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Abstract: A highly robust dual-frequency hierarchical temporal phase unwrapping (DHTPU) based
on the novel spatial computer-generated Moiré profilometry (SCGMP) is proposed. The method
requires only three patterns: a high-frequency fringe to provide robust surface information, a multi-
period low-frequency fringe to eliminate the 2π-phase ambiguities, and a flat pattern to remove the
average intensity of the two fringes. In decoding, different from traditional Moiré profilometries that
rely on spectrum filters, SCGMP only employs spatial-domain calculations to extract the wrapped
phase, thereby preserving more detailed information. Furthermore, we fully explore SCGMP’s
capability to significantly alleviate phase ambiguity and provide an algorithm to determine the
maximum measurable height range for a fixed system, enabling the direct extraction of the continuous
basic phase from the multi-period low-frequency fringe. Consequently, the proposed basic phase
exhibits an enhanced signal-to-noise ratio, compared to the traditional basic phase derived from the
single-period fringes, effectively releasing the high-frequency restriction in the traditional DHTPU.
The experimental results verify that the proposed DHTPU method has considerable accuracy and
great potential for high-speed measurements, due to there being only three shots required.

Keywords: 3D optical measurement; fringe projection profilometry; computer-generated Moiré
profilometry; dual-frequency; temporal phase unwrapping

1. Introduction

Among various structured-light 3D measuring profilometries, fringe projection pro-
filometry (FPP) [1,2] plays an important role, due to the advantages of high accuracy, easy
operation, and wide application range [3,4]. FPP typically projects a series of sinusoidal [5]
or binary fringes [6] onto the object’s surface. The surface variations will modulate the
fringe phase, resulting in relative phase shifts. From this, demodulating the phase informa-
tion from the deformed fringes is the main task for achieving accurate 3D reconstruction
in FPP.

Phase demodulation mainly includes two steps: phase extraction and phase unwrap-
ping. Phase extraction can be roughly divided into three categories: Fourier-transform
profilometry (FTP) [7–11], phase-measuring profilometry (PMP) [12–14], and Moiré pro-
filometry (MP) [15]. FTP is well-suited for high-speed measurement, but the use of spec-
trum filters inevitably compromises accuracy to some extent. PMP, as a point-to-point
high-accuracy method, can reconstruct complex objects with rich details, but it requires
a minimum of three fringes to generate a phase map, which is unfavorable for high-speed
measurement. Moiré profilometry was first proposed by Takasaki [16]. The method illumi-
nates a physical grating for generating a sinusoidal fringe on the object’s surface. From the
camera perspective, the interference between the physical grating and the deformed fringe
produces an overlapping pattern. Crucially, it is the direct current (DC) component of the
overlapping pattern, named the Moiré fringe, that contains the effective phase information.
Therefore, to obtain the phase, the spectrum filters are typically utilized to extract Moiré
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fringes. Up until now, various Moiré-based methods were developed by many researchers,
including shadow MP [17], projection MP [18], digital MP [19,20], and others. Among
them, the computer-generated Moiré profilometry (CGMP) proposed by Li has outstanding
advantages, such as ease of operation, single-shot projection, and resistance to uneven
reflectivity [21]. Unlike traditional MP, CGMP directly projects a digital grating instead
of a physical one and produces the overlapping patterns by computer calculations. In
the spectrum of the computer-generated overlapping patterns, the distance between the
high-frequency component and the DC component is greater than that of the original de-
formed fringe, allowing for more precise filtering of the Moiré fringes. To further enhance
the accuracy of CGMP, Li introduced another phase-complementary fringe to eliminate
the background light component in the spatial domain [22]. She also utilized the virtual
grating with the maximum frequency to generate the overlapping patterns, thereby effec-
tively alleviating the spectrum overlapping problem [23]. To promote fringe sine property,
another scholar proposed a super-grayscale CGMP method that can expand the grayscale
range by three times and increase the effective linear range by 20 percent [24]. Additionally,
Zhang proposed several algorithms to expand the application of CGMP in high-speed
real-time measurement and multi-isolated object reconstruction [25,26]. Nevertheless, the
above Moiré-based methods still rely on spectrum filters. To address this, Zhang creatively
proposed a spatial computer-generated Moiré profilometry (SCGMP) [27]. By projecting
just two phase-complementary fringes, SCGMP can extract Moiré fringes entirely through
spatial-domain calculations, thereby preserving the surface details more effectively and
achieving comparable accuracy to PMP. However, the method still encounters challenges
when reconstructing multi-isolated objects.

Regardless of the method used, whether it is PMP, FTP, or CGMP, the extracted
wrapped phase still suffers from 2π ambiguities, due to the arctangent operation. Therefore,
various phase-unwrapping algorithms were proposed [28–31]. Spatial phase unwrapping
(SPU) and temporal phase unwrapping (TPU) represent the two main branches. SPU, as
a self-phase-unwrapping algorithm, eliminates 2π discontinuities by comparing adjacent
phase points [32,33] and guides the unwrapping path through a quality map to mitigate
diffuse errors [34]. However, the methods face challenges when measuring steeply changed
or multi-isolated objects. In contrast, TPU is well-suited for reconstructing complex objects,
as it utilizes auxiliary phase maps to provide point-to-point fringe order information [31].
Gray-coded methods encode order information into gray levels but may fail when measur-
ing rich-colored surfaces [35,36]. The phase-coding method, which encodes the stair-like
orders into the phase domain, demonstrates more robustness than gray-coded methods [37].
However, for many fringe orders, the amplitudes of the steps may be compressed, making
adjacent steps difficult to distinguish [38]. Additionally, hierarchical TPU (HTPU) and
heterodyne TPU are also widely applied techniques. The key distinction lies in their ap-
proaches for obtaining the one-period basic phase. The former extracts this phase from
the fringes with a frequency of 1 period/frame [39], while the latter performs heterodyne
TPU on two phases with a frequency difference of 1 [40]. According to Ref [41], hierarchical
TPU has a better anti-noise ability than heterodyne TPU.

Since multi-frequency HTPU requires a large number of fringes, many scholars have
focused their attention on dual-frequency HTPU (DHTPU). Li proposed a six-shot projec-
tion method that combines the PMP method with DHTPU [42]. Guo built phase-to-height
mapping for the dual-frequency scheme by employing a step-moving reference plane
and reconstructed the high-accuracy models by projecting six fringes [43]. Liu proposed
a four-shot high-speed measuring strategy, but the high frequency was set only at 6 pe-
riods/frame, which may limit accuracy [44]. Dai proposed a three-shot dual-frequency
method by adding an additional camera and combining the spatial phase unwrapping for
high-frequency fringe usage [45]. Qiao developed an FTP-based method that requires only
two composited fringes but faces an accuracy challenge, due to the use of filters [46]. Li
proposed a two-shot strategy that combines the temporal and geometric phase unwrapping
to expand the measuring depth, but the method still suffers from the same problem as the



Photonics 2024, 11, 758 3 of 16

ones mentioned above [47]. In summary, achieving a balance between measurement speed
and accuracy remains a challenge in DHTPU. Furthermore, the basic phase commonly
derived from unit-period fringes exhibits a low signal-to-noise (SNR) ratio which restricts
the selection of the high-frequency fringe with high robustness [40].

Therefore, this paper proposes a novel SCGMP-based DHTPU method that can decode
the high-frequency fringe while balancing measuring accuracy and speed. The method
only requires a high-frequency fringe to provide the height information, a multi-period
low-frequency fringe to eliminate the phase ambiguities, and a flat pattern to remove the
average intensity of the two fringes above. In phase extraction, through the spatial-domain
calculations in SCGMP, the high-frequency wrapped phase and the basic phase can be
extracted in detail from the two fringes, respectively. In phase unwrapping, we develop
the ability of SCGMP to significantly alleviate phase ambiguities and provide an algorithm
to determine the maximum measurable height range for a fixed measuring system, both
of which can ensure the continuity of the basic phase, even though they are derived from
the multi-period low-frequency fringe. Compared to the traditional basic phase derived
from the unit-period fringes, the proposed basic phase exhibits stronger noise resistance,
effectively relaxing the selection range of high frequency in HDTPU. Experimental results
verify that the proposed method has high accuracy by projecting the fringe with a frequency
of up to 100 periods/frame; it is well-suited for high-speed dynamic scene reconstruction,
due to it only requiring three shots.

2. Principle
2.1. Principle of SCGMP

SCGMP involves two steps: preparation and measurement. In the preparation step,
four-step phase-shifted fringes are used to collect the reference plane height, which can be
expressed as:

In
re f (x, y) = are f (x, y) + bre f (x, y) cos[2π f x + φre f (x, y)− 2πn/N] (1)

where are f (x, y) represents the background light intensity, bre f (x, y) is the fringe modu-
lation, f denotes the frequency, φre f (x, y) is the phase containing the height information
of the reference plane, n = 0, 1, 2, 3, and N = 4. According to the complementarity
between I0

re f (x, y) and I2
re f (x, y), as well as I1

re f (x, y) and I3
re f (x, y), two AC components

with orthogonal phases can be obtained using the subtraction operation, as shown in
Equation (2):{

IAC0
re f (x, y) = 0.5[I0

re f (x, y)− I2
re f (x, y)] = bre f (x, y) cos[2π f x + φre f (x, y)]

IAC90
re f (x, y) = 0.5[I1

re f (x, y)− I3
re f (x, y)] = bre f (x, y) sin[2π f x + φre f (x, y)]

(2)

Then, these two AC components are pre-stored in the computer as system parameters.
Next, in the measurement step, only two fringes with complementary phases are

required to collect the surface information of the object, which can be expressed as:{
I0
obj(x, y) = aobj(x, y) + bobj(x, y) cos[2π f x + φobj(x, y)]

I1
obj(x, y) = aobj(x, y)− bobj(x, y) cos[2π f x + φobj(x, y)]

(3)

where aobj(x, y) and bobj(x, y) represent the background light intensity and the modula-
tion intensity, both of which are modulated by the object surface reflectivity. φobj(x, y)
is the phase that contains the object height information. Then, the normalization opera-
tion, which is a necessary step, is performed on the two fringes to eliminate the effect of
uneven reflectivity:

IAC0
obj (x, y) =

I0
obj(x, y)− I1

obj(x, y)

I0
obj(x, y) + I1

obj(x, y)
=

bobj(x, y)
aobj(x, y)

cos[2π f x + φobj(x, y)] (4)
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Notably, in addition to addressing uneven reflectivity, the normalization also guar-
antees the feasibility of obtaining another phase-orthogonal normalized AC component
through Hilbert transform, which is expressed in Equation (5):

IAC90
obj (x, y) = Hilbert[IAC0

obj (x, y)] =
bobj(x, y)
aobj(x, y)

sin[2π f x + φobj(x, y)] (5)

where Hilbert [·] denotes a π/2 phase-shifted operation. By multiplying the two orthogonal
normalized AC components with two pre-stored AC components, respectively, two pairs
of overlapping fringes are generated:{

I1
o (x, y) = IAC0

obj (x, y)IAC0
re f (x, y) = C{cos[4π f x + φobj(x, y) + φre f (x, y)] + cos[φobj(x, y)− φre f (x, y)]}

I2
o (x, y) = IAC90

obj (x, y)IAC90
re f (x, y) = C{− cos[4π f x + φobj(x, y) + φre f (x, y)] + cos[φobj(x, y)− φre f (x, y)]} (6)

{
I3
o (x, y) = IAC0

obj (x, y)IAC0
re f (x, y) = C{sin[4π f x + φobj(x, y) + φre f (x, y)] + sin[φobj(x, y)− φre f (x, y)]}

I4
o (x, y) = IAC90

obj (x, y)IAC90
re f (x, y) = C{sin[4π f x + φobj(x, y) + φre f (x, y)]− sin[φobj(x, y)− φre f (x, y)]} (7)

where C = bre f (x, y)bobj(x, y)/aobj(x, y). In Equation (6), it can be observed that the two
double-frequency components are opposites, while the DC components, also known as
Moiré fringes, are the same. Similar relationships also exist in Equation (7). From this, the
Moiré fringes can be extracted directly through spatial-domain calculations:

M0(x, y) = I1
o (x, y) + I2

o (x, y) = 2C cos[φobj(x, y)− φre f (x, y)] (8)

M90(x, y) = I3
o (x, y)− I4

o (x, y) = 2C sin[φobj(x, y)− φre f (x, y)] (9)

Then, leveraging the phase-orthogonal characteristic of the two Moiré fringes, the
wrapped phase can be obtained by applying the arctangent operation:

∆φ(x, y) = φobj(x, y)− φre f (x, y) = tan−1[M90(x, y)/M0(x, y)] (10)

2.2. Principle of the Proposed Method
2.2.1. Absolute Phase Retrieval

From the above illustration, it can be seen that SCGMP can extract the phase infor-
mation just using spatial-domain calculations, which greatly ensures the integrity of the
height information. Therefore, we further explore the merits of SCGMP and combine it
with HDTPU to propose a novel dual-frequency method that can balance the measuring
accuracy and speed well while addressing the restriction on high-fringe frequency selection
in traditional HDTPU.

Based on SCGMP, our method also needs two steps. In the preparation step, four
low-frequency fringes, expressed in Equation (11), are designed to collect the height of the
reference plane:

In
l_re f (x, y) = are f (x, y) + bre f (x, y) cos[2π fl x + φl_re f (x, y)− 2πn/N] (11)

where fl denotes the low frequency, and φl_re f (x, y) is the phase containing the height
of the reference plane. Next, due to complementarity relationships in In

l_re f (x, y), two
low-frequency AC components are obtained, as expressed in Equation (12):{

IAC0
l_re f (x, y) = 0.5[I0

l_re f (x, y)− I2
l_re f (x, y)] = bre f (x, y) cos[2π fl x + φl_re f (x, y)]

IAC90
l_re f (x, y) = 0.5[I1

l_re f (x, y)− I3
l_re f (x, y)] = bre f (x, y) sin[2π fl x + φl_re f (x, y)]

(12)

Using the same approach, we obtain two high-frequency AC components derived
from four high-frequency fringes. Then, the resulting two pairs of AC components are
pre-stored as the system parameters.
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In the measurement step, the method requires only three patterns to collect the height
information: a high-frequency fringe and a multi-period low-frequency fringe that share
the same fringe parameters, except for the frequency, and a flat pattern that corresponds to
the DC components of the two fringes. The expressions of the patterns can be calculated as:

Ih_obj(x, y) = aobj(x, y) + bobj(x, y) cos[2π fhx + φh_obj(x, y)] (13)

Il_obj(x, y) = aobj(x, y) + bobj(x, y) cos[2π fl x + φl_obj(x, y)] (14)

I f lat(x, y) = aobj(x, y) (15)

where fh and fl denote the high and low frequencies. φh_obj(x, y) is the phase carrying
the height information of the measured object, and φl_obj(x, y) is the phase providing the
phase-unwrapping information.

According to SCGMP, the flat pattern in Equation (15) is multiplexed to simultaneously
normalize the two fringes, thereby obtaining the two normalized AC components, which
can be expressed as follows:

IAC0
h_obj(x, y) =

Ih_obj(x, y)
I f lat(x, y)

− 1 =
bobj(x, y)
aobj(x, y)

cos[2π fhx + φh_obj(x, y)] (16)

IAC0
l_obj(x, y) =

Il_obj(x, y)
I f lat(x, y)

− 1 =
bobj(x, y)
aobj(x, y)

cos[2π fl x + φl_obj(x, y)] (17)

Next, the low-frequency normalized AC component IAC0
l_obj(x, y) is first solved. Hilbert

transform is performed on it to obtain another phase-orthogonal low-frequency normalized
AC component, IAC90

l_obj (x, y):

IAC90
l_obj (x, y) = Hilbert[IAC0

l_obj(x, y)] =
bobj(x, y)
aobj(x, y)

sin[2π fl x + φl_obj(x, y)] (18)

Then, IAC0
l_obj(x, y) and IAC90

l_obj (x, y) are overlapped with two pre-stored low-frequency
AC components in Equation (12), respectively, through multiplication calculations:{

I1
o (x, y) = IAC0

l_obj(x, y)IAC0
l_re f (x, y) = C{cos[4π fl x + φl_obj(x, y) + φl_re f (x, y)] + cos[φl_obj(x, y)− φl_re f (x, y)]}

I2
o (x, y) = IAC90

l_obj (x, y)IAC90
l_re f (x, y) = C{− cos[4π fl x + φl_obj(x, y) + φl_re f (x, y)] + cos[φl_obj(x, y)− φl_re f (x, y)]} (19)

{
I3
o (x, y) = IAC0

l_obj(x, y)IAC0
l_re f (x, y) = C{sin[4π fl x + φl_obj(x, y) + φl_re f (x, y)] + sin[φl_obj(x, y)− φl_re f (x, y)]}

I4
o (x, y) = IAC90

l_obj (x, y)IAC90
l_re f (x, y) = C{sin[4π fl x + φl_obj(x, y) + φl_re f (x, y)]− sin[φl_obj(x, y)− φl_re f (x, y)]} (20)

where C = bre f (x, y)bobj(x, y)/aobj(x, y). According to the simple mathematical relation-
ships in Equations (19) and (20), two low-frequency Moiré fringes can be obtained just
using spatial-domain calculations:

M0(x, y) = I1
o (x, y) + I2

o (x, y) = 2C cos[φl_obj(x, y)− φl_re f (x, y)] (21)

M90(x, y) = I3
o (x, y)− I4

o (x, y) = 2C sin[φl_obj(x, y)− φl_re f (x, y)] (22)

Then, the low-frequency phase is extracted by applying the arctangent to the two
Moiré fringes above:

∆φl(x, y) = φl_obj(x, y)− φl_re f (x, y) = tan−1[M90(x, y)/M0(x, y)] (23)

It is worth noting that in traditional phase extraction methods, such as PMP, the phase
derived from the multi-period low-frequency fringes typically suffers from 2π ambiguities.
In contrast, the low-frequency phase in this paper is already continuous and requires no
further unwrapping, as shown in Figure 1a; thus, it can be referred to as the basic phase
and can be expressed as ∆Φl(x, y). As revealed in Ref. [1], the phase SNR is positively
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correlated with the fringe frequency. Based on this, compared to the basic phase derived
from the single-period fringes in the traditional DHTPU, the proposed basic phase exhibits
a higher accuracy and SNR.

Photonics 2024, 11, x FOR PEER REVIEW 6 of 15 
 

 

)],(),(cos[2),(),(),( __
210 yxyxCyxIyxIyxM reflobjloo    (21) 

)],(),([sin2),(),(),( __
4390 yxyxCyxIyxIyxM reflobjloo    (22) 

Then, the low-frequency phase is extracted by applying the arctangent to the two 
Moiré fringes above: 

)],(/),([tan),(),(),( 090
1

__ yxMyxMyxyxyx reflobjll
   (23) 

It is worth noting that in traditional phase extraction methods, such as PMP, the 
phase derived from the multi-period low-frequency fringes typically suffers from 2π am-
biguities. In contrast, the low-frequency phase in this paper is already continuous and 
requires no further unwrapping, as shown in Figure 1a; thus, it can be referred to as the 
basic phase and can be expressed as ),( yxl . As revealed in Ref. [1], the phase SNR is 
positively correlated with the fringe frequency. Based on this, compared to the basic phase 
derived from the single-period fringes in the traditional DHTPU, the proposed basic 
phase exhibits a higher accuracy and SNR. 

For the high-frequency normalized AC component ),(0AC
_ yxI objh

, similar to the process 
used to obtain the low-frequency phase, by performing Equations (18)–(23), the high-fre-
quency wrapped phase ),( yxh , as shown in Figure 1b, can be extracted. 

Under the robust guidance of the basic phase, the fringe order can be calculated by 
the hierarchical temporal phase-unwrapping algorithm [31]: 

]
2

),(),()/(
[),(


 yxyxff

roundyxk hllh 


 
(24) 

Therefore, the 2π ambiguities of the wrapped phase can be eliminated to generate 

the final absolute phase ),( yxh : 

),(),(2),( yxyxkyx hh    (25) 

 
Figure 1. Phase diagram. (a) The continuous low-frequency phase and (b) high-frequency wrapped 
phase. 

2.2.2. Analysis of Basic Phase Acquisition Conditions 
Section 2.2.1 reveals that the basic phase can be directly extracted from the low-fre-

quency fringe, which exhibits a higher SNR than the traditional one. However, to ensure 
the continuity of the basic phase, two necessary conditions should be met, which will be 
discussed in detail below. 

For a traditional extracted phase represented as  fx2 , the frequency component 
fx2   is the main factor causing large phase ambiguities, which is a disadvantage for 

achieving the continuity of the basic phase. However, in SCGMP, this frequency compo-
nent is precisely eliminated when generating Moiré fringes, as expressed in Equations (8) 
and (9), significantly alleviating the phase ambiguities. Therefore, SCGMP’s ability to 
eliminate the frequency component is the first necessary condition to ensure the continu-
ity of the basic phase. Figure 2 presents two wrapped phases to beĴer visualize the differ-
ences. Figure 2a shows the high-frequency fringe and the flat paĴern used in our method. 

Figure 1. Phase diagram. (a) The continuous low-frequency phase and (b) high-frequency
wrapped phase.

For the high-frequency normalized AC component IAC0
h_obj(x, y), similar to the process

used to obtain the low-frequency phase, by performing Equations (18)–(23), the high-
frequency wrapped phase ∆φh(x, y), as shown in Figure 1b, can be extracted.

Under the robust guidance of the basic phase, the fringe order can be calculated by
the hierarchical temporal phase-unwrapping algorithm [31]:

k(x, y) = round[
( fh/ fl)∆Φl(x, y)− ∆φh(x, y)

2π
] (24)

Therefore, the 2π ambiguities of the wrapped phase can be eliminated to generate the
final absolute phase ∆Φh(x, y):

∆Φh(x, y) = 2πk(x, y) + ∆φh(x, y) (25)

2.2.2. Analysis of Basic Phase Acquisition Conditions

Section 2.2.1 reveals that the basic phase can be directly extracted from the low-
frequency fringe, which exhibits a higher SNR than the traditional one. However, to ensure
the continuity of the basic phase, two necessary conditions should be met, which will be
discussed in detail below.

For a traditional extracted phase represented as 2π f x + φ, the frequency component
2π f x is the main factor causing large phase ambiguities, which is a disadvantage for
achieving the continuity of the basic phase. However, in SCGMP, this frequency component
is precisely eliminated when generating Moiré fringes, as expressed in Equations (8) and (9),
significantly alleviating the phase ambiguities. Therefore, SCGMP’s ability to eliminate the
frequency component is the first necessary condition to ensure the continuity of the basic
phase. Figure 2 presents two wrapped phases to better visualize the differences. Figure 2a
shows the high-frequency fringe and the flat pattern used in our method. Figure 2b
provides three equal-phase-shifted fringes that have the same frequency as the fringe
in Figure 2a. By performing SCGMP and PMP, two wrapped phases, as displayed in
Figure 2c,d, can be derived, respectively, and their cross-sections at the 700th line are
displayed in Figure 2e,f. By comparison, it can be seen that the former wrapped phase
exhibits milder phase ambiguities.
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Secondly, after removing the interference of the frequency component, we only need
to make sure the phase component φ, which is actually ∆Φl in this paper, is continuous and
distributed within the range of [−π, π]. Here, a commonly used phase-to-height mapping
algorithm is expressed in Equation (26):

1/H = c1 + c2/∆Φl (26)

where c1, c2 are the calibrated coefficients. It can be seen that for a fixed measuring system,
the amplitude of the basic phase is only affected by the height H and is positively correlated
with it. Additionally, to ensure continuity, the basic phase must be distributed within the
range of [−π, π]. Based on the above points, the measurable height range will be limited
to a certain range. By substituting the phase extremums −π and π into Equation (26), the
measurable height range can be obtained as:

π

c1π − c2
≤ H ≤ π

c1π + c2
(27)

Then, the maximum measurable height ∆H can be expressed as:

∆H =
π

c1π + c2
− π

c1π − c2
=

2c2π

c22 − c1
2π2 (28)

Notably, the analysis approach of the basic phase acquisition condition is not limited
to the simple phase-to-height algorithm in Equation (26) but is also valid for more com-
plex calibration methods, as demonstrated in Refs. [48,49], because of the ever-present
monotonic positive correlation between the basic phase amplitude and the height.

To clearly illustrate the maximum measurable height, the schematic diagram of the
measuring system we built is shown in Figure 3. We employ the 10 periods/frame low-
frequency grating to calibrate the system. A white, flat board, controlled by the stepper
motor, is then moved forward in two increments: h1 = 15 mm and h2 = 32 mm, which
serve as the given conditions for calibrating the coefficients c1 and c2, so we can solve
c1 ≈ 0.000954 and c2 ≈ 0.021 and substitute them into Equations (27) and (28). From
this, the height constraint range can be obtained as (−174.44mm, 130.83mm], and the
maximum measurable height ∆H is approximately 305.27 mm, which can nearly satisfy
the measurement requirements for regular objects.
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Figure 3. The schematic diagram of the measuring system.

3. Experiments

The measuring system mainly comprised a camera and a projector. The camera was a
Baumer HXC20 with 1028 × 2048 pixels, equipped with an 8 mm focal length lens. The
projector was a Lightcrafter 4500 with 800 × 1280 pixels and the 120 fps maximum frame
rate for 8-bit data. It synchronously triggered the camera to achieve real-time acquisition.
The computer with an AMD Ryzen 7 5800H processor running at 3.2 GHz was utilized to
process the captured images.

3.1. Accuracy Evaluation

To evaluate the performance of the proposed method, the dual-frequency three-step
PMP (DFPMP) and multi-frequency three-step PMP (MFPMP) were selected for comparison.
To ensure validity, all the methods employed the same 100 periods/frame high-frequency
grating and completed the measurement under the same conditions. Differently, the
proposed method utilized a 10 periods/frame low-frequency fringe to obtain the basic
phase, while DFPMP and MFPMP employed the single-period fringes to achieve it.

Figure 4a shows the measured stair model. Figure 4b,c displays the captured high-
frequency fringe and the low-frequency fringe, respectively, using the proposed method.
Then, by performing SCGMP, Figure 4d,e shows the wrapped phase and the basic phase
extracted from the above two fringes. To reflect the robustness of the basic phase, its cross-
section (yellow curve) is shown together with that of MFPMP (blue curve) in Figure 4f. It
can be seen that the yellow curve exhibited a smoother surface, while the blue curve had
numerous burrs. This is attributed to the fact that the fringe with a higher frequency can
better ensure the reliability and robustness of the extracted phase. Consequently, guided
by the highly robust basic phase, Figure 4i displays the successfully reconstructed model
using the proposed method, clearly displaying the smooth stair morphology and the sharp
changes, verifying the feasibility of the proposed dual-frequency method. In contrast,
guided by the noisy basic phase, the reconstructed result shown in Figure 4g failed to
reflect the stair morphology, thereby indicating that the traditional dual-frequency method
struggles to decode high-frequency fringe. Further, to exclude the effect of the over-large
frequency ratio in DFPMP, the result using MFPMP, which had the same frequency ratio
as the proposed method, is shown in Figure 4h. It can be seen that the result was notably
better than that of DFPMP. However, since the basic phase was still obtained from the
single-period fringes, the height jumps were still inevitable.
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Figure 4. Reconstructed results of the stair model. (a) Stair (b) high-frequency pattern; (c) low-frequency
pattern; (d) wrapped phase; (e) basic phase; and (f) basic phase comparison. (g–j) Reconstructed
models by DFPMP, MFPMP, the proposed method, and the 8-step PMP. (k) Cross-section comparison
of (i,j).

Additionally, the result of the multi-frequency eight-step PMP method was used as
the quasi-truth value to validate the accuracy of the proposed method. Figure 4j shows the
quasi-truth model. Figure 4k displays two cross-sections from the proposed method and
the quasi-truth model. It can be seen that the two curves are tightly fit to each other, both
in the global map and the enlarged local map.

For an intuitive comparison, we simulated a standard stair model to quantitatively
evaluate the accuracy. The mean absolute error (MAE) and the root mean square error
(RMSE) of Figure 4h–j are presented in Table 1. Additionally, we counted the number of
error height jumps characterized by 2π integer multiples, also shown in Table 1.

Table 1. Accuracy verification of the three methods.

Three-Step MFPMP Proposed Method Eight-Step MFPMP

MAE (mm) 0.027 0.015 0.012
RMSE (mm) 0.064 0.027 0.023
Error pixel 5371 1060 949

The results indicated that the three-step MFPMP yielded relative larger errors, particu-
larly in the number of jump errors. In comparison, the proposed method demonstrated
a significantly higher accuracy and fewer error pixels, closely aligning with the quasi-truth
values. This quantitative analysis further revealed the high robustness of the proposed
basic phase and the high-accuracy performance of our method.

The above experiments revealed the limitation in conventional TPU and verified the
superiority of our method. Next, we conducted comparisons with two state-of-the-art
techniques: the two-shot dual-frequency temporal-geometric profilometry (DTGP) [36]
and an advanced four-shot phase-coding method (APC) [37], the latter being a widely
recognized TPU method. A head model with complex details, as shown in Figure 5a,
was measured using all three methods. For both DTGP and our proposed method, we
also employed the 100 periods/frame high-frequency fringe, while for APC, we set the
frequency to 15 periods/frame because a larger frequency would cause the fringe orders to
be difficult to distinguish. The captured fringes using the proposed method, DTGP, and
APC are shown in Figure 5b–d, respectively. The reconstructed results are displayed in
Figure 5e–g. Comparing Figure 5e with Figure 5f, especially in the enlarged views, the
model using our method exhibited more clarity and provided more detailed information.
It was precisely because DTGP used filters twice, which inevitably resulted in the loss of
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effective spectral components, leading to the loss of detailed height information. Thus, our
method exhibited a better ability to preserve details. For Figure 5g, APC also reconstructed
the detailed surfaces, showing a similar result to our method.
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Figure 5. Comparison experiments. (a) Measured model, (b–d) three sets of captured fringes, and
(e–g) three reconstructed models.

Since the results of our method and APC were hard to distinguish in the above
experiment, we conducted a quantitative performance analysis using a cuboid that was
160 mm in length and width, with a height of 10 mm. Figure 6a–c displays three sets of
captured fringes. Figure 6d–f provides the reconstructed surfaces and corresponding error
distributions by comparing them with a simulated standard cuboid. The average height
and RMSE of the three results are presented in the top left corner of Figure 6d–f. These
metrics indicate that the accuracy of our method surpassed DTGP and slightly exceeded
APC. In APC, fringe frequency was constrained by the need to distinguish the steps of
the stair-like order. Thereby, this limitation, given the close relationship between fringe
frequency and phase error, impacted the measuring accuracy to some degree. Although
the accuracy of our method was only slightly higher than APC, it required one frame and
fewer fringes, and the acquisition speed would be increased by 33% when considering
dynamic measurement.
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3.2. Robustness Verification

To verify the reconstruction ability for complex objects, a power strip with twist-
ing electric wires was measured. Figure 7a shows the captured high-frequency fringe.
Figure 7b shows the two orthogonal normalized AC components, which were extracted
from Figure 7a through normalization and Hilbert transformation. By multiplying them
with the pre-restored AC components of the reference plane, four overlapping fringes,
as shown in Figure 7c, were generated. Leveraging the algebraic relationships between
the overlapped fringes, two Moiré fringes standing for the sine and cosine of the phase,
as shown in Figure 7d, was purified entirely in the spatial domain. From this, the final
wrapped phase was obtained using the arctangent operation and is shown in Figure 7e.
It can be seen from Figure 7e that the 2π-phase ambiguities were significantly reduced
because the frequency component was eliminated when extracting the Moiré fringes. Then,
with the same algorithms, the low-frequency fringe in Figure 7g was decoded step-by-step,
as shown in Figure 7h–j, until the basic phase in Figure 7k was extracted. Guided by this
highly robust basic phase, the phase ambiguities of the wrapped phase were effectively
eliminated. From this, the obtained absolute phase is shown in Figure 7l. To present
the reconstructed model comprehensively, Figure 8 displays it from different viewing
angles, which strongly proves the robustness of the proposed method in reconstructing
complex objects.

To verify the ability of uneven reflectivity resistance, we measured a smooth mask
painted in various colors. Figure 9a shows the captured high-frequency fringe, and
Figure 9b shows the reconstructed model using the proposed method. For comparison,
Figure 9c shows a model obtained by the same method, except the AC component was
derived by directly subtracting the flat pattern from the captured fringes instead of through
normalization. Additionally, we selected the result shown in Figure 9d using the 8-step
PMP as the quasi-truth value, due to its excellent resistance to uneven reflectivity and high
precision. It was observed that the model in Figure 9b effectively reconstructed the smooth
surface, closely matching the quasi-truth value and demonstrating a strong performance
against uneven reflectivity. In contrast, Figure 9c reveals the obvious error ripples because
the reflectivity coefficient cannot be eliminated solely through subtraction. Therefore, the
normalization operation in our method was essential for accurately measuring color ob-
jects, and the comparative results indicated that this method was capable of effectively
measuring color objects.

Since the proposed method employed only three shots, it had a great potential for
high-speed reconstruction of the dynamic scene. To verify this, a hand model placed on
a rotating disc was measured in real-time. The camera captured the moving model at
144 frames per second (fps), and correspondingly, the proposed method achieved real-time
reconstruction at 38 fps. Figure 10a shows the five high-frequency fringes captured at
different times. Figure 10b shows the successful reconstructed models at corresponding
times, which can reflect the hand models from different angles.
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Figure 7. Reconstructed power strip. (a) High-frequency fringe, (b) two normalized AC compo-
nents, (c) four superposed fringes, (d) two Moiré fringes, (e) wrapped phase, (f) average intensity,
(g) low-frequency fringe, (h) two normalized AC components, (i) four superposed fringes, (j) two
Moiré fringes, (k) basic phase, and (l) absolute phase.
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Figure 10. Measurement results of the dynamic scene. (a) Five high-frequency fringes at different
times and (b) five reconstructed models at the corresponding times (The reconstructed video can be
seen in Supplementary Materials).

3.3. Discussion

In this section, we present an overall discussion of the experimental results. In the ini-
tial stair experiment, the limitation of traditional HTPU was revealed using dual-frequency
and multi-frequency PMPs, which extracted the low-SNR basic phase from fringes with
a frequency of only 1 period/frame. The limitation restricted the selection of high-frequency
fringes and potentially led to error jumps in the reconstructed surface. In contrast, our
proposed method overcame the limitation and employed low-frequency fringes with
a frequency of up to 10 periods/frame. This innovation significantly improved the SNR
of the basic phase, eliminating the restriction on high frequency and ensuring the high
accuracy of the reconstructed surfaces as well. Furthermore, we compared it with advanced
techniques, including dual-frequency temporal-geometric profilometry and the improved
phase-coding method. As demonstrated by the experimental results, our method had
a better accuracy than DTGP because of total spatial-domain calculations, and it increased
about 33% for measuring speed, compared with APC, while maintaining a similar accuracy,
revealing the ability to effectively balance measurement accuracy and speed simultane-
ously. The high adaptability of our method was subsequently confirmed through successful
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reconstructions of complex and colored objects. Finally, we extended the application of our
method to a high-speed scenario by measuring a rotating hand model.

4. Conclusions

A novel dual-frequency method based on spatial computer-generated Moiré pro-
filometry is proposed in this paper. The method effectively solves two main problems in
traditional DHTPU: the challenge of balancing measurement accuracy and speed and the
limitation on high-frequency selection. By leveraging the full spatial-domain calculations
of SCGMP, the integrity and accuracy of the extracted phase information are ensured.
By cleverly multiplexing the flat pattern, the required number of fringes is reduced to
three, making this method well-suited for high-speed measurement. Additionally, we
developed SCGMP’s ability to alleviate phase ambiguities and also provided the algorithm
for determining the maximum measurable height range for the fixed system. These two as-
pects enable the basic phase derived from the multi-period low-frequency fringe to exhibit
a higher SNR than that obtained by traditional DHTPU methods, effectively releasing
the limitation on the high-frequency selection. Experimental results demonstrate that
this method achieves high accuracy measurement by utilizing a 100 periods/frame high-
frequency fringe and performs with high robustness in complex object reconstruction and
high-speed dynamic scene measurement.
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