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Abstract: The monotonicity of depth in a geometric constraint based absolute phase unwrapping
is analyzed and a monotonic discriminant of A(u¢,v°) is presented in this paper. The sign of
the discriminant determines the distance selection for the virtual plane to create the artificial
absolute phase map for a given structured light system. As A(u€,v°) > 0 at an arbitrary point on
the CCD pixel coordinates the minimum depth distance is selected for the virtual plane, and the
maximum depth distance is selected as A(u“,v¢) < 0. Two structured light systems with different
signs of the monotonic discriminant are developed and the validity of the theoretical analysis is
experimentally demonstrated.
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1. Introduction

Recently, three-dimensional (3D) shape measurement has become one of the most active research
areas in optical metrology [1]. Among 3D shape measurement techniques, the structured
light method possesses advantages of fast-speed, high-accuracy and non-destruction, and has
been applied in diverse fields [2—4], including reverse engineering, hyperspectral imaging, and
microscopic measurement.

In structured light technology, the phase recovery from the fringe patterns is required and
the main popular methods include phase-shifting algorithm [5], Fourier transform method [6],
windowed Fourier transform [7] and deep learning [8]. By the above fringe analysis methods only
wrapped phase ranging from — to & can be obtained, and the phase unwrapping is required to
obtain a continuous phase distribution. Conventional phase unwrapping methods can be classified
into two categories, the spatial phase unwrapping (SPU) and temporal phase unwrapping (TPU)
[9]. SPU provides a relative phase by integrating the phase gradient over a path that covers the
domain of interest. Although SPU has the advantages of simplicity and convenience, it fails in
simultaneously measurement of multiple isolated objects. In contrast, TPU unwraps the wrapped
phase by capturing additional images, and the retrieval of absolute phase is achieved. This
method is competent for the measurement of multiple isolated objects and has the advantage of
stronger suppression of noise than SPU. In a review paper, Zuo et al. [10] thoroughly studied
three types of TPU methods, including multi-frequency, multi-wavelength and number-theoretical
approaches.

Although TPU can retrieve the absolute unwrapped phase, it is not suitable for high-speed
measurement applications due to the additional images’ acquisition. In order to solve afore-
mentioned problems, An et al. [11] proposed an absolute phase unwrapping method based on
geometric constraints of the structured light system. In the method, an artificial absolute phase
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map, Pp,, at a given virtual depth plane z = zp;n, is firstly generated based on the internal
and external parameters of the calibrated structured light system. Then, the fringe order of
each pixel in the wrapped phase map is determined by computing the difference between the
wrapped phase and the artificial absolute phase. Finally, with the determined fringe orders, the
absolute phase is obtained from the wrapped phase. The geometric constraint method has the
advantages of high-speed, simple system setup, simultaneous multiple objects’ measurement and
robustness to noise. This method has also been applied to other phase recovery to improve the
accuracy and speed of 3D measurement. For example, Hyun and Zhang [12] used this method to
enhance two-frequency phase-shifting. Li et al. [13] proposed a single-shot method based on
geometric constraint to overcome the limitation in Fourier transform profilometry and reduce the
motion-induced error [14]. In recent years, researchers have also proposed many methods to
improve its measurement depth [9,15,16].

However, we found in our actual experiments that the selection of closest depth distance for the
virtual plane used in reference [11] to generate an artificial absolute phase map was not always
correct, and for some systems the maximum depth distance should be selected. Therefore, how
to determine the correct depth distance for the virtual plane in a given structured light system is
the first important issue in the application of geometric constraint.

In order to solve this issue, in this paper, based on the theory of An et al. [11], the monotonicity
of the depth z(u¢, v¢) with respect to projector pixel coordinate of u” by means of geometric
constraint is theoretically investigated and a discriminant of A(u¢, v*) determined by the internal
and external parameters of the calibrated structured light system is presented. It is shown that
as A(u,v“) = 0 at arbitrary point on the CCD pixel coordinates, the minimum depth distance
is selected for the virtual plane to create the artificial absolute phase map, and the maximum
depth distance must be selected as A(u€, v°) < 0. Several experiments with different structured
light systems are conducted to verify the correctness of the proposed monotonic discriminant of
A(uc,v°).

Section 2 explains principles of the proposed method. Section 3 presents several experimental
results to validate the method. Section 4 gives the summary of this paper.

2. Principle
2.1. N-step phase-shifting algorithm

For the N-step phase-shifting algorithm with equal phase shifts, the nth fringe pattern can be

described as
2nn

In =I’(x’)’)+I"(x’)’)005(¢(x’y)+ T)’ (1)

where I’(x, y) is the average intensity, I’(x, y) is the intensity modulation, and ¢(x, y) is the phase
to be solved. Simultaneously solving the N equations by a least-squares method, ¢(x, y) can be
written as
N
Z_]l I, sin(%T”)
9(x,) = —tan”!(*2
>, I cos(2)

n=1

)- @)

Since the arctangent function only ranges from —x to 7, a phase unwrapping algorithm is needed
to obtain the absolute phase value

D(x,y) = ¢(x,y) + 2mk(x, y), 3)

where ®(x, y) denotes the absolute unwrapped phase of ¢(x, y) and k(x, y) is an integer number
called the fringe order [17]. Essentially, the process of the absolute phase unwrapping in the
structured light system is to determine the fringe order of k(x, y) for each stripe captured by CCD.
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2.2. Structured light system model and calibration

In structured light system, a well-known linear pinhole model is usually used to describe the
imaging process of a camera. Its mathematical expression is as follows,

SC[MC,VC, ]]T — PC[xw’yw’Zw’ ]]T, (4)

P¢ = A°[R, ], 5)

where s5€ is a scale factor, superscript © denotes camera, superscript * denotes the world coordinates,
A€ is the intrinsic matrix of the camera, R¢ and ¢“ are the camera’s extrinsic matrices, and P¢ is a
3 x 4 projector matrix used to describe the process of projecting a point (x", ¥, z") of the world

coordinates to 2D image coordinates (u¢, v°). The projector can be regarded as an inverse camera.
Similarly, the pinhole model of the projector is as follows,

Sl V)T = PPy 2 ©6)

PP = AP[RP, 1], (N

where s? is a scale factor, superscript P denotes projector, A? is the intrinsic matrix of the projector,
R? and #” are the projector’s extrinsic matrices, and P” is a 3 X 4 projector matrix used to describe
the process of projecting a point (x, y", z¥) of the world coordinates to DMD coordinates (uP, V7).
In the actual calibration process, in order to make the projector be able to capture images, Zhang
and Huang [18] proposed a phase assistant method to establish a one-to-one correspondence
relationship between the camera and projector pixels using two sets of orthogonal sinusoidal

fringe patterns. Then the calibration target images captured by CCD are mapped onto the DMD
plane using this established correspondence.

2.3. Absolute phase unwrapping using geometric constraint

Once the structured light system is calibrated by the method described in section 2.2, the projector
matrices P and PP can be estimated. Then, there are six equations with seven unknowns
(s, 87, x",y", 2, uP ,v’) provided by Egs. (4) and (6). Generally, in order to acquire 3D shape
information of an object, another constraint equation is provided by the retrieval of absolute phase
from the captured fringe patterns. The projector pixel coordinates #” and ¥ can be determined
by the following equations,

Vi, C €
= 2 @)
2r
H( . c .c
W:MT’ 9)
2w

where ® and ® are the absolute phase maps along the vertical and horizontal directions,
respectively, and T is the fringe period.

An et al. [11] proposed an alternative approach. It was suggested that if a virtual plane was
placed at the closest distance from the camera coordinate system z" = z7. , the remaining six
parameters could l?e solved uniquely. With Eq. (4), the correspondent x;. and y-. for each
camera pixel (€, v“) can be expressed as,

-1
min _ Py U =Py PRUt =P, Pl = P3gu" = (P53u° = Pi3)zmin (10)
Yonin P3Py PRV TPy Phy = 3y = 053V = Pi3)zmin

X

Substituting (xxm, Vi Zomin

can be described as,

) into Eq. (6), the correspondent projector pixel coordinates (u”, V")

, S
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where pz. and p‘Z are the matrix elements of the P¢ and P? respectively, with subscripts of i and
j being the row and column numbers respectively. Without losing generality, we assume that

the projected fringe patterns are along the vertical direction. The absolute phase (I)X‘m(u", ve)
corresponding to z). - can be determined as,
e 2
Oy %) = (12)
Then, the fringe order of k(u“, v) can be determined as,
OV (uf,v) — d(u, V¢
k(uf,v°) = ceil min )~ ) , (13)

2

where ceil is a function that gives the nearest upper integer number. Due to the generated phase
CI)r‘;m(u“, V) is absolute phase, this method gives absolute phase unwrapping. Essentially, by
means of geometric constrains the wrapped phase is unwrapped by referring to the generated
phase of (Dr‘:u o, (€,v°) which is an ideal noiseless absolute phase distribution. Therefore this
method has advantage of strong suppression of noise. This is compared with TUP method where
the phase unwrapping is done by referring to the absolute phase distribution with noise.

2.4. Monotonicity analysis

In this part, we theoretically investigate the monotonicity of absolute phase unwrapping by
geometric constraint in detail, and a monotonic discriminant is derived which is used to determine
the correct depth distance of the virtual plane for a given structured light system.

Since ceil is a function that gives the nearest upper integer number, the unwrapped phase
®(uc,v°) is always greater than the generated phase (I)Xlin(u”, v¢) for arbitrary point on the CCD
pixel coordinates, and the mathematical expression is as

DU, v°) = DY (ul,v°). (14)

min

Moreover, the depth distance of arbitrary point at the tested object is always greater than this
known closest distance, i.e.,

2, v°) =z (e, v°). (15)
Obviously, if the two conditions of Eqs. (14) and (15) are simultaneously true for arbitrary point
on the CCD pixel coordinates, the measurement depth of z(u¢, ") must be a monotonically
increasing function as unwrapped phase of ®(u¢, v°). As shown in Eq. (8), the absolute phase
of ®Y(u,v°) monotonically increases as the projector pixel of u”. Therefore, to know the
monotonicity of depth z(u, v“) as ®(u¢, v°), we only need to investigate the variation of depth
z(u®, v°) with respect to u”, i.e.

.. . 2
2(uf, V) — oW, HV°) = ?ﬂup —uP. (16)

Solving Eqgs. (4) and (6) simultaneously leads to

cpc  _ pc ¢ _ ,,CpC ¢ _ ,,CpC ¢ _ ,,CpC
u'Py, =Py Py —u'Py, Pl —uPy, Piy—utPy, X
cpc  _ pc — ¢ _ ,CPpC ¢ _ ,CpC ¢ _ ,CpC
VOPS = Phy Py = VP, Py, —viPS,  Poy— VP, Yyl )
P — — P — P — P
u PI;A P117,4 Pllj,l u Pg,l Pllj,z u Pg,z P117,3 u P§,3 z

In order to facilitate the derivation process, we abbreviate the above formula as follows

by my my m3 X
by | =| ms ms mg y | (18)
b3 my mg

mg <
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— ,,CpC _ pc  _ ,CpC
by = uP5 4 = P{ 4, b2 = vP5, 24’1’3—”13?4 Pl1)4’m1_P1,1 ups
—_ C (, —_ L C —_ —_ C — C pC
my = Pl P3 M3 = P1,3 P33, my = P -V P3 M5 = P2,2 V P3’2,

me = Py = VP35, my = PII),I - ”ppg,l’ mg = P117,2 —u Pg,z’ my = P};,3 - ”pP§,3'
Then, the depth z(u, v¢) can be written as follows,

(mamg — msmy)by + (mamy — mymg)by + (myms — mymy)b3

19)

 (mymg — mymy)ms + (mamy — mymg)me + (m3ms — momo)my’

In the system calibration, the camera’s coordinate system is selected as the world coordinate
system, and so the projection matrix of the camera can be described as,

i 0 ug O
. m]—x,m2—0m3=u8—u”;b]=0;
PP={0 £ 0 s = S 20)
my = 0;ms = fisme = vy — Vb = 0.
0 0 1 0

/v and f; describe the focal lengths of the camera lens along x and y axes respectively, and (u, v()
is the principle point coordinate. Thus, Eq. (18) can be simplified as,

z= mimsbs . @1

mymsig — m3msmy — mpmelng

Generally, the focal lengths of the camera lens in both x and y are approximately equal, and
therefore we assume m; = ms without losing generality. So the depth expression can be further
simplified as,

mi b3

z= ) (22)
nimg — m3nty; — MmMeing

It should be noted that b3, m7, mg, mg are functions of u”. We define two functions as g(u,) = m1b3
and h(up,) = mymg — mymy — mgmg. Then, the derivative of the depth z(u®, v°) with respect to
projector pixel coordinate of #” can be expressed as
d _ "~ 23
du, —  n2 23)
Monotonicity is determined by the sign of the numerator, due to the denominator is a square
term. After calculation, the expression of the numerator is derived which is as
A, V) = (I, = oY) + (g — w5 Iy = I ) + (Vg = Vv, I, = B HE ). (24)
In this paper, we call this expression as the monotonic discriminant. It is a function of the internal
and external parameters of the system, and the pixel coordinates of the CCD. In order to judge its
sign, it is necessary to substitute the calibrated parameters into Eq. (24).

The discriminant gives the insight that there may be a monotonically decreasing form of
the depth distance of z(u°, v¢) with respect to the projector pixel coordinate of #’. Obviously,
the maximum depth distance, rather than the minimum depth distance, should be selected to
generate the absolute phase of @y (4, v¢) for the phase unwrapping in this case. In a summary,
as A(u¢,v°) > 0 at arbitrary point on the CCD pixel coordinates the minimum depth distance is
selected for the virtual plane to create the artificial absolute phase map, and the maximum depth
distance is selected as A(u¢,v) < 0.
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3. Experiment

To verify the performance of the proposed discriminant, we develop a structured light system,
shown in Fig. 1. The hardware system includes a single CCD (DAHENG MER-131-210U3M-L)
and a projector (DLP6500). The camera’s resolution is 1024 x 1280 pixels and the projector’s
resolution is 1080 x 1920 pixels. The camera has a focal length of 12.5 mm and sensor unit
size of 4.8um x 4.8um. The projector has a focal length of 23 mm and sensor unit size of
7.6um X 7.6 um.

Fig. 1. Structured light system setup which meets the condition of monotonic increase of
depth distance z(u¢, v©) as projector pixel coordinate u” (A(u¢,v¢) > 0).

In this paper, the structured light system is calibrated by the methods proposed in reference
[19]. The calibration results of the system are as follows. The intrinsic parameter matrices for
the camera and the projector are, respectively,

2650.16 0 631.99 2896.53 0 1002.45
AC = 0 2650.16 506.73 |, and A? = 0 2896.67 544.85
0 0 1 0 0 1

In the determination of extrinsic parameter matrices, the camera’s coordinate system is selected
as the world coordinate system. The extrinsic parameter matrices of the established measurement
system can be acquired which are as

1 000 0.9962 —0.0199 0.0846 —148.9366
[R,¢]=[0 1 0 0 |and [R°,#] =] 0.0158 0.9987 0.0489 —28.3887
0010 —-0.0854 —0.0473 0.9952 122.0496

The values of the monotonic discriminant on the CCD pixel coordinates, A(u€, v), are calculated
by substituting these calibrated system parameters into Eq. (24) and the result is shown in Fig. 2.
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Fig. 2. Calculation result of the monotonic discriminant of the structured light system
shown in Fig. 1.

Obviously, this is the case of the A(u¢,v") > 0, indicating that the depth distance of z(u¢, v¢)
monotonically increases as the projector pixel coordinate of u”.

In the 3D measurement experiments, a sculpture shown in Fig. 3(a) is measured by the
three-frequency phase-shifting approach firstly. We adopt nine-, five-, and five-step phase-shifting
method for 7| = 80 pixels, T, = 120 pixels and T3 = 270 pixels, respectively. Figure 3(b) shows
the acquired wrapped phase from the fringe patterns of 71 = 80 pixels. The 3D measurement
result of the sculpture is shown in Fig. 3(c), where the minimum and maximum distances of this
sculpture depth are zyi, = 546.7465 mm and zmax = 595.6813 mm, respectively.

Then, the minimum and maximum distances of the object are separately adopted to generate the
artificial phase map for the absolute phase unwrapping by geometric constraint. To be concrete,
the artificial phase map of @y, is created at the virtual plane of z = 546 mm, as described
in section 2.3. The wrapped phase shown in Fig. 3(b) is then unwrapped by substituting the
minimum phase map into Eq. (13) and the reconstructed 3D shape of the sculpture is shown in
Fig. 4(a) where the minimum and maximum depths of the sculpture are zmi, = 546.7465 mm and
Zmax = 995.6813 mm, respectively. This result is the same as that obtained by the three-frequency
phase-shifting approach. In a comparison, as the artificial phase map is created at the virtual plane
of z = 596 mm for the absolute phase unwrapping, the reconstructed 3D shape is as Fig. 4(b),
where the minimum and maximum depths are zpi, = 629.7983 mm and zZmax = 697.2186 mm,
respectively, different from that obtained by the three-frequency phase-shifting approach. The
above experimental results prove that as A(u¢,v) > 0 at arbitrary point on the CCD pixel
coordinates the minimum depth distance should be selected for the virtual plane to create the
artificial absolute phase map by geometric constraint approach.

To more intuitively verify the above conclusion, we randomly select a row on the CCD pixel
coordinates and then compare the depth distributions at this row in Figs. 3(c), 4(a) and 4(b). The
results are shown in Fig. 5 where the red dashed line, the blue solid line and the black solid line
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Fig. 3. 3D shape measurement by the three-frequency phase-shifting approach. (a)
Photograph of the measured sculpture; (b) Wrapped phase acquired from the fringe patterns
of T1 = 80 pixels; (c) 3D measurement result by this approach.

represent the depth distributions at the row in Figs. 3(c), 4(a) and 4(b), respectively. Obviously,
the red dashed line, the blue solid line are overlapping well, and the black solid line deviates
upwards from the red dashed line, further verifying that as A(u¢, v¢) > 0 at arbitrary point on the
CCD pixel coordinates the minimum depth distance should be selected for the virtual plane to
create the artificial absolute phase map.

For the case of monotonic decrease of depth distance, we develop another structured light
system using the same hardware equipment as shown in Fig. 6.
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Fig. 4. Measurement result by geometric constraint approach. (a) 3D shape reconstruction
by geometric constraint approach with z = 546 mm to be the depth of virtual plane; (b) 3D
shape reconstruction by geometric constraint approach with z = 596 mm to be the depth of
virtual plane.
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Fig. 5. The depth distributions at a randomly selected row acquired by different absolute
phase unwrapping approaches, with red dashed line, blue solid line and black solid line
representing the depth distribution in Figs. 3(c), 4(a) and 4(b), respectively.
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Fig. 6. Structured light system setup which meets the condition of monotonic decrease of
depth distance z(u¢, v) as projector pixel coordinate v’ (A(u¢,v¢) < 0).

The calibration of the system is conducted and the result is as follows. The intrinsic parameter
matrices for the camera and the projector are, respectively,

2649.44 0 630.05 2896.25 0 1008.81
AC = 0 2649.30 509.65 | and A” = 0 2896.36  544.34
0 0 1 0 0 1

The extrinsic parameters matrices for the camera and the projector are, respectively,

1 000 0.9826 -0.0043 -0.1858 158.1531
[R,¢I=]0 1 0 0 |and [R°,#] =] 0.0138 0.9987 0.0497 -28.8705
0010 0.1853 -0.0514 0.9813 105.9751

Figure 7 shows the acquired values of the discriminant on the CCD pixel coordinates of the
system after calculation. Obviously, this is the case of A(u¢, V) < 0, indicating that the depth
distance of z(u¢, v) monotonically decreases as the projector pixel coordinate of u”.

We then apply this structured light system to the 3D shape measurements of the sculpture
by different phase unwrapping approaches. Figure 8(a) shows the reconstructed 3D shape by
three-frequency phase-shifting approach, in which the minimum and maximum depth values are
Zmin = 917.9246 mm and zmax = 579.4308 mm, respectively. Figure 8(b) shows the reconstructed
3D shape by geometric constraint approach with the artificial phase map of @y, created at the
virtual plane of z = 517 mm. The minimum and maximum depths are zy,;, = 463.6201 mm and
Zmax = 516.9674 mm, respectively. Obviously, these values are different from that obtained by
three-frequency phase-shifting approach. On the contrary, as the artificial phase map of @, is
created at the virtual plane of z = 580 mm for the absolute phase unwrapping, the reconstructed
3D shape is as Fig. 8(c), where the minimum and maximum depths are zyi, = 517.9246 mm and
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Fig. 7. Calculation result of the monotonic discriminant of the structured light system
shown in Fig. 6.

Zmax = 579.4308 mm, respectively. These values are the same as that obtained by three-frequency
phase-shifting approach. The above experimental results prove that as A(u, v°) < 0 at arbitrary
point on the CCD pixel coordinates the maximum depth distance should be selected to create the
artificial absolute phase map by geometric constraint approach.

We also randomly select a row on the CCD pixel coordinates and then compare the depth
distributions at this row in Figs. 8(a)-8(c). The results are shown in Fig. 9 where the red dashed
line, the black solid line and the blue solid line represent the depth distributions at the row in
Figs. 8(a)-8(c), respectively. It can be seen that the red dashed line and the blue solid line are
overlapping well, and the black solid line deviates downwards from the red dashed line, further
verifying that as A(u¢,v“) < 0 at arbitrary point on the CCD pixel coordinates the maximum
depth distance should be selected for the virtual plane to create the artificial absolute phase map.
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Fig. 8. The 3D shape measurement results by different methods. (a) 3D shape reconstruction
by three-frequency phase-shifting approach; (b) 3D shape reconstruction by geometric
constraint approach with z = 517 mm to be the depth of virtual plane; (c) 3D shape
reconstruction by geometric constraint approach with z = 580 mm to be the depth of virtual

plane.
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Fig. 9. The depth comparison in a randomly selected row acquired by different phase
unwrapping approaches, with red dashed line, black solid line and blue solid line representing
the depth distributions in Fig. 8(a), Fig. 8(b) and Fig. 8(c), respectively.
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4. Summary

We have theoretically investigated the monotonicity of depth z(u¢, v¢) with respect to projector
pixel coordinate of #” in the absolute phase unwrapping by geometric constraint, and presented
a monotonic discriminant used to choose correct depth distance of the virtual plane to create
the artificial absolute phase map in this paper. The monotonic discriminant indicates that as
A(uf,v¢) > 0 at arbitrary point on the CCD pixel coordinates, the minimum depth distance is
selected for the virtual plane, and on the contrary, as A(u€, ") < 0 the maximum depth distance
must be selected. Experimental results with different structured light systems demonstrate the
validity of the theoretical analysis.
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