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Reflectance Transformation Imaging (RTI) is a computational photographic method that captures a 
subject’s surface shape details and enables the interactive re-lighting of the subject from any light di-
rection. Multiple rendering modes of this computational photographic method could be very helpful 
for the analysis of morphological characteristics, among which the normal visualization mode provides 
the three-dimensional details of the surfaces of documents. However, since there might be visual il-
lusions among different examiners, analyzing three-dimensional details just by observing the normal 
maps seems incomplete. With the method developed by the authors, the pen pressures of signature 
samples were experimented on by quantifying the three-dimensional surfaces with the normal data 
derived from the normal maps. By comparison, the 3D data derived from the normal maps of the 
signatures were similar to those generated with Confocal Laser Scanning Microscopy. Normal errors 
were discussed via the quantification method as well. For the inherent error of the RTI technique, the 
methods of error correction were developed by the authors.
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Introduction

Reflectance Transformation Imaging (RTI) was 
first developed for use in association with Poly-
nomial Texture Mapping (PTM) by Malzbender 
et al in 2001.1,2,3 It is a computational photograph-
ic method that captures a subject’s surface shape 
details and enables the interactive re-lighting of 
the subject from any light direction.4 RTI images 
are created from the information derived from 
multiple digital photographs of a subject shot 
from a fixed camera position while under differ-
ent illumination conditions. By some computa-
tional ways, per-pixel surface normal of the sub-
ject (three-directional information) are extracted 
from the two-directional photographs. 

After having conducted several experiments 
on RTI applications in signature examination, 
tampered document examination, printer iden-

tification, paper examination, and so forth, RTI 
was found as an effective method for questioned 
document examiners. The rendering modes of 
this computational photographic method could 
be very helpful for the analysis of morphological 
characteristics, among which the normal visu-
alization mode provides the three-dimensional 
(3D) details of document surfaces that are not 
disclosed under direct empirical examination of 
physical objects. RTI offers a significant method 
for exhibiting pen pressure dynamic (see Figure1). 
However, empirically analyzing 3D details just 
by observing normal maps seems incomplete, 
because there might be visual illusions among 
different examiners. Therefore, the authors have 
done a preliminary study to quantify and measure 
3D data of the normal maps, conducting experi-
ments on the pen pressure of signature samples. 
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handwriting indentations on a paper document 
are around 30µm. This requires much higher ac-
curacy on Z-axis of the surface reference frame to 
capture and measure 3D details of handwriting. 

Metallographic microscopy can reach this re-
quirement. With certain software, successive 2D 
slices captured at different heights can be ‘stacked 
together’ to produce a 3D representation. Con-
focal Laser Scanning Microscopy (CLSM) is an 
optical imaging technique for improving optical 
resolution and contrast of a micrograph by means 
of adding a spatial pinhole placed at the confo-
cal plane of the lens to eliminate the out-of-focus 
light. With CLSM, one can obtain a more accu-
rate ‘z-stack’ to create a 3D image. 

3D reconstruction from multiple images is 
mainly classified into two categories:  stereo-
photogrammetry and photometric stereo. Ste-
reo-photogrammetry captures surface data of 
an object by estimating the spatial coordinates 
of points on the object from a number of photo-
graphs taken from different positions, whereas, 
photometric stereo is a technique for estimating 
the surface normals by picturing the fixed subject 
under different lighting conditions with a fixed 
camera. 

Photometric stereo technique is based on the 
fact that the amount of light reflected from a sur-
face is dependent on the orientation of the sur-
face in relation to the light and the observer, and 
is also dependent on the reflectance property and 
the condition of the surface. Lucia Docuscan Sys-
tem (the product of Laboratory Imaging, Czech) 

The Technologies of 3D Surface Reconstruction

The normal maps are two-dimensional pseudo-
color pictures with three-dimensional data: per-
pixel surface normal. In a normal map, the R, G, 
and B components of a pixel represent the X, Y, 
and Z coordinates, respectively, of the surface 
normal on this pixel. X and Y are in the range [-1, 
1] mapped to [0, 255], while Z is in the range [0, 
1] mapped to [128,255], assigned into three color 
channels. Therefore, a RTI normal map depicts 
a real 3D surface, different from those fake 3D 
renderings based on grayscale values of a single 
photograph. 

Many different technologies can be used to 
preform 3D reconstruction; each technology 
comes with its own limitations and advantages. 
A 3D laser scanner captures 3D information by 
collecting the height/depth data. Hammer et al 
(2002) found that PTM representations gave the 
better results than laser scanning for the speci-
mens with very low surface reliefs. They noted 
that spatial resolution was compromised by com-
putation of geometric surface normal from laser 
point cloud data, because of the convolution with 
a kernel having a spatial extent, whereas for PTM 
the normal estimation for each pixel is performed 
independently.5 Furthermore, 3D laser scanning 
systems are not suitable for describing the surface 
of a document because of their accuracies. For 
example, 3D laser scanners with triangulation 
mechanism which range finders are on the order 
of tens of micrometers. However, the depths of 

Figure 1. One of the signature sample in this study. The left is a common digital photograph; the right is the RTI 
normal visualization image (converted into grayscale and enhanced in contrast) of the left signature.
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was designed to display “texture free topogra-
phy”, adopting a photometric stereo technique.6 
It is equipped with LED lights in a circle around 
its lens. As a matter of fact, with photometric 
stereo, three successive images from three differ-
ent lighting directions are adequate to estimate 
the surface normals. However, the more lighting 
positions and more photos in a stack, the more 
reliable normals are estimated.

RTI is one of photometric stereo techniques, 
but with dozens of different lighting positions 
distributed on a hemisphere. In this study, High-
light-based RTI was adopted. For Highlight RTI, 
lighting information from the images is mathe-
matically synthesized by recovering the lighting 
direction from the specular highlights on a black 
sphere that is included in the field of view.4 Then, 
Hemispherical Harmonics (HSH) fitter or PTM 
fitter is applied to determine the coefficients 
of the reflectance function on each pixel, from 
which per-pixel surface normal is extracted.1, 7 
Although the albedos of materials are important 
and can be quantified as well, in this paper, the 
authors only tried to discuss the quantification 
of 3D data related to surface normal. Elfarargy et 
al (2013) presented a method to derive a 3D point 
cloud of an object from the height map generated 
from a RTI normal map.8 In this paper, the au-
thors developed a quantification method and at-
tempted to investigate the errors by quantifying 
surface normals of handwriting indentations on 
documents, since error control is a prerequisite 
for quantification.

Methods and Materials

1. Capturing and Processing for RTI

One of the authors signed her autograph several 
times on a sheet of copier paper as the tested sam-
ples. In this study, highlight-based method was 
used to capture image stacks. Canon EOS 700D 
(1800-megapixel resolution) with Canon EF-S 
60mm f/2.8 Macro Lens and Canon EOS 5Ds 
(5000-megapixel resolution) with Canon MP-E 
65mm f/2.8 Macro Lens were used to capture 
the images. For each image stack, the signatures 
on the sheet of paper were photographed with a 
2mm diameter black specular sphere placed at 
the center of the field of view, and a scale was 
included. 

To acquire the image stacks more efficiently, 
the authors developed an automatic acquisition 
device that formed a hemispherical dome of light 
encircling the target signature. The camera was 
fixed onto a copy stand, facing down with the 
light axis of camera lens vertical to the docu-
ment plane (see Figure2). The auto-acquisition 
device has three arc-shaped light frames with 
three different sizes, which are exchangeable for 
different sizes of object distances. On each of the 
light frames, six LED lights were mounded to-
ward the center of the dome, which was also the 
center of the field of view. The acquisition device 
fired a different LED each time and synchronized 
with the camera shutter. When the device oper-
ated, it rotated the light frame step by step, and 

Figure 3. The schematic layout of the light dome 
formed by the acquisition device developed by the 
authors.

Figure 2. The automatic acquisition system in this 
study.
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the LED lights turned on and off in sequence to 
form a light dome (see Figure3) with the radius of 
10cm, 20cm, and 25cm, respectively. In addition, 
a flashlight (920 Lumen, ONE THE ROAD M3) 
was manually handheld to distribute lights on a 
dome of 80cm radius. Each image stack was set 
to record 48 images.

All photographed images were stored both in 
RAW format and largest JPEG format. If needed, 
the images in RAW format were converted into 
DNG (embed original Raw file) and then into 
JPEG (highest quality) with Adobe Camera Raw 
9.0 to obtain higher image quality. Each captured 
image stack was input into RTIbuilder v2.0.2 and 
fitted to both a 2nd order HSH file and a LRGB 
PTM file. The normal maps of the signature sam-
ples were generated through the Normal Visu-
alization mode of RTIviewer v1.1. The software 
RTIbuilder v2.0.2 and RTIviewer v1.1 can be 
freely downloaded on the website of the Cultural 
Heritage Imaging.2

2. The Self-Developed Quantification Method

Assuming each pixel is a small square plane, the 
image of a signature is composed by these small 
planes that have different orientations respec-
tively. RTI technique applies normal mapping to 
visualize the surface normal of a subject. The up-
per left picture in Figure 4, Figure 5, and the up-
per picture of Figure 11 are examples of normal 
map. To process normal mapping, the coordinate 
values (x, y, and z) of the normal vector on a pixel 
plane were represented by the intensity values of 
the three-color channels (R, G, and B). Therefore, 
a normal map carries the per-pixel normal data, 
which can be retrieved. The spatial coordinates 
(x, y, and z) of normal on each pixel were recov-
ered by reversing the process of normal mapping. 

Using the program developed by the authors 
with Eclipse Integrated Development Environ-
ment, surface profiling was conducted as a pen 
pressure quantification method. Generally 
speaking, we first put a section plane orthogonal 

Figure 4. The comparison between one of the surface profiles derived from RTI and that generated from CLSM. 
The upper left picture is the normal map of the RTI representation captured with 80cm light distance, in which 
the yellow line is the section line profiled in the two graphs below. The upper right picture displays the 3D 
reconstruction of the section line with the CLSM. The ratio of the XY axis of the graphs is 1:5 for enhancing the 
visual effect of depth. 
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to the image plane (normally set a document as 
the horizontal plane) and formed a section line 
that crossed the selected strokes of the signature; 
next, every normal vector on the section line (1 
pixel width) was projected onto the inserted per-
pendicular plane; then the straight lines perpen-
dicular to the projected vectors were made and 
connected successively; finally, the surface pro-
file was plotted, which shows the depths of the 
interested strokes. 

To confirm the validity of the quantification 
via RTI, the same parts of the signature were also 
measured with an Olympus LEXT OLS4100 con-
focal laser scanning microscope with the 20X ob-
jective lens. In comparison, the 3D data derived 
from the normal maps were similar to those 
generated by CLSM (see Figure 4). The captured 
images with higher resolution produced more de-
tailed surface topography, therefore, created more 
detailed profiles. It is well accepted that confo-
cal laser scanning microscopic images depict 
3D surface texture with high resolution and ac-
curate measurements. However, due to the lim-
ited field, it took about 40 minutes to capture a 
single stroke even though the CLSM device was 
equipped with a software to preform automatic 
image stitching. In the authors’ opinion, quanti-
fying surface of a document via RTI is promising 
for the Questioned Documents field.

Results

1. Normal Error Control 

Since RTI mathematically estimates surface 
normals from a set of digital photographs, error 
control must be considered before quantification. 
The quantification program developed by the au-
thors was also useful for quantification of normal 
errors by the comparison between the normal 
data from the different RTI representations of the 
same subject.

There are various causes of normal bias during 
every phase in the entire course of generating a 
RTI normal map. The errors introduced by cam-
era lens distortions are well known. These errors 
can be minimized by placing the subject in the 
middle of the field of view as much as possible.

Some causes of normal errors, which have been 
found by the RTI developers, are indicated in the 
“Guide to Highlight Image Capture”, includ-
ing variable intensity of the lights, variations of 
camera settings during an image stack capturing, 
fewer images in a stack, false-registration of the 
image stack, out-of-focus, highlight and shadow, 
improper exposure, uneven light source distri-
bution, non-uniform illumination distribution 
across image area, compression errors from the 
JPEG image encoding, the algorithm of the light 
position detection, and the algorithm for nor-

Figure 5. The part of the normal map of a 
signature sample. The line CD was the same 
section line porfiled in Figure 6, 7, and 8.

Figure 6. An example of the quantitative comparison between 
the RTI representations  of the same signature captured (with the 
80cm light distance) in different formats.

Figure 7. An example of the quantitative comparison between 
the RTI representations of the same image stack (with the 80cm 
light distance) fitted with different fitters. 

Figure 8. An example of the quantitative comparison between 
the RTI representations of the same signature captured with 
different light distances.
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mal calculation, and so forth.9 For example, with 
the same acquisition settings, different qualities 
(more specifically, storage format and resolution) 
of the images resulted in variations in normal er-
rors. In Figure 6, we can see the normal biases of 
the same signature captured at the same time but 
stored in different formats. The RTI user’s guide 
recommends that storing the captured images 
in RAW format will help to minimize the com-
pression errors caused by the JPEG compression 
encoding. The errors caused by the algorithms, 
however, cannot be controlled by average users. 
Figure 7 depicted the comparison of the differ-
ences between outcomes of HSH fitter and PTM 
fitter. 

The normal biases were presented not only in 
the measurements for the depth of indentation, 
but also in the deformation of the cross section of 
paper. Figure 8 displays the deviation in the sur-
face profile from the images captured with 25cm 
light distance, comparing with the representation 
of 80cm light distance. Figure 5 shows the section 
line on the signature sample, which is the same 
one profiled in Figure 6, Figure 7, and Figure 8.

Some of the factors during the capturing can 
be easily avoided. The auto-acquisition device 
and proper settings of camera helped to avoid or 
minimize many errors introduced during captur-
ing. However, there are inherent normal errors 
of the RTI method, which are not mentioned in 
the RTI user’s guide. One of them could signifi-
cantly affect the result of normal calculation, in 
relation to the light distance or the radius of the 
light dome. 

2. The Inherent Normal Error of RTI

Normal estimation via RTI lies on the per-pix-
el reflectance functions modeled from captured 
data, including the luminance of pixels under 
varying light source directions, the spatial coordi-
nates, and the parameters encoding the directions 
of incident illumination.10 To construct the re-
flectance function for a particular pixel, the light 
source directions corresponding to the known in-
tensities of the pixel have to be known as the in-
puts for fitting. With the Highlight-RTI method, 
the unknown direction of the incident illumina-
tion of each image is determined as the light vec-
tor of the specular sphere based on its highlight 
and other captured data. The light vector of the 
specular sphere will be considered as the lighting 
direction at each pixel within the whole image 
for fitting. Even with the method of capture us-

ing pre-known light positions, all the pixels in a 
same image share only one light vector.

Assuming the light vector detection is accurate 
for each image in a stack, the pixels within an 
image, have their own locations, away from the 
sphere in longer or shorter distances, thereby er-
rors are introduced into the normal calculations. 
Figure 9 shows that the actual light directions on 
most pixels are not the same one on the sphere, 
but at certain angles with it. The authors call the 
normal error yielded by this kind of deviation 
as the inherent error of RTI method. The pixels 
farther away from the sphere will be calculated 
with more deviate light directions, therefore 
yield more biased normal results. Because of this 
normal deviation, every normal map of the docu-
ments in this study demonstrated a slightly con-
vex cambered surface, rather than a flat paper (see 
Figure 11). If the light distance is long enough, 
the deviate angle approximately equals to zero 
and can be neglected. In Figure 9, it is demon-
strated that the deviated angle (  FAD) caused by 
the shorter light distance is bigger than that (
FAE) caused by the longer light distance.

In addition, since the light source for RTI 
should be a point source, the shorter light dis-
tances result in the more variations of irradiance 
intensity for the same pixel due to the different 
light distances (the difference between the light 
distances of DA and GA is an example demon-
strated in Figure 9), and consequently more er-
rors of normal estimation. In our future study, 
the light intensity fluctuations due to short light-
subject distances will be managed to reduce the 
resultant errors, especially for RTI representa-
tions captured with shorter light distances.

The experiments showed that the shorter light-
to-subject distance contributed to the larger devi-
ation of normal. However, a long light distance is 
impractical for capturing the subjects with small 
sizes (such as signatures), which need a macro 
lens with shorter object distance. One of the rea-
sons is because the higher light positions cannot 
be used as the camera or the Lens cast shade on 
the subject. By comparison with CLSM, RTI rep-
resentations derived from images captured under 
light distance at 80cm have fewer normal errors, 
see Figure 10. 

3. Error Correction for the Inherent Error of 
RTI

Despite that the inherent error of RTI technique 
is not avoidable, they can be corrected with some 
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pixel and the center of the specular sphere.  2. 
Post-correction refers to correcting the normal 
errors by adjusting the angle of the normal vector 
of each pixel in the normal map according to the 
distance between the pixel and the center of the 
specular sphere. 

mathematical methods. The authors developed 
two ways for the attempt of normal error cor-
rection: 1. Pre-correction refers to correcting the 
normal errors by modifying the light direction for 
each pixel within every image of the stack before 
the fitting, according to the distance between the 

Figure 9. The schematic diagram of an inherent error of RTI. Point C is the center of the field. Point B is the 
center of the specular sphere. Point A is an arbitrary pixel of the subject. The actual light directions on the pixel 
A could be on the lines of DA, EA, and GA. When light position D or E is fired, the light vector estimated for 
the pixel A is parallel to the line DB/EB on which the light vector on the sphere is located, namely, on the line 
FA. Comparing between the different light distances, the deviated angle (  FAD) caused by the shorter one is 
bigger than that (  FAE) caused by the longer one. 

Figure 10. The comparisons of the measurements obtained from CLAM and the RTI normal maps.
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As Figure 9 illustrated, the lengths of the light 
distances (the line CD and CE) and the radius of 
the sphere were known, the distances from the 
pixels to the center of the specular sphere (the 
line AB) were converted into the true distances of 
the subject based on the scale put inside the im-
ages, therefore, applying pre-correction could first 
obtain the real light vectors (along the line DA/
EA) using geometrical computation, and then re-
place the light vectors on the sphere as the input 
data for fitting. The illustration of pre-correction 
can explain post-correction as well, however, the 
point D, E, and G in Figure 9, which represent the 
real light positions for pre-correction, indicate 
the virtual light positions for post-correction. 
When fitting without pre-correction, every pixel 

of a subject was regarded as if it was on the point 
of the specular sphere, because the inputs of light 
direction were the same as those on the sphere. 
With post-correction, the coordinates of the cor-
rected normal vectors were computed based on 
the known data and geometry. The new normal 
vectors were then normalized and replaced origi-
nal ones in the normal maps.

Theoretically, pre-correction is supposed to re-
duce the inherent error more than post-correction 
does. Because the deviated light vectors might 
combine with other error sources during a RTI 
constructing, there might be more uncontrolla-
ble deviation of the estimated surface normals. 
Whereas, the pre-correction modifies the light di-
rections before the fitting thus effectively avoids 

Figure 11. The quantitative comparison of pre- and post-correction ways. The upper picture is a normal map 
that was generated from the images taken with 25cm light distance and stored in RAW format.
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the inherent errors. It was shown that the nor-
mal errors were corrected at certain extent with 
these two methods. The post-correction was bet-
ter at flattening the surface (see the middle graph 
in Figure 11) but less correction on the details in 
the indentations, while the depth data were obvi-
ously modified by the pre-correction and closer 
to the data from CLAM (see the bottom graph in 
Figure 11). 

Conclusion

In summary, a RTI normal map effectively re-
veals the whole range of pen pressure dynamic 
of handwriting that is significant and previously 
illegible. The experiments have shown that a 
quantification of document surfaces via RTI tech-
nique is promising. To achieve quantification of 
3D features on a document, further studies need 
to be done to specify the normal errors in every 
aspect. This study has addressed that some situ-
ations could cause bigger normal errors than oth-
ers. It was also shown that error control can be 
established if the error has a rule to follow. With 
further research, better error correction methods 
could be developed. 
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