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∗Corresponding author: frankbilly.djupkepdizeu@nrc-cnrc.gc.ca; dizeubilly@yahoo.fr

Abstract—This paper presents a structured-light codification
technique called Frequency Shift Method which is especially de-
signed for scenes containing strong interreflections. The method
works by projecting multiple sine wave patterns having different
frequencies. While the phase shift method associates a phase to
each column of the projector, in the proposed codification, each
column of the projector is uniquely encoded by the frequencies
used, and explicitly decoded using the Discrete Fourier Trans-
form. This encoding allows the method to recover all the projector
columns that contribute to a camera pixel’s observed intensity.
An energy minimization is then used to separate direct and
indirect illuminations. Objects presenting diffuse and specular
interreflections are considered and our experimental results
illustrate the efficiency of our method compared to previously
proposed methods.

Index Terms—3D shape acquisition, 3D imaging, interreflec-
tions, Discrete Fourier Transform, structured light, fringe pro-
jection, global illumination.

I. INTRODUCTION

Over the past two decades, interest for structured-light 3D
scanners has increased in the industrial and scientific commu-
nities. Fringe projection techniques are a class of structured-
light methods that operates in four steps summarized in Fig. 1.
First, using a given coding strategy, patterns are generated
and projected on the scene by a projector (Fig. 1a). The
projected patterns encode each projector column (Fig. 1b)
in a unique manner. Second, a camera is used to record the
appearance of these patterns from a viewpoint that is separated
from the projector by a known baseline. Third, the recorded
images are processed (decoded) to establish the projector-
camera correspondence map. Fourth, triangulation is used to
compute the 3D point cloud of the scene.

Detailed surveys of available methods can be found in
[1]–[5]. They address the basic scenario where the light
transport model between the projector and the camera is simple
enough to allow a straightforward correspondence between
them. Challenges still exist in more complex situations such
as reconstructing 3D shapes in the presence of strong inter-
reflections. Interreflections are very important to account for
in practice because they can occur in scenes with objects
that include or form concavities as well as scenes containing
specular surfaces. Both scenarios are regularly encountered in
industrial inspection where structured light is a common tool.

Projector

Camera

Baseline

Q

 

xc

Baseline

Q

Projector Cameray

 
(a) (b)

Fig. 1. Fringe projection technique. (a) Measurement setup. (b) Geometric
equivalent. Sinusoidal patterns are used to establish the correspondence
between the projector columns c illuminating point Q and the camera pixel
v receiving light from point Q. This correspondence is used to determine the
3D coordinates of point Q by triangulation.

Problems arise from the fact that scene points may not only
be directly illuminated by the projector as illustrated in Fig. 1,
but also indirectly by light reflected from other points of the
scene that are themselves illuminated by the projector.

The Frequency Shift Method (FSM) presented in this paper
allows the 3D shape acquisition in the presence of strong
interreflections. It uses projected sinusoidal patterns with vari-
able frequencies. The frequencies used satisfy the Shannon-
Nyquist sampling theorem in relation with the allowable
frequency range of the fringe projection system. As in the
basic method, these patterns are successively projected on
the scene while the camera captures the corresponding fringe
images. However, in the proposed method, the decoding uses
the Discrete Fourier Transform (DFT), performed pixel per
pixel on the image sequence, which allows to: (1) inventory
all projector columns participating to the illumination of each
scene point; (2) discriminate direct and indirect illuminations,
(3) establish projector-camera correspondence without any
additional step such as phase unwrapping; (4) reconstruct 3D
shapes in the presence of interreflections with significantly
improved performances when compared to existing methods.

In this paper, we formulate two versions of the Frequency
Shift Method which differ from each other by the number
of patterns required. We first describe the Baseline Fre-
quency Shift Method (BFSM) where we formalize how a
relatively simple sampling of the frequency space can be
used to establish projector-camera correspondences. This idea
of establishing projector-camera correspondence using DFT
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had been previously used in environment matting by [6]
and for 3D reconstruction of transparent surface by [7], but
not in the context of interreflections. The acquisition time
associated with this formulation is proportional to the number
of columns of the projector, which can be a limiting factor for
some applications. Thus, a second formulation, called Encoded
Frequency Shift Method (EFSM), is also proposed: it allows a
significant reduction in the number of required patterns while
achieving similar metrological performance.

In this paper, we build on the original FSM framework that
was introduced in [8]. We first provide a formal modelling of
the direct and indirect illuminations in the context of structured
light (projector-camera configuration), followed by a detailed
analysis of the reasons why phase-shift based methods tend to
fail in the presence of strong interreflections. The formulation
and implementation of the Baseline Frequency Shift Method is
revisited and expanded. A completely new and computation-
ally more efficient approach to the Encoded Frequency Shift
Method is presented. The behaviour of both BFSM and EFSM
is demonstrated on various scenes with strong interreflections,
including from mirrors located directly in the field of view of
the scanner. The results illustrate the significantly increased
robustness of both FSMs for surface reconstruction, when
compared to existing methods. The proposed FSMs provide
a viable 3D metrology solution for applications in industrial
inspection and manufacturing.

The contributions of the paper can be summarized as
follows:

• We present the complete theoretical framework of the
Frequency Shift Methods (BFSM and EFSM) developed
for 3D shape acquisition in the presence of strong inter-
reflections.

• We demonstrate experimentally the benefits of the method
that uses DFT as a reliable mathematical tool to explicitly
inventory all projector pixels participating to the illumi-
nation of scene points in the presence of interreflections.

• We introduce a new formulation of the Encoded Fre-
quency Shift Method (EFSM) that requires considerably
fewer images than the baseline method and show exper-
imentally that, for a similar number of patterns, EFSM
performs significantly better than state-of-the-art meth-
ods. This new EFSM uses supplementary binary images
to speed up the decoding. It is fundamentally different
from the one that was initially proposed in [8] where the
decoding was significantly more time consuming due to
the use of curve fitting.

• We propose a robust method to separate direct and
indirect illuminations based on a surface continuity hy-
pothesis.

The paper is organized as follows. Previous works are
presented in Section II. The coding and decoding strategies
of BFSM are presented in Section III and EFSM is developed
in Section IV. We illustrate the proposed methods in Section V
and present the experimental results in Section VII. The paper
ends with a discussion in Section VIII, and a conclusion in
Section IX.

II. PREVIOUS WORKS

In recent years, several structured-light methods have been
proposed for 3D shape acquisition in the presence of inter-
reflections. Those methods can be classified in three groups:
methods based on explicit separation of direct and global
illuminations, methods resilient to global illumination, and
iterative and scene adaptive methods.

A. Methods based on explicit separation of direct and global
illuminations

In their influential paper, [9] demonstrated through various
coding schemes that high frequency illumination patterns can
be used to separate direct and global illuminations. Their key
assumption is that global light transport acts as a low pass filter
and therefore high frequency patterns are invariant to global il-
lumination. Although finding high frequencies to handle weak
interreflections is possible, it can be a bottleneck for strong
and specular interreflections because of the limited frequency
range allowed by the projector. [10] proposed the modulated
phase shift method where high frequency patterns modulate
low frequency patterns to separate illumination components
and extract the direct illumination. However, the required
number of patterns can be significant, and accuracy of the
method is limited by the projector (i.e. digital projectors can
only project high-quality sinusoidal patterns up to a certain
frequency). [11] used several light sources and proposed a
multiplexed illumination method for separating direct and
global illumination with a reduced number of images. The
need for high frequency patterns also limits the performance
of the method for scenes containing strong interreflections. In
comparison, in the presence of strong interreflections, our pro-
posed frequency shift methods separate the direct and global
illuminations by explicitly inventorying the individual light
sources (projector columns) participating in the illumination
of the scene points, and selecting the direct component by
utilizing a surface continuity hypothesis. Recently, single pixel
imaging has been successfully used to recover 3D shapes in
the presence of strong interreflections [12]–[14]. The main
drawback of single pixel imaging methods is the time cost
for both data acquisition and processing; they require tens of
thousands ( [13]) or even millions ( [14]) of patterns and are
therefore not yet suitable for practical applications.

B. Methods resilient to global illumination

[15] proposed the micro phase shifting method. It is a multi-
frequency method that uses a group of high frequencies chosen
from a narrow band where the amplitude of the estimated
sine wave is assumed to be constant. Note that, for many
structured-light systems, the measured amplitude varies with
the projected pattern frequency (see [16]). Because only high
frequencies are used, phase unwrapping in the micro phase
shifting method is prone to errors (see [17]). Embedded phase
shifting, presented by [18], has been inspired by micro phase
shifting. However, it differs from it in the way the high
frequencies are chosen and in the way phase unwrapping
is performed. Embedded phase shifting and the method pro-
posed by [17] share the weaknesses of micro phase shifting
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concerning the selection of frequencies adapted to strong
and specular interreflections. In comparison, in our proposed
Frequency Shift Methods (BFSM and EFSM), there is no
constraint on the range of frequencies used. [19] proposed
the code ensemble method constituted by four groups of
binary patterns comprising high frequency patterns, band-pass
patterns and standard Gray code. Each group is specifically
designed to be immune to a global illumination component.
This method fails in the presence of strong interreflections
because it is impossible to project patterns with a sufficiently
high frequency. [20] proposed the unstructured light scanning
method which uses band-pass white noise patterns to mitigate
interreflections. However, the study does not present any result
concerning strong interreflections.

C. Iterative and scene adaptive methods

[21] proposed to use Gray code binary patterns to iter-
atively classify camera pixels as being directly illuminated
or not. At each iteration, an intensity interval is determined
for each scene point. These intensity intervals, the partially
reconstructed scene geometry and the reflectance of the scene
are used to generate binary codes that will reduce the amount
of indirect illumination in the next iteration. [22] used a similar
approach but proposed to detect and correct errors due to
interreflections by using a bit-change property embedded in
their binary code patterns. In these methods, it is difficult
to predict the number of iterations and thus the acquisition
time; there is no guarantee that the scene will be fully
reconstructed after some iterations. [23] uses epipolar imaging
and regional fringe projection to handle scenes with strong
interreflections. However, their method considers only single
bounce indirect light and relies on normal clustering to update
patterns projected in the next iteration. Moreover, scenes with
sharp edges or depth discontinuities can be hard to reconstruct.
In [24] and [25], authors exploited the fact that interreflection
light transport depends on the relative position of the fringe
projection system and the scene. In these methods, the 3D
scanner or the scene is moved to mitigate the effects of
interreflections.

Finally, we stress the fact that our proposed Frequency
Shift Methods fundamentally differ from Fourier Transform
profilometry methods (see the review by [26]) which are single
shot methods, from multi-frequency methods ( [10], [15],
[17], [18], [27] ) where phase unwrapping is required, from
approaches using specialized hardware ( [28] and [29]), and
from single pixel imaging methods which operate with far too
many patterns (tens of thousands ( [13]) or even millions (
[14])).

III. BASELINE FREQUENCY SHIFT METHOD

This section will develop the fundamentals of the proposed
method and explain why it is advantageous in the context of
scenes where interreflections are present. In order to do so,
we will start by discussing the concepts of direct and indirect
illuminations. Then, we will analyze the effect of those two
types of illumination on the well known Phase-Shift method (
[1], [30]). This discussion will serve as a natural starting point

for the exposition of our proposed Frequency Shift Methods
(BFSM and EFSM).

A. Direct and Indirect Illuminations

Most structured-light methods operate under the assumption
that light from the projector is directly transferred to the focal
plane of the camera after only one reflection on the scene as
presented in Fig. 2a and Fig. 2b. In this ideal situation, there
are no interreflections on the scene; L is formed by the light
beam L∗ coming directly from the projector column c∗ and
reflected at point Q. This ideal scenario is a good approxima-
tion in cases where surface finishes are mostly matte or where
the scene geometry is relatively simple. However, significant
problems arise when this assumption is violated. For instance,
in Fig. 2c and Fig. 2d, interreflections are present in the scene;
an additional light beam Lk coming from the projector column
ck is reflected at point Qr and reaches point Q. In practice
such a scenario is quite common with a mixture of specular
surfaces and scene geometries involving concavities; these two
characteristics are common in industrial inspection problems.
Since most coding strategies in structured-light 3D imaging are
designed assuming the ideal scenario in Fig. 2a and Fig. 2b,
the indirect illumination corrupts the signal received at a given
pixel of the camera and prevents proper decoding. Next, we
will analyze how this effect occurs in phase-shift, which is the
common basis of most previous works on this subject.

B. Phase Shift and Interreflections

In the well-known phase shift method, sinusoidal patterns
are projected on a scene and observed using a camera with a
different point of view. If M patterns that are successively
phase-shifted by 2π/M are projected, then the intensities
observed by the camera at a pixel v can be expressed as:

Im(v) = A(v) +B(v) cos(2πfc− θm) + ℵ(v) (1)

where Im is the intensity observed for the mth pattern, A is
the background intensity, B is the amplitude of the observed
cosine, θm = 2π(m−1)/M is the phase offset of the projected
pattern, f is the fixed frequency of the projected patterns, c
is the projector column associated with camera pixel v and
ℵ(v) is the noise at camera pixel v. This projector column is
determined after solving a system of equations followed by
a phase unwrapping step ( [30]). The 3D coordinates of the
surface points can then be computed by making use of a prior
calibration of the geometry of the system.

However, the phase shift method requires that for each
camera pixel v, the light from only one projector column
contributes to intensity Im(v) as illustrated in Fig. 2a and
Fig. 2b. Otherwise, the observed intensities recorded at camera
pixel v would be a cosine with a phase determined by the
superposition of the individual contributions of the different
projector columns participating in the illumination of the
scene point imaged at pixel v. For instance, let’s consider
the case in Fig. 2b and Fig. 2d where point Q receives a
direct illumination originating from projector column c∗ and
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Fig. 2. 3D shape measurement. (a-b) Point Q imaged at camera pixel v is illuminated by only one light beam L∗ coming from the projector column c∗. L∗
is the direct illumination of point Q. (c-d) Point Q receives a direct illumination L∗ and an indirect illumination Lk . Lk comes from the projector column
ck and reaches point Q after a reflection at point Qr .

an indirect illumination originating from projector column ck.
The observed intensity Im is written as:

Im = A+B∗ cos(2πfc∗−θm)+Bk cos(2πfck−θm)+ℵ (2)

where B∗ and Bk are the amplitude related to the direct
and indirect illuminations respectively. By applying simple
trigonometric identities to (2), one can reorganize the terms
to obtain:

Im =A+ cos(θm) [B∗ cos(2πfc∗) +Bk cos(2πfck)] +

sin(θm) [B∗ sin(2πfc∗) +Bk sin(2πfck)] + ℵ
,

(3)

which highlights why acquiring images for multiple phase
offsets θm does not allow to linearly separate the contributions
from c∗ and ck.

C. Baseline Frequency Shift Method Formulation

Since it is impossible to separate the contributions of the
direct and indirect illumination in the measured intensity by
varying the phase offset, we propose instead to vary the fre-
quencies, generate and project the frequency-shifted patterns
Pm given by:

Pm(c) = PA + PB cos(2πfmc), (4)

where PA and PB are constants. The spatial frequencies
(unit:(projector pixel)−1) fm(m = 1, 2, . . . ,M) are given
by:

fm = f1 + (m− 1)∆f (5)

where f1 is the minimal frequency and ∆f is the frequency
step size, which is determined as explained in Section III-D1.

The intensity Im(v) measured at camera pixel v for the mth

pattern is:

Im(v) = Am,∗(v) +Bm,∗(v) cos(2πfmc∗)+
k=K∑
k=1

(
Am,k(v) +Bm,k(v) cos(2πfmck)

)
+ ℵ(v) (6)

where index ∗ refers to the direct illumination and index
k refers to the components of the indirect illumination.
Equation 6 explicitly takes in account the dependence of
background intensity A and amplitude B with respect to the
frequency (index m) and projector columns (indices ∗ and k).
These dependencies are discussed in [16]. The first two terms

f

f Discrete Fourier 

transform

c

c

AmpI c

f1 fM  

Fig. 3. Discrete Fourier Transform. The projected patterns mimic the uniform
sampling in the f -domain. The DFT gives the representation in the c-domain.
The peaks correspond to the projector columns responsible for the illumination
(direct and indirect) of the scene point. The sampling step ∆f and the
sampling interval [f1, fM ] determine the step size ∆c. ∆c must be as
small as possible to make the peaks clearly identifiable, particularly when
the separation distance δc between them is small.

in (6) are due to the direct illumination provided by projector
column c∗. They constitute intensity Id resulting from the
direct illumination L∗. The summation in the third term of (6)
combines the components of the indirect illumination caused
by the K projector columns ck, (k = 1, 2, · · · ,K). They
constitute intensity Iid resulting from the indirect illumination
Lk. The relative contributions of the noise ℵ and the intensities
Id and Iid lead to the following situations for the localization
of a point Q through triangulation:
• If Id � Iid + ℵ, point Q can be triangulated using

conventional methods.
• If Id ≤ ℵ, point Q cannot be triangulated because it is

not illuminated, it is illuminated with a low power light,
or it has a very low reflectance.

• If Id > ℵ, Iid > ℵ, and Id and Iid are comparable, it is
difficult or impossible to triangulate point Q using phase-
shift based methods; our method is a good alternative.

Intensity vector I(v) = [I1(v), I2(v), . . . , IM (v)] is a discrete
intensity signal measured at camera pixel v after sampling a
continuous intensity signal with respect to the variable f with
a sampling step ∆f satisfying the Shannon-Nyquist theorem
(Section III-D1). We will refer to this sampling space as the
f -domain. The DFT of I(v) gives us its representation in the
domain of the projector columns, which we will refer to as
the c-domain.

D. Discrete Fourier Transform

Figure 3 illustrates the representations of a signal in the f -
domain and in the c-domain for a typical example with light
coming from two projector columns. The discrete intensity
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Fig. 4. Interreflections in the c-domain. (a) A photograph of the scene (Mi:
mirror, PlS: planar surface, AF : crumpled aluminum foil). (b) The scene
captured with the structured light system. In addition to direct illumination,
the planar surface also receives indirect illumination coming from the mirror
(IMi) or the aluminum foil (IAF ). (c) We analyze interreflections along
the blue line. Pixels (D for example) along segments Q1 and Q2 receive
only direct illumination. Pixels (iD for example) along segments P1 and P2

receive both direct and indirect illuminations. (d) DFT magnitude for pixel
D (green color) shows only one peak; two peaks exist for pixel iD (yellow
color). (e) Each column stores the DFT magnitude of a pixel on the blue
line in (c). For example, the green and yellow dotted line columns store the
DFT magnitude of pixels D and iD respectively. There are no interreflections
along segments Q1 and Q2: a unique line of peaks is found between these
points. Interreflections are present along segments P1 and P2: two lines of
peaks are present, one is related to direct illumination and the other is related
to indirect illumination. The direct illumination for pixels of the continuous
blue line in (c) is caused by the projector columns forming the continuous
line in (e).

signal I(v) = [I1(v), I2(v), . . . , IM (v)] uniformly sampled
with step ∆f in the f -domain is shown on the left. Magnitude
of its DFT (c-domain) is shown on the right. In the case of
interreflections, the reconstructed signals in the c-domain are
typically comprised of a certain number of peaks, which can be
localized at sub-pixel precision using a peak detection method
(please refer to [31] and [32] for the performance of the main
sub-pixel peak detectors). Thus, peak detection is performed
to establish the correspondences v ↔ Vv between pixel v
and the group of projector columns Vv = {c∗, c1, c2, . . . , cK}
participating (directly or indirectly) to the illumination of the
point imaged at camera pixel v. Each of these correspondences
can be transformed in a 3D point by making use of the
geometrical calibration of the camera-projector pair under the
epipolar constraint. However, only the projector column (peak)
c∗ generates the projector plane that intersects at the actual
scene point with the camera ray passing by pixel v. None of
the projector planes generated by projector columns (peaks) ck
will pass by the actual scene point; fictitious 3D points will be
obtained for these peaks. These fictitious 3D points represent
the intersection between the camera ray passing by v and the
projector plane generated by each projector columns ck.

A qualitative assessment of interreflections can be carried
out in the c-domain as illustrated in Fig. 4. Figure 4a shows
a photograph taken from a stand-alone camera for illustrative
purposes of the considered scene, which is composed of a
planar surface (PlS), a mirror (Mi) and a crumpled aluminum
foil (AF). When a white pattern (all projector columns turned
on) is projected on the scene, Fig. 4b depicts its monochrome
image captured by the camera of the structured light system.

Obviously, the planar surface is directly illuminated by the
projector. However, some of its regions are also receiving
indirect light coming from the mirror (region IMi) or the
aluminum foil (region IAF). We illustrate interreflections in
the c-domain along the row materialized by the blue line
in Fig. 4c. Pixel D and segments Q1 and Q2 receive only
direct illumination, whereas pixel iD and segments P1 and
P2 receive both direct and indirect illuminations. The DFT
magnitude of intensity signals measured at pixel D and iD
are represented in Fig. 4d. Only one peak is found for pixel
D; this peak is related to the direct illumination. Two peaks
exist in the DFT magnitude of pixel iD; one of them is
related to the direct illumination, and the other is related to
the indirect illumination. Figure 4e represents the map of the
DFT magnitude along the blue line in Fig. 4c. Each column
in Fig. 4e stores the DFT magnitude of a pixel on the blue
line in Fig. 4c. For example the DFT magnitude for pixel D
(Fig. 4d) is stored in the column represented by the green dot
line in Fig. 4e. Similarly, the DFT magnitude for pixel iD is
stored in the column represented by the yellow dot line. There
are no interreflections along segments Q1 and Q2. In this case,
the peaks in the c-domain form a unique line (see Q1 and Q2

in Fig. 4e) which suggests that the 3D points corresponding
to pixels belonging to these segments receive only direct
illumination. Strong interreflections produced by the mirror
are present along segment P1. The crumpled metallic foil
causes interreflections along segment P2. In both cases, the
line formed by the peaks related to the direct illumination
is still present. Interreflections due to the mirror appear as
a separate continuous line beside the one caused by direct
illumination (see P1 in Fig. 4e). Interreflections due to the
crumpled aluminum foil appear as an irregular structure beside
the line caused by direct illumination (see P2 in Fig. 4e). Peaks
related to the direct illumination received by the (continuous)
planar surface form a continuous line in the DFT map in
Fig. 4e. We leverage this fact and use a surface continuity
constraint to separate peaks related to interreflections from
the peak related to the direct illumination (more details in
Section III-E).

Accuracy in determining the peaks position depends primar-
ily on the step size ∆c in the c-domain. This step size depends
on the sampling step ∆f and the sampling interval [f1, fM ]
in the f -domain, which can be chosen at acquisition time.

1) Sampling step ∆f : In the f -domain, the sampling step
∆f must satisfy the Shannon-Nyquist sampling theorem in
relation to the capability of the projector. This theorem states
that the sampling rate 1/∆f must be at least equal to twice the
highest changing rate in the signal. For a projector with cmax

columns, the highest possible changing rate in the frequency-
dependent intensity (4) is cmax. Therefore, the minimal sam-
pling rate, i.e. the so-called Nyquist rate, is 2cmax. This yields
the following sampling step:

∆f ≤ 1

2cmax
. (7)

2) Sampling interval [f1, fM ], number of patterns M and
step size ∆c: The sampling interval [f1, fM ] of width fw =
fM−f1 can also be used to express the sampling step as ∆f =
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fw/(M − 1), which together with (7) yields the following
number of patterns:

M = 1 + 2fwc
max (8)

In theory, the minimum pattern frequency, i.e. the frequency
of a white pattern, is zero (infinite period). Likewise, the
minimum sampling step is 1 pixel along the projector col-
umn axis. According to the sampling theorem, this minimum
sampling step leads to a minimum period of 2 pixels, that
is, a maximum pattern frequency of 0.5 pixel−1. In practice
however, one can choose the minimum pattern frequency as
f1 = 1/cmax and the maximum pattern frequency fM depends
on the projection system used. Specifically, the maximum
frequency is influenced by the modulation transfer function
of the projector and the limited capacity of a digital projector
to approximate high frequency sinusoidal signals. Indeed, for a
given system, fM should be the frequency above which, due to
the blurring effect of the projection optics, the contrast in the
projected patterns is lost. In general, the maximum frequency
is less than the expected theoretical value (fM ≤ 0.5) and can
be determined empirically ( [8]).

One important quantity to consider when performing any
acquisition is the step size ∆c between points in the c-domain,
which can be computed as follows:

∆c =
1

M∆f
=

2cmax

M
. (9)

For a given acquisition, ∆c must be sufficiently small to
separate adjacent peaks (whose positions are recorded in Vv).
If the minimal spacing between these peaks, and thus between
projector columns in Vv , is δc, we need a step size ∆c ≤ δc/2
(Fig. 3).

E. Identification of the direct illumination using the surface
continuity constraint

Let’s remind that triangulation is performed using the cor-
respondence v ↔ c between camera pixel v and projector
column c ∈ [1; cmax]. In the presence of interreflections, we
have more than one correspondence per pixel; one of them
produces the real 3D point and the other produce fictitious 3D
points. Since the surface to be scanned is (almost) continuous,
our hypothesis is that only the real 3D points will have
a strong constraint of continuity with their neighbors. This
means that, locally, among neighbor pixels, real 3D points
will be sufficiently close to each other, so that globally, they
will form the actual surface. The surface continuity constraint
is used to choose the most likely candidate 3D point (i.e., the
one having a strong constraint of continuity in its vicinity), and
not attempting to recover a smoother surface from a combi-
nation of measurements (i.e. filtering). The surface continuity
constraint is applied on the entire 3D point cloud formed by
both real and fictitious 3D points with the aim of extracting the
surface formed by the real 3D points ( we have only one real
3D point per pixel since we are assuming opaque surfaces).
Simply said, as we have more than one 3D point (real and
fictitious) per pixel, applying the surface continuity constraint

is equivalent of sorting the entire 3D point cloud to only keep
the most likely 3D point at each pixel.

In order to associate the camera pixels with the projector
columns responsible for the direct illumination, we define the
set of camera pixels P . A configuration g associates a projector
column to every camera pixel in P by selecting a peak in Vv
for all camera pixels. We make the assumption that the point
cloud that would be formed using only the projector columns
responsible for the direct illumination will be the one with the
fewest depth discontinuities: we formulate the problem as an
energy minimization defined as:

E(g) =
∑
v∈P
−Ic(v, g(v))) +

∑
v∈P

∑
u∈Nv

s(v, u, g(v), g(u))

(10)
where Nv is a neighborhood of pixel v and Ic is the peak
amplitudes corresponding to projector columns in Vv . Many
minimization methods can be used ( [33]). In this work, we
choose the Semi-global method ( [34]) for which real-time
implementations are available (see [35]–[37]). The smoothing
term is:

s(v, u, g(v), g(u)) = βmax(0, D(v, u, g(v), g(u))− ε) (11)

where D(v, u, g(v), g(u)) is the Euclidian distance between
the 3D points represented by the pairs (v, g(v)) and (u, g(u))
when using the subpixel peak detection. The parameter β and ε
are selected to ensure that the distance between two 3D points
is not penalized when it is within the discrimination power of
the system.

We denote g∗ as the configuration that minimized Equa-
tion 10. It associates the camera pixels to the projector columns
responsible for the direct illumination which is determined as
follows:

Id(v) = Ic(v, g∗(v)) . (12)

Similarly, the indirect illumination Iid(v) is defined as

Iid(v) =
∑

k∈Vv and k 6=g?(v)

Ic(v, k) . (13)

To formulate the surface continuity constraint, we assumed
that 3D points of the actual scene find a strong constraint of
continuity in their vicinity, so that the level of continuity is
higher for the actual scene than the fictitious scene. However,
it is worth noting that if the fictitious scene has a similar level
of continuity as the actual scene, the result obtained by the
surface continuity constraint formulated here could be either
the actual scene, the fictitious scene, or a combination of the
two. This case is not discussed in the paper but can be tackled
by reconfiguring the energy (10) and smoothing term (11).

F. Acquisition and processing steps of BFSM

These steps are followed to record data:
(1) Determine the sampling step ∆f using (7).
(2) Compute the number of sample M using (8).
(3) Generate the patterns using (4).
(4) Project the patterns and record the fringe images.
These steps are followed to process the recorded data:
• For each pixel
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(a) Compute the DFT magnitude of the intensity signal I(v).
(b) Form the vector of projector column positions c =

[0,∆c, 2∆c, . . . , (M/2)∆c].
(c) Locate all the K peaks present and form Vv .
(d) Compute a 3D point for each correspondence v ↔ Vvi ,

i = 1, 2, . . . ,K.
• There are K ≥ 1 3D points associated to each camera

pixel. Only one of them originates from direct illumina-
tion and must be identified.

(e) Use a surface continuity hypothesis (Section III-E) to
associate each pixel to only one 3D point. These selected
3D points represent the real surface.

IV. ENCODED FREQUENCY SHIFT METHOD

In this section, we present the Encoded Frequency Shift
Method (EFSM) developed to combine the capacity of BFSM
to handle interreflections and the need to reduce the number of
patterns in many practical applications. In BFSM, the number
of patterns is proportional to the number of projector columns
cmax. In contrast, EFSM is designed to use a number of
patterns that can be selected based on the characteristics of
the scene (such as its size, shape, and indirect light transport
properties).

A. Coding strategy

We reduce the number of patterns by slightly changing the
way they are generated. Instead of generating patterns defined
over the whole range of columns of the projector [1, cmax],
we split this range into NB =

⌈
cmax/cB

⌉
independent blocks

[1, cB ] (where d·e denotes the ceiling operator that returns the
smallest integer greater or equal to the parameter). By doing
so, we reduce the number of required patterns by a factor of up
to NB . The block width cB < cmax must be an even number
to also allow the projection of patterns shifted by cB/2, as
discussed further below. In the particular case where cB =
cmax, EFSM and BFSM are identical. We therefore project
the following patterns:

Pm̃(c) = PA + PB cos
(
2πfm̃c̃

)
(14)

with
c̃ = mod

(
c, cB

)
where mod (·) is the modulo operator and m̃ =

1, 2, . . . , M̃ . The sampling step ∆̃f , which is used to define
the different projected patterns, and the step size ∆c̃ between
points in the c̃-domain are obtained by replacing cmax by cB
and M by M̃ in (7) and (9). Figure 5 illustrates intensity
patterns with two different frequencies generated in BFSM
(using (4)) and EFSM (using (14)) respectively.

We also project NB binary patterns that are used to find out
which blocks contribute to the DFT peaks at each camera pixel
v. For the ith binary pattern, all projector columns are turned
off except those belonging to the ith block. The terms ”binary
patterns” refer only to the fact that there are two intensity
levels in the patterns, and not to a specific binary encoding
schemes (Gray codes, for instance). Our binary patterns should

BFSM EFSM

Fig. 5. Intensity patterns recorded by the camera on a planar surface when a
low frequency pattern (first row) and a high frequency pattern (second row) are
projected. Third row: intensity profile along the red line on the low frequency
intensity pattern.

(a) (b)

Fig. 6. Some intensity patterns recorded by the camera on a planar surface
in EFSM for cB = 32. (a): Frequency shifted patterns. (b) Binary patterns.

be understood more as mask patterns than as coding patterns.
Figure 6 shows the patterns for cB = 32.

Note that, in EFSM, it is very likely that the intensity
patterns will be discontinuous at the border between adjacent
blocks. This presents a challenge for regions illuminated by
projector columns located at the edge of a block. The discon-
tinuity could generate an error on the peak position during
the decoding and lead to inaccurate results. To avoid that, we
project two groups of patterns with similar frequency shifted
patterns and binary patterns with block width cB (Fig. 6).
The second group differs from the first by having its patterns
shifted by cB/2 (which is the reason why cB must be an
even number) as illustrated in Fig. 7a. Since block edges are
at different locations for the two groups of patterns, errors
expected at the borders in one group of patterns is avoided by
looking at the results obtained with the other group of patterns.

Here are the data acquisition steps for each group:
(1) Use the block width cB to determine the sampling step

∆̃f .
(2) Define the sampling interval [f1, fM̃ ].
(3) Generate the patterns using (14).
(4) Generate the binary patterns.
(5) Project the patterns and record the fringe images and the

binary images.

B. Decoding strategy

We consider the first group of patterns in EFSM. The signal
Im̃(v) measured at pixel v for the m̃th pattern from (14) is
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=
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(b)

Fig. 7. Discontinuity at the borders of adjacent blocks. (a) Illustration for
cmax = 40 and cB = 16. Two groups of patterns are projected. In the
second group, the projector column indices are shifted by cB/2. The borders
in group 1 (middle) falls inside a block in group 2 (top) and reversely. (b)
Parameter cg is the border width. In the decoding step, all peaks belonging to
a border are skipped. For cg = 0, 3D points at the borders are not accurate.
For cg = cB/4 these points are avoided and an accurate result is obtained.

given by:

Im̃(v) = Am̃,∗(v) +Bm̃,∗(v) cos
(
2πfm̃c̃∗

)
+

k=K∑
k=1

(
Am̃,k(v) +Bm̃,k(v) cos

(
2πfm̃c̃k

))
+ ℵ(v) . (15)

Performing the DFT on this signal allows to establish the
correspondences v ↔ Ṽ1v between camera pixel v and Ṽ1v ,
the set of peak positions obtained in the c̃-domain, and defined
as:

Ṽ1v = {c̃∗, c̃1, c̃2, . . . , c̃K} (16)

In (16), each projector columns c̃ belongs to interval [1, cB ].
Due to the signal discontinuity at the border of adjacent blocks,
The value(s) c̃ determined for the pixels at the borders of
adjacent blocks are prone to error. As illustrated in Fig. 7a,
a border in one group of pattern falls inside a block in the
other group, so that an accurate peak is always provided by
one of the two groups. Parameter cg ∈]0, cB/4] is the width
of the border. Any peak belonging to a border is considered as
being not accurate and it is not kept. Thus we further reduce
the size of Ṽ1v by only keeping its elements belonging to
interval [cg, cB − cg]. Therefore, Ṽ1v has K̃ ≤ K elements.
Figure 7b outlines the role of cg with a planar scene. For
cg = 0, 3D points are subject to errors at the border of adjacent
blocks. For cg ∈]0, cB/4], peaks (and thus 3D points) at the
borders are avoided in each group, making the final result more
accurate. We remind that, in order to triangulate a scene point,
we use the correspondence v ↔ c between camera pixel v
and projector columns c ∈ [1; cmax]. While in BFSM, at each
pixel v, c ∈ V1v is directly determined as a peak position in
the c-domain, it is not the case in EFSM where c̃ ∈ Ṽ1v is
determined with an ambiguity of modulo cB . Binary patterns
are used to solve this ambiguity and determine V1v from Ṽ1v .

1) Recovering Vv from Ṽv using the binary patterns:
We define Imin, the noise level, as the intensity measured
when the projector is turned off. The binary patterns are used
independently of each other. In each pattern, only the columns
of the same block are turned on. The index of the pattern is
identical to the index of the underlying block, which is the
ambiguity order. A 3D point is illuminated by a binary pattern
if a projector column responsible for the direct or indirect
illumination of that point belongs to the block turned-on in
the binary pattern. When the 3D point is illuminated (directly
and/or indirectly) by a binary pattern, its corresponding pixel
intensity is greater than the noise level intensity Imin.

In the binary sequence Ib(v) = [Ib1 (v), Ib2 (v), . . . ,
IbNB (v)] at pixel v, we keep the α indices βj , (j =
1, 2, · · · , α) corresponding to the elements of Ib(v) greater
than Imin. Each of these indices correspond to a block
illuminating the scene point. They form B1v as follows:

B1v = {β1, β2, . . . , βα} . (17)

Equation 17 means that projector columns illuminating the
scene point are distributed among α blocks. Therefore, we
determine V1v by performing all possible combinations be-
tween the K̃ elements of Ṽ1v and the α elements of B1v . V1v
takes the following form:

V1v = {c1,1, c1,2, . . . , c1,α, . . . , cK̃,1, . . . , cK̃,α} (18)

where ci,j (i = 1, 2, . . . , K̃; j = 1, 2, . . . , α) is given by:

ci,j = c̃i + (βj − 1)cB . (19)

We proceed in the same way for the second group of
patterns, except that we use the following equation instead
of (19):

ci,j = c̃i + (βj − 1/2)cB . (20)

For the first group of patterns in EFSM, (19) produces all
possible combinations between the K̃ elements of Ṽ1v and the
α elements of B1v . Equation 20 produces similar combinations
for the second group. Among all combinations obtained, only
one is related to the projector column c∗ responsible for the
direct illumination. This combination provides the actual 3D
point by triangulation. We are not interested by the fictitious
3D points obtained with other combinations. Note that most
of these fictitious 3D points do not have a physical meaning
(z-value greater than the depth of field, negative z-value,
infinite z-value, etc.). In fact, as illustrated in Section V, two
groups of surfaces are formed by the 3D points obtained using
the combinations of both groups. The first group of surfaces
represents the actual scene, and the second group of surfaces
forms a fictitious scene. The surface continuity constraint is
used to extract the actual scene and implicitly determine the
projector column c∗ responsible for the direct illumination
(Section III-E).

Binary patterns are used to disambiguate c̃ and obtain c
much like phase unwrapping in phase-shift-based methods.
We think that traditional phase unwrapping methods can suc-
cessfully be used in EFSM for scenes with no interreflections
with cB as modulo instead of 2π. However, they are prone to
error in the presence of interreflections. The binary patterns
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used in the proposed methods make the disambiguation sim-
ple, errorless, straightforward and robust. The correspondence
v ↔ c used for triangulation is obtained in one step —DFT
(frequency-shifted patterns)— in BFSM (v ↔ c), and in two
steps —DFT (frequency-shifted patterns) + disambiguation
(binary patterns)— in EFSM (v ↔ c̃→ c).

Here are the decoding steps in EFSM:
• For each group of data and for each pixel

(a) Compute the magnitude of the DFT of the measured
signal and locate all the K̃ peaks in [cg, cB − cg].

(b) Form Ṽv , the set of peak positions.
(c) Use the binary signal to form the set of block number
Bv .

(d) Build Vv using (18) and (19) (or (20)).
(e) Compute a 3D point for each correspondence v ↔ Vvi ,

i = 1, 2, . . . , αK̃.
• There are αK̃ ≥ 1 3D points for each camera pixel.

(f) Use a surface continuity hypothesis (Section III-E) to
associate each pixel to only one 3D point.

The coding and decoding strategies provided here constitute
the general and complete formulation for EFSM. In practice,
the number of groups to be used, and thus the number of
images, can be adjusted from scene to scene as will be
explained in Section VII. EFSM requires a minimum of
(1 + 2fwcB +

⌈
cmax/cB

⌉
) images if one group is utilized,

or 2(1 + 2fwcB +
⌈
cmax/cB

⌉
) patterns if the two groups are

utilized.

C. Errors induced by the limited DFT resolution

We recall that two projector columns c̃1 and c̃2 illuminating
a scene point Q can be determined with high accuracy only if
the spacing δc̃ = |c̃1 − c̃2| > 2∆c̃, where ∆c̃ is the step size
in the c̃-domain after performing the DFT. Failing to meet this
condition leads to unwanted errors in the 3D reconstruction.
It is more likely to encounter cases where this condition is
not met when the block width cB is small. Indeed, reducing
the number of patterns results in a DFT covering a shorter
range of projector columns (if no resolution is sacrificed),
but the information contained in all the different blocks is
aliased within that shorter range. Since the minimum spacing
δc depends on the content in the scene, a preferred strategy
is to start with a small value for cB and to increase it until
an artifact-free 3D reconstruction is obtained. Compared to
BFSM, EFSM balances the number of points in the DFT
to adapt itself to capture a scene with a smaller number of
images.

V. ILLUSTRATION OF THE FREQUENCY SHIFT METHODS

In this section, we illustrate the proposed methods with the
example in Fig. 8. The scene is a mannequin submitted to
a strong indirect illumination caused by a mirror (Fig. 8o).
Figure 8a-c are the fringe images captured by the camera
for a pattern frequency f = 0.25 in BFSM, EFSM1 (first
group of patterns) and EFSM2 (second group of patterns)
respectively. Point Qd receives a direct illumination only and
point Qid receives both direct and indirect illuminations. One
can observe (Fig. 8b-c) the transition between adjacent blocks

(clearly visible around Qd) as well as the shift of cB/2
(cB = 32) between both groups. Figure 8d is captured when
all projector columns are turned on. Figure 8e is the binary
image captured in EFSM1 when the block illuminating point
Qd is turned on, while Fig. 8f is captured in EFSM2 when one
of the blocks illuminating point Qid is turned on. Figures 8g-i
show intensity signals in the f -domain for points Qd (top, in
blue) and Qid (bottom, in red) in BFSM, EFSM1 and EFSM2.

Figure 8j and Figs. 8k-l show their representations in the
c-domain and in the c̃-domain after performing the DFT.
The number and position of the peaks correspond to the
number and subpixel value of projector columns illuminating
the scene points. A single peak is present for point Qd,
meaning that it is illuminated by only one projector column:
Vv = {694.9} in BFSM, Ṽ1v = {22.9} in EFSM1 and
Ṽ2v = {6.9} in EFSM2. Two peaks appear for point Qid; it
is illuminated by two projector columns, one is responsible
for the direct illumination and the other is responsible for
the indirect illumination. We have Vv = {539.4, 658.7},
Ṽ1v = {18.7, 27.4} and Ṽ2v = {2.8, 11.4}. Figure 8m shows
the binary sequence at points Qd (top) and Qid (bottom) in
EFSM1. Figure 8n shows the binary sequence in EFSM2. In
each binary sequence, we keep all indices β where intensity is
greater than the noise level. These indices correspond to the
blocks illuminating the scene points. We have B1v = {22}
and B2v = {22} for point Qd; it is illuminated by a pro-
jector column belonging to the 22th block in both groups.
Projector columns illuminating point Qid belong to the 17th

and 21th blocks in both groups; we have B1v = {17, 21} and
B2v = {17, 21}. For group 1, (19) is used; one can verify
that for Qd, c1,1 = 694.9 = 22.9 + 32(22 − 1) and for Qid,
c1,1 = 658.7 = 18.7 + 32(21− 1), c1,2 = 530.7, c2,1 = 667.4
and c2,2 = 539.4 = 27.4 + 32(16 − 1). For group 2, (20) is
used; for Qd we have c1,1 = 694.9 = 6.9+32(22−0.5) and for
Qid we have c1,1 = 658.7 ' 2.8+32(21−0.5), c1,2 = 530.8,
c2,1 = 667.4 and c2,2 = 539.4 = 11.4 + 32(17 − 0.5).
Underlined numbers are also obtained with BFSM.

VI. SENSITIVITY ANALYSIS OF THE FREQUENCY SHIFT
METHODS

In this section, we evaluate the uncertainty associated with
3D points measured using the proposed Frequency Shift Meth-
ods. The main factors influencing the accuracy achieved by a
typical fringe projection system in a camera-projector configu-
ration are [38]: gamma nonlinearity, lens defocusing, intensity
noise, and the coding/decoding strategy utilized. They lead
to either systematic error or random error on 3D coordinates
obtained. Errors caused by gamma nonlinearity can be avoided
by using industrial-grade cameras and projectors, which are
mostly linear, or by prior calibration of the gamma nonlinear-
ity. Lens defocusing typically attenuates the amplitude of the
projected patterns. In BFSM and EFSM, sinusoidal patterns
are used; lens defocusing causes the measured intensities (6)
and (15) to be a sum of exponentially damped sine waves,
but does not change the ”frequency” content of these signals
(see Figure 8g-i) [8]. Therefore, we can assume that in FSMs,
the error introduced by lens defocusing can be neglected [38].
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Fig. 8. Decoding with a scene containing strong interreflections due to a mirror (o). The block size is cB = 32 in EFSM1 (group 1) and EFSM2 (group 2).
(a-c) Images captured for frequency f = 0.25. Point Qd receives only a direct illumination. Point Qid receives direct and indirect illuminations. (d) Scene
captured when all projector columns are turned on. Binary images captured: (e) in EFSM1 when Qd is illuminated and (f) in EFSM2 when Qid is illuminated.
(g-i) Intensity signals in the f -domain for points Qd (top, in blue) and Qid (bottom, in red). Corresponding DFT in the c-domain (j) and c̃-domain (k-l).
(p) 3D point cloud obtained with the highest peaks. Due to interreflections some points are missing on the right of the mannequin’s face. (q) 3D point cloud
obtained with the second highest peaks. (r) 3D point cloud obtained with all the peaks (in this case the two first highest peaks). Two groups of surfaces exist.
The first group of surfaces forms the real object; the second group of surface forms a fictitious object. Surface continuity is stronger on the real object than
on the fictitious object. (s) Result obtained after applying a surface continuity hypothesis.

Intensity noise sources include projector illumination noise,
camera noise, camera/projector flicker, quantization error in
camera and projector, and unstable ambient light [38]. In the
remainder, we assume that intensity noise ℵ (see (6) and (15))
is random and follows a Gaussian distribution with zero mean
and variance σ2. We remind that coding/decoding strategies
developed for fringe projection systems, aim to establish the
correspondence between camera pixels and projector pixels
(columns). Thus, the metrological performance obtained with
a given coding/decoding strategy is mainly linked to the
precision in establishing camera-projector correspondences in
the presence of intensity noise.

By applying the GUM procedure [39], the evaluation
of uncertainty in Frequency Shift Method is performed
in three steps. First, considering intensity vector I(v) =
[I1(v), I2(v), . . .] whose elements are corrupted by Gaussian
noise ℵ(v) with variance σ2, we perform the propagation of
uncertainty while computing the DFT; second, we evaluate the
uncertainty associated with the subpixel peak detector; third,
the geometric calibration of the camera-projector pair makes
it possible to determine the uncertainty on the calculated 3D
coordinates.

Propagation of uncertainty in DFT: the DFT magnitude
F (v) = [F1(v), F2(v), . . .] of a M -vector I(v) corrupted by
a zero mean Gaussian noise of variance σ2, is an M/2-vector
whose last (M/2− 1) elements are each determined with the
following variance [40]:

σ2
DFT =

σ2

2M
(21)

Equation 21 shows that the uncertainty on the DFT is
inversely proportional to the number of patterns, increases with
intensity noise, and is independent of the pattern frequencies.

Uncertainty of the subpixel peak detector: we locate a peak
in the DFT magnitude with the coordinates (p, F ). Without
loss of generality, we use a Gaussian peak detector. The
subpixel position c is determined by fitting a Gaussian function
to three points: the peak (p, F ), its first neighbor on the left
(p −∆c, Fl), and its first neighbor on the right (p + ∆c, Fr)
[31]. The step size ∆c is given by (9). The variance σ2

c is
then:

σ2
c = (2∆c)2

(
1
Fl

log Fr

F

)2
+
(

1
Fr

log F
Fl

)2
+
(
1
F log Fl

Fr

)2(
log Fl

F + log Fr

F

)4 σ2
DFT

(22)
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Equation 22 shows that the error on c increases with the step
size ∆c (see discussion in Section VIII-D).

Uncertainty on 3D coordinates: for sake of simplicity, we
assume that the geometric calibration of the camera-projector
pair is perfect, and that there is no lens distortion in both
devices. We also assume that the world coordinate system of
the camera coincides with the world coordinate system. The
covariance matrix S associated with a 3D point is given by
(please see [30] for more details)

S = C
s2σ2

c

d2
(23)

where s and d are the intrinsic parameters of the projector.
The elements of the 3× 3 matrix C are nonlinear functions of
the projector column c, the extrinsic and intrinsic parameters
of the projector, and the intrinsic parameters of the camera
[30].

VII. EXPERIMENTAL RESULTS

For our experiments, we used the HR2000 camera from
Emergent Vision Technologies configured to capture 10 bits
grayscale images at a resolution of 1920× 988. The projector
used a 1024× 768 DMD with the optics modified to integrate
a cylindrical lens as described in [16]. The fringe projection
system had a baseline of 800mm, a standoff distance of
2000mm and a measurement range of 1500mm respectively.
We provide the results obtained with Phase Shift (PS)( [30]),
Micro Phase Shifting (MPS)( [15]) using a continuous coding
strategy, Code Ensemble (CE)( [19]) using a binary coding
strategy and our Frequency Shift Methods (BFSM and EFSM)
both based on DFT. Two reasons justify the choice of MPS
and CE to compare our results: first, their performance is
well documented (see [41]); second, the authors’ original
implementation was available. We used 13 images (6 phase
offsets + 7 Gray codes) for PS. For MPS, the group ′′16−15′′

of 17 images was used, while 80 images were used in CE. The
following parameters were used for BFSM: cmax = 768 (to
match the projector), fmin = 1/768, fmax = 1/2. This gives
768 images. In EFSM, we used the same frequency range but
cB and the number of groups used were different from scene
to scene. The number of images ranged between 76 images
(cB = 64; group 1) and 152 (cB = 64; group 1 and 2).

A. Qualitative evaluation

Figure 10 presents the results obtained on different scenes
containing interreflections. The 3 metallic planes, the Glazed
ceramic bowl, the Metallic part and the V-panel are some
typical scenes containing low/strong and/or diffuse interreflec-
tions which are used in the state-of-the-art methods. The other
scenes contain strong interreflections produced by a mirror.
The first row shows an object with 3 metallic planes having
interreflections between all sides, particularly at the corners.
PS fails because of the limitation explained in Section III-B.
In CE, none of the four groups of binary pattern codes ( [19])
is optimized to deal with strong interreflections present on
this object. The poor performance of MPS can be explained
by the fact that the frequencies used are not sufficiently high

and/or by the phase unwrapping errors. BFSM and EFSM
provide good results as shown in the cross section. Here we
only used the group 1 in EFSM with block size cB = 64
and 76 images. The second row in Fig. 10 shows a glazed
ceramic bowl exhibiting strong interreflections in its concavity.
Here again, both our methods outperform the others. Note
that EFSM now uses patterns of group 1 with cB = 128 and
134 images to avoid errors due to the limited DFT resolution
(see Section IV-C). The industrial metallic part in the third
row in Fig. 10 has very weak interreflections in most of its
corners except in its left corner where strong interreflections
occur. All methods are able to reconstruct regions with weak
interreflections, but only BFSM and EFSM can reconstruct the
corner with strong interreflections. The smoothness observed
in BFSM and EFSM originates from the averaging effect that
comes with the number of images required by DFT. Note
however that increasing the number of images in PS will not
bring any improvement to the results. Similarly, increasing the
number of frequencies (if it is possible to do so) in MPS will
not necessarily improve the results because nothing guarantees
that its working hypothesis (the amplitude B must not depend
on the frequency) will be satisfied. The fourth row in Fig. 10
presents results obtained with a V-panel inside which a disco
ball is placed to provide additional indirect illumination. As
in other scenes, PS provides the worst reconstruction. CE
and MPS almost achieve a good reconstruction except that
they cannot mitigate interreflection artefacts caused by the
disco ball. On the contrary, BFSM and EFSM achieve the
best results. In the last four scenes, a mirror was used to add
a strong indirect illumination to objects with various shapes
including a plastic horse, a plastic house, a mannequin’s head
and a polished white marble plate. Results show that PS, CE
and MPS fail to manage the presence of strong interreflections.
On the other hand, BFSM and EFSM succeed in reconstructing
the surfaces.

It is worth noting that concave edges are present in the
3 metallic planes, V-panel and Metallic part scenes. Con-
vex edges are present in the following scenes: house, 3
metallic planes and Metallic part. In all cases the surface
continuity constraint allows shape recovery. For real sharp
edges, performance of the surface continuity constraint will
directly be related to occlusion and camera resolution. If the
surfaces forming the edge are not occluded and the camera has
sufficient resolution to capture the edge, the surface continuity
constraint will work and the 3D results will be accurate. If
the camera resolution is not sufficient, the surface continuity
constraint will still work, as there will still be a neighborhood
around the edge, although the result will be less accurate due
to the lack of resolution.

We also want to stress the fact that each scene in Fig. 10
is composed of the target object and background surfaces.
Background surfaces are either outside the reconstruction
volume (Glazed Ceramic bowl, Mannequin head, V-panel) or
inside the reconstruction volume (3 metallic planes, Metallic
part, horse, house, white marble). In all cases, there is a
strong discontinuity between the frontier of the target object
and background surfaces. This does not prevent the surface
continuity constraint to work well. Please note that, for clarity
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purposes, background surfaces have been removed in the 3D
results shown in Fig. 10.

The proposed BSFM and EFSM can also be used to suc-
cessfully separate direct illumination and indirect illumination.
In Fig. 11 we present the direct and indirect illuminations
obtained from the scenes in Fig. 10.

B. Quantitative evaluation

The house, the mannequin’s head and the white marble
scenes were used for quantitative assessment of the Frequency
Shift Methods. In order to do so, we first covered all the
mirrors and recorded the data when no interreflections were
present on these scenes. Then, another data acquisition was
performed with uncovered mirrors, i.e., in the presence of
interreflections. Figure 9 shows the regions of interest used to
compute two quantitative metrics: the root-mean-square devia-
tion (Ed) between 3D point clouds obtained with and without
the strong interreflections induced by the mirrors, and the root-
mean-square errors (RMSE) obtained by fitting a plane to 3D
points obtained without (EnoI ) and with (EwiI ) interreflec-
tions. The obtained metrics are also listed in Fig. 9. These
numbers confirm quantitatively the qualitative observations
discussed in Section VII-A: performances of PS, CE and MPS
degrade significantly in the presence of strong interreflections.
BFSM and EFSM exhibit radically lower differences between
the surfaces computed with and without interreflections, with
relative error less than ∼ 0.01% for a standoff distance of
2000mm. The proposed Frequency Shift Methods also show
very low RMSE EnoI and EwiI . Moreover, these errors are of
the same order. This means that the proposed methods, unlike
most state-of-the-art methods, do not only attempt to mitigate
the harmful effects of interreflections, but are robust enough
to guarantee the same accuracy in the presence or in the
absence of interreflections. This makes the proposed methods
suitable for metrological applications. One obervation in Fig. 9
is that, without interreflections, the error EnoI obtained in PS
is slightly elevated compared to errors obtained in BFSM and
EFSM. This is explained by the small number of images used
(6 phase offsets + 7 Gray codes). With more patterns, PS
should be of the same level of accuracy as BFSM and EFSM
for scenes without interreflections [30]. It is worth noting that
EFSM was configured to utilize as few patterns as possible.
This led to results up to 3 times less accurate than those of
BFSM. The flexibility offered in EFSM, through the choice
of cB (see Section VIII-C) and the number of groups to use,
should be exploited to improve accuracy (see Section VIII-B)
with always less images than in BFSM.

VIII. DISCUSSION

A. Relevance of Frequency Shift Methods

Most existing methods developed for 3D shape acquisition
in the presence of interreflections work under the assumption
that patterns with a sufficiently high frequency can be pro-
jected. Unfortunately, in practice, each projection optics has a
maximum allowed frequency that is generally not sufficiently
high to handle strong interreflections. Frequency Shift Meth-
ods (BFSM and EFSM) do not suffer from this frequency

Ed EnoI EwiI Ed Ed EnoI EwiI

PS > 2000 0.35 NaN 244 1000 0.50 106
CE > 2000 2.93 NaN 230 448 3.32 134

MPS > 2000 0.49 NaN 224 996 0.92 161
BFSM 0.08 0.06 0.09 0.14 0.08 0.12 0.13
EFSM 0.17 0.14 0.17 0.27 0.18 0.25 0.26

Fig. 9. Quantitative results (Units: mm). The red line delimits regions of
interest used to compute the root mean square deviation (ED) between 3D
point clouds obtained with and without interreflections. We also computed the
root mean square error obtained after fitting a plane to 3D points measured
without (EnoI ) and with (EwiI ) interreflections. For the ”house” scene, the
reported error is the average value obtained with the two planar surfaces. The
”head” scene is not planar, so EnoI and EwiI where not computed.

limitation because they rely on DFT to pinpoint the individual
contributions of each projector column at each camera pixel.
The only requirement is to select the frequencies according to
the projector capability while satisfying the Shannon-Nyquist
sampling theorem. In BFSM the number of images required
is directly proportional to the number of projector columns
illuminating the reconstruction volume. This number of images
can be reduced by using EFSM. For that, the block size cB
plays an important role and is chosen with respect to the scene
to be scanned (see Fig. 10). This possibility of adapting the
number of patterns to the scene, through the choice of cB is of
particular interest for industrial inspection and manufacturing
where prior knowledge about the scene (object) opens the
possibility to design 3D scanners driven by EFSM with an
optimum block size.

Industrial applications (surface quality control, non-
destructive testing, dimensional measurement, reverse engi-
neering, etc.) requiring an optical (non-contact) solution for
3D metrology can be classified into two groups: real-time
applications and applications with less constraints in terms
of operating speed (e.g. offline inspection and testing, re-
verse engineering, etc.). State-of-the-art methods (area-based
3D scanners) for acquiring 3D shapes in the presence of
interreflections that can work in real time are most likely
not suitable for metrological applications (e.g. see results with
MPS), or are not yet suitable for practical applications due to
the high number of patterns required (millions of patterns are
needed in single pixel imaging [12]–[14]). Moreover existing
coding/decoding strategies are developed for objects/scenes
with simple shape. To dealt with interreflections with this
type of objects/scenes, the common practice is to move the
fringe projection system around the object, or conversely, to
change the position of the object in the field of view of the
scanner. By doing this, the aim is to find a pose between
the scanner and the surface so that the indirect light due to
interreflections is significantly attenuated or avoided. Although
this time consuming procedure can yield good results in the
presence of low interreflections, the precision is considerably
reduced in the presence of strong interreflections.
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Fig. 10. Results on scenes with interre�ections. For each scene, in the �rst column: picture of scene (top) and camera viewpoint (middle). In other columns:
3D point cloud (top), depth map (middle) and pro�les along the black line in the depth map (bottom) for PS, CE, MPS, BFSM and EFSM (column 2-6).
Please note that, for clarity purposes, background surfaces have been removed in the 3D results.
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Total Direct Indirect
illumination illumination illumination

Fig. 11. Separation of direct and global illuminations for the scenes presented
in Fig. 10.

Objects with complex geometry and objects with concavities
are frequently encountered in industry. For these objects, it
is very difficult, even impossible, to find a pose between the
fringe projection system and the object/scene for which the in-
direct light is mitigated or avoided. This type of objects/scenes
represent a significant challenge for area-based 3D scanners.

For industrial applications, the most important advantage of
the proposed Frequency Shift Methods is the ability to perform
accurate 3D reconstructions of complex shaped objects with
concavities. It is very difficult to find a pose of the (area-based)
scanner such that the strong interreflections present with such

objects/scenes are attenuated or avoided. We demonstrated the
effectiveness and correctness of FSMs and show their supe-
riority to some representative state-of-the-art coding/decoding
strategies. At the moment, FSMs cannot operate in real time.
They are therefore confined to applications that do not require
fast operating speed. However EFSM is adaptable to the scene.
This offers the possibility of improving the operating speed by
choosing the number of patterns directly with respect to the ob-
ject/scene to scan. EFSM should provide a good compromise
between the precision requirement and the operating speed. It
should be stressed that for some applications involving shiny
materials with concavities, there is very little (if any) viable
solution on the market of area-based 3D scanners. Most of
these type of scenes are scanned using laser-based 3D scanners
and require moving the (handheld) scanner. The proposed
FSMs can also be contemplated in these applications.

B. Accuracy achieved

Referring to quantitative results in Section VII-B, BFSM
is up to 3 times more accurate than EFSM. Data acquisition
process is straightforward in BFSM, while in EFSM, for each
scene, we started with cB = 32 and increased until we
get the satisfying qualitative results shown in Fig. 10. Due
to the limited DFT resolution, small values of cB lead to
reconstruction errors. Fortunately these errors can be avoided
by increasing the value of cB . Depending on the scene, we can
even find it useful to use a large cB but with only one group
of patterns (we remind that EFSM and BFSM are identical
for cB = cmax), instead of small cB with two groups of
patterns (Fig. 12). DFT performs a kind of noise averaging;
accuracy can be improved by increasing cB , i.e., by increasing
the number of frequency-shifted patterns as outlined in Fig. 12.
There is a trade-off between the number of images (speed) and
accuracy (metrological performance) expected. We can argue
that the optimal value of cB for a given scene or application
will depend on the precision sought and the working speed
desired.

C. Choice of parameter cB in EFSM

cB = 32 cB = 64 cB = 96
2 groups 2 groups 1 group

112 patterns 152 patterns 104 patterns

Fig. 12. Influence of parameter cB in EFSM. For cB = 32, the limited DFT
resolution cause some reconstruction errors (A) for scene points illuminated
by projector columns having close indexes in different blocks. For cB = 64,
the DFT resolution become sufficient for some of these points, then reducing
the reconstruction error (A). For cB = cMB = 96, there is no reconstruction
error. Note that by increasing cB , we increase the number of frequency shift
patterns and this leads to a more smooth 3D reconstruction.

Conceptually, for a given scene, the maximum value for
cB should be the smallest value cMB for which the scene is
entirely illuminated by a single block. The minimum value
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cmB is the smallest value for which there is no error induced
by the limited DFT resolution. How to analytically determine
these values is an open question. However, depending on
the application requirements (setup configuration, acquisition
speed, accuracy expected, etc.), the following three possible
scenarios can be contemplated.

In the first scenario, the structured light system is used to
scan the same or very similar objects/scenes from the same
point of view, on a production chain for example. The scanner
is configured onsite once or after repairs and maintenance. The
optimum value for block size cB is determined with respect
to the span of the object/scene as described in the second
scenario.

The second scenario involves a scanner operated by a
person. In this case, the span of the scene/object is known
approximately. The operator projects binary patterns with
increasing block size cB until the value cMB , for which the
scene is entirely illuminated by a unique block, is found.
Using cMB , one group of patterns is sufficient to perform the
scanning. If the application is constrained by acquisition speed,
the optimum value of cB will be found in [cmB ; cMB ], such
that the corresponding number of patterns (two groups in
EFSM) is less than the number of pattern required with cMB .
The operator will obtain that optimum value by successive
trials as presented in Fig. 12. It is worth noting that for
some very difficult scenes/objects, there is very little (if any)
viable solution. In this case, one should consider using BFSM
directly.

The structured light scanner has known field of view and
depth of field. In the third scenario, pre-determined value of
cMB are provided with the scanner as a look-up table. To
build this table, a kind of calibration is performed. Objects
with different spans are placed in front of the scanner and
the corresponding values cMB are determined as in scenario
2. Onsite, the user will select, e.g., through a graphical user
interface, the area covered by the scene in the camera image
and this area will be matched to a value of cMB in the look-up
table.

D. DFT resolution and projection optics

The ability of Frequency Shift Methods to inventorize
the projector columns illuminating a given scene point and
separate the direct and indirect illuminations depends on the
resolution (step size) obtained in the c-domain (c̃-domain)
after performing the DFT. No system can guarantee an infinite
(∆c → 0, ∆c̃ → 0) DFT resolution. For a given system,
the number of projector columns cmax and the width fw of
the frequency range define the minimum step size (maximum
DFT resolution) ∆c (∆c̃) through (8) and (9). The limited
DFT resolution imposed by the narrow sampling interval
of width fw allowed by the projection optics can lead to
reconstruction errors when the peaks corresponding to the
direct and indirect illuminations are very close. This could
be the case for objects with very tight curvatures. In such
scenario, one can try to mitigate these errors by changing
the pose between the scene and the structured light scanner.
The effect of the DFT resolution is even more noticeable in

EFSM when cB is not optimal. Such a case can occur if two
projector columns illuminating the same scene point belong
to two different blocks where they have approximately the
same index (position) c̃. Fortunately, this can be remediated
by increasing the block size cB as illustrated in Fig. 12.

E. Acquisition and computation time

We assembled a second prototype with a 12-bit mono-
chromatic camera (resolution: 3400× 2200) and a pico-based
projector (resolution: 1024 × 768) using the method of [16].
This system supports both the BFSM and PS methods and
operates at 120 Hz. For BFSM, the acquisition of the 768
images requires 6 seconds. The system uses a 3.6 GHz Intel
Xeon W-2133 and a GeForce RTX 2080 super. The conversion
of the images in 2200 temporal images of 768×3400 requires
7.5 seconds. The DFTs and the sub-pixel peak detections are
performed on the GPU in 6 seconds using the peak detector
of [42]. Typically, most of the camera pixels do not receive
indirect illumination and the semi-global method is used on
a subset of the images. The system is expected to perform in
the range of 2 to 3 3D reconstructions per minute. The system
when using BFSM is ∼ 40 times slower than when using PS.
For this comparison, the number of patterns of PS was set such
that both methods (BFSM and PS) obtain the same errors on
a plane fit without interreflections.

Finally, we emphasize the fact that the proposed Frequency
Shift Methods tackle the problem of interreflections with a
very new perspective: the use of DFT, which comes with
the cost of requiring a high minimal number of images,
but with the benefit of robustness to the presence of strong
interreflections. For real-time applications, the number of
images required by the Frequency Shift Methods can be
a drawback, unless a high-speed camera and projector are
used. However, considering the performance achieved by our
proposed Frequency Shift Methods, they are sufficiently robust
and reliable to provide a 3D metrology solution for many
applications in industrial inspection and manufacturing. In
such contexts, the trade-off in diminishing the operation speed
in exchange for increased results quality (or even any results at
all) can be beneficial in circumstances where surface finishes
or parts configurations cause other techniques to underperform
or even completely fail in yielding useful data.

F. Frequency Shift Methods and Line Scanning

Since BFSM can work with as many images as there are
projector columns, one may legitimately ask what is the benefit
of BFSM when compared to a simple Line Scanning (LS) in
a projector-camera configuration, where the projector columns
are lit one after the other. The essential difference in properties
and performance is a result of the fundamentally different ways
in which the projector column is identified ( parts of sinuses
versus lines). In BFSM, each projector columns is identified
(through DFT) using information evenly spread across all
projected patterns. In LS, each projector column is encoded
by a unique pattern and is spatially decoded using a unique
image [43], or is temporally decoded using three, five, or seven
images depending on the peak detector utilized [31], [32], [43].
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BFSM is therefore more robust to noise, spurious lighting and
low-signal-to-noise ratio. Furthermore, BFSM operates on a
per-camera-pixel basis, and is therefore much less sensitive to
spatial characteristics of the scene (varying surface reflectance,
relief an orientation of the surface), or to pixel-to-pixel varia-
tions in sensitivity of the camera. On the contrary, the accuracy
obtained in LS strongly depends on detecting the center of
the line in the recorded images; this detection is strongly
influenced by the spatial characteristics of the scene [43]. One
drawback of the BFSM is the additional computation time due
mostly to the DFT, which, fortunately, can be implemented on
GPUs. We used the prototype described in Section VIII-E to
compare BFSM and LS. Figure 13 presents qualitative and
quantitative (RMSE obtained by fitting a plane to 3D points)
results obtained with both methods utilizing the same number
of patterns. BFSM is about 10 times more accurate than LS.
From a metrological point of view, BFSM (high accuracy,
scenes with interreflections) is equivalent to PS (high accuracy,
scenes without interreflections), whereas LS (low accuracy,
scenes with interreflections) is equivalent to binary coding
(low accuracy, scenes without interreflections).

Scene BFSM LineScan
768 patterns 768 patterns

RMSE Red ROI: 0.02mm 0.27mm
RMSE Green ROI: 0.03mm 0.33mm

(a)

RMSE Red ROI: 0.03mm 0.28mm
RMSE Green ROI: 0.04mm 0.36mm

(b)

(c)

Fig. 13. Comparing BFSM and Line Scanning. (a) Planar scene (no inter-
reflections). (b) V-shape scene. (c) Non-planar scene (strong interreflections
are caused by a mirror placed on the right). RMSE is the root mean square
error obtained by fitting a plane to 3D points.

IX. CONCLUSION

In this paper we presented the Frequency Shift Meth-
ods framework, a structured light codification for scenes
with strong interreflections. Two formulations have been pro-
posed, which differ by the number of images they require
while achieving similar results. The Baseline Frequency Shift
Method uses patterns with frequencies chosen in the interval
allowed by the projector optics. The Encoded Frequency Shift

Method performs BFSM on a series of smaller blocks of
column projectors, leading to a significant reduction in the
number of images required to reconstruct a scene, although
at the cost of additional computations. Moreover, to further
reduce the number of images in EFSM, the block size cB can
be chosen with respect to the scene. For both approaches,
based on a surface continuity hypothesis, the Semi-Global
method is used to separate direct and indirect illuminations
while performing the 3D reconstruction. In our experiments,
our proposed BFSM and EFSM outperform state-of-the-art
methods in terms of reconstruction quality, accuracy achieved,
reliability and versatility.

In future work, we will extent the capabilities of the Fre-
quency Shift Methods to the acquisition of 3D shapes of semi-
transparent/translucent surfaces, and to the acquisition of 3D
shapes in the presence of subsurface scattering. The industrial
demand for 3D metrology solutions for such scenarios is
significant.

ACKNOWLEDGMENTS

The authors thank Louis-Guy Dicaire and Michel Picard
for their continued help in updating the used structured-light
systems.

REFERENCES

[1] J. Salvi, S. Fernandez, T. Pribanic, and X. Llado, “A state of the art in
structured light patterns for surface profilometry,” Pattern Recognition,
vol. 43, no. 8, pp. 2666 – 2680, 2010.

[2] J. Geng, “Structured-light 3D surface imaging: a tutorial,” Advances in
Optics and Photonics, vol. 3, pp. 128–160, 2011.

[3] S. Van der Jeught and J. J. T. Dircks, “Real-time structured light
profilometry: a review,” Optics and Lasers in Engineering, vol. 87, pp.
18–31, 2016.

[4] C. Zuo, T. Tao, S. Feng, L. Huang, A. Asundi, and Q. Chen, “Mi-
cro Fourier transform profilometry (µFTP): 3D shape measurement at
10,000 frames per second,” Optics and Lasers in Engineering, vol. 102,
pp. 70–91, 2018.

[5] S. Zhang, “High-speed 3D shape measurement with structured light
methods: a review,” Optics and Lasers in Engineering, vol. 106, pp.
119–131, 2018.

[6] J. Zhu and Y.-H. Yang, “Frequency-based environment matting,” in
Pacific Conference on Computer Graphics and Applications, 2004, pp.
402–410.

[7] D. Liu, X. Chen, and Y.-H. Yang, “Micro phase shifting,” in Proceed-
ings of the 2014 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), ser. CVPR ’14, 2014, pp. 660–667.

[8] F. B. Djupkep Dizeu, J. Boisvert, M.-A. Drouin, G. Godin, M. Rivard,
and G. Lamouche, “Frequency shift method: a robust fringe projection
technique for 3D shape acquisition in the presence of strong interreflec-
tions,” in International Conference on 3D Vision, 2019, pp. 194–203.

[9] S. K. Nayar, G. Krishnan, M. D. Grossberg, and R. Raskar, “Fast sepa-
ration of direct and global components of a scene using high frequency
illumination,” in ACM SIGGRAPH 2006 Papers, ser. SIGGRAPH ’06,
2006, pp. 935–944.

[10] T. Chen, H.-P. Seidel, and H. P. A. Lensch, “Modulated phase-shifting
for 3D scanning,” in Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition (CVPR), 2008, pp. 1–8.

[11] J. Gu, T. Kobayashi, M. Gupta, and S. K. Nayar, “Multiplexed illu-
mination for scene recovery in the presence of global illumination,” in
Proceedings of the IEEE International Conference on Computer Vision
(ICCV), 2011, pp. 691–698.

[12] H. Jiang, Y. Li, H. Zhao, X. Li, and Y. Xu, “Parallel single-pixel
imaging: A general method for direct–global separation and 3d shape
reconstruction under strong global illumination,” International Journal
of Computer Vision, vol. 129, p. 1060–1086, 2021.

[13] Y. Li, H. Jiang, H. Zhao, X. Li, Y. Wang, and Y. Xu, “Compressive
parallel single-pixel imaging for efficient 3d shape measurement in the
presence of strong interreflections by using a sampling fourier strategy,”
Opt. Express, vol. 29, no. 16, pp. 25 032–25 047, 2021.

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2022.3181936

© 2022 Crown Copyright. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
Authorized licensed use limited to: Anhui Normal University. Downloaded on June 19,2022 at 15:38:08 UTC from IEEE Xplore.  Restrictions apply. 



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 18

[14] H. Jiang, Q. Yang, X. Li, H. Zhao, Y. Li, and Y. Xu, “3d shape
measurement in the presence of strong interreflections by using single-
pixel imaging in a camera-projector system,” Opt. Express, vol. 29, no. 3,
pp. 3609–3620, Feb 2021.

[15] M. Gupta and S. K. Nayar, “Micro phase shifting,” in Proceedings of
the 2012 IEEE Conference on Computer Vision and Pattern Recognition
(CVPR), ser. CVPR ’12, 2012, pp. 813–820.

[16] M. Drouin, F. Blais, and G. Godin, “High resolution projector for 3D
imaging,” in 2014 2nd International Conference on 3D Vision, 2014,
pp. 337–344.

[17] S. Tang, X. Zhang, and D. Tu, “Micro-phase measuring profilometry:
Its sensitivity analysis and phase unwrapping,” Optics and Lasers in
Engineering, vol. 72, pp. 47 – 57, 2015.

[18] D. Moreno, K. Son, and G. Taubin, “Embedded phase shifting: Robust
phase shifting with embedded signals,” in The IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), June 2015.

[19] M. Gupta, A. Agrawal, A. Veeraraghavan, and S. G. Narasimhan, “A
practical approach to 3D scanning in the presence of interreflections,
subsurface scattering and defocus,” International Journal of Computer
Vision, vol. 102, no. 1, pp. 33–55, Mar 2013.

[20] V. Couture, N. Martin, and S. Roy, “Unstructured light scanning robust
to indirect illumination and depth discontinuities,” International Journal
of Computer Vision, vol. 108, no. 3, pp. 204–221, Jul. 2014.

[21] Y. Xu and D. G. Aliaga, “An adaptive correspondence algorithm for
modeling scenes with strong interreflections,” IEEE Transactions on
visualization and computer graphics, vol. 15, no. 3, pp. 465 –480, 2009.

[22] X. Chen and Y.-H. Yang, “Scene adaptive structured light using error
detection and correction,” Pattern Recognition, vol. 48, no. 1, pp. 220
– 230, 2015.

[23] H. Zhao, Y. Xu, H. Jiang, and X. Li, “3D shape measurement in the
presence of strong interreflections by epipolar imaging and regional
fringe projection,” Optics express, vol. 26, no. 6, pp. 7117 – 7131, 2018.

[24] J. Park and A. C. Kak, “3D modeling of optically challenging objects,”
IEEE Transactions on visualization and computer graphics, vol. 14,
no. 2, pp. 246–262, 2008.

[25] C. Hermans, Y. Francken, T. Cuypers, and P. Bekaert, “Depth from
sliding projections,” in The IEEE Conference on Computer Vision and
Pattern Recognition (CVPR), 2009.

[26] X. Su and W. Chen, “Fourier transform profilometry: a review,” Optics
and Lasers in Engineering, vol. 35, pp. 263–284, 2001.

[27] Z. Qi, Z. Wang, J. Huang, C. Xing, Q. Duan, and J. Gao, “Micro-
frequency shifting projection technique for inter-reflection removal,”
Opt. Express, vol. 27, no. 20, pp. 28 293–28 312, 2019.

[28] T. Chen, H. P. A. Lensch, C. Fuchs, and H.-P. Seidel, “Polarization and
phase-shifting for 3D scanning of translucent objects,” in Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition
(CVPR), 2007.

[29] M. O’Toole, J. Mather, and K. N. Kutulakos, “3D shape and indirect
appearance by structured light transport,” IEEE Transactions on Pattern
Analysis and Machine Intelligence, vol. 38, pp. 1298–1312, 2016.

[30] M.-A. Drouin and J.-A. Beraldin, Active Triangulation 3D Imaging
Systems for Industrial Inspection. Cham: Springer International
Publishing, 2020, pp. 109–165. [Online]. Available: https://doi.org/10.
1007/978-3-030-44070-1 3

[31] R. B. Fisher and D. K. Naidu, “A comparison of algorithms for subpixel
peak detection,” in Image Technology, Advances in Image Processing,
Multimedia and Machine Vision. Springer-Verlag, 1996, pp. 385–404.

[32] A. B. Forbes, B. Hughes, and W. Sun, “Comparison of measurements in
co-ordinate metrology,” Measurement, vol. 42, no. 10, pp. 1473 – 1477,
2009.

[33] R. Szeliski, R. Zabih, D. Scharstein, O. Veksler, V. Kolmogorov,
A. Agarwala, M. Tappen, and C. Rother, “A comparative study of energy
minimization methods for Markov random fields with smoothness-
based priors,” IEEE Transactions on Pattern Analysis and Machine
Intelligence, vol. 30, no. 6, pp. 1068–1080, June 2008.

[34] H. Hirschmüller, “Accurate and efficient stereo processing by semi-
global matching and mutual information,” in 2005 IEEE Computer Soci-
ety Conference on Computer Vision and Pattern Recognition (CVPR’05),
vol. 2, 2005, pp. 807–814.

[35] I. Ernst and H. Hirschmüller, “Mutual information based semi-global
stereo matching on the GPU,” in Advances in Visual Computing, 2008,
pp. 228–239.

[36] S. K. Gehrig, F. Eberli, and T. Meyer, “A real-time low-power stereo
vision engine using semi-global matching,” in Computer Vision Systems,
2009, pp. 134–143.

[37] S. K. Gehrig and C. Rabe, “Real-time semi-global matching on the
CPU,” in 2010 IEEE Computer Society Conference on Computer Vision
and Pattern Recognition - Workshops(CVPRW), vol. 00, 2010, pp. 85–
92.

[38] C. Zuo, S. Feng, L. Huang, T. Tao, W. Yin, and Q. Chen, “Phase shifting
algorithms for fringe projection profilometry: A review,” Optics and
Lasers in Engineering, vol. 109, pp. 23–59, 2018.

[39] I. G. 98-3:2008, “Uncertainty of measurement part 3: Guide to the
expression of uncertainty in measurement (gum: 1995),” Technical
report, Joint Committee for Guides in Metrology (JCGM 100: 2008,
GUM 1995 with minor corrections), 2008.

[40] G. Betta, C. Liguori, and A. Pietrosanto, “Propagation of uncertainty in
a discrete fourier transform algorithm,” Measurement, vol. 27, no. 4, pp.
231–239, 2000.

[41] E. Medeiros, H. Doraiswamy, M. Berger, and C. T. Silva, “Using
physically based rendering to benchmark structured light scanners,”
Computer Graphics Forum, vol. 33, no. 7, pp. 71–80, 2014.

[42] F. Blais and M. Rioux, “Real-time numerical peak detector,” Signal
Processing, vol. 11, no. 2, pp. 145 – 155, 1986.

[43] B. Curless and M. Levoy, “Better optical triangulation through spacetime
anlaysis,” in Proceedings of the International Conference on Computer
Vision (ICCV), 1995, pp. 987–994.

Frank Billy Djupkep Dizeu received the B.S.
degree in physics and the M.S. degree in physics
(nonlinear dynamic systems) from the University of
Dschang, Cameroon, in 2005 and 2008, respectively,
and the Ph.D. degree (electrical engineering) in
infrared vision with the Multipolar Infrared Vision
(MIVIM) Research Chair, Laval University, in 2015.

In 2012, during his Ph.D. degree, he was selected
for an internship with the Italian National Research
Council, Padova. After his Ph.D. degree, he ob-
tained a Postdoctoral Fellowship with the Industrial

Research Chair CREATION 3D, Laval University, where he led a project
combining 3D vision and infrared thermography for nondestructive inspection
of objects, between 2015 and 2017. In 2017, he joined the National Research
Council Canada as a Postdoctoral Fellow. Since 2019, he has been a Research
Officer with the Computer Vision and Graphic Team at the National Research
Council Canada. His research interests include around the development of
imaging modalities and systems to support Canadian industries, with major
interest in signal processing, active triangulation, structured-light imaging, and
optical coherence tomography.

Jonathan Boisvert is the team leader for the Com-
puter Vision and Graphics Team at National Re-
search Council of Canada. He received a Ph.D.
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