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Abstract
This article examines the development of a low-cost and portable set-up controlled by an Arduino board to perform 
Reflectance Transformation Imaging technique, from the information derived from 45 digital photographs of an object 
acquired using a stationary camera. The set-up consists of 45 high-intensity light emitting diodes (LEDs) distributed 
over a hemispherical dome of 70 cm in diameter and a digital camera on the top of the dome. The LEDs are controlled 
by an Arduino board, and the user can individually control the LEDs state (ON or OFF) and duration of illumination. An 
old manuscript written with iron-gall ink and a set of 1 Euro coins mint in 2002 were photographed with the set-up. The 
interactive re-lighting and the mathematical enhancement of the object’s surface revealed corrosion, loss of material, 
scratches and other details, which were not perceived in standard images. These unique features, which can be extracted 
using edge detection processing, have immediate application in different fields such as cultural heritage or forensic 
studies, where they can be used as fingerprints to identify unique objects, allowing also recognizing the use of tools to 
alter the surface of coins to increase the price in the market.

Keywords  Arduino · Low-cost dome · Reflectance Transformation Imaging · Coins recognition · Degradation 
visualization

1  Introduction

Reflection Transformation Imaging (RTI) technique allows 
the visualization of the relief of the surface of an object 
allowing a better representation than the one obtained 
through a single standard image, since surface self-shad-
owing or inter-reflections are recorded, enhancing thus 
the realism of the final image.

RTI images offer several advantages when compared 
to standard images, providing a quick overview of the 

texture of an object and enhancing details of the image by 
a moving virtual light source. Results from RTI technique 
were very useful to identify morphological changes [1, 2], 
craquelure, planar distortion, wood grain, canvas weave 
and pentimenti on several paintings in a museum environ-
ment [3]. In this context, when compared with traditional 
raking light photography, RTI offers several advantages 
such as the control and knowledge of the exact position 
and angle of the light and thus the reproducibility of the 
results.
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The possibility to visualize surface details otherwise hid-
den in a standard photography can be one of the reasons 
why this technique is being widely used to study cultural 
heritage objects, led by the US nonprofit corporation “Cul-
tural Heritage Imaging” [4]. This corporation, jointly with 
a team from the Universidade do Minho (Portugal) [5], 
were the primary developers of the RTI Builder tool [6]. 
It enables to manage all aspects of building Reflectance 
Transformation Images, also known as rti files using the 
Polynomial Texture Mapping (PTM) fitter software, devel-
oped by HP [7], which allow to compute an approxima-
tion of the reflectance function at each pixel of an image 
obtained using a fixed digital camera and a moveable, 
stable light source in a way that the distance between the 
light source and the surface remains constant.

RTI technique allows the visualization of the surface 
details which are enhanced by the different light direc-
tions and the computation, at each pixel of the image, of 
the reflectance function. For this, it is assumed that the 
reflectance varies with the light direction while the chro-
maticity is independent of it. The use of the PTM fitter 
software requires the knowledge of the light source posi-
tion for each digital image as input data, to reconstruct 
the reflectance function. This can be easily computed from 
the coordinates of the geometric centre of a glossy dark 
sphere (which is next to the object under investigation, 
remaining fixed across the image set acquisition, and also 
photographed) and the geometric centre of each highlight 
reflection in the sphere [8].

The RTI Builder software detects the glossy dark sphere 
in the input digital images and produces the light vector 
positions required to build the rti file. Additionally, the RTI 
Viewer software [9] or WebRTIViewer [10] enables to view 
and explore those rti files, allowing the user interaction as 
the possibility to move light to any angle, or to apply dif-
ferent mathematical filters available, such as diffuse gain, 
unsharp image or normal visualization.

RTI technique can use low-cost and non-specialized 
equipment, being the camera and lens the most expen-
sive components. It is also relatively easy to perform, but 
some guidelines should be considered such as the perfect 
control of light intensity constancy during the shots (con-
stant illumination from each direction), and the stability 
of the camera, object and glossy dark sphere during the 
capture sequence.

Different set-ups have been developed to obtain RTI 
images. Earl et al. [11, 12] employed two types of RTI 
systems: a monitored rotating arc which can have up to 
sixteen low-output LED light sources and a fixed cam-
era; a hemispherical mesh where light sources are placed 
and a fixed camera, used for small objects. Newman et al. 
reproduced the surface of bones using a moveable light 
source (handheld flash) around the object along the 

surface of a “virtual light dome” [13] defined at a fixed 
distance from the object. Porter et al. [14] developed a 
portable rig out of PVC sheets consisting of a rotating 
arm with small flashlight fixed at different heights and 
angles, and a circular ring to guide the placement of the 
arm at fixed intervals around the object. Morita et al. [15] 
developed a RTI system where illumination was made 
by a 168 LED lamp manually operated for small objects 
or by an halogen lamp for big objects (a column of a 
cemetery). Piquette [16] developed a dome of 1 m in 
diameter with 76 LED light sources located at different 
positions around each circle at 15°, 40°, and 65°. Other 
dome design can be found in [17], where Palma et al. 
developed a dome of aluminium shells with 116 cold 
white LEDs, computer controlled synchronizing the 
switching on of each LED with the shutter of the camera.

Examples of RTI applications in the field of cultural 
heritage are diverse [11–20]. In general, small objects 
such as bone artefacts [13, 15] or metallic objects 
(mostly coins) [12, 17, 19–21] are the most character-
ized. With RTI it is possible to enhance the visibility of 
intentional modifications, tool marks, engraving details, 
etc. [7, 11, 14, 16, 19] being very useful to document 
the objects. In the case of archaeological textiles, the 
examination is usually made by visual inspection with 
low power magnification, but the use of micro-RTI (by 
using a microscopy) allowed the visual representation 
of the weave, fibres, surface and patterns of decay and 
erosion [22], avoiding inadequate handling and misiden-
tification of raw materials. Regarding ancient documents 
(parchment, papyrus or paper media written with iron-
gall inks or other pigments), RTI technique can be used 
to digitalize them, allowing the visualization to external 
researchers without the need of handling. Furthermore, 
combining RTI with spectral imaging [23, 24], also known 
as spectral RTI, it can be possible to read illegible letters, 
distinguish letters or symbols, and visualize the evidence 
of corrosion, or ink stains that cannot be distinguished 
by the human eye.

In this work are shown results from two different 
objects (an old manuscript and coins) acquired with a set-
up developed by the group. The system was conceived 
for allowing it to be used in several different locations to 
study a wide variety of objects (size and materials), and 
being easily operated by anyone, then combining simplic-
ity, versatility and portability with the use of low-cost (and 
lightweight) materials. Considering the set-up developed 
by other researchers [3, 11, 12, 14–17, 23], a hemisphere 
dome with 45 high-intensity LEDs made by aluminium and 
3D printed pieces was developed. The use of an Arduino 
board allows controlling the LEDs and the camera and 
thanks to a user-friendly GUI interface it is possible to con-
trol the set-up and take pictures easily.
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The objects chosen in this work show the versatility of 
the set-up, which is capable of analysing small and large 
objects (about 30 cm × 30 cm). In the case of the manu-
script, this set-up arises with the need of searching non-
destructive techniques to analyse documents with iron-
gall ink which suffers from foxing stains and degradation 
due to the ink and inappropriate storage conditions and 
manipulation. By using this technique as a first approach 
in the characterization, regions of interest can be easily 
found to be further studied by other non-destructive tech-
niques [25–27]. In fact, due to the reproducibility of the 
RTI technique, it can be used as a method to study the 
progress of degradation over time and thus be able to take 
appropriate conservation and restoration procedures [24].

In the case of coins, it is intended to go a step further in 
the characterization of this type of object. The objective is 
to check whether the coins can be individually character-
ized by the surface irregularities. They may appear during 
the minting process (e.g. a crack in the die leaves a distinct 
mark on the coin surface) and/or afterwards on the daily 
circulation. They range from almost unnoticed to very pro-
nounced and its pattern, enhanced by mathematical algo-
rithms [28], can provide a unique fingerprint of the coins. 
This is appealing in the market of expensive/rare coins by 
providing a unique identification of each coin in case of 
loss or theft. Also, forgers’ marks of surface manipulation 
can be disclosed, being a very useful technique for the 
forensic science.

Fig. 1   a Representation of a 3 V 3/8 using the Fusion 360 software; 
b the final 3 V 3/8 dome set-up constructed with LEDs in the verti-
ces fit in the plastic junctions designed using Fusion 360 software 
and printed with a 3D printer using PLA filament; c junction for 
lengths type AAAAA; d junction for lengths type CCC​CCC; e junc-

tions for lengths ABBBCC (Lengths A, B and C are referred in the 
text); f photograph of a plastic junction where tubes fit by a cylin-
drical section opened 116° and detail of how driver and LED group 
are positioned in the junction
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In both cases, and in general, although there are availa-
ble other analytical techniques such as optical microscopy 
(2D or 3D), 3D-scanners to visualize in detail the surface 
of cultural heritage objects or the measurement of the 
roughness and reflectance spectra (colour) of the surface 
of an object to be used as a fingerprint of it [29], RTI tech-
nique offers the extra possibility to external researchers 
to investigate the objects by obtaining the correspond-
ing rti file of each object, avoiding extra manipulation or 
transportation or even surface preparation. Furthermore, 
digital photographs can be taken in the object’s environ-
ment, since the set-up is portable, preserving thus the 
object state.

2 � Experimental set‑up and materials

2.1 � System set‑up

The set-up used to capture the images of the objects is 
composed of 45 high-intensity light emitting diodes 
(LEDs), an Arduino MEGA board and a digital Canon cam-
era. The LEDs are distributed over a hemisphere which 
allows the use of the PTM fitter and also a even distribution 

of the light directions at a constant distance from the 
image centre.

The hemisphere is a 3 V 3/8 Geodesic Dome with 45 
vertices and 0.70 m in diameter. The edges are made of 
aluminium hollow tubes with two dimensions: 8 mm in 
diameter for the edges and 12 mm in diameter for the 
base. These dimensions were chosen to accommodate 
the connection cables, being the base bigger to better 
support the dome structure. Also, there are three types 
of edges with different lengths: A:6.60 cm, B: 8.52 cm 
and C: 8.83  cm, depending on their location in the 
dome: pentagon radius, edge of the pentagon or hexa-
gon, and hexagon radius, respectively. The edges are 
joined by plastic junctions or hubs of 5 cm in diameter, 
designed with Fusion 360 software [30] and printed with 
a 3D printer (FlashForge Dreamer) using white PLA fila-
ment (see Fig. 1). There are also three types of junctions 
(also shown in Fig. 1) which depend on their position 
in the dome: joining lengths type AAAAA (Fig. 1c), join-
ing lengths type CCC​CCC​ (Fig. 1d) and joining lengths 
ABBBCC (Fig. 1e). The tubes fit into the hubs by a cylin-
drical section with an 116° opening (see Fig. 1f ). Fur-
thermore, junctions of the base were also designed and 
printed, according to the design.

Fig. 2   Schematics for Arduino Mega in RTI system. Only two LEDs connected to the corresponding RECOM driver are shown. The three black 
dots represent the other 43 LED-driver groups
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Independent OPULENT Rebel-Start LEDs (LXW8-PW50) 
were used, which provide a high flux density and ANSI 
white light, similar to a flashlight. An advantage of using 
LEDs for illumination, and being ON during short time, 
is that limits the amount of damaging light on sensible 
objects, such as paper or paintings, and the thermal expo-
sure is minimal. LEDs are distributed over the dome (they 
cover a range of inclination from 15 degrees above the 
horizon to 65 degrees above the horizon), jointly with a 
LED driver (RECOM RCD-24-1.00) with a current limit of 1 
A, providing thus a constant-current output for LEDs and 
then constant flux illumination. Both, the driver and LED 
group, fit in the plastic junctions as it is shown in Fig. 1f.

Prior to assemble the dome, each LED and driver group 
was tested. The test consists of measuring the luminous 
flux at 1 m from the light source by means of a ALX-1300 
Lux Light Meter, discarding those groups with lower or 
higher flux. Each LED-driver group used for the set-up 
have a similar illuminance (110 lx).

An Arduino MEGA 2560 microcontroller board based on 
the ATmega2560 is used to individually control each LED-
driver group. It has 54 digital input/output pins (of which 
15 can be used as PWM, pulse width modulation, outputs) 
and 16 analog inputs [31]. The use of Arduino boards to 
develop acquisition systems in different fields of science is 
increasing along the years, see for example [32, 33].

A scheme of the circuit is shown in Fig. 2. For the LEDs 
status to be OFF by default, when turned on the set-up, 
the PWM value of the control signal must be 100%, so a 
pull-up resistance (10 kΩ) is included (R1 and R2 in Fig. 2). 
It should be noted that all connections and cables are not 
visible, favouring the aesthetics of the set-up. Further-
more, the system is designed in such a way that it can be 
divided in half to facilitate transportation.

The images are captured by means of a Canon EOS 
700D camera placed on the top of the dome in a stable 
and horizontal position (checked with a bubble level), 
being the camera-object distance of 37 cm. In this con-
figuration, the camera views the object from directly 
above. To avoid movements or vibrations, the camera can 
be remotely controlled, either using remote capture soft-
ware or by the Arduino board. The camera and the Arduino 
board can be connected to a portable PC, used also to pro-
cess the rti files after acquisition. Size of images acquired 
is 5184 × 3456 pixels.

Digital photographs of the document were acquired 
using a focal length of 35 mm, with f/6.3 and exposure 
1/10 s, fixed for all the acquisitions. Digital photographs 
of the 1 Euro coins were acquired using a focal length of 
135 mm. They were taken with f/6.3 and exposure 1/4 s, 
fixed for all the acquisitions.

The glossy dark sphere to compute the light direction 
is positioned near the object, using a matte black fabric as 
background to avoid unwanted reflections and shadows.

Illumination and acquisition can be controlled either 
from the computer by means of a dedicated developed 
GUI interface, where it is possible to control the trigger 
mode (automatic or manual) and trigger time, or from an 
external unit where it is located the Arduino board, the 
needed circuits and a LCD screen where it is also pos-
sible to choose the trigger mode and trigger time for 
illumination.

After acquisition, the images are imported to the RTI 
Builder software to create the rti file to be read by the 
RTI Viewer software. The later allows to virtually illumi-
nate from any direction and to apply different rendering 
modes that enhance the details of the object’s surface. 
More details are present in [6].

2.2 � Objects

2.2.1 � Manuscript

The manuscript studied, from a private collector, is a docu-
ment from the XVIII century, written on paper with iron-
gall ink. It is a collection of the Laws published during the 
reign of D. Maria I of Portugal (1734–1816, queen since 
1777); it has 8 pages with dimensions of 20 cm width and 
29 cm height. It suffers from loss of material, fox stains 
and degradation due to the ink acidity and poor storage 
conditions and manipulation.

2.2.2 � Coins

The coin collection consists of 10 €1 (7.50 g and 23.25 mm 
in diameter) mint in 2002 by the Portuguese Mint House 
[34]. The €1 golden outer part is made of nickel brass, and 
the silver inner part has three layers: copper-nickel, nickel, 
copper-nickel [35]. The euro coins have one side which is 
common to all EU countries (reverse), and the other side 
(obverse) is specific for each country. For Portugal, the cen-
trepiece is the royal seal of 1149 from D. Afonso I, the first 
Portuguese king (1109–1185, king since 1139). The intro-
duction of Euro banknotes and coins in 2002 was a large 
currency changeover, near 52 billion coins were produced 
by the 12 participating countries, and 100.228.135 pieces 
of €1 coins were mint in Portugal.

2.3 � Processing methods

The scratches pattern on coins was extracted using image 
processing methods integrated in the Wolfram Mathemat-
ica computing system [36]. The edge detection function 
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(finds edges in image and returns the result as a binary 
image) was applied to each input image, adjusting for 
each one the scale of the specified pixel range (r in the 
function) and the threshold (t) to enhance the main fea-
tures. Then, Color Negate function was applied to obtain 
the negative image, where it is easier to visualize the fea-
tures found.

The input images are those images exported from RTI 
Viewer after application of a specific filter. After several 
attempts, the Specular Enhancement rendering mode, was 
found to be the most appropriate since the scratches can 
be easily enhanced and detected.

3 � Results and discussion

3.1 � RTI set‑up

As has been previously stated above, the success of RTI 
technique relies on the knowledge of light source direc-
tion. The illumination of each LED should be invariable 
and positioned at a constant distance from the image 
centre. Figure 3 is a blended image showing all the high-
lights in the set of 45 photographs used to create the 
rti file for each object studied. This image is created by 
the RTI Builder software, which detects the highlights 
on the sphere and computes the light positions. As can 
be observed the LEDs are eventually distributed at the 
dome which is very important for the quality of the rti file 
as can be revealed when using the RTI Viewer software 
where almost all virtual light incidence directions can be 

reproduced, specially for some rendering modes such as 
multi-light enhancement modes, which choose different 
lighting angles for parts of an image in order to enhance 
surface details, optimizing sharpness and brightness.

Fig. 3   Blended image showing all the highlights in the set of pho-
tographs (45) used to create the rti file

Fig. 4   Different displays of a rti file that belongs to the cover page 
of the collection of Laws published during the reign of Queen D. 
Maria I (XVIII century). a Default visualization; b normals visualiza-
tion viewing mode; c details of image with normals visualization 
viewing mode, showing a missing part of the paper; d details of 
image with Diffuse Gain rendering mode; e same detail but using 
Luminance Unsharp Masking rendering mode
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Different filters available in the RTI Viewer were applied, 
depending on the object studied, in order to extract as 
much information as possible.

3.2 � Manuscript

Figure 4a shows the default image (with illumination from 
the top of the dome), without any filter of the cover page 
of the document under study. Some stains, foxing and 
some white parts, for example in “a” and “I” from D. Maria 
I, can be observed.

Deformation, wrinkles and folds are more evident when 
using the normals visualization viewing mode of the same 
image (see Fig. 4b). This viewing mode creates a false color 
image considering the surface normal direction informa-
tion at each pixel of the image [21]. Using this mode, it is 
easier to observe that the white parts observed in Fig. 4a 
are in fact missing parts of the support (paper) as can be 
seen in more detail in Fig. 4c. They are probably related 

to ink acidity and endogenous factors, such as the acid 
hydrolysis of cellulose [25, 26].

Figure 4d, e corresponds to a detail of the cover page, 
using Diffuse Gain rendering mode with raking light 
from the north side and Luminance Unsharp Masking 
rendering mode with raking light from the east side 
of the dome, respectively. The Diffuse Gain rendering 
mode enhances the perception of surface shape of the 
objects, since it represents the directional rate of change 
of surface normal direction, by computing the second 
derivative. In this way, not only the wrinkles are more 
evident but also the smooth texture of letters written 
with iron-gall ink. On the other hand, the Luminance 
Unsharp Masking rendering mode enhances the high-
frequency details, increasing the depth discontinuities 
(edge contrast) without affecting the colour. Then, in 
Fig. 4d texture of paper is enhanced and ink diffusion 
in some letters (for example in “M” or in the boundaries 
of both “a” for Maria) becomes more evident than in 
the default image. These features can be considered in 

#coin Specular Enhancement 

(A) 

Normal Unsharp 

Masking 

(B) 

Edge Detection 

(C) 

1 

2 

Fig. 5   RTI images using: a specular enhancement rendering mode; b normal unsharp masking rendering mode; c edge detection and fea-
tures
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future studies of this document involving non-destruc-
tive techniques to infer the origin, which can be related 
with the presence of impurities in the iron-gall ink such 
as Zn or Cu ions and Fenton reactions [37]. Furthermore, 
these features can be monitored by the RTI technique to 
study the evolution of the deterioration and degradation 
during storage or to control the evolution after conser-
vation treatments [24].

3.3 � Coins

When coins or metallic objects are photographed, 
unwanted specular reflections and shininess usually 
appear in the images. Specular Enhancement rendering 
mode removes the diffuse RGB colour of the digital photo-
graphs and also the specular reflections and the specular 
highlights, resulting thus in the enhancement of the sur-
face shape, making it easier to focus the attention on fine 
surface details, such as engravings and scratches of the 
coins, as shown in Fig. 5.

Furthermore, Unsharp Masking rendering mode can be 
also a useful tool to enhance engraved areas. As described 
above, this mode enhances the high-frequency details, 
increasing the edge contrast, using the surface normals 
vectors, as shown the same coins with this rendering 
mode in Fig. 5.

In both cases surface morphology and individual 
engravings are more recognizable than in a traditional dig-
ital photograph. Furthermore, by using Normal Unsharp 
rendering mode, new details appeared, increasing the vis-
ibility of the edges of the designs.

The signs of usage of these coins (17 years old) can be 
imaged and used as fingerprint for each coin, then allow-
ing their identification among similar coins, or as a proof 
of property in case of theft.

The scratches pattern for each coin extracted using 
image processing methods is shown in Fig. 5 and sup-
plementary information. The red circles highlight the fea-
tures found for each one of them, which are extracted by 
individually adjusting the r and t parameters in the edge 
detection function. From these figures it is clear that 
each coin has a unique set of features that can be used to 
identify without doubt each coin among the set. Most of 
the marks are located in the highest part of the coins, as 
expected, related to the usage of coins in daily life.

This example can be extrapolated to collector coins, 
which can be forged by experts, but probably they can-
not reproduce the exact pattern of scratches of each coin.

RTI technique can be used as the first technique to 
characterize the objects, for instance coins with doubtful 
authenticity, and then proceed to other scientific methods 

to check if the composition matches with other coeval 
coins or objects, see for example [38–41].

4 � Conclusions

A versatile, portable and automatized RTI set-up has been 
developed. The system, based on an Arduino MEGA 2560 
board was found to be suitable for studying different types 
of cultural heritage objects. The low cost and ease of use 
of the system makes it suitable for a wide range of applica-
tions in educational and research environment.

Surface modifications in documents are enhanced by 
RTI technique, offering evidence of iron-gall ink migration, 
surface topography, the texture of paper and ink details 
not shown in standard photographs. The use of Normal 
visualization viewing mode is a very quick way to check 
the flatness and also the loss of material support in cer-
tain places. In this way the RTI can be used to determine 
the areas which need a conservation or restoration strat-
egy. Furthermore, taking sets of digital photographs of 
the document under the same light conditions along the 
time can allow determining the evolution of these areas 
by monitoring surface normals, due to endogenous or 
exogenous factors.

Visible alterations represented when using RTI tech-
nique to coins surfaces can reveal their history on account 
of production techniques marks and usage patterns. These 
alterations can be used as fingerprints to identify coins, 
allowing also to recognize tools application to alter the 
surface of coins in order to increase their price in the 
market.

Edge detection function has been applied individu-
ally for each coin, but the processing method should be 
extended to an automatic processing, testing other func-
tions to detect regions of interest not only on 1 Euro coins.

Images acquired allow a better documentation of the 
objects, and they can be analysed by remote researchers, 
interested stakeholders or the general public, avoiding 
then the transportation of valuable or fragile objects, and 
related costs as insurance. Likewise, the manipulation of 
these objects is minimized, ensuring their conservation 
state by reducing the external factors that can affect it.
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