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Abstract—In this paper, we propose to evaluate the quality of
the reconstruction and relighting from images acquired by a Re-
flectance Transformation Imaging (RTI) device. Three relighting
models, namely the PTM, HSH and DMD, are evaluated using
PSNR and SSIM. A visual assessment of how the reconstructed
surfaces are perceived is also carried out through a sensory
experiment. This study allows to estimate the relevance of
these models to reproduce the appearance of the manufactured
surfaces. It also shows that DMD reproduces the most accurate
reconstruction/relighting to an acquired measurement and that
a higher sampling density don’t mean necessarily a higher
perceptual quality.

Index Terms—Reflectance Transformation Imaging, psychome-
tric evaluation, relighting.

I. INTRODUCTION

The inspection of the visual quality of manufactured sur-
faces is often performed in a sensory way, through a visual
analysis of the surfaces realized by industrial experts [1].
Typically, the inspection consists in changing the product
surface orientation to vary the angle of incidence of the light,
which makes it possible to better show the possible local
appearance anomalies on the inspected surfaces. To improve
the results reproducibility and variability, and to evaluate the
criticality of the anomalies, a trend is to try, through the
implementation of instrumental measuring devices to bring
to the experts an aid to the detection, the evaluation and the
decision with regard to the quality of appearance of surfaces.
Based on the measured data, the main idea is to provide
the experts with local objective indicators (detection and
evaluation of anomalies) and global indicators (as example,
for the assessment of the appearance of a surface finishing
process) correlated with the perception of surfaces. One of
the approaches used increasingly frequently in the industry to
respond to this objective is the Reflectance Transformation
Imaging technique (RTI). This Non Destructive Inspection
(NDI) method consists in measuring the angular component
of the reflectance, and simplifies the inspection conditions
since only light position changing is to be considered. This
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technique is widely used for image relighting, i.e. for re-
constructing a scene under an arbitrary (virtual) direction
of illumination with applications in Video-games, Cultural
heritage [2]-[6] and recently in manufacturing [7]-[9]. The
RTT acquisition process consists in acquiring a set of images
with a fixed camera generally positioned orthogonally to the
inspected surface, while varying the light direction at each
image capture. From this set of images, each pixel is associated
a set of discrete values (measured gray-levels, considered to
be proportional to the luminance [10]). To model the surface
visual appearance continuously and to allow relighting the
surface for any virtual direction of light, this set of luminance
values can be approximated or interpolated locally [4], [11],
[12]. The main approximation methods used to model this
information are the Polynomial Texture Mappings approach
(PTM), based on 2nd order polynomial functions [13], the
Hemispherical Harmonics (HSH) approach [14] and the Dis-
crete Modal Decomposition (DMD) [8], [15]-[17].

In this study, we investigates the accuracy of the reconstruc-
tion/relighting from RTI images using these three models
(PTM, HSH, DMD). The quality of reconstruction is first
assessed through objective indicators, by using the Peak Signal
to Noise Ratio (PSNR) and Structural Similarity error metric
(SSIM) [18]. Then, a subjective assessment is performed
by implementing a psychometric experiment to compare the
reconstruction quality in a perceptual way. The influence of
the acquisition sampling density is also evaluated. Thus, the
objective is to determine both the most appropriate method
and the optimal RTI acquisition parameters to maximize
correlation with visual perception of surfaces.

II. BACKGROUND

The Reflectance Transformation Imaging (RTI) technique
consists in acquiring stereo-photometric images. The light
position is changed for each acquisition according to two di-
rections (¢; 6), allowing to change the incidence (respectively
elevation and azimuth) of the light on the inspected surface.
The sensor is generally positioned orthogonally to the surface
to be acquired. For each pixel, a vector containing gray-level
values associated to the different light positions used during
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the acquisition stage is obtained. These values are considered
to be proportional to the luminance of the pixel [10], as
described in equation 1, where k stands for the proportionality
factor and L(U.) the associated luminance value.

G =k L(U.) (1)

From these discrete luminance data, an experimental model
is constructed in each pixel to describe with continuous
functions the local angular reflectance. This operation is
performed by realizing a least square (LS) regression of
the luminance point cloud, from reference functions, called
basis functions or projection basis functions. Different basis
functions have been implemented in the literature to model
the angular reflectance. The historical method, developed
by Malzbender in 2001, implemented 2nd order polynomial
functions. This method called Polynomial Texture Mappings
showed limits to describe non-Lambertian complex reflectance
behaviours. Thus, other families of approximation functions
have been proposed, such as hemispherical harmonics (HSH
technique) or more recently a family based on geometric
shapes deriving from dynamic mechanics (DMD technique).
The study proposed in this paper focuses on these 3 most
often used techniques to model RTI data today. The principle
of these 3 methods is detailed below.

Polynomial Texture Mapping (PTM). This technique was
developed initially to improve the photo-realistic rendering
in 3D imaging [13]. Widely used for cultural heritage appli-
cations [19], the PTM approach approximate the luminance
surface in each pixel by a polynomial regression of 6 vectors
(ag — as). These 6 vectors are sought for each pixel from
the quadratic surface representing the reflectance defined by
equation 2

L(ly, 1) = ag + a1ly + aslv + aslyl, + asl® +asl, ()

As indicated previously, the equation 2 is solved by a LS
regression. The simplicity of the functions that constitute
the projection basis (2nd order polynomials) does not make
it possible to describe complex reflectances. However, this
method - easy to implement and quick- demonstrates its
efficiency when a small stack of images is acquired, and for
lambertian surfaces.

Hemispherical Harmonics (HSH). The HSH is an improve-
ment of the PTM technique [20] that implements more com-
plex basis functions [21], [22] derived from Hemispherical
harmonics. Gautron et al. defined the hemispheric harmonic
bases H[" (0, ¢) as an adapted version of spherical harmonies
S7™(0,¢) that rely on derivation of Legendre polynomials
(3). These functions allow a finer description of the local
reflectance behaviour of the surfaces, in particular when an-
gular variations of lighting are associated with rapid and large
amplitude of luminance.

P"(costl) = P"(2cosf — 1) and 0 € [O, g} 3)
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Discrete Modal Decomposition (DMD). The DMD is a
technique initially used in dynamic mechanics to decompose
a vibration. Then it has been implemented for geometrical
tolerancing [23], multi-scale analysis of topographic surface
roughness[24], [25] and for heat source evaluation [26]. This
method was then adapted and implemented in the field of
visual appearance [8], [15], [16], to model the local behaviour
of the reflectance angular component at each point/pixel. The
DMD technique consists in decomposing the signal (i.e in
the case of the appearance the discrete luminance values
associated to each pixel into a family of functions named
eigen-modes, associated to the natural modes of vibration of
a reference structure (that can be a plane, a cylinder, or an
hemispheric form). These natural modes form the projection
basis, named the modal basis. Thus, the modal modes derives
from the resolution of the dynamic equation (4).

Kqg+Mq =0 C)]

—+o0

With ¢ =q(x,y,t) = »_ Qi(z,y).cos(wit) (5

i=1
Where M is the Mass matrix, K is the stiffness matrix and
q(x,y,t) is the displacements that characterizes the modal
shapes. The projection of the measured surface onto the modal
basis is then the sum of a linear combination of modal vectors
and the decomposition residual (6)

N‘I
V=3 AQi+e(Ny) ©6)
=1

With @Q); is the modal vectors composing the modal basis. A;
is the modal coordinates and N, is the number of modes of
decomposition. An example of reconstruction results for the
same pixel using the three approximations PTM, HSH and
DMD are presented in Figure 1.

Fig. 1. Example of the reconstruction of the same pixel (metallic engineered
surface) using from left to right PTM, HSH and DMD technique, from [8]

III. PROPOSED EVALUATION
A. RTI Acquisition device

The home-made RTI acquisition (see Figure 2) device we
used in this study is built in a manner to allow the positioning
of the light source precisely for any incidence angles (6; ¢).
The light source is fixed on a rotated motorized hoop, that
allows to construct a virtual lightening dome around the
surface with flexible positioning of the light source. The
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camera and the lenses were chosen to ensure high quality and
high resolution images.

Fig. 2. RTI acquisition device

B. Samples

The manufactured surfaces used in this study are ten metal-
lic sides of industrial manufactured rings. These surfaces,
referred as LGR in this paper, were polished by a tribofinition
finishing process composed successively of softening, polish-
ing and brightening operations. The ten rings are associated
to five process groups: the difference between groups is the
softening time, varying from 40 to 80 minutes, which induces
a surface roughness varying from 0.22 to 0.17um.

To build our dataset for the experiment, a dense RTI
acquisition was acquired (650 measurements - (130 X 8; 5 X ¢))
on different plane surfaces of the parts. The resolution of
the images is 512 x 700 pixels, which corresponds to an
approximate pixel size of 1.5 pm?2. A higher acquisition
density (in the angular space) has been chosen for the § axis.
This choice is related to the experience gained in previous RTI
studies, where it was observed that for flat-shaped surfaces,
the information obtained by varying the 6 angle was much
more discriminating than the information obtained by varying
¢ illumination angle. Moreover, the variation associated with
a variation of the angle ¢ often being close enough to what
would have been obtained by varying the intensity of the
source. On the RTI device used, the objective is close to the
surface (approximately 30 mm) to perform RTI measurements
at this magnification. This induces an angular limitation on
the ¢ axis, the blind area corresponds to ¢ values greater than
approximately 60°. In this study, to avoid the risk of contact
between the source and the sensor during RTI acquisitions,
the elevation angle was limited to 55°.

For reconstruction models, the contributions are calculated
with 6 terms for PTM, 9 harmonics for HSH and 50 modes
for DMD. To estimate the visual quality of the RTI-based
reconstructions, the direction of the virtual lighting used is
the same for the measured image, see example in Figure 4.
Five reconstruction light directions were chosen: (6 : 180°, ¢ :
14.5°), (6 : 180°, ¢ : 28°), (0 : 180°, ¢ : 41.5°),(6 : 180°, ¢ :
55°), (0 : 180°,¢ : 14.5°), (0 : 88.6154°, ¢ : 41.5°).

C. Objective evaluation

The first metric we used for the objective evaluation is
the Peak Signal to Noise Ratio (PSNR) since it has already
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Fig. 3. Samples of the study (Industrial manufactured rings)

proven its relevance in RTI data. The PSNR has been used to
evaluate the efficiency of the fitting models for reflectance
reconstruction [8], [12], [15], to evaluate RTI compressed
images quality visualised on a mobile device [27], or for web
relighting tools [28] In this study, we propose to use this
metric in order to to investigate its correlation with subjective
assessments of how surfaces are perceived, and therefore
evaluate the the quality of the reconstruction models in a
perceptual sense [15].

PSNR results are presented in Table II. The PSNR is evaluated
for the reconstructed images using the three reconstruction
models, and compared to the PSNR of the reference image,
i.e. the acquisition image at the same angle in which the
reconstruction was performed, and for different acquisition
sampling density (All, Half, Fifth, Seventh). The images were
reconstructed at 5 different light incidence angles to vary
the configurations in terms of exposure and shade. Table III
presents the PSNR results computed over the 5 surface groups,
using DMD reconstruction and varying sampling densities.
Then, we implement in this study the Sturctural Similarity
metric index (SSIM), in order to take in consideration the
spatial aspect, and thus to have a criterion closer to perception
than the PSNR. In the same manner of the PSNR, the SSIM
is computed on the reconstructions using the 3 approximation
models, different sampling density, and for five light directions
(see Table VII). Table VIII presents the SSIM results computed
over the 5 surface groups, using DMD reconstruction and
varying sampling densities.

Finally, statistics are computed (see Table V) to assess and
rank the approximation models, and to evaluate the influence
of the acquisition sampling density when reconstructing with
DMD (Table VI).

TABLE I
GLOBAL MEAN AND MEDIAN OF PSNR
Method | Mean | Median
PTM 17.46 19.46
HSH 24.52 23.47
DMD 26.76 25.67

D. Results and discussion

It is observed in Table I that significant differences are ob-
tained in terms of PSNR global mean and median. According
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TABLE 11
PSNR OF IMAGE RECONSTRUCTIONS USING PTM, HSH, DMD AND
DIFFERENT SAMPLING DENSITIES

Sampli Angle PTM | HSH | DMD
0 180°,¢: 14.5° | 12,13 | 31,06 | 34.87

All (1): 0:180°,¢:28° | 20.65 | 26,17 | 29.11
650 0:180°,¢: 41.5° | 1946 | 22.64 | 2543
position 0:180°,¢:55° | 14.90 | 19,52 | 2237
0:88.61°,¢: 41.5° | 2026 | 23.60 | 26,06

- 0 180°, 6 14.5° | 12,10 | 31,03 | 34,84
Wy 6:180°,¢:28° | 20.66 | 2617 | 28.83
S 0:180°,¢:41.5° | 1947 | 22.66 | 25.53
- 0:180°,¢: 55° | 14.87 | 19.51 | 22.23
position | g8 610 ¢ 41.5° | 2026 | 23.57 | 25.82
p— 0:180°,¢: 14.5° | 12,09 | 3001 | 33.62
sy 0:180°,¢:28° | 20.66 | 2628 | 30.14
e 0:180°,¢:41.5° | 1947 | 22.63 | 24.69
” 0:180°,¢: 55° | 14.89 | 19,60 | 22,99
position | g gg 610, : 41.5° | 2025 | 2337 | 2421
0:180°,¢: 14.5° | 12,10 | 30,78 | 30,37

Seventh | 0:180°,¢:28° | 2059 | 2583 | 2589
(W7):93 | 6:180°,¢:41.5° | 1942 | 2250 | 24.42
position 0:180%,¢:55° | 14.80 | 19.31 | 20.60
0:88.61°,¢: 41.5° | 2025 | 2329 | 2320

TABLE 1II
PSNR OF IMAGE RECONSTRUCTIONS USING DMD AND DIFFERENT
SAMPLING DENSITIES

Surfaces Angles ALL | HALF | FIFTH | SEVEN
(180°,14.5°) 3487 | 34,84 33,62 30,37
Surface (180°, 28°) 29,11 28,83 30,14 25,89
1:A01 (180°,41.5°) 2543 | 25,53 24,69 24,42
. (180°, 55°) 22,37 | 2223 22,99 20,60
(88.61°,41.5°) | 26,06 | 25,82 24,21 23,20
(180°,14.5°) 36,10 | 36,05 34,80 31,52
Surface (180°,28°) 31,14 | 30,84 32,26 27,92
2: AO4 (180°,41.5°) 27,29 | 27,38 26,76 26,30
: (180°, 55°) 2375 | 23,61 24,55 21,69
(88.61°,41.5°) | 24,71 24,48 22,81 21,86
(180°,14.5°) 35,21 35,15 34,09 30,90
Surface (180°,28°) 30,64 | 30,39 31,45 27,26
3: A06 (180°,41.5°) 27,96 | 28,04 27,14 26,93
' (180°, 55°) 2474 | 24,59 25,35 22,63
(88.61°,41.5°) | 23,56 | 23,30 21,73 20,65
(180°,14.5°) 36,37 | 36,31 35,15 31,55
Surface (180°, 28°) 30,32 | 29,98 31,61 27,40
4: AO7 (180°,41.5°) 26,76 | 26,88 26,17 25,85
' (180°, 55°) 23,59 | 2341 24,48 21,60
(88.61°,41.5°) | 26,01 25,68 24,17 23,17
(180°,14.5°) 37,20 | 37,16 35,83 32,63
Surface (180°, 28°) 31,88 | 3147 32,58 28,51
5: A10 (180°,41.5°) 27,49 | 27,60 26,50 26,00
: (180°, 55°) 2335 | 23,14 23,98 21,53
(88.61°,41.5°) | 26,58 | 26,28 24,86 23,94

to this criterion, the DMD method appears to be more efficient
than HSH and PTM based reconstructions. However, accord-
ing to the quantitative metrics (PSNR and SSIM) implemented,
it can be noticed that the differences are less significant when
using 1/7 sampling density (see Table II), where for example
HSH and DMD have a score of respectively 30.78 and 30.37
for (6 : 180°, ¢ : 14.5°) ; 25.83, 25.89 for (6 : 180°, ¢ : 28°);
and 23.29, 23.20 for (0 : 88.61°,¢ : 41.5°). Analog results
are obtained using SSIM citerion (Table VII). Regarding the
quality of reproductions using DMD over the 5 manufactured
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surfaces using PSNR (Table III) and SSIM (Table VIII), the
higher score is obtained with a 1/5 sampling density for two
light directions (6 : 180°, ¢ : 28°) and (0 : 180°, ¢ : 55°), that
indicates that a higher quality of reproduction is obtained with
this sampling density for these two directions. In addition, for
the light direction associated to (6 : 180°, ¢ : 41.5°) (see Table
VIII ), the 1/2 sampling density stands out in terms of both
SSIM and PSNR for the five surface groups.

The results using both PSNR and SSIM show that the DMD

TABLE IV
PSNR GLOBAL MEAN AND MEDIAN COMPUTED USING DIFFERENT
SAMPLING DENSITIES

Method
Mean
Median

ALL
28.29
27.02

HALF
28.16
27.13

FIFTH
27.86
26.33

SEVENTH
25.57
25.82

TABLE V
SSIM GLOBAL MEAN AND MEDIAN COMPUTED IN 5 DIFFERENT LIGHT
DIRECTIONS

Method
PTM
HSH
DMD

Median
0.42
0.67
0.73

Mean
0.37
0.65
0.73

TABLE VI
SSIM GLOBAL MEAN AND MEDIAN COMPUTED USING DIFFERENT
SAMPLING DENSITIES

Method | ALL | HALF | FIFTH | SEVENTH
Mean 0.77 0.76 0.74 0.64
Median | 0.76 0.77 0.72 0.68

technique outperforms the other models when reconstructing
the angular reflectance and that the acquisition sampling
density is of primary importance. However, as shown in [8],
althought calculated locally, PSNR and SSIM express an
average metric, which is often not relevant to describe salient
features of a surface, or singular local behaviors, which are
of primary importance for the human when discriminating,
and more generally evaluating the appearance of two surfaces.
This means that the spatial aspects witch are fundamental
in human sensory assessments and in terms of perception
are not taken into account. Thus, a further psychometric
experiment is proposed in this study in order to evaluate
subjectively the perceived quality of the RTI-based surface
appearance reconstructions. This second part of the study, and
the associated results are presented in section III-E.

E. Visual sensory assessment

To evaluate the performance of the reconstruction models,
i.e. in this study the PTM, HSH and DMD (see Figure 4),
to reproduce visual appearance of manufactured surfaces, a
psychometric experiment was Implemented. This experiment
has two main objectives: (i) determine the impact of the fitting
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TABLE VII
SSIM OF IMAGE RECONSTRUCTIONS USING PTM, HSH, DMD AND
DIFFERENT SAMPLING DENSITIES

Sampling Angle PTM | HSH | DMD
§:180°,¢:14.5° | 0,07 | 0,70 | 0,88

All (1): 0:180°,¢ : 28° 042 | 071 | 0,83
650 0:180°,¢:41.5° | 049 | 0,68 | 0,76
position 6 :180°, ¢ : 55° 0,34 0,54 0,66
0:88.61°,¢:41.5° | 046 | 0,66 | 0,75

Half 0:180°,¢:14.5° | 0,07 | 0,70 | 0,88
): 0 :180°, ¢ : 28° 042 | 071 | 082
324 0:180°,¢:41.5° | 049 | 0,68 | 077
o, 0:180°, ¢ : 55° 033 | 054 | 064
position | ) g8 610 ¢ :41.5° | 046 | 0.65 | 073
Fifth 0:180°,¢:14.5° | 0,17 | 0,60 | 0.84
/s): 0:180°,¢ : 28° 042 | 071 | 084
130 0:180°,¢:41.5° | 048 | 0,66 | 0,70
" 0 :180°, ¢ : 55° 033 | 056 | 0,72
position | g g8 610 1 41.5° | 045 | 0.63 | 0.64
§:180°,¢:14.5° | 0,06 | 0,60 | 0,74

Seventh 0:180°, ¢ : 28° 041 | 0,68 | 0,69
A/7): 93 | 0:180°,¢:41.5° | 048 | 0,66 | 0,69
position 6 :180°,¢ : 55° 031 | 0,50 | 0,51
0:88.61°,¢:41.5° | 045 | 0,62 | 0,59

TABLE VIII
SSIM OF IMAGE RECONSTRUCTIONS USING DMD AND DIFFERENT
SAMPLING DENSITIES

Surfaces Angles ALL | HALF | FIFTH | SEVEN
(180°,14.5°) | 088 | 0,88 0.84 0,74
Surface (180°,28°) 083 | 082 0,84 0,69
AL (180°,41.5°) | 076 | 0,77 0,70 0,69
; (180°,55°) 0,66 | 064 0,72 051
(88.61°,41.5°) | 0,75 | 0,73 0,64 0,59
(180°,14.5°) | 0.88 | 0,88 0,84 0,74
(180°,28°) 084 | 082 0,86 070
;“gf;:fe (180°,41.5°) | 0,76 | 0,77 0,71 0,69
; (180°, 55°) 065 | 063 0,72 049
(88.61°,41.5°) | 0,69 | 066 0,56 0,50
6 :180°,14.5°) | 0,84 | 0,384 0,80 0,72
Surface (180°,28°) 084 | 082 0,84 0,70
3 06 (180°,41.5°) | 0,79 | 0,80 073 0,71
; (180°, 55°) 0,68 | 0,66 0,73 0,53
(88.61°,41.5°) | 068 | 065 0,56 0,50
(180°,14.5°) | 0,90 | 0,89 0,85 0,76
(180°, 28°) 085 | 083 0,86 0,71
4$“§f)*‘7°e (180°,41.5°) | 0,75 | 0,76 0,69 0,67
; (180°, 55°) 0,64 | 061 0,72 0,48
(88.61°,41.5°) | 071 | 0,67 0,58 0,53
(180°,14.5°) | 0.91 | 0,90 0.87 0.79
Surface (180°,28°) 086 | 084 0,87 0.73
S A0 (180°,41.5°) | 076 | 077 | 0,69 0,66
; (180°, 55°) 063 | 059 0,71 047
(88.61°,41.5°) | 076 | 0,73 0,66 0,62

models on the surface appearance reconstruction (ii) determine
the impact of the sampling density.

1) Controlled psychometric experiment: The psychometric
experiment is carried out on a dedicated web-based platform
designed for psychometric scaling experiments (QuickEval
[29]). In order to increase the perceived contrast of images
with the environment, a black background was picked-out for
the web-page and the experiment held in a dark room (no
lighting with matt grey wall). The experiment is a paired
comparison [30] where participants’ task is to choose the most
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Fig. 4. Example of a measured image and RTI-based reconstructions in
lighting direction (6 : 180°, ¢ : 41.5°)

similar representation (the reconstructed images using two of
the three fitting models each time, positioned on the left and on
the right) to the original image (the acquired image positioned
in the middle). The experiment was setup as a forced-choice
experiment with flipping of the pairs. The experiment divided
on two parts took in average 30 minutes (10 minutes for the
15¢ part and 20 minutes for the 2" part) for 240 comparison
in total. The two parts answer respectively to the main goals
presented previously.

Fig. 5. Screen shot of the QuickEval experiment platform, in the center the
original image, in left and right two reconstruction images at the same light
angle

2) Farticipants: The participants involved in this experi-
ment were 19 volunteer researchers working at the Norwegian
Colour and Visual Computing Laboratory. They can be con-
sidered as experienced observers in psychometric experiments.

F. Results and discussion

Results in terms of users’ preferences comparing the three
approximation models are presented in Figure 6. The five
groups of the graph are according to the chosen five angles
for the experiment. It is observed that more than 60% of the
users picked out DMD as the more accurate reproduction to
the reference shown (raw image) while roughly 30% of them
chose HSH reconstructions. We make the assumption that
this amount of HSH votes is due to cases where the choice
is difficult because the reconstructed images are either very
similar, or both very different from the reference. Concerning
the PTM choices (6% of user’s preferences corresponding
to angles (6 : 180°,¢ : 14.5°) whithout sampling, and 1%
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corresponding to the same angle but 1/7th sampling, our
interpretation is that this is due to poorness of PTM to approx-
imate the luminance of the pixel. The consequence is that it
produces an average of the pixel’s luminance under exposed
(0 : 180°,¢ : 14.5°) and overexposed (6 : 180°,¢ : 55°),
which can be favourable in terms of perception, in some
very particular light configurations. It is observed in addition
that the PTM for (6 : 88.6154°,¢ : 41.5°) produces better
reconstruction results (see Figure 7) comparing to the results
obtained with other sampling densities, which confirms that
PTM can be an appropriate method when a low number of
images are acquired in an RTI acqusition. These results

ﬂhﬁh -

ALL:(180°,14.5°) ALL:(180°,28°) ALLA(180° 41.5°) ALL:(180°,55°)

Percentage of clics for each model (%)

ALL:(88.6154°,41.5°)

Fig. 6. Number of times a reproduction has been selected using the three
fitting models : DMD, HSH, PTM whithout sampling

DMD

i

‘SEVENTH;(180°,145°) SEVENTH;(180°,28°) SEVENTH:(180",41.5°) ‘SEVENTH:(180°,55°) SEVENTH,(88.6154" 41.5)

79 of ofes for gach model (%)

Percentage of clics for each model (%

Fig. 7. Number of times a reproduction has been selected using the three
fitting models : DMD, HSH, PTM with 1/7th sampling

are detailed and extended in Table IX for all the angles
and sampling density used in the study, where the standard
deviation to the mean is ~ 2 for DMD in 75% of cases which
makes it two standard deviation better than the average of the
votes. And ~ -2 for PTM in 75% of cases. In the other cases,
and as explained before the gap between the performance of
models decreases with less measurements and increases in
some angles (phi = 14.5° and 55°).

The Table XI shows that the global mean and median of
all the tested cases in the experiment, rank the accuracy of
the reproduced images as PTM for the worst similarity to the
original image, then HSH and DMD stands out as the most
accurate method for the reconstruction of the visual apperance
on these surfaces. This conclusion matches with previous
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results obtained using the objective quality metrics (PSNR
and SSIM). The second part of the experiment was devoted

TABLE IX
Z-SCORE FOR THE REPRODUCED IMAGES USING PTM, HSH, DMD AND 4
SAMPLING DENSITY (ALL, HALF, FIFTH AND SEVENTH) WITH THE
ACQUIRED IMAGES IN DIFFERENT ANGLES

Sampling Angle PTM | HSH | DMD
0:180°,¢:145° | -1,77 | 052 | 2,29

All (1): 0:180°, ¢ : 28° 1,94 | 034 | 228
650 0:180°,¢:41.5° | 228 | 0,00 | 228
position 6 :180°, ¢ : 55° -2,12 0,16 2,28
0:88.61°,¢:41.5° | 2,02 | 0,10 | 2,13

Half 0:180°,¢: 14.5° | 228 | 034 | 1,04
) 0:180°, ¢ : 28° 2,02 | 026 | 228
e 0:180°,¢:41.5° | 2,02 | 0,10 | 2,13
” 0:180°, ¢ : 55° 0,00 | 0,00 | 0,00
Postion | 9 . 88610, ¢ 41.5° | 2,12 | 050 | 2,62
Fifth 0:180°,¢:14.5° | 2,13 | 0,10 | 2,02
/s): 0:180°, ¢ : 28° 2,12 | 016 | 228
30 0:180°,¢:41.5° | 2,02 | 0,10 | 2,13
- sition 0:180°, ¢ : 55° 2,65 | 062 | 2,03
p 0:88.61°,¢:41.5° | 2,13 | 0,10 | 2,02
0:180°,¢:14.5° | 228 | 0,65 | 1,63

Seventh 6 :180°, ¢ : 28° 2,13 0,10 2,02
W/7):93 | 6:180°,¢:41.5° | 228 | 000 | 228
position 0:180°, ¢ : 55° 0,00 | 0,00 | 000
0:88.61°,¢:41.5° | -1,16 | 0,12 | 1,30

TABLE X
GLOBAL MEAN AND MEDIAN OF Z-SCORE COMPUTED OVER 5
REPRODUCED SURFACES’ ASPECT IN 5 LIGHT DIRECTIONS

Method | Mean | Median
PTM -1.87 -2.12
HSH -0.02 -0.05
DMD 1.90 2.13

to study the impact of the sampling density as explained in
III-E1. Considering the number of times a reconstruction has
been selected in Figure 8 computed using one surface and
roughly the same result for the other four surfaces, we notice
that more measurements does not mean necessarily a better
visual aspect. In the grazing angle (6 : 180°,¢ : 14.5°) a
higher sampling density where chosen: ALL= 30% of votes,
HALF= 30%, FIFTH=30% as a higher quality representation
of the original image. This ranking is changed for other angles
(higher elevation) and less density of measurements is more
accurate to the acquired image, 45% of votes were for the
lower density (1/7) for the three angles and less than 15% for
the highest sampling density. This is due to the extra perceived
information that RTI provides to the image by integrating in
computing the pixels’ luminance for one angle, the luminance
of the pixel in all lighting directions. And since the task of
users is to choose the closer representation to the reference, the
extra information can in some cases disturbs their perceptual
evaluation of the reconstructed images.

The results of mean z-score for the five angles and the
five surfaces chosen for the experiment is presented in Table
XII. For the different sampling density tested, the standard
deviation to the mean is higher for a 1/7 of the measurements
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for the three angles (0 : 180°,¢ : 41.5°),(0 : 180°,¢ :
55°),(8 : 88.61°,¢ : 41.5°) for all the surfaces. A full
measurements density were preferred for a lower elevation
(@ : 180°,¢ : 28°),(0 : 180°,¢ : 14.5°) because in these
angles, images are dark, so the perceptual evaluation is biased
due to the limitation of the sensor which represent the values of
pixel in only 1 byte. A future improvement of this investigation
is to extend our acquisition to be able to build high dynamic
range images. Computing the the global mean of the z-score
in Table XI for all the surfaces and the angles for each
density ranks the quality of the reconstructed images using
different sampling density respectively as: All, Half, Fifth and
the seventh from the worst to the best perceived quality.

EALL

45 EEHALF
INFIFTH

40 EESEVENTH

3B
20

25— -
20— -
15

- I II II II 7
1 I ]

= I

AO1-F1:(180°,14.5°) AO1-F1:(180°,287) AO1-F1:(180° 41.57) AO1-F1:(180°,557) AO1-F1:(88.6154°41.57)

Fig. 8. Number of times a reproduction has been selected using four sampling
density : All, Half, Fifth and a Seventh of the measurement using one of the
five manufactured surfaces: AO1

TABLE XI
GLOBAL MEAN AND MEDIAN OF Z-SCORE COMPUTED OVER 5
REPRODUCED SURFACES’ ASPECT IN 5 LIGHT DIRECTIONS USING
DIFFERENT SAMPLING DENSITIES

Method | ALL | HALF | FIFTH | SEVENTH
Mean -0.65 -0.43 0.50 0.58
Median | -0.77 -0.56 0.48 0.89

IV. CONCLUSION

The study presented in this paper aims to evaluate the qual-
ity of the reconstruction and relighted images using RTI stereo
photo-metric images. The reconstruction models used: PTM,
HSH, DMD with different sampling densities. The evaluation
of the relighted images is done first with objective error met-
rics: PSNR and SSIM and second with psychometric exper-
iment to involve the human subjective evaluation of surfaces
as a reference for the perceptual evaluation of manufactured
surfaces aspect. The subjective and objective evaluation of the
surfaces’ aspect shows that DMD outperforms PTM and HSH
as a the most accurate model to approximate the perceptual
aspect of a surface. The results of the objective metrics show
also the inefficiency of these metrics to evaluate the perceptual
quality of surfaces using the RTI protocol. Results of the
evaluation shows also that the quality of the reconstruction
using RTI-based images can decrease with a high sampling
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TABLE XII
Z-SCORE FOR THE REPRODUCED IMAGES USING DMD AND 4 SAMPLING
DENSITY (ALL, HALF, FIFTH AND SEVENTH) WITH THE ACQUIRED IMAGES
IN DIFFERENT ANGLES FOR THE FIVE SURFACES.

Surfaces Angles ALL | HALF | FIFTH | SEVEN
(180°,14.5°) | 0,19 | 041 0,38 0,97
Surface (180°,28°) 0,27 0,16 0,32 0,11
1:A01 (180°,41.5°) 0,75 0,73 0,30 1,19
: (180°, 55°) 0,63 -1,04 0,22 1,44
(88.61°,41.5°) | 0,95 -1,01 0,57 1,38
(180°,14.5°) 0,67 0,17 0,35 -1,19
Surface (180°,28°) 0,68 0,16 0,51 0,34
2: A4 (180°,41.5°) 091 -1,04 0,30 1,66
: (180°,55°) -1,06 0,52 0,67 0,90
(88.61°,41.5°) | 0,68 0,89 0,67 0,90
(180°,14.5°) 0,49 0,11 0,46 -1,06
Surface (180°,28°) 0,35 0,51 0,75 0,11
3: AO6 (180°,41.5°) -1,00 0,92 0,73 1,19
' (180°, 55°) -1,12 0,84 0,38 1,57
(88.61°,41.5°) | -1,00 0,79 0,51 1,28
(180°,14.5°) 0,38 0,67 0,06 -1,12
Surface (180°,28°) 0,78 0,44 0,95 0,27
4 A07 (180°,41.5°) 0,97 0,38 0,52 0,84
: (180°, 55°) -1,19 0,69 0,38 1,50
(88.61°,41.5°) | 0,87 0,66 0,66 0,87
(180°,14.5°) 0,05 0,49 0,34 0,77
Surface (180°,28°) 0,83 0,16 0,71 0,28
5: A10 (180°,41.5°) -1,28 0,89 0,73 1,44
' (180°, 55°) -1,37 0,58 0,38 1,57
(88.61°,41.5°) | -2,01 0,66 1,09 1,70

angular density. This disturbance of the perceived quality is
induced by the fact that the models used (PTM, HSH, DMD)
are global and therefore non-interpolating. The approximation
obtained in each pixel therefore corresponds to an integration
of the discrete information acquired for this pixel. In the case
of dense acquisitions, this can lead to the appearance of details
which are associated with nearby lighting directions, therefore
not visible in the reference raw acquisition image, which are
detrimental to perception.
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