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Dokumentowanie zabytkowych freskdéw z wykorzystaniem fotogrametrii cyfrowej

streszczenie

Odnowa zabytkowych freskow zazwyczaj poprzedzona jest opracowaniem metrycznej
dokumentacji stanu zachowania. Dokumentacja taka pokazuje stan malowidta przed konserwacja i
moze stuzy¢ do dalszych badan i analiz nad sposobem zachowania wartosci dzieta.

Dokumentacja metryczna moze by¢ sporzadzona metoda bezposrednich pomiarow lub
metoda fotogrametryczna. Z punktu widzenia ksztattu powierzchni mozemy wyrozni¢ freski
namalowane na: powierzchniach ptaskich, powierzchniach nieptaskich ale rozwijalnych (np. walec,
stozek) i powierzchniach nierozwijalnych ( np. sfera, lub inne nieregularne powierzchnie). W
zaleznosci od ksztattu powierzchni mozna sporzadzi¢ plan malowidta w jednolitej lub niejednolitej
skali. Plany sporzadzone w jednolitej skali dla malowidet zlokalizowanych na powierzchniach
rozwijalnych jak walec czy stozek mozna nazwac rozwinieciami. Drugi rodzaj planow,
sporzadzanych w niejednolitej skali, bedzie wykonany w przyjetym odwzorowaniu
kartograficznym.

Sporzadzenie dokumentacji fresku obejmuje dwa etapy. W pierwszym mierzony jest ksztatt
powierzchni oraz wybrany jest odpowiedni rodzaj projekcji na ptaszczyzne odniesienia, ktory
mozemy nazwac ustaleniem zasad rozwinigcia malowidta sciennego. W drugim etapie tresé¢
malowidta przenoszona jest na plan stanowiacy metryczna dokumentacje.

Sklepienia, na ktérych czesto umieszczone sa malowidta, sa na 0got projektowane jako
powierzchnie regularne. Jednakze ich rzeczywisty ksztatt, ze wzgledu na wiele czynnikow ( np.
deformacje budowli, sklepienia), moze roznic sie od ksztattu projektowanego. Aby w sposéb
poprawny zrekonstruowa¢ geometrie aktualnego stanu sklepienia mozliwe sa dwa podejscia: opisa¢
powierzchnig zbiorem regularnie lub nieregularnie rozmieszczonych punktéw, albo aproksymowa¢
powierzchnie funkcja matematyczna. Gestos¢ punktow na powierzchni zalezy od regularnosci
sklepienia i ma wptyw na doktadnos¢ opracowanego rozwinigcia. Zbior punktow na powierzchni
sklepienia mozemy nazwa¢ Numerycznym Modelem Sklepienia (NMS). Punkty te moga by¢
potaczone w sie¢ nieregularnych trojkatoéw i wykorzystane bezposrednio do okreslenia przekrojow.
Mozna rowniez wpierw wyinterpolowac regularna siatke punktéw 3D. W obu przypadkach mozna
obliczy¢ dtugos¢ dowolnego przekroju sklepienia. Odlegtosci w przekrojach prostopadtych do osi
walca stanowia jedna z wspotrzednych ortogonalnego uktadu rozwiniecia. Inna mozliwoscia jest
matematyczny opis ksztattu sklepienia na podstawie reprezentatywnego zbioru punktéw
usytuowanych na powierzchni sklepienia. Przyjmuje sig, ze punkty zrzutowane sa prostopadle do
powierzchni matematycznej. Doktadnos¢ aproksymaciji powierzchni okreslona jest przez odlegtosé
powierzchni rzeczywistej i matematycznej oraz, co jest wazniejsze, wptyw tego odstepstwa na
potozenie punktu na obrazie fotograficznym. Zalezy on od r6znicy kierunku prostopadtego do
powierzchni a kierunku promienia rzutujacego punkt na zdjecie. Te btedy perspektywiczne moga
by¢ dos¢ duze, gdy uzywa si¢ kamer szerokokatnych lub lokalizacja i orientacja kamery nie jest
optymalna.

Bledy perspektywiczne mozna zmniejszy¢: korzystajac z kamer waskokatnych,
optymalizujac lokalizacje stanowisk kamer, zmniejszajac odlegto$¢ pomiedzy powierzchnia
rzeczywista i matematyczna ( mozna to uzyskac wybierajac kilka powierzchni aproksymujacych dla
mniejszych fragmentow sklepienia) lub stosujac specjalna projekcje matematyczna.



Kolejnym etapem jest przeniesienie malowidta ze zdjecia na plan (rozwinigcie). W
przypadku opracowywania mapy kreskowej wymaga to digitalizacji tresci malowidia i
transformacji do uktadu rozwiniecia. Jesli dokumentacja sporzadzana jest w postaci fotoplanu
wymaga to powtdrnego probkowania (resamplingu) zdjecia oryginalnego. Najczesciej stosowana i
najprostsza metoda jest niezalezna transformacja czesciami, na ktére dzielimy obraz. Mozna
rozwazac uzycie roznych formut transformacyjnych dla poszczegoélnych czesci malowidta. Czym
bardziej ztozona formuta, tym moze obejmowac ona wigksza powierzchnie, jednakze wymagac to
bedzie wigkszej liczby punktéw dostosowania, ale zmniejszy dtugos¢ linii styku co utatwia
uzyskanie jednorodnego kolorystycznie fotoplanu. Istnieje kilka komercyjnych programow, ktére
umozliwiaja automatyczna generacje trojkatow (TIN) z punktéw dostosowania mierzonych na
sklepieniu i przetwarzanym obrazie. Metoda ta powoduje jednak pewne znieksztatcenia na
granicach obszaru. Punkty dostosowania powinny by¢ jednoznacznie zidentyfikowane przez
operatora na sklepieniu i na obrazie, co jest czynnoscia bardzo pracochtonna. Utworzenie tréjkatow
powinno odbywac sie rowniez pod kontrola operatora.

Dla okreslenia ksztattu sklepienia obejmujacego duze powierzchnie, czasami jest tatwiej
wykorzysta¢ zdjecia wykonane szerokokatna kamera fotogrametryczna (np. UMK 10/1318) niz
opracowywac blok zbudowany z niemetrycznych zdje¢ sredniego formatu. W przeprowadzonych
przez nas pracach stwierdzilismy, ze najbardziej odpowiednie do rejestracji w kolorze malowidta sa
zdjecia stereoskopowe wykonane aparatem niemetrycznym na format 6x6. Zdjecia takie moga by¢
rowniez wykorzystane do okreslenia ksztattu sklepienia. Wsp6trzedne punktéw dostosowania
niezbednych do przeksztatcenia zdjecia kolorowego mozna okresli¢ na podstawie pomiaréw na
stereogramach zdje¢ metrycznych. Relacja pomiedzy stereoparami zdje¢ niemetrycznych a
przestrzenia obiektu moze by¢ okreslona za pomoca funkcji DLT (bezposrednia transformacja
liniowa).

Nowoczesna fotogrametryczna technologia opracowywania rozwinig¢ oparta jest na
metodach fotogrametrii cyfrowej, wykorzystujacej do pomiaru na zdjeciach metrycznych i
niemetrycznych cyfrowa stacje fotogrametryczna. Do wyzej wymienionych pomiarow
wykorzystano VSD (Video Stereo Digitizer) skonstruowany na AGH. Umozliwia on realizacje
klasycznej 3 etapowej orientacji dla zdje¢ metrycznych lub orientacje¢ oparta na transformacji DLT
dla stereograméw lub pojedynczych zdje¢ niemetrycznych.

Dla celéw konserwacji sporzadzono w ostatnich latach dokumentacje kilku malowidet
usytuowanych na sklepienia kosciotow. Zatozono, ze produkt koncowy, ktérym byty fotomozaiki
charakteryzuje si¢ doktadnoscia graficzna < 0.5 mm. Zdjecia kolorowe wykonywane byty
aparatami 6x6 lub matoobrazkowymi a nastepnie konwertowane do postaci cyfrowej droga
skanowania z rozdzielczoscia 2000 dpi. Stosowano trzy nastgpujace sposoby okreslania
wspotrzednych punktéw definiujacych powierzchnig sklepienia i punktow dostosowania dla
transformacji TIN:

1.  Punkty kontrolne ( identyfikowane na niemetrycznych zdjeciach kolorowych dla
transformacji DLT) oraz punkty definiujace ksztatt sklepienia mierzono metodami
geodezyjnymi, punkty niezbedne do przetwarzania zdje¢ mierzono na zdjeciach
niemetrycznych, (Kosciot Pijarow w Krakowie),

2.  Ksztalt obiektu okreslono na podstawie pomiarow wykonanych na stereogramach zdjec¢
metrycznych (UMK 10/1318). Punkty dostosowania dla transformacji TIN byty
identyfikowane i mierzone na powyzszych stereogramach (Stecometer) oraz zdjeciach
kolorowych (VSD-AGH), (Biblioteka Opactwa Cystersow w Lubiazu),

3. Punkty definiujace ksztatt obiektu oraz punkty dostosowania dla transformacji TIN byty
mierzone na stereogramach zdje¢ niemetrycznych, punkty kontrolne dla transformacji
DLT okreslono z stereogramu czarno-biatych zdje¢ metrycznych.

Schemat blokowy stosowanych technologii pokazano na rys. 1. a przyktady wykonanych
opracowan narys. 2,3,4.
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ABSTRACT

The technology for documentation of historical frescos located on cylindrical surface was developed. The
documentation is in the form of colour photomap representing developed surface. The photomap was
made basing on non-metric colour photos. For image rectification the TIN method was used. Different
methods were used to determine the vault shape and data for image resampling.

INTRODUCTION

The beauty and historical value of frescos call for their proper maintenance. Revitalisation and
restoration of historical frescos usually begins with production of as found metric documentation. That
documentation preserves the appearance of the art piece before conservation, can serve for further
research and analysis, and often is used as a background for professional discussion about the way in
which the artistic and iconographical value of fresco is to be preserved or changed during conservation.

A metric documentation of frescos can be produced with the use of direct measurement of the general
outline of the painting, which is used as a base for hand drawing of the fresco contours or for the hand
painting of fresco map. Another way of production of a metric documentation is a use of photogrammetric
technique for collecting, transformation and presentation of the art piece copy.

All the frescos can be assigned, from the point of view of their shape and spatial location, to one of the
following three classes:

- a fresco painted on a flat wall

- a fresco painted on a non flat, but developable surface (e.g. a cone or a cylinder)

- a fresco painted on a non-developable surface (e.g. a regular sphere, or other, not necessarily regular,
spatial surface).

One can distinguish two types of particular features of metric documentation of a fresco. Depending on
the shape of the surface, on which a fresco was painted, we can produce a map of fresco in
homogenous or non-homogenous scale. The map in a homogenous scale can generally be called
development of a fresco. The other types of maps, which can not be produced in homogenous scale, are
generally called the maps in certain projection (which can be similar to the cartographic projections used
to produce maps of Earth and other planets), and they need a separate discussion.

The frescos which lay on a flat wall can easily be presented as a map in a homogenous scale; such
representation has all the attributes of development, but for the simplicity of terminology, we dot name it
that way.

The frescos, which are located on developable surfaces, such as cylinder or cone, can be presented as
a development on plain surface, and therefore can have geometrical documentation in a uniform scale.

In cases, when a fresco is located on other type of spatial surface, we can produce the fresco
geometrical documentation only in special projection, which as a rule is not in a uniform scale.



In any case, documenting a fresco must consist of two stages. In the first stage the geometrical shape of
the fresco surface must be measured and proper type of projection to a reference plane of a final record
must be selected, to enable proper transfer of the painting iconographical contest to the documentation
sheet or to the computerised documentation digital map layer. This we can call geometrical rules of
development of a wall painting. In the second stage that iconographical fresco contest is to be copied
from the wall to the documentation record.

REPRESENTATION OF THE VAULT SHAPE

A vault is generally constructed as a regular shape, but its current state due to many reasons
(deformation of building) can differ from the designed shape.

To properly reconstruct the geometry of current state of a vault we should consider two approaches:

- to describe the shape by set of regularly or irregularly distributed points laying on the surface

- to approximate the shape by a mathematical function.

It is obvious, that to register the shape of a vault, one has to measure a representative group of points
located on the vault surface. The density of such points depends on the regularity of the measured vault
surface. This first stage of the development - determination of the fresco spatial surface - is decisive from
the point of view of general accuracy of final development map.

Having a group of points which is representative for a vault surface, we can call them a digital model of
our vault surface (DSM - Digital Surface Model). This group of points can be formed in a net of spatial
triangles, and used directly for interpolation of required sections of the cylinder surface. But there is also
possible to use those representative vault points to interpolate first a new set of points, which form a
regular grid of 3D points; such grid has shape of squares in projection to the pre-selected plane. In both
cases the DSM allows to calculate distances along any selected section of the vault surface. The
distances calculated along the selected vault sections, which are perpendicular to the cylinder axis, allow
producing certain type of co-ordinates on the vault surface. Such co-ordinates can be calculated for any
point located on the vault surface, and can be used also as orthogonal co-ordinates on the vault
development on a reference plane. This procedure treats each cross-section of our vault as a cross-
section of a separate irregular cylinder, and allows producing sort of an irregular development of the
vault surface. Such development irregularity depends on the irregularity of the vault itself, and all
development errors are cumulative along the cross-sections used for calculation of distances on the
fresco surface.

Another possibility of determination of the rules of development production is via the mathematical
description of the spatial shape of fresco surface. To calculate mathematical parameters of such a
surface, one has to use a representative group of points measured on the real fresco surface. Those
points, not necessarily strictly regularly distributed on the surface, can be approximated by selected
equation of mathematical surfaces. The surface fitting the group of points with the best accuracy can be
used in the further processing. In case the selected mathematical representation of real surface is
developable - we are able to produce real development of the painting. But when the painting is not
placed on a cylindrical or conical surface of a vault, but on a spherical or other type of a dome - one has
to construct the graphical documentation of the painting in a certain projection of the mathematical non-
developable surface to a developable surface. Even the developable vaults do not have, though, to fit
only one selected surface of approximation. In many cases we must consider two or more cylinders,
crossing each other, to approximate the vault, portion by portion.

After a vault has been finally approximated, one should check the approximation accuracy. It is
interesting to know not only how the mathematical surface fits the real one, but even more practical
accuracy indicator would be to evaluate the influence of that approximation error on the relation between
ceiling and the photogrammetric picture itself.

The strict relation between mathematical and real surfaces would be via projection of points of real
surface perpendicularly to the mathematical surface of approximation. So it will be an error causing
process to treat the photograph of painting as it would be image of mathematical surface, knowing, that
certain points of mathematical surface are distant from the real surface point on the approximation error.



The influence of that approximation error (distance between the two surfaces) on the accuracy of
development will depend on the difference between direction of the central perspective projection ray
and the direction perpendicular to the mathematical surface. Those “perspective errors” can be quite
great, when we use wide-angle cameras, and take pictures from the camera positions so located, that
neither the camera axis is perpendicular to the photographed surface, nor the photographic distance is
optimised from that point of view.
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Fig.1. Scheme of creation of the digital representation of a non-flat frescos development

There are three ways to reduce the perspective errors. One is to use narrow camera angle, and optimise
the camera position. Second is to reduce the distances between the real and mathematical surfaces
(could be done by selection of additional approximation surfaces for smaller portions of ceiling, but edge
adjustment problem arises in that case). The third way would mean the need for special type of
mathematical projection in the used analytical-digital stereoplotter. The mathematical projection proper
for such purpose should be designed so, that it would allow to measure the points in the co-ordinate
system attached to the mathematical surface of approximation, and fitting the above mentioned relation
between real and mathematical surfaces.

One must remember that the co-ordinate system of the development sheet comes directly from the
mathematical surface, which is spread out on a plane. And all the perspective errors noticed on the



mathematical surface, will be exposed on the surface of development as well. The advantage of such
algorithm of development is in local character of perspective errors (they do not cumulate).

TRANSFER OF THE FRESCO PRESENTATION

Having established a proper relation between the two surfaces, one is to transfer the representation of
the painting from the image to the development plan. When the outline plane is to be produced - the
vector polygons of representation are digitised, point by point.

When the photoplan of development is to be produced, one must consider the great number of pixels to
be resampled in special projections. For that purpose the simplified methods can be considered. The
most obvious method of simplification of resampling projection formulae would use the image portion as
separate patches, which are individually rectified. The rectification formulae could be just a similarity
transformation, or more advanced transformation functions, including those polynomials which
compensate for the original surface curvature. Within resampling of one painting, we can consider
several different rectification formulae, selected individually for separate patches. The more advanced
degree of rectification function, the larger can be area covered by one patch, but the greater number of
points would be needed to determine the rectification function coefficients. On the other hand - the
greater is the patch area, the shorter are, per capita, the borders of joints of separate patches in one final
photo-plan, what is very convenient to keep uniformed photomosaic colours and intensity.

There is variety of software, which offers automatic construction of triangles on the basis of a group of
corresponding points measured on the ceiling, and on the rectified image. That automation requires,
however very dense group of points, which generate small, regular triangles. In addition such automatic
process creates some miss-interpretation errors close to the limits of the whole area to be rectified.
Considering, that the points for rectification must be measured by a human operator, or semi-
automatically under the human operator control, one can assume, that it could be better to create the
triangles, or patches of other shape, also under the human operator control. That way the patches would
be shaped according to the shape of ceiling, and in consequence the size of the area covered by each
patch could be maximised. Also the direction of longer side of the patch could be optimised to fit the
minimum ceiling curvature value and direction.

MEASUREMENT OF THE FIT POINTS FOR RECTIFICATION OF PATCHES

For the determination of the shape of a large surface it is often easier to use wide-angle terrestrial
cameras, than to construct a photogrammetric block from a medium format nonmetric pictures, which are
most suitable as a basis for resampling

In our experimental works we found out, that the most suitable would be to use 6*6¢cm nonmetric colour
stereopairs for the detail iconographical recording and interpretation of the fresco. Also using those
nonmetric stereopairs could be determined the group of points on the painting surface, measured to
describe the surface mathematically, to create the digital surface model (DSM is the DTM equivalent),
and to design transformation function between the object surface and its representation in development.
The necessary control points for those nonmetric pictures of limited field of view can be determined on
the metric 13*18 stereopairs taken with UMK. Relation between nonmetric stereopair and object space
could be executed with the use of DLT function.

For some object portions, which were not recorded with the nonmetric stereopairs, but only with single
nonmetric 6*6¢cm pictures, the DSM could be created on the basis of metric 13*18cm stereopairs. But the
corresponding points on the object surface (given by 13*18cm photographs), and on the 6*6cm
photographs, which determine the patches image transformation, must be very carefully selected among
characteristic points of the images. That forces often the shape of the patch, which is far from optimal.
And, what is the worst, that work is very tough, time consuming and unpleasant for the operator.

As in general, the photogrammetric technology of production of developments must be based on digital
photogrammetric methods, it would be very practical to use digital analytical stereoplotter for the most
measurements on the metric pictures, and for all the measurements on the non metric stereo pairs, and
single nonmetric pictures. For that purpose very practical should be the VSD (Video Stereo Digitiser)
constructed at our University. That stereoplotter allows performing classical 3-step orientation of metric
stereopairs, or one step DTL orientation for nonmetric stereopairs or single pictures. The measured



points and vectors can be displayed on the computer screen, what is very convenient for the
measurement of correspondent points, which determine the patches. The VSD it is a modern low cost
professional instrument, and therefore its price for the final transfer of elementary portions of
photographs of painting details to the development does not influence the scope of applications of that
instrument for the cultural heritage documentation.

Fig.2. Development of XVIII century frescos from cross-vault ceiling of Cyster's Abbey in Lubiaz (Poland).
Reproduction of fragment of the colour photomosaic (original scale 1:20)



Fig.3. Development of XVIII century frescos from cross-vault ceiling of Cyster's Abbey in Lubiaz (Poland).
Reproduction of the colour photomosaic (original scale 1:20)



Fig.4. Development of XVIII century frescos from cylindrical vault of Pijar's church in Cracow (Poland)
Reproduction of the colour photomosaic (original scale 1:20)



EXPERIMENTS

In the last year we completed, for conservation purposes, the documentation of the valuable paintings
located on ceiling in churches and abbey. We assume that the final output in the form of colour
photomosaic should fulfil the graphical accuracy <0,5mm. Photos of frescos were taken with amateur,
non-metric cameras (6x6 cm and 24x36mm) on diapositive or negative colour film. For one object we
use the archive colour photos. The all available photos were converted into digital form by scanning with
resolution 2000dpi.

We used three technological lines for determining the vault shape and TIN points.

1.Control points (identified on amateur colour photos for DLT transformation) and points defining the
object shape were surveyed by direct field measurement. Points necessary for image resampling were
measured on non-metric photos (VSD-AGH). Spatial coordinates were calculated basing on image
coordinates and DLT (Church of Pijars in Krakow)

2. The object shape was determined with the use of black-white metric stereomodel composed of photos
taken with UMK 10/1318. TIN points were identified and measured on those models (Stecometer) and
on colour non-metric photos (x,y) used for image resampling (VSD-AGH). The procedure of point
identification was very laborious (Cysters Abbey Lubigz).

3. The points defining the object shape and TIN points were measured on stereomodels composed of
colour non-metric photos (VSD-AGH), but control points necessary for DLT orientation were determined
with the use of metric black-and-white stereomodels (Stecometer).

The flow chart of used technology is shown on Fig.1. Basing on all available data (freely) distributed
points, points along profiles, control points etc.) the Digital Surface Model (DSM) was created in the form
of regular grid. Polynomial regression and other suitable interpolation method was used to create the
grid. For TIN points the coordinates in development were then calculated. In case of cylindrical object
one coordinate is equal to the length of arc. For image resampling the Triangulated Irregular Network
(TIN) method was used. Then resampled images were corrected radiometrically (using Level, Color
Balance, Brightness & Contrast, Filters and others correction) basing on colour photos and field
inspection and pasted by mosaicing. Last step was printing the hard copies of documentation (see
Fig.2,3,4).
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