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Abstract

Fringe Projection Profilometry (FPP) is a widely used non-contact technique for 3D measurements
in different fields such as reserve engineering, quality assurance and security systems. Traditional
FPP systems suffer from many problems i.e., limited working distance and large phase error. These
problems exist due to the limited depth of field of the optical element of the systems components
and nonlinear gamma response. This paper introduces large depth of field FPP system utilizing
focus-free laser projector. Nonlinear gamma effect of red, blue, and green channels is studied, and
phase error is calculated for each. Also, the focus-free projection of the projector at different
distances up to 1725 mm is studied. Large depth of the field and the working distance of the system
equal to 300 mm within the distance from 800 to 500 mm were proved with improved phase error.
The large depth of field and working distance of the system are demonstrated by phase map
calculation of cylindrical surface at four different distances equal to 800, 700, 600 and 500 mm.
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1. Introduction

In the last two decades’ fringe projection profilometry (FPP) is widely used in diverse fields
due to its flexibility, accuracy, and speed [1-7]. In (FPP) system fringe patterns with certain
structure are projected onto object surface. These fringes will be deformed due to the object
height distribution. The image of deformed fringes is captured by a CCD camera, then analyzed
by one of analysis technique such as Fourier transform, wavelet transform and phase shifting
technique to get the phase map. A suitable phase unwrapping algorithm is used to obtain the
absolute phase map. Finally, the system is calibrated to transform from the phase map to real
world coordinate [8-9].

Fringe patterns can be produced by different methods using optical elements such as
commercial beam splitting cube [10], diffractive optical element interferometer [11], simple
fibre optic coupler to form a Young’s double pinhole interferometer [12]. It can also be
produced by the interference of two laser beams, which are frequency modulated by a pair of
acousto-optic modulators [13], Circular Ronchi grating with Kohler illumination system [14],
or can be generated digitally using computer software and projecting it by projecting devices
like Liquid Crystal Display (LCD) projectors [15], Digital Light Processor (DLP) projectors
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[16-17]. Both of DLP and LCD projectors use lenses for projecting focused fringes. When
sinusoidal fringe patterns are used, if the projector is defocused, it causes blurring of the
projected patterns despite keeping phase unchanged and lowering signal to noise ratio [18].
As the defocusing level increases the phase error increases dominated by single frequency
component due to the imbalance of the fringe image [19]. As a result, traditional FPP systems
suffer from two main problems which are limited working distance and large phase error. These
problems exist due to the limited depth of field of the optical element of the systems
components and nonlinear gamma response. This paper introduces a new simple large depth of
field FPP system using laser projector. It is a new type of projectors where it introduces a focus-
free image projection, i.e., the images are always focused, even when projected at different
distance opening the field to increase the working range of (FPP) system. Nonlinear gamma
effect of the system is studied as well as proving the large depth of field of the system.

As a practical example, a cylindrical object is imaged at different distances to demonstrate the
large depth of field of the system.

2. Phase shifting algorithm

Fringe analysis plays an important role in FPP system. It affects the performance, resolution,
and accuracy of measurement [4]. Many different analysis techniques were developed for
retrieving the phase map such as Fourier transform [20-22], Windowed Fourier transform [22-
23], wavelet transform [23-24] and Phase shifting algorithm [4,25]. Phase shifting method is
accurate, robust, can achieve pixel-wise phase measurement with high resolution and accuracy
and robust to ambient illumination and varying surface reflectivity [26]. At least three fringe
images with a certain phase shift are require(a to get the phase map. Let us consider three wave-
fronts shifted by 2n/3 with intensities

(X, y,t) = (x,y) + I”’(x,y)cos{ o(x,y)- 2n/3} 1)
l2(X,y,t) = P(x,y) + I’(x,y)cos{ o(x,y)} (2)
I3(x,y,t) = I’ (x,y) + I”’(x,y)cos{ o(x,y)+ 2n/3} 3)

where I’(x,y) is the average intensity, I’ (x,y) is the intensity modulation and @(x,y) is the phase
needed to be known. By solving the three equations the extracted phase will be
V3 ({1-1y)

_ -1
o0cy) = tan [ 5G] (4)

The obtained phase values are from 0 to 2z, so a suitable phase unwrapping algorithm is used
to get the continuous phase map.

3. Research Methodology
3.1. Test system

This study was performed using FPP system consists of laser mobile pico projector
manufactured by Sony, Model MP-CL1A, Mobile projector. This device emits class 3R laser
with wavelength from 445 nm to 639 nm and beam divergence 4.5 mrad. Colour CCD camera
manufactured by Edmund optics, Model EO-18112, attached with alens manufactured
by Edmund optics model FL 33-302 and a computer manufactured by Dell, model latitude
5580 are used to perform the experimental work of this study. Image of the system is shown in
Fig. 1. Fig. 2 illustrates a schematic diagram of the system. The optical axis of the projector
(P) and CCD camera (C) are separated by distance (D). Both of P and C are placed away from
reference surface (R) at normal distance (L). A light beam with certain phase is projected on
object surface at point A will be imaged at certain pixel of the camera. If an object with height
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(h) is placed between R and (C, P) the light beam will hit the object surface at point B. For the
projector point, A and B have the same phase. For the camera, point B and A' have the same
phase. From the geometry of the system, the object height h could be given by the following
equation

h= —L (5)
(77a)*1
where A'A is the phase shift caused by the object height. The object height h could be
represented as a function of phase shift

h= f (A'A)
Computer [—
1 Object
Projector
1 Ref. surface
Camera

Fig. 1. Image of FPP system.

P :l [:] >

Fig. 2. A schematic diagram of used FPP system.
3.2. Nonlinear gamma effect

It is known that CCD cameras and digital projectors represent colours by intensities ranging
between 0 and 255. Also, they behave nonlinear response to the input or captured intensities.
This behavior is known as nonlinear gamma effect. Nonlinear gamma effect is studied for all
three colours channels, red, green, and blue, to find the one that has the smallest phase error.
Nonlinear gamma effect is studied using a set of gray scale images having different intensities
(lo) varying from 20 to 220 with regular step 10. The projected images are captured by the
camera. Small area (10 x10 pixels) at the center of the image is analyzed and the intensity
average value is considered as the output intensity (I). Nonlinear gamma effect curve is
obtained as a relation between lo and |.
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3.3. Phase error

To predict the phase error due to nonlinear gamma effect of red, green, and blue channels, three
ideal sinusoidal waves shifted by 27/3 is generated with fringe width 250 pixels. This large
fringe width is chosen to better show the effect of nonlinear gamma response of the system on
the sinusoidal waves and unwrapped phase. These waves are distorted according to nonlinear
gamma effect curve of each channel. Equation (4) is applied to obtain ideal (¢i) and distorted
(pd) phase maps for red, green, and blue channels, then phase maps are unwrapped to remove
2n jumps. Phase error was calculated by subtracting distorted and ideal phase map [27].

To determine actual phase error of red, green, and blue channels, three sinusoidal fringe
patterns shifted by 27/3 with fringe width 30 pixels of each colour are projected on a reference
surface. Fig. 3 illustrate the captured images of each colour. Phase maps were retrieved using
Equation 4, then unwrapped to remove 2n discontinuities. Slope of unwrapped phase was
removed to show phase error [19].

iy 17 T

Fig. 3. Images of projected sinusoidal fringes of red colour (a), green colour (b), and blue colour (c).

3.4. Free-focus projection and depth of field (DOF).

In this study, a new type of projectors is used. It is a laser projector has the advantage of focus-
free projection. This behavior is proved by projecting green binary pattern coded using matlab
2018a on a reference surface placed at different distances 500, 1000, 1500 and 1725 mm. At
each distance, the camera parameters such as (lens aperture, gain, exposure time) need to be
changed to get sharp and clear image of the binary pattern as shown in Fig. 4 (a, b, ¢, and d).
The green channel of the image is separated for farther analysis as shown in Fig. 4 (e, f, g and
h). The actual phase error at each distance is calculated as mentioned in section 3-3.

To Realize the large (DOF) of the system, green binary patterns are projected on the flat
reference surface placed at 800 mm away from the projector. This distance is changed by
moving the reference surface from 800 mm to 500 mm in regular steps equal to 100 mm
towards the camera and projector. The camera parameters were fixed to certain values at all
distances and the aperture of lens is reduced to increase (DOF) of the camera [19]. Green
channel of the image is separated for using it in farther analyses as shown in Fig. 5 (a, b, ¢, and
d). Since sinusoidal fringes are the most type of fringes that used to calculate the phase map, it
is useful to study how they behave within the supposed (DOF). This is done by projecting green
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sinusoidal fringes at 800, 700, 600, and 500 mm. Again, green channel of the image is separated
to be used in farther analysis as shown in Fig. 5 (e, f, g, and h). Finally, the actual phase error
at each distance is calculated as mentioned in section 3-3.

a b ¢ d
e f h

Fig. 4. Images of binary pattern at 500 mm (a), 1000 mm (b), 1500 mm (c) and 1725 mm (d)
respectively. Image of green channel at 500 mm (e), 1000 mm (f), 1500 mm (g) and 1725

mm (h) respectively.
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Fig. 5. Images of binary pattern at 800 mm (a), 700 mm (b), 600 mm (c) and 500 mm (d) respectively.
Images of sinusoidal pattern at 800 mm (), 700 mm (f), 600 mm (g) and 500 mm (h) respectively.
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3.5 Practical example

As a practical example to ensure the efficiency of the system to have large depth of field, a
cylindrical object is imaged at four different positions (800, 700, 600 and 500) mm using three
sinusoidal fringe patterns shifted by 2n/3. The camera parameters are kept constant at all
distances. Wrapped Phase is calculated then unwrapped to get continuous phase map at each
position for reference surface and the object. The phase shift due to the object existence is
calculated by subtracting the object unwrapped phase map and the reference unwrapped phase
map at each distance.

4. Results and Discussion

4.1. Nonlinear gamma effect

Fig. 6 shows the nonlinear gamma effect curve of red, green, and blue channels. It is found that
the relation between (lo) and (1) is represented by a polynomial of 3™ order.
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Fig. 6. Nonlinear gamma effect curves for red (a), green (b), and blue (c) channels respectively.

4.2. Phase error

Ideal and distorted sinusoidal wave of red, green, and blue channels according to nonlinear
gamma effect curve are shown in Fig. 7 and the unwrapped phase map is illustrated in Fig. 8.
Fig. 9 shows the phase error using nonlinear gamma effect curve of red, green, and blue
channels. It is found that the red channel has the largest phase error with root mean square
value (RMS) 0.0358 rad, whereas green and blue channels have smaller values 0.0194 and
0.0148 rad respectively
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Fig. 7. Ideal and distorted intensity for red (a), green (b), and blue (c) channels respectively.
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Fig. 9. Phase error using nonlinear gamma effect curve for red (a), green (b), and blue (c) channels

respectively.

Fig. 10 shows the actual phase error of red, green, and blue channels. Green channel has the
smallest phase error with root mean square (RMS) value 0.0.221 rad, while red and blue
channels have RMS values 0.0310 and 0.0334 rad respectively, without any compensation for
the phase error in the phase domain. The system has small phase error value comparing with
other systems using other types of projectors such as DLP devices where the phase error
reaches the value 0.116 rad without nonlinear gamma correction [27]. Since green channel has
the smallest phase error value, green patterns are used in the following sections of this study.
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4.3. Focus-free projection and depth of field

The focus-free projection of the laser projector is tested at four distances 500, 1000, 1500, and
1725 mm. Fig. 11 shows the profile of 500th row of binary pattern image at 500 mm (a), 1000
mm (b), 1500 mm (c) and 1725 mm (d) respectively. It looks like square wave at all distances
proving that the laser projector introduces a focus-free projection at distance up to 1725 mm.
RMS value of phase error is calculated at each different projecting distances and listed in Table
1.

' 500 mm 1000 mm 1500 mm 1725 mm
>0 >0 » 200t 200
7 7 i @
c it b c - wiry PR - e " Mo, e, VA o ; w o ' P
2100 | 2100 S 100t | 2 100 |
0 s ki i) OA hsd. N ‘ Negssd 0 o) - S e 0 e sl o -
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800
pixels pixels pixels pixels
a b c d

Fig. 11. Profile of 500th row of binary pattern at 500 mm (a), 1000 mm (b), 1500 mm (c) and 1725 mm
(d) respectively.

Table 1 illustrates that phase error increases from 0.0212 rad at 500 mm to 0.0331 rad at 1725
mm. Also, phase error at distance between 500 and 800 mm has low and nearly constant phase
error, so this range is chosen to realize the large depth of field of the system.

Projecting distance Phase error Projecting distance Phase error
(mm) (rad) (mm) (rad)
500 0.0212 1000 0.0257
600 0.0220 1500 0.0317
700 0.0223 1725 0.0331
800 0.0232 S

Fig. 12 (a, b, c, and d) illustrates the profile of 500th row of fringe images at distance 800, 700,
600, and 500 mm where binary projected patterns look like square wave at all distances, and
the intensity increases as the reference surface is moved towards the system (camera and
projector) proving that the system has large depth of field. This behavior is opposite to the
traditional FPP systems where the binary patterns are defocused at different degrees by
changing the distance and its profile tends to be sinusoidal wave [19].

On the other hand, when sinusoidal fringe patterns are projected on the reference surface at
distances (800, 700, 600, 500) mm, the patterns are not blurred, contrariwise the intensity curve
IS getting more sharpness as the distance between the reference surface and the system is
decreased as shown in Fig. 12 (e, f, g, and h).
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' Fig. 12. Cross-section of 500th row of binary fringe images at 800 mm (a), 700 mm (b), 600 mm (c) and

500 mm (d); and sinusoidal fringe images at 800 mm (e), 700 mm (f), 600 mm (g) and 500 mm (h)
respectively.

If the reference surface is moved a distance less than 500 mm the camera sensor starts to
saturate resulting in losing of the sinusoidal form of the patterns causing serious error in phase
calculations. Also, the camera lens tends to be unfocused causing blurring of the captured
images and losing the surface details when an object is measured. So, the main parameters that
limit the working distance are the aperture of the camera lens and saturation of camera sensor.
Fig. 13 shows phase error of 500th row of the unwrapped phase map after removing gross slope
at 800, 700, 600, and 500 mm. RMS values are 0.0232, 0.0224, 0.0220 and 0.0212 rad at 800,
700, 600, and 500 mm respectively, which is nearly constant at the mentioned distances
resulting in working distance equals to 300 mm with low constant phase error.
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Fig. 13. Phase error at 800 mm (a), 700 mm (b), 600 mm (c) and 500 mm (d) respectively.
4.4. Practical example

As a practical example to ensure the efficiency of the system to have large depth of field and
measurement space of the system, a cylindrical object is imaged at four different positions
(800, 700, 600 and 500) mm. Fig. 14 shows the phase shift map due to the object at 800, 700,
600, and 500 mm. The differences in x and y directions of phase maps, shown in Fig. 14 (a, b,
¢, and d) are caused by the change of field of view of the camera at each distance. The
differences in z direction arise from the change of value of the phase shift caused by the object
height when fringe patterns of the same period are used at different distances. The phase maps
are clear with low level of irregularities as an indication of the small phase error values at all
distances. This demonstrates the large depth of field and the large working range of the system.
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Fig. 14. Phase shift maps of cylindrical surface at 800 mm (a), 700 mm (b), 600 mm (c), and 500 mm (d)
respectively

5. Conclusion

This paper introduces a new simple fringe projection Profilometry (FPP) system using a
new type of projectors. It is a laser projector that has the advantage of focus-free projection.
Nonlinear gamma effect curve has been studied for red, green, and blue colour channels.
Green channel has the smallest phase error with RMS value equals to 0.0221 rad without
any compensation for the phase error in the phase domain, while red and blue channels have
RMS values 0.0310 and 0.0334 rad respectively. So, the green patterns are used in other
sections of this work.

The laser projector introduces a focus-free projection at distance up to 1725 mm with phase
error increases from 0.0212 rad at 500 mm to 0.0331 rad at 1725 mm. Also, phase error at
distance between 500 and 800 mm has low and nearly constant phase error, so this range is
chosen to realize the large depth of field of the system.

The system has depth of field (DOF) and working distance up to 300 mm within the distance
from 800 to 500 mm with small and nearly constant phase error with RMS value does not
exceed 0.0232 rad without any compensation for the phase error in the phase domain. The
system has small phase error value comparing with other systems using other types of
projectors such as DLP devices where the phase error reaches the value 0.116 rad without
nonlinear gamma correction.

The large depth of field and working range of the system are demonstrated by phase map
calculation of cylindrical surface at four different positions 800, 700, 600 and 500 mm. The
phase maps are clear with low level of irregularities as an indication of the small phase error
values at all distances. This demonstrates the large depth of field and the large working
range of the system
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