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ABSTRACT:

In this paper we present an experience about canghBD digitalization techniques for cultural hage documentation. Caceres
Wall is a big and complex construction from the Xéntury. Caceres was declared a World Heritage ISty NESCO in 1986
because of the city's blend of Roman, Islamic, N@rthGothic and Italian Renaissance styles and thiecastains rich elements of
all those époques. The wall captured is close tbr@ters long and contains seven towers and otimeplex elements. An urgent
conservation and restoration program was prometemder to prevent further damage in the wall. Aptete 3D graphical record
was needed to support this intervention. The mhjaative was to keep control of the main structumed to detect deformations of
the wall and the towers. This was the reason wégrlacanner, photogrammetry and direct measuremethbds were used. On the
same side, the 3D documentation of the Caceresnaallrecorded also for virtual tourism. Thus, tHsr8odel was made by photo
texturing. The fusion of laser scanner and photognatry, creating a uniquely accurate 3D model, mexessary because in some
sites the photogrammetry was the best techniquagture it and in other ones the laser scannetthveasptimal. In this paper it is
described how we have combined both techniquesotservate the accuracy and the phototexture inthall 3D models.
Orthophotos, sections and other plans were crdatetis project.

A time of flight and a homemade videogrammetrydlaagphotogrammetry camera, a total station an@ 8 @®ere used to obtain a
complete 3D photorealistic model of the Caceres Wadl objective was to create an accuracy studyeofvall healthy, capture
little pieces found close to the wall and get @ trip around all the wall and towers.

1. INTRODUCTION To achieve a complete wall recording we have usédrent
i ) o _ o techniques and instruments; mainly GPS, Total @tatself-
Caceres is a city situated in the west of SpairExtremadura  metric camera and laser scanner. On the other headlso

region. Caceres was declared a World Heritage City byave used aerial ortophotos, plans and old pictofesome
UNESCO in 1986 because of the city's blend of Romaninteriors zones.

Islamic, Northern Gothic and Italian Renaissanckestgnd the
wall contains rich elements of all those époques.tBeiwall is
one of the most representative monuments of almehdlitary
architecture in Spain. Some parts of the wall vasstroyed and
reconstructed in different époques, being a comipemcdof
cultures and construction ways.

The wall captured is close to 900 meters long andvas

documented within and without the wall. The mormyyl of

the wall is very complex, overall without the whicause this
area has lots of buildings leaning against the ,walking it

impossible to see the wall in some segments. Witténwall,

the battlements are really narrow in some areasnore than 2
meters long and in the same sites, the wall isectoss meters
high, thus the captured geometry of those areaasis very
complex.

The main objective of this project was to obtairtanplete
documentation and analysis of the wall to realizdianostic
and plan future interventions. In this way, geomeand
radiometry documentation were necessary.



Figure 1. Caceres wall and towers.

2. PREVIOUS WORK
2.1 Complexity of the Caceres wall morphology

An optimal planning ensures highly the successhef field
work. Thus, this is absolutely necessary taking exdcount the
next points:

Céceres is a touristic city and there are quiteteofgpeople
walking around the old town visiting the monumen€t

course, there are people also around the wall haddwers,
including the people who are living in the houskse to the
wall. Thus, one of the aspects to avoid is the [gedping that
they do not appear in the pictures or pass dutiegstanning
time.

Other fundamental aspect is the traffic: there @aes parked
close to the wall hindering the full visibility dhe wall and
there are also some cars moving through the batiesimaking
impossible the work in some narrows areas ovegail.there is
a capture obstacle also with it, because when tbdreffic, the
laser scanner captures it and do not capture thle kaving

occult areas which can be important.

Figure 2. Narrow battlement of Caceres wall.

To avoid the traffic or parked cars and the people, took

contact with the local police who have helped uscémtrol

those aspects using police fences in strategis git@void the
traffic, notifying the neighbourhoods not to palhleir cars close
to the walls, etc.

Overall, in one part of the wall denominated “LaszBs” there

are so many trees next to the wall, which weregaobstacle for

capturing this entire wall according the architeetu
requirements. But the policy of construct parks atbuhe

monuments makes optimal documentation in many mentsn
very difficult, at least, in Spain.

About the exterior parts of the wall, there areldings leaning
against the wall. Even to see the exterior factnefwall, in the
most part of it, we have gone in the patios ofgheate houses
and we have scanned, taken pictures and measurerfnent
this. We have to think that the towers are in thiergor part of
the wall, thus from seven towers, just one is ainfome of
buildings together it. The rest of the towers hdnegldings
around them, even,
neighbourhoods using their interior for tea-roofos.example.

2.2 Light conditions

Respect of the natural colour of the wall in thewdoentation
was one of the most important tasks in this wor&r Enis
reason, the sun-shadows projection in the wall eves of the
most difficult problems to resolve. As was said dvef the
battlements were quite narrow and there were shadowome
parts of the wall during almost all the day. Jusbne hour in
the beginning and in the finish of the day the was occult and
the wall colour was homogeneous. As it will be ekpéd in the
next point, we used laser scanner with the integraamera,
but it was not enough to obtain optimal colour hessurhat is
one reason why we took several pictures with a Heatd semi-
metric camera in the hours when the sun was odotierwise,
the ortophotos would have parts with sun and shagbeing a
problem to interpret the materials and its pathieieg

2.3 Election of the optimal technique.

Taking into account all the anterior conditions, wlese the
best techniques and instruments to realize

some of them are habited by the

the wall



documentation. We can easily imagine that the sitnaof the

wall is not easy to capture. We preferred to userlacanner for
a global geometry capture of the entire wall, etres exterior
parts, and use digital photogrammetry to capturehal parts
that the laser scanner could not capture, ovehall dolour,

which was explained in the anterior point 2.2.

A laser scanner HDS 3000 of Leica geo-systems wed.Urhis
laser scanner permits scanning 360° of horizomagleaand
270° of vertical angle. It has an optimal rangal Ui0 meters
and an accuracy point of 6 mm. This laser scanr@ksvby
pulse time of flight principle and we thought it svéhe optimal
one for those reasons:

1° the capacity of capture angles was necessaectwd the tall
parts of the wall in the narrow battlements. It a0 useful to
capture the interior rooms of the towers.

2° some of the exterior parts of the wall were clicaped to
align because they were isolated parts due to didithgs. For
this reason, we scanned some areas of the expenibfrom the
top of the buildings or towers which permit us tonpect
different parts of the exterior. That is why thenga of 100
meters was most useful for this project.

3¢ there are other laser scanners which work bgeHdference
principle and use an infrared beam. This kind sEtascanner
would be dangerous to use in this project provithedtourist,
although the police tried to keep them away fromwiall, but it
is not always possible. Besides, this kind of lasmmner does
not have so much range like the pulse time of fligtinciple
ones.

2.4 When LS and when photogrammetry?

We need to refer here to the architecture requintsneThe
necessary accuracy in all the wall documentatiors wa
maximum. Vertical sections of the entire wall apd/¢rs were
needed to know the potential risks. The bad camustiof the
wall do not let to realize this operation using aeghnique
which do not have guarantee of good accuracy.

On the other hand the interior and the exteriotspaf the wall
need to be highly aligned to study the thicknesthefwall and
the towers which permits to know the stability joiith the
vertical deviation or deformation.

Thus, we used laser scanner for the main geomapriue and
a highly accuracy polygonal with total station tontrol the
alignment of the laser scanner data. We should iake
account that there is no way to align exterior whb interior
along almost 900 meters except just in one sitea&ostigo

tried to reference them with range data, closehtise places.
We took some pictures of those zones from different
perspectives to obtain enough angles for stereochimat
process. Like in the anterior case, we create argfeoenced
3D model using also images.

)

B

Figure 3. Ortophoto fom LS and Photogrammetry.

2.5 Short range laser scanner

To achieve a complete documentation we used sangerdata
for some sculptures and less important pieces. Mtermmade a
laser scanner with video metric characteristics ctvhiwe

calibrated and used in this project.

First we scanned some pieces related with the rigigib the
wall and the old city with the smartSCAN3d of Breuam.
This laser scanner has 700 mm of range and 2 pmirafmal
resolution. The middle accuracy is 30 pm. Overdlis laser
scanner has photorealistic characteristic. Thierlhss 100 W
halogen of light source and two digital colour CCDneaas of
1384 x 1036 pixels each one. This laser scannerkswor
recognizing light projection on the object, once faser was
calibrated using a targets table.

About the homemade laser scanner that we consimutite
Research laboratory dBAVLE: Documentacion Grafica del
Patrimonio Company it has 0.5 millimetres of accuracy
although it depends of the angle and the resolusohighly
variable. The laser scanner consist of a line bpaotodiode
with 532 nm, 5mW and adjustable focus, a camera Wirl
Zeiss optics, and a High detail video resolutior960 x 720
pixels. The system contains also two tripods, anetlie laser
and another one for the camera, and a targetstmbbdibrate it
before scanning. The calibration targets consistwaf tables
positioning with an angle of 90°. The camera cag#uthis

de Santa AnaThis site is an old narrow entrance to the oldimage and the user has to introduce the scale.ld$8s scanner

town which connects both parts.

We used digital photogrammetry to complete the eathgta. On
one hand, we took photographs with a calibratedtadigamera
Canon EOS 400D to capture the colour of the wadidad light
conditions. Then we referenced those pictures uamgontrol
points, common points between the points cloudhef laser
scanner and the photogrammetry pictures. In thiy wa
created a 3D model by images.

On the other hand, we used digital photogrammetrgaipture
the data which the laser scanner could not capiurese parts
were the most difficult ones to record becauset®oidcation:
narrow patios, hidden corners, etc. In all thosessiwe always

has also photorealistic characteristics. The scanmrocess
consists of positioning the object between thebcaled table
and the camera and laser sensor. The camera dammobved;

only the laser will be moved scanning the objeotwdl and

without light. While the camera is recording aléthrocess and
computing the angle of the laser beam respect dfibration

table, obtaining a points cloud with X, Y, Z. Thevith optimal

light conditions, a camera will produce a snapsaophoto-

projection on the 3D model.



(mm) D1 D2 D3 D4

Calibrated 41.771 16.697 46.117 46.169
distance

Home made| 41.730 16.651 46.153 46.182
laser scanne
distance

differences 0.041 0.018 0.036 0.013

Table 1. Simple calibration result of the homemddser
scanner.

Figure 4. San Jorge Sculpture documented with S@aN3d.

The homemade laser scanner was calibrated to kheweal
deviations. To achieve a good calibration a sinmgiigect was
used and measured. The object was carefully mehsisiag a
calibre with an accuracy of 0.05 mm. The object ealthrated
several times in some concrete distances and aacréwe
results. The same was done for the interior targfetise object.

Finally, the object was scanned and the result® wempared : '
as it is shown in the next table: Figure 5. Ceres Goodness sculpture.
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Figure 6. Ceres godness 3d LS model.

3. 3D CAPTURING PROCESS

Once the previous work was described, the fieldkweais done
more easily. Without a good previous work, the gcojwill not
be available, at least in the time that it wasizedl

3.1 Scanning Caceres wall

Firstly, we began to scan the interior part of well, always

helped by the police who prevented the presendbeopeople
and the cars. The laser scanner was positionetierplaned

sites, modifying of its depending of the resulisttive could see
in the notebook.

Scanning the wall

existed in this part during almost all the day dioe the
orientation of the south.

As we planned, the most complex area to scan veasxterior
part due the buildings leaning against the walin€m®f those
segments were simply impossible to capture and ds w
necessary to go into the houses and scan into atiespand
windows, from superior battlements situated orvth# or from
the tower terrace. All the sites were ok if we cbsée the wall
from there.

Scanning the towers

Seven towers, interiors and exterior were scannEde
difficulty to scan those towers was even highemtkath the
wall. We can say this was the most difficult pdrth® project.

One of the difficulties has been repeated durinig #mtire
article; the buildings close to the towers. By thaywthrough
those same buildings there was a unique way tosaczkthe
towers in almost all the cases. We carried ouhallinstruments
with us through the houses and we carried themouphé
terrace. In one of the cases, there was only almsta to
access there with the

Figure 7. Ortophoto of the interior part of the al
instruments, batteries, note book, etc.

The terraces were good places to scan the exigaits of the
wall but to do it we put the laser on the merlohisTsite was
useful for us to capture part of this same teraue align this
one together with the rest of the wall.

We did not use any targets in the scanning prod&esonly
used common points to align the different scans thedtotal
station was used to measure common points andrtectdhe
alignment.

Scanning interiors sites

The patios and the interior rooms of the towersewszanned
positioning the scanner on the floor and not ushng tripod.
This method permits to scan larger area even dhtpitata of
the floor. This part is very important because lénel of the
building, floor and roofs, respect the wall will aige future
policy decisions about the wall rehabilitation-gesation.

Scanning sculptures and little pieces

We used three laser scanners to capture differmtep in

stations than the others. We always took care atheutolour
of the camera scans, although the sun-shadow fimjec

relation with the wall. One of them was the SmartSICaf
As it can be imagined, the narrow segments needeck m Breuckmann, the second one was a homemade LS wlish w

descript in the part 2.5 (both short range LS), drallast one
the HDS3000 of Leica geosystem (middle-long LS)ahhivas



used to scan a big sculpture of the Ceres’ Goddasatexl
close to the exterior part of the wall.

3.2 Photogrammetry capture

As we explained in the previous work, the photogrestny was
used to complete the range data. The 18 mm obgeetias
always used which was previously calibrated by $hegpture
laboratory.

Close to 1000 pictures were taken for this projée most part
of them were taken from 7:00 AM to 8:00 AM in theming

to avoid sun projections on the wall. But the pietuof the
exterior part of the wall were taken when we codudl it,

appearing some shadows in some of the ortophatdazember
the difficulties we had to go in
neighbourhoods.

The control points of the most 3D models createddimytal
photogrammetry were obtained of the range dat#hérrest of
cases, a total station was used for this purpose.

The cases when we used photogrammetry were deddritibe
point 2.4.

3.3 GPS and Total Station capture

25 points were positioning on the floor using ackeGPS900.
Those points were necessary to get all the data @lobal
coordinate system European Datum 1950.

Those points were used to create a polygonal aoigaround
the entire wall. Those geo-referenced points péedhitto
measure points of the wall and towers. Singulamigolike
corners, stones, etc were used for this purpose.

4. POSTPROCESS

All the data was processed and fused to obtaimaptfinal
results. We used range data to capture the geommetinly. It

the houses of the

All the data was combined using CAD software. Déferplans
were positioned to the 3D model ortoproject andatee
ortophotos and ortoimages.

4.1 Ortophotos

Many ortophotos were obtained from all the wall aoders.
All the parts of the wall and towers were represénby
ortophotos, even the interior room of the towers.

The plans of projections were positioned paratiethie wall for
each segment. We should take into account thawdlds not a
straight line; it is closer to a polygon with mplg sides. Thus,
we needed plans which follow this irregular form.

4.2 Ortoimages

The same plans from the ortophotos were used ttumaghe
reflectance of the 3D model of the wall; creatihg brtoimages.

Figure 8. Ortoimage of the wall and Santa Ana toelrined
from range data.

4.3 Plans

Horizontal and oblique plans were positioned, ttilme to
obtain the section with the 3D model. The crossi@es were

means the colour could not be captured due to tme s done at the bottom and at the top part of the walkers,

projection of the wall, creating a heterogeneoud walour
which does not permit an optimal interpretationtioé¢ wall
materials.

The range data was processed first cleaning iirditing all
the points that we did not need and aligning a# #dtans
together in a 3D global model. This global modelsvgeo-
referenced using the points measured with the stédion. To
ensure the accuracy of this global model we alsed ube
measured points with the total station to checldifferent scan
positions and rectify it, if it had some deviatioBecond an
optimal mesh of the point cloud was created andillfin

different planes were positioned to realize ortdph@nd cross

sections like we will see in the next points.

We used the photogrammetry for two purposes: taucaphe
geometry when the laser scanner could not do ittarzpture
the colour of the wall. In both cases, control peifrom the
range data were used to referenced the imageshandobtain
ortophotos.

interior rooms, etc.

Those cross sections on the range data are veligticeayou
can see clearly on them the contour of the stanedpns, etc.

4.4 Cross Sections: comparison between Laser scanner and
photogrammetry applied to the deformation of the tovers.

Once the range data was align, correct and mesbkimggral
vertical cross sections were done along the wall tmwers.
Those sections will advice about possible deforomatiof the
wall and calculate, together with the thickness auaderials, the
risk of the wall or towers to fall or collapse.

The capability to show this kind of deformation wasmpared
between laser scanner and digital photogrammettpwir was
measured with both techniques and the results eampared.
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Table 2. Comparison between Laser scanner
photogrammetry applied to the deformation of theeis.

As it is shown in the figure, the results are défg. On one
hand, the resolution is highly better in laser seairthan in the
photogrammetry. Secondly, although the accuracy
photogrammetry is better in the control points,r¢hare too
much surface without information; in this case,

photogrammetrist have to measure point with thal &thtion in
the most important and relevant part of the walk, this one is
not always easy. Because usually the deviation ite gmooth
and it cannot be seen directly, you need measustdiments.

4.5 3D perspectives

The 3D perspective was an important part of thekwdihe
perspectives helped us to understand better thatisih of wall
respect the buildings and measure the visual imfacthe
tourist.

4.6 Virtual travel

Finally, we created a virtual travel film arouncetbntire wall.
These kinds of products are more than useful fer intual
tourism. The tourists can see the forms and testafethis
scene in a very realistic way.

5. CONCLUSIONS

This paper described a case of complete
documentation. Six instruments and different methogies
were necessary to get an optimal result.

The fusion of techniques and the knowledge abarmttvill be
absolutely necessary for choosing which one to inseach
case. The objective of the work, the accuracy, résolution
and the object to be documented will decide the afséhe
different techniques.
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