SOLDEO: a New Solution for 3D GIS Data Recording

Mattia DE AGOSTINO, Andrea LINGUA, Marco PIRAS, Ita ly

Key words: Solid image, low cost, GNSS, INS

SUMMARY

The 3D data recording for 3D GIS is one of the nains of scientific researchers and those
who manage the environment and territory. Term@sttiDAR and photogrammetric
techniques are effective methods of acquiring emwvirental data and of integrating their in
digital products (i.e. solid images and solid tarthophotos). These techniques have shown
remarkable effectiveness in many case studies eniilie area of interest is limited.

This integration is powerful, but it is not availalfor large area because a lot of time for the
acquisition is required.

A possible solution is to use a mobile system wHeBAR, GPS and camera sensors are
contained. Different commercial solutions are aldé, but the cost (>300k€), the
requirement of high skill and the low flexibilityf the system reduce the number of potential
application fields.

The Geomatic group of the Politecnico di Torino healized a mobile metallic platform that
can be installed on any vehicle, where severalosersould be installed (i.e. GPS antenna,
webcams, IMU, etc.).

In this paper, the authors explain their attemptsste a mobile vehicle that was instrumented
only with low cost sensors (i.e. LIDAR, GPS recesv@and webcams) in order to have
extensive use the LiDAR-photogrammetric integrdaesthniques for 3D data recording..

This kind of system requires dedicated proceduregarticular devoted to calibrating the
system (absolute reference system), to elaborateativ data with dedicated algorithms. A
novel produce was realized to be able to make geaiteanalysis: the SOLid viDEO
(SOLDEO).

The SOLDEO was born from the solid image experignee solid image), but in this case a
continuous sequences of images were three-dimaispatial information are contained and
some measurements (points, lines, distances, angleish coding can be done.

The used procedures and the significant resultsimdd during the conducted survey
campaign, are described, focusing the attentidheéractical aspects.
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1. INTRODUCTION

The modern Geographic Information System (GIS) as&mge volume of spatial data, then the automatio
data acquisition is very important in order to opte the time and resource. This is especially when map
digitizing is insufficient and it is necessary twliude other data or updating the existing ones.

Several data can be acquired using aerial photagedrg (building, roadside and so on), but thereaméous
kind of data that can be recorded only with teriglsttechniques as street number, road signs, biidra
infrastructure and so on.

A possible solution can be use specific handled/GRSS receivers proposed by some manufacturergeatvo
to GIS data collection using only a one device.(&goExplorer (Trimble), CS25 and Zeno (Leica Gstays),
T-GIS and GRS1 (Topcon), ...). These tools are effe@nd economical when are uased in small extentiot
where the extension of the survey area is largg; tave problems due to long survey time and hggrative
costs.

In application of medium and large extention, tise of the Land Based Mobile Mapping System (LBMMS,
this paper MMS) has led to a significant changadquisition data activities (Swartz and El Shei2g§04) .
These systems have recently had remarkable develupr(iroth, 2009) and, nowadays, they help us fteata
large volume of data which derive by modern sendiks digital cameras and video-cameras, Inertial
Measurement Units (IMUs), laser scanners and Glnbalgation Satellite System (GNSS) receivers.

Each sensor is able to collect data (i.e. imagsitipa, point clouds) on a computer systems wittinge tag
(usually GPS time) required for data time synchration. Fueled by an unprecedentedly strong reaqfdsgh-
resolution and accuracy of 3D geospatial datagetisgstems serve the probably fastest growing maggrnent:
city modeling, road cadastre and so on. In padigihe recent introduction of powerful mobile laseanning
systems is of main interest, as the direct acduisibf 3D data greatly simplifies the downstrearngassing,
where until now stereo-based extraction was the mimkely used feature extraction tool, requiringrsficantly
more complex processing compared to the straighi#far processing of explicit LIDAR data (Toth, 2009)

The software architecture for the acquisition ithea straightforward, as the main task is to redbel sensor
measurements and properly time-tag them, so tha dah be accurately georeferenced based on the
GNSS/IMU-based navigation solution.

The post-processing software of mobile LIDAR systdifoth, 2009), however, is still rapidly evolviag better
co-registration and feature extraction methodsimreduced. The main challenge here is to sepdhatestatic
and dynamic components of the object space (Maegkial, 2008). This is an an exceptional task even titics
sensor platform, but it becomes truly a diffiouttrk if a mobile platform is considered.

Having redundant points clouds, acquired with a fade, is definitely a necessary condition if aogo
performance in a robust solution is needed. Fompie, the identification of other vehicles, bothwimg and
still, around a mobile LIDAR system and their rerabig essential for topographic mapping.

Several research have been done about the automdtiaction of road vector (Cheng et al, 2008).elan
parameters (Roncella and Forlani, 2006), road baxiesl (Bassani et al., 2011), but only few softwiaas
have been developed for the complete end use dddbeired data that is usually the manual recordinthe
information necessary to modern GIS: in this cake, commercial solutions are very expensive (sévera
K€/license), the use is complex (to be used onlgkyert users requiring specific tutorial, trainisugd so on),
strongly tied to the platform (one software for e&dMS maker) and require PC with high-performanzeun
well in operational-functional way.

To bridge this gap with final users and make it enosable data acquired by MMS spreading this tdoggp
the authors propose a novel and innovative solutiomanage these data in a cheap way using arr easle
complete tool useful from unskilled users, platfendependent (usable with all the MMSs), with loardiware
requirements to run.
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The aim of this research is to create a collectibsolid images, called SOLid viDEO (SOLDEOQ), whé¢he

user can see the whole of the acquired data anetevthere is a point or a part of interest, camygthee reality

to collect data, measure objects and so on.

Starting from the past experiences of the Geomafiosip of the Politecnico di Torino about GIS aratad
acquisition fields, this research will be focusedtbe possibility to realize this solution using tthata acquired
by a low cost mobile mapping.

2. The SOLID IMAGE: a brief description

As described in (Bornaz and Dequal, 2003), any anzan, with a good approximation, be considereerdral
prospective of the photographed object. If thermd€orientation parameters of the digital camgrasition of
perspective center in image coordinate sysgem are known, it is possible to establish a diract{o, 6 in

object coordinate system, (y, z) for each pixel of the image (see Figure 1a) measuring its imagedinates

(1))

6= arctan% a=—= (1)

c2+&°

wherec is the principal distance of photographic cambed generates the image.

One image is not sufficient to determine the 3Ditpws of an object point. If a single image is uséds
possible, at the most, to establish its directiothe space. In order to reconstruct objects ieetltimensions, it
is necessary to use at least 2 images accorditng tdassical principles of photogrammetry.

A valid alternative to the well-known photogramniefplotting techniques is offered by the knowledifehe
distanced between the center of perspective of an imagetlamdbject itself for each direction in the space
(Figure 1b). In this way it is possible to estalthe position of any object poi@ in the &, y, 2) coordinate
system, using simple geometric equations:

Xo = d cosa sinf
Yo = d sina (2)
Zp = —d cosa cosO

where 4o are determined as previously shown (1).

Figure 1 Definition of Solid Image

The coordinatesx, Yo, Z,) can be transformed in mapping coordinate syst€nY,(Z) by means of a simple 3D
roto-translation that can be defined using the geion data (point of view position and attitude).

The structure of solid image (Sl) is composed #sving: the traditional RGB color data (and otlhadiometric
bands) of the image is completed with a supplemgnrtange matrix” that has the same size as the RGB
matrices, in terms of pixel size, number of rowd aolumns and contains distance data for each.pixel
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DISTANCE Range
1. H, 2 byte/pixel (short integer)
2. H,, 4 bytelpixel (float)

Image
2-4 bytel/pixel
bil,bip,bsqg

The color
gifEa data of
1 byte/pixel (unsigned character) image

BLUE . 3 byte/pixel
1 byte/pixel (unsigned character) TIF+TFW

Other

For each other band radiometric
1 byte/pixel (unsigned character) data

i
7 7777

1 byte/pixel
bil,bip,bsq

Figure 2 The structure of Solid Image

In order to determine the previously defined distanfor each pixel of the digital image, a denggtali surface
model (DDSM) can be used. These 3D models are tedayy obtained by laser scanners or LIDAR MMSs in
form of point cloud.

At first, it is necessary to define the character$sof a used digital camera: focal length, pisiek, number of
rows and columns, internal orientation parameterss distortions and sensor calibration using Browgadel
(McGlone et al.,2004), .

Then, the external orientation (EO) parametershefitmage can be calculated using the navigatioutieal
(GNSS/IMU).

The third step consists in projecting each pointi@AR point cloud onto the Sl. This operation cEs in
calculating, for each LIDAR point, the corresporglimage coordinates n using collinearity equation:

rll(x - xo) + r21(Y _Yo) + r31(2 ~ Zo)
r13(x - Xo) + r23(Y _Yo) + I’33(Z - Zo)
r12(x - xo) + I’22(Y _Yo)+ raz(z - Zo)
I’13(X - Xo) + I’23(Y _Yo) + I’33(Z - Zo)

E=&+DE~C

®3)

n=n,+An-c

where: Ko, Yo, Zo) are the mapping coordinates of projection cef@dSS);
(XY,2) are the mapping coordinates of a STOP pixel;
rij are the 9 element of a 3x3 rotation matrix defibgdw @ «) (IMU);
c is the focal length;
(&,n) are the (solid) image coordinate of a projecté®B pixel;
(éuno are the (solid) image coordinate of the principaiht;
(4&A4n) are the lens and sensor distortions using Browdeh

The distance between the LIDAR point and projectienter can be calculate by:

d=JX-X)*+ ¥ -Y)2+(Z-Z)* 4

The relative pixel of Sl is defined using,f) and the Sl pixel size, than the original data BR@ and other
radiometric data) can be write into the SI matrixethis correspondent position.

The density of the pixels in the digital image &ually much higher than the density of the origidata . For
this reason, when the point cloud is projected dim¢odigital image, the SI matrixes is not compiefiied: the
distance and the RGB values are only associatebrwe pixels (this quantity depends on the denditthe
original data and on the image resolution in teafdpi). In order to fill these gaps, it is necags® integrate
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the missing values with an interpolation procedse Tinverse distance weighed method” has been uRed.
four nearest pixels, of which the value (distanc®GB values is known, are considered.
If the surveyor uses an additional digital cam#éra,SI| generation is easier.

3. SOLID VIDEO: the main concept
Starting from this principle of SI, the solid videsosimply derived.
MMSs can acquire sequence of digital images deviotethiow and describe the road path and its neighBbie
use of this images to extract useful informatioguiees photogrammetric procedures and thereforewsand
more complex software tools. Using low cost MMS ¢8ani et al, 2012), the photogrammetric way is more
difficult due to the accuracy of navigation soluigoand, consequently, of image EO parameters. ThAR
instruments permit to solve this problem in a d#fg and more simple way.
The idea is to transform each digital image inladsmage with:

- aninteger index (image ID) to identify an imag®ithe sequence;

- EO parameters derived by GNSS/IMU solution;

- arange image generated by LiDAR data.
The result is a sequence of Sls when each S| carsdx as described in 82. The solid video (SV¥aa, is
fundamentally a series of solid images collectke & video.
The structure of SV is shown in Figure 3.
In MMS application, the range image can be recongidg a variable integer of 2 bytes that pernutsdillect
distances until 327.68 m, assuming a numericaligigatof 1 cm.

Sequences of RGB images

i-1

i+1

Range matrix

i-1 i i+l

EO parameters
(X0, Yo, Zo, @, ¢, K)i.1 (X0, Yo, Zo, @ . .%); (X0, Yo, Zo, @,4,K)1-1

Figure 3 The structure of SV
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3.1 The generation of SV
The generation of SV is based on the procedurd pfd&luction (82), but in MMS application, some tarar
attentions are required
First, the large amount of data acquired by LiDA&esh't permit the use of the entire point cloud tioe
generation of all the Sis (as described in 2) dmild require a processing of very long time. Afeetive
optimization can be obtained selecting a little sepoints from the entire point cloud using a sét; box
defined by (see Figure 4):
size along the vehicle direction about 50-100 migpeeterized);

- size across the vehicle direction 30-60 m (paranzetd);

- any value of size in height direction;

- the direction of maximum size of box is along tlicle direction with correct versus;

the horizontal limit of box is located in corresp@nce of the image point of view.

In th|s way, the generation of each Sl uses anageenumber of points of 50-100000, in functiontaf kind of
path (urban or extra-urban), the vehicle velocityg the LIDAR scan density: the processing can bedsing a
specific software developed by the authors in IMigsual Fortran. A solid image of 1024x768 px rigs few
seconds (5-15 s) for the processing, with respgectPtC performance and if the interpolation of raimgage is
necessary.
Assuming a speed equalt to 10 m/s and a frameerptal to 7 fps with a single camera, the productib&ls
relative to 1 km of surveyed road requires abou8@Mours using a batch procedure, where humarverigon
is not requested.

Selection
volume

- O

"SE«.Direction

Figure 4 The generation of SV
The memory occupation could be optimized if thalffiesult is a sequence of solid images when:
- each digital image is saved in JPEG format (abOuktimage);
- each range image is recorded GEOTIFF using a ksgleZW) compression algorithm (about 140
kb/image).
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A correct, complete and 3D representation of 1 kmoad requires about 105 Mb of memory.

3.2 The Solid video viewer

A Solid Video can be shown using a dedicated so#vi@ols implemented by the authors in Intel Videaftran
with GINO 7.5 graphic library. The SV viewer is dexd by a previous solution developed for a super ¢ost
MMS proposed by the authors in (Bendea et al.,2011)

The purpose is to offer to users an easier progtuatanage and consult because they can see in fiewas
several numbers of solid images, stopping the semsewhere a detail or a point of interest is sééjure 5a
shows the commands to select a camera (it is gegsiluse up to 4 simultaneous cameras), to plajrect and
reverse versus and to define the reproduction speed

Like a movie, when the video is stopped, it is faleso use that frame to make different kind ofetvations
First, the single Sl can be see with 3 graphic wwnsl at different level of zoom (named scroll, imagel zoom)
(Figure 5c¢) and, moving the cursor inside theig fiossible to read the 3D cartographic coordingagire 5b).
Second, the user can query the single Sl (Figuyegdbdcquire some measurements as 3D distancearmyhels
or to collect geometrical elements as points arglipes.

Third, an ID number and a code (layer) can be dsoto all the collected elements for easier d@atay in a
GIS structure (Figure 5e): the collected data caeported in ASCII file and DXF (Data eXchangerhat).

o) o=
‘Work Dir. C:\andrea‘\work\provamms\
File Viewer (“.vwr)  prova_viewer_nuovo.vwr & g kD
File Camera (*.cam) prova_4_camere.cam
File Cal Body Road (sys) volvo_vd0.sys %
Telecamera =
File struttura (*.str) file_struttura. str
150 (a) :
- e Percorso Orario " \/ |V
c:\andrea\lcmms\nuovo_sistema\CAM
[ RR ] [ Incr. ] [ >>3>> ] I - @ . 7 . @
X = 440898 805 Y =5032035,142 Z= 227217 ©=-00045 ¢- -00261 «x=- 12287 ea\lcnm\mmo sistema\CAM 2_2009_7_26_11\"
2~ [0.060 n-[-2,985 IXC [501022.572 | Yc[4978121.036 = Zc |524,7u3 | Images min max 0 3623 “ﬁ/ sqm[ml
L 1
- Distanza (+dx,-sx) l
! 2Z (sistema road)

501025.049781198 5247 &
501020.2 49781238 5231
501025.7 49781191 524.7
501020.2 49781238 5231 ‘
2 501025.7 49781191 5247
d3Dd20DZ 101 101

0.00
501029.0 49781176  524.7

[chiusino

File DXF File RES >>

C:\andrea\work\provamms\
y \restituzione_prova.dxf -
Rectified Image File c:\andrea\lcmms\nuovo_sistema\CAM 2_2009_7_26_11\149_i  41_12_285_r¢ | J \Cz\mdea\wotk\ptovm\
- \restituzione_prova.res -
Background Value Pixel Size  (0.020 rectification messages Rectify ]

Figure 5. The SV viewer

4 Case Study

In order to evaluate the effective capability o tBYV approach using data derived from low costesysta
dedicated test has been realized, where a lownoolsie mapping has been involved.

In the following parts, the mobile mapping, thet&sd the first results will be described.
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4.1 Description of the acquisition system

With the MMS concept as a starting point, in 200& Geomatics Research Group of the Politecnicoodin®
designed and built a MMS. This system consisteal wfetallic bar which is compatible for use with arghicle
which can hold up to four GNSS antennas, thredialesensors (Crossbow IMU 700CA, Crossbow IMU 4Q0C
and XSens MTi), three web-cameras (Logitech Quick®aio 9000, with a resolution of up to 2 megapixetsd

a terrestrial laser scanner (Sick LMS100).

With the aim of developing a new MMS to be usedctjmally in the field of alignment detection, tlzeithors
worked together in 2010 on the development of a apparatus (Figure 6). It is basically composedmd
integrated platform GPS/IMU (XSens MTi-G, Tableahd a webcam (Logitech Quickcam Pro 9000).

The new MMS prototype presented has been fittedwatlt low cost sensors which have a medium level of
accuracy. In this investigation, three other geicd8NSS receivers Leica GX1230+GNSS have been radunt
on the same bar. These last mentioned sensorsasklikely redundant but they have been used irrotd
verify and assess the quality of the new systenis MS required some “homemade” modifications ptior
use. In particular, a dedicated data acquisitidtwsoe program and a calibration procedure weresigped in
order to obtain geo-referenced data.

Specification — IMU

Angular Rate

Range Roll, Pitch, Yaw (°/s) + 300

Bias: Roll, Pitch (°/s) +0.5

Bias: Yaw (°/s) +1.0

Resolution (°) 0.05

Acceleration

Range X/Y/Z, m/$(ft/sec) + 50 (+ 164.04)

Bias: X/Y/Z, m/$ (ft/sec) +0.02 (+ 0.06)
Resolution, m/s(ft/sec) 0.0098 (+ 0.0322)
Update Rate, Hz 512

Specification — GPS

Raw Measurements L1 frequency, C/A code
No. Channels 50

Max. update rate, Hz 4

Operating temperature, °C (°F) —40 to 85 (-4086)1

Table 1. XSens MTi-G Specification

Figure 6. The new low cost prototype MMS with sense: (1) GNSS receivers Leica GX1230+, (2)
GPS/IMU XSens MTi-G, (3) Logitech Quickcam Pro 900@vebcam, (4) LMS-110 Sick laser scanner

4.2 Calibration of the system

The calibration of optical lenses, the definitioh3D transformation between coordinate systems asfous
sensors, the synchronization of time devices amdittegration between sensors have been considergd
estimated in order to derive data useful for geoicatanalysis.
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As is common knowledge, every optical lens suffemn radial and tangential distortions that must be
eliminated. In this case, a dedicated calibratielu thas been realized, with several photos takem different
vantage points and angulations.

The acquired images have been processed with igéitnehich is a software program dedicated to the
estimation of lens distortions using the auto-calion algorithm through a selection of homologqants
(Figure 7).

Figure 7. Screenshot of the iWitness software usédr lens calibration (a) and calibration field (b)

Each sensor on the MMS has a local reference sy3teenrelationships (three shifts, three rotatiand one
scale factor) between each local system and th@imgpeference system (East, North, Height) are the
fundamental elements required to assign, in the tage, the absolute coordinates to each pixeoiimage.
Using a calibration field and a total station, guesitions of several targets have been estimateddh local
reference system with respect to the absoluteaeéer system (UTM projection).

4.3 In field acquisition

Time synchronization is a key aspect of every MMStgermits the coordination of all the collectata. It is
necessary to have one common time because eadair assits own internal clock, with its own drificcuracy
and stability. Any discrepancies would result inadéimages, positions, attitudes) not being synuizesl. The
GPS time was taken as a reference.

For this purpose the software GEOWASP was used.softevare has been developed by the authors and the
non-profit association Information Technology fourHanitarian Assistance, Cooperation and Action ATA)

in the C# language and dedicated Windows API resgtinave been included. The package is composemuoof t
modules. The first one is dedicated to the syndhation between PC-time and GPS-time. At the same,t
GPS time and PC time are written to a text filaés lilso possible to include the instantaneousdinate and the
time of recording of a particular point of interesthe second GEOWASP module acquires the images and
allows the management of up to six webcams in ¢amnebus operation. The webcam configuration (zoom,
resolution, light conditions, etc.) could be chahgssing the webcam’'s own software (Logitech Webcam
Software). In this case the resolutions used weatalego 960x720 pixels, with the number of frames gecond
being 8-10.

The IMU data were collected using a sample rate0bfz, by software developed by XSens called MT M@na
The data are stored in a proprietary format (.nathyl can be easily converted into an ASCII file gsin
dedicated tool. The MTi-G sensor directly givesoaskly coupled solution (GPS/IMU solution), which i
composed of three-dimensional positions (latitudegitude and ellipsoidal height), accelerationd &elocities
along the three main axes (X,Y,Z) and the relatecuiacies. These solutions are stored in a testHilt,
unfortunately, the raw data (IMU and GPS) are notesl since the coupled GPS/IMU data is not avhsla
post-processing.

Figure 8 shows the highway segment which was salezs$ the case study on which to test the propidsds.

The segment (about 6 km) comprises two roundal{&u& W) located along the National Route n.23 tiaks
Turin to Sestriere (Italy), two of the main comgieti sites for the 2006 Winter Olympic Games. Thsachave
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been acquired in both directions.

Figure 8. Aerial photograph of the case study highay segment along the Italian National Route n.23
(picture from Google Earth™)

4.4 First results

The navigation solution (position and attitude}te# vehicle have been directly estimated by X-semsors.

Using 3D transformation of Sick defined during tbalibration of system, it was possible to calcultdie
mapping coordinates of LIDAR points. The obtainehpcloud (about 2 million of points) is shownHigure 9
using Mesh Lab, an open source software for vizaatin and processing of LiDAR data.

The EO parameters of acquired images (about 11880ds) have been estimated using the navigatiaticso

and the synchronization data provided by GEOWA®BEsé data have been used to generate SV in about 12
hours (batch procedure) correspondent to abouy$. dan example of the SV generated has shown iarEi§.

Using SV, the data required to describe this raadtbeen collected and inserted in a GIS envirohmen

[vaul-' I ~ O Meshlab v131 - Project 1) - 0w r —
{nm €t Fiters Render View Windows Tools Help - O File Edt Fiers Render View Windows Tooks Help

NDFeCYEE GEIDDD » NFecomE ADDD » ePm

Figure 9. The acquired point cIoucT(a) and a detaihear the roundabout

TS08H - 3D Principles and Technology, 6089 101
Mattia De Agostino, Andrea Lingua and Marco Piras
SOLDEO: A New Solution for 3D GIS Data Recording

FIG Working Week 2012
Knowing to manage the territory, protect the enwinent, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



5 Conclusions

The Solid Video is a new product which permits arect, complete and 3D representation of land and
environment, applicable in extensive fields andenideas. The developed viewer allows to use thénSh
easy way, even for unskilled user and without lgghformance PCs have to be involved.

A new low cost MMS composed by LIDAR, webcam and SSMMU integrated system has been used to
acquire geospatial data in an road survey appbicati

Starting from these data, the effectiveness of 8¥lfeen verified, allowing the data collection deddo create

a dedicated GIS for road application.
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BIOGRAPHICAL NOTES

The research group has long been realized and apmctlthe concept of a solid image,
particularly for environmental applications (survef geomechanical rock walls) or
architectural (building facades).

This type of product you are trying to accomplisithwmoving systems, such as mobile
mapping. For several years the authors work ontdipec of low-cost mobile mapping.
especially in 2008 were involved in the testingadd cadastre of the Piedmont Region. For
this occasion they have developed the first prg@tyf low-cost mobile mapping, conceived
as a calibrated metal rod can be installed onrdiffevehicles.

The research on mobile mapping was carried outidensg both the integration of sensors
(INS, GNSS) and six individual behaviors low costsors used.

These studies have led to several publications) bational and international arena, where
some of them were presented as contributions &rnational conferences (e.g. PLANS,
ION).
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