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Abstract:

A multi-spectral image acquisition system and a fully automatic image registration of ancient

manuscripts are presented in this paper. Parchment sometimes contains two scripts, whereas

the first script was erased. Multi-spectral imaging enhances the erased script and makes it

visible to the human eye respectively. In this paper an image acquisition system is presented,

that records UV reflectography as well as UV fluorescence images. Since the images, taken

in varying spectral bands, are not aligned to each other, they have to be registered in order

to be combined. The similarity of both images is computed by means of the normalized cross

correlation, which is an area-based method. Afterwards the correlated images are aligned with

each other, using the local weighted mean method. This paper contains images of manuscripts

by which the registration process was tested.

1 Introduction

Since ancient times vellum was used to write on, the laborious manufacturing made vellum a

valuably material. That is why the scripts were erased and the parchment was used again. The

so-called palimpsests1) often comprise vestiges of the original text. During the 19th century

scientists used chemical means to read palimpsests that were sometimes very destructive, using

tincture of gall or later, ammonium hydrosulfate. Modern methods of reading palimpsests

using multi-spectral image acquisition are not damaging.

In this paper the results of a multi-spectral image acquisition system and a method for a fully

automatic image registration are presented. The aim of multi-spectral imaging is maximizing

the contrast between the erased and the second script as well as enhancing and making the

erased script visible respectively. Since manual operations such as filter changes or camera

1)Greek: palimpsestos - scraped again



changes are performed between the records, a registration that aligns one spectral image to

the other is necessary. If the images are registered, they can be combined, using for instance

a principal component analysis.

The paper is organized as follows. The following section characterizes related work and gives

an overview in the range of image acquisition. Section 3 and Section 4 comprise the image ac-

quisition and the image registration in more detail. Finally, the last section gives a conclusion

and an outlook.

2 Related Work

There have been efforts in image analysis of historical documents [1, 2, 11]. In general,

differences between image analysis of ancient versus modern documents result particularly

from the aging process of the documents. Some related studies in image analysis of historical

documents are covered in this section.

Multi- and hyper-spectral imaging has been used in a wide range of scientific and industrial

fields including space exploration like remote sensing for environmental mapping, geological

search, medical diagnosis or food quality evaluation. Recently, the technique is getting applied

in order to investigate old manuscripts [1]. Two prominent representatives are the Archimedes

Palimpsest [2] and Tischendorf’s Codex Sinaiticus [3]. Easton et al. were the first to capture

and enhance the erased writing of the famous Archimedes palimpsest by multi-spectral meth-

ods [2]. The system they propose is modeled on the VASARI illumination system developed at

the National Gallery of London [8]. In the project it turned out that the adoption of spectral

imaging produces higher and better readability of the texts than conventional thresholding

methods. Balas et al. developed a computer controllable hyper-spectral imaging apparatus,

capable of acquiring spectral images of 5nm bandwidth and with 3nm tuning step in the

spectral range between 380-1000nm [1]. This device was selected as the instrument of choice

for the Codex Sinaiticus Digitization Project conducted by the British Library in London [3].

Spectral images of palimpsests and other latent texts have also been enhanced by the Italian

company Fotoscientifica Re.co.rd. R©2) which provided for instance the pictures for the EC

project Rinascimento virtuale, devoted to the decipherment of Greek palimpsest manuscripts

[5]. The EC project IsyReaDeT developed a system for a virtual restoration and archiving of

damaged manuscripts, using a multi-spectral imaging camera, advanced image enhancement

and document management software [13].

Image registration is a fundamental image enhancement task and subsequent image analysis

methods depend on the quality of the registration. Due to the diversity of the different image

2)http://www.fotoscientificarecord.com/



registration tasks, it is impossible to design a method that is applicable for all tasks. When

a registration method is designed, the feature detection as well as the transformation have

to be selected considering the expected distortions. The following Section explains the image

acquisition.

3 Image Acquisition

Since photographic techniques in the visible range have proven to be insufficient with pa-

limpsests, spectral imaging has to be applied [1, 11]. Images in different wavelengths provide

information that are invisible to the human eye [11]. Generally, there are narrow spectral

bands at which the maximum difference in the reflectance characteristics of each ink exists.

The aim of multi-spectral imaging is to provide spectral image cubes, where the third dimen-

sion contains spectral information for each pixel. Hence combining the spectral information

enhances the erased script.

For the acquisition of the manuscripts a Hamamatsu C9300-124 camera is used. It records

objects, with a resolution of 4000 × 2672 pixels and a spectral response between 330 and

1000 nm. A lighting system provides the required UV illumination. Cut-off filters fixed on

the lens of the camera select specific spectral ranges. The near UV (440 nm - 320 nm) excites

in conjunction with specific inorganic and organic substances visible fluorescence light [7].

The historical manuscripts are recorded with UV fluorescence and UV reflectography. UV

fluorescence shows only changes in the upper script layer. In principle, grabbing the visible

fluorescence of objects is possible with every camera. UV reflectography is used to visualize

retouching, damages and changes through e.g. luminescence. Therefore the visible range of

light has to be excluded in order to concentrate on the long wave UV light. This is achieved

by applying cut-off filters as well as using exclusively UV light sources.

4 Image Enhancement and Image Registration

Following the acquisition of the manuscripts, the images have to be registered. Image regis-

tration is a fundamental task in image processing used to match two or more pictures taken

under different conditions. For instance, during the acquisition of images in different bands

the objects or the camera may be affected as a result of filter changes.

As stated above image registration is the process of estimating the ideal transformation be-

tween two different images of the same scene taken at different times and/or different view-

points. It geometrically aligns images so that they can be overlaid. There is a wide variety

of different methods (especially in remote sensing and medical imaging applications) like the

use of corresponding structures or mapping functions [12] which can be adapted for this ap-

plication. An overview of image registration methods is given by Zitovà and Flusser [14].



4.1 Image Enhancement

As a consequence of the aging, the manuscripts possess stains with varying representations in

the UV fluorescence and the UV reflectography image. This occurrence may lead to inaccurate

results of the cross correlation. In order to remove stains as well as shadowing effects, the im-

ages are convolved with a homomorphic filter, which is typically used to separate low frequency

image effects, such as shading, from high frequency effects such as intensity changes [10].

The image intensity f(x, y) can be expressed as the product of illumination i(x, y) and re-

flectance r(x, y) components:

f(x, y) = i(x, y) · r(x, y)

Since the stains and shadowing effects are generally low frequency effects, it is sufficient to

replace the illumination with a constant illumination i0. This is achieved by taking logarithms

in order to convert the product into a sum, so that the illumination can be separated from

the reflectance. As the illumination is assumed to vary slowly, low pass filtering of the image

isolates i(x, y). Having replaced the illumination with the average image intensity i0, the

inverse logarithm (exponential) of the image is calculated.

Since comparing flat areas results in a high error rate, the cross correlation compares ex-

clusively characters. A binary image of the reference image is generated using the Otsu

thresholding approach [9]. Thus, the shapes of detected features can be calculated with little

efforts. Characters as well as punctuations etc. recur within lines and paragraphs. If their

visual information is sparse (e.g. an “i” or a point in the Latin font), the mistake rate of

the cross correlation will be high. Therefore, in order to be selected for cross correlation the

features have to satisfy a minimum magnitude (350 pixel).

4.2 Cross Correlation

The features detected in the images can be matched by means of the image intensity values

in their close neighborhood, the feature spatial distribution, or the feature symbolic descrip-

tion [14]. Cross correlation is an area-based method which does not need features of images

which have to be registered. As previously mentioned the established algorithm detects fea-

tures exclusively in the reference image in order to avoid false correspondence.

The cross correlation calculates the difference of two display windows by means of a modified

euclidean distance. The so-called template image is an image detail of the reference image.

Its image size corresponds to the bounding box of the afore found feature. According to the

disparity of the reference and the sensed images the magnitude of the display window, taken

from the sensed image, is defined. Having defined the display windows which have to be

compared, the template image is shifted over the entire detail of the sensed image. For each



shift the correlation between the template and the display window is computed:

c(m, n) =
∑
x

∑
y

f(x, y) t(x−m, y − n) (1)

f(x, y) denotes the detail of the sensed image and t(x, y) the template image. Varying m

and n shifts the template over the display window. The resultant function c(m, n) indicates

the strongest correspondence of the template image and the display window by the absolute

maximum. Hence the control point of the sensed image is seated at the coordinates of the

absolute maximum.

The cross correlation is variant to changes in the image amplitude caused, e.g., by changing

lighting conditions. Consequently, the correlation coefficient normalizing the template as well

as the display window of the sensed image is computed:

γ(m,n) =

∑
x

∑
y[f(x, y)− f̄(x, y)][t(x−m, y − n)− t̄ ][∑

x

∑
y[f(x, y)− f̄(x, y)]2

∑
x

∑
y[t(x−m, y − n)− t̄ ]2

]1/2
(2)

The arithmetic mean of the template image is denoted by t̄. f̄(x, y) is the arithmetic mean of

f(x, y) overlapping with the template t(x, y). The dynamic range of γ(m, n) moves, indepen-

dently to changes in the image amplitude, between −1 and 1.

According to the templates magnitude, the proportion of the template and the display window,

the computation is performing better in the frequency domain than in the spatial domain.

4.3 Transformation

Having determined the control points, the parameters of the mapping function are computed.

Images which possess only global distortions (e.g. rotation) may be registered with a global

mapping function. Likar and Pernuš mentioned that the global rigid, affine and projective

transformations are most frequently used [6]. As a consequence of non-rigid distortions such

as the changing lenses, illumination or curvature of a single page, the images have to be

registered using a curved transformation.

Using a global mapping function is practicable only when a low number of parameters defining

the transformation is needed (e.g. for rigid or affine transformations). Transformations, using

polynomial of order n, are defined by at least n + 1 parameters, which results in a complex

similarity functional that has many local optima. To overcome this problem a local mapping

function is applied. The local weighted mean method [4] is a local sensitive interpolation

method. It requires at least 6 control points which should be spread uniformly over the entire

image. Polynoms are computed by means of the control points. Thus, the transformation of

an arbitrary point is computed by the weighted mean of all passing polynomials. Besides, a

weighting function is defined which guarantees that solely polynomials near an arbitrary point

influence its transformation.



(a) (b)

Figure 1: UV fluorescence image (a) and accordant detail homomorphic filtered (b). Low
frequency image effects such as stains are removed without impairing the contrast.

(a) (b) (c)

Figure 2: A control point at the center of the template image (a). Display window of the UV
reflectography image with the corresponding control point (b). Normalized cross correlation
with the absolute maximum (c).

(a) (b)

Figure 3: UV fluorescence image registered to the UV reflectography image using an affine
mapping function (a). Registration with the same control points using a local weighted mean
transformation (b).



4.4 Results

Resulting images of the algorithms are presented in Figure 1 - 3. The palimpsest in Figure 1a

exhibits stains that are removed by homomorphic filtering (Figure 1b). Figure 2a shows the

UV fluorescence template image with a control point located in its center. The display window

with the corresponding control point of the UV reflectography image is shown in Figure 2b.

Computing the normalized cross correlation of these two images results in the third image

(see Figure 2c) where the white blob shows the absolute maximum.

The local weighted mean method was compared to a global interpolation method (see Fig-

ure 3). Since the images possess local non-linear distortions, the registered images correspond

only to certain parts of the images, if an affine mapping function is applied. Hence, the farther

the points are away from the corresponding area, the more they differ. That is why a local

sensitive mapping function was used to compute the transformation.

The accuracy of the cross correlation was tested. This was done by calculating the mapping

function using 50% of the control points. Then the excluded control points were mapped one

to each other by this model. Table 1 shows the matching error computed by the absolute

difference in pixel between the corresponding control point and the transformed point.

Image n Min Error Mean Error Max Error

x y x y x y

image 1 26 0.0416 0.0075 0.4347 0.6070 1.5951 1.8149

image 2 28 0.0012 0.0012 0.5066 0.3664 1.1862 0.8506

image 3 24 0.0644 0.0354 0.5073 0.4876 1.2450 1.4378

image 4 26 0.0003 0.0320 0.3236 0.6033 0.8794 1.4877

image 5 30 0.0199 0.0962 0.4647 0.6411 1.4264 1.8904

image 6 24 0.0270 0.0711 0.4302 0.5539 1.0502 1.7940

image 7 30 0.0183 0.0125 0.4741 0.5600 1.1804 1.6937

image 8 27 0.0116 0.0206 0.4314 0.4674 1.0952 1.2729

Table 1: Matching error

5 Conclusion and Outlook

This paper introduced a multi-spectral image acquisition system for ancient manuscripts.

Multi-spectral imaging allows philologists analyzing ancient manuscripts away from their lo-

cation. Besides, supplementary information is gained, visualizing characters of the erased

script that cannot be seen by the human eye.

Furthermore a fully automatic registration, aligning two different images with each other,



was depicted. An UV reflectography image and an UV fluorescence image were registered in

order to avoid a manual registration which causes errors. The registration method proposed

is going to be compared to some others (e.g. [6]) and evaluated by applying on synthetic

images. The aim of a subsequent project is a combination of the acquired images, by means of

a principal component analysis or comparable methods, in order to enhance the erased script.

Furthermore, the front side shall be registered with the reverse. Consequently, philologists

can distinguish between translucent characters and characters of the erased script.
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