparatus
connected to the mobile platform via a mechanical
apparatus. Inthe local point cloud, a geometric fe

for example a longitudinal axis of a pipeline, is
identified with the aid of an edge recognition algo

In a further step, the geometric feature can be lin

with absolute position data obtained via a global
navigation satellite system. This system is designe
checking the laying depths - prescribed by regulati

of pipelines that are exposed for a relatively long
period of time in rural areas, with comparatively |
diameters of approximately 1m and rectilinear,
foreseeable courses. This method is not suitable,
however, for the positionally correct capture of
infrastructure elements of underground distribution
networks such as, for example, fiber-optic cables h

a small cross section and a ramified course, partic

in a town/city environment. This is because in view
traffic law orders relating to roads and the often
limited available route area below ground level, th
drainage systems of civil engineering projects in
town/city and suburban distribution networks run wi
smaller parts than in pipeline construction and the
excavations are typically between 0.3 and 2 m deep.

the case of such civil engineering projects, it is
necessary to capture the infrastructure elements wi
absolute accuracy in the range of a few centimeters
account of the enormous deadline pressure to comple
construction project on schedule, during calibratio
construction site employees typically carry out fur

work both outside and in the excavation. Furthermor
there is often no accessibility next to and above t
excavation, for example owing to trees, parked
automobiles or construction site materials, which m
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that the excavation has to be traversed in the mean
during calibration. The constantly variable ambient
conditions thus make the capture of the infrastruct
elements distinctly unpredictable. An additional fa

is sensor-typical and external disturbance influenc
that have a very adverse impact on the relative acc

of an inertial measurement unit (IMU) and also the
absolute accuracy of the measurements of the global
navigation satellite system on account of limited
satellite visibility and poor mobile radio coverage
Furthermore, an inertial measurement unitis not de

to compensate sufficiently accurately for failures

receiver for the global navigation satellite system

means that in some regions and areas highly accurat
satellite-based position determination is either no
possible or possible only at points. Therefore, the
mobile platform mounted on a vehicle, a robot or an
unmanned aerial system as known from WO 2018/213 92
is not suitable for capturing infrastructure elemen
underground line networks in a distribution network

may pose an additional hazard for the construction
employees and/or passers-by in the vicinity. From a
technical standpoint, moreover, this method is inad
particularly intown/city areas, since sensor-typic

undesired drift effects and also inaccuracies resul
therefrom occur when local point clouds are generat
solely using LIDAR. These drift effects and inaccur

make it impossible to carry out capture with an abs
accuracy in the single-digit centimeter range - as
required when mapping exposed infrastructure elemen
underground line networks in a distribution network

US 9 230 453 B2 describes a method for capturing an
exposed infrastructure element in which a QR code

attached to the infrastructure element manually is

by means of a LIDAR scanner or one or more cameras
order to determine the attributes thereof. A method
capturing exposed infrastructure elements with abso
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georeferencing is not described. In order to link t
infrastructure elements with an absolute position,
environment-relevant objects whose coordinates are
already known in advance in the respective official
coordinate system have to be provided with target m

and be captured by one or more cameras or LIDAR. Th
environment-relevant objects thus in turn have to b
calibrated in a further previous step by experts us
additional, conventional and expensive GNSS surveyi
equipment or tachymeter devices. The result of this

that overall there are not just many work steps
susceptible to errors, but expert knowledge in the

of georeferencing is also presupposed and numerous
sensor-specific drift effects and inaccuracies resu

therefrom are accepted, which make itimpossible to

out capture with an absolute accuracy in the single

centimeter range - as required when mapping exposed
infrastructure elements of underground line network

a distribution network. Furthermore, the method has

serious disadvantage owing to dependence on the

recognition of the QR codes. If it is not possible
recognize the QR codes on account of contamination

is customary at construction sites, for instance as
result of dust, dirt or deposit of precipitation, t

method cannot be used. The apparatus described in
US 9 230 453 B2 consists of a plurality of separate
components: here the data are firstly captured by a
apparatus such as, forexample, aLIDAR systemora
system having a plurality of cameras and are subseq

sent to a data processing system via a communicatio
network. The separate data processing device conver

data into a 3D point cloud by means of the “AutoCAD
software, this then being followed by use of the
“Photo Soft” software and also additional software
recognizing QR codes and target markers. In that ca
said data have to be imported/exported manually bet

the programs. If an absolute georeferencing is nece
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a surveying system and a target marker must additio
be used.

Against this background, the problem addressed is t

of  enabling positionally  correct  capture  of
infrastructure elements of an underground line netw

in particular in a distribution network, with an ab

accuracy of a few centimeters, with a reduced numbe

work steps, without expert knowledge and with
compensation of virtually all disturbance influence
sensor-typical measurement uncertainties.

In order to solve the problem, what is proposed is
method for capturing exposed infrastructure element

an underground line network, in particular in an op
excavation, by means of a mobile capture apparatus,
wherein:

- by means of a 3D reconstruction device of the
mobile capture apparatus, image data and/or depth
data of a scene containing at least one exposed
infrastructure element arranged underground are
captured and a 3D point cloud having a plurality
of points is generated on the basis of these
image data and/or depth data;

- by means of one or more receivers of the mobile
capture apparatus, signals of one or more global
navigation satellite systems are received and a
first position indication of the position of the
capture apparatus in a global reference system
is determined; and

- aplurality of second position indications of the
position of the capture apparatus in a local
reference system and a plurality of orientation
indications of the orientation of the capture
apparatus in the respective local reference
system are determined,

a. wherein the determination of one of the
second position indications and of one of
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the orientation indications is effected
by means of an inertial measurement unit
of the mobile capture apparatus, which
captures linear accelerations of the
mobile capture apparatus in three
mutually orthogonal principal axes of the
local reference system and angular
velocities of the rotation of the mobile
capture apparatus about these principal
axes, and
b. wherein the 3D reconstruction device
comprises one or more 2D cameras, by means
of which the image data and/or the depth
data of the scene are captured and the
determination of one of the second
position indications and of one of the
orientation indications is effected by
means of visual odometry on the basis of
the image data and/or the depth data; and
c. wherein the 3D reconstruction device
comprises a LIDAR measuring device, by
means of which the depth data of the scene
are captured and the determination of one
of the second position indications and of
one of the orientation indications is
effected by means of visual odometry on
the basis of the depth data,;
- a respective georeference is allocated to the
points of the 3D point cloud on the basis of the
first position indication and a plurality of the
second position indications and also a plurality
of the orientation indications,
- wherein the mobile capture apparatus is able to
be carried by a person, wherein the mobile
capture apparatus is able to be held by both
hands of a person, preferably by one hand of a
person, and has a housing, the largest edge
length of which is less than 50 cm, wherein the
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receiver(s), the inertial measurement unit and
the 3D reconstruction device are arranged in the
housing.

Further subject matter of the invention is a mobile
capture apparatus for the positionally correct capt

of exposed infrastructure elements arranged undergr

in particular in an open excavation, comprising:

- a 3D reconstruction device for capturing image
data and/or depth data of a scene containing at
least one exposed infrastructure element
arranged underground, and for generating a 3D
point cloud having a plurality of points on the
basis of these image data and/or depth data;

- one or more receivers for receiving signals of
one or more global navigation satellite systems
and for determining a first position indication
of the position of the capture apparatus in a
global reference system;

- an inertial measurement unit for determining a
second position indication of the position of the
capture apparatus in a local reference system and
an orientation indication of the orientation of
the capture apparatus in the local reference
system, wherein the inertial measurement unit is
designed to capture linear accelerations of the
mobile capture apparatus in three mutually
orthogonal principal axes of the local reference
system and angular velocities of the rotation of
the mobile capture apparatus about these
principal axes;
and

wherein the 3D reconstruction device comprises
one or more 2D cameras, by means of which image
data of the scene are capturable, wherein a
second position indication of the position of the
capture apparatus in the local reference system
and the orientation indication are determinable
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by means of visual odometry on the basis of the
image data;

and

wherein the 3D reconstruction device comprises a

LIDAR measuring device, by means of which depth

data of the scene are capturable, wherein a
second position indication of the position of the
capture apparatus in the local reference system
and the orientation indication are effected by
means of visual odometry on the basis of the
depth data;

- wherein the capture apparatus is configured to
allocate a respective georeference to the points
of the 3D point cloud, on the basis of the first
position indication and a plurality of the second
position indications and also a plurality of the
orientation indications;

- wherein the mobile capture apparatus is able to
be carried by a person, wherein the mobile
capture apparatus is able to be held by both
hands of a person, preferably by one hand of a
person, and has a housing, the largest edge
length of which is less than 50 cm, wherein the
receiver(s), the inertial measurement unit and
the 3D reconstruction device are arranged in the
housing.

In the method according to the invention, the expos
infrastructure elements are captured by means of th
mobile capture apparatus, wherein the latter compri
one or more receivers for receiving signals of one
more global navigation satellite systems and also t
reconstruction device and the inertial measurement

This combination of the receiver(s) for the signals

one or more global navigation satellite systems and

3D reconstruction device and the inertial measureme
unit enables simple capture of the position and
orientation of the infrastructure elements in a geo
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reference system with high accuracy. A 3D point clo
the recorded scene including the given infrastructu
element or the given infrastructure elementsis gen

in this case. A respective georeference is allocate
the points of said 3D point cloud. In this context,
georeference is understood to mean a position indic

of a point of the 3D point cloud in a geodetic refe
system, preferably in an official location referenc

system, for example ETRS89/UTM, in particular plus

geometric and/or physical height reference.

The georeference is allocated to the points of the
point cloud on the basis of the first position indi

- i.e. the determined position of the mobile captur
apparatus in the global reference system - and on t
basis of the plurality of second position indicatio

i.e. the estimated positions of the capture apparat

the local reference system - and on the basis of th
orientation indications - i.e. indications of the
estimated orientation of the capture apparatus in t
local reference system. The image data can thus hav
position indication that is independent of referenc
points in the region of the respective infrastructu
elements or excavation. As aresult, the georeferen

be determined with increased accuracy and reliabili
According to the invention, arranging and capturing
control point or a marker - for instance in accorda
with US 2014 210 856 A1 - is not necessary, with th
result that it is possible to save work steps durin
calibration. Consequently, as accurate and position
correct capture of the exposed infrastructure eleme
as possible with a reduced number of work steps can
made possible.

By virtue of the common housing, a mobile capture

apparatus for capturing the exposed infrastructure
elements can be provided which is compact, robust a
suitable for construction sites and which can be us

ud of
re

erated

dto

ation
rence

3D
cation

e

he
ns -
usin

he
ea

re
cecan

ty.
nce

ally

nts
be

nd
ed



10

15

20

25

30

35

-12 -

alongside an open excavation and also enables use o0
mobile capture apparatus where a person situated in
open excavation and holding the mobile capture appa

in one or two hands uses it to capture the exposed
infrastructure element or the exposed infrastructur
elements. The method according to the invention and
mobile capture apparatus according to the invention
therefore be used particularly advantageously for
capturing exposed infrastructure elements arranged
underground in distribution networks particularly i
town/city environment.

Advantageous configurations of the invention are th
subject matter of the dependent claims and relate e

to the method for capturing infrastructure elements

to the mobile apparatus for capturing infrastructur
elements.

Within the meaning of the invention, underground
infrastructure elements are understood to mean in
particular line or cable elements such as, for exam
fiber-optic cables, gas pipes, district heating pip

water pipes, power or telecommunication cables and
associated conduits, cable ducts and connection ele

The connection elements can be embodied for example
connectors for exactly two line or cable elements,
distributors for connecting three or more line or ¢
elements, or as amplifier elements. The underground
infrastructure elements to be captured are preferab
such underground infrastructure elements which are

of a distribution network, in particular part of a

optic, power or telecommunication cable distributio
network.

The underground infrastructure elements preferably

a diameter of less than 30 cm, preferably less than
20 cm, particularly preferably less than 10 cm, for
example less than 5 cm.
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Preferably, in the method according to the inventio
image data and/or depth data of a plurality of fram

a scene containing a plurality of exposed infrastru
elements arranged underground are captured and a 3D
cloud having a plurality of points is generated on
basis of these image data and/or depth data.

Preferably, the receiver(s) is/are designed to rece

and process signals of a global navigation satellit
system. It is particularly preferred if the receive

is/are designed to simultaneously capture and proce
signals of a plurality of global navigation satelli
systems (GNSS), in particular signals from satellit

different global navigation satellite systems and i
plurality of frequency bands. The global navigation
satellite systems can be for example GPS, GLONASS,
Galileo or Beidou. The receiver(s) can alternativel
additionally be designed to receive signals, in
particular reference or correction signals, from la

based reference stations. By way of example, the
receiver(s) can be designed to receive the signals
land-based transmitting station via a mobile radio
network. The correction signals can be for example
correction signals (German satellite  positioning
service) or signals of the global HXGN SmartNet.
Preferably, for determining the position of the cap
apparatus, use is made of one or more of the follow
methods: real time kinematic (referred to as RTK),
precise point positioning (PPP), post processed kin

(PPK). The use of one or more of these methods make
possible for the accuracy when determining the posi

of the capture apparatus to be reduced to arange o

than 10 cm, preferably less than 5cm, particularly
preferably less than 3 cm, for example less than 2

In order to ensure the quality of the determined fi
position indications in the global reference system
quality investigation of the georeferencing can be
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carried out, in manner not visible to the user. Thi

done by monitoring preferably one or more quality
parameters of the global satellite navigation syste

for example DOP (dilution of precision).

The inertial measurement unit (IMU) is preferably
designed to capture in each case atranslational mo

in three mutually orthogonal spatial directions - e

along an x-axis, a y-axis and a z-axis - and in eac

a rotational movement about these three spatial
directions - e.g. about the x-axis, the y-axis and

z-axis -, in particular to repeat these data captur

number of times at time intervals. By way of exampl

inertial measurement unit can capture three linear
acceleration values for the translational movement

three angular velocities for the rotation rates of

rotational movement as observation variables. These
observation variables can be derived on the basis o
proportional ratios of measured voltage differences

the aid of further methods such as the strapdown
algorithm (SDA), for example, changes in position,
velocity and orientation can be deduced by means of
measured specific force and the rotation rates.

The 3D reconstruction device can comprise a time-of
flight camera, a structured light camera, a stereo

camera, a LIDAR measuring device, a RADAR measuring

device and/or a combination thereof among one anoth
in particular with one or more 2D cameras.

The LIDAR measuring device of the 3D reconstruction
device is preferably configured as a solid-state LI
measuring device (referred to as solid-state LIDAR

flash LIDAR). Such solid-state LIDAR measuring devi
afford the advantage that they can be configured wi
mechanical components. A further advantage of the s

state LIDAR measuring device is that the latter can
capture image and/or depth information of a plurali

sis
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points at the same point in time, such that distort
effects on account of moving objects in the field o
cannot occur in the case of the solid-state LIDAR

measuring device. Measures for correcting such

distortions that occur in the case of scanning LIDA
measuring devices with a rotating field of view can
therefore be dispensed with.

According to the invention, the mobile capture appa
comprises a housing, wherein the receiver(s), the
inertial measurement unit and the 3D reconstruction
device are arranged in the housing. It is advantage

if the mobile capture apparatus does not have a fra

which the receiver(s), the inertial measurement uni

the 3D reconstruction device are arranged in an exp
manner. By virtue of the common housing, it is poss

to provide a capture apparatus for capturing the ex
infrastructure elements which is compact and robust
mobile and suitable for construction sites.

The invention provides for the mobile capture appar
to be able to be carried by a person, wherein the ¢
apparatus is able to be held by both hands of a per
preferably by one hand of a person, such that the m
capture apparatus can be carried by the user to an

excavation and be wused there to capture exposed

infrastructure elements. According to the invention

mobile capture apparatus has a housing, the largest
length of which is less than 50 cm, preferably less

40 cm, particularly preferably less than 30 cm, for
example less than 20 cm. The invention provides, in
particular, for the mobile capture apparatus not to
embodied as an unmanned aerial vehicle. The inventi
provides, in particular, for the mobile capture app

not to be able to be secured, preferably not to be
secured, to a ground machine or a ground vehicle.
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Preferably, the georeference is determined exclusiv

by means of the mobile capture apparatus - for exam

by means of the one or more receivers for signals o

or more global navigation satellite systems, the in
measurement unit and the 3D reconstruction device.
Preferably, a plurality of points, in particular al

points, of the 3D point cloud comprise a position
indication in a geodetic reference system as a resu

the georeferencing. The geodetic reference system c
identical with the global reference system.

In accordance with one advantageous configuration o
method, itis provided that respective color or gra

value information is assigned to the points of the
point cloud, wherein the color or grayscale value
information is preferably captured by means of the

or more 2D cameras of the 3D reconstruction device.
color or grayscale value information can be present
example as RGB color information in the RGB color s

or HSV color information in the HSV color space.

In accordance with one advantageous configuration o
method, a textured mesh model is generated on the b
of the 3D point cloud and the image data of the one
more 2D cameras. The use of a textured mesh model m
it possible to reduce the amount of data to be stor

In accordance with one advantageous configuration,
provided that
- the first position indication of the position in
the global reference system and/or raw data
assigned to this position indication; and
- the one or more second position indications; and
- the one or more second orientation indications;
and
- the capturedimage data and/or the captured depth
data and/or the captured linear accelerations of
the mobile capture apparatus in three mutually
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orthogonal principal axes of the local reference
system and also the angular velocities of the
rotation of the mobile capture apparatus about
these principal axes;
are stored in a temporally synchronized manner, in
particular in a storage unit of the capture apparat
For the purpose of synchronization, provision can b
foracommon time stamp and/or a common frame desig
to be stored in this case. The mobile capture appar
preferably comprises a storage unit designed to sto
a temporally synchronized manner the first position
indication of the position in the global reference
and/or raw data assigned to this position indicatio
the one or more second position indications; and th
or more second orientation indications; and the cap
image data and/or the captured depth data and/or th
captured linear accelerations of the mobile capture
apparatus in three mutually orthogonal principal ax
the local reference system and also the angular
velocities of the rotation of the mobile capture
apparatus about these principal axes.

In accordance with one advantageous configuration,
provided that, in particular for determining and/or
allocating the georeference, the one or more second
position indications are transformed from the respe

local reference system into the global reference sy
preferably by means of a rigid body transformation
Helmert transformation or by means of a principal a
transformation.  Optionally, the  first  position
indication in the global reference system and the o

more second position indications in the respective
reference system can be transformed into a further
reference system.

In accordance with one advantageous configuration,
provided that the determination of one of the secon
position indications and of one of the orientation
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indications is effected by means of visual odometry
the basis of the image data and/or the depth data a

by means of the inertial measurement unit by simult
position determination and mapping. The determinati

the one or more second position indications and of
orientation indications contributes to an improved
georeferencing of the points of the 3D point cloud
enabling a more accurate determination of the traje

of the capture apparatus.

It is advantageous if allocating the georeference t
points of the 3D point cloud is effected by means o
sensor data fusion, wherein a factor graph as a gra

model and/or an applied estimation method arelis

preferably used for optimization purposes, wherein
first position indications of the position in the g

reference system are preferably used. In this regar
particular, drift effects and deviations between th
second position indications and the first position
indications in the global reference system of the ¢
apparatus can be recognized and corrected. The capt
of the first position indications by the one or mor
incorporated receivers in a global reference system
compensate for the limiting factors - having short-
stability - of the relative sensor systems and lead

the georeferencing of the mobile capture apparatus
the aid of a transformation into the superordinate
coordinate system.

In one advantageous configuration, the sensor data
is based on a nonlinear equation system, on the bas

which an estimation of the position and of the

orientation of the mobile capture apparatus is effe
Preferably, an estimation of the trajectory, i.e. 0

temporal profile of the position of the mobile capt
apparatus, and an estimation of the temporal profil

the orientation of the mobile capture apparatus are
effected on the basis of the nonlinear equation sys
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The estimation of position and orientation or traje

and profile of the orientation makes it possible to
achieve firstly a high absolute accuracy of the
georeferencing in the range of a few centimeters an
secondly the advantage that it is possible to compe

for an occasional failure of a sensor, e.qg. if reli

first position indications cannot be determined on
account of limited satellite visibility.

It is preferred if on the basis of the image data a

depth data captured by the 3D reconstruction device
least one infrastructure element, in particular a |

or a connection element, is detected and classified

the estimation of the position and of the orientati

the mobile capture apparatus on the basis of the
nonlinear equation system is additionally effected

basis of the results of the detection and classific

of the infrastructure element, in particular on the

of resultindications containing color information

line diameter and/or a course and/or a bending radi
and/or georeference. A particularly robust and prec
georeferencing of the infrastructure elements can b
achieved in the case of such a configuration.

A factor graph is preferably used for the purpose o
sensor data fusion, which factor graph maps the com
relationships between different variables and facto

In this context, the motion information (angular
velocities, orientation indications, etc.) added
sequentially for each frame can be fused with carri
phase observations (GNSS factors) in a bundle adjus

In this case, the GNSS factors represent direct
observations of the georeferenced position of a fra
whereas the relative pose factors yield information

the changes in pose between the frames and feature
factors link the local location references (e.g.
recognizable structures and/or objects) detected in
image recordings and establish the spatial referenc
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the surroundings. Furthermore, the results of the
detection, classification and/or segmentation of

10

15

20

25

30

35

infrastructure elements (color information, geometr ic
application-specific features such as e.g. diameter :
course, bending radii, first/second position indica tions
of the mobile capture apparatus, etc.) can concomit antly
influence the sensor data fusion mentioned above. W hat
arises as the result is a continuous, globally full Y,
newly aligned 3D point cloud of recorded frames of a
scene, on the basis of which all infrastructure ele ments
can be extracted three-dimensionally, in a georefer enced
manner with an absolute accuracy of a few centimete rs.

In accordance with one advantageous configuration, itis
provided that by means of the one or more receivers of
the mobile capture apparatus, signals from a maximu m of
three navigation satellites of the global navigatio n
satellite system are received, wherein a respective

georeference is allocated to the points of the 3D p oint
cloud with an accuracy in the range of less than 10 cm,
preferably less than 5 cm, particularly preferably less
than 3 cm. Owing to the use of a plurality of senso r data
sources, three-dimensional absolute geocoordinates of
infrastructure elements in environments in which th ere
is only limited satellite visibility and/or poor mo bile
radio coverage can be determined in the range of a few
centimeters.

In accordance with one advantageous configuration, itis
provided that the second position indications of th e
position of the capture apparatus and/or the orient ation
indications of the mobile capture apparatus as prio r
information assist the resolution of ambiguities of

differential measurements of carrier phases in orde r to
georeference infrastructure elements evenifthe re ceiver
reports a failure or determines a usable second pos ition
indication and/or orientation indication only for a short

time by means of the inertial measurement unit.
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It is advantageous if with the aid of the sensor da
fusion regions of infrastructure elements recorded
multiply or at different times, such as overlaps be

two scenes, for example, are recognized and reduced

the temporally most recent captured region of the

infrastructure elements.

One advantageous configuration provides for
plausibility of a temporal sequence of first positi
indications of the position of the capture apparatu
the global reference system to be determined, prefe
by a first velocity indication being determined on
basis of the temporal sequence of first position
indications and a second velocity indication being

calculated on the basis of the captured linear

accelerations and angular velocities and being comp
with the first velocity indication. A comparison wi

time integral of the linear accelerations can be ef

for this purpose. The reliability of the georeferen
determined or allocated to the points can be increa
as a result. Preferably, a respective georeference
thus allocated to the points of the 3D point cloud

basis of one or more first position indications and

or more of the second position indications and one
more of the orientation indications and the measure
accelerations of the mobile capture apparatus along
principal axes of the local reference system and th
measured angular velocities of the rotations of the
mobile capture apparatus about these principal axes

One advantageous configuration provides for, on the

of the 3D point cloud and/or on the basis of the im
data, at least one infrastructure element, in parti

a line or a connection element, to be detected and/
classified and/or segmented.
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In this context, it is preferred if one or more met

of image segmentation such as, for example, thresho
value methods, in particular histogram-based method
texture-oriented methods, or region-based methods,
else pixel-based methods such as, for example, supp
vector machine, decision trees and neural networks
used for the detection, classification and/or
segmentation of an infrastructure element. By way o
example, for the detection, classification and/or
segmentation of the infrastructure elements, color
information of the captured image data can be compa
with predefined color information. Since infrastruc
elements of different line networks generally have
different  coloration  and/or  different  geometry
information,  color  information  and/or  geometry
information of the captured image data can be compa
with, for example, predefined color information and
geometry information stored in a database in order
firstly to differentiate the infrastructure element

their surroundings in the scene and secondly to rec

the type of infrastructure element, for example whe

the latter is a fiber-optic cable or a district hea

pipe. Preferably, color information of the points o

3D point cloud is compared with predefined color
information, such that points of the 3D point cloud

be assigned directly to a recognized infrastructure
element.

In accordance with one advantageous configuration,
provided that at least one histogram of color and/o
grayscale value information, and/or saturation valu
information and/or brightness value information and

of an electromagnetic wave spectrum of a plurality
points of the 3D point cloud is generated for the
detection, classification and/or segmentation.
Generating a histogram of the color or grayscale va
information makes possible, in a first step, the
assignment of the points of the point cloud which a
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most nearly similar to the predefined color and/or

grayscale value information, and/or saturation valu e
information and/or brightness value information and lor
an electromagnetic wave spectrum and thus establish the
basis for an improved recognition of infrastructure

elements in a scene. Preferably, a histogram of col or or
grayscale value information of the image data in th e HSV
color space is generated, for example after a prece ding
transformation of the image data into the HSV color

space. Particularly preferably, the histogram of th e
color value (referred to as hue) is generated, which is

also referred to as color angle.

Preferably, in the histogram or histograms local ma xima
are detected and among the local maxima such maxima with

the smallest separations with respect to a predefin ed
color, saturation and brightness threshold value of an

infrastructure element are determined or detected.

It has proved to be advantageous if a group of poin ts
whose points do not exceed a predefined separation

threshold value with respect to the color informati on
composed of the detected local maxima is extended

iteratively by further points which do not exceed a

defined geometric and color separation with respect to
the associated neighboring points, in order to form a
locally continuous region of an infrastructure elem ent

with similar color information. In this way, it is

possible to detect locally continuous regions of an

infrastructure element with a similar color value. An
infrastructure element whose color value changes

gradually in the geometric course of the infrastruc ture
element can also be recognized as a continuous
infrastructure element in the image data. Preferabl y, a
preferred direction separation threshold value can be
predefined for a preferred spatial direction

corresponding to a direction of movement of the mob ile

capture  apparatus during the capture of the
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infrastructure  element. The  preferred direction
separation threshold value can be greater than the
separation threshold value for other spatial direct

since it can be assumed that during the capture of
infrastructure elements in the open excavation the

moves the mobile capture apparatus in a direction
corresponding to the main direction of extent of th
infrastructure elements.

One advantageous configuration of the invention pro

that for the detection, classification and/or
segmentation of the infrastructure elements and/or
improved distance measurement and/or for initializa

of the absolute orientation, a light spot of a lase
pointer of the capture apparatus is captured and/or
displayed in the display direction. For this purpos

mobile capture apparatus preferably comprises a las
pointer for the optical marking of infrastructure
elements, by means of which laser pointer a laser b
directed in the direction of the scene captured by

3D reconstruction device is preferably able to be
generated. By means of the laser pointer, a user of
capture apparatus can mark a point in the captured
which represents a part of the infrastructure eleme
The point marked by means of the laser pointer can
identified in the captured image data and points ha

a geometric separation from the marked point can
represent candidate points that are presumably like

part of the infrastructure element. In a further st

the color values of the candidate points can be com

with one another, for example by means of one or mo
histograms. From the latter it is possible to detec

local maxima with the smallest separations with res

to the previously defined hue, saturation and brigh

values of the infrastructure element.

One advantageous configuration of the method accord
to the invention provides that for the detection,
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classification and/or segmentation of the infrastru
elements, color or grayscale value information of t
captured image data, in particular color or graysca
value information of the points of the 3D point clo
and/or the captured depth data and associated label
information are fed to one or more artificial neura
networks for training purposes. In the context of
training the artificial neural network, the image d

can be used as training data for the artificial neu
network, wherein correction data are additionally
provided by a user of the capture apparatus in orde

train the artificial neural network. The artificial

neural network can be embodied as part of a data

processing device of the mobile capture apparatus,
particular as software and/or hardware. Alternative
it is possible for the artificial neural network to
provided as part of a server to which the mobile ca

apparatus is connected via a wireless communication

connection. By means of the trained neural network,
detection, classification and/or segmentation of
infrastructure elements can be made possible with r
computational complexity.

One advantageous configuration provides that for ea
detected infrastructure element an associated 3D ob

is generated, in particular on the basis of the 3D

cloud. The generating of the 3D object is preferabl
effected proceeding from the 3D point cloud in the
geodetic reference system and is thus georeferenced

3D object can have a texture. Preferably, the mobil
capture apparatus comprises a graphics processing u
(GPU) designed to represent the 3D object correspon

to the captured infrastructure element.

During the capture of infrastructure elements in a
distribution network, for various reasons the situa

can arise that a part of the infrastructure element
arranged underground is not optically capturable by
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mobile capture apparatus on account of concealment.

Optical vacancies thus arise in the 3D point cloud

network defined by the 3D objects. Such a situation

arise for example if the infrastructure element is
covered by a plate extending over the excavation, f
example a steel plate forming a crossing over the
excavation. Furthermore, it is possible for the exp
infrastructure element to be connected to a further
infrastructure element with the latter having been

in a closed manner of construction, thus e.g. by me

of press drilling. Furthermore, e.g. as a result of
inattentive movements of a user of the mobile captu
apparatus, it can happen that infrastructure elemen

parts thereof are concealed by sand or soil, or fol

may fall from nearby trees and result in concealmen
Measures can be taken to enable the additional capt

of such infrastructure elements that are not optica
capturable by the mobile capture apparatus, which
measures are presented below.

One advantageous configuration of the invention pro

that an optical vacancy between two 3D objects is
recognized and a connection 3D object, in particula

a 3D spline, is generated for closing the optical
vacancy.

Preferably, for recognizing the optical vacancy, a
feature of a first end of a first 3D object and the

feature of a second end of a second 3D object are
determined, wherein the first and second features a
compared with one another and the first and second
features are a diameter or a color or an orientatio

a georeference. Particularly preferably, for recogn

the optical vacancy, a plurality of features of a f

end of afirst 3D object and the same features ofa

end of a second 3D object are determined, wherein t
first and second features are compared with one ano
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and the first and second features are a diameter an
a color and/or an orientation and/or a georeference

Alternatively, it can be provided that the mobile ¢
apparatus is put into an optical vacancy mode and i
moved proceeding from the first end to the second e

The optical vacancy mode can be activatable by an

operator control element of the capture apparatus.

In accordance with one advantageous configuration,
provided that the mobile capture apparatus comprise
device for voice control. An auditory input of comm
and/or information can be effected via the device f
voice control. An auditory input makes it possible
prevent undesired blurring as a result of the actua

of operator control elements during the capture of
infrastructure elements, which contributes to impro
capture results. Furthermore, an acoustic output of
requests and/or information, in particular feedback
messages and/or warnings, can be effected by means
device for voice control. The device for voice cont

can comprise one or more microphones and/or one or
loudspeakers.

Preferably, auditory information is recognized by m
of the device for voice control and the georeferenc
allocated to the points of the 3D point cloud
additionally on the basis of the auditory informati
Particularly preferably, the auditory information,
particular during the sensor data fusion, is used f
estimation of the position and the orientation of t
mobile capture apparatus. Alternatively or addition

the auditory information can be used for the detect
and classification of the infrastructure elements.

of example, auditory information of a user concerni

type of infrastructure element to be recognized (“t
line is a fiber-optic cable”) and/or concerning the

number of infrastructure elements to be recognized
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(“three lines are laid”) and/or concerning the
arrangement of the infrastructure elements (“on the

there is a gas pipe, and on the right a fiber-optic
cable”) can be recognized by means of the device fo
voice control. It is preferably provided that on th
basis of the image data and/or depth data captured

3D reconstruction device, at least one infrastructu
element, in particular a line or a connection eleme

is detected and classified and the estimation of th
position and of the orientation of the mobile captu
apparatus on the basis of the nonlinear equation sy

is additionally effected on the basis of auditory
information.

In accordance with one advantageous configuration,
provided that by means of a display device of the m
capture apparatus, a representation of the 3D point

and/or 3D objects corresponding to infrastructure
elements are/is displayed. This affords the advanta
that the user of the mobile capture apparatus can v
and optionally check the 3D point cloud and/or 3D o
corresponding to infrastructure elements on site, f
example directly after the capture of the infrastru

elements in the open excavation.

Alternatively or additionally, by means of the disp
device, a textured mesh model generated on the basi
the 3D point cloud and the image data of the one or
2D cameras can be displayed.

In accordance with one advantageous configuration,
provided that by means of a display device of the m
capture apparatus, a 2D location plan is displayed.

2D location plan can be generated by means of a dat
processing device of the mobile capture apparatus,
example on the basis of the in particular georefere

3D point cloud. Preferably, the 2D location plan ca
stored in a file, for example in the .dxf file form
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shapefiles with individual attributes. The configur

of such a 2D location plan serves for digitally
integrating the infrastructure elements into the
individual geoinformation systems of the responsibl
owners.

In accordance with one advantageous configuration,
provided that by means of a display device of the m
capture apparatus, a parts list of infrastructure
elements, in particular of line elements and connec
elements, is displayed. The parts lists can be gene

by means of adata processing device of the mobile
apparatus on the basis of the detected, classified
segmented infrastructure elements and can be manual
adapted by the user. The parts list can comprise fo
example infrastructure elements of different line
networks. The parts list can comprise for example
information about the number of respective infrastr

elements and/or the number of laid length units of
respective infrastructure elements and/or the posit
indication of the respective infrastructure element

geodetic reference system and/or the progress of
construction.

In accordance with one advantageous configuration,
provided that by means of a display device of the m
capture apparatus, a superposition of image data of
camera of the capture apparatus with a projection o

or more 3D objects corresponding to an infrastructu
element is displayed. In order to project the 3D ob

of the infrastructure element onto the excavation,
firstly the orientation of the camera viewing direc

of the mobile capture apparatus has to be initializ

For this purpose, it is necessary for the user to m

the mobile capture apparatus to the locality for ex

over a range of a few meters or to carry out a spec
movement pattern/procedure in order to acquire the
orientation in space by way of sufficient sensor da

ation
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the mobile capture apparatus. Preferably, a superpo sition
of the image data of the 2D camera provided as part of
the 3D reconstruction device with a plurality of

projections of the 3D objects corresponding to a

plurality of, in particular interconnected,

infrastructure  elements is displayed. Such a

representation may also be referred to as an * augnent ed
reality” representation and enables a realistic or

positionally correct representation of the

infrastructure elements arranged in a concealed man ner,
even in the closed state. That means that, by means of
the mobile capture apparatus, a realistic represent ation
of the infrastructure elements laid underground can be
represented to a user even after the excavation has been
closed. On account of the georeferenced image data, the
user does not have to expose the infrastructure ele ments
in order to be able to perceive their course with h igh
accuracy.

In accordance with one advantageous configuration, itis
provided that by means of a display device of the m obile
capture apparatus, a superposition of image data of a 2D
camera - provided as part of the 3D reconstruction device
- of the capture apparatus with a projection of a

plurality of points of the 3D point cloud is displa yed.
If a projection of the 3D point cloud is displayed on the
display device, this does result in an increased

computational complexity during the representation by
comparison with the representation of the projectio n of
a 3D object. However, a preceding generation of the 3D

object can then be dispensed with.

The mobile capture apparatus preferably comprises a
display device for displaying display data and a da ta
processing device designed to provide display data
comprising
- arepresentation of the 3D point cloud and/or
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- atextured mesh model generated on the basis of
the 3D point cloud and the image data of the one

or more 2D cameras and/or

- 3D objects corresponding to infrastructure

elements and/or
- a 2D location plan and/or
- a parts list of infrastructure elements and/or

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of one

or more 3D objects corresponding
infrastructure element and/or

to an

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of a

plurality of points of the 3D point cloud.
The display device can be embodied as a combined di
and operator control device that can be used to cap
a user’s inputs, for example as a touchscreen.

In accordance with one advantageous configuration,
mobile capture apparatus comprises a laser pointer
optically marking infrastructure elements and/or fo
extended distance measurement and/or forinitializi
orientation in the display direction.

In accordance with one advantageous configuration,
mobile capture apparatus comprises a polarization f
for avoiding glare, specular reflection and reflect

for the purpose of increasing quality and optimizat
of the observation data.

In accordance with one advantageous configuration,
mobile capture apparatus comprises one or

more

illumination devices for improved detection,

classification and/or segmentation of infrastructur
elements.
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In accordance with one advantageous configuration,
mobile capture apparatus comprises a device for voi
control.

Preferably, the device for voice control is designe

enable an acoustic output of input requests and/or
information, in particular feedback messages and/or
warnings.

Further details and advantages of the invention sha
explained below on the basis of the exemplary embod

shown in the figures. The following is shown herein

fig. 1 shows one exemplary embodiment of a mobile

the
ce

dto

[l be
iments

fig. 2

fig. 3

fig. 4

figs. 5, 6

fig. 7

capture apparatus according to the
invention in a schematic block
illustration;

shows one exemplary embodiment of amethod
according to the invention for capturing
exposed infrastructure elements situated
underground in a flow diagram;

shows one exemplary projection of a 3D
point cloud;

shows one exemplary representation of a
scene;

show representations of construction
projects in which the invention can be
used,

shows a block diagram for elucidating the
processes when allocating the
georeference to the points of the 3D point
cloud;
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fig. 8 shows a schematic representation of a
plurality of scenes;

fig. 9a shows a plan view of an excavation with a
plurality of at least partly optically
concealed infrastructure elements; and

fig. 9b shows a plan view of the excavation in
accordance with fig. 9a with a recognized
and closed optical vacancy.

Fig. 1 illustrates a block diagram of one exemplary
embodiment of a mobile capture apparatus 1 for capt
exposed infrastructure elements situated undergroun
particular in an open excavation. The mobile captur
apparatus 1 comprises, inter alia, one or more rece

2, consisting of a receiving installation for recei

and processing signals of one or more global naviga
satellite systems and for determining a first posit

of the capture apparatus in the global reference sy

on the basis of time-of-fight measurements of the
satellite signals. The receiver 2, in particular th
receiving installation of the receiver 2, can be
connected to one or more antennas, preferably arran
outside the housing 9 of the mobile capture apparat
particularly preferably on an outer contour of the
housing 9. Alternatively, the antenna can be arrang
within the housing 9. This first position of the ca

apparatus 1 in the global reference system can be
improved in particular by means of a reference stat

or the service of a reference network. The mobile ¢
apparatus 1 also contains a 3D reconstruction devic

for capturing image data and/or depth data of a sce

in particular of a frame of a scene containing expo
infrastructure elements situated underground.
Furthermore, the mobile capture apparatus 1 compris
inertial measurement unit 3 for measuring the
accelerations along the principal axes and the angu
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velocities of the rotations of the mobile capture

apparatus 1. Furthermore, a plurality of second pos
indications of the position of the capture apparatu
estimated by means of visual odometry of the image
and/or depth data and by means of an inertial measu

unit 3 by simultaneous position determination and
mapping. In particular, the plurality of second pos
indications of the position of the capture apparatu

in a local reference system and the plurality of
orientation indications of the orientation of the ¢

apparatus 1 in the respective local reference syste
determined,

a. wherein the determination of one of the second
position indications and of one of the
orientation indications is effected by means of
an inertial measurement unit 3 of the mobile
capture apparatus 1, which captures linear
accelerations of the mobile capture apparatus 1
in three mutually orthogonal principal axes of
the local reference system and angular velocities
of the rotation of the mobile capture apparatus
1 about these principal axes, and/or

b. wherein the 3D reconstruction device 4 comprises

one or more 2D cameras, by means of which the

image data and/or the depth data of the scene are
captured and the determination of one of the
second position indications and of one of the
orientation indications is effected by means of
visual odometry on the basis of the image data
and/or the depth data; and/or

c. wherein the 3D reconstruction device 4 comprises
a LIDAR measuring device, by means of which the
depth data of the scene are captured and the
determination of one of the second position
indications and of one of the orientation
indications is effected by means of visual
odometry on the basis of the depth data.
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The receiver(s) 2, the inertial measurement unit 3
the 3D reconstruction device 4 are arranged in a co
housing 9.

The housing 9 has dimensions which make it possible
the mobile capture apparatus 1 can be held by a use
both hands, preferably in a single hand. The housin
has a largest edge length that is less than 50 cm,
preferably less than 40 cm, particularly preferably

than 30 cm, for example less than 20 cm.

Further components of the mobile capture apparatus

are likewise arranged inthe housing 9 are alaser

5, a data processing device 6, a storage unit 7, a
communication device 10 and a display device 8.

The laser pointer 5 can be used for the optical mar

of infrastructure elements and/or for supplementary
distance measurement and is arranged in the housing
frame 9 in such a way that a laser beam that points

the direction of the scene captured by the 3D
reconstruction device 4, for example at the center

scene captured by the 3D reconstruction device 4, i
generable by said laser pointer.

The data processing device 6 is connected to the
receiver(s) 2, the inertial measurement unit 3 and

3D reconstruction device 4, such that the individua
measured and estimated data and also the image data

be fed to the data processing device 6. Furthermore

laser pointer 5, the storage unit 7 and the display

8 are connected to the data processing device 6.

The capture apparatus 1 contains a communication de

10 configured in particular as a communication devi

wireless communication, for example by means of
Bluetooth, WLAN or mobile radio.

and
mmon

that
r by
g9

less

1 that
pointer

king

or

of the

the

can
, the
device

vice
ce for



10

15

20

25

30

35

- 36 -

The display device 8 serves for visualizing the
infrastructure elements captured by means of the ca
apparatus 1. The display device 8 is preferably emb

as a combined display and operator control device,
example in the manner of a touch-sensitive screen
(referred to as t ouchscreen).

The mobile capture apparatus 1 shown in fig.

used in a method for capturing exposed infrastructu
elements situated underground. One exemplary embodi
of such a method 100 shall be explained below with
reference to the illustration in fig. 2.

In the method 100 for capturing infrastructure elem

of an underground line network in an open excavatio
means of a mobile capture apparatus 1, in a capturi
step 101, by means of one or more receivers 2 of th
mobile capture apparatus 1, signals of one or more
navigation satellite systems are received and proce

and also one or more position indications of the po

of the capture apparatus 1 in the global reference

are determined. At the same time, by means of a 2D

of the mobile capture apparatus 1, said 2D camera b
provided as part of the 3D reconstruction device 4,

data of a scene containing exposed infrastructure
elements situated underground are captured. A LIDAR
measuring device of the 3D reconstruction device ca

image data and/or depth data of the scene. Furtherm

a plurality of second position indications of the
position of the capture apparatus are estimated by

of visual odometry of the image data and/or depth d

and by means of an inertial measurement unit 3 by
simultaneous position determination and mapping. Th
inertial measurement unit 3 is designed to capture
accelerations of the mobile capture apparatus 1 in
mutually orthogonal principal axes of the local ref

system and angular velocities of the rotation of th
mobile capture apparatus 1 about these principal ax
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The capture apparatus 1 is carried by a person,
preferably by both hands of a person, particularly
preferably by one hand of a person.

The estimated second position indications in the lo cal
system, the estimated orientation indications in th e
local reference system, the measured first position in
the global reference system, the measured accelerat ions

along the principal axes and the measured angular
velocities of the rotations of the mobile capture

apparatus 1 about the principal axes and the captur ed
image data are stored in a synchronized manner in t he
storage unit 7 of the capture apparatus 1. The user can

move with the capture apparatus 1 during the captur ing
step 101, for example along an exposed infrastructu re
element. The synchronized storage of these data ens ures
that the data can be processed correctly in the

subsequent method steps. The image data captured by the

3D reconstruction device are conditioned in a subse quent
reconstruction step 102 in such a way that they gen erate

a 3D point cloud having a plurality of points and c olor

information for the points. In this respect, this i S

referred to here as a colored 3D point cloud.

In a georeferencing step 103, a first position indi cation
in a geodetic reference system, for example an offi cially
recognized coordinate system, is then allocated to the
points of the 3D point cloud onthe basis ofthe es timated
second position indications of the 3D reconstructio n
device 4 in the local reference system, the estimat ed
orientations of the 3D reconstruction device 4 in t he
local reference system and the measured first posit ions
of the mobile capture apparatus 1 in the global ref erence
system and the measured accelerations of the mobile

capture apparatus 1 along the principal axes and th e
measured angular velocities of the rotations of the

mobile capture apparatus 1 about the principal axes of

the mobile capture apparatus 1. In this respect, af ter
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the georeferencing step 103 a colored, georeference
point cloud is calculated and provided.

Afterward, in a recognition step 104, infrastructur
elements are detected on the basis of the color
information of the data. For the detection,
classification and/or segmentation of the infrastru

elements, color information of the captured image d

is compared with predefined color information.
Alternatively or additionally, a marking of the
infrastructure elements may have been effected by t
user during the capture of the scene by means of th
laser point 5. The marking by the laser point 5 can
detected in the image data and used for detecting t
infrastructure elements. As a result of the recogni

step 104, a plurality of image points of the image

in particular a plurality of points of the colored,
georeferenced 3D point cloud, are allocated in each

to a common infrastructure element, for example a |
element or a line connection element. The illustrat

in fig. 3 shows one exemplary image representation of a
recognized infrastructure element in a 2D projectio

In a subsequent data conditioning step 105, the gen

data of the individual recognition step are conditi

and the infrastructure elements thereof are detecte
conditioning can be effected by means of the data
processing device 6. In this case, various types of
conditioning are possible, which can be carried out
alternatively or cumulatively: in the data conditio

step 105, 3D objects corresponding to the captured
infrastructure elements can be generated, such that

model of the underground line network is generated.
Furthermore, a projection of the 3D point cloud can
calculated. Itis possible to generate a 2D locatio

in which the detected infrastructure elements are
reproduced. Furthermore, a parts list of the recogn
infrastructure elements can be generated.
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In a visualization step 106, by means of the displa y
device 8 of the mobile capture apparatus 1,
- arepresentation of the 3D point cloud and/or
- a 2D location plan and/or
- a parts list of infrastructure elements and/or
- a superposition of image data of a 2D camera of
the capture apparatus with a projection of one
or more 3D objects corresponding to an
infrastructure element and/or
- a superposition of image data of a 2D camera of
the capture apparatus with a projection of a
plurality of points of the 3D point cloud
can then be displayed.

Fi g. 4 visualizes an application of the method according

to the invention and of the apparatus according to the
invention. A plurality of frames of a recorded scen e
containing a multiplicity of infrastructure element

200, 200 ' of a distribution network are illustrated. The

infrastructure elements 200, 200 ' are fiber-optic cables

and telecommunication cables, which are laid ina c ommon
excavation in some instances without a spacing betw een
one another. The diameter of these infrastructure

elements 200, 200 ' is less than 30 cm, in some instances

less than 20 cm. Some infrastructure elements 200 " have
a diameter of less than 10 cm. A person 201 is stan ding
in the open excavation and using a mobile capture

apparatus 1 (not visible in fig. 4) for capturing the
exposed infrastructure elements 200, 200 ' by means of the
method according to the invention.

The representations in figs. 5 and 6 show typical
construction sites for laying infrastructure elemen ts of
underground distribution networks in a town/city

environment. These construction sites are situated ina
town/city road area and are distinguished by excava tions

having a depth of 30 cmto 2 m. Around the excavati onthe
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space available is restricted and accessibility to
excavation is limited in part by parked automobiles
and/or constant road traffic. The town/city environ

of the excavation is often characterized by shading
the GNSS signals and of mobile radio reception.

Fi g. 7 shows a block diagram illustrating the data flow
for generating the 3D point cloud and allocating th
georeferences to the points of the point cloud. As
sources or sensors, the mobile capture apparatus 1
comprises the inertial measurement unit 3, the rece

2 for the signals of the global navigation satellit
system including mobile radio interface 302, a LIDA
measuring device 303 - embodied here as a solid-sta
LIDAR measuring device - of the 3D reconstruction d

4 and also a first 2D camera 304 of the 3D reconstr

device 4 and optionally a second 2D camera 305 of t
reconstruction device 4.

The data provided by these data sources or sensors

stored in a synchronized manner in a storage unit 7

the mobile capture apparatus (step 306). That means

the first position indication of the position in
the global reference system and/or raw data
assigned to this position indication; and

the one or more second position indications; and

the one or more second orientation indications;

and

the captured image data and/or the captured depth
data and/or the captured linear accelerations of
the mobile capture apparatus 1 in three mutually
orthogonal axes of the local reference system and

also the angular velocities of the rotation of

the mobile capture apparatus 1 about these axes;
are stored in a temporally synchronized manner in t
storage unit 7 of the capture apparatus 1.
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By means of the LIDAR measuring device 303, the dep
data of the scene are captured and one of the secon
position indications and one of the orientation
indications are determined by means of visual odome
on the basis of the depth data. On the basis of the

data and/or depth data determined by the LIDAR meas
device 303, a local 3D point cloud having a plurali

points is generated, cf. block 307.

By means of the first 2D camera 304 and optionally
second 2D camera 305, the image data and/or the dep
data of the scene 350 are captured and one of the s
position indications and one of the orientation
indications are in each case determined by means of
visual odometry on the basis of the respective imag

and/or the depth data of the 2D camera 304 and opti

305. For this purpose, feature points are extracted

block 308 and optionally 309.

Furthermore, on the basis of image data and/or dept
captured by the 3D reconstruction device 4, at leas
infrastructure element, in particular a line or a
connection element, is detected and classified and
optionally segmented, cf. block 310. In this case,

or more of the following items of information are
obtained: color of an infrastructure element, diame

of aninfrastructure element, course of an infrastr

element, bending radius of an infrastructure elemen
first and second position indications of the mobile
capture apparatus. The detection, classification an
optionally segmentation can be effected by means of
artificial neural network configured as part of a d
processing device of the mobile capture apparatus,
particular as software and/or hardware.

The mobile capture apparatus can optionally compris
device for voice control. Auditory information used
detecting and classifying the infrastructure elemen
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and/or for allocating the georeference to the point
the 3D cloud can be captured via the device for voi
control.

The output data present as local 2D data of blocks
308, 309 and 310 are firstly transformed into 3D da
(block 311), in particular by back projection.

The data of a plurality of frames 350, 351, 352 of
scene that have been transformed in this way are th

to sensor data fusion 312, which carries out an
estimation of the position and of the orientation o

mobile capture apparatus 1 on the basis of a nonlin
equation system. A factor graph is preferably used

the purpose of sensor data fusion 312, which factor
represents the complex relationships between differ
variables and factors. In this context, the motion
information (angular velocities, orientation
indications, etc.) added sequentially for each fram

be fused with carrier phase observations (GNSS fact

in a bundle adjustment. In this case, the GNSS fact
represent direct observations of the georeferenced
position of a frame, whereas the relative pose fact

yield information about the changes in pose between
frames and feature point factors link the local loc
references (e.g. recognizable structures and/or obj
detected in the image recordings and establish the
spatial reference to the surroundings. Furthermore,
results of the detection, classification and/or
segmentation  of infrastructure  elements  (color
information, geometric application-specific feature
such as e.g. diameter, course, bending radii, first

second position indications of the mobile capture
apparatus, etc.) can concomitantly influence the se

data fusion mentioned above. What arises as the res

of the sensor data fusion 312 is a continuous, glob

fully, newly aligned 3D point cloud of all entire f

of a scene, on the basis of which all infrastructur
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elements can be extracted three-dimensionally, in a
georeferenced manner with an absolute accuracy of a few
centimeters.

The illustration in fig. 8showsaplanview of a portion
of a distribution network with a plurality of
infrastructure elements 200 that were captured by m eans

of the method according to the invention and the
apparatus according to the invention. In this case,

regions that were captured as part of a common scen e,
i.e. as part of a continuous sequence of a pluralit y of
frames, are marked by a small box 360. The scenes a re
recorded in temporal succession, for example whenev erthe
respective section of the distribution network is

exposed. As a result of overlap, some overlap regio ns 361
are contained in two different scenes and thus doub ly.
The temporal sequence of the scenes may extend over a
number of days. These scenes are combined in the co ntext
of the sensor data fusion, with the result thata s ingle,
common 3D point cloud of the distribution network i S
generated which contains no doubly recorded regions . In
this case, it is advantageous if with the aid of th e
sensor data fusion regions of infrastructure elemen ts
recorded multiply or at different times, such as ov erlaps
between two recordings, for example, are recognized and
reduced to the temporally most recent captured regi ons

of the infrastructure elements.

Fi g. 9a shows a plan view of a part of a distribution
network which was laid partly in a closed manner of

construction, e.g. by means of press drilling. Duri ng the
capture of this part of the distribution network, a part
of the infrastructure elements 200 arranged undergr ound
is not optically capturable by the mobile capture

apparatus 1 on account of concealment, cf. conceale d
region 400. A total of four such partly concealed

infrastructure elements are illustrated in fig. 9a. An

optical vacancy thus arises in the 3D point cloud o r the
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network defined by the 3D objects. In accordance wi
configuration of the present invention, the optical
vacancy between two 3D objects 401, 402 correspondi
a first infrastructure element 200 is recognized, a
connection 3D object 403, in particular as a 3D spl

is generated for closing the optical vacancy, cf.
fig. 9b.Forrecognizing the optical vacancy, one or more
features of a first end of a first 3D object 401 an

same feature(s) of a second end of a second 3D obje

are determined. The features of the two ends are co

with one another. The features can be for example t
diameter and/or the color and/or the orientation an
position indications. Alternatively, provision can
made for the user of the mobile capture apparatus t

the latter into an optical vacancy mode, for exampl
activating an operator control element of the mobil

capture apparatus. In the optical vacancy mode, the

operator can move the mobile capture apparatus abov
concealed infrastructure element proceeding from an
of the infrastructure element corresponding to the

end of the first 3D object 401 along an optical vac
trajectory as far as the end of the infrastructure
element 200 corresponding to the second end of the

3D object 402. The mobile capture apparatus 1 can t
generate a connection 3D object 403 connecting the
end of the first 3D object 401 to the second end of
second 3D object 402, said connection 3D object bei
illustrated in fig. 9b.
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Mobile capture apparatus
One or more receivers
Inertial measurement unit
3D reconstruction device
Laser pointer

Data processing device
Storage unit

Display device

Housing

Communication device
Method

Data capturing step
Reconstruction step
Georeferencing step
Recognition step

Data conditioning step
Visualization step
Infrastructure element
Person

Mobile radio interface
LIDAR measuring device
2D camera

2D camera
Synchronization
Generation of local 3D point cloud
Extraction of feature points
Extraction of feature points
Detection and classification
Back projection

Sensor data fusion

Frame

Scene
Overlap region
Optically concealed region

3D object

Connection 3D object
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Patent claims:

1. A method for the positionally correct capture of
exposed infrastructure elements arranged undergroun
particular in an open excavation, by means of a mob
capture apparatus (1), wherein:

- by means of a 3D reconstruction device (4) of the
mobile capture apparatus (1), image data and/or
depth data of a scene containing at least one
exposed infrastructure element arranged under-
ground are captured and a 3D point cloud having
a plurality of points is generated on the basis
of these image data and/or depth data;

- by means of one or more receivers (2) of the
mobile capture apparatus (1), signals of one or
more global navigation satellite systems are
received and a first position indication of the
position of the capture apparatus (1) in a global
reference system is determined; and

- aplurality of second position indications of the
position of the capture apparatus (1) in a local
reference system and a plurality of orientation
indications of the orientation of the capture
apparatus (1) in the respective local reference
system are determined,

a. wherein the determination of one of the
second position indications and of one of
the orientation indications is effected
by means of an inertial measurement unit
(3) of the mobile capture apparatus (1),
which captures linear accelerations of
the mobile capture apparatus (1) in three
mutually orthogonal principal axes of the
local reference system and angular
velocities of the rotation of the mobile
capture apparatus (1) about these
principal axes, and

d,in
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b. wherein the 3D reconstruction device (4)
comprises one or more 2D cameras, by means
of which the image data and/or the depth
data of the scene are captured and the
determination of one of the second
position indications and of one of the
orientation indications is effected by
means of visual odometry on the basis of
the image data and/or the depth data; and

c. wherein the 3D reconstruction device (4)
comprises a LIDAR measuring device, by
means of which the depth data of the scene
are captured and the determination of one
of the second position indications and of
one of the orientation indications is
effected by means of visual odometry on
the basis of the depth data,;

- a respective georeference is allocated to the
points of the 3D point cloud on the basis of the
first position indication and a plurality of the
second position indications and also a plurality
of the orientation indications,

- wherein the mobile capture apparatus (1) is able
to be carried by a person, wherein the mobile
capture apparatus (1) is able to be held by both
hands of a person, preferably by one hand of a
person, and has a housing (9), the largest edge
length of which is less than 50 cm, wherein the
receiver(s) (2), the inertial measurement unit
(3) and the 3D reconstruction device (4) are
arranged in the housing (9).

2. The method as claimed in claim 1, characterized
that the underground infrastructure element is a fi

optic cable or a power cable or a telecommunication
cable.

ber-
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3. The method as claimed in either of the preceding
claims, characterized in that the underground
infrastructure elements are part of a distribution
network, in particular part of a fiber-optic, power
telecommunication cable distribution network.

4. The method as claimed in any of the preceding
claims, characterized in that the underground
infrastructure elements have a diameter of less tha
30cm, preferably less than 20cm, particularly
preferably less than 10 cm, for example less than 5

5. The method as claimed in any of the preceding
claims, characterized in that image data and/or dep
data of a plurality of frames of a scene containing
plurality of exposed infrastructure elements arrang
underground are captured and a 3D point cloud havin
plurality of points is generated on the basis of th

image data and/or depth data.

6. The method as claimed in any of the preceding
claims, characterized in that the one or more recei

(2) are additionally designed to receive signals, i
particular reference or correction signals, from la

based reference stations.

7. The method as claimed in any of the preceding
claims, characterized in that the LIDAR measuring d

of the 3D reconstruction device (4) is configured a
solid-state LIDAR.

8. The method as claimed in any of the preceding
claims, characterized in that respective color or
grayscale value information is assigned to the poin

the 3D point cloud, wherein the color or grayscale
information is preferably captured by means of the

or more 2D cameras of the 3D reconstruction device

or
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9. The method as claimed in any of the preceding
claims, characterized in that a textured mesh model
generated on the basis of the 3D point cloud and th
image data of the one or more 2D cameras.

10. The method as claimed in any of the preceding
claims, characterized in that
the first position indication of the position in

the global reference system and/or raw data

assigned to this position indication; and
the one or more second position indications; and

the one or more second orientation indications;

and
the captured image data and/or the captured depth
data and/or the captured linear accelerations of

the mobile capture apparatus (1) in three

mutually orthogonal axes of the local reference
system and also the angular velocities of the
rotation of the mobile capture apparatus (1)
about these axes;
are stored in a temporally synchronized manner, in
particular in a storage unit (7) of the capture app

().

11. The method as claimed in any of the preceding
claims, characterized in that the one or more secon
position indications in the respective local refere

system are transformed into the global reference sy
preferably by means of a rigid body transformation
Helmert transformation or by means of a principal a
transformation.

12. The method as claimed in any of the preceding
claims, characterized in that allocating the georef

to the points of the 3D point cloud is effected by

of sensor data fusion, wherein a factor graph as a
graphical model and/or an applied estimation method
particular according to Levenberg-Marquardt, arelis
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preferably applied for optimization purposes, where
first position indications of the position in the g
reference system are preferably used.

13. The method as claimed in any of the preceding
claims, characterized in that the sensor data fusio

based on a nonlinear equation system, on the basis
which an estimation of the position and of the
orientation of the mobile capture apparatus is effe

14. The method as claimed in claim 13, characterize
that on the basis of the image data and/or depth da
captured by the 3D reconstruction device, at least
infrastructure element, in particular a line or a
connection element, is detected and classified and
estimation of the position and of the orientation o
mobile capture apparatus on the basis of the nonlin
eqguation system is additionally effected on the bas

the results of the detection and classification of
infrastructure element.

15. The method as claimed in any of the preceding
claims, characterized in that by means of the one o

receivers (2) of the mobile capture apparatus (1),
signals from a maximum of three navigation satellit

the global navigation satellite system are received
wherein a respective georeference is allocated to t
points of the 3D point cloud with an accuracy in th
range of less than 10 cm, preferably less than 5cm
preferably less than 3 cm.

16. The method as claimed in any of the preceding
claims, characterized in that the second position
indications of the position of the capture apparatu
and/or the orientation indications of the mobile ca

apparatus as prior information assist the resolutio
ambiguities of differential measurements of carrier
phases in order to georeference infrastructure elem
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even if the receiver reports a failure or determine
usable second position indication and/or orientatio
indication only for a short time by means of the in
measurement unit.

17. The method as claimed in any of the preceding
claims, characterized in that with the aid of the s

data fusion regions of infrastructure elements reco

multiply or at different times, such as overlaps be

two scenes, for example, are recognized and reduced
the temporally most recent captured region of the
infrastructure elements.

18. The method as claimed in any of the preceding
claims, characterized in that in order to ensure th
guality of the one or more first position indicatio

the global reference system determined by the recei

(2), one or more quality parameters of the global
navigation  satellite systems, for example DOP
(abbreviation of Dilution of Precision), are monito

19. The method as claimed in any of the preceding
claims, characterized in that a plausibility of a
temporal sequence of first position indications of
position of the capture apparatus (1) in the global
reference system is determined, preferably by a fir
velocity indication being determined on the basis o
temporal sequence of first position indications and
second velocity indication being calculated on the

of the captured linear accelerations and angular
velocities and being compared with the first veloci
indication.

20. The method as claimed in any of the preceding
claims, characterized in that on the basis of the 3
point cloud and/or on the basis of the image data,

least one infrastructure element, in particular a |

or a connection element, is detected and classified
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21. The method as claimed in claim 20, characterize

that one or more methods of image segmentation such
for example, threshold value methods, in particular
histogram-based methods, or texture-oriented method
region-based methods, or else pixel-based methods s
as, for example, support vector machine, decision t

and neural networks are used for the detection,
classification and/or segmentation of an infrastruc
element.

22. The method as claimed in claim20 or 21,
characterized in that at least one histogram of col

and/or grayscale value information, and/or saturati

value information and/or brightness value informati
and/or of an electromagnetic wave spectrum of a plu

of points of the 3D point cloud is generated for th
detection, classification and/or segmentation.

23. The method as claimed in claim 22, characterize

that in the histogram or histograms local maxima ar
detected and among the local maxima such maxima wit
smallest separations with respect to a predefined ¢
saturation and brightness threshold value of an
infrastructure element are detected.

24. The method as claimed in claim 23, characterize

that a group of points whose points do not exceed a
predefined separation threshold value with respect

color information composed of the detected local ma

is extended iteratively by further points which do
exceed a defined geometric and color separation wit
respect to those of the group, in order to form a

continuous region of an infrastructure element with
similar color information.

25. The method as claimed in any of claims 20 to 24
characterized in that for the detection, classifica
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and/or segmentation of the infrastructure elements

for improved distance measurement and/or  for

initialization of the absolute orientation, a light
of a laser pointer (5) of the capture apparatus (1)
captured and/or displayed in the display direction

26. The method as claimed in any of claims 20 to 25
characterized in that for the detection, classifica

and/or segmentation of the infrastructure elements,

or grayscale value information of the captured imag
data, in particular color or grayscale value inform

of the points of the 3D point cloud, and/or the cap

depth data and associated label information are fed

an artificial neural network for training purposes.

27. The method as claimed in any of the preceding
claims, characterized in that for each detected
infrastructure element an associated 3D object is
generated, in particular on the basis of the 3D poi
cloud.

28. The method as claimed in any of the preceding
claims, characterized in that an optical vacancy be

two 3D objects is recognized and a connection 3D ob

in particular as a 3D spline, is generated for clos

the optical vacancy.

29. The method as claimed in claim 28, characterize

that for recognizing the optical vacancy, a feature

first end of a first 3D object and the same feature

second end of a second 3D object are determined, wh

the first and second features are compared with one
another and the first and second features are a dia

or a color or an orientation or a georeference.

30. The method as claimed in claim 28, characterize
that the mobile capture apparatus (1) is put into a
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optical vacancy mode and is moved proceeding from t he
first end to the second end.

31. The method as claimed in any of the preceding
claims, characterized in that the mobile capture
apparatus (1) comprises a device for voice control.

32. The method as claimed in claim 31, characterize din
that an acoustic output of input requests and/or
information, in particular feedback messages and/or

warnings, is effected by means of the device for vo ice
control.

33. The method as claimed in either of claims 31 an d 32,
characterized in that auditory information is recog nized
by means of the device for voice control and the

georeference is allocated to the points of the 3D p oint

cloud additionally on the basis of the auditory
information.

34. The method as claimed in any of the preceding
claims, characterized in that by means of a display
device (8) of the mobile capture apparatus (1)
- arepresentation of the 3D point cloud and/or
a textured mesh model generated on the basis of
the 3D point cloud and the image data of the one
or more 2D cameras and/or
- 3D objects corresponding to infrastructure
elements and/or

- a 2D location plan and/or

- a parts list of infrastructure elements and/or

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of one
or more 3D objects corresponding to an
infrastructure element and/or

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of a
plurality of points of the 3D point cloud
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played.
obile capture apparatus (1) for the position

capture of exposed infrastructure elements
underground, in particular in an open

excavation, comprising:

a 3D reconstruction device (4) for capturing
image data and/or depth data of a scene
containing at least one exposed infrastructure
element arranged underground, and for generating
a 3D point cloud having a plurality of points on
the basis of these image data and/or depth data;

one or more receivers (2) for receiving signals
of one or more global navigation satellite
systems and for determining a first position
indication of the position of the capture
apparatus (1) in a global reference system;

an inertial measurement unit (3) for determining
a second position indication of the position of
the capture apparatus (1) in a local reference
system and an orientation indication of the
orientation of the capture apparatus (1) in the
local reference system, wherein the inertial
measurement unit (3) is designed to capture
linear accelerations of the mobile capture
apparatus (1) in three mutually orthogonal
principal axes of the local reference system and
angular velocities of the rotation of the mobile
capture apparatus (1) aboutthese principal axes;
and
wherein the 3D reconstruction device (4)
comprises one or more 2D cameras, by means of
which image data of the scene are capturable,
wherein a second position indication of the
position of the capture apparatus in the local
reference system and the orientation indication
are determinable by means of visual odometry on
the basis of the image data;

ally
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and

wherein the 3D reconstruction device (4)
comprises a LIDAR measuring device, by means of
which depth data of the scene are capturable,
wherein a second position indication of the
position of the capture apparatus in the local
reference system and the orientation indication

are effected by means of visual odometry on the
basis of the depth data;

- wherein the capture apparatus is configured to
allocate a respective georeference to the points
of the 3D point cloud, on the basis of the first
position indication and a plurality of the second
position indications and also a plurality of the
orientation indications;

- wherein the mobile capture apparatus (1) is able
to be carried by a person, wherein the mobile
capture apparatus (1) is able to be held by both
hands of a person, preferably by one hand of a
person, and has a housing (9), the largest edge
length of which is less than 50 cm, wherein the
receiver(s) (2), the inertial measurement unit
(3) and the 3D reconstruction device (4) are
arranged in the housing (9).

36. The mobile capture apparatus as claimed in clai
characterized in that the receiver(s) (2) is/are de

to receive and to process signals of one or more gl
navigation satellite systems and/or land-based refe
stations, preferably with correction data from refe
services.

37. The mobile capture apparatus as claimed in eith
of claims 35 and 36, characterized in that the 3D
reconstruction device (4) comprises a time-of-fligh
camera, a structured light camera, a stereo camera,
LIDAR measuring device, a RADAR measuring device an
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a combination thereof among one another, in particu
with one or more 2D cameras.

38. The mobile capture apparatus as claimed in any

claims 35 to 37, characterized by a display device

for displaying display data and a data processing d

(6) designed to provide display data comprising

- arepresentation of the 3D point cloud and/or

a textured mesh model generated on the basis of
the 3D point cloud and the image data of the one
or more 2D cameras and/or

- 3D objects corresponding to infrastructure

elements and/or
- a 2D location plan and/or
- a parts list of infrastructure elements and/or

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of one
or more 3D objects corresponding to an
infrastructure element and/or

- a superposition of image data of a 2D camera of
the capture apparatus with a projection of a
plurality of points of the 3D point cloud.

39. The mobile capture apparatus as claimed in any
claims 35 to 38, characterized by a laser pointer (
optically marking infrastructure elements and/or fo
extended distance measurement and/or forinitializi
orientation in the display direction.

40. The mobile capture apparatus as claimed in any
claims 35 to 39, characterized by a polarization fi

for avoiding glare, specular reflection and reflect

for the purpose of increasing quality and optimizat
of the observation data.

41. The mobile capture apparatus as claimed in any
claims 35 to 40, characterized by one or more
illumination devices for improved detection,

lar
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classification and/or segmentation of infrastructur
elements.

42. The mobile capture apparatus as claimed in any
claims 35t0 41, characterized in that the mobile ¢
apparatus (1) comprises a device for voice control.

43. The mobile capture apparatus as claimed in clai
characterized in that the device for voice control
designed to enable an acoustic output of input requ
and/or information, in particular feedback messages
and/or warnings.

44. The mobile capture apparatus as claimed in any
claims 35 to 43, characterized in that the LIDAR
measuring device of the 3D reconstruction device (4
configured as solid-state LIDAR.
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