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Abstract: With the rapid development of modern manufacturing processes, ultra-precision struc-
tured freeform surfaces are being widely explored for components with special surface functioning.
Measurement of the 3D surface form of structured specular objects remains a challenge because of
the complexity of the surface form. Benefiting from a high dynamic range and large measuring area,
phase measurement deflectometry (PMD) exhibits great potential in the inspection of the specular
surfaces. However, the PMD is insensitive to object height, which leads to the PMD only being used
for smooth specular surface measurement. Direct phase measurement deflectometry (DPMD) has
been introduced to measure structured specular surfaces, but the surface form measurement resolu-
tion and accuracy are limited. This paper presents a method named stereo-DPMD for measuring
structured specular objects by introducing a stereo deflectometor into DPMD, so that it combines the
advantages of slope integration of the stereo deflectometry and discontinuous height measurement
from DPMD. The measured object is separated into individual continuous regions, so the surface
form of each region can be recovered precisely by slope integration. Then, the relative positions
between different regions are evaluated by DPMD system to reconstruct the final 3D shape of the
object. Experimental results show that the structured specular surfaces can be measured accurately
by the proposed stereo-DPMD method.

Keywords: 3D measurement; structured specular surfaces; phase measurement deflectometry; slope
integration; discontinuous height calculation

1. Introduction

With the emergence of ultra-precision manufacturing technology, a large number of
complex and precision components and objects were fabricated to meet various needs,
which pushed the development of many cutting-edge industries (such as aerospace, au-
tomobile manufacturing, large scale integrated circuit, etc.). The precision 3D data of the
objects is a basic evaluation criterion of their machining accuracy and also an important
guarantee for their functions and surface properties [1]. Therefore, the 3D shape mea-
surement has gradually become an indispensable part of modern industry, and a precise
detection will greatly improve the quality of the products [2,3]. The three-coordinate
measuring machine (CMM) has been utilized to obtain the spatial coordinates of the object
points with a probe for many years; its principle is simple but time-consuming and easily
causes scratches on the surface, which may damage the surface property [4]. With the
concept of nondestructive inspection and the progress of computer technology and elec-
tronics devices, the optical 3D measurement methods with the advantages of non-contact
operation and dense-data acquisition have been widely explored [5–7]. The fringe pro-
jection technique is a typical optical measurement method [8,9]. When the coded fringe
pattern is projected onto the measured surface, the image is modulated by the topography
of the surface. Once the deformed fringe pattern is demodulated, the 3D coordinate of
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the measured surface can be accurately obtained. After years of development, the fringe
projection technology has made great progress in speed, accuracy, size, and other measure-
ment aspects. However, this technique is only suitable for diffused surface measurement.
When the coded fringe pattern is projected onto a specular surface, like an astronomical
telescope, car windshield, painted body, polished mechanical parts, and so on, light spots
appear on the tested surface, so that the shape information is difficult to retrieve from the
deformed patterns. A traditional way to solve this problem is to spray coating materials
on the specular surface to make it show diffuse reflection characteristics, then the fringe
projection technique can be applied to obtain its 3D data, but this behavior may damage
the optical properties of the precision specular surface [10].

In order to flexibly measure the specular surfaces and satisfy various kinds of engi-
neering demands, some optical methods that cleverly use the reflective characteristics of
the specular surface have been proposed [11–14]. Among these techniques, interferometry
and PMD technology demonstrate great advantages [15,16]. Interferometry is the most
accurate optical measurement technology. Based on the principle of light wave superpo-
sition, it obtains the relevant information of the object by analyzing the alternating light
and dark interference fringes. The surface form determined by this method often has a
sub-nanometer resolution [17,18]. However, it is difficult to measure a specular object with
complicated surfaces, especially a free-form surface, and usually requires expensive auxil-
iary equipment. PMD does not have these restrictions. Its simple system structure, large
measuring area, and high dynamic range give it more applicability in the measurement of
specular surfaces.

As commonly known, when a camera is used to shoot a specular object, the image
captured by the camera is not the texture image of the target object, but a virtual image
of the surrounding environment reflected by the object. Moreover, the reflected image is
distorted by the topography of the object. PMD technology takes the advantage of this
fact to reconstruct the 3D shape of the object [19–21]. In order to weaken the brightness
of the light source and avoid the light spots on the measured specular surface, the coded
sinusoidal fringe pattern is displayed on a liquid crystal display (LCD) screen as the
input source, and then a camera is utilized to collect the deformed patterns reflected by
the object. Then the slope information of the measured object is obtained through the
phase difference between the input fringe pattern and the deformed pattern. Finally, an
integral algorithm is implemented to recover the 3D shape of the object [22,23]. Su et al.
proposed a software-configurable optical test system for the measurement of large, highly
aspherical shapes; the spatial relationship between the imaging point, the measured point,
and the corresponding screen pixel is set up to reconstruct the 3D shape of the object [24].
However, this system is mostly used for measuring the regular specular surfaces (i.e.,
spherical or aspherical mirrors). Knauer et al. established a stereo deflectometry system, in
which two cameras were used to capture the reflected fringe patterns [25]. By assuming
the spatial position of a measured point along its reflected ray, two normal vectors with
respect to different cameras are obtained. Then, the uniqueness of the normal vector of the
object point is used to identify the real slope value, and finally the 3D shape is recovered
by slope integration. This method seriously relies on the system calibration accuracy,
otherwise it will get an inaccurate result. Graves et al. presented a model-free iteration
deflectometry approach, which takes no input model. The relationship between phase,
slope, and height is correlated by system parameters, and the iteration strategy is applied
to get a converged reconstruction surface [26]. It provides an accurate 3D measurement
result, but the multiple integrations lead to a continuously accumulating system error. To
eliminate the system error in each cycle, Wang et al. introduced a system error control
method with rotation self-shearing into the iteration circle, and then the measured points
were iteratively corrected according to the reconstructed surface [27]. Furthermore, some
dynamic specular surfaces measurement methods were proposed, only one fringe pattern
is required in these methods. Huang et al. built a monoscopic fringe reflection system
with a two-dimensional Fourier algorithm [28]. In this case, a composite fringe pattern
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is used for the measurement of dynamic specular surfaces. Later, Wu et al. replaced
the cross grating with a color-encoded fringe pattern to solve the spectrum overlapping
problem [29]. Additionally, the color intensity crosstalk problem between the three channels
is discussed in their study, and the results show that it seldom affects the phase accuracy.
All the methods mentioned above retrieve the topography of the object by slope integration.
Even though they guarantee high precision, the integration process makes them unable to
measure structured specular surfaces.

To tackle this issue, some other PMD models that can directly calculate the height
data of the tested surface through phase change were explored. Guo et al. moved the LCD
screen parallel to several positions, then the incident light was fitted by the least square
method to solve the intrinsic height-slope ambiguity problem in PMD technology, thus the
spatial position of each object point was acquired without slope integration [30]. However,
the physical movement of the LCD screen may introduce errors. To avoid moving of the
device, a method named direct PMD (DPMD) is put forward [31], in which two LCD
screens are introduced to construct the incident ray and a reference plane mirror is used
to evaluate the topography of the measured surface. In a properly configured DPMD
system, suppose R is a point on the reference plane mirror, and it reflects the information
of pixel R1 on the first LCD plane and pixel R2 on the second LCD plane into point m in
the camera image plane. The reflected ray of R can be easily obtained by connecting point
m and the optical center o of the camera. Subsequently, the physical positions of R1 and

R2 are positioned by the phase values collected by m, and then the incident light
→

R1R2
is determined. When the measured object is placed in front of the reference plane, it is
assumed that point M on the measured surface reflects the screen pixels into m. Since m
only collects information along

→
mo, the reflected rays of R and M coincide, and the incident

ray of M is achieved by the new phase value collected by m. Finally, the height information
of M can be deduced by the geometric relationship between incident rays and reflected ray.
Therefore, the DPMD technique is not only displacement-free, but it can also calculate the
height value of each object point independently, which means it has the ability to measure
specular objects having isolated surfaces. However, compared to the height change of the
surface, PMD technology is more sensitive to slope variation, which leads to the fact that
the accuracy of DPMD is far lower than the accuracy of the object shape reconstructed by
the slope integration method [32].

Considering the limitations of the existing PMD technologies, we proposed a stereo-
DPMD method to realize the high accuracy measurement of structured specular surfaces.
In our method, a camera is added into the DPMD measurement system to obtain the
slope data of the measured surface. The measured structured specular object is separated
into individual continuous regions, hence, the topography of each region can be obtained
accurately by slope integration. Meanwhile, the advantage of the original DPMD system
that can calculate the height information of discrete object points is maintained, so the 3D
shape of the measured object is reconstructed by combining the topography and spatial
position of each continuous surface.

The rest of the paper is organized as follows. Section 2 presents the stereo-DPMD sys-
tem, the height and slope calculation geometric model is introduced, and the measurement
principle of the structured specular surfaces is also demonstrated. The system parameters
that need to be calibrated are analyzed in Section 3. Moreover, a global optimization cali-
bration method is demonstrated. In Section 4, an experimental setup is calibrated and two
structured specular objects are measured to verify the feasibility of the proposed method.
Section 5 summarizes the paper.

2. Materials and Methods

In PMD technology, the deformed fringe pattern reflected by the object contains the
shape information of the measured surface, and its absolute phase information is used
to calculate the slope field or height dataset of the surface. Nevertheless, limited by the
accuracy of the phase calculation algorithm and various noises in the measurement, phase
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error is inevitable. Thus, the PMD measurement models with higher phase error tolerance
can obtain better reconstruction results [32,33]. The influence of the phase error on the
measurement results is analyzed, as shown in Figure 1. The phase information ϕA of A
is collected by point m in the camera image plane after being reflected by point M on
the surface S. However, the phase error makes the actual calculated phase value of m be
ϕA′ , which causes the incident point to be wrongly positioned at point A’. If the height
information of the measured point is deduced directly from this reflection, a point M’ on the
surface S1 will be searched as the real point M. The slope values of M and M’ are equivalent,
while the height difference between them is h. However, if the surface is expected to be
recovered with a slope integration algorithm, A’ will be taken as the incident point and
m as the imaging point to solve the slope data of the point under test; its corresponding
incident ray changes from AM to A’M, and the slope error is γ. It can be seen clearly from
Figure 1 that the anti-noise performance of slope data is better than that of height data, and
the relevant formula derivation can be found in [32]. Therefore, slope integration is the key
step to obtain high accuracy measurements of specular surfaces.

Machines 2021, 9, x FOR PEER REVIEW 4 of 15 
 

 

2. Materials and Methods 
In PMD technology, the deformed fringe pattern reflected by the object contains the 

shape information of the measured surface, and its absolute phase information is used to 
calculate the slope field or height dataset of the surface. Nevertheless, limited by the ac-
curacy of the phase calculation algorithm and various noises in the measurement, phase 
error is inevitable. Thus, the PMD measurement models with higher phase error tolerance 
can obtain better reconstruction results [32,33]. The influence of the phase error on the 
measurement results is analyzed, as shown in Figure 1. The phase information Aϕ  of A 
is collected by point m in the camera image plane after being reflected by point M on the 
surface S. However, the phase error makes the actual calculated phase value of m be 'Aϕ
, which causes the incident point to be wrongly positioned at point A’. If the height infor-
mation of the measured point is deduced directly from this reflection, a point M’ on the 
surface S1 will be searched as the real point M. The slope values of M and M’ are equiva-
lent, while the height difference between them is h. However, if the surface is expected to 
be recovered with a slope integration algorithm, A’ will be taken as the incident point and 
m as the imaging point to solve the slope data of the point under test; its corresponding 
incident ray changes from AM to A’M, and the slope error is γ. It can be seen clearly from 
Figure 1 that the anti-noise performance of slope data is better than that of height data, 
and the relevant formula derivation can be found in [32]. Therefore, slope integration is 
the key step to obtain high accuracy measurements of specular surfaces. 

 
Figure 1. Effect of phase error. 

However, the nature of the integration algorithm makes it impossible to reconstruct 
the 3D shape of structured specular surfaces. Incorrect height data appears at the edges of 
two discontinuous surfaces and is then accumulated into the height calculation process of 
other surfaces. The reason for this phenomenon is that the height of discontinuous edge 
points cannot be simply calculated with the slope data and step length of adjacent edge 
points. Therefore, we proposed a stereo-DPMD method to perform the high precision 3D 
measurement of structured specular surfaces. The measured object is separated into indi-
vidual continuous surfaces, and the relative positions between different surfaces are esti-
mated by a DPMD model, then the topography of each isolated surface is accurately 
achieved by slope integration. Finally, the topography and spatial position of each surface 
are fused to reconstruct the 3D shape of the structured specular object. 

Figure 1. Effect of phase error.

However, the nature of the integration algorithm makes it impossible to reconstruct
the 3D shape of structured specular surfaces. Incorrect height data appears at the edges of
two discontinuous surfaces and is then accumulated into the height calculation process of
other surfaces. The reason for this phenomenon is that the height of discontinuous edge
points cannot be simply calculated with the slope data and step length of adjacent edge
points. Therefore, we proposed a stereo-DPMD method to perform the high precision
3D measurement of structured specular surfaces. The measured object is separated into
individual continuous surfaces, and the relative positions between different surfaces are
estimated by a DPMD model, then the topography of each isolated surface is accurately
achieved by slope integration. Finally, the topography and spatial position of each surface
are fused to reconstruct the 3D shape of the structured specular object.

Figure 2 shows the schematic setup of the stereo-DPMD technology. It includes two
LCD screens, LCD1 and LCD2, which are parallel; two charge coupled device (CCD)
cameras; and the measured object. In the system, the two LCD screens and CCD1 make
up the DPMD system to evaluate the relative position between the two different isolated
surfaces, the two CCD cameras and LCD1 form the stereo deflectometry model for the
calculation of the slope field. When the sinusoidal fringe patterns are displayed onto the
LCD screens, the CCD cameras collect the images reflected by the object. Then, the absolute
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phase information of the deformed fringe patterns is calculated to retrieve the 3D shape of
the object through system parameters.
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Figure 2. Measurement diagram.

The mathematical model is demonstrated in Figure 3. A beam splitter (BS) is utilized
to avoid the occlusion of LCD1 by LCD2. The BS is placed at a position where the virtual
image of the LCD2 screen LCD2′ is parallel to LCD1. Additionally, a reference plane mirror
is added to assist the measurement, and this plane mirror is located parallel to the two
LCD screens. In Figure 3, the distance between LCD2′ and LCD1 is ∆d, and the distance
between LCD2′ and the reference mirror is d.
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For a point R on the reference plane, its reflected ray r1 passes through the optical
center of CCD1 and imaged at point m1. Based on the phase information recorded by
m1, the corresponding screen points R1 on LCD1 and R2 on LCD2′ are acquired, then the
incident light i1′ is determined accordingly. When a measured object is placed in front of
the plane mirror, the reflected ray collected by pixel m1 still passes through the optical
center, so its direction remains unchanged. However, the height and slope change of the
measured point (from R to M) varies the incident ray from i1′ to i1. The corresponding
screen pixels locate at M1 and M2. According to the geometrical relationship in Figure 2,
the following equations are obtained, in which ϕX denotes the vertical phase data of point
X, q is the physical period of fringe pattern, θ and θ + 2α are the incident angles of i1′ and
i1, α is the angle difference between the normal vectors of R and M, and ∆l represents the
horizontal distance between R2 and M2.

q(ϕM1−ϕM2)
2π = ∆d tan(θ + 2α)

q(ϕR1−ϕR2)
2π = ∆d tan θ

q(ϕM2−ϕR2)
2π = ∆l

(d + h) tan θ + ∆l = (d− h) tan(θ + 2α)

(1)

Then, the height information of the point M can be deduced by [28]:

h =
d
[(

ϕM1 − ϕM2

)
−
(

ϕR1 − ϕR2

)]
− ∆d

(
ϕM2 − ϕR2

)(
ϕM1 − ϕM2

)
+
(

ϕR1 − ϕR2

) . (2)

Equation (2) shows that a well-deployed DPMD system is capable of acquiring the
height dataset of the structured specular object and can reconstruct its 3D topography.
However, to improve the measurement accuracy of each isolated surface, the slope field of
the object is calculated. The horizontal and vertical sinusoidal fringe patterns are displayed
on LCD1 screen, then the patterns reflected by the object are captured by CCD1 and CCD2
simultaneously. An imaging point m is selected to make an inverse ray tracing. Its reflected
ray r1 is still determined by the pinhole model, and its screen pixel M1 is acquired based
on the phase value captured by m. Assuming that the point M on r1 is the measured point,
the second reflected ray r2 of point M with respect to CCD2 is achieved by linking M with
the optical center of CCD2, which intersects the image plane of CCD2 at point m2. Then, by
looking up the phase value of m2 on the LCD1 plane, the screen point M3 can be found,
and a new reflection relation is formed. At this time, two normal vectors nk (k = 1 or 2)
of the point M can be calculated through two groups of incident rays and reflected rays
(i1, r1)/(i2, r2).

nk = ik + rk. (3)

Subsequently, the fact that the target point M has only one normal vector is used to
distinguish the real slope data. If n1 and n2 are equal, the correct slope information is
obtained, otherwise a new point on r1 will be reassumed to seek the slope value. Moreover,
to tolerate the inevitable systematical error, a threshold is set to stop the point assuming
process. When the difference between two normal vectors is less than the threshold, the
slope value is acquired.

Then, the slope data of the structured specular object is separated into several continu-
ous fields to eliminate the integration error between the discontinuous edges, and then the
3D shape of each isolated surface is reconstructed precisely by slope integration. Note that
the integration algorithm has difficulty in determining the absolute position of the surface;
the form of each continuous surface obtained by slope integration and the discontinuous
depth information calculated by DPMD technology are combined to reconstruct the final
3D shape of the structured specular surfaces.

3. System Calibration

The phase map of the deformed fringe patterns collected by the CCD cameras carries
the shape information of the measured object, and the system parameters connect them. It
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can be seen from Equation (2) that the parameters ∆d and d need to be calibrated when the
height information of the target point is calculated. Meanwhile, the calculation of surface
slope relies on the relative positions between CCD cameras and LCD1 screen. Since the
screen is not in the field of view of the cameras, a markless reference plane mirror is used
to assist the calibration process.

In order to obtain system parameters accurately, a global optimization calibration
algorithm is applied [34]. Take the calibration process between LCD1 and CCD1 as an
example, as shown in Figure 4. The horizontal and vertical sinusoidal fringe patterns are
sequentially displayed on the LCD1 screen, then the camera captures the virtual images
reflected by the plane mirror. A phase unwrapping algorithm is performed to establish the
corresponding pairs between the camera and the screen pixels. The LCD screen is assumed
to be an ideally flat plane to acquire the physical coordinates of the screen pixels. Thus, for
a camera pixel m, its virtual screen pixel M’ in the mirrored LCD1′ coordinate system can
be located uniquely by the phase information recorded by point m:{

xM′ = ϕu ∗ q/(2π)
yM′ = ϕv ∗ q/(2π)

. (4)

where (ϕu, ϕv) is the horizontal and vertical phase data collected by point m, (xM′, yM′) is
the physical coordinate of M’ in LCD1′ frame.
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Based on the pinhole imaging model, the relative position [RL
’ tL

’] between LCD1′

and CCD1 can be obtained with the patterns reflected by three arbitrary mirror positions.
A is a matrix that contains the internal parameters of the camera, which can be calibrated
by Zhang’s method [35], and s is the scale factor:

sm = A
[

R′L t′L
]
M′. (5)

Subsequently, the relation between the real LCD1 screen and the camera can be
acquired by the mirror relationship between LCD1 and LCD1′ :
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{
R′L =

(
I− 2ncnT

c
)

RL
t′L =

(
I− 2ncnT

c
)
tL + 2dcnc

. (6)

where [RL tL] is the extrinsic matrix of LCD1, nc is the normal vector of the plane mirror
and dc is the distance from the mirror to the center of CCD1, with all of these parameters
expressed in the CCD1 coordinate system. Since LCD1 screen is fixed, [RL tL] does not
change with the posture of the mirror. For two different mirror positions i, j, there are:

R
′
Li =

(
I− 2ncinT

ci
)

RL

R
′
Lj =

(
I− 2ncjnT

cj

)
RL

(7)

Thus,
R
′
Li =

(
I− 2ncinT

ci

)(
I− 2ncjnT

cj

)
R
′
Lj. (8)

Let
R′ij = R′i ∗ R′j. (9)

nc can be calculated with three different poses of the plane mirror:

nci =
mij ×mik

‖mij ×mik‖
. (10)

where mij is the eigenvector to the eigenvalue 1 of Rij
’, and k is the kth position of the mirror,

k 6= i 6= j. And dc can be deduced by: I− ncinT
ci 2nci 0 0

I− ncjnT
cj 0 2ncj 0

I− ncknT
ck 0 0 2nck




tL
dci
dcj
dck

 =

 t
′
Li

t
′
Lj

t
′
Lk

. (11)

In the same way, the relative position between LCD1 and CCD2 in Figure 3 can be
achieved. Finally, the system parameters are optimized by minimizing the reprojection
error of screen pixels in a cost function [34]. Due to the different values of nc and dc in
the two CCD frames, they are converted to the LCD1 coordinate system to simplify the
optimization process. {

nL = R−1
L nc

dL = dc − nc ∗ tL
. (12)

where nL is the normal vector of the mirror in LCD1 frame and dL is the distance between
LCD1 and the reference mirror. In addition, dL is also the parameter d in Equation (2) that
needs to be calibrated in the DPMD system. Using the same method demonstrated above
to get the relative position between LCD2′ and CCD1, the distance ∆d can be obtained by
the differences between the two LCD screens and the reference mirror. The workflow is
shown in Figure 5.
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4. Experiment
4.1. Setup

A stereo-DPMD system was established, it consists of two LCD screens, two cameras
and a beam splitter, as shown in Figure 6. The display screen is an iPad Pro with a
resolution of 1366 × 1024 pixels, and the pixel size is 0.192 × 0.192 mm2. The cameras are
MQ042RG-CM with a resolution of 2048 × 2048 pixels, and they focus on the fringe pattern
reflected by the specular surface. To ensure the stability of the setup, the experimental
system was built on an optical table, each LCD screen and each camera was provided with
a heavy-duty magnetic base from Thorlabs, and the holders of the beam splitter and the
measured object were screwed into the screw holes of the optical table.

4.2. System Calibration

Considering the phase accuracy and the measurement speed, two groups of horizontal
and vertical sinusoidal fringe patterns with eight-step phase-shifting and having fringe
numbers of 225, 224, and 210 were exhibited on the LCD1 screen. A 4-inch plane mirror
with λ/20 flatness provided with a holder was manually placed at 13 random positions in
the common field of view of the two cameras. The distance and angle between the different
mirror poses are not strictly required. Then, the fringe patterns reflected by the mirror
were captured by the two CCD cameras simultaneously. To reduce the random noise,
each pattern was repeatedly captured five times and averaged, which takes more time but
leads to an accurate result. Then, the multiple phase-shifting algorithm and three-fringe
selection method were implemented to calculate the absolute phase information [36,37].
The calibration method mentioned in Section 3 was performed to acquire the relation
between the LCD1 screen and the two cameras. Subsequently, the same fringe patterns
were displayed on the LCD2 screen to obtain the relative position between LCD2′ and two
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cameras with 13 different mirror poses. The final reprojection error distributions of these
two calibration processes are shown in Figure 7.
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The calibrated normal vectors of LCD1 and LCD2′ in the CCD1 coordinate system
are listed in Table 1. The Euler angle differences between the two screens are less than
0.1 degrees, and the normal vectors of the reference plane mirror in LCD1 and LCD2′ frames
are [−0.00129 0.00056−0.99999] and [−0.0009 0.00035−0.99999], which are approximate to
[0 0 −1], so the reference mirror and the two screens (LCD1 and LCD2′ ) are almost parallel.
In addition, a fringe compensation method can be used to eliminate the slight non-parallel
between the two screens [38]. The DPMD system parameters ∆d and d are 26.2436 mm and
234.1214 mm.

4.3. Measurement Results

To verify the proposed method, two artificial structured specular objects were mea-
sured, as shown in Figure 8. The horizontal and vertical sinusoidal fringe patterns were
displayed on the LCD screens, and the deformed patterns reflected by the reference mirror
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and the measured object were recorded by two cameras, as shown in Figure 9. The fringe
patterns reflected by the reference mirror were also collected to calculate the topography of
the sample, which requires a large depth of field of the camera, otherwise the contrast of
the fringe pattern will be decreased.

Table 1. The normal vector of LCD screens (units: ◦).

Screen
Normal Vector in CCD1

Coordinate System
Euler Angle

Pitch Yaw Roll

LCD1 [−0.44769 −0.01247 −0.89410] 0.8665 −153.4064 −0.3396
LCD2′ [−0.44897 −0.01338 −0.89345] 0.8765 −153.3228 −0.2449
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Then, the absolute phase information was calculated by eight-step phase-shifting
algorithm and the optimum three-fringe selection method; the absolute phase maps are
listed in Figure 10. Afterwards, the 3D shapes of the two samples were reconstructed, as
shown in Figure 11.
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Figure 11. The 3D shape of two samples: (a) rectangular step; (b) circular step gauge.

Limited by the manufacturing accuracy, the surfaces of the circular step gauge in
Figure 11b are not parallel, but it can be seen from its reconstruction results that the
proposed method can achieve the measurement of structured specular surfaces. The
rectangular gauge in Figure 11a has four parallel planes, so the relative height between
adjacent steps can be used to evaluate the measurement accuracy of discontinuous surfaces.
By fitting the 3D data of four separate surfaces obtained by the proposed method into
ideal planes, the height differences between every two adjacent surfaces can be calculated,
as shown in the third column of Table 2. For comparison, the corresponding height data
were also measured by CMM (within a measuring accuracy of 2 µm). The measurement
of each isolated surface of the sample is realized by measuring the depth information of
8 to 10 points on the surface, and the average of these height data is taken as the height
value of the surface. Then, the height difference between the adjacent isolated surfaces can
be calculated, as shown in the second column of Table 2. The maximum height difference
between these two methods is 32.7 µm, while the minimum value is 21 µm.

Table 2. The results and errors of the measured specular step (units: mm).

Step Height CMM Our Method Measurement Difference

1–2 2.9927 3.0137 0.0210
2–3 3.9282 3.9609 0.0327
3–4 4.9392 4.9144 0.0248

The reconstruction accuracy of the continuous surface is judged by calculating the
root-mean-square (RMS) value between the fitted surface and its corresponding measured
data. At first, the RMS values of the four reconstructed surfaces of the rectangular gauge
obtained by the proposed method were calculated. The maximum and minimum RMS
values are 141.1 nm and 94.6 nm, as shown in the second row of Table 3. In addition, DPMD
has the ability to obtain the height data of each target point, so we also fitted the height data
of the isolated surfaces acquired by DPMD and calculated their corresponding RMS values.
It can be seen from the third row of Table 3 that when using DPMD to measure continuous
areas, the maximum and minimum RMS values are 122 µm and 110 µm respectively.
Limited by the manufacturing accuracy, the surfaces of the sample are not ideally flat,
which makes the calculated RMS value slightly larger than the real value, otherwise
better results can be obtained. However, it is obvious that slope integration has a huge
advantage in continuous surface measurement, and its sensitivity to phase changes makes
it thousands of times better than DPMD in continuous surface measurement. Experimental
data proves that the proposed method can effectively improve the measurement accuracy of
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surface topography while maintaining the advantages of DPMD technology for measuring
discontinuous surfaces.

Table 3. The RMS values between fitted surfaces and measured surfaces (units: µm).

Method Surface 1 Surface 2 Surface 3 Surface 4

Stereo-DPMD 0.1411 0.1263 0.1168 0.0946
DPMD 122 116 112 110

5. Conclusions

In this paper, a stereo-DPMD method was proposed to improve the 3D measurement
accuracy of structured specular objects. The proposed stereo-DPMD method combines
the advantages of slope integration and discontinuous height calculation. By adding a
camera to the DPMD system, the height information and the slope data of the tested
surface were obtained simultaneously. The structured object was separated into continuous
surfaces to guarantee that the topography of each surface could be recovered precisely
by a slope integration algorithm. Also, the relative position between different surfaces
was determined by the DPMD geometrical model, thus the 3D shape of the measured
structured specular object could be reconstructed. In addition, a global calibration method
was applied to acquire the optimum relations between the screens and cameras. Based
on the external parameters of the LCD screen expressed in camera coordinate system, the
parallelism between the screen and the reference mirror was adjusted to meet the height
calculation geometrical structure. To verify the feasibility of the proposed stereo-DPMD
method, an experimental setup consisting of two LCD screens, two CCD cameras, a BS
and a markless plane mirror was established and two specular objects with discontinuous
surfaces were measured. Experimental results show that the structured specular surfaces
can be accurately measured by the proposed method.
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