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Abstract. The paper presents application of a correction technique
proposed for registering images by a CCD (Charged Coupled Device)
camera. The device is installed in a 3D shape, angular reflectance dis-
tribution and multispectral color measurement system set up for digiti-
zation of cultural heritage objects. The procedure compensates for the
camera noise and scene illumination non-uniformity according to pre-
viously published model. The paper describes the measurement system
and provides analysis of data collected from measurements of the Color
Checker reference target and uniform reference plane to evaluate en-
hancement of reflectance and shape accuracy after correction. Addition-
ally a few examples of digitized objects are shown.

1 Introduction

Digitization of cultural heritage objects is recently becoming more available and
well known in artifacts conservation. However, to better use its potential possi-
bilities and to achieve truthful results, it is necessary to understand principles of
image acquisition techniques and tune them, so that measurement uncertainty
can be reduced.

The measurement process usually assumes determination of shape of the sur-
face by the means of a 3D scanner and additionally its color using RGB or
multispectral camera. Known solutions are based on laser scanning devices|I]
as well as the ones using structured light projection technique[2J3] and usu-
ally a multi-band, self made camera with interference filters to separate spec-
tral channels[I4]. Some systems use a single detector for data acquisition, so
that there is no need to manually align color texture to cloud of points which
represents shape[3], but there are also solutions which require some manual
adjustment[4]. Despite construction differences all devices known by the au-
thors are based on non-contact data acquisition by capturing images with a
digital camera. Therefore it is important to consider the capturing process and
eliminate errors characteristic for digital image registration, such as noise and
non-uniform illumination. Very thorough examination of this problems can be
found in work[5].
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This paper describes the application of method presented in work[5] to a
developed integrated measurement system which includes 3D shape measure-
ment system using structured light projection method, multispectral 10 band
camera for color measurement and additional directional illumination setup for
establishing surface reflectivity in a sense of BRDF (Bidirectional Reflectance
Distribution Function) model. First the measurement setup is described, follow-
ing brief outline of image acquisition method with some implementation details.
After that evaluation results of shape and color measurement are described and
commented.

2 Measurement Setup

The 3D shape measurement method uses the 3D Measurement with Algorithms
of Directional Merging And Conversion (3DMADMAC) system[6]. This method
of measurement is based on a structured light technique with digital sine pat-
terns and Gray codes projection (Fig.[2h). The system consists of a Digital Light
Projector (DLP) and an industrial CCD camera (Figure Zh). The 3DMADMAC
system can be customized depending on end user requirements regarding size
of measurement volume, amount of measurement points and duration of a sin-
gle measurement. It also consists of a set of Software Development Kit tools
which extend its functionality and automate all required measurement and data
analysis algorithms.

Color of a measured surface is captured using a multi-spectral approach. The
custom built camera was constructed to register images in 10 spectral bands with
the aid of interference filters (Fig. Bb). The filter wheel is placed between the
camera matrix and the lens. It has 11 slots, because additional empty window
without a filter is necessary for performing shape and BRDF measurement which
uses the same detector. The lens mount is located outside the case which allows
for simple lens replacement according to required measurement conditions.

Normally the multispectral capture system uses analytic calibration proce-
dure described in previous work[7]. It is based on capturing images of white
reference plate for light source spectrum compensation and images of uniform
background to compensate for illumination distribution and spectral filters’ an-
gular characteristic. Additionally transverse shifts of images due to positioning
errors can be eliminated. For the purpose of the described analysis the spectral
images calculation procedure was modified in order to properly perform new
image acquisition process.

Another device is employed to measure angular reflectance distribution of sur-
face. It comprises of a set of light sources distributed on a grid pattern and illu-
minating measurement volume. Each illuminator resembles a lambertian source
and allows directional illumination of the investigated surface (Fig.[2b). Pictures
are captured with all illuminators turned on sequentially which gives a collec-
tion of reflectance values in the function of illumination angle and serves as a
BRDF estimation which leads to Phong parameters calculation|§]. The result is
a BRDF function modeled with Phong parameters[d]. This paper however, will
not further discuss analysis of angular reflectance data.
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Fig. 1. Measurement system and virtual models of previously digitized objects: a) con-
cept of the shape measurement device; b) constructed measurement setup; ¢) painted,
wood-carved Nativity Scene figure; d) brass olive lamp; e) wooden shuttle on a loom;
f) china figure

3 Data Acquisition Procedure

The goal of presented research was to implement and adopt a concept proposed
by Mansouri et. al. in[5] of a digital camera calibration to reduce noise and non-
uniformity of illumination. The purpose was to enhance data acquisition process
in the case of the multispectral camera and 3D scanner. The proposed solution
is based on the camera response in each pixel according to the following model
described by equation ().

[R] = [O] + [T] + [U x 5] (1)

The camera response [R] is a sum of a zero level (offset) image [O], thermal signal
proportional to acquisition time [T] and a product of useful signal [U] and sensor
response [S]. Further reasoning leads to derivation of a formula for the useful
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signal, knowing the offset, the thermal and the flat field [F] characteristics, as
in formula (). For details see[5].

[R] - [0) - [T]

U= 1 - 10] - 1)

X Fmean (2>
Implementation of the proposed model required acquisition of additional cali-
bration data (offset, thermal and flat field images) and including them in data
processing path. They are registered for every shutter value used in the measure-
ment. Additionally the radiometric calibration procedure (RC) calculates mean
values for flat field images which are afterwards used to rescale the useful images
into proper range.

Because the software controlling the measurement system has a modular struc-
ture it was possible to implement an adapter for a detector module which is
responsible for preparing raw images for further processing, without modifica-
tion of the measurement head module. The only modification was made to the
module, which calculates spectral reflectance, because it already used flat field
image and it was not desirable to take it into account twice. Therefore the color
measurement procedure benefits mainly due to camera noise reduction. The de-
tector adapter module averages several frames to reduce temporal noise and
applies compensation procedure mentioned above before sending data further
along the processing path.

The camera installed in the measurement system is a Prosilica GE4900 device
with 16Mpix sensor equipped with 12bit Analog-to-Digital Converter (ADC),
which allows for increased signal quantization resolution, especially important
for capturing spectral images. The camera was additionally tested for its linearity
by the comparison of its response with a light meter. Results show a 0.99992
coefficient of cross correlation with the best fitted plane and root mean square
error of 2.12% in relation to measured intensity range. Based on these results
the decision was made to do not perform additional non-linearity correction.

Illumination for color measurement was provided by a digital light projec-
tor with a halogen lamp, which was also used for structured light projection
for shape measurement. This allowed for a single procedure for flat field im-
age acquisition for both measurement modules. Moreover the DLP projector’s
light flux is quite stable after sufficient warm up time, so there is no meaningful
drift of spectral images lightness. Measurements were conducted in a controlled
laboratory environment, after stabilization of thermal conditions for electronic
devices and measurement volume.

4 Evaluation of Color Measurement Results

Evaluation of color measurement system accuracy was based on measurement of
Color Checker target which was scanned with (RC+) and without radiometric
calibration (RC-). Spectral reflectance data registered from both approaches was
averaged for every color patch and compared with each other and with reference
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measurement of the color target made with a Minolta CM-2600D spectropho-
tometer. Root mean square deviations from reference measurement for RC+
and RC- were calculated for each color patch and are presented in Fig. 2l Mea-
surement of two patches was not possible because of too low contrast of fringes
projected during shape measurement. Consequently there was no sufficient phase
information to calculate cloud of points for these patches. A few patches, indi-
cated with a black border came out worse with the RC+ procedure, which is
especially visible for the neutral ones. Our initial assumption was that it is the
result of not implemented correction for camera non-linearity, but most likely
this outcome is due to quantization noise which varies between spectral channels.
It is the effect of a fixed shutter value for all channels and different transmission
of spectral filters. Consequently the exposure of spectral images varies and so
does the quantization noise. It is planned in the next step of research to imple-
ment constant exposure conditions by adjusting of shutter value for all spectral
channels independently.

Fig. Bl shows spectral reflectance measurement results of sample color patches.
Analysis of the reflectance plots leads to the conclusion that measurement er-
rors are distributed along the whole registered spectrum and do not occur in
any specific wavelength. However there is a trend that the difference between
reference and estimated reflectance is bigger for small reflectance values, which
agrees with the mentioned assumption that the quantization noise affects the
camera response.
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Fig. 2. RMS values for Color Checker patches measured with RC+ (bold font) and RC-
(normal font) procedure compared with the reference spectrophotometer measurement.
Patches with black border are worse with RC+ comparing with RC-.
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Comparison of color obtained in sSRGB[10] color space shows that RC+ mea-
surement gives more uniform output, with less chromatic noise and overall better
hue than RC- (Fig. H).
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Fig. 3. Spectral reflectance plots for chosen color patches
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Fig. 4. Comparison of sSRGB color values for exemplary target patches

5 Evaluation of Shape Measurement Results

The shape measurement uses sinusoidal fringe projection by the means of a
DLP projector. Phase of fringes is established by the temporal phase shifting
algorithm|[I1] in several reference planes within a measurement volume. After-
wards it is interpolated over the whole calibrated space. The algorithm gives
very accurate results, but is sensitive to differences of lightness between con-
secutive fringe images and variations in phase shifts. In this case the latter are
negligible, because the DLP projector has very high repeatability when the pe-
riod of fringes is an integer multiple of number of projector pixels. Nevertheless
image noise influences phase calculation accuracy and non-uniform illumination
causes varying contrast of fringes within a single image. The same radiometric
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calibration procedure was therefore applied to correct the fringe images to im-
prove phase quality.

To evaluate results of this improvement two measurements of a uniform plane
reference target of size 300x220mm were conducted with and without radiomet-
ric calibration, so that deviations from an ideal fitted plane could be compared
in both situations. The obtained clouds of points have on average 100 points
per square millimeter. Fig. Bl visualizes error distribution after plane fitting to
measurement data. It shows that in each interval of one, two and three standard
deviations the plane fit error is 1.5 to 2 times smaller after the application of
radiometric calibration procedure.

|
A[mm] A[mm]
error for 66% of points: 0.01605 mm  error for 66% of points: 0.02774 mm
error for 95% of points: 0.03456 mm  error for 95% of points: 0.05609 mm

error for 99% of points: 0.04855 mm  error for 99% of points: 0.07766 mm
maximum error: 0.10533 mm  maximum error: 0.15779 mm

Fig. 5. Comparison of plane fit error distribution. The plot shows error value A around
fitted plane versus number of points (N).

Fig. [6l shows comparison between registered corresponding fringe images and
local fringes contrast values. It is visible that after radiometric correction con-
trast variation is less pronounced compared to the case without enhancement.
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Fig. 6. Comparison of fringe images and their local contrast
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6 Conclusions

Presented work shows application of a digital camera response model to im-
age acquisition procedure in an integrated shape and reflectance measurement
system. It shows that such enhancement leads to more accurate measurement
results, especially for spectral and fringe images. It gives foundation for future
research which may include application of this method for capturing images
for BRDF measurement and implementation of constant exposure in different
spectral channels which will further improve registered data.

It is necessary to point out that in case of 3D measurement the flat field
image compensation is generally not sufficient to eliminate influence of uneven
illumination, because in such case it is necessary to consider more complex il-
lumination pattern. The measured object occupies certain volume in space, so
points on its surface are placed in different distances from the detector and not
on a single plane as it is assumed for flat field image compensation. Additionally
different points on the measured surface may have different reflection properties,
which will influence spectral acquisition. This introduces opportunity for future
work, because solving the mentioned problems will be very important for faithful
digitization of cultural heritage objects.
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