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1 ABSTRACT

Measurement of infrastructure has highly evolvethin last years. Scanning systems became mores@reci
and many methods were found to add and improveenbrdreated for the analysis of buildings and
landscapes. Therefore the pure amount of dataasedesignificantly and new algorithms had to benébto
visualize these data for further exploration. Additlly many data types and formats originate from
different sources, such as Dibits hybrid scanniggtesns delivering laser-scanned point clouds and
photogrammetric texture images. These are usualjyaed separately. Combinations of different typks
data are not widely used but might lead to newifigsl and improved data exploration.

In our work we use different data formats like nmeshunprocessed point clouds and polylines in tunne
visualization to give experts a tool to explorestirig datasets in depth with a wide variety of fjnkties.

The diverse creation of datasets leads to new enigdls for preprocessing, out-of-core rendering and
efficient fusion of this varying information. Intestive analysis of different formats of data alss ko have
several approaches and is usually difficult to reéngo one application.

In this paper we describe the challenges and aagastof the combination of different data soureces i

tunnel visualization. Large meshes with high resotutextures are merged with dense point cloud$ an
additional measurements. Interactive analysis dan ereate additional information, which has to be
integrated precisely to prevent errors and migimegation. We present the basic algorithms used for
heterogeneous data formats, how we combined thenwhat advantages are created by our methods.

Several datasets evolve over time. This dynamétsis considered in our visualization and analysshiods

to enable change detection. For tunnel monitorinig &llows to investigate the entire history of the
construction project and helps to make better méatr decisions in the preceding construction phasésr
repairs.

Several methods are merged like the data they asedbon enabling new ways of data exploration. In
analyzing this new approach to look at heterogemedatasets we come to the conclusion that the
combination of different sources leads to a betddution than the sum of its parts.

Keywaords: tunnel monitoring, heterogeneous datyalisation, infrastructure, rendering

2 INTRODUCTION

The assessment and monitoring of tunnels and agsdciunderground structures is the very core fiéld
application of Dibit Messtechnik GmbH. Due to theieeds, new methods for data representation and
visualization had to be found. Visualization is twe field of VRVis. These two companies developed
long-term partnership in research and developmenttéchnologies needed for visualization of linear
underground buildings. Over the years the need ibft Do integrate additional data sources into high
performance 3D visualizations grew. Besides thaty twanted to integrate measurements from different
tools. Another important point is to load and digptaw data coming directly from laserscans sucpoast
clouds. This combination of various heterogeneata dources allows a more reliable visual analyst
leads to better informed decision. Every data typgoses different requirements for visualization
demanding different solutions. After the integratif this highly heterogeneous information we z=lithe
challenges which have to be met for the combinatibithese data types, which are further aggravated
because performance and precision is crucial fousers.
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Our solution for these problems described in tlaiggp, is an approach that precisely combines dedata
types. After a short overview of related work, whitandles similar problems, we analyze the diffedata
types currently available in our application and tieeds we had to meet, to visualize them. Basdtisn
information we finally show the data combinatiomwhwe met emerging challenges, which techniques
helped and how our solution enables the efficiedtr@liable exploration of heterogeneous datasets.

3 RELATED WORK

Our work is based on a long-time project describgdrtner et al. (2010). The basic concept is #ti
same but especially the acquisition of data hatvedasignificantly. The representation of pointuds was
taken from other works (Hesina et al., 2009, Leitard Hesina, 2011) where the visualization of huge
LIDAR datasets is explained.

Ortner et al. (2016) presented a design study whiatws the usage of multiple views for tunnel crack
analysis. Based on this results they created ati@oltio support experts in tunnel maintenance tasks
Multivariant datasets were combined with a 3D-vigaion to handle these complex problems effidient

It was surprising for us to find such a small amooh similar work. Especially research in tunnel
visualization seems to be relatively rare. One g@lame found was presented by Stent et al. (2048¢re
they presented an automated system for visual esaingunnel linings. It is basically used for maimance
of tunnels and shows a relatively cheap systeninfgpection which is able to reduce the workload.ilé/h
our system fulfils a similar task with a higher ambof preparation, it is still more versatile aheérefore
not only usable for monitoring changes but alsartalyze the construction of underground structares
handle additional information.

Figueiredo et al. (2014) present a Web applicaorthe visual exploration of a cave model with idested
details. For the calculation of size or distancetsvieen objects, relevant for the user, the baseshisdised

for higher precision. This work shows some of thebfems of high resolution datasets of underground
structures in a visualization application.

4 DATA SOURCES AND VISUALIZATION

We use several data sources in our applicatioriterdfore we need to describe the main data typéstail

for deeper understanding. Our main 3D-models oh¢lirscans are Ordered Point Clouds (OPCs), while
unordered point clouds were added later with tiggirement to combine it with the rest of the exigtdata.
Vector based objects are needed for interactionnagasurements. The overall impression, especiatly f
presentations, can be improved by adding auxil@idyobjects. Additionally, simple 3D objects areatesl

to display geometry for analytical purposes sucbtudting planes.
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4.1 Ordered Point Cloud (OPC)

The OPCs are created from state of the art visamsa's like laser scanners as described by Ortredr e
(2010). Camera images and laser scans are unifiedhe OPCs which are basically high tessellated 3
meshes with high resolution textures. Tunnel ddtaeweral kilometers lengths with details in mikiiter
accuracy is created this way. Therefore a Lev@ethil (LoD) approach (Luebke et al, 2002) is usetked

the render application with a manageable amourdatd. In this way the whole dataset can be explored
without any loss of information while only importagata is shown which leads to proper performance.

For the beforementioned rendering techniques thaendiataset is already preprocessed in a speniatste
for the LoD-approach as described by Ortner e2@lLQ). The datasets are far too big for the graphic
memory and therefore out-of-core data managemerdad. This means, that a strategy is createddidele
which parts of the data has to be shown and whauatof detail is required by the user. The datspig
and every higher level of detail block includes pace of four lower levels with more data, as shaw
Figure 1. Meanwhile the algorithm also decides,chldata can be removed from memory to preventtiieat
needed amount of memory exceeds the existing ressur

In the last few years the power of computers higityeased but the algorithms created for this @ggir are
still important. Scanning techniques have improeed with them, the amount of detail also increased.
Therefore it is essential to use an optimized aggrdo meet continuously growing data volumes. Eigfig
with the addition of more data types, performaremuirements of our main data sources, the OPCdphas
be fulfilled without decreasing the possibilitiefsother, high resolution data like unordered paiouds.

4.2 Unordered Point Clouds

Laser scanners usually create irregular point dolb meta-information is added and therefore only
positions of the points are known besides somerdnformation and sometimes data of the reflectoon
classification of points. Many scans we got forualézation contain at least several million poini.
explore such datasets efficiently in real-time, egoneprocessing steps are needed. Still unprocgsset
clouds are commonly used, because their acquisgioglatively fast and easy. The visualizatiotl stiows
basic details without the need of highly advanceghmcessing algorithms as for OPCs. Without saeess

to create an optimized data structure, presentétiots are easily reached.

Our approach for point rendering is loosely basethe work of Hesina et al. (2009) and Leitner bedina
(2011). The whole point clouds are subdivided initacks with an octree-approach to be prepared & L
rendering similar to the scematic in Figure 1. Bfiere the highest level with least details covetarger
area with the same amount of points than lowerl$ewdich only represent a part of its space. Is thay
the blocks seem to have a complete set of pointsnwboked at from higher distances with details
increasing when coming closer. When the cameraiirrendering comes closer to a point block, the 10D
approach simply accumulates points of the loweelkevin this way exploration of the whole dataset i
possible because only relevant data is rendered.

We use point sprites in our approach which is &iniefit way to render points with current graphiesds as
quads or, as in our example, as circles (Frank L B886). The main advantage of point sprites i$ tineay
need only a coordinate for visualization and ttze sif these sprites can be changed in the shadeh wgh
used to reduce the gaps between points. Duringrgresgsing the average distance between points is
calculated to set a point size value.

The rendering of point clouds is nearly as effectas the usage of OPCs. Still they are inferioabse
without informations of neighboring elements, mangasurement techniques cannot be used on unordered
point clouds. Additionally OPCs are visually ricteand therefore easier to explore for the user. Tday

hold an increased amount of details based on hagblution textures which cannot be mapped ontotpoin
clouds which only use color values per point. Teeguare well supported in current graphics cardgato
details for the visualization of datasets. Besitd@as, meshes are much easier to handle for maesactions

such as measurements.

4.3 Vector based objects

In the presented approach geometry is not only fethe representation of existing objects bub dts
measurements and annotations. It is possible &xtspbints on an OPC and check the distance directl
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find it with a projection on the tunnel surfacerlam improved visibility, geometrical tubes aredigestead
of lines to prevent them from disappearing insitteep objects. Additionally, the line thickness deg® on
the distance from the camera so that the appdrighhess remains constant.

External data can also be specified as vector babgtts and represented in the same way. If they a
available as 3D datasets their coordinates arelsiaged, while 2D datasets are mapped onto swiaith

the beforementioned method. Different data typeshandled with the same methods and lead to a high
variety of sources which can be used in the appdica

One issue with this polygonal approach is, thatt@Bes are many small geometries which can lead to
performance problems. Therefore we use an algoritbnpack this high number of small parts into
managabeable groups with bigger chunks of gemaegtigh are easier to handle for the hardware buiato
change anything for the user.

Besides measurements, the vector based objectsecared as markings to highlight cracks and bugldin
characteristics directly in the software or by ex&t tools. It improves the possibilities to exgaxisting
analysis, create new ones or present it in 3D sfmcasual verficication of tunnel irregulartities

4.4 Smaller, additional data types

For interaction and presentation additional objects needed. Therefore, 3D objects of well knowta da
formats such as VRML can be imported. Traffic sjgights or similar objects can be included inte th
tunnel for a more realistic impression.

3D objects are also used for further interactiod areasurement methods. Cutting planes for OPCgecrea
exact measurements along the tunnel axis. Thesecmate polylines on the tunnel surface as mesdidm
the chapter before.

Another important task is achieved by 2D refergmiesiles to find differences between the plannethtl
and the analyzed construction phase. This is aclsimd by comparing the reference profile to tunnel
profile slices of the 3D laserscans.

Finally a minimum clearance outline can also begrated to find out, if objects like trains fit dlugh a
tunnel to prevent collisions.

4.5 Comparison of data types

The data types described include several advantageslisadvantages which have to be adressedifay us
them efficiently. Experts have to decide which dgfze is suitable for the users needs. Table leptesan
overview of the main advantages and disadvantagbe different data types mentioned before.

Data type Advantages Disadvantages

Ordered Point Clouds (OPCs) - fast rendering - time consuming preprocessing

- completely meshed surface for precjse
measurements and selections

- better details with high-resolution
textures
Unordered point clouds - easy to acquire - points are more difficult to interpret
- fast render preparation - no surfaces for calculations and
measurements
Vector based objects - fast rendering and creation - limited in use
- visually clear visualization - manual preparation required
- user can create it easily in the
application
Common 3D objects - wide variety of uses - manually costly created or just already
- easy to render existing basic objects

- simple integration for additional details- usually not geo-referenced by default

(manually set)

Table 1: Summary of advantages and disadvantages dlifferent, described data types
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5 VISUAL COMBINATION OF DATA

Our main contribution is the combination of compliata in a software for visual exploration. Chajles
are met with special techniques which lead to mashyantages of this approach. In the end an apiplicat
was created to meet the requirements of usershiorahalysis of tunnels during construction and for
maintenance. The used techniques and advantagekesgbed first and demonstrated in our applicatio
description afterwards.

5.1 Challenges

While the basic visualization of the mentioned dateommon knowledge for computer graphics spet&li
the combination of the sources leads to additichallenges and problems. Keeping precision is dyrea
difficult for huge datasets. Common graphics cards floating point precision only and thereforealoc
coordinate systems have to be used for every datafiee application. Every visualized dataset tuasse
their own coordinate systems to prevent floatingpprecision problems (Johnson and Hansen, 200%.
challenge is to find a way to join all datasets &edp the information in each of them while showing
everything together.

The usage of the techniques described before teguisssible performance problems for combined é#tas

It is easier to show a single huge dataset bectgeseesource usage has not to be shared with sy man
functions in the application and is easier to handlhe memory management is the second significant
challenge which has to be met for our requirements.

The next big challenge worth mentioning is the comation of interaction possibilities. Every datakas to
use its own kd-tree, a spatial data structure ffiarient picking of objects in the application (Akiee-Moller

et al., 2008), for interactive selection of itstpdry the user. Communication between several ltkatdling
modules is also important to combine measurememtss data sets. Combining of datasets also aggsega
some interaction problems which occur with the esaf localized coordinate systems and different
performance saving techniques. Calculations hawetdone for every interaction to transfer the glatata

to the local coordinate systems and vice versa.

Additionally the same type of data may come froormptetely different sources. Preprocessing can be
difficult if they differentiate in details. OPCseaproperly prepared for rendering while other pdoids are
often just a bunch of coordinates without any fertmformation but can also have colors or metaétata
every point. Vector datasets which can be imposatgdector based objects may come from differeristoo
and therefore vary in detail. 3D models also oaggnfrom a wide variety of design software whichde to

the same problems.

5.2 Techniques

The beforementioned challenges are handled in ouk with different techniques. The basic approadfes
high performance data visualization are still ibtas mentioned in the chapter before but are twkake
some details. Resource management is essentall fosualization modules presented. If any comparod
the solution does not work optimally, the wholeteys suffers from a severe decline in usability. Our
approach keeps seperate parts as focused as passibbnly unifies elements, where it is needestaate a
seemless exploration experience for users.

For rendering all datasets at the same time a gcapie is used. It is a higher-level tree structuhech
includes not only geometry, but also textures, df@mations, levels of detail, render states, lightirces
and usually some more render information (Akanir@iét et al, 2008). This way every part has its own
properties and shaders but basic functions aresdinge for a larger substructure. For example tha dat
handling of unordered points is highly differenorftr OPCs or common 3D objects and therefore it is
important to be able to handle the different typegeometry separately. In the presented approagecial
scenegraph is used which handles semantic andrieg@espects cleanly separated (Tobler, 2011)ldwa
dynamic changes of every data type and adding r@ects or nodes during runtime without influencing
other parts of the visualization. Among other tisinthis scengraph is optimized to deal with outafe
rendering of large scenes and multi-view rendewhgh is needed in our application.

All data is geo-referenced which leads to coordisatith a high number of digits. To keep precisioml
still use float values in the graphics card, ddatasee split into blocks, where each has a localdinate
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system and inherits an offset matrix into the glammrdinate system. Individual blocks are renddoedlly
with the offset for the correct position. Users chéfee geodata for their tasks. Therefore every nreazent
and calculation is done in double precision anddtiget is added or removed. This is especialljiaift
when common operations take place over severakfldthe selection of a part of a surface on an OFG

a point cloud often has another local coordinattesy and such differences have to be addresseeefo k
selections precise and consistent.

Another performance factor is the use of highlyimpted out-of-core implementations, to stream dateed
from the hard-disc directly into our applicationulMple threads handle separate datasets individuBEhe
graphics card gets data to visualize while additionformation is kept outside memory. It is pregghin a
preprocessing step before or parallel in anotherathat runtime. Data is subdivided into renderahideks
with their own, local coordinate system as mentibbefore. Metadata is also created for LoD-decision
hierarchies and kd-intersection trees.

5.3 Advantages

It is often emphasized that the combination ofeddht data sources leads to more results thane¢he sam
of the parts. In the presented approach many exanapé found to validate this statement.

The mixture of different tunnelscans leads to thesthmobvious advantage of the presented application.
Unsorted point clouds from simple 3D-laserscanshmmalidated when they are exactly fitted intoGIPC
dataset of the same object. Other parts which @treneprocessed as a mesh and created with othreness
can easily be added to gain more information agion inside a tunnel, to expand or update exisfiiz.
Datasets which are easier to acquire can be usemaparison with the complete current scans arfohtb
changes on surfaces or in the geometrical structure

The inclusion of vectorized polygonal data is eSaéfor documentation of abnormalities and proldeom
the tunnel surface. It is also important for thdigbto handle data of external tools to give semnore
flexibilities.

The tunnel surface can be analyzed by the usagB-girofiles on the tunnel axis. The comparison \tfith
reference can bring additional insights of the thgrand all other construction processes. The ushge
minimum clearance outline helps to detect potemtidlision hazards in the safe virtual environmehbur
application.

Several types of geometry like cutting planes disimg new, partly unexplored methods to measure
distances on the tunnel surface which is oftenadifif but at least expensive in reality.

The use of 3D-models of real objects which mightadded to the scene, supports planning of conairuct
processes and might prevent unnecessary worksteps real tunnel.

Every data acquired in the virtual representatimm save time and working hours. Expensive blocksads
or railway tracks can be minimized without a lo§safety because of the high precision of the edtich
can be explored in real-time.

5.4 Solution description for visualizations and interation

Visualization applications are usually easier tovglthan to describe. The application describedhis paper
is based on, as mentioned, the work of Ortner €2@l0) but highly extended. The main datasetsstite
OPCs as described in chapter 4.1. A 3D visualinatieeds a tunnel axis as basis to unify OPCs witaro
datasets. The data is shown relative to the tumisland the navigation is bound to it, too.

Preprocessing is needed for some datasets befage @hd can be started directly in the softwareerAf
preparations have been finished, the data is tiretiegrated into the visualization. The biggeatastets
added to the usally huge OPCs, are often pointdslokior the user they are just added in a convenian
and as soon as the preprocessing is finishedptnbioed data is shown in the application.

The whole application works on usual computers difault graphics cards. All images are createitiéns
the application where datasets can be exploredahtime. It shows the techniques described inosec®
working together smoothly. Advantages describegkirtor 5.3 are shown in the following examples.
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Figure 2: combination of OPC tunnel surface andtp@ndering

After such preparation, interactive visualizatienpiossible. Figure 2 shows a laser scan from autid
tunnel combined with a side tube as an unorderé@u pmud. The section, where the two scans fiethgr

is clearly visible. Additionally tunnel sectiondiet emergency exit sign and a door are marked with
vectorized data in this figure. This shows the tpgbcision of our approach for the combination iffedent
data sources. The OPC datasets are created copplégterent from the point clouds which were added
much later and still fit perfectly. Vectorized dagawe more information and highlight important stiwres
while fitting seamlessly into the whole visual repentation of the tunnel.

> DA -~

Figure 3: usage of vectorized data for crack tigcin

Besides the use for highlighting, existing struetutike mentioned before, vectorized data can hkso
created during runtime. Figure 3 shows the markihg crack on the tunnel surface. The user defimed
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are mapped directly onto the wall and kept for doentation. The use of tubes for vectorized datass
shown in this way. The selection on the surfacatedka line which perfectly fits onto the tunnetiavould
disappear in the visualization without the usageubks as described before. With the presentecbapipr
the visual representation of the line is differated and clearly identifyable from any direction.

Figure 4: minimum clearance outline inside an eanhnel construction step

Figure 4 shows a minimum clearance outline insidermel. The section on the plane, which does not
belong to the outline, is highlighted, to recognizew much space is between it and the tunnel ceuriais
used to simulate if for example a train would fitdugh this tunnel without collision. Especiallyosk
collisions would not be noticed by the naked eyd tirerefore the visualization helps the user tatifie
possible threads.

Figure 5 shows an unordered point cloud with soneasurements. Simple billboards are used for
visualizing the distance between the clicked poifke structure is clearly identifiable but stititras precise
as OPCs. The measurements can only be done betyeieés due to the lack of a surface. Still theitholal

of vectorized data helps to retrace measuremendtstaws the width of structures at a glance.
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Figure 5: distance measurement in an unprocessetighaud

These are some examples of the usage of the cotiolirad data sources in our visualization applicati
Further possiblities were already described beéora reach from usage of planes or surface struéture
additional measurement and annotations to mairtigalgmprovements of the datasets.

6 CONCLUSION

We presented an application enabling a high-perdoce visualization of combined heterogenuous ddta s
resulting from tunnel construction projects. Thiegrated visualization of various data types iroaséstent
geospatial virtual environment allows a more effitiand reliable analysis than investigating thia dats
separately by different tools.

Flexibility is one of the main advantages for theens of the presented work. Besides efficient tiezd-
exploration, data comparison and interactive mesasants leads to a working environment enabling an
accurate and reliable visual analysis. Supportsofnany data sources as possible helps to servelea wi
variety of experts with their tasks.

Still there are many interesting topics for reskaand development. Tunnel experts and geologigtsous
work together with a wide variety of other toolshieh create new datasets. Not every data formatbean
supported and expending the range to more typssllipossible. Flexibility will keep growing witmew
requirements from users.

Finding structures in unordered point clouds wdelad to improved possibilities and could minimibe t
disadvantages of this data type compared to OP@s.ig still far from trivial and needs much moesearch
and would still not fully meet the requirementsteate a mesh out of every type of unordered midoids.

Users asked for the integration of billboards fovide variety of tasks. In this way geo-referenpbdtos of
the tunnel can be integrated for further compagsdvieta information might also be included in 3D
rendering with a similar technique.
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Visualization of tunnel deformation with texturesmaps which are used as base for displacemeritein
shader might lead to additional insights into therations between tunnel phases and several catist
steps.

Performance is still an important issue for improeats. Continous Level of Detail approaches and the
reduction of vertices without a loss of detail midie reached with the usage of hardware tesseillatio
algorithms.

The possibilities for improvement seem limitless anr work for tunnel experts might show possiteifitfor
the analysis of other areas of urban planning aaititenance.
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