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Abstract

Diffuse objects have suitable optical properties for accurate three-dimensional reconstruction by fringe projection pro-
filometry. In contrast, shiny objects, such as glossy plastic items and metallic workpieces, are difficult to reconstruct
due to image saturation. In this paper, the recursive structure of the hierarchical multi-frequency fringe projection
profilometry is exploited to prevent saturation by a feedback loop. Novel functions for saturation, low-modulation,
and grating intensity correction, suited to adjust the projector pixels inducing saturation, are proposed. The usefulness
of the proposal is verified experimentally, confirming the high performance of the proposed phase feedback approach
for the reconstruction of shiny objects.
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1. Introduction 23 that employs phase-shifting wrapped phase extraction
2« and multi-frequency phase unwrapping as fringe pro-

Fringe projection profilometry is a general term re- - jection profilometry.

ferring to a subset of structured light three-dimensional
imaging techniques [1-3]. The main feature of fringe 2o Nowadays, fringe projection profilometry is a promi-
projection techniques is the use of two-dimensional co- =22 nent three-dimensional measuring tool that achieves
sine signals, known as fringe patterns, to obtain the ob- 2 high performance when diffuse objects are tested [18-
ject shape by phase demodulation [4]. These techniques 2» 20]. Since diffuse objects reflect incident light rays
can be categorized considering how the fringes are pro- = equally in all directions approximately [21], all object
duced (e.g., interference [5], moire [6], defocusing [7], = points are perceived with the same intensity regardless
mechanically [8], and digitally [9]), the properties of s of the source and camera positions [22]. Therefore, im-
light being exploited (e.g., wavelength/color [10] and s ages of diffuse objects reach the highest signal-to-noise
polarization [11]), and the approach employed for fringe 3« ratio across all pixels [23]. In contrast, shiny objects
analysis (e.g., Fourier transform [12] and phase shifting ss reflect incident rays around their normal directions [24—
[13], among others [14—16]). s 26], leading to perceiving object points as bright or dark
The advent of digital projectors allowed full con- s depending on the source and camera positions [27-29].
trol of frequency and phase shifts of fringe patterns. ss Since the signal-to-noise ratio in highlight and dark im-
Thus, digital projectors simplify the design and oper- 3 age regions is low [30-32], the performance of fringe
ation of fringe projection technology [17]. The high 4 projection systems is affected [33-35].
operation speeds of projectors and cameras allow for
fast reconstruction of 3D objects, even when multiple
phase-shifted fringe patterns are required. For simplic-
ity, we refer to the digital fringe projection technique

a1 Modern applications of fringe projection profilome-
«2 try require reconstructing shiny objects such as glossy
s plastic items and coins [36], metallic workpieces [37],
« aeroengine blades [38], porcelain crockery [39], and

“Corresponding author, Tel.: +52 664 623 1344 s dental piece§ [40]. . These applicatipns demand pro-

Email address: rjuarezsa@conahcyt .mx (Rigoberto s filometers with an increased dynamic range [41-43].
Juarez-Salazar) 4«7 Early high dynamic range fringe projection profilome-
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ters were produced by applying photometric techniques
such as camera exposure [44] and projector bright-
ness adjustment [45]. Later, profilometers were com-
plemented with additional hardware, including polariz-
ers [46], light modulators [47], and micromirror device
cameras [48]. The hardware-based approach achieves
good performance [49-51], but the optical setup be-
comes expensive and requires more effort to align, cali-
brate, and operate.

Alternatively, the algorithm-based approach avoids
experimental complexity and excessive costs [52-54].
This approach comprises algorithms designed to pro-
cess saturated images robustly [55, 56] or prevent sat-
uration adaptively [57, 58]. High dynamic range pro-
filometry by saturated image processing is simple to im-
plement and recommended when the saturation is par-
tial [59-61]. However, its usefulness is limited due to
the mathematical restrictions of models for degraded
image restoration [62]. On the other hand, instead of
processing saturated images, advanced algorithms are
employed to avoid saturation by adapting the grating
intensity [63, 64]. These algorithms convert the pro-
filometer into an adaptive system that optimizes itself
for the specific object under test, reaching the highest
dynamic range.

In broad terms, adaptive high dynamic range pro-
filometers reconstruct an object in two steps [65-67].
First, a preliminary measurement is carried out to de-
tect saturation and establish the image-slide map [68].
Then, the gratings are adapted to perform a second mea-
surement using the optimized configuration [69]. Con-
ventional methods use a binary saturation function ex-
tracted from the fringe pattern background light [70, 71]
and apply a linear image-slide mapping using homo-
graphies [72, 73]. Binary background light saturation
is unsuitable for fine adjustments of partially saturated
pixels and loses precision due to the excluded saturation
effects induced in the fringe amplitude. Also, the linear
image-slide mapping would be inaccurate when com-
plex shape objects are measured because the flatness as-
sumption required by homographies is invalid [74]. Fur-
thermore, the need for two reconstructions (preliminary
and optimized) reduces the overall profilometer perfor-
mance.

Fringe projection profilometry is currently supported
by a wide range of fringe pattern processing methods
[75]. Among them, hierarchical multi-frequency phase-
shifting has emerged as a successful method for high-
precision fringe projection profilometry [76-78]. This
method works recursively, starting with coarse phase
maps and ending with a high-quality phase map [17].
Although intermediate-phase maps have moderate ac-

Projector
Np/ slide

Cameraimage «———Ng

Figure 1: Simplified scheme of a typical fringe projection profilome-
ter with an M:N, pixels camera and an M, N, pixels projector. Points
on the image and slide planes are usually denoted by their pixel co-
ordinates (7, §) and (i1, V), respectively. Alternatively, the normalized
coordinates (r, s) and (u, v) are used in this paper for convenience.

curacy, they provide sufficient information for suitable
image-slide mapping, which helps to remove the need
for a preliminary reconstruction.

In this paper, a novel algorithm-based high dynamic
range fringe projection profilometer is presented. The
recursive structure of the hierarchical multi-frequency
phase shifting method is exploited for saturation attenu-
ation by a feedback loop. New continuous functions to
detect saturation, low-modulation, and grating intensity
correction are derived regarding the background light
as well as the fringe amplitude. The theoretical princi-
ples are described, and the usefulness of the proposed
method is verified experimentally. The experimental re-
sults confirm the outstanding performance of the pro-
posed phase feedback loop in attenuating saturation and
reconstructing bright areas of shiny objects.

The main contributions of this paper can be summa-
rized as follows. First, a feedback loop for automatic
pixel-wise projector intensity adjustment is developed.
Second, new functions to detect saturation and low-
modulation regions, considering both the background
light and fringe amplitude, are proposed. Third, the
background light underestimation phenomenon is dis-
cussed and addressed by weighting the fringe pattern
intensities according to their closeness to the saturation
level. Fourth, the grating intensity is corrected pixel-
wise by a simple function and an interpolation-based
image-slide mapping procedure.

2. Conventional fringe projection approach

This section explains the elementary blocks consti-
tuting a conventional fringe projection system: granting
generator, wrapped phase extractor, phase unwrapping,
phase normalization, and triangulation. Subsequently,
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the proposed phase feedback approach is presented in
Section 3.

2.1. Grating generator

Consider a fringe projection profilometer consisting
of a camera-projector pair, as depicted in Fig. 1. If
the projector resolution is M,N,, pixels, the slide points
have pixel coordinates

(ﬁ’ﬁ)e[l32,”"Np]x[l’za”'sMp]s (1)
where X denotes the Cartesian product. For conve-
nience, the slide coordinates are normalized in the half-
open interval

() € (<1, 1% (=1, 11, 2)
by transforming the projector pixel coordinates as

2

u=—i-1, 3)
4
2

v=—9>0-1. 4)
P

Considering the hierarchical multi-frequency phase-
shifting method, the gratings G;; and H;; of “verti-
cal” and “horizontal” fringes, respectively, with the i-th
phase shift and the j-th frequency, are given as

1 1
G,;j(u, V) = E + ECOS [a)ju +6i],
1 (5)
Hi!j(l/t, V) = E + ECOS [ij+6i],
for
i=1,2,---,m, and j=1,2,---,n, (6)

where m is the number of phase shifts, » is the number
of frequencies, w; and w; are the spatial frequencies,
and ¢; is the i-th phase shift given as

5 = @)

2—”(i - 1.
m

The spatial frequencies are calculated such that the first
grating has a single fringe (w; = w; = ), the fringes in
the last grating have a given period of A pixels, and the
frequency ratio between adjacent gratings is a constant
(wjs1/wj = a and wi /w; = B). These constraints are
met by the spatial frequencies

_ j—1
wj=na’"",

j—1
w;= JTIBI .

®)
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Figure 2: (a) Layout of the hierarchical multi-frequency phase-

shifting fringe projection approach consisting of the blocks (G) grat-
ing generator, (W) wrapped phase extractor, (W~!) phase unwrapper,
(N) phase normalizer, and (T) triangulator. (b) Proposed phase feed-
back loop.

where the constants « and S are defined as

Np 1/(n-1)
=2 1
@ ( y ) , (10)
Mp 1/(n-1)
p= (7) , an

and A is the number of pixels per fringe at the highest
frequency. Block (G) in Fig. 2 represents the described
grating generation stage.

2.2. Background light and fringe amplitude estimation

The fringe patterns captured by the camera for each
projected grating G; ; and H; ; are modeled, respectively,
as

Lj(r, 5) = aj(r, s) + b(r, 5) cos [cD i(ry ) + 5,],
(12)
Jij(r, $) = aj(r, s) + by(r, s) cos [©,(r 5) + 6],

where a; and b; are the background light and fringe am-
plitude, respectively, and the phases ®; and ®; carry in-
formation about the variables u and v, respectively. Fol-
lowing the method proposed by Bruning et al [79, 80],
the functions a; and b; can be estimated from the cap-
tured fringe patterns as

m

1
a(r.5) = 5= 3 [l + Jro] - (13)
m i=1
1 12
bj(r’ S) = n_/l[O-Z(r’ S, Ii,j) + Kz(}’, S; Ii,j)]
1 12
b =[P a2 sip] L a4
— . .
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where o and « are sine- and cosine-weighted sums of
phase-shifted fringe patterns defined as

m
(r(r, S, F,“j) = Z Fi,j(r, S) sin(S,»,

(15)
i=1

K(r, 5; Fi ) = Z Fi(r, s) cos &, (16)
i=1

where F; ; is interchanged by the fringe patterns /; ; or
Ji,j in Eq. (14). The described background and ampli-
tude estimations are contained by block (W) in Fig. 2.

2.3. Wrapped phase extraction and phase unwrapping

The phases ®; and ®; can only be obtained within
the principal values ¢;,6; € (-, n], known as wrapped
phase, given as

o, s 1)
k(r, s31; ) ) ’
o(r,s;Ji))

k(r, 53 J; }) ) ’

oj(r,s) = —tan”! (
(17)
0i(r,s) = —tan™! (

where tan™! represents the four-quadrant inverse tangent
applied to the input point-wise quotient. The wrapped
phases ¢;(r, s) and 6;(r, s) are outputs of block (W) in
Fig. 2.

The hierarchical multi-frequency phase unwrapping
method allows recovering the phase ®; and ®; from ¢;
and 6; using the previous unwrapped phase ®;_; and
Q] j-1 as

Dj(r, 5) = ¢j(r,5) + 21 V(Dj_l(r’ ;)ﬂ_ i SW )

BO;_1(r,5) = 0;(r,5)
2 ’

(18)

®;(r,s) = 0;(r,s) + 21

where |-] is the round operator. Since the gratings are
designed so that the frequency at j = 1 is the unity, then
the phases ¢; and 6, are actually unwrapped; i.e.,

q)l(rs S) = ¢1(7‘, S)a

Oi(r, s) = 01(r, 5). (19)

Therefore, the initial condition of the recursive equa-
tions in (18) is
@(r, 5) = 0,

®y(r, s) = 0. (20)

The block labeled as (W™') in Fig. 2 represents the de-
scribed multi-frequency phase unwrapping process.
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Figure 3: Point p determined by triangulation using the known corre-
spondence p; < po. The camera is characterized by the intrinsic ma-
trix K7, distortion parameters {, rotation matrix R;, and translation
vector ¢;. Similarly, the projector is characterized by the parameters
K>, {2, Ry, and 5.

2.4. Phase normalization

The demodulated phases ®; and ®; are proportional
to u and v, respectively, as can be seen from Egs. (5)
and (12). Therefore, the projector pixel coordinates are
available by the simple normalization:

1

Mj(r, S) = _q)j(r9 S),
wj

| 2D
vi(r,s) = —0(r, s).
Wi

Block (N) in Fig. 2 represents the described phase nor-
malization process.

2.5. Point triangulation

The normalized phase establishes point correspon-
dences between the image and slide planes. Namely,
for any camera image point y; = (r,s), its associated
projector slide point g, = (u, v) is obtained by Eq. (21).
Hence, a point p on the object under test, associated
with the given correspondence

H1 < [, (22)
can be computed by triangulation, as shown in Fig. 3.
Let K1, {1, Ry, and ¢; be the intrinsic matrix, distortion
parameters, orientation, and position of the camera, re-
spectively. Similarly, let K3, {>, R, and £, be the projec-
tor parameters. Since the camera and projector param-
eters can be obtained by a previous calibration [§1-83],
the direction vectors d; and d, can be obtained by

di = D(u; K1, 41, Ry),

(23)
dy = D(u; Ko, §o, Ro),
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Figure 4: (a) Fringe pattern with typical degraded regions: (R1) black surface, unlit, or shadow, (R2) colored non-white surface, (R3) white
Lambertian surface, and (R4) saturated fringes. (b) Background light. (c) Fringe amplitude. (d) Saturation function, Eq. (30). () Low-modulation
function, Eq. (31). (f) Background light underestimation. (i) Unsaturated signal and (ii) its correctly estimated background. (iii) High-intensity
signal and (iv) its actual background a. (v) Available saturated signal, (vi) resultant fitted signal, and (vii) underestimated background a.

where D represents the distorted pinhole model defined
as [84]

D@ K, ¢, R) = RK™'H(u]
+ (@Il + Glipll + -+ ) Res,  (24)
with
o =H"[K " Hul], (25)
where H is the homogeneous operator [85], ||- || denotes
the Euclidean norm, e3 = [0,0, 117, [-]7 denotes trans-
position, and [-]”! is the inverse. Fig. 3 shows that two
solutions can be obtained for p as

p1 =t +0id,,

(26)
P2 =t + 0,

where the unknowns ¢; and ¢, can be estimated by solv-
ing the vector equation ¢; + £;d| = t, + {»d; using the
least squares method as

[‘“] = (D"DY"'D (1~ 1), @7)

1)
with D = [d;, —d;] being the regression matrix. Thus,
the required vector p is defined as the average (p;+p)/2
leading to [86]

p= Lpu [‘)1 (28)

1
7 6 + E(tl + 1),

where H = diag(l,—1) is a 2-by-2 diagonal matrix.
Block (T) in Fig. 2 represents the described point tri-
angulation process.
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The conventional hierarchical multi-frequency phase-
shifting approach is depicted in Fig. 2(a). It is note-
worthy that this approach reconstructs the object when
all 2mn fringe patterns are available at j = n. However,
small sets of 2m fringe patterns allow coarse reconstruc-
tionsat j = 1,--- ,n—1. Although the phase from recon-
structions at j < n has moderate accuracy, it is suitable
for the image-slide mapping. This recursive structure is
exploited by a phase feedback loop where, for each iter-
ation j, the intensity correction function is computed to
attenuate fringe saturation in the next iteration j + 1, as
depicted in Fig. 2(b).

3. Phase feedback approach

3.1. Saturation and low-modulation functions

Fringe projection profilometry typically produces im-
ages with saturated regions and other degradations [87,
88], as illustrated in Fig. 4(a). Saturated regions can
be identified using the background light and the fringe
amplitude; see Figs. 4(b) and 4(c). Assuming that the
image intensity is normalized within the closed interval
[0, 1], then the background light and twice the fringe
amplitude are also normalized, i.e.,

aj(r,s) €[0,1],

2bj(r,s) € [0,1]. 29

Since saturation occurs when the background is high
and the amplitude is low, see Figs. 4(a)-(c), we define
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the saturation function as

Sc(r,s) = a(r, $)[1 = 2b(r, 5)], (30)
where subscript ¢ emphasizes that function S is on the
camera image plane (7, s). Fig. 4(d) shows the pro-
posed saturation function S.. Analogously, since low-
modulated pixels exhibit low values of both background
and fringe amplitude, we define the low-modulation
function as

Le(r,s) = [1 = a(r, 9)][1 - 2b(r, 5)], (31)
which is high (close to unity) in low-modulated pixels
and low (close to zero) otherwise. Fig. 4(e) shows the
proposed low-modulation function L, aimed at remov-
ing noisy pixels.

3.2. Background light underestimation

The background light is necessary to adjust the grat-
ings on the projector and prevent saturation. Unfortu-
nately, the background light is underestimated when sat-
urated fringes are processed, as illustrated in Fig. 4(f).
Let a be the actual background light of high-intensity
fringes, and let a be the underestimated background ob-
tained from the saturated fringes. A straightforward ap-
proach to determine the background light is by exploit-
ing the linear response of the camera sensor [52]. There-
fore, the actual background light in saturated regions is
proportional to the underestimated one as

a(r, s) = ta(r, s), (32)
where 7 is the underestimation parameter given by the
user. Alternatively, the background light can be ob-
tained by removing the saturated fringe patterns from
the estimation process [70]. Moreover, we propose us-
ing all the fringe patterns but weighing their contribu-
tions according to their closeness to the saturation level.
First, Eq. (13) is rewritten as the solution of a classical
least squares problem as

a(r, s) = %e,T(ATA)‘lAT[Y(r, ) + Z(r, 5)], (33)

where elT =[1,0, 0], the regression matrix is defined as

1 cosd; —sind;
1 cosdy —sind,

A= . . . ’ (4

1 coséd, —sind,
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and, for every image point (r, s), the intensity data vec-
tors Y and Z have a size of m-by-1, defined as

Li(r, s) Ji(r, 8)
(7, s) Jo(r, s)

Y(r,s) = . , Z(rs) = (35)
I,,,(.r, s) J,,,(.r, s)

Note that the intensities vectors Y and Z in Eq. (33) con-
tribute equally in the estimation of the background light
a(r, s). In contrast, we propose to apply the weighted
least squares method as

ar,s) = %e{ [A7 Qi 1A AT Qi )Y (r9)
+ %e{ [A7 Qs 9] AT Q,(r.9)Z(r, ). (36)

where Q; and Q; are diagonal m-by-m weighting matri-
ces defined as

[1-1,(r,5)

Oi(r,s) = - ,
1 —1,(r,s)

(37

(1 - Ji(r, 5)

Qy(r,s) = (38)

1= J,(r,s)

Note that the intensities ;(r, s) and J;(r, s) are weighted
by 1 — Ii(r,s) and 1 — Ji(r, s), respectively, which de-
creases as I; and J; approach the saturation level.

3.3. Grating intensity correction function

The maximum fringe contrast occurs when the back-
ground light and fringe amplitude are 1/2. Since the ac-
tual background is &, the correction factor for the grating
G must be 1/(2a) at the saturated region, and 1, other-
wise; i.e., S .G/(2a) + (1 — S .)G. Therefore, the grating
intensity correction function can be defined as

Sc(r,s)
2a(r, s)

Although the intensity correction function could be up-
dated for each iteration j, it is advantageous to perform
the estimation in an initializing stage using the grating
with maximum frequency to reach the highest accuracy.

Cor,s)=1-=-8.r,5)+ (39)

3.4. Image-slide mapping

It should be noted that the intensity correction func-
tion C,. is on the camera image plane (r, s). However,
the correction function must be on to the projector slide
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Figure 5: (a) Intensity correction function on the camera plane ob-
tained by Eq. (39). (b) and (c) Projector pixel coordinates obtained
from the demodulated phase by Eq. (21). (d) Interpolant C fitted by
Eq. (40) for image-slide mapping. (e) Resultant intensity correction
function on the projector plane obtained by Eq. (41).

plane (u, v) for grating intensity adjustment. The image-
slide mapping is performed by interpolation using the
coordinates u;(r, s) and v;(r, s) recovered by Eq. (21).
Namely, let C; be an interpolator fitted to the available
data points u;(r, 5), v;(r, s) and C.(r, s) as [89, 90]

CC(I’, S) = C][u](rs S),Vj(r, S)] (40)
Therefore, the intensity correction function on the slide
plane is obtained by evaluating the interpolator at every
projector pixel point as

C, j(u,v) = Cj(u,v). 41
Fig. 5 illustrates the described image-slide mapping
process.

3.5. Grating intensity adjustment and summary

The correction function C), ; is employed to attenuate
fringe saturation by pixel-wise intensity adjustment of
the gratings G; j and H; ; as

G, j(u,v) = Cp ji-1(u,v)G; j(u, v),

8 (42)
H,-,j(u, V) = Cp,j—l (M, V)H,-,j(u, V).

The proposed phase feedback approach is summa-
rized in the following seven steps. Initialization: (S1)
Project G;; with j = n (highest frequency) and its m
phase shifts to extract a and b, and generate the satura-
tion function S, by Eq. (30). It is worth emphasizing
that neither H; ; nor lower frequency gratings need to be
projected because phase demodulation is not required
during the initialization stage. (S2) Apply Eq. (36) to

337

338

3:

@

9

340

341

342

3

x

3

3.

by

4

3.

r

5

3

x

6

347

348

349

350

351

352

3!

@

3

354

355

356

357

358

359

360

361

(©

Projector l

Camera

Z

y Reference
plane

Figure 6: (a) Fringe projection profilometer reconstructing a shiny
object. (b) One of thirty superposed color checkerboard images and
its grayscale checkerboard images from the red and blue channels for
projector and camera calibration, respectively. (c) Representation of
the calibrated pofilometer using the estimated parameters.

estimate a(r, s) and compute C.(r, s) by Eq. (39). (S3)
Set j = 1 and the initial values:

Dy(r,5) =0,
Op(r,s) =0, (43)
Cpou,v) = 1.

Projection: (S4) Project G; ; and H; ; with their m phase
shifts to extract ¢; and 6;. (S5) Apply Egs. (18) and (21)
to obtain the projector slide coordinates u; and v;. (S6)
Construct the interpolant C; by Eq. (40), compute the
function C,, j(r, s) by Eq. (41), and set j = j+ 1. Repeat
from step (S3) until j = n. Reconstruction: (S7) Com-
pute an object point p for every point correspondence
(r,5) & (uy(r, ), vy(r, s)) using Eq. (28).

4. Experimental evaluation

The proposed phase feedback approach was evalu-
ated experimentally by reconstructing a metallic ob-
ject, as shown in Fig. 6(a). The profilometer was
constructed using the camera iDS UI-3880CP-C-HQ
(2076 x 3088 pixel resolution, 8 millimeter (mm) fo-
cal length imaging lens) and the projector Kodak Luma
150 (1080 x 1920 pixel resolution).

The profilometer was calibrated using the flexi-
ble camera-projector calibration method by superposed
color checkerboards [91]. Two 7 X 10 checkerboards
were employed: one on the reference plane (175 x 250
mm size and yellow color) and other on the slide plane
(1080 x 1920 pixel size and blue color). Fig 6(b) shows
one of the thirty-five captured checkerboard images and
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Figure 7: Fringe patterns captured by (a) conventional fringe projection, (b) optimal camera exposure time, (c) the proposed phase feedback
approach, and (d) the multi-exposure method. Four gratings (j = 1,--- ,4) with sixteen phase shifts each were projected. The initialization stage
of the proposed method employed the highest frequency grating (j = 4) along the u-axis to obtain the correction function on the camera plane C.
while the correction function on the projector plane C), ¢ to the unity. In the projection stage, for each iteration j, the grating intensity was corrected
using Cp,j—1(u, v) from a previous iteration and getting Cp, ;(u, v) using C, and the demodulated projector coordinates u(r, s) and v;(r, s).

the gray-scale images extracted from its red and blue
channels to calibrate the projector and camera, respec-
tively. The system parameters were estimated by fitting
the distorted pinhole model to the available checker-
board points [84]. The resultant calibration parameters

367
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369

370

371

were used to depict the calibrated system in Fig. 6(c).
The following fringe projection experiments were per-
formed using m = 16 phase shifts, n = 4 gratings,
A = 12 pixels per fringe at the grating highest frequency,
and a linear piece-wise interpolants C;.
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Figure 8: Three-dimensional reconstruction of a steel plate using (a) conventional fringe projection, (b) optimal camera exposure time, (c) the
proposed phase feedback approach, and (d) the multi-exposure technique.

First, a shiny steel plate was reconstructed using the
conventional fringe projection profilometry approach as
a reference. Fig. 7(a) depicts the captured fringe pat-
terns. It is worth noting that high intensity makes it pos-
sible to detect fringes in dark regions, but fringes are
undetectable in saturated regions at j = 4. The satura-
tion prevents phase extraction and impedes the recovery
of the object surface in the saturated regions, as shown
in Fig. 8(a). Similarly, the optimal exposure method
was used to prevent saturation [52], as shown in Fig.
7(b). However, the fringes in low illumination regions
are missed, degrading the three-dimensional reconstruc-
tion, as shown in Fig. 8(b).

Next, the reconstruction was performed using the
proposed approach.  Inmitialization. @ The grating
Gia(u,v), with i = 1,---,m, was projected, obtain-
ing the fringe patterns depicted in Fig. 7(c) (1st col-
umn). The extracted background light and fringe am-
plitude were employed to compute C.. Also, the cor-
rection function on the projector plane C, was initial-
ized as the unity. Projection. The gratings G; ; and
H; ; with j = 1 and all phase shifts were projected.
The captured fringe patterns are depicted in Fig. 7(c)
(2nd column). The demodulated projector pixel coordi-
nates were used to obtain Cp,;(u,v). This process was
repeated for j = 2,3, and 4, as depicted in Figs. 7(c)
(3rd, 4th, and 5th columns). Note that both low illu-
mination and fringe saturation issues were diminished
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effectively, as shown in Fig. 7(c) (6th column). Re-
construction. The projector pixel coordinates at the
last iteration, uy(r, s) and v4(r, s), were used for trian-
gulation. The resultant reconstruction is shown in Fig.
8(c), where a proper object reconstruction in the shiny
regions is confirmed.

Additionally, the high dynamic range scanning tech-
nique by multiple camera exposure time was employed
for comparison [44]. Fig. 7(d) shows the fringe pat-
terns obtained after merging the images captured using
ten exposure times, and Fig. 8(d) shows the resultant re-
construction. Note that this technique and the proposed
method effectively detect fringes in low-illumination re-
gions while preventing saturation, as shown in the last
column of Figs. 7(c) and 7(d).

Further experiments were conducted to evaluate the
performance of the proposed method in reconstructing
objects of different materials. For this, a glossy plastic
item and a ceramic mug with a textured surface were
reconstructed, as shown in Figs. 9 and 10, respectively.
Since the main issue in reconstructing shiny objects is
the missed points from saturated and dark regions, the
performance of the implemented methods was assessed
considering the number of points constituting the three-
dimensional reconstructions. The multi-exposure tech-
nique was used as the reference since it produced the
largest point cloud size in all conducted experiments.
Table 1 shows the quantitative results from the experi-



428

429

430

Y

L

)

Size: 1.730 x 106 points

I

,,m\\‘

i o M\“\“\

Size: 1.862 x 106 points

40 wy [mm]

Figure 9: Highest fringe patterns and three-dimensional reconstruction of a glossy plastic item using (a) conventional fringe projection, (b) optimal
camera exposure time, (c) the proposed method, and (d) the multi-exposure technique.

mental evaluation.

431

The experiments corroborate that reconstructing s
shiny objects is challenging using a single exposure 4

10

time because fringes in saturation and low-illumination
regions cannot be registered simultaneously. In contrast,
the camera multi-exposure time method overcomes the
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Figure 10: Highest fringe patterns and three-dimensional reconstruction of a textured ceramic mug using (a) conventional fringe projection, (b)
optimal camera exposure time, (c) the proposed method, and (d) the multi-exposure technique.

ss high-dynamic issue at the cost of significantly increas- 4 liable reconstructions through pixel-wise projector in-
w5 ing the number of required images. On the other hand, s tensity adjustments performed dynamically by a phase
s the proposed method is more effective in producing re- 49 feedback loop during the projection stage.
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Steel Plastic ~ Ceramic
Conventional 66.84 % 9250 % 89.72 %
Optimal 7434 % 99.55% 83.56 %
Proposed 96.48 % 99.68 % 99.80 %

Table 1: Recovered points in the reconstruction of a steel plate, a
plastic item, and a ceramic mug using conventional fringe projection,
optimal camera exposure time, and the proposed method. The multi-
ple camera exposure time technique was used as the reference.

5. Discussion

The main purpose of the initialization stage is to ob-
tain the correction function C,. This stage would be un-
necessary if the background light and fringe amplitude
extracted in the projection stage were used to compute
C.. However, since the saturation sensitivity increases
with the grating frequency, the initialization stage al-
lows projecting the highest frequency gratings to ob-
tain C, with high sensitivity and use it in the subsequent
projection stage. Also, since the background light and
fringe amplitude can be extracted by single-axis fringe
projection, only the grating G; ;(u, v), with j = n, is used
in the initialization stage.

Image-slide mapping has an intrinsic difficulty re-
garding the chosen interpolant function and the noise in
the available data [92]. Although the linear piece-wise
polynomial interpolation performed satisfactorily in this
work, future research on an advanced method for out-
lier removal and image-slide mapping by approximation
(instead of interpolation) should improve the precision
of the proposed phase feedback approach.

6. Conclusion

A novel fringe projection profilometry approach suit-
able for reconstructing shiny objects was proposed.
Three novel functions: saturation, low-modulation, and
grating intensity correction, were derived regarding
both the background light and fringe amplitude. A
phase feedback loop was proposed to adjust the grat-
ing intensity and attenuate undesired saturation effects
from shiny object reconstruction. The usefulness of the
proposed approach was evaluated experimentally, con-
firming a successful object reconstruction in saturated
regions. Desirable features of the proposed method, in-
cluding simplicity and robustness, enabled it for modern
engineering applications requiring optical reconstruc-
tion of shiny objects.
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