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Abstract

Fringe projection profilometry has been widely adopted in various fields due to its non-
contact nature, high accuracy, high speed, and full-field measurement capability. However,
when measuring objects with highly reflective surfaces, saturation often occurs due to
the limited dynamic range of the camera. To effectively address this issue, this paper
proposes a novel adaptive fringe projection method. First, an intensity transfer model is
established, which uses uniform grayscale images to compute surface reflectance coeffi-
cients and accurately determines the optimal projection intensity in the camera coordinate
system. Subsequently, low-intensity orthogonal fringe patterns are employed to compute
a smoothed absolute phase in saturated regions, establishing a coordinate mapping. The
mapped pixel intensities are diffused into their neighborhoods, and the minimum value is
taken in overlapping areas to generate an optimal projection intensity template in the projec-
tor coordinate system. Finally, adaptive fringe patterns are generated based on this template.
Experimental results demonstrate that the proposed method achieves high-precision and
high-completeness 3D measurement for objects with highly reflective surfaces.

Keywords: 3D measurement; highly reflective surfaces; optimal projection intensity;
neighborhood diffusion

1. Introduction
Fringe projection profilometry (FPP) is an active optical 3D shape measurement tech-

nique based on structured light and phase matching. Owing to its advantages of high speed
and high accuracy, this method has been extensively applied across various fields [1–3].
In a traditional FPP system, pre-designed fringe patterns are first projected onto the sur-
face of the object being measured. A camera then captures the deformed fringe patterns,
which contain phase information modulated by the object’s surface shape [4,5]. Following
phase extraction via phase decoding algorithms, the true 3D coordinates of the measured
object’s surface can be calculated by integrating the phase information with pre-calibrated
geometric parameters [6]. However, due to the limited dynamic range of imaging sen-
sors, traditional FPP systems often suffer from pixel saturation when measuring objects
with highly reflective surfaces [7,8]. Pixel saturation causes the loss of modulated object
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information, resulting in significant holes in the measured 3D point cloud within the
saturated regions.

Therefore, to address the 3D measurement challenges in saturated regions caused by
highly reflective surfaces, researchers have developed multiple approaches [9]. The first
category is the multi-exposure method, which involves capturing a series of images under
varying exposure times to obtain differently illuminated patterns. Subsequently, unsatu-
rated intensity values at each pixel location are selected and fused to acquire an accurate
phase map [10,11]. However, this method necessitates careful selection of an appropriate
exposure range and requires the acquisition of multiple sets of fringe patterns, which sig-
nificantly increases the total measurement time. Li et al. [12] proposed a method based on
exposure map fusion, which effectively mitigates intensity saturation by acquiring multiple
sets of fringe patterns under varying exposure conditions. The number of exposure maps
and the fusion strategy in this method require empirical determination, and the process
involves relatively complex frequency-domain operations. Feng et al. [13] implemented a
reflectance-based grouping strategy for adaptive exposure control, thereby considerably
improving the measurement capability for complex reflective surfaces, although at the cost
of increased system complexity. The second category of approaches primarily focuses on
enhancing image quality through the incorporation of additional hardware components.
Salahieh et al. [14] introduced the Multi-polarization Fringe Projection (MPFP) technique,
which employs polarizers to suppress specular reflections and effectively mitigate saturated
regions. Sun and Luo [15] captured fringe patterns under different polarization angles
to extract valid fringe information from non-saturated regions. These were then region-
ally fused with traditional non-polarized images to acquire complete and high-precision
phase data.

The third category encompasses adaptive fringe projection (AFP). Liu et al. [16] pro-
posed a method that locates saturated regions by projecting a sequence of uniform grayscale
images and adaptively generates optimal projection intensities at the pixel level. However,
this approach relies heavily on precise system calibration and pixel-wise reflectance esti-
mation. Cai et al. [17] proposed a method that effectively suppresses imaging saturation
on highly reflective surfaces by combining a grayscale correction function with an opti-
mized mapping model. Yuan et al. [18] employed a binary search strategy to determine
the optimal projection intensity in a pixel-wise manner, thereby effectively mitigating
over-exposure. However, this pixel-level intensity optimization entails high computational
complexity. Feng et al. [19] proposed an approach that determines a saturation thresh-
old by integrating multiple mask images and computes the optimal projection grayscale
through an interpolation-based prediction algorithm. However, the interpolation and
search process involved is computationally intensive. The method of Zhang et al. [20]
generates optimal fringe patterns based on uniform grayscale projection and Gray code
mapping. A potential limitation is that it might overlook the projector’s nonlinearity,
while the employed Gray codes are liable to decoding failures on highly reflective surfaces.
Chen et al. [21] established a mapping between the captured intensity and the projected
intensity using a polynomial fitting function. However, the accuracy and generalization
capability of this polynomial model depend heavily on the quality of the calibration data.
Wang and Yang [22] proposed a method, combining inverse and adaptive fringe projection
to avoid multi-exposure limitations. However, it requires high-precision pixel mapping
and complex phase computation. Other methods have also been introduced to resolve
issues arising during measurement. Zhang et al. [23] employed a calibrated radiometric
response model to fuse multiple fringe patterns into a single high-dynamic-range im-
age. Sun and Zhang [24] addressed the inherent nonlinearity of projectors by proposing a
joint gamma correction model for multi-color channels, which effectively compensates for
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color crosstalk errors. Other approaches include spray-coating [25] and fringe reflection
methods [26]. In recent years, data-driven techniques have shown great potential; beyond
supervised learning [27,28], untrained deep learning networks [29] and cycle generative
adversarial frameworks [30] have been developed to robustly handle complex surface char-
acteristics and large depth ranges. Furthermore, computational imaging techniques such as
separable Hadamard single-pixel imaging [31] and angular Fourier slicing enhanced burst
photography [32] have been explored to achieve high-resolution and high-dynamic-range
reconstruction. For high-speed applications, spatiotemporal speckle projection based on
VCSEL arrays [33] offers a new avenue for real-time 3D imaging. Additionally, to specifi-
cally address mutual reflections on shiny surfaces, spectral division multiplexing [34] has
been proposed to physically isolate interference artifacts.

Despite the progress represented by the aforementioned methods in high-dynamic-
range 3D measurement, certain inherent limitations persist. Existing adaptive projection
techniques typically rely on a linearity assumption and fail to account for the effects of am-
bient light and projector nonlinearity. We propose an improved method that incorporates
ambient light into an intensity transfer model for precise reflectance calculation, pre-
processes patterns with gamma correction [24] to mitigate nonlinear effects, and employs
a novel neighborhood diffusion strategy to locally modulate fringe intensity, thus effec-
tively suppressing pixel saturation. The methodology begins by establishing an intensity
transfer model that considers ambient light. By projection of a grey scale sequence (0–180),
the grey scale detection programme automatically identifies the highest non-saturated
intensity level. Following the projection of a maximum-intensity (255) image, the model is
utilized to compute the optimal intensity for saturated areas. Subsequently, low-intensity
vertical and horizontal fringe patterns are projected to extract phase information within
the saturated zones. Following a neighborhood diffusion strategy, a mapping relationship
between camera and projector coordinates is established for pixels in saturated areas. This
enables the determination of optimal projection intensities in the projector coordinate
system, based on which adaptive fringe patterns are generated. Comparative experiments
with multiple existing methods demonstrate that the proposed technique successfully
acquires complete point cloud data from highly reflective surfaces while achieving high
measurement accuracy.

The remainder of this paper is structured as follows: Section 2 elaborates on the
principles of the proposed method, Section 3 presents the experimental results, and Section 4
discusses the performance, limitations, and future directions of the proposed method, and
Section 5 provides a concluding summary of the work.

2. Principle
A typical fringe projection measurement system consists of a computer, a projector,

and a camera, with the system setup illustrated in Figure 1. Sinusoidal fringe patterns
are projected onto the surface of the target object by the projector. The deformed fringe
patterns modulated by the object surface are then captured by the camera. Subsequently, the
phase information is computed by the computer [35]. Finally, by combining the calibration
parameters of the monocular fringe projection system, the three-dimensional information
of the object surface can be measured.
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Figure 1. Schematic diagram of the 3D measurement system.

2.1. Four-Step Phase-Shifting Algorithm

The phase-shifting method provides accurate phase values and has been widely
adopted in 3D shape measurement. In this paper, a four-step phase-shifting algorithm is
employed for phase retrieval. The intensity expressions of the four fringe patterns captured
by the camera are given as follows:

I1(x, y) = A(x, y) + B(x, y)cos[φ(x, y)]
I2(x, y) = A(x, y) + B(x, y)cos

[
φ(x, y) + π

2
]

I3(x, y) = A(x, y) + B(x, y)cos[φ(x, y) + π]

I4(x, y) = A(x, y) + B(x, y)cos
[
φ(x, y) + 3π

2
] , (1)

where (x, y) denote the pixel coordinates in the camera coordinate system, A(x, y) and
B(x, y) represent the average intensity and the modulation intensity, respectively, and
φ(x, y) refers to the wrapped phase of the measured object. Based on Equation (1), the
wrapped phase φ(x, y) can be derived as follows:

φ(x, y) = arctan
I4(x, y)− I2(x, y)
I1(x, y)− I3(x, y)

. (2)

The calculated wrapped phase φ(x, y) embodies depth-related information of the
measured object, with its values constrained within the principal interval (−π, π] and
exhibiting a periodic sawtooth-like distribution across the entire field of view. In this study,
a multi-frequency temporal phase unwrapping algorithm is employed to unwrap the phase,
thereby retrieving the continuous absolute phase.

2.2. Adaptive Fringe Projection Method

In practical measurement scenarios, variations in surface reflectance characteristics
of the object lead to differences in the camera’s imaging response. When projected fringe
patterns illuminate areas with high reflectivity, localized saturation tends to occur in
the captured images. To mitigate information loss caused by saturation, it is essential
to dynamically adjust the projection intensity for each pixel based on its corresponding
surface reflectance. The detailed procedure is illustrated in Figure 2.
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Figure 2. Flowchart of the proposed method.

The intensity transfer function of a projector deviates from linearity due to its inherent
nonlinear response, which introduces errors in the calculated projection intensity. To ensure
accuracy, it is necessary to compensate for this nonlinear effect. Following the multi-color
channel gamma correction method described in Ref. [24], a pre-correction function can be
derived to eliminate this nonlinearity. Specifically, this function characterizes the projector’s
inherent Gamma response, linking the input grayscale Icg to the output intensity Itg. By
applying the inverse of this model, the mapping from the desired linear target intensity to
the required input grayscale is established, thereby linearizing the projected light intensity
and ensuring the accuracy of the subsequent intensity transfer model. For clarity in the
subsequent discussion, we denote this pre-correction function as

f
(

Icg
)
= Itg, (3)

where Icg is the captured grayscale value, and Itg is the target grayscale value to be set.
To adjust the projection intensity for saturated pixels, it is first necessary to identify

the saturated regions. This is achieved by projecting a uniform pattern with a grayscale
value of 255 onto the target object and capturing the resulting image using the camera. A
binary mask is defined as a logical matrix. Threshold segmentation is performed according
to Equation (4): a pixel is identified as saturated and marked accordingly if its intensity
value IC(x, y) in the captured image exceeds the saturation threshold t.

mask(x, y) =

{
1, IC(x, y) ≥ t
0, otherwise

(4)

In this context, (x, y) denotes the pixel coordinates in the image captured by the camera.
To account for the inherent noise of the camera sensor, the saturation threshold t is set to 250.
This value incorporates a grayscale tolerance margin to prevent misclassification caused by
noise interference. To determine the optimal projection intensity and analyze the influence
of various illumination conditions, an intensity transfer model is established based on the
optical path illustrated in Figure 1, which characterizes the relationship between the light
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intensity captured by the camera and that emitted by the projector. This relationship is
expressed as

Ic(x, y) = αtR(x, y)
(

Ip + β1
)
+ αtβ2 + IN , (5)

where the camera sensitivity coefficient α and the exposure time t are intrinsic camera pa-
rameters. The term R(x, y) denotes the surface reflectivity of the object, while Ip represents
the projected light intensity. Additionally, β1 corresponds to the ambient light reflected
by the object surface, and β2 refers to the ambient light directly incident onto the camera.
IN signifies the sensor noise. By defining the optimal projection intensity as Iop and the
optimal captured intensity as Is, the above expression can be reformulated as Equation (6):

Iop =
Is − αtR(x, y)β1 − αtβ2 − IN

αtR(x, y)
. (6)

To account for the effects of ambient illumination and sensor noise, a uniform pattern
with zero intensity was projected onto the object surface after being processed by the
pre-correction function. The corresponding intensity captured by the camera, which serves
as the baseline intensity, can be expressed as

Ic0(x, y) = αtR(x, y)β1 + αtβ2 + IN . (7)

Here, the surface reflectance coefficient of the object is defined as ρ(x, y) = αtR(x, y).
This definition allows Equation (6) to be simplified into Equation (8), then we have

Iop =
Is − Ic0(x, y)

ρ(x, y)
, (8)

where the optimal captured intensity Is is set to 240 to maintain a high signal-to-noise
ratio while minimizing the risk of pixel saturation. To compute ρ(x, y), by projecting a
uniform grey-scale image sequence ranging from 0 to 180 with a grey-scale difference
of 20, this range is empirically optimized for highly reflective surfaces. Since saturation
on such surfaces typically occurs at low illumination levels, extending the scan range to
255 provides negligible benefit for identifying the non-saturation threshold of shiny regions
while unnecessarily increasing the number of projected patterns and measurement time.
The grey-scale detection programme automatically identifies the highest non-saturated
intensity level. This intensity is referred to as the low grayscale intensity IG, with the
corresponding grayscale value captured by the camera being designated as Ic1(x, y), the
surface reflectance coefficient ρ(x, y) can be expressed as

ρ(x, y) =
Ic1(x, y)− Ic0(x, y)

IG
. (9)

Then, the optimal projection intensity in the camera coordinate system can be
expressed as

Iop =
IG[Is − Ic0(x, y)]

Ic1(x, y)− Ic0(x, y)
. (10)

Owing to the nonlinear gamma response of the projector, a discrepancy exists between
the intended adaptive projection intensity and the actual output intensity. Therefore, by
applying the inverse of the pre-calibration function f (·), the actual projection intensity
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required to achieve the desired intensity IG is given by f−1(I G
)
. Consequently, the final

optimal projection intensity is formulated as

Iop = f

[
f−1(I G

)
(Is − Ic0(x, y))

Ic1(x, y)− Ic0(x, y)

]
. (11)

2.3. Coordinate Mapping

Following the determination of the optimal projection intensity in the camera coor-
dinate system, it is also necessary to ascertain the corresponding optimal intensity in the
projector coordinate system. This is achieved by projecting two sets of orthogonal sinu-
soidal fringe patterns—one horizontally and one vertically—to compute the absolute phase
along both directions. This process establishes a mapping relationship between the cam-
era and projector coordinate systems. For any camera pixel with coordinates (xc, yc), the
corresponding projector pixel coordinates

(
up, vp

)
can be determined using Equation (12):

up =
Φv(xc, yc)× W

2πT
vp =

Φh(xc, yc)× H
2πT

, (12)

where Φv(xc, yc) and Φh(xc, yc) represent the absolute phases obtained from the vertically
and horizontally projected fringe patterns, respectively. The width and height of the
projected fringe patterns are denoted as W and H, while T indicates the maximum number
of fringe periods.

In fringe projection 3D measurement, the inherent pixel resolution disparity between
the camera and the projector makes it difficult to establish a strict one-to-one pixel corre-
spondence. To ensure complete coverage of saturated regions by the mapped areas, this
study improves upon the traditional single-pixel mapping approach by proposing a neigh-
borhood diffusion strategy. Specifically, after mapping pixels from the camera coordinate
system to the projector coordinate system, the intensity value associated with each pixel
is diffused into its surrounding 3 × 3 neighborhood. This effectively expands a single
pixel into a 3 × 3 mapping region, thereby enhancing the coverage area. To adequately
suppress highlight effects in saturated regions, for any overlapping pixels within these
3 × 3 mapping zones originating from different camera pixels, the minimum value among
all contributing mapping regions is selected. This minimization strategy is adopted to
prioritize the suppression of saturation. Since the overlapping region may correspond
to object surface points with varying reflectivities, selecting the minimum intensity en-
sures that the projected light is sufficiently attenuated to prevent overexposure even at
the most reflective point within that neighborhood. In contrast, using an average or maxi-
mum value would likely fail to eliminate saturation in these critical high-reflectivity areas.
The mapping effect is shown in Figure 3. It is worth noting that while diffusion strate-
gies (such as the 2 × 2 neighborhood used in Ref. [17]) have been explored, the proposed
3 × 3 neighborhood diffusion offers distinct advantages. First, the odd-sized 3 × 3 kernel
possesses a strict geometric center, ensuring centrosymmetric intensity modulation without
introducing the sub-pixel coordinate shifts inherent in even-sized kernels. Second, the ex-
panded 3 × 3 coverage creates a more robust safety margin around saturated pixels. When
combined with the minimization strategy for overlapping regions, this larger footprint
effectively compensates for potential sub-pixel calibration errors or resolution mismatches
between the camera and projector, ensuring that the high-reflectivity points are completely
enveloped by the optimal projection intensity. Through coordinate mapping, the optimal
projection intensity Iop defined in the camera coordinate system is transformed into the
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corresponding optimal intensity Ip
op in the projector coordinate system. This resulting

intensity distribution is subsequently utilized for generating adaptive fringe patterns.

 

Figure 3. Schematic diagram of the pixel coordinate mapping process.

A potential concern with using low-intensity patterns is the reduction in the signal-
to-noise ratio (SNR). However, it is crucial to note that this low projection intensity is
specifically targeted at highly reflective regions. Due to the high surface reflectance, the
captured intensity in these areas remains sufficiently strong to maintain a high SNR and
sinusoidal quality. Furthermore, the saturation mask defined in Equation (4) is applied
to filter out low-reflectivity background areas where SNR would indeed be compromised.
As evidenced in the measurement process of the metal sheet, the retrieved absolute phase
within the targeted saturated regions exhibits a smooth and continuous distribution, con-
firming the reliability of the phase data for coordinate mapping.

2.4. Generation of Adaptive Fringe Patterns

For any saturated pixel (x0, y0) in the camera image where mask (x0, y0) = 1, the
corresponding pixel (u0, v0) in the projector coordinate system must be identified and its
intensity adjusted to mitigate overexposure. The coordinates (u0, v0) are computed using
Equation (12). The intensity value at (u0, v0) in the optimal projector-side intensity map Ip

op

is assigned the value from the camera-side optimal intensity Iop at (x0, y0), and this value
is subsequently diffused into its 8-neighborhood. In cases of overlapping regions resulting
from multiple saturated pixels, the minimum intensity value among all candidate values
is selected. After processing all saturated pixels, the remaining pixels in Ip

op are set to the
maximum intensity value of 255. This process involves the projection of a total of 35 images.
This includes 11 uniform grayscale images for reflectance estimation and saturation area
identification, although only two of them are ultimately used to determine the optimal
projection intensity. It also includes 24 low-intensity orthogonal sinusoidal fringe patterns
for absolute phase calculation and coordinate mapping. Finally, the adaptive fringe patterns
are generated based on the refined intensity map Ip

op using Equation (13):

IAFP(x, y) =

(
Ip
op

255

){
A(x, y) + B(x, y)cos

[
φ(x, y) +

2kπ

N

]}
, (13)

where A(x, y) and B(x, y) represent the average intensity and the modulation intensity,
respectively, while φ(x, y) denotes the wrapped phase, where k = 0, 1, 2, . . ., N − 1 corre-
sponds to the phase-shifting steps. The fringe patterns are subsequently projected onto the
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target object’s surface, and the deformed fringes captured by the camera are processed to
reconstruct the three-dimensional shape.

To evaluate the point cloud integrality (PCI) achieved by the proposed method, a
metric is introduced as defined in Equation (14), where n denotes the number of actual
measured points and N represents the theoretical number of measured points [36]:

PCI =
n
N

× 100%. (14)

3. Experiments and Results
To validate the feasibility of our method, a FPP system was constructed as illustrated

in Figure 4. The system comprises a laptop computer, a CMOS camera (Daheng MER-
132-43U3C, Daheng Imaging, Beijing, China) with a resolution of 1292 × 964 pixels, and a
3LCD projector (Epson CB-FH06, Seiko Epson Corporation, Suwa, Nagano, Japan) with a
resolution of 1920 × 1080 pixels. Prior to measurement, the system was calibrated using a
toolbox [37] implemented in MATLAB R2021b.

 

Figure 4. Schematic of the experimental system setup.

3.1. Experimental Validation

For the experiments, a highly reflective metal sheet was selected as the test object.
A sequence of uniform grayscale images with intensity values ranging from 0 to 180, at
increments of 20, was successively projected onto the target surface. A grayscale detec-
tion procedure was applied to the captured image sequence to automatically determine
the lowest-intensity value by identifying the first non-saturating image. The process of
obtaining the IG is illustrated in Figure 5.

Subsequently, a uniform pattern with the maximum grayscale value of 255 was pro-
jected, and the resulting image was captured to identify saturated regions. These saturated
areas were segmented using the thresholding criterion defined in Equation (4), and the
resulting segmentation is illustrated in Figure 6b.

The grayscale image sequence was systematically analyzed. The captured image
corresponding to the highest projection intensity that did not induce pixel saturation,
along with the image obtained under uniform projection with zero grayscale value, were
selected for processing. The surface reflectance coefficients of the object were computed
using Equation (9), based on which the optimal projection intensity for saturated regions
was derived via Equation (11). The resulting optimal projection intensity in the camera
coordinate system is illustrated in Figure 6e.

The metal sheet was measured with both high and low projection intensities for
comparative analysis. The high-intensity patterns employed a maximum grayscale value
of 255, while the low-intensity patterns used the same intensity as that applied in Figure 6a.
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Traditional measurement methods were applied to the metal surface, with the results
illustrated in Figure 7. As shown in Figure 7a,b, the measurement results based on high-
intensity fringe patterns exhibit significant saturation in highly reflective regions, leading
to substantial point cloud loss. In contrast, the results obtained with low-intensity patterns,
shown in Figure 7c,d, successfully avoid saturation and preserve point cloud completeness
in previously overexposed areas. However, due to insufficient modulation depth of the
fringes captured in darker regions, point cloud loss still occurs in underexposed areas.

 

Figure 5. The acquisition process of unsaturated images IG.

Figure 6. Identification of saturated regions and determination of optimal projection intensity in the
camera coordinate system. (a) Image captured with maximum projection intensity; (b) Binary mask
of saturated regions; (c) Uniform pattern captured under low projection intensity (IG); (d) Uniform
pattern captured under zero projection intensity (I0); (e) Calculated optimal projection intensity
distribution map (Iop).

Given that the selected low-intensity fringe pattern (of intensity IG) avoids saturation
and enables accurate point cloud reconstruction in critical regions, a pair of orthogonal
low-intensity patterns can be employed to establish a coordinate mapping within these
areas. A set of horizontal low-intensity fringe patterns was projected and captured by
the camera. The resulting absolute phase maps in the vertical and horizontal directions
are shown in Figure 8b and e, respectively. The phase values in saturated regions exhibit
smooth and continuous distributions, which contributes to the accuracy of the coordinate
mapping. Subsequently, the saturated phase maps were multiplied by the saturation mask
to eliminate low-quality absolute phase pixels, thereby improving the efficiency of the
mapping process. The results after multiplication are presented in Figure 8c,f.
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Figure 7. Measurement results using the original system: (a,b) results obtained with high-projection-
intensity fringe patterns; (c,d) results obtained with low-projection-intensity fringe patterns.

Figure 8. Procedure for establishing coordinate mapping: (a,d) captured orthogonal fringe patterns;
(b,e) absolute phase maps; (c,f) absolute phase after multiplication with the saturation mask.

Subsequently, the coordinate mapping between the camera and the projector image
coordinate systems within the saturated regions was established using Equation (12). Based
on the previously obtained optimal projection intensity Iop in the camera coordinate system,
the corresponding optimal intensity Ip

op in the projector coordinate system was derived.
Adaptive fringe patterns were then generated and projected onto the target object, and the
resulting images were captured by the camera.

The measurement result of our method is shown in Figure 9. As can be seen from
the image captured by the camera, pixel saturation has been effectively suppressed in the
red rectangular region. Interestingly, the unwrapped phase shown in Figure 9c exhibits a
continuous and smooth distribution without phase discontinuities, so the 3D point cloud
of this region can be calculated. It can be observed that the point cloud is complete even in
highly reflective regions, while areas with lower reflectivity maintain a high signal-to-noise
ratio, demonstrating the effectiveness of our method.

To validate the effectiveness of the proposed method in phase calculation for highly
reflective regions, the absolute phase decoded using a 20-step phase-shifting algorithm [31]
was employed as the ground truth for evaluating the phase errors of both the traditional
and proposed methods. Figure 10a highlights the region of interest (marked in red) used
for comparative analysis. Figure 10b illustrates the phase error within this region, with
the blue solid line representing the phase error of the original system and the red solid
line corresponding to the proposed approach. The results demonstrate that the proposed
method effectively reduces phase decoding errors caused by saturation.
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Figure 9. Experimental results of the proposed method: (a) generated adaptive fringe pattern;
(b) image captured by the camera; (c) unwrapped phase of the red rectangular region marked in (b);
(d) measurement result.

Figure 10. Phase error comparison: (a) image with marked comparison area; (b) phase error compari-
son within the red region.

To further validate the capability of the proposed method in reconstructing highly
reflective surfaces, a metal wrench was measured using both the proposed and traditional
approaches. A comparative analysis of the results is presented in Figure 11. Figure 11d,h
compare the measurement results of the traditional FPP method and the proposed approach.
The results demonstrate that the proposed method effectively suppresses image saturation
caused by high reflectivity and enables superior measurement outcomes.

 
Figure 11. Measurement results of the metal wrench: (a,e) show the captured uniform grayscale image
under a projection intensity of 255 and the corresponding generated saturation mask; (b,c) present the
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projected fringe pattern and the captured image using the original system; (f,g) display the projected

fringe pattern and the captured image obtained by the proposed method; (d,h) illustrate the 3D

measurement results from the original system and the proposed method.

3.2. Experimental Evaluation

To further validate the effectiveness and robustness of the proposed method, a com-
puter mouse with a smooth surface and a metal bracket with complex geometry were
selected as measurement objects, as illustrated in Figure 12a,b. Figure 13 presents a com-
parative analysis of the measurement results obtained by the conventional FPP method,
the method by Feng et al. [19], the method by Cai et al. [17], and the proposed approach.
Figure 13a–d display the measured point clouds of the mouse along with enlarged views of
the regions marked by red rectangles, while Figure 13e–h show the corresponding results
for the metal bracket. It can be observed that the point cloud generated by the proposed
method is more complete and exhibits better continuity in complex and detailed areas.
Table 1 summarizes the quantitative comparison of the Number of Point Clouds (NPC) and
the Point Cloud Integrity (PCI) within the annotated regions for all evaluated methods.
The results demonstrate that the proposed method achieves significantly superior 3D point
cloud quality under the PCI metric, for both the smooth and the complex surfaces, thereby
thoroughly validating its effectiveness and robustness.

Figure 12. Experimental objects: (a) a smooth-surface mouse, (b) a geometrically complex metal
bracket, and (c) a stepped metal block.

Figure 13. Measurement results: (a–d) the mouse and (e–h) the metal bracket measured by the
traditional method, Feng’s method, Cai’s method, and the proposed method, respectively, with
enlarged details provided for each.
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Table 1. Comparison of measurement methods.

Method Original Systems Feng [19] Cai [17] Proposed

Number of images 12 61 37 36 + 3
NPC of mouse 1699 1832 1881 1960
PCI of mouse

(N = 1971) 86.20% 92.95% 95.43% 99.44%

NPC of Metal bracket 4511 5457 5415 5684
PCI of Metal bracket

(N = 5788) 77.93% 94.28% 93.55% 98.20%

To verify the measurement accuracy of the proposed method, we employed a highly
precision-machined stepped metal block as the measured subject, as shown in Figure 12c.
For comparison, the multi-exposure method and the 20-step phase-shifting algorithm were
employed alongside the proposed approach. The measurement results obtained by the
three methods are presented in Figure 14a–c. The metal block comprises four steps; the
measured 3D point cloud of each step was fitted to a plane, and the distance between
adjacent fitted planes was calculated as the measured step height. The fitting results are
shown in Figure 14d–f. Figure 14g–i illustrate the measured distances between adjacent
planes. Using the heights measured by a coordinate measuring machine (CMM) as the
reference, the absolute errors of the measured step heights for each method are summarized
in Table 2. The multi-exposure technique requires 12 images per exposure level across 6 dis-
tinct exposure settings, resulting in a total of 72 acquired images. The 20-step phase-shifting
method uses 20 phase shifts with 3 distinct fringe frequencies, leading to 60 images in total.
In contrast, the proposed method requires only 39 images to complete the measurement.
Experimental results demonstrate that the proposed method achieves higher measurement
accuracy while requiring fewer projected patterns compared to both the multi-exposure
technique [11] and the 20-step phase-shifting algorithm [38].

Figure 14. Measurement results of the stepped metal block: (a) multi-exposure method; (b) 20-step
phase-shifting method; (c) proposed method; (d) plane fitting result of (a); (e) plane fitting result of
(b); (f) plane fitting result of (c); (g) measured distance between adjacent planes in (d); (h) measured
distance between adjacent planes in (e); (i) measured distance between adjacent planes in (f).
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Table 2. Performance comparison of the three methods on the stepped metal block.

Step Heights
(mm)

Measured Heights (mm) Absolute Error (mm)

Multi-Exposure 20-Step
Phase-Shifting Proposed Multi-Exposure 20-Step

Phase-Shifting Proposed

Step 1–2 5.063 5.0889 5.0358 5.0386 0.026 −0.027 −0.024
Step 2–3 5.019 5.0514 5.0471 5.0402 0.032 0.028 0.021
Step 3–4 4.992 4.9547 4.9527 5.0197 −0.037 −0.039 0.028

4. Discussion
This study proposes that by constructing an intensity transfer model incorporating

ambient light influence, introducing gamma correction preprocessing, and adopting a
neighborhood diffusion strategy, pixel saturation caused by surface over-reflection can be
effectively suppressed, thereby achieving complete and high-precision 3D reconstruction
of highly reflective objects. Experimental results validate this hypothesis. The proposed
method significantly improves point cloud completeness and measurement accuracy across
various highly reflective specimens, including metal sheets, wrenches, smooth mouse
surfaces, complex-geometry metal brackets, and stepped metal blocks. Compared with tra-
ditional multi-exposure techniques, the proposed method requires only a single projection
cycle, substantially reducing the number of images captured and the total measurement
time, while avoiding the complexities associated with exposure range selection and image
fusion in multi-exposure methods. In contrast to methods relying on additional hardware
such as polarizers, our approach eliminates the need for extra optical components, thereby
reducing system complexity and cost. Compared to some adaptive projection methods
based on pixel-level intensity optimization, the neighborhood diffusion strategy employed
in this work ensures effective coverage of saturated regions while lowering computational
complexity, enhancing both practicality and operational efficiency.

The findings of this research offer broad applicability. In fields such as industrial inspec-
tion, reverse engineering, and quality control, 3D measurement of highly reflective surfaces
has long posed a challenge. The proposed method provides a feasible software-based solu-
tion for rapid, complete, and high-precision measurement of such surfaces. Furthermore,
the integration of ambient light modeling and nonlinear correction offers valuable insights
for other structured-light-based high dynamic range measurement techniques. However,
the method still has certain limitations. Currently, it relies on multi-image acquisition of
static scenes and is not readily applicable to dynamic or real-time measurement environ-
ments. The proposed method has limitations regarding specific surface characteristics.
For highly absorptive objects (e.g., black materials), the signal-to-noise ratio (SNR) of the
captured fringes decreases significantly. While our method optimizes intensity to suppress
saturation, it inherently prioritizes preventing overexposure. Consequently, in regions
where highly absorptive and highly reflective surfaces coexist within a neighborhood,
the diffusion strategy—which selects the minimum intensity—may result in insufficient
illumination for the absorptive areas, leading to phase errors due to low modulation. Re-
garding sharp resonances or high-frequency surface discontinuities, the neighborhood
diffusion strategy assumes a degree of local spatial continuity. At sharp edges where phase
shifts occur abruptly, the diffusion of intensity values might cause a mismatch between
the projected intensity and the actual surface reflectance changes, potentially introducing
artifacts or smoothing effects in the reconstructed phase map. Future research may be
pursued in the following directions. Firstly, exploring more efficient phase extraction
and mapping strategies to reduce the number of required images and further enhance
measurement speed. Secondly, developing adaptive projection techniques for dynamic
scenes, combining real-time reflectance estimation with projection modulation to achieve
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three-dimensional measurement of highly reflective objects in motion. Finally, considering
the rapid advancement of artificial intelligence, the integration of deep learning with adap-
tive fringe projection presents a promising avenue. AI algorithms, particularly untrained
neural networks [29] and generative adversarial frameworks [30], have demonstrated
significant potential in end-to-end phase retrieval and saturation correction. While our
current method relies on a physical intensity transfer model to ensure accuracy, data-driven
approaches could potentially accelerate the estimation of surface reflectance from a single
image, bypassing the need for image sequences. Future research could explore a hybrid
framework that combines the interpretability of our physical model with the inference
speed of deep learning, aiming for real-time high-dynamic-range 3D measurement.

5. Conclusions
This paper proposes a novel approach for 3D measurement of highly reflective surfaces

based on adaptive regional projection intensity. The method uses an intensity transfer model
to determine optimal projection intensities for saturated pixels. A neighborhood diffusion
strategy propagates these values and selects the minimum intensity in overlapping regions,
generating an optimal projection template for accurate 3D measurement of highly reflective
surfaces. The entire measurement is conducted in a single, continuous projection cycle, which
is completed within approximately 1 min and 20 s, without requiring any interruption or
reconfiguration of system parameters. Experimental results demonstrate that the proposed
method effectively mitigates saturation on highly reflective objects such as metal sheets and
wrenches. In the measurement of a smooth mouse surface, our approach achieved a PCI of
99.44% within the selected region, outperforming other comparative methods. Furthermore,
it exhibited smaller height measurement errors on a stepped metal block compared to existing
techniques. However, a limitation of this approach is its reliance on static images to determine
the optimal projection intensity, making it unsuitable for dynamic environments. Additionally,
the requirement to project horizontal and vertical fringe patterns restricts measurement speed,
currently preventing real-time performance. Future work will focus on achieving real-time 3D
measurement of highly reflective surfaces in dynamic scenarios.
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