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We present reflectance transformation imaging (RTI) as a documentation tool for visualizing and recording the
treatment of coins. RTl—a computational photograph technique that calculates light positions—allows interactive
relighting for vision. Virtual light enhances surface details for examining morphological difference. By applying Dome
RTI method, stages of conservation treatment were recorded to enhance the overall characteristic features of the
relief upon the coin surface, and then detect and identify weathered characters. Patina removal and consolidation
were documented along with the original state; a significant difference in the coin’s surface was observed using differ-
ent filters of the RTl viewer. Specular enhancement and normal visualization results were most effective for detecting
the change in morphology and reflectivity. Microscopic RTl was applied to visualized minimal changes of characters
of coin 1 showed changes in the cleaning of dirt and removal of alumina
powder. The character “Jt” of coin 3, originally covered by a thick patina, revealed clear strokes using virtual relight-
ing through RTI. These documentation images indicate that RTl is a promising tool to support manual recording of
conservation stages and, furthermore, allow detection of areas difficult to visualize through the human eye.
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Introduction

Documentation of the treatment process is important
for cultural heritage because the record itself is critical
information for re-treatment as well as an ethical obli-
gation for the conservator. Preservative procedures—
from examination by the human eye, recorded notes and
sketches, and digital photography to scientific analysis—
are all valuable for understanding the status of an artifact.
Most documentations are supplemented with multiple
photograph images and detailed notes. However, no mat-
ter how detailed the explanation of the conservator or the
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photographed images, there are limitations to recording
accurate and specific details of the artifact’s surface. In
this respect, reflectance transformation imaging (RTI)
can be an effective tool to aid human vision and record
morphological surface and texture.

RTI is an advanced technique using raking light,
whereby multiple light sources are distributed over a
hemispherical dome and processed using hemispherical
harmonics [1, 2]. It allows interactive re-lighting of the
object by saving the data of the light vector on to every
pixel. Details hidden because of light and color distortion
can also be revealed using RT1 viewer filters. Its enhanced
vision reveals shallow reliefs and reflectiveness by shad-
ing different light angles and excluding color values.

In the literature, studies using RTI have yielded promis-
ing results on various ranges of material and type—from
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near-2D artifacts like inscription tablets to 3D artifacts
like Greek vases [3-5]. RTI is used in diverse environ-
ments within the field of archaeology in order to record
and reveal manufacture techniques. Dome RTIs are
especially used in indoor laboratories and highlighting
methods are used in field environments where manual
capturing is required [6, 7]. Smaller dome types have also
been developed for outdoor usage, such as in the stud-
ies of Florindi et al. and Porter et al. [8, 9]. In a more
recent study by Greaves et al,, 3D methods were incor-
porated into RTT in order to record accurate metric data
[10]. RTT has long been recognized as a practical tool for
documenting and evaluating conservation treatments by
visualizing the change in surface [11-14]. The tool has
especially produced outstanding results in understanding
hidden information and methods for production when
used to examine cultural artifacts with a relatively shal-
low surface, such as manuscripts, textiles, and paintings
[15-19].

Indeed, since its earliest development, RTI has been
used to study ancient coins because, first, owing to their
small size, the rusty surface with legends and symbols
of coins are difficult to visualize; and, second, coins have
shallow reliefs that once would have been shiny and
reflective, but are now left with corroded surface. We
know that RTI has been successfully used for ancient
European coins as a documentation method and for
interactive contents. In 2005, Mudge et al. reviewed
coins from the Hospice of the Grand St. Bernard using
a manual system of a polynomial texture map that con-
sisted of a tripod and an extension arm [20]. The authors
show RTI to be a superior method compared with tradi-
tional numismatic documentation and structured light
3D acquisition for high-quality documentation. Similarly,
Kotoula and Kyranoudi found that RTT assists coin iden-
tification—Greek and Roman coins, in their case—and
further emphasized its advantages for documentation
and monitoring of the cleaning process of small-sized
artifacts [21]. RTI as an interactive kiosk for storytell-
ing of coin collections also demonstrates its usability in
museum education [22, 23]. Indeed, the success of RTI
has motivated scientists to improve its capturing abil-
ity and combine it with other techniques for evaluation
studies. Ciortan et al., for example, presented a practical
acquisition and processing pipeline based on free-from
RTI, where coins were used to evaluate the result [24].
Hess et al. reviewed RTI with other imaging and analyti-
cal techniques to determine the feasibility of digital tech-
niques and their contributions [25].

While the studies discussed above explore in great
depth the applications of RTI in documentation, moni-
toring, and conservation, there are fewer studies that
record changes during the stabilization and consolidation
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process, the last stage of conservation. These stages
especially change the surface color and reflectivity of
metal artifacts because of the application of a solution
that impregnates the surface of the object. In this study,
we applied RTI to examine the result of each treatment
stage and reveal information hidden under the surface.
Through a recording conservation treatment using dome
and microscopic RTI systems, the change in visual char-
acteristics and morphological features was maximized.
Three Asian coins from the Joseon dynasty were selected
for documentation of the conservation process. Many
of these ancient coins were used in everyday life as a
medium of exchanging goods, leading to natural wear on
their surfaces. Then, a significant amount of time under
harsh conditions has led them to develop extensive pat-
ina, often of an insidious type, causing the metal body to
crumble, leaving a pitted surface.

Materials and methods

Joseon dynasty coin

The Joseon dynasty began the minting of coinage to
mostly overcome the constraints and inefficiency of the
bartering system that commonly used cloth and grain.
Paper money was first established in 1401, during the
early Joseon dynasty. Only two decades later, the first
Joseon-dynasty coinage was minted as Joseon-tongbo (
HAfF B ) in 1423. However, after the Imjin war (1592—
1598) ended with the withdrawal of Japan, the culture
and economy suffered collateral damage. One of the
measures the government implemented to stabilize and
re-build the country was to mint coins. In 1678, Sang-
pyeong-tongbo ('F 1B H ) were newly cast, which contin-
ued until 1894. These coins remained widespread even in
the period of Japanese colonial rule.

In this study, we review the most common of the
Sangpyeong-tongbo, namely, Dangiljeon and Dangi-
jeon. These individually represent the value of “one” and
“two” All Sangpyeong-tongbo have four identical char-
acters, ' JEH, in the obverse side. Currency value,
province, and the governmental office that produced the
coin were embossed on the reverse side, which some-
times displayed a number or an astronomical symbol
representing celestial figures, or other characters. These
coins are mainly from the late Joseon dynasty period, and
were sandcasted using a mother coin for duplication, as
described in The Korean Review [26]. The minting tech-
nology was derived from China, although the minting
technique and components changed throughout the time
of the coins’ production and usage [27-30]. These kinds
of coins are quite common and plenty in Korea because
they had been in use until a century ago. Like most coins,
they were used in everyday life, as evidenced by the
scratches and chipped marks on their surface, as well as
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heavy corroding that has covered the characters, making
the inscriptions on coins difficult to interpret.

Conservation treatment

The conservation process involved cleaning, stabilizing,
and consolidation, in that order. A pre-examination of
the current status was done to record the structure and
the corrosion of the coins (see Table 1). The obverse and
reverse images were captured with a Nikon D850 digital
camera.

The coins were cleaned after examining their current
status. Tertiary patina on the surface was gently removed
with a wooden pick and brush. Corrosive substances on
the surface were removed with a cotton swab using an
abrasive (alumina powder 0.3 p) diluted with distilled

Table 1 Examination of the original state before treatment
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water. Corrosion and dust were visualized with an opti-
cal microscope (see Fig. 1). Coins 1 and 2 showed evi-
dence of cuprite, the first product of copper corrosion,
with specks of malachite, which is the secondary patina,
a transformation of cuprite. Coin 3 had additional con-
tamination over and underneath the secondary patina—
mainly soil, and dust with some sand in pits from the
sandcasting work. Some areas where malachite was heav-
ily formed were physically removed using dental tools
and a surgical knife under an optical microscope follow-
ing the basic procedure of coin conservation [27]. The
chlorides were gently removed to the point where the
primary patina was revealed. Residual foreign substances
were removed with a soft brush using ethyl alcohol and
acetone, and then dried naturally for more than 24 h.

No Inscription Original state

Weight size Obverse/reverse

1 Obverse: i Y A small corrosion of blueish green (malachite) on the front and 6.83g
BE overall dark color patina (cuprite) formed on the back 30.0 mm
Reverse: {1/ —
2 Obverse: 7 Some areas of blueish green corrosion (malachite) on both sides; 4189
B some dark color patina areas (cuprite) 249 mm
Reverse: 2%/F/)
3 Obverse: ¥ Overall corroded in blueish green (malachite) and dark patina 4179
B (cuprite); some areas showing blue (azurite); inscribed letterson ~ 24.6 mm
Reverse: 3l the back of the coin are not clearly identified owing to corrosion

Fig. 1 Microscopic image of corrosion and dust in a Coin 1, b Coin 2, and ¢ Coin 3
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Consolidation was done to stabilize and protect the
metal body and surface from further chemical reaction.
To control the further activation of chloride, the coins
were immersed in 3% benzotriazole dissolved in ethanol
at room temperature. After impregnation, the surface
was wiped several times and naturally dried to ensure
no residue remained on the surface. The material was
reinforced through treatment using Incralac® (85% of
acetone: toluene 1:5, 14.6% of Paraloid® B-72, and 0.4%
benzotriazole), which blocks re-corrosion factors, mois-
ture, and contaminated air from the metal surface. The
coins were again immersed into the Incralac® for more
than 6 h to penetrate the coin to form a protective film on
the metal. The film was left to fully dry under room tem-
perature for more than 12 h. The coins were finally wiped
with Kimwipes® to prevent excessive chemicals from
remaining on the surface, which can create an unwanted
glossy surface.

Reflectance transformation imaging

Dome RTI

The RTI images were captured using a dome-type RTI
system (Fig. 2). The RTI has a rail system for height
adjustment and mobility. The LED circuits were con-
nected in parallel to lessen structural sensitivity. Each
group of dataset had 45 images, captured with a Nikon
D850 DSLR camera with an AF-S Micro Nikon 105 mm
1:2:8G ED lens. We attained 8256 x 5504 pixels per image
with a CMOS sensor type camera. As shown in Fig. 1, the
inner wall of the dome had a 50 cm radius, and 45 LEDs
were attached in a geodesic order to obtain equal light-
ing angle and distance for every image. The angle to the
surface of the coin was L1, 5 to 10°; L2, 25 to 40 degrees;
L3, 50 to 65°% and L4, 70 to 80°. The 45 set of LEDs had
a color temperature value of 4000 k, which is a neutral
white color considered to be the midpoint between warm
white and cool white. These LED were selected as a light
source for correct color reproduction compared with
other studies that used various color temperature types of
LEDs. A black glossy ball was used to register each light
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position to create a light position (Ip) file for this array.
The acquisition time for one sequence was two minutes,
which was started by pushing a button from the control-
ler. The images were captured in a RAW file to save the
full metadata of the coin. This information was recorded
together with each RTI dataset and can be critical infor-
mation for later data analysis and also serves as a digital
replica [12]. Using Adobe Bridge®converter, the images
were exported as.jpeg files. The captured images were
processed with the Ip.file using the RTI Builder software,
provided as an open source software by Cultural Heritage
Imaging [31]. The final file was processed by selecting a
polynomial texture map (.ptm) format or a hemispheri-
cal harmonic (.rti) format [1, 2]. We chose the latter for-
mat because it guaranteed better reproduction [32]. The
result of the rendering process can be visualized through
the RTI viewer. The image can be virtually re-lighted in
different directions in real time and its color, texture, and
reflective property can be adjusted through filters. The
approximate spatial resolution for pixel per mm was 5.7.

Microscopic RTI

The microscopic RTI was performed using an opti-
cal microscope and a single LED, as shown in Fig. 3.
Zeiss Smart Zoom 5 was selected to acquire micro-
scopic images. The significantly wide working space
(16 cm x 16 cm) allowed for the shedding of light in
different directions around the characters on the coin’s
surface. We attained 1600 x 1200 pixels per image with
a CMOS sensor type camera. A highlight method was
chosen for RTI image capturing using a 2 mm (r) black
shiny ball for the acquisition of each light position. The
ball was placed near the area of interest, but not above or
too close because of the disturbance of shadows formed
by the ball. While other methods such as built-in devices
do exist, the highlight method which is done by shedding
light manually was practical, given the time required for
capturing and the sufficient space around the stage to
shed light in different angles compared with developing
a new device [15]. An average of 40 images were captured

(a)

L1: 15 LEDs
L2: 15 LEDs
L3: 10 LEDs
L4: 5 LEDs

=== [ Y e

Fig. 2 a Dome type RTI system and camera stationing; b interior image of RTI shooting system; ¢ LED distribution
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Fig. 3 a Microscopic RTl; b location to be captured under the microscope examined 20 times the actual size

Oiﬂlxlmg F s

for each set. The acquisition time was approximately
three minutes to manually move the LED light from one
position to another from the desired distance and angle.
The captured images were equally processed through the
RTI Builder, and then visualized through the RTI Viewer.
The approximate spatial resolution for pixel per mm was
3.8.

Results and discussion

Documentation of treatment stage using dome RTI

Virtual relighting and filters were applied to visualize the
status of each coin. Yellowish brown dust that was piled
near and between the characters were clearly observed in
all three coins. An area covered with dirt in Coin 1 had
a different surface specularity, as seen in Fig. 4a. During

cleaning, the dirt was removed to reveal a hole in the sur-
face, which was observed as a dark empty area in Fig. 4b.
The surface of the pit revealed no sign of corrosive sub-
stances; therefore, the pit may have been a minor flaw
that occurred during the casting of the coin. The wide
rim surrounding the characters showed much deeper
scratches after cleaning.

The RTI image effectively shows the dynamic change
of surface morphology before and after cleaning stages
in Coin 3 (Fig. 5). The cleaning process showed a visible
difference in normal variation when we compared the
changes in the RGB color components, where RGB cor-
responded to the X, Y, and Z coordinates, respectively, of
the surface normal. The original state that had a relatively
even blue color changed to a mixture of red, green, and

cleaning, ¢ light coordinate (where x is —0.20 and y is 0.00)

Fig. 4 Visualization of dirt removed from hole on the reverse side of Coin 1 acquired by dome RTI specular enhancement: a original state, b after
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Fig. 5 Change of surface morphology in the reverse side of Coin 3 visualized by normal vector map image acquired by dome RT!: a original state, b
after cleaning state showing different normal variation

blue, especially near the characters, indicating changes in
surface morphology.

The sandcasting methods left an uneven surface with
shallow pits made by sand grain, where abrasives for
cleaning resided after polishing the coins. These areas
were checked under the microscope and visualized
using RTI diffuse gain filters (Fig. 6). Diffuse gain filters
increase the representation of the height depth, that is,
the points at which the height of an area quickly changes
on the surface. In Fig. 6b, dark lines visualize the differ-
ence in height depth around the areas where white alu-
mina powder is pitted. This area was then analyzed with
a Hitachi S-3400N scanning electron microscope—energy
dispersive spectroscopy (20 keV, magnification of 300x,
working distance of 10 mm) to confirm the white residue
powder as alumina. As shown in Fig. 6d, alumina (Al)
was detected in that area (Al 2.55%, Si 0.42%, Fe 3.30%,
Cu 87.67%, Zn 0.26%, Sn 1.47%, Pb 4.17%). Meanwhile,
the average composition of the other positions in Coin 1
(Si 0.81%, Fe 2.31%, Cu 62.25%, Zn 8.57%, Sn 8.50%, Pb
20.90%) was observed to be similar to the ranges of the
Joseon Dynasty coins [29, 30]. The after-cleaning stage
was recorded using RT1I prior to the stabilization stage to
ensure no residue was left behind, and the abrasive was
removed before moving on to the next stage.

The final stage after consolidation was also captured
using RTT to record all three stages (Table 2). The images
in Table 2 were all acquired under the same RTI light
position. Specular enhancement images and normal map
images were selected to record the changes of the coin’s
surface because these filters best visualize the change in
surface reflectivity and morphology.

Figure 7 shows a better visualization of the changes
in surface specularity. Comparing the original state and
the after-cleaning state of Coin 2 shows that the surface

became glossier through cleaning of dust and patina. In
comparison, in the after-consolidation state, the coin
appears dark and blurry. This is because specularity
diminishes because of the coated layer of Incralac® as a
result of stabilization and consolidation.

Detailed visualiztion using microscopic RTI

Detailed images were attained using microscopic RTI
with a magnification of 20 and 30 for Coin 1 and Coin 3.
The letter “##” in Coin 1 was taken to examine the process
of excluding corrosive substances near the upper area of
the inscription. Each stage of treatment was visualized
with different filters (Fig. 8). The most substantial change
was observed when we compared the specular enhance-
ment and normal map images. Specular enhancement
showed the change in surface morphology, where deep
scratches under the dust were revealed. The normal map
images also showed the same features, where normal vec-
tors were transformed into the RGB color component.
However, deep scratches were more apparent in specu-
lar enhancement images because of the filter effect used
reflectivity as a tool for vision. Also, the removal of for-
eign matters can be visualized through the normal map.
Yellow dust packed in the pits of the sand-casted surface
were thoroughly removed from the surface, and this
change can be seen in a comparison with the normal map
image. The after-consolidation images revealed the result
of coating of solution, where shallow scratches and dents
from everyday usage were filled, as shown in Fig. 8c. Coin
1 showed a significant difference in color between the
microscopic image and the RTI result. The microscopic
image was captured using stationed light attached to the
microscope. All three results of the original microscopic
images gave poor results in color and detail. The image’s
true color was not attained, because of the microscope’s
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Fig. 6 a Location of abrasive residue and b magnification of white box area a using diffuse gain filter; c analysis of abrasive residue using scanning
electron microscope—energy dispersive spectroscopy and d detected peaks of selected region where alumina spectrum (Al) is shown
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light source, whereas in the RTI-Normal Unsharp
images, realistic color was attained. In addition, the origi-
nal microscopic image lacked surface detail because of
the reflective features of the surface, whereas the RTI-
Specular Enhancement and RTI-Normal Map revealed
scratches and sand-casting marks upon the surface.

The character “Jt” in Coin 3 was revealed through
RTI observation. As shown in Fig. 9a, the microscopic
image scarcely revealed the character. Similar to the
case above in Coin 1, original microscopic images of
Coin 3 yielded less-effective results because of the
reflection and gloss of the coin’s surface especially
after cleaning and consolidation. However, through the
application of RTI, a hint of the character’s shape was
revealed. The cleaning process of the heavily covered
patina was aided through the RTI result. After cleaning,
areas of corrosive substances that were visualized in the

normal vector map as red and green were removed to
reveal the original surface, which shows as blue. The
blue color indicates the z axis (0, 0, 1), corresponding to
a vector facing directly out from the surface. The result
of the removal of cupric rust can also be seen in the
specular enhancement image. Specular enhancement
image (b) also revealed a chipped area at the lower left
stroke, which was not detected in any of the original
microscopic images.

In Fig. 10, horizontal and vertical strokes of the char-
acter “JG” in Coin 3 were dramatically visualized with
specular enhancement filter by shading different direc-
tions of light. Compared to images of Fig. 9 which were
captured under a perpendicular light angle, images of
Fig. 10 gave better visualization by shading different
light angles. The strokes were best visualized when
shading light in a vertical angle to the stroke of interest.
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Table 2 Normal vector map and specular enhancement on the obverse and reverse sides of coins acquired by dome RTI: (a) original
photograph image; (b), (d), (f) specular enhancement filter; (c), (e), (g) normal vector map; O and R stand for obverse and reverse,

respectively

N Photograph RTI image
o.
image Original state After cleaning After consolidation
a b c d e f g

Conclusions

Through this study, we find that the most advantageous
features of RTI are in visualizing the changes in the pro-
cess of conservation. The images themselves can be
used as an interactive tool to evaluate the current status
and record the process and result of conservation. In
addition, the two types of RTI methods herein yielded
detailed information, with a marked reduction with
regard to light control and stage preparation than original
photography. In particular, the characters and scratches

from everyday usage hidden under the dust and patina
were better visualized through RTI filters. In some areas,
RTT images helped detect the strokes of the characters in
the initial stage of conservation. RTI imaging filters such
as specular enhancement and normal map filters helped
detect characters covered with patina. Diffuse gain filters
corrected areas with a build-up of alumina residue.
Overall, RTI shows promising results in recording
changes in both broad and detailed surfaces. Through
Dome RTI, the overall change in surface reflectivity,
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Original State After Cleaning After Consolidation

Fig. 7 Different features of reflectiveness of Coin 2 after the process of cleaning and consolidation (magnified images from Table 2): a obverse side
and b reverse side

.

RTI-Specular Enhance

ent RTI-Normal Map

Fig. 8 Microscopic RTl image of character “#" of Coin 1 observed with various filters: a original state, b after cleaning, and ¢ after consolidation
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Original Image RTI-Normal Unsharp

Fig. 9 Microscopic RTl image of character“7t"in Coin 3 observed with various filters: a original state, b after cleaning, and ¢ after consolidation

RTI-Specular Enhancement RTI-Normal Map

as well as features such as scratches and chipped areas
resulting from everyday usage were revealed. Micro-
scopic RTI captured changes in characters where
morphological changes on the surface were recorded
after cleaning and coating, whereupon scratches were
revealed and then filled up with consolidation solution.
Furthermore, better character recognition was possible
by virtually relighting the characters of the coin. In par-
ticular, the after-consolidation images can offer insights

to conservators on minimal surface change, such as
reflectivity and applied state of coating.

Finally, the documented results reinforce the myr-
iad applications of RTI. For example, RTI images can
be a practical option for rapidly corroding artifacts
excavated from harsh environments because they can
allow conservators to sensitively and thoroughly detect
changes in the artifacts’ surface using virtual re-lighting
and RTI filters. Moreover, RTI specular enhancement

direction of the light

Fig. 10 Visualization of the strokes of the character“Jt"in Coin 3 by different angles of light. The highlighted spot on the sphere marks the
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images can serve as digital rubbing images. This can be
a possible alternative method to traditional rubbing,
as the latter may cause harm to the artifact in several
ways, such as contaminating the surface with ink stains
or blunting details on the weakened surface.
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