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Abstract:  
In 2008, as part of an extensive conservation program, the Israel Antiquities Authority (IAA) 
announced a project to electronically reimage their entire collection of Dead Sea Scrolls and 
put the images online. The requirements are high resolution (39 MP) color and near-infrared 
images and the application of spectral imaging to selected fragments to monitor changes in 
the Scrolls. The color images capture the current state of the scrolls while the infrared images 
provide legible text for scholarly use. Spectral imaging will be used to monitor any changes in 
the parchment reflectance that are known to drive the transition from legible to illegible. This 
is the major purpose of the IAA Digitization Project. The digitization project will also explore 
chemical changes of the parchment with Raman and FT-IR spectroscopy. We discuss the 
decision matrix that led to the final choice of imaging technology: high resolution imaging 
with monochrome camera and 12 LED wavelengths spanning 435 nm to 940 nm. The visible 
band images will be converted to RGB color using a mini-color checker in the image field to 
provide a reference while the 940 nm provides improved legibility for those texts that are 
illegible to the eye or in color or b/w images. The entire set of wavelength bands will be used 
for conservation monitoring to look for early signs of changes in the parchment reflectance. 
 
There is increasing interest in spectral-imaging analysis of texts, art, and other objects. 
However, we lack calibrated spectral image cubes that will enable us to compare objects 
either between researchers or over time.  We believe the technology for spectral image 
acquisition has reached a critical mass where it is reasonably affordable and will soon be 
more widely used. It is time to step up to the next phase, that is, to develop and report on 
calibration that will deliver absolute reflectance values so valid comparisons can be made. 
 
We will present quantitation and calibration results using a variety of CIE targets that provide 
both color and spectral standards. We find that the system radiometry is accurate to 2-5% 
depending on the color target. In addition to calibration data, we will show some of the 
rendered color images of scrolls along with ΔE values. 
 
The Dead Sea Scrolls are the natural poster child for text imaging. Over the last two decades, 
they have been repeatedly photographed and imaged as new technologies become available. 
The first images, in the early 1950s, were with infrared film with a Wratten gel cut-on filter 
plus black and white (Bearman 1998).  In 1994 spectral imaging was applied to a discreet 
number of fragments using LCTF filters for emission filtering (Bearman 1993, 1996) that 
covered the visible and near infrared.  This early application of modern (at least for 1994) 



digital electronic imaging explained for the first time the phenomenology of why NIR 
imaging made illegible scrolls legible. Use on a daily basis by scroll scholars followed (1997), 
using an inexpensive 1K x 1K PC tethered digital camera in which a 900 nm long pass filter 
replaced the standard camera IR cutoff filter. This camera was replaced in 2007 by an 8 MP 
consumer Canon color SLR in which the IR cutoff filter was also replaced by a long pass 
filter to provide images at λ > 900 nm; here, as with the 1997 system, text legibility for 
scholarly use was the main goal.  
 
Spectral imaging in the 1990s showed that the legibility issue with the Dead Sea Scrolls (and 
other artifacts of similar composition) is fundamentally a contrast problem. Scrolls that are 
illegible in the visible but become legible in the NIR do so because of the behavior of the 
reflectance spectra of the ink and parchment over wavelength. In the visible, the ink and 
parchment have about the same reflectance, so there is little contrast to the eye or to a film 
photograph or digital image. However, for unknown reasons, the parchment is brighter in the 
NIR, which can yield significant contrast, typically starting 800 nm and above. We have 
decided to capitalize on this fact to monitor the scrolls during storage by looking for changes 
over time in the spectral image cube; we will use multivariate analysis methods very similar 
to process control charts used in industry for quality assurance and process control (Marengo 
2005, 2006). The 2008 pilot project acquired image cubes for evaluation of this method (650 
nm -1000 nm).  
 
In August 2008, the IAA sponsored a pilot project in Jerusalem to obtain test images for 
planning the much larger scroll digitization effort. One of the authors (Bearman) is a 
consultant to the IAA for imaging; he was involved in the pilot project and is continuing on 
the larger one. The pilot project used a 39 MP Hasselblad color camera and a monochrome 
Phase One, also a 39 MP back with 940 nm LED illumination to obtain the IR text image. In 
addition, a COTS LCTF spectral imaging system was used to take image cubes of some 
smaller fragments (see Tanner 2008, for details on the imaging equipment and results).  
 
The original results of the pilot project pointed in the direction of using three separate 
imaging stations, one for color, one for NIR, and one for spectral imaging of selected 
fragments to use for monitoring the state of the scrolls.  However, in the ensuing two years 
the team looked at newer technologies and decided, ultimately, to switch to a system that 
could provide all three imaging modes in a single station. The imaging system uses a 39 MP 
monochrome camera with high power LEDs for illumination and obtains an image cube band-
sequentially over 12 wavelengths spanning the visible to NIR. Color images that capture the 
current state of the scrolls are created from the six visible bands (see Imai 2002, Berns 2006 
and Boydston 2010) and the NIR bands, in particular 940 nm, provide the high-resolution 
legible image for text scholars. The IAA wishes to provide high fidelity image proxies for the 
scrolls to avoid damage or environmental effects to the scrolls when they are taken from the 
vault. In addition the IAA, wants to be aware of changes in the parchment: spectral 
monitoring should be able to detect changes before they become visible to the human eye 
(Marengo 2003, 2005).  
 
The large format camera and LED illumination system provide the conservation and 
monitoring data without any further work. The time, expense and access issues involved in 
these field imaging campaigns are significant, so there is great benefit to obtaining as much 
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data as possible at once. Papyri, for example, have the same spectral behavior (Bearman 1996, 
Bay 2009), thus the same considerations apply for legibility, conservation and preservation. 
 
Using a spectral imaging system in this manner puts significant demands for stability and 
reproducibility on the system and the user. This takes us to the larger issue of calibration of 
spectral imagers and the ability to provide calibrated and quantitative absolute reflectance of 
the imaged objects. Aside from our concern in the IAA project for conservation monitoring, 
calibrated systems will allow users across holding institutions and research groups to compare 
results and begin to develop spectral libraries for classification, analysis and the inevitable 
serendipitous discoveries that come from having quantitative data that spans a large number 
of objects. The same issue of quantitation and comparison of results across users and labs is 
now coming up in the bioimaging world, which uses a combination of 3-6 band multispectral 
imaging or true spectral imaging (Sharma 2010) 
 
A major difficulty of broadband spectral imaging has been the need to refocus when imaging 
over the visible to NIR, as photographic lenses are color corrected well only over the visible. 
Without refocusing, the images suffer from chromatic aberrations? or chromatic lateral 
shifts?. Besides adding significant time to the imaging process, it adds to total illumination 
time, creating a problem for many conservators and their texts! Images must then be 
registered and sometimes even rescaled. One solution is to move the camera to compensate 
for the focus change, as www.art-innovation.nl, does with their SEPIA and ARTIST products. 
The recent introduction of color corrected lenses over UV-NIR has made high-resolution 
spectral imaging more feasible and easier to implement. There is a commercially available 60 
mm lens designed with a circle of illumination suitable for a 35 mm format; the designer has 
recently made a 120 mm with large illumination circle to reduce vignetting and with better 
coatings to improve performance.  
 
There are three main sources of noise aside from the camera, in an illumination filtered 
spectral imager that uses LED lights. All three revolve around the fact that LEDs change their 
properties with temperature and heat up from the injection current that drives the emission of 
light. The central wavelength changes with temperature, the bandwidth changes with 
temperature and the power emitted changes with temperature (Schanda 2002, Muthu 2002). In 
addition, a user seeking a calibrated system would worry also about how the same parameters 
change with time as the LED ages. 
 
We will show data for all three parameters obtained with a version of the system described. In 
addition, we measured spectral reflectance values obtained from a calibrated Xrite mini-color 
checker card. We use the color checker to provide the transformation for creating the color 
images (it is in every scroll image field of view), so we again get some data for free. We also 
include a NIST traceable standard in each image, so the system performance and calibration 
can always be monitored. 
 
We tried two modes of attack on this problem.  First, we modeled the expected reflectance 
values from the color checker taking account of the LED spectrum. Since the LED spectra 
have bandwidths ranging from ~ 20-40 nm, we cannot simply use the values at the central 
wavelength. This modeling showed how the measured values depend on bandwidth and 
power. Second, we measured the LED central wavelength, bandwidth and integrated power 
over time to see how big the actual changes in measured reflectance would be. 



 
We did the modeling in Matlab using the measured LED spectra, obtained with an Ocean 
Optics spectrometer, along with the CIE and reflectance values of the mini-color checker, 
obtained with an Xrite spectroscan system. We did two sets of convolutions with the data. 
One was to obtain the expected values for reflectance of the target for the actual LEDs for 
comparison with the measured values. The second was to model the LEDs as Gaussians and 
then investigate how the changes in bandwidth affected the values we expect to measure. 
They can be significant, since if one measured a red target at λ=590 nm, the reflectance is 
rising rapidly and small changes in bandwidth can sample much different parts of the target 
spectrum. 
 
How good is the absolute reflectance? Figure 1 shows the measured and expected reflectance 
for the red, yellow and a grey patches from the mini-color checker. This is the first radiometry 
we have for the system and expect it to improve when we do a better job with the reflectance 
standard. For some of the color patch data, the 448 nm value is substantially different and we 
do not understand why at this time. However, as Figure 1 shows, the system does not have a 
problem with that wavelength for the grays. The full-scale differences for the grays range 
from ~2-7 %. 
 
Modeling of the expected reflectance as a function of bandwidth showed that, as expected, it 
depended on which color patch and which wavelength. For the red patch at 593 nm, the 
change in convolved signal is ~0.019%/ nm of bandwidth while is 0.2%/nm for the blue patch 
at 474 nm, where the blue has more structure. The grays are naturally pretty flat with 
wavelength; for example, at 503 nm the nominally R=0.92 patch changes by .13% for a 
bandwidth modeled between 40 nm and 1 nm. 
 
We next acquired LED spectra every 6 seconds for several minutes and then calculated the 
integrated total power as well as fitting the LED to a Gaussian to obtain the central 
wavelength and bandwidth. For the 641nm LED, the central wavelength was 641.22± 0.022 
nm. The total power was 84826 ± 853 in arbitrary units, for a spread of 0.1 %. Power 
variations are less important anyway as we always have both the mini-color checker and 
spectralon target in the field of view, so the data is always normalized to unit power. For the 
same red LED, the bandwidth varied from 28.38- 28.45 nm. Similar stability in center 
wavelength, power and bandwidth was calculated for the other LEDs, shown in Table I 
 

LED	  	   FWHM	  	   σ  λ  σ  power	  (au)	   σ  

σ  
power	  
% 

369	   9.084	   0.035	   368.550	   0.000	   25431	   656.640	   2.582	  

447	   16.496	   0.027	   447.360	   0.000	   45366	   779.298	   1.718	  

473	   24.688	   0.072	   473.160	   0.000	   85753	   867.616	   1.012	  

496	   27.244	   0.027	   495.592	   0.031	   113592	   864.801	   0.761	  

522	   32.899	   0.101	   522.276	   0.034	   135638	   676.577	   0.499	  

596	   14.838	   0.072	   596.428	   0.039	   38633	   867.616	   2.049	  

641	   20.021	   0.051	   641.224	   0.022	   84826	   853.711	   1.006	  

709	   24.888	   0.044	   709.341	   0.050	   103683	   975.741	   0.941	  

736	   25.966	   0.041	   736.001	   0.047	   102012	   964.861	   0.946	  



774	   28.193	   0.054	   774.059	   0.031	   123518	   861.522	   0.697	  

863	   46.424	   0.034	   863.046	   0.034	   187043	   819.304	   0.438	  

928	   48.428	   0.037	   928.135	   0.078	   210280	   1197.845	   0.570	  
 

Table I. Measured stability of LED illumination. Spectra were measured over time with a 
point spectrometer and the fitted to a Gaussian to obtain central wavelength and bandwidth. 

The total power was a simple sum of the signal after the background was subtracted out. 
 
 
The modeling and the LED spectral data together show that the system is really quite stable 
and should produce repeatable absolute spectra; any changes in bandwidth, for example, 
have been shown by the modeling to produce a very small change in the measured 
reflectance. Note that we did all of this work on color patches; the Dead Sea Scrolls have 
much simpler spectra (Bearman 1996). The ink is typically flat and the parchment is 
monotonically increasing, so the effects due to changes in the LED spectra are more similar to 
those measured for the color checker grays than to the color patches. This is true of many 
other texts as well; however, imaging of illuminated manuscripts or objects with color may 
require a bit more care. 
 
We also compared the CIE values for the mini-color checker in addition to the reflectance 
values. We discovered with this system that it made a difference whether we used a white or 
black background. Figure 2a shows the mini color checker imaged on both a white and black 
background and then aligned next to each other while 2b shows the same for a color checker 
on black background taken several hours apart. We believe the differences in the background 
are due to scattered light and lens flare. For the black background, the average ΔE 2000 is 
1.32, while it is 2.41 for the white background. Some of the ΔE 2000 values are 2-3 times less 
for the white background. 
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Figure 1. Measured and Standard Values for Reflectance of Xrite mini-color checker. The 

values are for the red and yellow patches, along with one of the gray targets 
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Figure 2. Color Checker images taken with spectral imaging and rendered into color from 6 
visible bands. A is the color target on a white background with the right two columns from a 
color target on a black background pasted over, as indicated by the red box. Note the color 

differences on the blue, green, red and grays. B is the color target on a black background with 
the right two columns pasted from an image, also with black background, taken hours later. 
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