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Abstract

Highly reflective surfaces often cause intensity saturation in captured fringe images, leading
to phase errors and inaccurate 3D reconstruction. High-dynamic-range (HDR) fringe
projection profilometry is an effective solution to this problem, but existing methods usually
require additional image acquisition or auxiliary calibration, which limits their applicability
to high-speed online inspection. In this work, we propose a phase-optimization-guided
progressive adaptive fringe projection method for HDR 3D measurement. First, quality-
guided RGB phase fusion is used to fuse reliable phase information from RGB channels,
reducing unreliable phase regions and identifying residual overexposed areas. Second, local
phase repair restores pixels that cannot be directly mapped in overexposed regions, thereby
establishing stable camera–projector correspondence. Third, an adaptive optimal projection
intensity is estimated through local intensity fitting to adjust the brightness of highly
reflective regions. These steps are embedded into the frequency-varying phase-unwrapping
process of conventional digital fringe projection, progressively suppressing saturation-
induced phase distortion without additional projected/captured images or calibration
operations. Experiments on a highly reflective blade and a white plaster bust demonstrate
that the method suppresses saturation without extra image acquisition. Comparative
results show high measurement accuracy and low missing ratios with fewer images.

Keywords: fringe projection; high dynamic range; phase optimization; progressive
adaptive projection; 3D measurement

1. Introduction
Fringe projection profilometry (FPP) has been widely used for non-contact three-

dimensional (3D) measurement because of its full-field acquisition, high spatial resolution,
simple optical configuration, and suitability for fast inspection [1–4]. In phase-shifting FPP,
fringe intensity is encoded as phase information and then converted into 3D coordinates
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through phase demodulation, phase unwrapping, and system calibration. Accurate mea-
surement requires the captured fringe waveforms to retain sufficient modulation within the
valid dynamic range of the camera. Once the gray levels are clipped at the upper bound or
become too weak near the lower bound, the sinusoidal intensity model is violated, causing
phase bias, fringe-order errors, and inaccurate 3D reconstruction.

Highly reflective surfaces make this dynamic-range problem particularly challenging.
Industrial objects such as metal parts, solder joints, blades, ceramic surfaces, and electronic
packaging devices often contain regions with different reflectance and localized specular
highlights. A fixed exposure time and a uniform projection intensity cannot adapt to all
these regions simultaneously. Highly reflective areas may suffer from local overexposure
and fringe clipping, whereas weakly reflective areas may have insufficient modulation.
In multifrequency phase-shifting measurement, such intensity errors can further propagate
through phase unwrapping: distorted low- or medium-frequency phases may lead to
incorrect high-frequency fringe orders, while damaged camera–projector correspondence
may result in missing points, discontinuities, or geometric distortion. Therefore, high-
dynamic-range (HDR) 3D measurement remains a key issue in practical FPP systems [5,6].

Existing HDR-FPP methods mainly include multi-exposure or multi-intensity fusion,
hardware-assisted imaging, saturated-fringe restoration, and adaptive projection. Multi-
exposure and multi-intensity methods fuse fringe or phase information from image groups
captured under different exposure times or projection intensities [7–11]. Their principle is
straightforward and they can effectively extend the measurable reflectance range, but each
additional exposure or brightness level requires another complete phase-shifting sequence.
The object, camera, projector, and illumination environment must also remain stable across
repeated acquisitions. These requirements reduce measurement efficiency and increase mo-
tion sensitivity, especially in online inspection scenarios such as 3D inspection of electronic
assemblies, where reflective solder joints, pins, and metallic regions must be measured
within a strict cycle time.

Hardware-assisted methods, such as polarization imaging, auxiliary illumination, mul-
tiple projection units, or special optical modulation devices, improve the imaging condition
at the physical level [12–14]. These strategies can be effective for specific reflective objects,
but they increase system cost, optical complexity, calibration difficulty, and deployment
burden. Saturated-fringe restoration methods compensate for clipped intensities or phases
from already captured images by exploiting phase-shifting relationships, local spatial conti-
nuity, or intersection constraints [15]. Such methods can be incorporated into existing FPP
pipelines without extra hardware; however, saturation is an information-loss process at
the acquisition stage. When several phase-shifting images of the same pixel are clipped,
the amplitude and phase-related information become insufficient, and restoration has to
rely more heavily on model assumptions or spatial interpolation, which may introduce
local oversmoothing, phase discontinuities, or reconstruction errors.

Adaptive projection suppresses saturation before image acquisition and has become an
important direction for HDR-FPP [16–23]. It adjusts the local projection intensity according
to the surface response, so that highly reflective regions receive lower brightness while
normal regions retain sufficient fringe modulation. Lin et al. established the camera re-
sponse relationship using uniform-gray patterns and used maximum-intensity prescanning
fringes to identify saturated regions and determine the camera–projector mapping [19].
Subsequent studies further considered surface coefficients, ambient light, indirect reflection,
and local response modeling, improving the measurement accuracy for high-reflectance
surfaces [21–23]. Nevertheless, most adaptive projection methods still require additional
calibration or prescanning patterns. Uniform-gray images are commonly used to estimate
the relation between projected and captured gray levels, while high-intensity prescanning
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is used to locate saturated regions and build the mapping from the camera plane to the
projector plane. These additional patterns weaken the efficiency advantage of adaptive
projection and limit its applicability to fast online measurement.

Achieving HDR 3D measurement without additional projected or captured images
remains challenging because camera–projector phase mapping and projection-intensity pre-
diction are tightly coupled. Adaptive projection requires reliable phase-derived mapping
from camera pixels to projector positions, so that the optimized intensity can be written to
the correct region. However, the highly reflective regions that need intensity adjustment are
also the regions where overexposure most severely corrupts the phase. Once the phase be-
comes unreliable, the saturated area cannot be accurately projected back onto the projector
plane, and the subsequent adaptive pattern may be incorrectly assigned. In addition, with-
out uniform-gray calibration or prescanning, the local radiometric response cannot be fully
determined from a single measurement stage, making it difficult to calculate an accurate
adaptive projection intensity in one step. Although the saturated-fringe restoration method
proposed by Wei et al. [23] does not require additional images, it mainly restores saturated
fringes by constructing mirrored gray-level information from neighboring unsaturated
fringes. However, in practical measurements, the captured fringe intensities are affected by
ambient light, nonlinear camera–projector response, and surface-reflectance modulation,
and therefore often deviate from the ideal cosine model. Therefore, HDR 3D reconstruction
without additional image acquisition remains highly challenging.

In this work, we propose a phase-optimization-guided progressive adaptive fringe
projection method for HDR 3D measurement without additional projected or captured
patterns beyond the standard multifrequency phase-shifting sequence. The method is
embedded into the frequency-varying phase-unwrapping process of conventional digital
fringe projection. First, quality-guided RGB phase fusion uses a phase-quality metric based
on fringe modulation, mean gray level, and saturation degree to fuse reliable phase infor-
mation from different color channels, reducing unreliable phase regions and identifying
residual overexposed areas. Second, for pixels whose three color channels remain severely
saturated after fusion, local phase repair recovers the phase only within the marked satu-
rated regions, thereby establishing stable camera–projector correspondence. Third, based
on this correspondence, the known projected gray levels and unsaturated captured gray
levels already available in the current phase-shifting sequence are reused to estimate the lo-
cal intensity response and calculate the adaptive projection intensity for the next frequency.
In this way, the low-, medium-, and high-frequency stages progressively update the phase,
valid response samples, and projection intensity without extra projected/captured images,
uniform-gray calibration, maximum-intensity prescanning, or auxiliary hardware.

The main contribution of this paper is a scan-efficient adaptive projection method
that combines local phase repair with progressive response estimation inside the regular
measurement sequence. Local phase repair improves the reliability of the phase in highly
reflective regions without modifying reliable surrounding phases. The progressive adap-
tive fringe projection method reuses valid gray-level samples contained in the standard
multifrequency phase-shifting sequence, enabling local response estimation and projection-
intensity updating from low to high frequencies. Experiments on a highly reflective blade
and a white plaster bust, together with comparisons with conventional FPP, saturated-
fringe restoration, and classical adaptive projection methods, demonstrate the accuracy,
low missing ratios, and image efficiency of the proposed method.

The remainder of this paper is organized as follows. Section 2 describes the phase-
shifting model, camera–projector phase-coordinate mapping, quality-guided RGB phase
fusion, local phase repair, and progressive adaptive fringe projection. Section 3 presents the
experimental setup, validation of key components, and comparative measurement results.
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Section 4 discusses the mechanism and characteristics of the proposed method. Section 5
concludes the paper.

2. Principle
The proposed method integrates four connected functional modules—quality-guided

RGB phase fusion, local phase repair, camera–projector mapping, and adaptive fringe
generation—into the conventional multifrequency measurement sequence. Low-frequency
fringes are first projected and captured to obtain the initial RGB phases. Quality-guided
fusion uses complementary valid information from the three color channels, and local
repair recovers only the residual unreliable phase regions. The resulting phase supports
multifrequency phase unwrapping and establishes the camera–projector correspondence
needed to extract projected/captured gray-level pairs.

The extracted gray-level pairs are used to fit the local response and estimate the
optimal projection intensity for the next frequency stage. Medium-frequency adaptive
fringes suppress saturation and provide additional unsaturated samples, which update
both the phase and the local response model before high-frequency projection. The same
progression is repeated from the medium- to high-frequency stage, and the high-frequency
phase acquired under the optimized illumination is finally used for 3D reconstruction.
Thus, phase optimization and adaptive projection are coupled across frequency stages
without introducing an independent calibration or prescanning sequence, as illustrated by
the overall framework in Figure 1.

Figure 1. Overall framework of the phase-optimization-guided progressive adaptive fringe projec-
tion method.

2.1. Phase-Shifting Fringe Model and Camera–Projector Phase-Coordinate Mapping

In a single-camera, single-projector FPP system, the projector casts phase-shifting
fringe patterns onto the object surface, and the camera records the patterns after surface
reflection, superposition with ambient light, and camera response [2,6]. Throughout
this paper, superscripts c and p identify camera and projector quantities, respectively,
whereas the subscript n indexes the phase-shifting step. The projector column coordinate
corresponding to camera pixel (x, y) is denoted by up, and the two-dimensional projector
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pixel coordinate is denoted by pp = (up, vp). For the nth phase-shifting image, the gray
level captured at camera pixel (x, y) can be approximated as

Ic
n(x, y) = kt

{
La(x, y) + ρ(x, y)

[
Li(x, y) + Lp

n(pp)
]}

+ εc
n(x, y),

(1)

where Ic
n is the gray level captured by the camera, k is the camera sensitivity, t is the expo-

sure time, ρ is the surface reflectance of the object, La is the ambient-light component, Li

is a locally slowly varying indirect-light component, Lp
n is the output intensity of the nth

projected pattern at pp, and εc
n denotes additive imaging noise and residual model discrep-

ancy in the nth captured frame. For a fixed object pose, exposure time, gain, and ambient
illumination, the terms in Equation (1) that are independent of projection intensity can be
combined into an intercept, while the surface reflection and system transfer characteristics
can be combined into a local response slope. Following the local camera-response approxi-
mation used in HDR fringe-projection measurement [19,24], the relationship between the
camera and projector gray levels within the unsaturated range can therefore be written as

Ic(x, y) = a(x, y)Ip(pp) + b(x, y) + εc(x, y), (2)

where Ip and Ic are the paired projector and camera gray levels, respectively, a is the local
response slope, b is the background intercept, and εc is the residual error of the local linear
approximation. This approximation does not require globally uniform reflectance. Instead,
it describes the local relationship between the projector and captured gray levels near
each camera pixel under fixed measurement conditions, providing a basis for subsequent
adaptive projection-intensity estimation. The corresponding light paths for the projected
and captured intensities are illustrated in Figure 2.

Figure 2. Light paths in capturing fringe-pattern images. The red arrows trace the illumination and
reflection path through point P, whereas the black arrows indicate the projector and camera intensity
paths Ip and Ic, respectively.

For camera pixel (x, y), the gray level captured in the nth frame of an N-step phase-
shifting sequence can be expressed as

Ic
n(x, y) = Ac(x, y) + Bc(x, y) cos[ϕ(x, y) + δn]

+ εc
n(x, y), n = 1, 2, . . . , N,

(3)
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where Ac(x, y) is the captured background gray level, Bc(x, y) is the captured fringe modu-
lation, ϕ(x, y) is the wrapped phase to be determined, δn = 2π(n − 1)/N is the phase shift
at the nth step, and εc

n(x, y) represents the additive imaging noise and model discrepancy
introduced in Equation (1). For equally spaced N-step phase shifting, the wrapped phase,
background gray level, and fringe modulation can be written as

ϕ(x, y) = atan2

[
−

N

∑
n=1

Ic
n(x, y) sin δn,

N

∑
n=1

Ic
n(x, y) cos δn

]
, (4)

Ac(x, y) =
1
N

N

∑
n=1

Ic
n(x, y), (5)

Bc(x, y) =
2
N

√√√√[ N

∑
n=1

Ic
n(x, y) cos δn

]2

+

[
N

∑
n=1

Ic
n(x, y) sin δn

]2

. (6)

When N = 4, Equations (4)–(6) reduce to the standard four-step phase-shifting for-
mulas; the expressions also remain valid for three- or five-step phase shifting. If any
phase-shifted gray level is clipped by the upper limit of the camera, the sinusoidal rela-
tionship in Equation (3) is disrupted, producing a systematic bias in the phase obtained
from Equation (4). In the proposed method, the low- and medium-frequency phases are
used not only for multifrequency phase unwrapping but also to determine the locations of
camera pixels in the projector plane. Saturation-induced phase errors therefore affect both
phase-coordinate mapping and the placement of subsequent adaptive projection intensities.

The proposed method uses single-direction fringe patterns for projection, acquisition,
and phase-coordinate mapping. Following the adaptive projection mapping used by
Lin et al. [19], the unwrapped phase is converted into the corresponding projector column.
Let Φ(x, y) denote the unwrapped phase at camera pixel (x, y), m represent the number
of periods in the sinusoidal fringe pattern, and Wp the number of projector columns.
The projector column is written as

up = round
[

Wp

2πm
Φ(x, y)

]
+ 1, (7)

where round[·] denotes rounding to the nearest integer. More generally, the correspondence
used for adaptive projection is obtained by matching the phase Φc(x, y) recovered in the
camera image plane to the known phase distribution Φp encoded by the projector-plane
fringe patterns. This phase-coordinate lookup is denoted by

pp = MΦ(x, y; Φc, Φp), (8)

where MΦ(·) is the phase-derived camera–projector mapping and its coordinate along the
fringe-modulation direction satisfies Equation (7). Neither Equation (7) nor Equation (8)
uses the intrinsic or extrinsic geometric calibration parameters. This phase-derived cor-
respondence is used to read the projected gray level associated with each camera pixel,
extract projected/captured gray-level pairs, and write the predicted intensity into the
projector-plane template.

Geometric calibration is introduced only when the final measurement phase is con-
verted into three-dimensional coordinates. In a calibrated FPP system, the camera pixel and
phase-derived projector-column constraint determine the corresponding 3D point through
the back-projection phase-to-3D mapping [25]:

P̂(x, y) = BΘ
(
x, y, up

)
, (9)
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where BΘ(·) is determined by the camera–projector calibration parameters Θ, and P̂(x, y) is
the 3D point reconstructed by intersecting the camera ray with the projector column plane.
Thus, calibration errors propagate through the triangulation model to the final point-cloud
coordinates, but they do not enter the preceding phase demodulation, RGB phase fusion,
local phase repair, gray-level-pair extraction, or adaptive intensity-template placement.
If the low- or medium-frequency phase is biased by saturation, Equations (7) and (8) in-
stead assign the camera pixel and its predicted intensity to an incorrect projector location.
Therefore, reliable phase is required before estimating the local response.

2.2. Quality-Guided RGB Phase Fusion

The color channels of a color camera have different spectral responses. In highly
reflective regions, one channel may be clipped while another channel still contains usable
fringe modulation. The proposed method therefore uses the mutually complementary
phase information acquired in the same fringe sequence to improve the phase without
introducing additional scans. The central problem is to assign a physically meaningful
reliability to each channel so that the fusion is guided by phase precision rather than by
gray intensity alone.

The reliability measure is derived from the precision model of fringe projection pro-
filometry. Lv and Kemao established an intensity-dependent camera noise model and
linked the camera electronic noise to the phase precision of phase-shifting profilometry [26].
Let ch ∈ C = {R, G, B} index a color channel. For a captured gray level Ic

ch(x, y), the gray-
level noise variance can be expressed as

σ2
I,ch(x, y) = σ2

0 + κ Ic
ch(x, y), (10)

where σ2
0 denotes the intensity-independent camera-noise variance, and κ is the overall

gain coefficient associated with photon-to-electron conversion and camera amplification.
Substituting this noise model into an equally spaced N-step phase-shifting algorithm gives
the approximate phase variance

σ2
ϕ,ch(x, y) =

2

N
[
Bc

ch(x, y)
]2 [σ2

0 + κAc
ch(x, y)

]
, (11)

where Ac
ch(x, y) and Bc

ch(x, y) are the captured background term and fringe modulation of
channel ch, respectively. In the proposed experiment, the effective gray level in the object
region is sufficiently high, and the intensity-dependent term dominates the readout-noise
term. Equation (11) can then be simplified as

σ2
ϕ,ch(x, y) ≈

2κAc
ch(x, y)

N
[
Bc

ch(x, y)
]2 , (12)

which indicates that the phase precision increases with the modulation-to-noise ratio

Bc
ch(x, y)/

√
Ac

ch(x, y). This term is used as the basic signal-to-noise component of the
channel reliability.

The modulation-to-noise term alone cannot distinguish a high-modulation but clipped
phase from a reliable phase. Following the quality-guided fusion idea in the hybrid-quality-
guided phase fusion model [27], a saturation penalty is added to the modulation-based
metric. Let qch(x, y) denote the number of saturated frames in channel ch among the N
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phase-shifting images, and let σs control the attenuation rate of the saturation penalty.
The channel quality is defined as

QSNR,ch(x, y) =
Bc

ch(x, y)√
Ac

ch(x, y)
exp

[
− (qch(x, y)/N)2

2σ2
s

]
, (13)

where the first factor reflects the phase-noise model, and the exponential term suppresses
channels affected by gray-level clipping. A channel is allowed to participate in fusion only
when its saturation count is smaller than a preset threshold qth. The validity mask and
normalized weight are written as

mch(x, y) =

1, qch(x, y) < qth,

0, qch(x, y) ≥ qth,
(14)

Z(x, y) = ∑
ch∈C

mch(x, y)QSNR,ch(x, y),

wch(x, y) =
mch(x, y)QSNR,ch(x, y)

Z(x, y)
,

(15)

where C = {R, G, B} is the set of available color channels, and Z is the normalization factor.
If Z(x, y) = 0, the pixel is excluded from the fusion result and is transferred to the local
phase-repair stage.

The final fused phase is calculated by weighted averaging of the valid channel phases:

ϕF(x, y) = ∑
ch∈C

wch(x, y)ϕch(x, y), (16)

where ϕch(x, y) is the phase of channel ch, and ϕF(x, y) is the fused phase. This formulation
uses only reliable channel information from the current acquisition. As a result, the valid
phase region used for camera–projector mapping is enlarged without increasing the number
of projected fringe images.

2.3. Local Phase Repair

After quality-guided RGB phase fusion, most pixels can obtain a usable wrapped
phase from at least one valid color channel. The RGB wrapped phases are first fused ac-
cording to Equation (16) and then unwrapped using the multifrequency relationship. Local
phase repair is applied to this unwrapped phase rather than to the final high-frequency
measurement phase. When all three channels contain two or more saturated frames at the
same pixel, the captured phase-shifting sequence no longer provides sufficient information
for reliable fusion. These pixels are therefore marked as local repair pixels. Let qch(x, y) be
the saturation count of channel ch defined in Section 2.2. For the four-step phase-shifting se-
quence used in this work, qrep = 2 is adopted; for other phase-shifting steps, this threshold
can be adjusted according to the number of projected patterns and the saturation tolerance.
Following the same threshold convention as Equation (14), the repair mask is defined as

Mrep(x, y) = Msat(x, y) =

1, qch(x, y) ≥ qrep, ∀ ch ∈ C,

0, otherwise,
(17)

where Msat is the multichannel saturation mask, and C = {R, G, B} is the set of color
channels. Thus, only pixels whose R, G, and B channels are all severely affected by
saturation are transferred to the local repair stage. Pixels outside Mrep retain the fused
phase and are not modified by the subsequent spatial fitting. For each connected repair
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region Ωi, the mask is dilated adaptively until the surrounding annular neighborhood
contains sufficient reliable external samples. Candidate pixels are retained only when
they lie outside the repair mask and have a valid fused phase ϕF. Boundary-supported
fitting has also been used to recover invalid phase regions after phase-validity classification
in high-reflectivity structured-light measurement [28]. In the proposed implementation,
fitting remains restricted to each local repair region. The retained neighboring samples
are taken from the valid unwrapped phase, aligned to the same local phase branch when
necessary, and the phase to be repaired is then estimated using a local quadratic surface:

ϕ̂(x, y) = β0 + β1x + β2y + β3x2 + β4xy + β5y2, (18)

where β0–β5 are the surface coefficients estimated from the neighboring reliable phase
samples by least squares. The quadratic surface is used as a compromise between local
shape description and fitting stability. A linear model is less able to represent the slowly
varying curvature of the blade surface, whereas a higher-order polynomial may overfit or
oscillate when only a limited number of reliable boundary samples are available. Therefore,
this repair is intended for locally continuous phase regions with sufficient reliable neigh-
boring samples. Its reliability may decrease near sharp edges, true depth discontinuities,
or large continuous saturated areas. The estimated phase ϕ̂ replaces only pixels within Mrep,
while the original reliable phase outside the mask remains unchanged. This restriction
makes the repair support both phase unwrapping and camera–projector mapping while
preventing the spatial fitting result from spreading into normal regions or replacing the
final high-frequency measurement. The complete procedure is shown in Figure 3.

Figure 3 further illustrates the two-stage implementation of phase optimization. In the
primary stage, the color phase-shifting images are first separated into R, G, and B gray-level
sequences, from which the wrapped phases and quality maps of the three channels are
calculated. Pixel reliability is then jointly evaluated using fringe modulation, mean gray
level, and the saturation penalty, followed by weighted fusion of the RGB wrapped phases
and multifrequency unwrapping. This stage preferentially retains valid phase information
that is actually captured in each color channel. The secondary stage processes only the
pixels marked by the multichannel saturation mask after fusion. Morphological closing
connects fragmented saturated regions and suppresses isolated noise, while connected-
component labeling identifies individual regions to be repaired. Each region is then dilated
outward to collect surrounding reliable samples, and its interior unwrapped phase is
finally recovered by local quadratic surface fitting. Thus, the morphological operations
determine the repair region and its reliable support without altering the reliable phase
outside the mask.

2.4. Progressive Adaptive Fringe Projection

At each frequency stage, fringes are projected and captured before the current phase
is unwrapped. The algorithm then determines whether the highest frequency has been
reached. At the highest-frequency stage, the recovered phase is used directly for 3D recon-
struction. Otherwise, the phase-processing branch first performs quality-guided RGB phase
fusion and then applies local phase repair to the remaining unreliable regions. The repaired
phase is used for camera–projector mapping, after which the optimal projection intensity
for the next frequency is estimated and the resulting adaptive fringes are fed back to the
projector. The “RGB channel Phase Fusion” and “Local Phase Repair” blocks together
constitute the phase-optimization process detailed in Sections 2.2 and 2.3. The response
fitting, intensity constraints, degradation strategy, and adaptive-fringe formulation invoked
within this branch-and-feedback loop are detailed below.
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Figure 3. Flowchart of phase optimization. (a) Wrapped phase maps obtained from the R, G,
and B channels, with phase values in radians (rad); (b) quality-map evaluation, weight calculation,
and weighted RGB phase fusion; (c) morphological processing of the multichannel saturation region
by closing, connected-component labeling, and dilation; (d) local surface fitting using valid pixels
around the dilated repair region, followed by local phase repair. In (c), different colors distinguish
connected components after labeling; in (d), red and blue points denote valid fitting samples and
pixels to be repaired, respectively.

At the low-frequency stage, four-step phase-shifting fringes are projected onto the
object and recorded by the color camera. Initial wrapped phases are calculated separately
from the R, G, and B channels. In the “RGB Channel Fusion” module in Figure 1, pixelwise
weights are determined from the phase quality of the three channels, and quality-guided
RGB phase fusion combines their complementary phase information. This operation
reduces errors caused by local saturation, low modulation, or noise in an individual
channel. The fused result is also used to identify local regions in which all three channels
are unreliable.

The “Local Phase Repair” module performs local phase repair only within these
unreliable regions. Morphological closing, connected-component labeling, and dilation
determine the continuous error regions and their supporting neighborhoods, after which
the missing or erroneous phase is recovered by local quadratic surface fitting using sur-
rounding reliable phase samples. Reliable phase values outside the identified regions
remain unchanged. The repaired phase supports subsequent multifrequency phase un-
wrapping and restores phase continuity in highly reflective regions, allowing these regions
to participate in camera–projector mapping and adaptive intensity calculation. It is not
used to replace the final high-frequency measurement phase for 3D reconstruction.

The repaired phase is then passed to the “Camera–projector Mapping” module. Ac-
cording to the single-direction phase-coordinate relationship described in Section 2.1, the ab-
solute phase at a camera-plane pixel pc = (x, y) determines its corresponding projector-
plane position pp = (up, vp). In Figure 1, “phase” denotes the correspondence between a
camera pixel and the projector phase coordinate established through the absolute phase,
whereas “mapping” denotes the resulting spatial camera–projector pixel correspondence.

This mapping allows the known projected gray level Ip at pp to be read from the
projected phase-shifting pattern and paired with the captured gray level Ic at pc. The “Gray-
pair Extraction” operation therefore forms projected/captured gray-level pairs that refer
to the same mapped surface location. Only unsaturated samples within the valid camera
response range,

30 < Ic
j < 250, (19)
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are retained for local response estimation.
For each pixel to be optimized, at least two valid projected/captured gray-level pairs

are required. Their local linear response follows Equation (2), consistent with response-
function and adaptive-projection models used in HDR FPP [19,22–24]. The “Response
Curve Fitting” module estimates the local parameters â(x, y) and b̂(x, y) by least squares.
Because these gray-level pairs are extracted directly from the regular multifrequency phase-
shifting sequence, this response estimation does not require an additional sequence of
uniform-gray calibration images.

Given the target captured gray level Ic
target and the camera-domain safety margin ∆Ic,

the “Optimal Projector Intensity” for the next frequency stage is calculated as

Ip
opt(x, y) = clip

(
Ic
target − [b̂(x, y) + ∆Ic]

â(x, y)
, Ip

min, Ip
max

)
. (20)

Equation (20) is applied only to valid positive-slope fits satisfying â(x, y) > τa > 0;
otherwise, the conventional projection intensity or the median-filtered neighboring estimate
is retained. Here Ip

min and Ip
max denote the allowable lower and upper bounds of the

projector gray level, respectively. The margin ∆Ic accommodates noise, local reflectance
variations, and errors from the linear approximation. It places the predicted peak near the
upper end of the camera’s linear response, avoiding excessive dimming while balancing
saturation suppression and fringe modulation.

If fewer than two valid projected/captured gray-level pairs are available or the fitted
response fails the reliability criterion, Ip

opt cannot be calculated directly. A degradation
strategy is then used: the median optimal intensity of successfully fitted neighboring
pixels initializes the projection intensity at that pixel for the next stage. If no reliable
neighboring estimate is available, the conventional projection intensity is retained. This
degradation strategy changes only the initialization of the next-stage projection intensity;
it neither replaces local surface fitting for phase recovery nor directly modifies the final
reconstruction phase.

The locally optimal intensity is first calculated in the camera plane and then written
into the projector plane through the phase-derived mapping MΦ in Equation (8); this
operation does not use the geometric calibration parameters. Because the camera and
projector have different resolutions and viewing directions, multiple camera pixels may
correspond to the same projector position. Let X (pp) denote the set of camera pixels
mapped to the same projector position pp. The projection-intensity template is defined as

T(pp) = min
(x,y)∈X (pp)

Ip
opt(x, y). (21)

The minimum is used to prevent a high-reflectance region covered by the same projec-
tor pixel from saturating again because of a larger candidate intensity. The conventional
projection intensity is retained at positions without valid mapped samples, and isolated
holes in the template are filled only within local neighborhoods to avoid modifying regions
already determined by reliable samples. In Figure 1, the resulting template is the “Opti-
mal Projector Intensity,” and the next-stage patterns modulated by this template are the
“Adaptive Projected Fringes.” The nth adaptive fringe pattern is written as

Ip
n,adp(pp) =

T(pp)

2

{
1 + cos

[
ϕp(pp) + δn

]}
, (22)

where ϕp is the designed projector phase and δn is the phase shift at step n. Equation (22)
preserves the original fringe frequency and phase-shift relationship, while locally scaling
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both the mean intensity and modulation so that the peak intensity is bounded by T(pp).
Consequently, low-reflectance and normal regions retain relatively high fringe modula-
tion, while the peaks in high-reflectance regions remain within the recordable range of
the camera.

The lower part of Figure 1 shows how the four functional modules form a progressive
closed loop across the three frequency stages. The low-frequency process provides the initial
fused and repaired phase, the first camera–projector correspondence, and the initial set of
valid projected/captured gray-level pairs DL, from which the medium-frequency adaptive
fringe patterns are generated. After the medium-frequency fringe patterns are projected and
captured, newly obtained unsaturated samples are combined with the historical samples to
update the local response dataset:

Di = Di−1 ∪Dcur
i , (23)

where Dcur
i denotes the valid projected/captured gray-level pairs newly acquired at the

current frequency stage. The updated medium-frequency phase and response model are
then used to calculate the optimal high-frequency projector intensity and generate the
high-frequency adaptive fringe patterns. Thus, as the fringe frequency increases, additional
unsaturated projected/captured gray-level pairs are progressively accumulated to refine
the local response estimate and projector-intensity distribution.

The repaired low- and medium-frequency phases support multifrequency phase
unwrapping, camera–projector mapping, projected/captured gray-level-pair extraction,
and adaptive intensity placement. Final 3D reconstruction is performed with the high-
frequency phase captured under the progressively optimized illumination. Accordingly,
quality-guided RGB phase fusion and local phase repair are integrated with camera–
projector mapping and adaptive intensity control. Valid gray-pair accumulation, response
fitting, intensity prediction, and adaptive fringe generation then form a continuous mea-
surement process. This design improves phase reliability and reduces reconstruction point
loss on highly reflective surfaces without introducing an independent response-calibration
sequence. The complete branch-and-feedback control logic is summarized in Figure 4.

Figure 4. Flowchart of the progressive adaptive fringe projection algorithm.

3. Experiments and Results
The experimental system consists of a DLP4710EVM-LC digital light processing pro-

jector (Texas Instruments Incorporated, Dallas, TX, USA) , a DFK 23GP031 color industrial
camera (The Imaging Source Europe GmbH, Bremen, Germany), and a computer. The pro-
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jector and camera have resolutions of 1920 × 1080 pixels and 2592 × 1944 pixels, respec-
tively. During each measurement, the camera exposure time, gain, object pose, and ambient
illumination remain fixed, and the same camera–projector calibration parameters are used
for three-dimensional reconstruction. Unless otherwise specified in the exposure-time
evaluation in Section 3.2, the camera exposure time is 1/6 s. The measured objects are
a titanium-alloy aerospace blade with highly reflective regions and a white plaster bust
with complex facial geometry. Four-step phase-shifting fringe patterns at low, medium,
and high frequencies are projected along the same direction, with fringe period numbers
of 1, 16, and 128, respectively. The saturation threshold is set to the camera upper gray
level of 255, and the target captured gray level used for adaptive intensity prediction is
Ic
target = 240. Figure 5 shows the experimental setup and the placement of the aerospace

blade. The camera and projector are mounted on the same frame, while the object is placed
on an optical table and remains stationary.

Figure 5. Experimental setup for measuring the highly reflective aerospace blade. The blade, camera,
and projector are labeled in the photograph.

3.1. Validation of Adaptive Fringe Projection and Phase Optimization

To verify the effectiveness of camera-response estimation and adaptive projection-
intensity calculation, a representative pixel at (x, y) = (1220, 1582) is selected from a highly
reflective region of the blade. Figure 6a shows the response fitted from the low-frequency
data and the resulting medium-frequency projection intensity. Figure 6b shows the response
fitted jointly from the low- and medium-frequency data and the resulting high-frequency
projection intensity. At this representative pixel, the unsaturated samples acquired during
the standard phase-shifting sequence provide a reliable local response estimate. The cal-
culated projection intensities remain below the onset of saturation, providing a basis for
suppressing saturation in the fringe patterns at the next frequency.

This pixel is prone to saturation in the low-frequency four-step phase-shifting sequence.
After the predicted intensity is used to generate the adaptive fringe patterns, the gray levels
captured at the medium- and high-frequency stages fall within the valid response range of
the camera. Stage-wise response fitting therefore provides a suitable projection intensity
for the next frequency and yields new unsaturated samples, allowing the response model
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to be updated progressively during measurement. Figure 7 further evaluates the practical
effect of response fitting and intensity prediction from the global distribution of saturation.

Figure 7 presents the projected patterns and their saturation distributions by row.
Row (1) shows the first projected fringe pattern in the four-step phase-shifting sequence at
each stage, while row (2) shows the pixelwise saturation count across the corresponding
four captured images. Columns (a), (b), and (c) represent the low-, medium-, and high-
frequency stages, respectively. The low-frequency fringe pattern in Figure 7(1a) is used to
obtain the initial phase and the camera–projector coordinate correspondence. At this stage,
saturated pixels remain concentrated in the highly reflective region, as shown in Figure 7(2a).
After the local response estimated from the low-frequency data is used to generate the
medium-frequency adaptive fringe patterns, the local projection amplitude is selectively
reduced, and the saturated area in Figure 7(2b) contracts markedly. The medium-frequency
measurements further update the intensity prediction, leaving only a small number of
isolated saturated pixels at the high-frequency stage, as shown in Figure 7(2c). These results
show that the progressive update suppresses overexposure through local intensity control
while preserving fringe contrast outside the highly reflective region.

Figure 6. Pixel-response fitting at pixel (1220, 1582) for adaptive projection-intensity calculation.
(a) Low-frequency response fitting and medium-frequency projection-intensity calculation; (b) joint
low- and medium-frequency response fitting and high-frequency projection-intensity calculation.
The blue samples are used for fitting, the orange samples are subsequently acquired unsaturated
samples, the fitted line represents the estimated local response, and the dashed lines indicate the
target captured intensity and the predicted projector intensity. Both projected and captured intensities
are expressed as 8-bit gray levels (0–255).

Figure 7. Progressive adaptive projection results. Rows: (1) the first projected fringe of the four-
step phase-shifting sequence, displayed as 8-bit projector gray level (0–255), and (2) the pixelwise
saturation count in the four captured images, displayed in frames per pixel (0–4). Columns: (a) low-
frequency, (b) medium-frequency, and (c) high-frequency stages.

https://doi.org/10.3390/photonics13080745

https://doi.org/10.3390/photonics13080745


Photonics 2026, 13, 745 15 of 24

The low-frequency phase provides the basis for subsequent phase unwrapping, coor-
dinate mapping, and intensity prediction; therefore, local errors in this phase can propagate
to later stages. The phase optimization evaluated in Figure 8 comprises two consecutive
operations: Quality-Guided RGB Phase Fusion followed by Local Phase Repair. Hereafter,
these two operations are collectively referred to as phase optimization. Figure 8 compares
the absolute low-frequency phase residuals before and after phase optimization relative to
the 24-step reference. Before phase optimization, the residual is concentrated around the
lower highly reflective portion of the blade. After phase optimization, the residual is sub-
stantially reduced and the RMSE decreases from 0.1038 rad to 0.0129 rad. This comparison
therefore evaluates the overall phase-optimization process rather than either constituent
operation in isolation.

Figure 8. Absolute low-frequency phase residuals relative to the 24-step phase-shifting reference.
(a) Residual before phase optimization; (b) residual after phase optimization. The color bars and
RMSE values are expressed in radians (rad).

Taken together, these results validate two coupled components of the proposed
method. Phase optimization provides a stable low-frequency phase for phase unwrap-
ping and coordinate mapping. Progressive intensity prediction then uses the updated
measurements to further reduce saturation at subsequent frequencies. Together, these
components mitigate the accumulation of saturation-induced errors during multifrequency
phase unwrapping and three-dimensional reconstruction.

3.2. Exposure-Time Evaluation on the Aerospace Blade

The sensitivity of the proposed method to camera exposure time was evaluated
using the same highly reflective aerospace blade shown in Figure 5. Measurements were
performed using 1/6 s, 1/9 s, and 1/12 s exposures under otherwise identical conditions.
Figure 9 shows the corresponding captured low-frequency fringes. The saturated highlight
is largest at 1/6 s and progressively contracts as the exposure time decreases, providing
three different initial saturation conditions for evaluating the proposed method. Table 1
reports the phase RMSE, point-cloud RMSE, missing ratio, reconstructed point count,
and use of the degradation strategy during the two adaptive transitions.

The filtered reference point cloud defines the points expected within the common
reconstruction ROI. For each reference point pref

i , di is defined as the minimum Euclidean
distance from that point to the evaluated reconstructed point cloud Peval. A reference
point is classified as missing when di > τ. Let Nref be the number of filtered reference
points in the ROI and Nmiss the number satisfying this condition. The missing ratio is
defined as Rmiss = Nmiss/Nref, where τ = 0.5 mm. The ratio values reported in the tables
are expressed as percentages. The 0.5 mm threshold provides a common submillimeter
acceptance tolerance for all methods and exposure settings. It distinguishes reference
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points that have a nearby reconstructed counterpart from points that are absent or substan-
tially displaced, while avoiding an exact-coordinate requirement between independently
sampled point clouds. Point-cloud RMSE is calculated in the opposite nearest-neighbor
direction, from reconstructed points to the reference surface, and therefore measures the
geometric error of the available reconstructed points. RMSE can remain low even when
part of the reference region is not reconstructed; the missing ratio captures this point loss
by evaluating the reverse reference-to-reconstruction correspondence. The two metrics are
therefore reported together.

Figure 9. Captured low-frequency fringe of the aerospace blade at different exposure times: (a) 1/6 s,
(b) 1/9 s, and (c) 1/12 s.

For each adaptive transition, the candidate mask defines the valid camera-plane pixels
whose projection intensities are to be optimized. Let Nvalid be the number of candidate
pixels and Nfit be the number for which the local response is directly fitted successfully
from valid projected/captured gray-level pairs. Pixels without a successful direct fit (e.g.,
owing to insufficient valid samples or an unreliable fit) use the median Ip

opt estimate from
reliable neighboring pixels to initialize the next-stage projection intensity; this operation
does not modify the final reconstructed phase. Accordingly, the degradation-strategy ratio
is defined as Rdeg = Ndeg/Nvalid, where Ndeg = Nvalid − Nfit is the number of candidate
pixels that require compensation through the degradation strategy. Thus, Rdeg measures
the proportion of optimized candidate pixels that cannot directly yield Ip

opt through local
response fitting and require subsequent completion by the degradation strategy; it is neither
the fraction of the whole camera image nor the fraction of saturated pixels.

Across the three exposure times, the proposed method maintains phase RMSE values
of 0.001641–0.0018664 rad, point-cloud RMSE values of 0.306–0.381 mm, and missing ratios
of 0.197%–0.362% on the aerospace blade, demonstrating stable measurement accuracy and
low point loss under different exposure settings. The degradation-strategy ratios remain
below 10% in both adaptive transitions. For every exposure time, the ratio decreases from
the low-to-medium transition to the medium-to-high transition, showing that the progres-
sive accumulation of valid unsaturated gray-level pairs reduces reliance on degradation
compensation at the subsequent stage. These results demonstrate the robustness of the
proposed method to exposure-time variation within the evaluated range.

Table 1. Performance of the proposed method on the highly reflective aerospace blade at different
exposure times.

Exposure Phase RMSE
(rad)

PC RMSE
(mm)

Missing Ratio
(%)

Reconstructed
Points

Degradation Ratio
L→M (%)

Degradation Ratio
M→H (%)

1/6 s 0.0018664 0.38055 0.362 594,228 9.314 6.747
1/9 s 0.0016410 0.32604 0.302 596,333 8.638 5.416

1/12 s 0.0016540 0.30586 0.197 596,956 8.945 4.730

Note: Phase RMSE is calculated relative to the 24-step phase-shifting reference. L, M, and H denote
the low-, medium-, and high-frequency stages, respectively.
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3.3. Comparative Evaluation on the Aerospace Blade and White Plaster Bust

The evaluated methods include conventional fringe projection profilometry, the
saturated-fringe restoration method proposed by Wei et al., the adaptive digital fringe
projection method proposed by Lin et al., and the proposed method. The conventional
method, Wei’s method, and the proposed method each use 12 images, comprising four-
step phase-shifting sequences at low, medium, and high frequencies. In addition to the
12 adaptive fringe patterns required for the final measurement, Lin’s method uses seven
uniform-gray images and 12 maximum-intensity prescan fringe patterns, resulting in a
total of 31 images. For each object, all methods were evaluated using the same 1/6 s
exposure time, object pose, camera–projector calibration parameters, reconstruction ROI,
and reconstruction pipeline. For all methods, the phase obtained using 24-step phase
shifting serves as the ground truth.

The quantitative evaluation uses the entire reconstructed point clouds after removal
of non-finite points and statistical-outlier removal (30 nearest neighbors; points whose
mean neighbor distance exceeds the global mean plus one standard deviation are rejected).
The phase RMSE is calculated from the phase difference with the 24-step reference over
common finite phase pixels. The point-cloud RMSE is the one-way nearest-neighbor
three-dimensional distance from the evaluated filtered point cloud to the filtered reference
point cloud. The missing ratio is calculated over the common reconstruction ROI from
the reference-to-reconstruction nearest-neighbor distances defined above, using the same
0.5 mm threshold for all methods. Thus, point-cloud RMSE quantifies the geometric error
of the reconstructed points, whereas the missing ratio quantifies the fraction of reference-
region points without a sufficiently close reconstructed counterpart.

The captured fringes, phase maps, and three-dimensional point clouds obtained by
the four methods are compared on the same highly reflective aerospace blade. Identical
display ranges and color scales are used for all phase maps and point clouds to prevent
visualization-scale differences from affecting the comparison. Figure 10 compares the mea-
surement results obtained by the four methods on the same aerospace blade. Rows (1)–(4)
correspond to the conventional method, Wei’s method, Lin’s method, and the proposed
method, respectively, while columns (a)–(c) show the captured high-frequency fringe,
recovered absolute phase, and reconstructed point cloud. The fringe captured by the con-
ventional method exhibits pronounced clipping in the lower part of the blade, as shown in
Figure 10(1a). This clipping produces extensive phase anomalies and a continuous missing
region in the point cloud in Figure 10(1c). Wei’s method alleviates some phase errors by
restoring the intensities of the saturated fringes, but panels (2b) and (2c) of Figure 10 show
that substantial distortion and point-cloud gaps remain in the deeply saturated region.
Both Lin’s method and the proposed method reduce the incident intensity in highly reflec-
tive regions through adaptive projection. Their phase results in panels (3b) and (4b) and
reconstructed point clouds in panels (3c) and (4c) of Figure 10 exhibit substantially better
phase continuity and spatial coverage than those obtained by the first two methods.

To further examine the applicability of the method to a nonmetallic object with complex
geometry, a white plaster bust was measured using the same experimental protocol. For this
object, the phase and point-cloud metrics were calculated in the common manually selected
ROI. Figure 11 shows the captured high-frequency fringes, recovered absolute phases,
and reconstructed point clouds. The row and column conventions are identical to those in
Figure 10: rows (1)–(4) correspond to the conventional method, Wei’s method, Lin’s method,
and the proposed method, respectively, and columns (a)–(c) show the captured fringe,
recovered phase, and reconstructed point cloud. The proposed method preserves the facial
shape and local geometric details while substantially reducing the phase discontinuities
and point-cloud distortions observed in the conventional and fringe-restoration results.
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Table 2 summarizes the quantitative results for both objects. On the blade, the pro-
posed method achieves the lowest phase RMSE (0.0018664 rad), point-cloud RMSE
(0.38055 mm), and missing ratio (0.362%). In the white plaster bust ROI, it also achieves the
lowest phase RMSE (0.0098678 rad), point-cloud RMSE (0.74535 mm), and missing ratio
(1.125%). These results indicate that the proposed method provides high measurement
accuracy and low missing ratios for both metallic and nonmetallic objects while retaining
the 12-image acquisition sequence.

Figure 10. Comparative measurement results for the highly reflective aerospace blade. Rows:
(1) conventional method, (2) Wei’s method, (3) Lin’s method, and (4) proposed method. Columns:
(a) captured high-frequency fringe, displayed as 8-bit camera gray level (0–255), (b) recovered
absolute phase, with color bars in radians (rad), and (c) reconstructed point cloud, with color bars in
millimeters (mm).

Table 2. Comparison of quantitative measurement results for the blade and white plaster bust at a
1/6 s exposure time.

Method Images Blade White Plaster Bust

Phase RMSE
(rad)

PC RMSE
(mm)

Missing Ratio
(%)

Phase RMSE
(rad)

PC RMSE
(mm)

Missing Ratio
(%)

Conventional 12 0.1303 85.520 14.041 0.17593 76.392 24.869
Wei’s method 12 0.11353 42.934 10.864 0.1803 82.125 27.196
Lin’s method 31 0.042676 10.332 1.939 0.024837 6.2736 1.498

Proposed method 12 0.0018664 0.38055 0.362 0.0098678 0.74535 1.125

Note: PC RMSE denotes the point-cloud root mean square error. The 24-step phase-shifting result is
used as the phase reference. White plaster bust metrics are evaluated in the common ROI.

As shown in Figures 10 and 11, both adaptive projection methods recover measure-
ments over most of the evaluated surfaces, while the proposed method maintains stable
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phase continuity and low point loss. Because the proposed method uses only the images
acquired during the standard multifrequency phase-shifting measurement and requires
neither additional uniform-gray calibration nor a maximum-intensity prescan, it achieves a
favorable balance between measurement accuracy and acquisition efficiency. Compared
with Lin’s method, the proposed method reduces the number of required images by 61.3%,
which directly improves acquisition efficiency under the same camera–projector synchro-
nization rate.

Figure 11. Comparative measurement results for the white plaster bust. Rows: (1) conventional
method, (2) Wei’s method, (3) Lin’s method, and (4) proposed method. Columns: (a) captured
high-frequency fringe, displayed as 8-bit camera gray level (0–255), (b) recovered absolute phase,
with color bars in radians (rad), and (c) reconstructed point cloud, with color bars in millimeters (mm).

4. Discussion
The experimental results demonstrate that reliable camera–projector correspondence is

a key prerequisite for progressive adaptive fringe projection. In conventional FPP, intensity
saturation in highly reflective regions distorts the phase and affects phase unwrapping,
projector-coordinate decoding, and triangulation. If this distorted phase is directly used to
generate adaptive fringe patterns, the estimated projection intensity may be assigned to an
incorrect projector region, even when the numerical intensity estimate itself is reasonable.
The proposed method addresses this problem by first performing quality-guided RGB
phase fusion and then applying local phase repair only to the marked saturated regions.
In this way, the phase in highly reflective regions is improved while the originally reliable
surrounding phases remain unchanged. The repaired phase supports both phase unwrap-
ping and camera–projector correspondence rather than replacing the final high-frequency
measurement phase. Therefore, the method improves adaptive intensity placement without
smoothing or artificially reconstructing the final three-dimensional shape.
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The second important factor is the progressive update of the local response relationship
across frequency stages. Conventional adaptive projection methods usually estimate the
camera response and projector mapping from independent calibration or prescanning
images. In contrast, the proposed method extracts paired projected and captured gray
levels from the phase-shifting fringe patterns already used in the standard measurement
sequence. The low-frequency stage provides an initial mapping and a first set of valid
response samples. The medium-frequency adaptive fringes reduce local saturation and
supply additional unsaturated samples, which further refine the local response model for
high-frequency projection. As illustrated by the progressive contraction of the saturated
area in Figure 7, this process converts the measurement result of one frequency stage
into improved imaging conditions for the next stage. As a result, phase optimization,
coordinate mapping, response estimation, and projection-intensity updating are organized
into a continuous measurement loop rather than separated into preprocessing and final
measurement steps.

Although the low-frequency phase provides the initial basis for phase unwrapping,
camera–projector mapping, and response estimation, the proposed method does not rely
on a single low-frequency phase result alone. Its robustness in severe high-reflection
regions is improved by quality-guided RGB phase fusion, local phase repair of the remain-
ing multichannel-saturated regions, and progressive response updating from the low- to
medium- and high-frequency stages. Therefore, the low-frequency phase serves as the
initial support for subsequent processing rather than the sole determinant of the final
reconstruction. The final 3D reconstruction is performed using the high-frequency phase
captured under the progressively optimized projection intensity.

The comparison with existing HDR-FPP strategies further clarifies the role of the
proposed method. Compared with conventional FPP, the proposed method actively reg-
ulates the incident intensity before image acquisition, thereby reducing the irreversible
loss of fringe information caused by deep saturation. Compared with saturated-fringe
restoration methods, such as Wei’s method [15], the proposed method does not rely only on
post-acquisition recovery of clipped waveforms. Instead, it repairs the phase and updates
the projection intensity so that subsequent fringe patterns are captured within the valid re-
sponse range of the camera. Compared with classical adaptive projection methods, such as
Lin’s method [19], the proposed method retains the acquisition-side advantage of adaptive
projection but removes the need for uniform-gray calibration and maximum-intensity pres-
canning. The image counts and error results in Table 2 therefore indicate a more efficient
balance between HDR measurement accuracy and image-acquisition cost.

The improvement in phase accuracy and the improvement in final point-cloud ac-
curacy are related but not strictly proportional. The proposed method primarily reduces
saturation-induced phase distortion and improves the continuity of the phase used for
camera–projector correspondence and final reconstruction. After phase-to-3D conver-
sion, however, the point-cloud RMSE is also affected by the calibrated camera–projector
geometry, triangulation sensitivity, the spatial location of the evaluated points, residual
correspondence errors, outliers, and the nearest-neighbor distance used for point-cloud
comparison. A small phase error at different image locations may correspond to different
spatial errors after reconstruction. Therefore, a substantial reduction in phase RMSE does
not necessarily produce the same proportional reduction in point-cloud RMSE. The pro-
posed method should thus be interpreted as improving phase reliability, adaptive intensity
placement, and the missing ratio, while the final point-cloud accuracy remains jointly
constrained by phase quality, calibration accuracy, and the phase-to-3D mapping model.

The proposed method is implemented on a conventionally calibrated camera–projector
FPP system, but its geometric calibration is not modified in this work. Phase demodu-
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lation, quality-guided RGB phase fusion, and local phase repair are completed in the
camera image plane and do not directly depend on the geometric calibration parameters.
The subsequent camera–projector coordinate correspondence is obtained by matching
the repaired camera-plane phase to the known phase distribution of the projector-plane
fringe patterns, as defined by Equations (7) and (8). Consequently, projected/captured
gray-level-pair extraction and placement of the adaptive intensity template depend on
the quality of this phase-derived correspondence rather than on the intrinsic or extrinsic
calibration parameters. Geometric calibration enters only during the final conversion
of the high-frequency phase into 3D coordinates; calibration errors therefore propagate
mainly through the triangulation model to the reconstructed point-cloud coordinates and
affect the final geometric accuracy. In the comparative experiments, all evaluated methods
use the same calibration parameters, object pose, reconstruction ROI, and reconstruction
pipeline. The reported intermethod differences thus mainly reflect saturation suppression
and progressive adaptive fringe projection rather than differences in calibration conditions.
The method does not eliminate geometric calibration error, and reliable calibration remains
a prerequisite for accurate 3D reconstruction; a controlled parameter-perturbation study
will be considered in future system-level evaluation.

Exposure time is another important factor that affects the performance of the proposed
method. In the experiments, the exposure time and camera gain are kept fixed during the
low-, medium-, and high-frequency stages so that the extracted projected/captured gray-
level pairs correspond to a consistent local radiometric response. If the exposure time is too
long, highly reflective regions may become saturated over a large area in the initial low-
frequency stage, leaving too few unsaturated samples for RGB phase fusion, local response
estimation, and reliable adaptive intensity prediction. If the exposure time is too short,
the modulation in weakly reflective regions may decrease, and the reduced signal-to-noise
ratio may degrade phase precision. Therefore, the initial exposure should keep most normal
and low-reflectance regions within the effective camera dynamic range while retaining
usable nonsaturated samples around highly reflective regions. Nevertheless, the aerospace-
blade experiment shows that the proposed method maintains low phase RMSE, point-cloud
RMSE, and missing ratio at all three tested exposure times. The degradation-strategy ratio
remains small and consistently decreases at the medium-to-high transition, indicating that
progressive sample accumulation improves direct response fitting and reduces dependence
on degradation compensation.

It should also be clarified that the median-filtered neighboring estimate used in the
progressive adaptive fringe projection stage is not a phase-optimization operation. Local
phase repair, which is the second step of phase optimization, is performed by local quadratic
surface fitting from reliable neighboring phase samples, whereas the median estimate is
used only when fewer than two valid gray-level pairs are available for local response fitting.
In such cases, the degradation strategy provides an initial estimate of the optimal projection
intensity for the next frequency stage. Since the response model is progressively updated
when new unsaturated samples are acquired at later stages, this strategy mainly affects the
initialization of local projection intensity rather than directly determining the final phase.
Its reliability may decrease when a large saturated region lacks sufficient neighboring valid
gray-level samples.

The current implementation has several limitations and application requirements.
First, the local phase-repair strategy assumes that the phase in the saturated region is locally
continuous and can be estimated from nearby reliable samples. If a large saturated region
crosses sharp geometric discontinuities or lacks sufficient valid neighboring pixels, the local
quadratic fitting result may become less reliable. Second, the progressive response update
requires the object, camera, projector, exposure setting, and illumination conditions to
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remain stable during the low-, medium-, and high-frequency stages. Motion or illumination
changes between stages may affect both phase processing and gray-level pairing. Third,
when all color channels are severely saturated over a large area, the available phase and
gray-level information may still be insufficient for reliable repair and response estimation.
Future work will focus on improving the robustness of the repair model near discontinuities,
extending the method to more complex highly reflective surfaces, and evaluating its
performance in faster online measurement scenarios.

5. Conclusions
This paper proposed a phase-optimization-guided progressive adaptive fringe pro-

jection method for HDR three-dimensional measurement of highly reflective surfaces.
The method embeds phase optimization and adaptive projection-intensity estimation into
the standard multifrequency phase-shifting measurement sequence. Quality-guided RGB
phase fusion first uses complementary RGB-channel phase information to reduce unreliable
phase regions, and Local Phase Repair is then applied only to the remaining saturated re-
gions to obtain a stable phase for phase unwrapping and camera–projector correspondence.
Based on this optimized phase and the resulting correspondence, known projected gray
levels and unsaturated captured gray levels already available in the current phase-shifting
sequence are reused to estimate the local response and generate adaptive fringes for the
next frequency stage.

The experimental results on the highly reflective aerospace blade and white plaster
bust confirmed the effectiveness of the proposed method. Quality-guided RGB phase
fusion and local phase repair provide stable phase information for the progressive adaptive
fringe projection stages. At a 1/6 s exposure, the proposed method achieved phase/point-
cloud RMSEs of 0.0018664 rad and 0.38055 mm on the blade, and 0.0098678 rad and
0.74535 mm in the white plaster bust ROI. Across the 1/6 s, 1/9 s, and 1/12 s tests on the
aerospace blade, the method maintained low phase RMSE, point-cloud RMSE, and missing
ratio, while the degradation-strategy ratio decreased at the subsequent adaptive tran-
sition. These results support the robustness of the progressive update mechanism to
exposure-time variation. Compared with conventional FPP and saturated-fringe restora-
tion, the proposed method significantly improved phase continuity and reduced point loss.
It retained high accuracy and low missing ratios while using only the standard 12-image
multifrequency phase-shifting sequence, without additional uniform-gray calibration or
maximum-intensity prescanning.

By progressively updating the phase, valid response samples, and projection inten-
sity from low to high frequencies, the proposed method suppresses saturation-induced
phase distortion without additional projected or captured images, auxiliary calibration,
or extra optical hardware. The method therefore provides an efficient HDR-FPP solution
for highly reflective surface measurement and has potential for high-speed industrial
online inspection.
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