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Chapter 6.7

3D imaging, colour and specularity
of an Egyptian Scarab

Lindsay MacDonald & Mona Hess

The analysis of Egyptian gold items shows evidence
for polychrome effects, using not only coloured materi-
als but also several gold alloys with different copper
and silver contents. The latter necessitate an effective
method for analysing the colours present in the object
—knowing that in some alloys atmospheric corrosion
may alter the surface, and ‘hide’ the original colour.

The physical surface of an artefact is influenced
by decorative techniques, evidenced by the presence
of tool marks, and by wear-marks, giving indications
about the object’s intended function and possible re-
use. Scientific visual analysis requires images of high
quality, at different scales and depths. For this reason,
we wished to investigate the capability of 3D image
acquisition to represent the colour and surface detail
of materials used in the production of Egyptian gold
jewellery.

The object selected for this pilot study is a small
scarab of engraved steatite set in a gold band, from
the UCL Petrie Museum of Egyptian Archaeology
(UC11365, Fig. 6.24). Dated to the Late Middle King-
dom (1850-1750 sc), it is inscribed in hieroglyphs on
the underside with the personal name and title ‘estate
overseer of the granary Iufseneb” within the scroll
border. The hole of 2.8 mm diameter drilled through
the centre suggests that it may have been suspended
on a cord worn around the wrist or neck, or fitted
onto a metal rod in a ring mounting, and used as an
administrative seal in clay tablets or in wax on papyrus.

3D digitization

Different methods of 3D acquisition were studied
for their ability to represent the original colours and
surface details for visual inspection of toolmarks and
other material properties. The scarab poses particu-
lar challenges for imaging due to its characteristics:
a small object, with finely engraved inscription, the
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back is curved and polished to a semi-gloss finish, and
the encircling chased gold band has a high metallic
specularity.

Photogrammetric method

The scarab was placed on a rigid black card, onto which
were affixed a number of retro-reflective targets for
geometric camera calibration (Fig. 6.25). Around 80
images were taken using a fixed Nikon D3200 cam-
era with 105 mm macro lens, from various angles by
rotating the tray, and by turning the scarab onto its
side. Flash lighting was diffused by soft boxes and
reflectors pointed towards the ceiling. The image set
was processed with an in-house software pipeline at
UCL, enabling a dense and accurate 3D point cloud
to be generated (Ahmadabadian et al. 2013). After
geometrically correcting (‘undistorting”) the images,
by estimating parameters from the camera’s chip size
and focal length, the approximate 3D coordinates were
extracted from the images. A photogrammetric bundle
adjustment with the relative orientation parameters
of each camera position enabled the scale factor to be
estimated and then applied to the camera locations
and 3D coordinates of the scarab surface. These data
were input into the processing software to generate a
dense point cloud.

As the scarab needed to be repositioned during
acquisition in order to obtain images of the whole
object, each ‘scene’ was reconstructed separately, then
cleaned and fused together during post-processing.
The resulting 3D surface geometry shows a greater
variance, or level of noise, than that of a laser scan-
ner (compare Fig. 6.27 middle to Fig. 6.28 middle).
However, this method of photogrammetric imaging,
including a colour chart and subsequent calibration,
enables the acquisition of accurate colour data, which is
essential for cultural heritage applications. If a mesh is
reconstructed from the point cloud, the colour texture
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Figure 6.24. Six views of scarab UC11365, Petrie Museum. Dimensions (in mm) 26.7 (W) x 18.6 (H) x 11.4 (D).
Photographed with a Nikon D200 camera with Nikkor 200 mm macro lens, illuminated by 16 flashlights in a circular ring.

Figure 6.25. Photogrammetric imaging setup with
scarab UC11365 on target board.

obtained from the imagery can then be reprojected onto
the surface giving a high resolution rendering even on
a lower resolution geometric structure.

3D colour laser scanning

A 3D colour laser scanner at UCL has been used
extensively for digitization of museum objects, and for
traceable and repeatable production of metric surface
models. It delivers 3D RGB point data at a sampling
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interval of 0.1 mm (100 pm) with an absolute accuracy
of 0.025 mm (25 um) over the object surface (Hess &
Robson 2010). Twenty-six separate scans of the scarab
were made, with the object turned to many different
orientations to ensure that all surfaces were captured.
The corresponding point clouds were merged to pro-
duce a 3D representation with c. 402,000 points.

Photometric stereo
The dome imaging system at UCL enables sets of
images of an object to be taken with illumination from
different directions (Fig. 6.26). A hemisphere of 104 cm
diameter is fitted with 64 flash lights, and calibrated so
that the geometric centroid coordinates of every light
source are known to within 3 mm (MacDonald et al.
2015). A Nikon D200 digital camera at the ‘north pole’
captures a series of 64 colour images, each illuminated
from a different direction and all in pixel register.
This enables the object to be visualized from the fixed
viewing angle of the camera, i.e. vertically from above,
for many different angles of incident light. Image sets
captured by the system can be visualized for a direc-
tional light source by the polynomial texture mapping
(PTM) technique, which has numerous applications
in archaeology and cultural heritage (Earl et al. 2010).
Six sets of images from the UCL dome were
used to reconstruct the 3D surface of the scarab by
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Figure 6.26. Positioning scarab UC11365 on the
baseboard of the UCL dome.

the photometric stereo method (MacDonald & Rob-
son 2010), by determining the surface normal vector
at each pixel then integrating the set into a consistent
surface. An adaptive method was developed to find an
optimal subset of intensities from all 64 candidates at
each pixel, by sorting them into order and selecting a
range between the shadow and specular regions, fol-
lowed by regression over this subset for an accurate
estimate of the normal vector (see below). The height
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field was reconstructed as a digital terrain map by
projecting the surface gradients onto Fourier basis
functions to ensure integrability (MacDonald 2015),
then exported as a point cloud for 3D visualization.

Evaluation of 3D reconstruction methods

The various 3D representations were evaluated for
visibility of toolmarks and other material treatments.
The 3D coloured point clouds produced by the models
were rendered for display.

The photogrammetric method showed realistic
colour and significant detail (Fig. 6.27), with a resolu-
tion of approximately 20 pixels/mm (50 pm sampling).
The overall geometry was accurate but was compro-
mised by holes in the 3D point cloud from missing
data due to specular reflection from the gold during
the acquisition process. There was also a noticeable
level of surface noise in the reconstruction.

The 3D colour laser scanner produced good geo-
metric accuracy, but the rendition of surface detail was
poor (Fig. 6.28). Even though the scanner was expected
to show sufficient details with a sampling distance of
100 pm, i.e. a spatial resolution of 10 points/mm, it did
not meet the expectation, and revealed less detail than
shown by magnification with a hand lens. The finest
surface feature that can be wrought on an artefact by
a craftsman with manual techniques is approximately
40 um in width, to capture which the scanner should be

Figure 6.27. (left)
Photogrammetric reconstruction;
(centre) without colour. Although
the colour was close to original
object, the method produced a
significant quantity of surface noise
and holes in the 3D point cloud.
(right) Detail of scarab top, showing
erroneous cut by craftsman.

Figure 6.28. 3D point cloud
generated by the colour laser
scanner, showing the redness
caused by non-optimal laser
wavelengths.

Figure 6.29. 3D reconstruction
from photometric normals
produced a very dense point
cloud with outstanding detail
of surface features.



Chapter 6.7

able to resolve 20 um, i.e. 50 pixels/mm or 1250 pixels
per inch (MacDonald 2010). Moreover, the rendering
of surface colour shows less fidelity to real colour than
with a camera, because the monochromatic sampling
of the reflectance spectrum by the three lasers leads
to severe metamerism (MacDonald 2011).

The photometric stereo reconstruction in 3D was
accurate over the rounded back of the scarab for a range
of +45° from the vertical (Fig. 6.29), and gave excellent
rendering of fine detail, especially helpful for reading
the hieroglyphs on the underside. Comparison of the
3D point cloud produced by the photometric stereo
technique with the reference point cloud from the laser
scanner (Fig. 6.30) shows that the mean error was less
than 0.25 mm, but around the sides and the gold band,
the errors were larger in the range 0.4 to 0.7 mm.

The results of the qualitative evaluation of the
three reconstruction methods are summarized in Table
6.8. The laser scanner gave results that were excellent
in terms of geometric accuracy, because of the preci-
sion of its coordinate measuring machine (CMM),
but its results were inferior in both colour and spatial
resolution to the other techniques which derived 3D
from sets of photographic images (MacDonald et al.
2014). For all methods the time required to set up
and digitize the object was typically about an hour,
followed by a day or more of operator time and/or
computing time to process the data to produce the
final 3D representation. In terms of portability, the
photogrammetric method was best by far, because it
required only a camera and aboard with targets affixed,
whereas the photometric stereo method relied on the
dome structure to provide the camera support and
multiple sources of illumination.

Colour of gold

There is nothing absolute about the colour of any
object surface: it changes continually with illumina-
tion and orientation. Colorimetry specifies the colour
as the product of the illuminating power by the
reflectance factor of the surface by the sensitivity of
the observer, integrated over all wavelengths of the
visible spectrum. This is the basis of the ubiquitous
CIE system (Colorimetry 2004), but it relies on the
assumption that the surface is perfectly matte so
every point reflects the incident light equally in all
directions, i.e. that it is Lambertian. In fact, almost

Table 6.8. Qualitative comparison of 3D representations.

Figure 6.30. Comparison of point cloud from photometric
stereo reconstruction with point cloud from laser scanner,
using the CloudCompare utility.

all real materials exhibit some angular dependence
in the way they reflect light, and this behaviour must
be taken into account when modelling appearance, by
adding a gloss component to the underlying diffuse
colour. The added light may appear as a sheen over
the surface or as localized specular highlights, but
its effect is to modulate the lightness and thereby to
change the apparent colour.

This is especially true of gold, which combines
glitter, specularity and sheen over a wide range of
angles to give it a uniquely lustrous quality that sets
it apart from ordinary materials. To specify the colour
of gold only by a single colorimetric triplet, or even by
a single reflectance spectrum, would be dull indeed.
As a demonstration, the gold band around the scarab
was measured with an Xrite i1Pro spectrophotometer.
The instrument illuminates the sample at 45° and
analyses the radiation reflected perpendicular to the
surface, averaging the rays over a circular beam area
of diameter 3.5 mm. The spectral reflectance distribu-
tions from 10 successive measurements are shown in
Figure 6.31. The characteristic rise in reflectance factor
between 480 and 540 nm corresponds to an energy
band at2.3 eV in pure gold where free electrons in the
d-band can make the transition to unoccupied states
in the conduction band (Saeger & Rodies 1977).

It is evident in the set of measurements that,
although the shape of the curve remains the same, the
magnitude of the reflectance varies by a factor of 1.5.
This can be explained by the measurement geometry

Technology Colour Geometry Resolution Cost Portability
Photogrammetric method Good Good High Low Good

3D colour laser scanning Poor Excellent Medium High Impossible
Photometric stereo Good Poor High Medium Poor
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of the instrument, which is designed for measurement
of flat surfaces, such as prints on paper, which may or
may not be glossy. The 45° angle of incident light and
0° angle of view for the sensor ensure that the specular
component of reflection is avoided as far as possible.
But when the instrument is removed and then brought
back each time with the aperture in a slightly different
position over the relief surface of the gold, a different
distribution of scattered light reaches the sensor and
hence the reading changes.

The majority of variation in the measured colori-
metric values is in the luminance, not the colour: in CIE
1931 chromaticity coordinates the mean and standard
deviation in x,y,Y are [0.4076+0.0013, 0.4166+0.0012,
30.19+4.39] and in L*a*b* the corresponding range is
[61.65+3.83, 3.28+0.46, 36.26+1.95]. The latter are plot-
ted in Figure 6.32, showing lightness (L*) vs chroma
(C* and the chromatic plane a*b*. The standard D65
daylight illuminant was used for computation of the
L*a*b* values.

Specularity of gold

The scarab was photographed under the illumina-
tion dome in six different orientations, with a Nikkor
200 mm macro lens giving a spatial resolution of
approximately 66 pixels/mm, i.e. each pixel represent-
ing 16 um on the object surface.

All 64 images in the set from the dome are in pixel
register, so each pixel may be regarded as a vector of
64 intensity values, each representing the amplitude of
the light reflected from that point on the surface toward
the camera for the angle of incidence corresponding
to the position of the lamp. The distribution of these
64 intensity values gives an indication of the type of
surface (Fig. 6.33).

A notable characteristic of gold, and indeed of
all shiny materials, is that it reflects strongly in the
specular direction. So in the pixel vector a few intensity
values are much larger than the others, corresponding

530
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of reflectance spectra.
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to positions where the surface normal is close to the
bisector of the angle between the illumination vector
(toward the light) and the view vector (toward the
camera). This results in images with high dynamic
range where a few pixels may be 100 times greater in
value than the majority. In the dome, images are cap-
tured and processed as linear intensities with 16-bits
per channel (range 0-65535), setting the lens aperture
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Figure 6.32. Colorimetric coordinates of 10
measurements at different positions on the gold band
around the scarab (mean shown in red).
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Figure 6.33. Image of
left side of scarab, with
enlarged detail showing
sampling locations for
gold and steatite.

to f/8 to avoid over-exposure. Figure 6.34 (right) shows
the intensity distribution for a single pixel on the gold
band. The maximum value is over 26,000 and seven are
in the range 1000-4000, but most others are less than
300. The magenta curve shows what the intensities
would be for a perfectly matte (Lambertian) surface
with the same albedo and normal angle. It is clear
that the specular peaks are much greater in intensity
than the cosine, but all other values are lower. Thus,
the metallic gold surface is generally darker than the
diffuse equivalent, except for a few bright highlights.

The processing method is to identify from the
sorted intensity distribution of a 3 x 3 pixel neighbour-
hood a limited range of values between the shadow and
specular regions, which are taken to be representative
of the non-specular ‘body colour’ of the object. Then,
using the principle of ‘shape from shading’, a regres-
sion is performed on the corresponding lamp vectors
to estimate the most probable direction of the surface
normal vector at that pixel (MacDonald 2014). The
albedo is the magnitude of the normal vector, and its
appearance is surprisingly dark (Fig. 6.35 left). The
normal vectors are represented in Figure 6.35 (right)
by the conventional false-colour coding scheme with
X components in red, Y in green and Z in blue.

The second stage of processing is to determine
the specular vector at each pixel, i.e. the direction of
maximum specular reflectance. First, the specular quo-
tient (ratio) is calculated between the actual intensity
value and the diffuse component for each lamp. This
would be the black value divided by the magenta
value for each of the 64 points in Figure 6.35. For semi-
matte surfaces the quotient values are typically in the
range 0.5 to 2.5, but for high gloss and shiny metallic
surfaces they may be very large. In this case the gold
band has a bright lustre rather than a brilliant shine,
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Figure 6.36. Image components: (left) specular quotient, (right) specular colour.

with a maximum specular quotient value of 67.5 and
mean of 11.2 with standard deviation 2.7 (Fig. 6.36).

One might suppose that the specular angle should
be exactly double that of the normal, as it would be for
a perfect mirror surface, but in fact there is a great deal
of variation. This is caused by granularity of the metal-
lic gold and surface imperfections, such as scratches
and dust, which cause perturbations in the direction of
the strongest reflectance. The scatter is clear when the
specular angle relative to the Z-axis is plotted against
the normal angle for 10 000 points randomly selected
throughout the gold band region of the image (Fig. 6.36
left). Instead of lying along the line of slope 2, they are
spread over a wide range of angles, both greater than
and less than the normal angle. The horizontal lines
of red dots in the figure are computational artefacts,
where the specular vector lies exactly toward the
lamp, in this case in the second tier of the dome with
an incident angle of approximately 26°.

The specular colour at each pixel is computed
from the colours of the selected specular values, using
the same weighting factor derived from the specular
quotient. The result is shown in Figure 6.36 (right) and
itis apparent that the specular colour of the gold band
is lighter and less saturated than the albedo colour in
Figure 6.36 (left). The relationship of the angles can
be explored by plotting corresponding values for a
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random selection of 10,000 points throughout the area
of the gold band. In the 3D scatter plot of Figure 6.37
(right) the albedo colours are shown as black dots
and the specular colours as red dots in a normalized
R,G,B cube. Also shown are lines representing the first
principal component of each cluster of points, which
tend in different directions. The albedo (body colour)
is darker, whereas the specular colour is lighter and
closer to the neutral axis, although the specular data is
more scattered. Both are below neutral on the blue axis,
meaning that both are yellowish. The two vectors in
RGB colour space (denoted by the red and black lines
in Fig. 6.37 right) may be considered as equivalent to
the interface and body colours identified by Shafer
in his proposal for a dichromatic model of reflection
from a material surface (Shafer 1985).

The angular distribution of the specular quotient
around the specular peak has been found for a variety
of materials to be modelled well by a modified Lorentz-
ian function, which takes the form of a curved peak
plus a linear flank (MacDonald 2014). The parameters
of the curve are determined for each pixel by fitting
the distribution of specular quotient values in the
polar plane (Fig. 6.38 left). The function generated
by the mean parameter values over all pixels in the
gold band has an angular width at half-maximum
amplitude of 17.5° (Fig. 6.38 right). This is in good
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agreement with values found in other studies of gold
(Lee at al. 2006). Note that the specular reflection is
not restricted mirror-like to the specular peak angle,
but extends over a wide range of angles, which gives
gold its characteristic lustre. Without this broad flank
in the specular reflectance distribution, the render-
ing of gold would be darker with scattered pinpoint
highlights and would not be realistic.
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The complete model for rendering images under
a single light source adds the diffuse and specular
terms. This gives images that are realistic in appearance
and a good match to actual photographs. Figure 6.39
juxtaposes the actual photographic image taken in the
dome illuminated by lamp 60 (high up in the dome to
the right) with the rendered image illuminated from
the same angle. Although not identical, the two are
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Figure 6.39. (left) Original photograph and (right) rendered image, both illuminated from same hemisphere coordinates
as original lamp.

similar in terms of the overall tonality and distribution
of highlights. Because the model is based on a continu-
ous function of angle, images can be rendered for a
virtual light source at any position in the hemisphere.
Thus, the colour of gold can be represented as a
sum of two components: a dark reddish-yellow ‘body
colour’, the albedo corresponding to the diffuse reflec-
tance from the material, plus a bright yellowish highlight
with a broad angular distribution around the specular
peak. Multiple reflections from facets on the surface may
cause the spectrum of the reflected light to be multiplied
and hence to appear darker and more saturated. When
the object is diffusely illuminated, with incident light
from many directions, the characteristic golden radiance
suffuses the whole surface and brings it to life.
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