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Non-iterative distortion correction for Scheimpflug
multi-view microscopic fringe projection profilometry
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Microscopic fringe projection profilometry (MFPP) has be-
come an essential technique for precisely inspecting intricate
microscale industrial parts, where Scheimpflug multi-view
imaging is commonly used to extend the depth of field
(DOF). However, lens distortion significantly reduces mea-
surement accuracy, creating a major challenge for seam-
lessly fusing data from different views. In this Letter, we
introduce a non-iterative distortion correction method for
Scheimpflug multi-view MFPP that directly remaps camera
and projector pixels using pre-calibrated parameters. The
undistorted position for unidirectional fringes is calculated
by intersecting undistorted camera sight lines with a sub-
pixel-interpolated DMD grid, thereby eliminating the need
for pattern reloading or iterative optimization. Experiments
with a dual Scheimpflug camera MFPP system show that
the proposed approach decreases the root-mean-square er-
ror (RMSE) of 3D measurements for planes and standard
spheres by 43.5% and 21.1%, respectively. Additionally, re-
constructing a complex aircraft model demonstrates the
method’s ability for seamless multi-view fusion, providing
a computationally efficient and accurate solution for micro-
scale 3D metrology. © 2025 Optica Publishing Group. All rights,
including for text and data mining (TDM), Atrtificial Intelligence (Al)
training, and similar technologies, are reserved.
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Introduction. Fringe projection profilometry (FPP) is a non-
contact 3D measurement method with a significant potential
in industrial inspection, reverse engineering, and robotic vision
[1-3], because of its micron-level precision, full-field imaging
capability, and high-resolution [4,5], while recent variants such
as parallel single-pixel imaging are further improving its ro-
bustness under complex illumination [6,7]. However, traditional
FPP systems struggle to balance accuracy with field of view
(FOV) when measuring miniaturized objects [8]. Micro-scale
fringe projection profilometry addresses this issue by combining
fringe projection with well-calibrated microscopic optical paths
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to achieve sub-micron measurement accuracy [9]. To further en-
hance measurement capabilities, multi-view 3D data acquisition
and fusion are employed to mitigate occlusion and expand the
viewing range for industrial parts with 3D complex structures
[10-12]. In multi-view micro-scale systems, the Scheimpflug
principle extends the DOF by tilting the lens and sensor planes,
maintaining high image sharpness across all views and enabling
high-precision measurements of complex parts across a sub-
stantial volume [13]. Building upon the Scheimpflug principle
to extend the DOF, researchers have been developing ways to
address the calibration accuracy of such systems. Sun et al. com-
prehensively reviewed the calibration methods for Scheimpflug
cameras and analyzed the performance of mainstream calibra-
tion models [14], providing a solid theoretical foundation for
choosing an appropriate calibration model to optimize measure-
ment accuracy. Deng et al. proposed an accurate and flexible
calibration method for a 3D microscopic structured light system,
enhancing measurement precision by optimizing the sub-pixel
correspondence between a Scheimpflug projector and camera
[15]. However, in micro-scale 3D measurement, the inherent
nonlinear distortions of lenses can significantly affect measure-
ment accuracy and hinder precise multi-view data fusion. To
address this, researchers have conducted extensive studies in
lens distortion-correction. Li ez al. [16] improved measurement
accuracy by generating pre-distorted fringe patterns based on the
projector’s lens model; however, the need to individually pre-
process and reload each pattern introduces considerable com-
putational complexity. Zhang et al. [17] proposed a real-time
scale-offset model to dynamically compensate for projection
distortion, although its effectiveness may be limited in complex
scenarios with diverse distortion types. Yang et al. [18] pro-
posed a residual compensation method that refines the distortion
map to address remaining lens errors, but it can be compu-
tationally expensive for high-resolution data. These methods,
while effective in specific contexts, may fall short in addressing
the distortions, potentially leading to insufficient accuracy for
Scheimpflug multi-view systems.
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Fig. 1. (a) The structure diagram of the Scheimpflug multi-view
3D imaging system. (b) Pinhole camera model with distortion.
(c) The model of the camera sensor’s Scheimpflug angle.

In this Letter, we propose an efficient, non-iterative distortion-
correction method that utilizes the pre-calibrated camera and
projector parameters, achieving high accuracy with only uni-
directional fringe patterns. The Scheimpflug multi-view fringe
projection system (Fig. 1(a)) comprises a digital projector and
two industrial cameras with Scheimpflug lenses. The classic pin-
hole camera model in Fig. 1(b) maps the 3D scene points to a
2D sensor plane via a linear projection in Eq. (1):
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Here, s denotes the perspective factor, A illustrates the cam-
era’s intrinsic parameters, R represents the rotation vectors, and
T is a translation vector.

As shown in Fig. 1(c), to model the imaging of a pinhole cam-
era under Scheimpflug conditions, we assume a virtual sensor
perpendicular to the optical axis, which is obtained by rotating
the actual sensor around its intersection with the optical axis by
angles a and S around the horizontal and vertical axes in the
camera coordinate space. The initial intersection point position
is obtained by using the standard pinhole model. However, the
corresponding focal length will also vary due to the choice of
principal point location. Therefore, the distortion must be com-
bined with all parameters for overall optimization. The model
can derive the precise mapping relationship between the point
B, [us v, 117 on the actual sensor plane and the point p,, [uv 117
on the virtual sensor plane, as detailed in Egs. (2) and (3):

ﬁszRS(aa ﬂ)K((l, ﬂ)ﬁp (2)

Here, R («, ) is the rotation matrix between the two planes,
and K (a, p) represents the coordinate scaling transformation
matrix caused by the perspective projection between them.

cosacosp 0 cosasinf
K(a,B) = 0 cosacosf —sina
0 0 1 3)
cosfp  sinasinf  —cosasinf
Rg(a,pB) = 0 cosa sina
sinf —sinacosf cosacosp

As depicted in Fig. 2, lens distortion causes the object point
P(X,0, Y, Z)) tobe mapped to the distorted points p¢,. (ug, vg)
and p’, (uf,v4)) on the camera’s CMOS pixel plane and pro-
jector’'s DMD pixel plane, respectively. Under ideal undis-
torted conditions, these points should map to the pixel points
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Fig. 2. The schematic of the projector distortion model using uni-
directional fringe patterns.

p¢ (u€,vS) and pP (ul,,v})). Therefore, in practice, we measure
points with errors, resulting in a deviated 3D point P’. For the
projector, radial distortion k;, k,, and tangential distortions p,
and p, must be considered. In contrast, for the Scheimpflug
camera, tangential distortion is already incorporated into the
Scheimpflug angles, so it does not need to be modeled again in
the distortion, as the sensor tilt inherently accounts for this dis-
tortion. In the 3D measurement, we first calculate the undistorted
3D data obtained from the two cameras working with the pro-
jector separately and then fuse them to achieve a complete 3D
data. The flowchart of the proposed method is shown in Fig. 3,
which summarizes the five steps as follows:

Step 1: Based on the multi-view Scheimpflug system, we syn-
chronize the cameras to capture the encoded fringe images and
calculate the unwrapped phase maps. For calibration, we estab-
lish a one-to-one correspondence between control points on the
object side and the DMD or CMOS plane.

Step 2: The cameras are calibrated using the Scheimpflug
model, and the projector is calibrated using the pinhole model.
To improve the calibration accuracy, the reprojection errors of
both cameras and projectors are optimized globally, considering
the distortion, using the Levenberg—Marquardt algorithm [15].

Step 3: Leveraging the calibrated camera parameters, the dis-
tortion offset initially expressed on the camera’s normalized
plane is remapped into the virtual sensor plane by Eq. (2). In
the distorted image, the remapping causes each pixel’s coordi-
nates to become elements in an array, indexed by the coordinate
values. For the projector, the remapping is also conducted. How-
ever, the projector’s coordinates are obtained indirectly, so dis-
tortion elimination requires the assistance of calibrated cameras,
which are introduced in the next step.

Step 4: Using the established remapping relation, we have
the corrected camera rays, marked as the sight line in Fig. 3,
which is expressed by a linear equation. For each camera pixel,
the phase value on its line helps determine an initial distorted
3D point based on the established triangulation. Then, the 3D
data are inversely mapped on the DMD to locate an exact point
instead of a line corresponding to the phase value. Since uni-
directional fringe patterns determine a unique 3D point, fringe
patterns in other directions can be discarded to improve the effi-
ciency. Based on the pixel remapping relation established in the
last step, we can find the undistorted DMD position.
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Fig. 3. The flowchart of the proposed non-iterative distortion-correction method for 3D measurement using the Scheimpflug imaging.

Table 1. Calibrated Results of the Projector and Cameras

Camera 1 Camera 2 Projector
kq, ko [0.031 -0.410] [0.038 -0.692] [0.110 —1.434]
P1-P2 - - [0.006 0.004]
a, B (°) [0.367 2.800] [0.311 -3.398] -
9103 0 483.5 0 1468 3533 0 431.2
A [ 0 9151 7184 l [ 9051 710.0 l [ 0 9167 600.1 }
0 0 1 0 1 0 0 1
R, [0.088 -0.521 0.042] [0.071 0.511 -0.029] [0.058 0.007 -0.011]
T [-24.16 -12.60 274.6] [2.372 -10.35 291.3] [-12.29 -12.50 266.2]

Step 5: Since the remapped coordinates are typically non-
integer, interpolation is necessary to complete the transforma-
tion for both the camera and projector. For the camera, the
bilinear interpolation is applied at the remapped coordinates
to obtain the intensity values for accurate phase calculation.
For the projector, the distorted 3D point P; (X, Y)Y, ZY) is
first mapped back to a pixel position p, (ul},v;) and then
interpolated to obtain the corrected position p? (i, V) by:

uh = Interp(UfUT, u’;, VZ)
V= Interp(VfUT, “Z’ VZ) ’

4)

Here, UF,; and VF,,; are the look up table of the remap-
ping relation of the projector’s pixel coordinates. The resulting
undistorted coordinates are then used to linearly reconstruct the
corrected 3D point P(X}V, Y}V, ZV) through:
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The 3D measurement system comprises a DLP4500 projec-
tor (1140 x 912 pixels) and two Basler acA2040-120um cameras
(2048 x 1536 pixels) with a 28 mm Opto-Engineering MCSM 1-
01X Scheimpflug lens. Using the standard phase-shifting al-

gorithm, we projected fringe patterns at frequencies of (1, 7,

Pla—P5auy }

76) with phase shifts of (4, 4, 8) steps. The system calibration
parameters are summarized in Table 1. The rotation matrix is
transformed into a 3-element vector R, through the Rodrigues
transformation.

We validated our distortion-correction method by experi-
ments on a planar surface and two standard spheres (Fig. 4).
The initial reconstruction of the planar surface showed sig-
nificant distortion (Figs. 4(a) and 4(b)), which was dramat-
ically optimized after correction, with the RMSE decreas-
ing from 38.8 and 31.3um to 14.6 and 23.6um of the two
views, respectively (Figs. 4(c) and 4(d)). The measurements
of spheres showed that our correction reduced the RMSE of
sphere fitting from 9.5 and 10.1um to 7.0 and 8.5um of
the two spheres, respectively (Fig. 4(e)). The corrected data
yielded a diameter much closer to the true value, with a
standard deviation of 6.2um across multiple measurements
(Fig. 4(D)).

To verify the effectiveness of the proposed method in com-
plex 3D scenarios, we performed measurements on an aircraft
model with undulating and gully structures. The results are visu-
ally validated and quantitatively supported by the comparisons
of depth curves (Fig. 5(a)), demonstrating the accurate capture
of intricate geometric details. The multi-view point cloud fu-
sion (Fig. 5(b)) successfully integrates surface details from two
views, aided by the phase-guided Fast Point Feature Histogram
(FPFH) registration method and Iterative Closest Point (ICP)
refinement.
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Fig. 4. The validation of the proposed method through compar-
ative experiments involving a planar surface and standard spheres.
(a), (b) 3D reconstruction of the plane from the left and right views.
(c), (d) The statistics of the reconstructed height distribution. (e) 3D
reconstruction of the spheres and error analysis. (f) The compara-
tive results of the fitted diameter from multiple measurements.

The cross section of the fused data reveals a very high
degree of overlap between the two views. The mean nearest-
neighbor distance in the overlapping region of the registered
point cloud drops from 36.9 um before correction to 25.3 um
after correction, clearly demonstrating the effectiveness of our
distortion correction method for Scheimpflug multi-view micro-
scopic fringe projection profilometry.

In conclusion, this work presents a new non-iterative
distortion-correction method for Scheimpflug multi-view sys-
tems, effectively reducing the negative impact of lens distortions
on high-precision 3D measurements at the micro-scale. The
main innovation of pixel coordinate remapping, combined with
pre-calibrated parameters, allows for quick and efficient 3D re-
construction through linear calculations of only unidirectional
fringe patterns, exceeding the capabilities of iterative methods
and lowering the computational load for real-time use. Exper-
imental results show significant improvements in accuracy for
various surfaces, including those with complex details. Future
research will aim to broaden applications to difficult indus-
trial inspection scenarios, such as in-line quality control, and to
integrate with complementary 3D imaging techniques.
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