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delivered to the user. A priori, there is no ‘correct’ method
Abstract for digitising photographs. Photographic images contain a

high density of information and require very high quality
This paper reviews the processes involved in thaligitising procedures to retain all their characteristics. The
digitisation, display and storage of medium size collectionghoice of equipment and methods determines the quality of
of photographs using simple and inexpensive, commerciallthe reproduction and depends on the use and purpose of the
available equipment. It is also aimed to provide a guidelinéigital archive as well as budget constrains. Thus, before
for evaluating the performance of such imaging devices ostarting the digitisation process, it is essential to define the
aspects of image quality. A collection of slides, representingurpose of digitisation and the use of the acquired images.
first-generation analogue reproductions of a photographiQuality criteria may then be established
collection from the nineteenth century, is treated as a case
study. Constraints on the final image quality and the
implications on the digital archive are discussed along with
a presentation of device characterisation and calibration
procedures. Summary results from objective measurements, i | i | pigital image Post Digital
carried out to assess the systems are presented. The isspie®riginal [~ | Acquisiton [ | ‘raieion Stora
of file-format, physical storage and data migration are als

addressed. — i
[;\ s
Introduction User Interface |« | Distribution

System
. . . . Display
The digitisation of many art collections has taken place in .
the last ten yeats In this paper we discuss the processes
involved in the creation of a digital collection of images Figure 1: The steps involved in the development of a collection of
using mid-range commercially available equipment. digital images.
A photographic collection of seven hundred 35mm
transparencies is treated as a case study. The coIIectié

Photographic
Reproduction

n For the "Talbot project’ the aim was to provide wide
cessibility to a digital version of the photographic
; > P Bllection, that would be rendered in such a way as to
belonging originally to W.H.F. Talbot. Today the Or'g'nalslapproach the present appearance of the archived

are part of the photographic archive of the Roya PR :

: . . photographs. The digitisation process involved the
Photograph|c Society (RPS.) in Bath, UK. The Ta.lb.Ot roduction of high spatial resolution digital image files from
collection has been rarely viewed and cannot be eXh'b'teﬁtue slide duplicates. The future use of a digital archive

due the detrimental effects of h?”d””g and light exposurSannot be predetermined and therefore a digital archive
on these early photographs. This encouraged the RPS Rould not in principle be optimised for a specific output

tproduce five yfe_lars a'go cl:op|es on 35mr:n Kodak IfktaChror.‘nl_eimitations in the colour resolution (bit-depth) of the
ransparency MTim. Analogué Copies however aiso reqUIr‘?icquisition device and the need for immediate output via
appropriate storage for maximum life expectancy and offe ommon commercial applications forced us to select a

few advantages in accessing the collection compared B’rimary output device, the CRT display. The spatial

dlglt_arlr]re%roduptltqns. fthe i . ¢ involved in th resolution of the digital images allows reproductions on film
devel € estcrlpflon 3. 'tel |ma}|g|n? S agfes If?vto ve ;]n Gnd prints of up to the original size (below A4 size).
aevelopment of a digital collection of pnotograpns 1S In this paper we focus on the image acquisition and
illustrated in Figure 1. This is a complex operation,

involvi decisi ing th th .~ 'post-acquisition processes and the storage of the images.
Involving many decisions concerning theé way heé onginatr,q et generation analogue reproductions are treated as

Image 1S digitally acquired, post processe_d, saved n aiye originals’, therefore any quality associations are made
appropriate colour space, format and medium and finally

represents first-generation analogue copies of photograp
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between the slides and the digital reproductions. Aspects dfone Reproduction

image quality are investigated by implementing objective  The tonal characteristics of the scanner are most
measurements, known to be consistent with the HVScommonly described by the relationship between input
Information on the distribution system and the user interfacansmittance and the generated pixel values. Although most

can be found in referente such systems respond linearly to intensity and therefore to
o o transmittance, the scanner transfer function can be
Digital Image Acquisition represented with power functions (see Equation 1), since

there is often (as in the case of the Nikon LS-1000) a non-

Successful digitisation relys principally on the imagelinear mapping of the output signal.
acquisition system. After a review of previous projects and d=k,+t" )
an extended market survey on digital image acquisition
devices, it was decided that the Talbot collection would be d is the generated normalised pixel valke,is the
digitised using the Nikon LS-1000 35mm slide scanner.  system offset andis the film transmittance. The exponent

The Nikon LS-1000 operates in the following fashion:y, describes the non-linearity in the contrast of the acquired
Red, green and blue light is flashed, one at a time, from imnage and varies primarily according to the selegedma
LED array. A transmitted spectrum, for each flash, resultsetting An offset in the positive direction can be caused
when the incident light is selectively absorbed as it passesther by an electronic shift or by stray light in the system.
through the film layers and the optical system of the devicéiVhile the electronic offset can be set equal to zero and
A linear monochrome CCD array of 2592 pixels scans theffset from uniform stray light can be adjusted out
image plane sequentially. The resulting CCD voltages arelectronically, signals from flare light (i.e. the stray light
scaled and converted to 12-bit per channel digital valuegoming though the lens) and stray light from the
The 12-bit digital signal is optimised down-sampled to Sillumination system are often image dependent
bits for output. The spectral responses of the red, green and The scanner transfer function can be determined by
blue channels are determined by the spectral distribution @fveraging the response of the system to uniform
the LEDs, the spectral transmittance of the optical lensesransmittance steps of a conventional greyscale, or to a
the sensitivity of the CCD detector and the spectrabmoothly varying transmittance grey wedge. Strictly, the
transmittance of the specific film. resulting curve represents an average response to the

The device scans transparent originals of up to 34.3pecific input target and target positiorfingrigure 2
mm by 36.5 mm. Its spatial resolution allows maximumillustrates in log-log space the RGB responses of the Nikon
image dimensions of 2592 by 3888 square pixels, ofi&14 LS-1000 to the Q-60 target on Kodak Ektachrome colour
X 9.4 um size, resulting in 28.8 MB colour digital image transparency film. The test target includes a 24-step
files. The pixel dimensions were confirmed experimentallygreyscale, covering the entire dynamic range of the
by scanning targets with known physical &z&he material. The result shows that only a part of the curves is a
maximum spatial frequency sampled faithfully by thestraight line, corresponding to a range of input densities
device is 1/(8x) (6x being the sampling interval) or 53.2 between 0.3 and 2.2. Only within this density range the
cycles per mm. This does not cover the entire bandwidth gfower relationship in Equation 1 is valid.
photographic films, such as the Ektachrome 100 ISO used
in the project, having a theoretical cut-off frequency of 100
cycles per mm (determined by extrapolating the spatial
frequency response curves provided by KdédakBeyond
the Nyquist limit, aliasing occurs. It is prevented in modern
scanners by the use of anti-aliasing fifters

The voltage output of the CCD of the Nikon LS-1000 is
initially quantized to 12 bits per colour component,
providing 4096 code levels and theoretically covering a
density range of 3.6 (approximately the density range of
slide films). The electronic noise and quantization noise as
well as flare due to light scattering through the lenses
reduce significantly the dynamic range of the scanner to
approximately 2.7 to 3.0 density units. The tonal range of
the original is therefore compressed and optimised by the
device or/and according to the scanner operator’'s settings. _
In the digitisation of original artwork the loss in the 00 05 10 15 20 25 30
dynamic range is a serious disadvantage and unless the data Density
contain the full dynamic range of the original, the digital
archive is considered to be inferior to the stored  Figure 2: Scanner RGB responses to the Q-60E3 target.
transparencies.

Log Normalised Pixel Values




Sharpness In Figure 3, it is shown that the MTF is very similar for
The sharpness of the Nikon LS-1000 was assessed lmpth scanning directions, with the slow scan having a
measuring the MTF. The MTF of such systeimmsthe slightly lower response at frequencies beyond 15
product of the MTFs of the detector, optics, and electroeycles/mm. Since the imaging aperture of such devices is
mechanical components. The basic detector M), is  most commonly squat€ an isotropic scanner response at
defined by the size of the square aperture of the individu®0’ orientation is expected. The use of edge-targets with

pixels: little difference in contrast gave very similar results.
My (o) = Sin(moXx) @) 11 |
i ) A T[(_DX . ) 1.0 Y -o- Edgel Fast
wherex is the linear dimension of the imaging aperture 0.9 4 ™y  Edge1 Slow
and o the spatial frequency. Equation 2 defines the osL - Edge2 Fast
maximum MTF of the detector, obtained when the centre o 074+ S
the pixel coincides with the optimum recording of the . 41
maximum of a signal. There are further characteristics othe 58’ 05+
than the geometric shape of the detector that affect it 04 L
frequency response, such as misdiffusion, charge transfe 03 L
inefficiency, time-delay and integration errors 02 L
The optical system of the scanner consists of severe 011 ]
lenses with varying focal length, varying indices of 0.0 J it

refraction and elements to minimise lens aberrations. Fo
modelling purposes the lens system can be treated as
single diffraction limited ler’s Further degradation in the
optics MTF is caused by the anti-aliasing filter, which can Figure 3: Scanner MTF for the fast and slow scans.

be modeled by the birefringent technitjue ) ] ]

The MTF of the electro-mechanical components of theSpatial Uniformity . . N o
device is basically governed by the stepper-driven Many parameters introduce non-uniformities within the
mechanism. This introduces a certain level of vibratiorfcanning area, such as LED and electricity inconsistencies,
while imaging. The MTF of such a system has not beefCD and stepper-driven stage speed variations and others.
considered. Two general models for MTF degradation duBYy examining the statistical distribution of the scanner
to motion can be combined as an approximation. The first iE&sponses to a fixed density, the magnitude and position of
the linear motion MTF, affecting the frequency response othe uniformity error can be identified. The problem however
the system in the direction of the motionThe second, With this type of analysis is generating uniform targets,
representing often degradation due to random jitter, is th@specially for the assessment of film scaririers _
random motion MTF, described by a Gaussian having a The spatial uniformity of the scanner was evaluated in
standard deviation equal to the rms random displacément density units, by employing a uniformity target created by

It is widely known that in imaging systems the Kodak 6and used internally to characterise capturing
measured MTF depends critically on the method oflevices. The target was kindly lent for this project by the
measurement due to the non-lineariies the systenfsastman Kodak research laboratories in Rochester,ItNY.
introduce. The MTF of the Nikon LS-1000 was determinedcontains forty individual squares (8 x 5 grid) indicating
using three different techniques, which vyield differentcharacterised areas, where the scanner's uniformity is
result’. Figure 3 presents MTFs for the fast and slow@ssessed. Although the scanner's error is known to vary with
scanning directions of the scanner, evaluated using the 1S€ level of scanner responses, only targets with average
12233 Slanted Edge SRF plugiiand two test targets with density around 1.70 were available. The monochrome
different contrast. The curves represent the monochromighiformity profile of the scanner - around zero density - is
frequency responses of the centre of the scanning frame. illustrated in Figure 4. Higher scanner responses are

When an edge exposure is reproduced on f||m' ScannéadK:ated in the middle of the frame and lower responses
and processed using the plug-in, the resulting SFR is tHBOstly on the top and then on the bottom of the scan. The
product of the frequency content of the test-target and thdensity fluctuations range between +0.01 and -0.03 density
MTF of the scanner. The MTF curves presented in Figure gnits from a zero mean density. Colour scans presented
were evaluated by scanning custom-made test-targets. TR&her non-uniformity, mostly due to the inconsistencies of
targets were images of very high quality laser printed steghe red channel, which exhibited density fluctuations
edges, printed as binary files. The prints were recorded dpetween +0.02 and —0.04 units. The magnitude of the error
fine grain B&W film at different exposures and at variouswas smaller in the green and blue channels. _
angles from the verticdl The frequency content of the A correction factor for each pixel location can be built
edge-targets was determined using the traditional edd®y applying 2-D interpolation to the measured points, to

techniqué. It was removed from the measured SFR tocompensate for the device’s non-uniformity. In the Talbot
obtain the MTF of the scanner. project this task was avoided since it can produce quality

problems of a different nature, such as contouring artefacts,
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due to quantization errors in the 24-bit scanner output spac2.12 and 77% of the samples hate*, below 2.5. Still
Additionally, information on the error at different levels of maximumd4E*_ are very high.

scanner's response would be necessary to build a complete

correction model dealing with real and tonally complexTable. 1: Average and maximumAE* _ for 6 correction

images. matrices
5 m 00110002 m | AveragedE* | Max. AE* | A4E* <2.5 (%)
= ooowon 31 2.12 14.69 76.8
4 = 00110002 19 2.84 21.14 62.6
0 -00210-003 13 4.49 43.45 43.6
3 10 4.80 51.13 40.5
6 7.37 69.73 35.2
2 30
m m:31
m m: 19
25 7T

o m: 13

20 T

Figure 4. Monochrome uniformity profile of the scanner 5+
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Colour Characterisation

Device independent colour requires a colorimetric
scanner. The Nikon LS-1000, as most commercial scanner 5]
is not colorimetric. Various workers have proposed different

10 T

methods to produce colorimetric values from non- 0" )
colorimetric scanners over the last de¢ad8* The 05 10 15 20 25 30 35 40 45 50 55 60+
colorimetric characterisation of the Nikon LS-1000 was AE G

achieved using a polynomial regression to derive a
correction matrix for colour transformatidnThe success of
this method for device characterisation depends on t
space chosen for the transformation, the number an
position of colour used as training samples, the choice of A comparison between the original and those estimated
the specific polynomials and their degree. The methoavith the 3 x 31 matrix CIEa* andb* chromaticities, for all
consists of two steps: the grey-balance of the red, green atfit samples of the Q-60, indicated that the larger
blue signals for the neutral patches of the calibration targemismatches occurred in the yellow-green and blue-red
and the derivation of a 3 m (wherem is the number of either saturated or very dark samples. Less distinct
polynomial terms) colour correction matrix. Polynomial mismatches were reasonably random. The average and
regression is applied to selected samples with known coloumaximumdL*, AC*, and AH*  were found 0.28, 1.46 and
specifications in both source (CIEXYZ was chosen here}.25 and 2.18, 14.21 and 10.62 respectively (i.e. the
and destination (grey-balanced RGB) colour systems. colorimetric differences were mostly due to chroma and

The polynomial regression method for devicethen to hue errors). An additional limitation of the
characterisation is constrained to a single set of dye#ansformation was the loss of grey balance. Inaccurate
illuminant and observer. Since the RPS collection of slidegstimates were made for the darker neutral patches of the
was on Ektachrome material, the Kodak Q-60 test target diarget, where significant chroma and hue errors resulted to
Ektachrome transparency film was selected to bestE*, values up to 8.15. The RPS slides were finally
characterise the scanner for this application. The targgonverted to colorimetric digital files using the 3 x 31
fulfils the requirements of a test object for an input colourcolour correction matrix. A problem thought with high
scanné¥, providing uniform mapping in the CIELAB order transformation equations is that they can lead to
colour space. All the 264 patches of the Q-60 were used a@satisfying performance in practice. This is a result of
training samples. The target illuminant and observer werfitting random error in addition to the desired systematic
set the CIE illuminant P and the CIE 1931°2Standard trends and noise amplificatin
Colorimetric Observer respectively. ) )

The performance of 6 colour correction matrices, with Image Encoding for Display Output
m ranging from 6 to 31, was assessedilit, units. Results
are presented in Table(#lE*, < 2.5 was considered as the Direct access to the digital images via most commercially
limit of perceptibility for displayed complex scefigs available systems was achieved by converting the calibrated
Figure 5 illustrates the distribution of #E*_ for the three image data from the CIEXYZ Dsystem to the Standard
most successful matrices. Overall, the results are n&GB colour spa¢é In the sRGB encoding process, a
satisfying, until the 3 x 31 matrix where the average, is  number of original tristimulus values are clipped to fit the

gamut of modern CRTs. The percentage and position of the

Figure 5: Distribution ofAE*  between original and estimated
IELAB values for 3 correction matrices.



clipped colours are shown for the Q-60E3 target in Figure &jeterminants of the useful lifetime of the disks. Optical
colours out of the SRGB gamut are indicated in white. media manufacturers, claim estimated physical lifetime for

Red Channel - 5.0% CD-ROMs of approximately 100 years, but without
handling, and give a guarantee of 25 to 30 ykars

Unfortunately, it is impossible to rely on the hardware
and software (H/S) used to read, write and store the digital
images being available in the future. Therefore, preservation
of information on optical disks means transferring from
obsolete to newer systems, i.e. data migration. There is no
degradation in the digital migration process. Provided that
migration periods are well defined and refreshing of
information is performed on time the digital archive should
have long life access.

The support of the TIFF is the major concern governing
the migration periods of the digital archive. The first version
of the TIFF specifications was published in 1986 and since
the structure of TIFF has been expanded around a basic
frame, which makes the older versions backwards
compatible. The current TIFF 6 revision was released in
1992". Obsolescence of the H/S used to read the optical
] disk is another issue. Associated H/S includes the CD-ROM
Figure 6: Colours of the Q-60E3 out of the SRGB gamut.  reader, the software driving the reader (driver), the host

The loss in the available gamut by encoding in sRGEomputer and its operating system. Hardware nowadays
space is a drawback in the uses of the digital images. F8ecomes obsolete in relatively short periods; a new
instance, hard copy media, which have very different colougeneration is expected approximately every two years.
gamuts than those of modern CRTs, can produced sonfeenerally, a new generation of hardware is backwards
colours which are lost during the encoding processe§ompatible for two generatiofisDriving software usually
Furthermore, future display devices may allow better imagéhanges with or within the lifetime of the device (hardware)
rendering and thus the data will be of a limited value. to be compatible with newer operating systems, providing

For communicating the images in other than sRGHEYew features to the user. A given device can be operated by
Compatib|e media, an sRGB ICC proﬁ|e/vas provided four successive generatlons of drivers. Operatlng SySt_emS
together with the digital images. A pre-requirement forare renewed every one to three years, but usually run drivers
correct colour imaging is that the profile of the outputWritten for the previous two versions. In total, although
device, including the viewing conditions, must also be orPptical disks have a relatively long physical lifetime, the
hand. The ICC architecture, in many cases has helpe&ftimated time of_obs_olesc_ence of a particular reco3rd|ng due
significantly the communication of colour in various media;t0 H/S configuration is estimated between 5 to 8 y&ars
nevertheless, it has their own limitations. These lay mainly ~ Eventually, the physical media supporting the digital
in the way the PCS (profile colour space) defines variougnage archive will become ob_solete_. The Digital Versatile
aspects of the reference spcadditionally, the future of Disk (DVD), of same physical size as the CD-ROM
ICC profiles is not known. Currently various users refuse td120mm) but with increased data capacity, seem today the

Green Channel - 1.4%

Blue Channel- 2.5%

incorporate them in their files. obvious successor. A considerable advantage for the useful
lifetime of the CD-ROM archive as well as for the migration
Storage and Data Migration of the data from this media is that several manufacturers

currently distribute platforms with DVD-CD-ROM drives.

International storage standards were used to provide eaBYD media are being developing assuming the heritance of
access while enabling the digital files and storage media ®@isting software resources and will continue to maintain
be successfully migrated to future media and formats. Theompatibility in the futurg ~ Otherwise, storing yearly
processed images were saved as TIFF files and were stofe@ck-up copies on magnetic tapes is an advisable practice.
on an I1SO 9660 format writable compact disks (CD-Rs). Magnetic tapes are cheap, have large capacity but short
The TIFF is thoroughly documented and the source code Rhysical lifetime.

available. Easy access and retrieval makes TIFF the most

advisable image file format for image archiving purp8ses Conclusions
The ISO CD-ROM recording also allows access to the data o o
from all current platforms and operating systems. In this case study, the objective for digitisation was to

Longevity in all storage media depends on the stabilityprovide wide accessibility to a collection which otherwise
of the medium, the storage conditions and the harfdling Was closed to viewing, while allowing a satisfactory quality,
CD-ROM degradation is caused by oxidation and structursi0 that ideally original images would not need to be
changes and therefore storage temperature and humidity @cessed and scanning would not be necessary in the near



future. Digitisation was performed using a mid-range9.
commercially available scanner. The characterisation of the
device showed that the system imposes serious quality.
constraints on the reproduction. In terms of tone, the
dynamic range of the scanner is not capable of covering the.
entire dynamic range of the original material. Additionally,12.
the 24-bit scanner’s output space limits the precision of post
acquisition processes, necessary for calibrating the digital
images. Currently many inexpensive scanners now provides.

G.C.Holst, CCD Arrays Cameras and Displays, SPIE Optical
Engineering Press, WA, 1996.

M.A.Kriss, Image Analysis of Discrete and Continuous
Systems, Proc. SPIRg. 4 (1990).

J.J.Shea, J. Elect. Imaging, 8, pg. 196 (1999).
S.Triantaphillidou, R.E.Jacobson and R.B.Fagard-Jenkin, An
Evaluation of MTF Determination Methods for 35mm
Scanners, Proc. PICS, pg. 231 (1999).

ISO Committee Draft 12233, Photography-Electronic Still

36-bit output data. In sharpness assessments, measurements Picture Camera, Resolution measurements, 1995.

of the scanner monochrome MTF indicated a considerables.
loss in modulation, even at low spatial frequencies. Thas.
MTF degradation could be partially compensated with the
use of digital filters providing bodstThis is a twofold 16.
solution and if it is performed it should be done with
caution, since excessive boost may cause ringing at shatf.
edges. The colorimetry of the device was characterisetis.
using polynomial regression, which gave satisfactory results
only when a large number of polynomial terms werel9.
employed. More specifically, from six correction matrices20.
employed, only the 3x31 matrix produced averate
within the limit of perceptibility for complex scenes, 21.
displayed on CRTs. The choice of image encoding to tha2.
SsRGB space for display output was a trade-off between
direct accessibility from many commercial systems ana3.
significant losses in the available colour gamut.

Colorimetric images were stored using file format and
media compatible with the majority of current H/S 24.
configurations. A requirement for securing the longevity of
the digital archive is the migration of the data from the2s.
current format and medium to newer systems. Thes.
migration process is a demanding operation, involving the
follow-up of the technologies and has considerable costs.
Whether the produced image data is worth migrating wilb7.
depend on the current use of the digital archive (i.e. to what
extend it is used and how well it satisfies the needs of thes.
users), as well as on future improvement of the imaging
systems (i.e. available data might be of an insufficient
quality compared to newer systems and standards). 29.
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