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Abstract. A fringe projection profilometer is a system that retrieves tridimensional
surface information by digital signal processing of sinusoidal patterns, projects and
captures these patterns as they are being spatially modulated by an object. In this pa-
per, we address the problem of calibrating the nonlinear intensity response of the
projector, namely gamma distortion, by proposing a new calibration method that re-
quires only a sinusoidal pattern to estimate the gamma factor. This value is used to
generate and project the new set of fringe patterns for which we perform the inverse
gamma compensation. We also compare the performance of the proposed method
with the polynomial method and the least squares method. The numerical accuracy of
these three models was compared by computer simulations, and we subscquently
analyzed their performance in mitigating gamma distortion in experimental data. The
results show the effectiveness of the proposed method in estimating and correcting
gamma distortion.

Keywords: Fringe projection profilometry, Nonlinear intensity response, Cali-
bration.

1 Introduction

Three-dimensional measurement theory based on structured light has developed rap-
idly with the rapid development of computer technology, optical and optoelectronic
devices. Systems are already in place that allow us to achieve this contact system like
the coordinate measuring machines (CMMs), time of flight (1ol’) cameras, stereo
vision sensors, and structured light projection systems. The most important in the
industry is the CMM becausc of its high accuracy and not being sensitive (o the re-
flectiveness of the object, it gets done through measurement of coordinates of an ob-
ject in a point-to-point contact although it’s not very efficient [1].

In contrast with the CMM, the fringe projection profilometer (FPP) is one of the
most efficient systems, so much so that even real-time measurements are being active-
Iy considered and worked on [2]. The FPP is an instrument that utilizes structured
light patterns to measure tridimensional object surfaces, and has several applications:
in medical fields, automotive industry, reverse engineering, archaeological preserva-
tion, among others [3].
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The 3D fringe pattern profilometer is composed of a camera and a projector. The
latter projects sinusoidal patterns on a surface to be measured, where those undergo a
spatial modulation, which 1s captured. Subscquently, the (ridimensional surface is
extracted from the acquired patterns through a phase shift algorithm and a phase un-
wrapping one [4, 5, 6]. Despise its simplicity of construction, each element compon-
ing the system introduces a set of distortions to the captured patterns |7,8], those dis-
tortions compromise system reliability, reducing the precision and accuracy of the
measurcments made. Regardless of the progress made, there is still room for im-
provement, so we propose a method for calibration of the nonlinear intensity response
of a video projector and compared its performance with 2 other literature methods.

We start discussing the basic theory of phase retrieval in fringe projection. Second,
we discuss the nonlinearity of the projector and how to correct according to the power
law. Next, we talk about 2 literature methods, the first linearizing the projector inten-
sity response estimating a high-degree polynomial on a ramp (unction projected in a
reference plane [9]. The second estimates a global gamma constant by adjusting the
least-squares plane to the estimated phase coming from the reference plane [10], and
the proposed one that estimates by adjusting a gamma induced ideal signal to the
captured pattern. In the simulation method we make a comparison using numerical
simulations 1o understand the performance of cach model as a function of the noise
level and its respective processing time.

In the work, we present a new approach to estimate the gamma of a projection sys-
tem used for reconstructing and measuring 3D surfaces. The estimation 1s performed
as an optimization problem. Also, we compare our proposal with the methods that
have been reported 1n the literature.

The remainder of this paper is structured as follows: Section 2 describes the pro-
posed theory of each method for gamma correction. Section 3 presents experimental
results and comparative analysis based on numerical simulations. Finally, Section 4
presents the conclusion of the presented work.

2 Theorical framework

2.1  Fringe pattern profilomceter (FPP)

A basic structured light projection system is illustrated in Fig 1. The setup consists of
a computer to generate and process fringe patterns, a digital light projector to project
the generated patterns, a high-resolution camera (CCD, Charged coupled device) that
is used to acquire the [ringe patierns modulated by the object surface under test, and
the reference plane used to calibrate the system. Where y is the angle between the
camera and the projector, / is the height of the object, and p is the fringe pattern pitch.

In general, to measure a tridimensional surface by the projection of sinusoidal in-
tensity patterns, one project and acquire sequence patterns shifted by the known phase
angles. The acquired patterns can be described as:

In(xJY) = Io(xz}’) + Imod(qu) : CDS((P(x!y) + 611)) (n = 1: 21 31 !N) ’ (1)
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here (x, V) € R? is the pixel location; I,(x, y), and L,,,4(x,y) are the background and
intensity modulation, respectively. While @(x, y) is the phase to be retrieved contain-
ing the encoded information of the three-dimensional surface of the object, and §,, is a
known phase shift defined as 2mn/N, where N is the number of phase steps or pat-
terns to be projected.

Projector Computer

Reference plane
Fig. 1. Setup sketch of fringe projection profilometer.

Once the patterns are acquired, the phase can be estimated by phase shift algorithms,
¢.g., the phase @ (x, y) can be solved by [5]
_ -1 Zﬁ:‘l’n(’ﬁ)’)»"'i"(ﬁn) __ 2mn

qJW(x,y) = fan 25\1,:1]11(’5:3’)505(6111) ’ 6n TN (2)
This expression provides the wrapped phase @yxy) ranging € (—m, m]. &, is the
phase shift that that are equidistant angles in a range of [0, 27). The wrapped phase is
later processed through an unwrapping phase algorithm that converts the phase de-
fined in a range (—m, 1] in a continuous range. As a final step, we convert the re-
tricved phase to height though phase-height calibration procedure [12].

2.2 Gamma correction

A variety of devices used for image projection, capture, printing, and displaying re-
sponse according to the power law, 1.e.

Iout = Iinyx (3)

where, ¥ 1s a positive constant (By convention, the exponent in the power-law equa-
tion 1s referred to as gamma). According to lig. 1 and the acquired patterns /[, will
be distorted by this nonlinear transformation, assuming that one generated ideal si-
nusoidal intensity patterns, when the gamma value is different [rom 1.

By inspection of the Eq. (3), one could correct the distortion in the acquired pat-
terns, if we know the gamma value, before projecting patterns, i.e.,

lin = (lnut)I/y = ([iny)‘l/y- (€]
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Although this relation gives us an easy way to correct the gamma. In real systems, one
required to estimate the gamma value and digitally generate sinusoidal intensity pat-
terns power to 1/y . In Fig 2, we can sce how the intensily response of the projector
modified the gray levels to be projected and how it distorts the acquired fringe pat-
terns. For example, in systems based on the projection of sinusoidal intensity patterns
the nonlinear response introduces higher order harmonics, which mftroduced phase
errors when fringe patterns are demodulated by phase shifting algorithms.

250 — = 7 250 —
Ideal intensity response s Ideal intensity response
——— Gamma distorted (y) r ——— Gamma distorted (v)
Gamma corrected (1/y) Gamma corrected (1}
— 200 — 200 [
@ »
g / g
] b 2
§ 150 o i 150 |
2 2 [
£ 2 ! |
E 100 / E 100 | |
= 7 = |
=3 / g [
=1 5 |
= // o | \
50 A 50 | \
/ \
o \
0 - 0 \i/ ./
0 50 100 150 200 250 0 200 400 800 800 1000 1200
Input intensity [gray levels] X Axis [px]
(a) ()

Fig. 2. (a) Plots of Iiq. (3) and Liq. (4) for: blue line, y equal to 1 and for yellow and red lines
equal to 2.2. (b) Linear response of the digital light project when the input is a sinusoidal inten-
sity and gamma values according with cases shown in (a)

3 Calibration mathematical models

3.1  Preprocessing image

In addition to the gamma problem, the reflectance of the object and illuminance is not
uniform on the object’s surface. Thus, the Eq. (4) should be rewritten as

1,(x,y) = F(x,y)1,(x,y) + n(x,y). &)

Where 1,(x,y) is the acquired intensity pattern under more realistic conditions,
I, (x, y) is the input pattern, n(x, y) is noise, and F(x, y) is reflectance and emittance
of the projector. As we can see in equation (5), to get an ideal projected pattern, we
need to remove the inhomogeneities in the acquired patterns that are due reflectance
and no uniform illumination projector. One way to cstimate the F(x, y) is projecting a
pattern with constant illuminance on the reference plane, as shown in Fig. 3(a) and
perform basic digital manipulations between images, e.g.

la(xy) _ laxy)F(xy)+n(xy) (6)
Ic Ic A

where I;(x,y) is the constant illuminance pattern and I is the known constant illu-
minance, where we know that

li(x,y) = I, (N
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by solving it further we can write it as

Fley) =22 = Fx,y) + 12, ®)
) ol Ic

where F'(x,y) approximates the reflectance and emittance of the projector because

the term n(x, ¥)/I, is not significant, the acquired patterns: tilt plane and sinusoidal

intensity patterns can be normalized, i.e.,

I, ~ -2 ©)

Fl(xy)

In Fig. 3(b) one can see a fringe pattern before correction, where we could observe a
nonhomogeneous illumination and the normalized pattern in Fig. 3(c).

i

(2) (b) ©

Fig. 3. (a) Captured image with a uniform illuminance on reference plane, sinusoidal intensity
pattern; (b) belore correction and (c) alter normalization.

3.2 Polynomial estimation method

We know that the projector intensity response is determined by power law, that means
that if we project intensity ramp in the range [rom 0 to 255 gray levels in a relerence
plane. The acquired ramp will be modulated by the power law. We need to estimate
the gamma value to correct for the non-linear relationship between projected and
acquired gray levels (projected and acquired patents, respectively). An alternative
method proposed in the literature is to fit a polynomial of order N to the (normalized)
intensity profile, which is obtained from of the linear-wedge grayscale image, previ-
ously projected onto the reference plane. The lincar-wedge grayscale image lo be
projected can be described by

T(x,y) = R(x), R(x) {2 3 2 2;5 255° (19

where the acquired pattern could be a nonlinear intensity map along the tilt axis. All
we need to do is the estimation of the coefficient for a polynomial of order N that fit
the acquired, nonlinear-wedge grayscale image. For example, third order polynomial,

Ioul_ = C() + C1Iin + CZIinZ + C3Iin3: (1 1)

with Cy, Cy, Cy, C4 as the estimated coefficients. For simplicity we will define that the
non-linear relationship, between the input and output, which is given by the polyno-
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mial, as an operator, P{-}. Then, we preprocess the input image before inputting it into
the DL.P by performing the transformation.

When the mput into the same projector, the inpul corrected inverse polynomic pro-
duces an output that is close in appearance to the digital image.

I'sn = 2R(Iy) — P{I}, (12)
where I;,, is the ideal intensity and P{I;,} is the estimated third order polynomial that
defines our intensity response model.

3.3  Least squares method

The least squares optimization proposes the estimation of the gamma value as an
optimization problem defined by

JW = oGy — o, (e ," (13)

where @ (x, ¥)/7 is the unwrapped phase estimated after applying a digital correction
in the fringe patterns by certain gamma factor, @, (x,y)| o1/7 15 the best fitted plane

over a region in the unwrapped phase map, and J(y) is the optimization problem
solved by a [ree-derivative for unconstrained minimization problems called the
Nelder—Mead simplex method [11], with a range for searching the optimal value.

3.4  Ideal pattern differentiation method

Based on the least squares we propose a new method based on intensity where the
estimation of the gamma value is an optimization problem defined by

Zz
¥

D(y) = ||l(x) — 1(x)7? (14)

where I,,(x) is a cross-cut of the sinusoidal intensity of acquired pattern when the
ideal patlerns is projected on reference plane, and I(x,y)7 is the ideal sinusoidal in-
tensity pattern whose frequency is same to that of the captured pattern, modified with
the gamma value, and D(y) is the optimization problem solved by a free-derivative
for unconstrained minimization problems called the Nelder—Mead simplex method
[11], with a range for searching the optimal value. Once we capture and compensate a
sinusoidal pattern, we make a cul in the x axis direction of the pattern retrieved to get
a row of data, after compensation we assume that all columns have the same data.

4 Results

In this section, the exposed schemes [or gamma calibration arc numerically analyzed
through computer simulations. However, we also performed a series of experiments
with a commercial DLP projector (model PID7820HD, ViewSonic) with a native
spatial resolution of 1920 x 1080 pixels. The images were acquired with an 8-bit sin-
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gle-CCD camera (model DCU 224C, Thorlabs) with a spatial resolution of 1280 x
1024 pixels. The angle in the experiment setup is y = 12 degrees as seen in Fig. 1.

4.1 Simulation

To check the feasibility and validity of the compared methods without the influence
of the experimental setup of an FPP system, simulations of 3D measurements of 1deal
planes distorted by distinct gamma values were carried out. In the first simulation we
generated a set of 3 phase shifted fringe patterns for gamma values between 0.2 and
3.9 with increments of one tenth. Each pattern was corrupted with Gaussian noise
with different percentages: 2%, 4%, and 6% respectively. We used the root-mean-
square error (RMSE):

RMSE = \/ w (15)
Where ¢@(x,y) is the ground truth phase, @(x,y) is the estimated phase which is re-
trieved from the simulated fringe patterns. Fig. 4(a) shows RMSE error in function of
gamma value for the three calibration methods under different levels of noise, where
one can observe that the polynomial method has worst performance with respect to
the least squares and differentiation methods with exceptions around 1 and 1.6. In Fig
4(b) and Fig. 4(¢) we observe the RMSE in [unction of gamma values for the least
squares and the differentiation methods, respectively.

3
RMSE

(a) (b) (©)

Fig. 4 Root-mean-square error as a function of gamma value for the methods used for gamma
correction: blue, red and yellow lines correspond to: polynomal approach, least squares ap-
proach and differentiation approach, respectively. These were evaluated in three different levels
of noise: (a) 2%, (b) 4% and (¢) 6%.

Table 1. Computer processing time (seconds)

Noise Level

Model 2% 4% 6%
Polynomial 0.0092 | 0.0120 0.0122
I.east squares 10.4432 13.8095 13.8255
Dillerentiation | 0.0041 0.0048 0.0050




284 | Emerging Trajectories. Advances in Cyber-Physical Systems, Biorobotics. ..

Table 1 depicts the computer processing time for the data reported on 1'ig. 4, employ-
ing a commercial laptop with an Intel(R) Core (TM) i7-1065G7 CPU and 12GB-
DDR4 of RAM, MATLAB R2023b, and Windows 10 as the operating system. We
can see in Table 1 that the polynomial and differentiation method have similar com-
putational performances, while the least squares method has higher execution time.

4.2  Experimental results

In this section, we perform a series of experiments to compare performance of previ-
ously described three methods to correct the gamma distortion and their cffects on
retrieved three-dimensional surfaces. As test object was used a resin semi-sphere
printed with a precision of 0.05 mm, whose diameter is approximately 60 mm and has
a height of 30 mm, the semi-sphere 1is attached to the plane with double-sided tape

(@)

Fig. 5. Acquired intensity patterns to model the nonlinear intensity response of the projector
after the calibration. (a)Tilt plane pattern, (b) 3 phase shift patterns.

At first step, we project and acquire a series of patterns on the reference plane. For
the polynomial calibration procedure, a linear-wedge grayscale image was projected
sees l'ig. 5(a) and three phase shifted patterns, with a pitch of 36 px, see I'ig. 5(b).
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Fig. 6. Plots the intensity response models acquired by each method reviewed. Being the blue

line the ideal model, with the red, yellow and purple line being the polynomial, least squares,

and differentiation model respectively. (a) shows the acquired models, while (b) shows their
respective correction models.

After the estimation, we get a polynomial function with the following coefficients: -
0.3499, 1.3416, 0.0017, 0.0080. and gamma values of 2.7836 and 1.8469 for the least
squares and differentiation, respectively, the models can be seen in I'ig. 6(a) and the
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inverse model is shown I'ig. 6(b). Next with the estimated correction models we gen-
erate fringe patterns to get the wrapped phase with a 36px pitch and shift of 2m/3,
and [ringe patterns with a pitch of 216px (o unwrap the phase based on the double
frequency method described in [5], after unwrapping we convert to height through the
construction of an empirical model from known surfaces and a linear least squares
regression process as described by [12]. After, we compare surface information of an
object retrieved with 3 shifted fringe “corrected” patterns, with its respective surface
information retrieved with 12 shifted [ringe patterns without correction. We do that
because as we increase the number of shifted fringe patterns N in a fringe projection
profilometer the effects of second and higher order harmonics decrease. 12 shifted
fringe patterns should reject the most significant harmonics that distort the phase,
giving us a comparison point to review the methods [13].
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Fig. 7. Plots a frequency domain comparison of gamma corrected pattern with each method
reviewed. Being the blue line the 12-steps phase, the red line the 3-steps uncorrected phase,
with the red, yellow and purple line being the polynomial, least squares, and differentiation
corrected phases respectively. The left figure shows the complete signal, while the right one is a
zoom in of the (irst 3 harmonics.

With that we proceed to recover 3D measurement of the object as a final test. In simu-
lations, the least squares and differentiation methods have similar performances even
though the estimated values have a difference of almost 1; this deviation is seen in
Fig. 6 and it is because of the mathematical model of the least squares is sensitive to
small deviations in the estimated value and despite that, we can observe that both
methods correct partially the gamma distortion as we can see in l'ig. 7, I'ig. 8, and
Fig. 9. In Fig. 7 we can observe the amplitude of the harmonics, in the Fourier do-
main, of a [ringe patlern corrected by cach method. In Fig. 9, we can sce that the pol-
ynomial method and differentiation method have better results. However, In Fig. 7
conclude the method that best cancels the harmonics is the differentiation one. Also,
in experimental results, Fig. 8, This is observed better in the horizontal cut of the
phase in I'ig. 9 and in I'ig. 8 we confirm that the methods that best cancel the ripple in
the object height profile are the methods, this ripple is due to the second harmonic.
Assuming that the ideal reconstruction is the one oblained by the 12-step method, we
estimate the rms value for each method: RMSE for the uncorrected 3-step algorithm
was 0.4895 mm. While RMSE values for the polynomial method, least squares meth-
od and differentiation method were 0.21 mm, 0.32mm, and 0.22mm, respectively.
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©

Fig. 8. Comparison ol a horizontal of the phase ol an object by each reviewed method. Being
the red line a horizontal cut. (a) Shows the 3 steps phase without corrections and (b) the 12
steps phase, while (¢) shows a 3 steps phase by the polynomial approach, (d) a 3 steps phase by
the least squares approach, and (e) a 3 steps phase by the differentiation method.
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Fig. 9. Comparison of a horizontal cut of the phase of an object by each reviewed method.
Being the blue line the 12-steps phase, the red line the 3-steps uncorrected phase, with the red,
yellow and purple line being the polynomial, least squares, and differentiation corrected phases

respectively. The left figure shows the complete signal, while the right one is a zoom in.

5 Conclusions

In this work, we present a new scheme to estimate the gamma of a projection system
proposed [or reconstructing and measuring 3D surfaces. The estimation is performed
as an optimization problem, where the objective function is the difference between the
sinusoidal intensity of acquired pattern and its ideal sinusoidal intensity pattern
(gamma modified) whose spatial frequency and phase are the same as that of the ac-
quired pattern.

Also, we compare its performance with two other calibration methods, the least
squares, and the polynomial method. In simulations, we found that the proposed
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method and the least squares have similar gamma-correcting performances with lower
RMSE over a wider range of gamma values in contrast with the polynomial the latter
being slightly better around a gamma valuc of 1.6.

We implemented and tested these calibration methods on a fringe projection pro-
filometer. Experimentally, the proposed method, the least squares method and poly-
nomial method reduced the RMSI by a factor of 2.15, 1.52, and 2.32, respectively.
Where the proposed method and the polynomial method have similar performances,
but unlike the polynomial, it is not necessary o acquire a tilt plane o estimate the
nonlinear intensity response of the projector. Therefore, our algorithm requires only a
sinusoidal pattern and can be useful in dynamic applications, where having high pro-
cessing speed 1s essential.
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