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Abstract 

This paper describes a decade of work on digital imaging for museums. In 1989-92, the EU-funded VASARI project produced a digital imaging system that made colour-calibrated images of up to 20k x 20k pixels directly from paintings. It used seven colour-separation bands in the visible region, resulting in an average colour error of around 1 Eab unit. These images have since been used to monitor the condition of paintings on display, to document paintings during conservation treatment, including predicting appearance after cleaning, to reconstruct the original appearance of paintings in which pigments have faded, to assess whether paintings have been damaged during transportation, in estimations of the surface reflectance spectra of paintings, and in the printing of high-quality reproductions. We have applied similar techniques to museum infrared and X-ray imaging. To manage the images produced by the VASARI system, an image-processing package has been developed that is tailored for very large colorimetric images. This package has since been used in several other projects, including a remote image viewer designed to provide internet access to high-resolution images. The paper explores these developments, and gives details of the current generation of VASARI-derived systems, set in the context of the state-of-the-art for museum imaging.
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1. Introduction 

This paper summarises roughly a decade of work developing imaging systems for digitising works of art, particularly paintings. Although these systems were built specifically to image paintings in museums and galleries, the techniques used are more widely applicable. The expertise needed for their realisation was drawn from a number of fields, including optics, mechanical engineering, image processing, colour science, computer science and painting conservation.

At the end of the 1980s, digital imaging was developing at a rapid pace. New devices such as CCDs made it possible to consider replacing film photography and spectrophotometry[12] with direct digital imaging. Digital imaging has compelling conservation advantages over film: its permanence means that damage to the object caused by rephotography is reduced, its accuracy ensures that images taken many years apart may be compared, and its transmissibility makes sharing information with conservators in partner institutions far easier. 

We expected the colour accuracy to be lower than spectrophotometry, but we felt that the ability to detect color change anywhere on the surface was more important. With spot techniques, such as spectrophotometry, you have to decide now which areas of the painting you expect to change in colour in the next 20 years: not an easy problem. Imaging techniques avoid this difficulty by simply measuring the entire surface.

At the time it seemed that the major question mark over digital imaging was whether its spatial resolution would be sufficient. From the point of view of a photographer, to replace a standard 10" x 8" transparency film resolving 40 lines pairs per millimetre would require an image of around 16k x 20k pels. From the point of view of a conservator, the smallest feature of a painting that you might reasonably want to record is the pattern of cracks (cracquelure) in the surface layers of paint. Examinations of X-radiographs showed that cracks measuring around 0.1 mm are typical, therefore a resolution of 20 pels per millimetre on the surface of the painting is required. For a 1m by 1m painting, this again corresponds to 20k x 20k pels. This was far higher than any imaging device available in 1989.

Another difficult question was the format to be used for storing colour information. We needed to be certain that our measurements would be useful in 5 or even 20 years time, when our successors would need to compare our readings against their own, almost certainly made with very different equipment. 

2. The VASARI Project

In 1989 we were part of a group that was interested in exploring the limits of digital imaging. With colleagues from other European museums and universities we started a European Community-supported project called VASARI (Visual Arts System for Archiving and Retrieval of Images) [2 - 4]. The project aims were to produce an imaging system good enough to replace technical photography of paintings, and to use this system to look for changes in paintings on display, or changes occuring during transportation between museums. 

The project resulted in the production of two imaging systems: one installed in the National Gallery in London optimised for colour meaurement, and the second in the Doerner Institute in Munich optimsed for monochrome transportation damage assesment. As a result of a further European initiative, a third scanner, similar to that in London, was installed at the Galleria degli Uffizi in Florence. 

2.1 Hardware design

At an early stage of the design we decided that the painting should be scanned while vertical, since the shape of a canvas painting changes when it is laid flat. This was in contrast to comparable systems, such as the innovative scanner that had already been developed to digitise the US Constitution in Washington [5]. As well as maintaining the paintings in their normal position, this would also help to prevent accidental damage if sections of the prototype scanner were to drop off. 

Partners at ENST (Ecole Nationale Supérieure des Télécommunications, Paris) carried out simulations using the spectra of known pigments to define an ideal set of 7 filters for imaging paintings. Unfortunately these ideal theoretical filters were not practical or affordable, so as a second choice we selected seven broad-band Gaussian filters with peak transmittances at 400 to 700nm in 50nm intervals and a band width at half maximum transmittance of 70nm. Simulations showed that this Gaussian filter set was only slightly worse than the ideal set.

Interference filters are sensitive to heat, making it impossible to get enough light through a single filter to illuminate an entire painting. The filters we could afford were also rather thick, and varied greatly in thickness, making them very hard to use inside the optical path of a camera. Our solution was to use fibre-optic guides to pass light through a single filter, and then illuminate a small patch of the painting. This had the additional important advantage of exposing the painting to far less light during scanning. Figure 2 shows a schematic of the lighting system.

Figure 2 Schematic of the VASARI scanner lighting system

Since we only had enough light to illuminate a small part of the painting at any time, we were forced to image the painting in many small pieces. One obvious design idea is to use a stationary camera and lighting system, and to move the painting in front of the camera on a computer-controlled easel. Again, for safety reasons, we felt that we had to keep the painting stationary. This meant that we had to transport the entire camera and lighting system (about 15kg) across the suface of the painting. We were unsure what accuracy we would require for this motion, so when we commissioned the positioning system, we asked for 50 microns. 

We selected the highest resolution camera we could afford, the Kontron ProgRes 3000 [6]. This camera could take a 3k x 2k pel colour image in about 30 seconds, fast for the time. We obviously bought the monochrome version. We selected a lens with almost no geometric distortion, and low chromatic abberation.

A study of the number of bits per channel required to avoid quantisation resulting in noticeable colour differences concluded that eight bits were insufficient and that 11 to 12 bits provided an ideal compromise between accuracy and file size [7]. Unfortunately, the ProgRes 3000 had only seven bits.

Figure 1 shows the VASARI scanner as it appeared in early 1992 when the hardware design was complete.

Figure 1. VASARI scanner in 1992

2.2 Software design

We implemented an automatic aquisition and calibration package for the VASARI scanner. The painting to be scanned was placed on the easel, its dimensions were entered, any adjustments to the acquisition parameters were made, and scanning started. 

2.2.1 Calibration targets

A number of calibration targets were scanned before acquisition proper started. First, the system prompted the user to cover the camera lens before taking a dark current image. This was subracted (with an offset to prevent clipping of negative noise) from all subsequent images.

The resolution of the image depended on the camera-to-object distance, which varied slightly between acquisitions. The first target was a vertical white line on a black background. The camera moved left and right a small amount, and measured the movement of the image of the line on its sensor. Scanning resolution was calculated from this. This resolution figure was used to guide the movement of the camera over the painting, to ensure that there was a small overlap between neighbouring images.

The fibre-optic lighting system did not produce perfectly flat illumination. The next calibration target was a polished sheet of PTFE. An image of the PTFE sheet was used to correct for variations in pixel sensitivity, illumination homogeneity, and lens shading in all subsequent images.

A Macbeth ColorChecker Chart [ref] was used for colour correction. Although this chart has only 24 patches, the patches are made from complex dye mixtures rather than being produced photographically or printed. This gives them spectral curves similar to the pigments found in paintings. We had to use a scalpel to cut the chart down enough to fit within the field of view of the camera.

2.2.2 Painting acquisition

The camera was then moved over the surface of the painting, capturing seven monochrome images of 3k by 2k pels at each position. The camera's field of view covered an area on the painting of about 17cm x 13cm, giving a resolution of approximately 18 pels per millimetre. Scanning took around three hours for a 1m x 1m object.

2.3 Processing and storage 

After the painting had been captured, a second processing stage was run. This used the images captured during acquisition to automatically calculate a single (very large) output image.

First, the images of the Macbeth chart, combined with spectrophotometric measurements of the chart patches, were used to determine a transformation which mapped the seven bands of the scan to D65 CIE XYZ colourspace. Next, each of the image tiles making up the painting were transformed to CIE Lab, and saved back to disc. Finally, the overlapping areas between tiles were analysed, and the correlation surfaces used to find a set of joins that minimized errors between neighbouring subimages [8,9].

2.4 Enhancements to VASARI since 1993

We have continued to improve the VASARI scanner since its original completion[4]. We have upraded the camera twice, first to 8 and now to 12 bits. More interestingly, we have made significant improvements to the colour calibration software.

The original VASARI software did a simple least mean square (LMS) fit from the Macbeth chart measurements to find a 7 x 3 matrix which mapped the seven scanner bands to CIE XYZ. Unfortunately, a solution which is minimal with respect to errors in XYZ colour space is not minimal visually. We have replaced this with quite a complicated iterative scheme which minimises a function which is a combination of Eab and the standard deviation of errors. We have also added a preprocessing stage which examines the Macbeth greyscale and adjusts the scale and offset for each band to try to get the black and white points in exactly the right place. 

Another factor which we did not consider carefully enough in the original design is the issue of gloss versus matt finish. The paintings in the National Gallery are almost all finished with a modern synthetic medium gloss varnish. Although the Macbeth chart is a good spectral match for paintings, it has a very flat matt surface finish. This difference leads to errors in the black point determination, resulting in images of paintings with the black point too low. We have coated our Macbeth charts with a painting varnish to remove this problem.

A significant problem we did not anticipate is that of optical scatter. Imperfections in the camera optics will scatter some of the light from bright areas of the field to dark areas. Since the camera and lights move over the painting, a dark area of the surface might be next to a white patch in one frame, and not in an adjacent frame. This can lead to an obvious join line. Scatter is one of the principle factors limiting the accuracy of imaging techniques for colour measurement.

We have been able to reduce this problem by observing that the amount of light added to dark areas of the field of view is approximately proportional to the average of the field of view. In other words:

camera_response(x,y) ~= light_from_object(x,y) + mean(field) * scatter_coeff

We can calculate scatter_coeff by imaging patches of the same reflectivity against backgrounds of different reflectivity. Applying this correction to all the fields in a scan removes visible join lines. We are considering implementing a more sophisticated scatter remover based on a very low-pass filter of the image field.

Finally, we are currently completeing a refurbishment of the scanner after a laboratory move. We have constructed a new easel, which can hold paintings up to 2m x 2m, sliding a 1m x 1m section in front of the scanner; we have increased the number of filters to 12, covering 450nm to 1000nm in 50nm steps; and we are about to take delivery of a redesigned lighting system, which we hope will provide at least double the flux. Figure 3 shows the VASARI scanner as it appears now.

Figure 3.  VASARI scanner in 2000

3 The MARC Project

In 1993-6, the European Community-supported MARC project (Methodology for Art Reproduction in Colour) applied VASARI results to the printing of high-quality art books. Within the project, a new scan-back camera was designed and built by Drs Udo and Reimar Lenz at the Technical University in Munich [11], while the higher levels of the camera software were developed in London by the authors. The MARC camera used a similar, masked CCD to that in the ProgRes camera, but used a combination of macro- and micro- positioning to cover the image plane of a 6 x 6cm camera at resolutions of up to 20k x 20k pels. 

The MARC camera used a 12 bit RGB colour sensor, making it less accurate than the VASARI scanner. Offsetting this disadvantage was its portability, its ability to image objects of any size, its ability to image 3D objects, and its similarity to a conventional film camera, making the device familar to photographers. It was also much faster than VASARI, taking around 40 minutes for a 10k by 10k scan. 

The MARC camera software used colour calibration techniques similar to the VASARI scanner. A Macbeth chart was placed in front of the object prior to each shot, and readings from the chart used to calibrate the images to CIE Lab colour space. With HMI lamps, the average colour error on the Macbeth chart was around 2 E*ab units. Figure 4 shows the MARC camera scanning a painting.

Figure 4 MARC camera

Crosfield Electronics, one of the MARC partners, developed a package for calibrating and printing to a conventional 4-colour offset press. To demonstrate the technology, the MARC project produced a colorimetric catalogue of Flemish Baroque Painting [37]; technical details of the methods used for colorimetric printing of digital images have also been published [38-40].

4 The VIPS image processing library

We designed and implemented our own image processing system in the course of the VASARI and MARC projects. We needed an image processing package capable of processing very large (up to 1Gbyte) colorimetric images on rather modest hardware. Our first workstation only had a 40MHz processor and 32 Mbytes of RAM.

VIPS (VASARI Image Processing System) [ref] has been used in all subsequent projects. The applications described below were implemented using ip, the VIPS GUI developed at the National Gallery. VIPS is now a open source project, released under the GPL [ref to website].

5. Applications of VASARI and MARC 

We have split our imaging work into two parts. The VASARI scanner is used for technical studies of paintings, and the MARC camera is used by the photographic department at the National Gallery as a replacement for film photography. 

The VASARI scanner has now imaged around 100 paintings from the Collection. We are just finishing work on an improved version of the MARC camera: the new camera has a larger CCD array, peltier cooling, piezo micropositioning, and improved mehanical positioning. The MARC II can scan, assemble and calibrate a 10k x 10k image about 1 minute. By the end of 2001, we expect to have imaged the 1500 most important paintings in the collection with the MARC II camera. 

5.1 Detecting colour change in paintings 

We plan to use the collection of VASARI images as a foundation for long-term studies of colour change in paintings. Initially, we compared colour data from the VASARI scanner with spectrophotometric measurements made in the 1980s. We concluded that no significant colour changes had occurred [14]. 

We have made comparisons between scans of paintings made by VASARI in the early 1990s and again during 1999. Again, we concluded that no colour changes occurred during 5-6 years on display [15]. 

5.2 Detecting damage to paintings during transportation 

This was another of the core aims of the VASARI project. Our colleagues at The Doerner Institute in Munich have conducted the research in this area. They have developed crack detection programs to highlight where changes may have occurred [16]. In a number of studies it has been shown that small changes can be detected after paintings have travelled to loan exhibitions [17]. Recently, improved techniques for registering and comparing images have been applied to a number of paintings loaned by the 

Bayerische Staatsgemäldesammlungen, Munich. They found that most physical changes occurred at the edges of the paintings, but that one rather brittle painting showed more widespread changes [15].

5.3 Conservation documentation

Colorimetric images of paintings at each stage of a conservation treatment provide an accurate, permanent record of the change in the appearance of a painting. Combined with resampling and some visualisation tools, they can also be used to allow comparisons to be made between colour before and after cleaning [15]. In a recent study, we made images of The Dead Christ supported by Two Angels by Carlo Crivelli (National Gallery, London No. 602) at seven stages during its cleaning and restoration. 

As well as documenting the progress of cleaning and restoration, the images can be combined with spectrophotometric or colorimetric data relating to the properties of dirty or darkened varnishes to give an impression of how paintings might look once they have been cleaned [18]. 

5.4 Superposition of images

Many museums routinely use infrared reflectography to examine the preparatory drawings beneath the surface of a painting, and X-radiography to investigate the physical structure of a painting and changes made during its execution. 

We have applied software developed in the VASARI project to the computer assembly of infrared reflectograms. These reflectograms are easier to make and are of a higher quality than was possible using photographic techniques [9]. Another useful application has involved using a visible-region image to tint an infrared reflectogram. This provides a clearer picture of the relationship between the underdrawing and the final painting [19].

Resampling has also been used to compare different versions of the same painting, or to look for a common source, often a drawing, for two or more paintings. For example, a painting of Salome by Giampietrino (National Gallery, London No.3930) shows Salome holding the head of John the Baptist on a platter. Superpositition of this figure onto that of Cleopatra in another painting by Giampietrino, now in the Louvre, shows that the same drawing must have been used for both paintings [20]. 

[X-ray assembly?]

5.5 Visualisation of colour change 

Many paintings have changed in colour since they were executed. We have combined colorimetric images with spectrophotometric measurements from aged pigment samples to show how paintings might have appeared before they underwent colour changes. 

One example of this application was the reconstruction of colours in The Annunciation by Zanobi Strozzi (London, National Gallery No.1406). The garments of two principal figures, the Virgin Mary and the Angel Gabriel, were painted using fugitive red lake pigments. We modeled the original colour in these pink robes using data obtained from the deterioration of red lake mixtures with white pigments [21]. Although these methods rely on objective criteria, the accurate measurement of colour and quantitative studies of change, such reconstructions are subjective representations of one of a range of possible appearances of a painting before deterioration. 

5.6 Pigment identification

We have investigated using VASARI multispectral images to identify pigments in paintings[derby 2000 ref, Jerome's stuff]. Although we were able to successfully identify some pigments, the spectral resolution and range of VASARI at the time we did the study was not sufficient for practical conservation use.

The seven-band images give enough information for a good CIE Lab measurement, but there is not enough detail to allow spectra to be identified accurately. Pigment spectra are usually rather similar, often very small intermediate maxima or `shoulders' are the only features distinguishing two materials with the same colour but different chemistry. Identification is also hampered by the frequent use of complicated pigment mixtures. 

5.7 Printing 

We have used calibrated, large-format inkjet printers to produce colour-accurate life-size prints of paintings to act as reference images during conservation treatment, a programme that will be described in more detail in due course.

6. Other projects 

6.1  VISEUM: putting the images on the Web

[Fix the tenses in this section]

In 1996 the Viseum project worked on a client-server system [WEB REF] to make the large images produced in previous work accessible over the internet. Our solution uses the Internet Imaging Protocol (IIP) with extensions to allow a Java client in a normal Web browser to fetch image tiles (64x64 pels) in JPEG sRGB [REF?] format for display. IIP standardises the way that programs request images from a server so that an IIP-aware browser can look at servers from different vendors. 

A multiresolution TIFF file is used with full, half, quarter etc. resolutions stored as tiled JPEG images. By fetching only the tiles necessary for the specific view required at any one time the system is usable over the internet at low bandwidths. A monitor colour profile (ICC) server maintains profiles on an ip address basis so that images can be transformed specifically for the user's monitor rather than to sRGB.[ref article from 1999 derby, also published in LM's book]

6.2 ACOHIR

6.3 Gallery intranet

6.4 Artiste

6.5 Crisatel

6.6 ?others, turing etc?

7.  Conclusions

In ten years we have implemented and continued to develop, two different imaging systems, linked by a common image file format and image processing application.

Although the origins of these projects were in the scientific analysis of paintings, increased awareness of the usefulness of eletronic images has led to a rage of applications in addition to those we originally envisaged. 

Electronic imaging has become an established part of the National Gallery's activities and is beginning to replace conventional photography. The VASARI system's main use ontinues to be long-term monitoring of the condition of paintins and the technical analysis/documentation of the Collection. We are still actively developing rthe system looking for improvements in image quality and to extend its spectral range into the near infrared.

[include stuff from the CHIBA conference, 1999 ... joyce had a paper there, and will like it :)]
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