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ABSTRACT:

In October 2011, the PPMD specialized master'segegtudents (Photogrammetry, Positionning and Deftion Measurement) of
the French ENSG (IGN’s School of Geomatics, Buele Nationale des Sciences Géographijjuese asked to come and survey
the main facade of the cathedral of Amiens, whictidéry complex as far as size and decoration areetned. Although it was first
planned to use a lift truck for the image surveyddet considerations and taste for experimentdgodnthe project to other
perspectives: images shot from the ground levei witong focal camera will be combined to completasnimages shot from what
higher galleries are available on the main facaitle aswide angle camera fixed on a horizontal 2ésemlong pole. This heteroclite
image survey is being processed by the PPMD mastegree students during this academic year. Arotimey type of products, 3D
point clouds will be calculated on specific partshe facade with both sources of images. If theppsed device and methodology
to get full image coverage of the main facade hagpebe fruitful, the image acquisition phase Wil completed later by another
team. This article focuses on the production ofg@int clouds with wide angle images on the roséhefmain facade.

1. INTRODUCTION the cathedral’s transept using various measureteehnigues
(Héno et al, 2011). They were able to provide tbiergific

The Amiens cathedral, considered as one of thestajothic  board of the project with a consistent set of higbelution 3D
cathedrals in France, was built in théhmentury in the regional  data and a variety of acquisition methods.
capital of Picardy, 140 km north of Paris. Its naeaches a
height of 42.30 meters and its spire stands atrhéfers. Its 1.2  Presentation of the main facade
gothic sculptures are famous for their quantity audlity, in
particular, on the main west facade and in thelsdr#nsept
portal. It has been listed as a UNESCO World Heeit&ite
since 1981 and attracts huge numbers of touriets fill over
the world.

In October 2011, the new PPMD master's degree dlass
asked to come back to Amiens for further surveyratiens.
The 13 students and 6 teachers worked on the meshfacade
of the cathedral, which is considerably more complean the

11 The « e-cathédr@le » project southern one, as far as size and decoration acewed.

This facade is monumental (Figure 2): the facade8(4neters

In 2010, through an initiative of the MIS laborat¢Modelling, ~ Wide) consists of three arched portals and a ricalyed gallery
Information & Systems) from the University of Pidgy (Kings’ gallery) below the immense rose window (déer 13
different partners (historians, curators, archiieetientists...) Meters). The portals are famous for their complexisures
decided to join forces to work on a common projeaited “e- representing holy scenes (Figure 1)._On each didkeonave,
cathedr@le”. The first goal of this project is tet@ complete WO towers (68.2 and 61.7 meters high) border #uade. At
and accurate 3D model of the building. Due to tmplexity ~ five different levels, galleries can be accessedoof, giving a
of Amiens cathedral, this task is harder than iy m@em, even Complementary point of view of the facade. _

if current technologies such as laser scanning igital  1hiS paper describes the work performed on this paithe
photogrammetry can be used to obtain 3D data quickl building which _reqwred new methods as far as aitjoin (part
(Vosselman et al, 2010), (Pierrot-Deseilligny et2@l11-a). The !I) @nd processing (part Iil) are concerned.

second objective of this project is to provide sotd work on
the 3D dataset. The 3D model obtained is meantaduzlly be
integrated into the national digitalization plan tble French
Ministry of Culture.

This consortium called upon the “Ecole nationale deiences
géographiques”, the IGN’s School of Geomatics, @stt
different techniques in order to define a strategproduce the
complete 3D model of the cathedral. In October 2010
students in the Photogrammetry, Positionning anfbiDetion
Measurement (PPMD) specialized master's degreegrobad
a close-range photogrammetry fieldwork on this figesus site.
They carried out the 3D data acquisition of thetlsetn arm of Figure 1
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4th level - n6
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(kings' gallery)

1st gallery

Ground level

Figure 2: The main facade

2. DATA ACQUISITION

21

Acquisition strategies

The main facade was documented in the seventidsebiyrench
IGN (Institut Géographique National), which wastlaat time
very active in close range photogrammetry projeéts.that
time, the IGN team produced an elevation of thennfatade at
the scale of 1:10 from stereoscopic photographanged in
vertical strips shot from a lift truck. But this stibn is
expensive. Other solutions were studied: UAV aiatirely
unreliable and imply high security measures andciaff
authorizations; ultralight planes authorized to iy or above
500m cannot provide such high resolution imagesidges all
the balconies and areas behind the balustradesmrériten
with these aerial solutions.

Since the facade is accessible through five gabdffigure 2), it
was decided to test the combined use of ground emamd
images acquired with a pole.

The image survey with the pole was undertaken encténtral
part of the main facade. The initial objective waphotograph
only the parts which were hidden in the aerial imyagrvey and
on images taken at the ground level. But a full syrwas
tested. Acquiring a complete set of data can besblitained
from the upper part of the facade, at the backhefdtructures.
High resolution images are necessary to reconstithe shape
and the texture of the facade. In order not to tale® many
images, a fisheye camera (15 mm focal length leas)used.

2.2 Design of the pole

The experimental pole had to provide photogrammétnages,
efficiently and safely. Strips with forward and aliap overlaps
are needed for photogrammetric purposes. On eatdrygat

was necessary to move forward regularly, and teioadly tilt

the pole to sweep the whole facade progressivetyage
overlaps were defined to make automatic tie pokitaetion

easy.

The device for such an acquisition had to be lighty to use,
non-slip, safe, and had to pass through the nastaincases and
corridors. This pole was made in an aluminium peadif 30mm
x 60mm x 33.5m, equipped with the head of a phopmd, a
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non-slip device to be put on the balustrade, anddjustable
bubble level to control the tilt. It was attachedatshoulder belt
to avoid any equipment falling off. A 7 m long USBirev

doubled by a shorter steel cable linked the cantera pilot

computer. The whole device's weight was 5 kg. Tomguter

was held up by another belt at the operator’s stevuleaving
him free for typing. An optional articulated exters piece,

with a stabilization device, was designed to acdbssareas
between distant galleries (Figure 3b-c).

c. Photo of the extension device

a. Standard b. Pole +

Extension
device
Figure 3: Image acquisition with the pole

pole

2.3 Image acquisition with the pole

Because of the position of the camera, all of tiinggs, as well

as image downloading, had to be made on a laptopuater.
The 1000D Canon equipped with a 15mm lens was réynote
controlled by EOS Utility software, which can beedsfor
image framing, parameter settings, image previews,
downloading and control.

The pole is equipped with a 3 axe head, which eatilted by *
45°. The camera can be pointed in any directiahab m from
the support. Due to the configuration, the imagsolgion
varies a lot within an image: it goes from lessntiamm to 3
cm (Figure 3a-b).

2.4 Image acquisition at ground level

Stereoscopic images could be taken at ground leesi the
square which is 80 m in length. A 105 mm focal tancamera
was chosen as a compromise between a reasonableenom
images and a high ground resolution (which was ssgg to be
less than 1 cm). Whenever possible, paper targete glued
onto the cathedral's walls, to serve as ground robmtoints
(GCP) according to classic aerotriangulation rulgsX(Y,Z
point every stereomodel, plus 1 point at each 'strgprner).
Inaccessible areas were equipped with natural grauamtrol
points, which were carefully documented, so thatttpometric
team could measure them precisely, as well as the
photogrammetric operators afterwards. In order tet g
homogeneous lighting in the sun or in the shade, ahly
possibility was to make the image survey in themmy, that is
to say with the sun behind the cathedral. Imagesdconly be
taken from dawn until roughly 10 am, because dftat time
there was sun and shadow cast on the facade. Hps stf
roughly ten images were finally shot, sharing thams
parameters (105 mm focal length focal length, apert 9,
focus at infinity).
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3. DATA PROCESSING

This part focuses on image processing on the rose.

3.1 Image georeferencing

3.1.1 105 mm focal length images georeferencingTie
points and ground control points were manually mesb
during the fieldwork by the students. As a mattiefiaot, even if
automatic tools for tie point measurements arey fofierational

nowadays, it is highly recommended for pedagogieasons to -

make beginners start with the traditional measuntmeocess.
410 points were measured that way, by 2 operato2sdays. As
soon as the ground coordinates of the ground cdoptimts
were available, images were georeferenced with Redug, a
user-friendly software developed and made availdieY.

Egels, a photogrammetry expert. The bundle adjmnme‘

followed by an autocalibration process, led to eatlyood
results (average image residual around 0.4 pixalgrage
ground control point residual around 3 mm in X,Y,Z)

3.1.2 15 mm focal length image georeferencing on the
rose Fish eye images of the rose were meant to produay
high resolution 3D model and orthoimage. They weken at
six different positions with the 2.5m pole from twocessible
galleries (level n5 under the rose, level n6 abihverose, see
Figure 4).

The Apero/MicMac tools were used for the georefeirggn and
the dense correlation procedures (Pierrot-Deseilligt al,
2011-b). Key points were first generated with thaditional
SIFT algorithm but a specific procedure, developédGN's
MATIS laboratory, was used for multiple matchingher
subsampling ratio was set to 1/3. The high reducgar the

chosen for both blocks, assuming that the highlapevalues
would insure block rigidity.

Absolute orientations performed in the Apero sofevgave
average ground control point residuals under 1rcik,Y,Z for
both blocks (except for 1 point around 2 cm onrtbdevel, and
2 points around 2 cm on the n6 level). A final gbb
compensation in the Apero software was run to redine
possible edge matching problems.

a. F'ron"t view b. Profile view
Figure 4: Tie points and cameras

3.2  Dense correlation on rose images

3.2.1 Principle: Images acquired with a 15 mm focal length
lens fixed on the 2.5 m pole from different levefsthe western

pole image survey increased the number of tie pointfacade were meant to fill up the holes in the insagequired

significantly (up to 25000 on some images), whibwed

down the further bundle adjustment process, sinzepoint

decimation was available. Contrary to what was etqueduring

the field acquisition, the difference in perspeethvetween the
two closest strips of images shot from level n5 afdwas

significant. Thus, very few common tie points wendracted.
The 94 images of level n6 had to be oriented indéeetly

from the 127 images of level n5. Image residual arasind 0.6
pixels at that stage: tests showed that the relsicizen still be
reduced, if tie points are extracted on higher ltggm images.
This could not be done on the whole set of imagesause of
the very high number of points to be dealt with.

In order to use these further results in a singlerdinate
system, an absolute orientation of both blockstoade carried
out. No specific ground control point was measui@dthese
images during the field operations. The idea wadetermine

ground coordinates by photogrammetric means fromy an

common point between the properly georeferenced @b
focal length images and the 15 mm focal length isagome
of the students who were involved in the data agition

process took the GCP manual measurement using Redress

software. Though quite user-friendly, the Redressaftware
does not include any guiding facilities to look f8€P from an
approximate georeferencing solution. It was thusgland
tedious to proceed to the GCP measurement, singeoadts

were visible on dozens of images because of theh hig
redundancy of the image survey. Besides, the Redress

software does not provide subpixelar measuremehRts.
organizational reasons, GCPs for the n5 level wesasored
and computed independently from GCPs for the né,lex@ch
is of course not optimized. Only 8 well spread GGRse
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with a 105 mm focal length lens from the squareoiider to
produce a complete orthoimage, and a complete 3Behtay
stereoplotting. The 15 mm focal length images vadse meant
to provide high resolution 3D point clouds with igeabased
methods, which could complete what was not seem ftioe
ground level with the terrestrial scanner laserc¥ac software
was used (Pierrot-Deseilligny et al, 2011-a). Thisnse
correlation software was developed by the MATISolalory
and can be used in different contexts (satelliggiah terrestrial
imaging) by adjusting a set of parameters. Accaydio the
specifications of image surveys for dense cormapurposes,
images have to look much alike to increase theabaeitomatic
image recognition algorithms. Thus, the B/H ratio y8aver
Distance to the target scene) must be smaller tisaal. It is
indeed assumed that the small B/H value (sometimasnd
0.1) is compensated for by the great number of @sdgvolved
in the depth map computation. It is also advisedge images
with stereoscopic bases in different directions,ttsat details
parallel to the base in one set of images can fierelitiated
from other sets of images.

3.2.2 Description of image configuration As it is
mentioned above in this paper (paragraphs 2.2 a8l these
rules guided the acquisition with the pole. Sinbe image
survey was meant to serve experimental purpose images
than what was theoretically necessary were probegn. In
the n5 level, h4 images were meant to show the dowart of
the rose (Figure 5), which is not visible from ty@und level
because of the balustrade. h2 and h3 images weaatnie
show the middle part of the rose, up to the tothefcircle.
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h1l images were taken to link the n5 block to theoné. It was
planned to cover the upper part of the rose from higher
balustrade, called the “n6” level (Figure 4).

[ 7 A]f?";wg’ ﬂ%‘l\l’ﬁli‘\‘!
5%%%%W%Nwﬁ
i s i \~¥
%n « W:‘ia‘ \\Ut‘\?ji‘;%*ﬂ #

AT

Figure 5: h4 images in the lower level

3.2.3 Correlation strategy: First tests were carried out
specifying as many images as possible to be matthathe
master image, as it is usual to do in dense caivala
workflows. Since the results were disappointing rfjnareas
were not 3D reconstructed at all), further testd ttabe made,
with various numbers of images to work with:

O Test 1 (Figure 6.a) : one master image, plus 2 @nan
each side of it + 5 images in the adjacent strip

O Test 2 (Figure 6.b): one master image, plus 1 intage
each side of it + 3 images in the adjacent strip

O Test 3 (Figure 6.c): one master image, plus 1 intage
each side of it

According to these tests, the best configuratiowaok with is

the one used in the second test (6 images spre@eistrips).

The poor results obtained with the configuratiosadibed in

test 1 probably came from the geometric configoratf the

image survey: images taken with a fisheye camemnaalese to

the facade (from 2m to 3.5m) have significant défees in
perspective, not recommended for such processest Je
emphasized the unreliability of image matching oetads

parallel to the stereoscopic base. Test 2 shows tihia

ambiguity disappears when using another strip afgies with

different viewing angles. Results varied accordirgy the

considered level: the number of images to work wils much
more sensitive in the upper level (n6) than in liweer level

(n5) (Figure 4). As a matter of fact, the positioh the

balustrade one could take the photographs frommige

awkward in the upper level than in the lower onggFe 4b):

images have a quite strong B/H ratio in n6 leveltup.4).

bTest 2 in level n6 c¢. Test 3 in level n6
Figure 6

a. Test1in level n6

3.2.4 Correlation parameters. MicMac software uses a
multi-resolution approach in order to limit combioaal
research: at the initial step, the whole depthriratieis explored.
At any next step, the area to explore comes froenpttevious
step, with a dilatation factor in planimetry andtiraétry.
Besides, MicMac software uses an energetic formalignere a
function, combining a regularization term and imaggtching,
is globally minimized.
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To properly manage all these possibilities, MicMsftware
parameters have great potential. At each step, ppargmeters
can be fixed: the optimization algorithm, the regidation
parameters, the dilatation parameters, the sulisetages, the
post filtering on depth method, the size of thereation
window and the regularization resolution (PierrasBilligny et
al, 2006). The best parameters for this specifiagensurvey
still need to be investigated.

3.2.5 Reconstitution geometry: MicMac software can be
used to calculate the depth map in several geaesetri
“cartographic” geometry for instance, well adapteclassical
aerial surveys, or “image” geometry, specified bymaster

image, with a dynamic in 1/Z. Since ground resolutivithin
the images taken with the pole varies considerdibiy,strongly
advised to work in image geometry. Correlation masksall
master images have to be drawn manually (Figure 7).

|mage n6 b4 05 ‘ Correlation mask for n6_b4_05

Figure 7

3.2.6 Overlap management Within a strip, overlaps were
taken into account between the various correlatiasks, to be
sure to avoid any missing data in the final prodBetween the
various strips in one level (n5 or n6), there asyncommon
parts, and only a few singular ones. As a mattefaof, the
various strips were taken to compensate the higdets of each
other’s due to the relief of the rose. A logicalywa working
would be to compute a depth map for all imagesnfieothin
mask in their central part, then to merge all thgults with a
specific fusion tool. Such a tool could select thest reliable
part of each depth map according to various cadtéke the
angle of incidence and the correlation coeffici¢@®ardon,
2009). Since it does not exist yet, the delivergireduct is a
raw superimposition of all 3D point clouds in Plgrrhat,
automatically derived from the depth maps.

3.2.7 Results The resolution of the resulting depth maps is
close to the ground resolution of the master imagésch
varies from 0.5 mm up to a few mm on the rose. iTbeiors
come directly from the master images. Since alp8int clouds
are expressed in the same reference coordinatensysheir
merging is direct, though not optimal, since thisr@o overlap
management.

Only the reliable parts of the depth maps were eded into
ply format (Figure 8).

Z
Figure 8: The green area represents the reliabteopthe depth map

30 depth maps were computed with the 15 mm foaadtke
images (Figure 9 and 10b).
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Figure 9 zoom into the 3D point clouds from 15 mm images

A 3D model was also calculated with the 105 mm [fésagth
images (Figure 10a). The orientation values caledlavith
Redresseur software were converted into the Michbamdt.
But the ground resolution of the resulting 3D modebnly
5mm. Besides, all the areas behind the balustrade
obviously hidden on that model. Finally, the codtynamic is
quite poor because of the low level of lighting idgr the
image survey (paragraph 2.4).

a. From 105mm images
Figure 10: 3D point clouds

b. From 15 mm images

4. ASSESSMENT OF THE RESULTS

4.1 Internal coherence:

Looking at the correlation coefficient map is thestf way to

assess the correlation results. It shows the agerdgthe

correlation coefficients of all images involved time process:
white areas represent well correlated areas, wdaldk areas
show poor correlation. The shading of a depth nisp gives a
good idea of how successful the matching is. Theetation

coefficient map in Figure 11 shows, for instandettall the

areas hidden by the prominent gargoyle on one @fittages
led to poor matching. This is confirmed in the gthdelief

image (Figure 11). But a shaded relief image iseraugh to
assess the result. It certainly emphasizes adifact it does not
help to objectively adjust the correlation parameteAs a
matter of fact, the shaded relief image does rditate whether
or not the granular aspect of a surface reallyesponds to the
reality, or is a result of a subregularization.

Master image

Correlation map
Figure 11

Shaded relief image

563

4.2  Comparison with terrestrial scanner laser data:

The laser data was also used to assess the imsge imethods.
The rose was scanned from 3 stations from the grbewel, at
a resolution up to 5mm. The laser stations’ geoeefging was
calculated using artificial targets and specifidunal points

(details chosen on the cathedral or from its emvitent) which

were scanned at a very high-resolution. The fimakrnal

accuracy of laser georeferencing was around 3 ndrabsolute
accuracy was 5mm.

CloudCompare software (CloudCompare, 2012) was used to

compare the laser point clouds with the image polotds.

"'Before calculating distances between laser and inpagst

clouds, a visual examination shows first that theet data is
less dense than the image data (and yet, Ply ipaige clouds

were subsampled at a ratio of ¥4). It does not givg point

behind the balustrade, and does not reconstitugesthined
glass windows (almost no signal) properly. Howevtegjves a

good reconstitution of the two trefoils on top bétrose, which
were hard to see on the n6 level images becaustheof
gargoyles.

The geometric comparison of both sets of datatlser delicate
because of the imperfect georeferencing of the 15 focal
length images (2 GCPs with a 2 cm ground residughe
results shown in Table 1 are clearly influencedh®/remaining
correlation artifacts, which were not filtered alitring the Ply
conversion. After a finer definition of the 3D pbinvelop, the
maximum distance between laser and image data mechai
under 10 cm.

n5 h3 05| n5 h2 11 n6_b4 05 n6 b4 |12
Mean 5mm 4mm 2mm 9mm
distance
Maximum | 57cm 36cm 9cm 30cm
distance
Sigma 2cm 2cm lcm 3cm
Table 1:Distance between the laser data and
various image 3D point clouds
4.3  Weaknesses of the image survey

Despite very careful preparation and rigorous immaetation,
the image survey is not perfect. At first, thereaidack of
stereoscopy at the edge of the rose in the uppet images.
Then, two points of view should have been addethénupper
level image survey, to have a front view of the tdgghe rose:
as a matter of fact, existing images mainly coverhalustrade,
while the upper part of the rose is only seen ariskang points
of view. Its reconstitution is not as good as itiidohave been,
if a lower point of view had been taken, with theaemsion
device for instance (Figure 3b).

Besides, images taken from above the balustrade ghew
prominent gargoyles, which hide much of the intengspart of
the rose. Finally, these supplementary strips wohble
probably made the SIFT extraction possible in-betwé&oth
levels, which would have improved the whole blodiuatment.

5. PERSPECTIVES
5.1  Optimization of the image survey

This image survey has a very high rate of redungdndfuture,
compromises between the number of images and ticermtage
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of remaining hidden parts should be made to be nmealkstic.
A trainee is due to work on the main facade datacséerive
some recommendations for further acquisitions.

51.1
be quite effective: on the one hand, it covers naweas than a
ground level or an aerial survey; on the other haihds
practical and economical. The prototype was quitedgthough
rustic, but it did not allow the remote camera toamge
directions at a given position of the pole, normtodify pole
length. With a motorized head, it would have beessfble to
sweep the facade, to keep the parallelism of thes,awhile

motorized telescopic pole could also have been wmetb

further distance the camera from the facade (ntome 2.5m),
b) to preserve the same distance to the facadeglohianges of
direction to the pole, and c) to move more easilyhie narrow
parts of the cathedral.

5.2 Extension to the whole facade and other cathedrals

part of the rose is particularly well described endas it is fully
hidden by the balustrade from the ground level.rdinee is
about to start working with the remaining 15 mmadiolength
images of the main facade, with the experienceeghituring

Motorized pole: The pole image survey has proved to this first stage of operations carried out on teer He will also

define  better correlation parameters, and provide
recommendations on the number of images which eadlyr
needed for such a monument. The next test on #uade is
planned to be a UAV image survey. It will also pd®s high
resolution images, but a bit further from the fagaevhich
should facilitate data processing. Image data coatbfrom the
three complementary sources, at ground level, With pole
from the galleries and by UAV drone, will more edily
determine the choice of the most adapted surveliadeh view

of the complexity of the target scene.
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6. CONCLUSION

This first experience on the rose ends with an atrsomplete
set of very high resolution color 3D point cloud$ie lower
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