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Abstract: We present a novel approach for the radiometric calibration of phase-measuring
3D sensors. Our approach can be applied to a broad variety of scenes and calculates the
calibration parameters “on-the-fly” from the actual object measurement images, meaning
that no additional calibration session is required. © 2023 The Author(s)

1. Introduction

Fringe pattern analysis is a popular and widely used method in many active 3D imaging principles, including phase
measuring triangulation (structured light), deflectometry, or interferometry. Although the fundamental physical
working principle of these methods is vastly different [1], they all use fringe pattern analysis to calculate the phase
of a sinusoidal intensity pattern. Commonly, the phase is calculated from a series of camera images, taken while the
sinusoidal pattern is shifted in phase. A popular method is, e.g., the “4-phaseshift algorithm” [2]. A well-known
source of error in many phase-measuring 3D imaging systems (e.g., phase measuring triangulation (PMT), or
phase-measuring deflectometry (PMD)) is the lack of a proper radiometric calibration of camera and illumination.
The “sensitivity gamma curves” of cameras and the “emission gamma curves” of illumination sources (such as
displays or projectors) are commonly “non-linear”. If not corrected, this “nonlinear gamma parameter” leads to the
fact that projected/displayed sinusoidal intensity profiles will not look sinusoidal anymore in the camera image,
since they are distorted in their intensity distribution. As the fringe analysis algorithm expects perfect sinusoidal
profiles, this error leads to “ripple-artifacts” in the 3D data (see Fig.1.(a)).

A variety of radiometric calibration techniques have proven effective in correcting this nonlinear intensity trans-
formation. These techniques are often broadly categorized into active or passive radiometric calibration methods.
Active radiometric calibration usually involves the pre-adjustment of pixel intensity of the projected patterns based
on a previously calculated nonlinear gamma curve [3], or bypassing the adjustment problem with defocused dither-
ing projection [4]. Passive radiometric calibration refers to methods that correct after the measurement image is
taken, using previously calculated projector-camera response functions [5] or phase look-up tables [6]. All meth-
ods that use previous calculation of the gamma curve require a large set of images that needs to be taken during
a separate calibration routine before the actual 3D measurement. This procedure must be repeated in some cases
if the scene changes, e.g., if objects with a different reflectance have to be measured. All this makes radiometric
calibration a relatively cumbersome process that is still prone to error for scenes with varying reflectance.

In this paper we introduce a novel radiometric calibration procedure that can be performed “on-the-fly”. This
means that no additional measurements need to be taken during a separate calibration routine - the images taken
for the 3D measurements themselves deliver the input information for our calibration method. In turn, this also
means that our method is robust against vastly varying reflectance conditions in the scene, as each single 3D
measurement calculates its own radiometric calibration parameters in each single pixel separately “on the fly”.

2. Method, Results, and Outlook

Our method uses a phase error correction technique inspired by the Lissajous ellipse-to-circle algorithm presented
in [7]. This algorithm was originally developed to compensate spatial phase shift errors in polarization-based
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Fig. 1: Radiometric calibration by superellipse fitting. (a) Reconstructed surface without radiometric calibration. (b) In red:
Example for plotted and fitted superellipse to the raw captured data. In blue: Plot of corrected data after removing the nonlinear
distortion. (c) Reconstructed surface after on-the-fly radiometric calibration.



interferometry. Herein, we modify the idea towards an “on-the-fly” gamma calibration of illumination and camera.
In the following, we focus our explanations around the 3D imaging method phase-measuring triangulation (PMT),
although our principle is universal and can also be applied to other 3D imaging methods that rely on fringe pattern
analysis. Moreover, we demonstrate our method at the example of the well-known “4-phaseshift algorithm” [2].

As shown in [8], we model the captured distorted fringes as exponentiated sinusoids. Consequently, the intensity
captured in each camera pixel (x,y) for a 4-phase shifted sinusoidal fringe image that is projected onto a surface
can be written as:

In(x,y) = [R(x,y)[C(x,y)+ [A+Bsin(!(x,y)+ n∀
2
)]p)]c, n = [0,3]. (1)

R is the surface reflectance, C is the background intensity, A is the projector intensity offset, B is the amplitude
of the sinusoidal modulation, and p and c denote the projector and camera nonlinear responses, respectively. In
this paper, we approximate the background intensity C as zero for the sake of brevity and simplification. In our
experiments, C → 0 can be reached for scenes without or with minimal inter-reflections and measurements in dark
rooms. The full mathematical formulation for C ↑= 0 will be described in a follow-up publication.

As discussed, the 4-phaseshift algorithm delivers a wrong calculated phase !wrong(x,y) because of the uncom-
pensated non-linearities in observation and projection. Assuming C → 0, !wrong(x,y) can be expressed as

!wrong(x,y) = arctan(
I1 ↓ I3

I2 ↓ I4
) = arctan(

G1(sin(!))g

G2(cos(!))g
), g = p · c (2)

where ! is the correct (true) phase, and G1 and G2 are functions of A, B, and g. Plotting the numerator of this
arctan-function along the x-axis and the denominator along the y-axis delivers a superellipse for every single
surface reflectance value R . The exponent of this superellipse is now directly related to the nonlinear gamma
parameters and G1 and G2 correspond to the width and the height of each superellipse. In turn, this means that we
can estimate g, as well as G1 and G2 via superellipse-fitting (see Fig.1.(b)). The basic procedure is as follows: To
plot a super ellipse for each surface reflectance value, we find scene points with similar reflectance by calculating
the mean intensity Ī = !4

n=0 In/4 and choosing pixels with similar mean intensity as sample points. After plotting
the respective superellipe for our sample points (see, e.g., red superellipse in Fig.1.(b)), we iterate through different
gamma parameters and apply the inverse of those parameters to our nominator and denominator in Eq.2. The
correct g is found if the superellipse turns into a circle (blue circle in Fig.1.(b)). Applying the inverse gamma
parameters, the correct phase value ! can now be calculated from Eq.2.

To demonstrate the effectiveness of our method, we measure a slightly curved piece of cardboard with an
uncalibrated PMT setup. Evaluating the 3D point cloud with the uncompensated 4-phaseshift-algorithm leads
to the discussed prominent ripples in the data (see Fig.1.(a)). From the captured measurment images (no extra
calibration images necessary), we fit superellipses (Fig.1.(b)) and perform our on-the-fly radiometric calibration.
No remaining ripple-artifacts can be seen in the resulting 3D data (Fig.1.(c)) after correction.

In a future publication, we will further extend the mathematical formulation of our novel calibration method
towards more general cases. Moreover will show quantitative evaluations of measurements of complicated scenes
with mixed reflectance to further demonstrate the potential of our method.
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