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a b s t r a c t 

Phase-shifting profilometry (PSP) is a widely used approach to high-accuracy three-dimensional shape measure- 

ments. However, when it comes to moving objects, phase errors induced by the movement often result in severe 

artifacts even though a high-speed camera is in use. From our observations, there are three kinds of motion 

artifacts: motion ripples, motion-induced phase unwrapping errors, and motion outliers. We present a novel 

motion-compensated PSP to remove the artifacts for dynamic measurements of rigid objects. The phase error of 

motion ripples is analyzed for the N -step phase-shifting algorithm and is compensated using the statistical nature 

of the fringes. The phase unwrapping errors are corrected exploiting adjacent reliable pixels, and the outliers are 

removed by comparing the original phase map with a smoothed phase map. Compared with the three-step PSP, 

our method can improve the accuracy by more than 95% for objects in motion. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Depth information is playing a significant role in various fields, in-
luding medical imaging, industrial manufacturing, homeland security,
ntertainment and so on. Three-dimensional (3-D) measurements have
hus received extensive attention over the past decades. In general, op-
ical 3-D measurement systems can be divided into four categories: laser
canning, time of flight (ToF), stereo vision and fringe projection. Laser
canners allow precise measurements but are fragile for dynamic scenar-
os [1] . ToF cameras capture 3-D frames at a high speed and meet the re-
uirement for time-critical inspections, but they are limited to low reso-
ution [2] . By identifying surface textures captured from different views,
tereo cameras measure shapes without active illumination. However,
hey are susceptible to uniform or periodic textures [3] . The fringe pro-
ection systems, replacing one of the cameras of the stereo vision system
ith a projector, can produce robust and high-accuracy depth with ac-

ive structured light illumination. Because of the reliable performance,
hey are widely adopted for 3-D measurements [4] . 

A typical fringe projection setup consists of a projector and a cam-
ra: the projector illuminates the scene with predesigned patterns, and
he camera captures the patterns reflected by the scene. The captured
mages contain the codes with which one can match a camera pixel
ith a projector pixel uniquely. As a result, the depth can be retrieved
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hrough the triangulation. To measure moving objects, intuitively, one
hould project as fewer patterns as possible to make the depth recon-
truction less sensitive to the motion. Single-shot approaches [5,6] , e.g.,
e Bruijn sequences [7] , M -arrays [8] , and symbol coded patterns [9] ,
ave therefore been proposed through the codification condensed in a
ingle pattern. As each point is coded by neighboring pixels, the spa-
ial resolution is limited. Fourier transform profilometry (FTP) [10,11] ,
nlike the mentioned spatial multiplexing techniques, can calculate the
igh-resolution depth from the phase which is obtained through a band-
ass filtering on the frequency domain. However, the first harmonic
hould be far away from the fundamental frequency to extract the phase
ccurately, which makes this method vulnerable to complex shapes. 

For high-accuracy 3-D reconstructions, time-multiplexing or multi-
rame approaches are usually preferred [5,12] . In general, a set of pat-
erns are projected consecutively onto a measured object, and the code
ord of a pixel can be generated independently according to the se-
uence of captured intensities. Multi-frame approaches usually project
hase-shifting fringes [13–15] , binary code [16] , Gray code [17] , and
 -ary code [18] . Phase-shifting profilometry (PSP) can produce high-
ccuracy depth and is insensitive to variation of ambient illumination
nd surface reflectivity, thus becoming one of the most widely used
ulti-frame methods. However, it is sensitive to object movements. Typ-

cally, small errors occur when the object is in the tangential movement,
ersity of Science and Technology, Nanjing, Jiangsu Province 210094, China. 
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ince the depth variation is marginal in front of the camera. Neverthe-
ess, the movement can lead to severe artifacts if the object moves along
he surface normal. This motion vulnerability restricts the application
f PSP to dynamic measurements. 

To suppress the effect of motion on PSP, approaches that reduce
he number of projected patterns are developed. Zuo et al. proposed
 four-pattern method to measure isolated objects in real time [19] . Tao
t al. suggested calculating the unambiguous depth with three composite
hase-shifting images by the constraint of the epipolar geometry [20] .
urther, Zhang et al. encoded several fringe images into the color chan-
els of a single image to increase the projection efficiency [21] . Except
or reducing the patterns, one can design specific patterns that can be
rojected at high speed. For digital light processing (DLP) projectors, an
-bit gray-scales image needs 256 working cycles while a 1-bit binary
mage only needs one. Thus, the speed can be significantly improved if
inary images are projected. Lei and Zhang proposed a squared binary
efocusing method that can generate sinusoidal fringe patterns by defo-
using binary patterns [22] . Ayubi et al. presented a method to form the
inary fringe by the sinusoidal pulse-width-modulation (SPWM) tech-
ique of electrical engineering [23] . To further reduce the higher-order
armonics of the defocused pattern, Zuo et al. proposed the tripolar
ulse-width-modulation, by which they can create ideal sinusoidal pat-
erns with a lower defocusing level, since the harmonics are separated
ar away from the fundamental frequency [24] . Although the mentioned
echniques can reduce the sensitivity towards movements, the impact of
he motion cannot be ignored merely, especially when the measurement
peed is not high enough to catch up with the motion. The motion vul-
erability is an intrinsic problem of PSP, since the 3-D acquisition is
xtended over multiple frames. 

For explicitly removing the passive influence of the motion, Weise
t al. proposed to estimate motion errors with a Taylor series [25] . Given
n assumption of local smoothness, they exploited a least-square fitting
ver a small neighborhood to estimate the motion-induced phase offset
or each pixel. Since the method supposes a uniform object motion, it
ay find difficulty in measuring objects in a non-uniform motion. Cong

t al. proposed a Fourier-assisted PSP approach which corrects the phase
hift error by differentiating the phase maps of two successive fringe
mages [26] . As mentioned above, the accuracy may be limited, since
hey use FTP to retrieve the phase. Also, Lu et al. suggested refining the
nknown phase shifts by the least-squares method with constraints of
he background intensity and the modulation amplitude [27] . Although
he method can accurately estimate motion-induced phase shifts, the
ompensation is homogeneous for every pixel, which means it is fragile
or multiple objects in different kinds of motion. 

Our goal is to measure 3-D shapes robustly with motion-compensated
SP for rigid objects. According to our observations, there are three
inds of motion artifacts: motion ripples, motion-induced phase unwrap-
ing errors and motion outliers. We analyze the ripple errors for N -step
SP and estimate the motion-induced phase shifts for the three-step PSP
sing the statistical nature of the fringe patterns. To reduce the phase
nwrapping errors, we correct the erroneous points with the assists of
heir reliable neighboring pixels. Last, to remove the outliers, we com-
are the unwrapped phase map with its blurred result, through which
he outliers can be detected and eliminated automatically. Experiments
how that not only can the method reduce errors due to subtle move-
ents in quasi-static measurements, e.g., 3-D scanning of faces, but also

an robustly reconstruct moving objects in high-speed measurements.
ompared with traditional three-step PSP, our method can improve the
ccuracy by more than 95% for objects in both uniform and non-uniform
otion. 

. Principles 

Motion artifacts occur where surfaces move, while sequential images
re taken. It is an intrinsic problem of the phase-shifting method, since
128 
he 3-D acquisition is spread over multiple fringe images. To study the
otion artifacts, we classify them into three categories: 

Motion ripples which are observed as artificial waves or undula-
ions on the recovered surface. 

Phase unwrapping errors which are characterized by abrupt phase
hanges in a smooth unwrapped phase map because of the reduced re-
iability of the phase unwrapping. 

Motion outliers which look like impulsive noise and are often ob-
erved at boundaries of the object or texture edges. 

.1. Motion ripples 

.1.1. Theoretical analysis of phase errors for N -step phase-shifting method

For the N -step phase-shifting algorithm, the captured intensity can
e represented as 

 𝑛 ( 𝑥, 𝑦 ) = 𝐴 ( 𝑥, 𝑦 ) + 𝐵( 𝑥, 𝑦 ) cos 
[
𝜙( 𝑥, 𝑦 ) − 𝛿𝑛 

]
(1)

here 𝑛 = 1 , 2 , … , 𝑁, and N is the number of fringe patterns. ( x, y ) is
he pixel coordinate, A the background intensity, B the intensity modu-
ation. 𝛿n is the theoretical phase shift that is equal to 2 𝜋( 𝑛 −1) 

𝑁 

, and 𝜙 the
hase which is measured by 

( 𝑥, 𝑦 ) = arctan 
∑𝑁 

𝑛 =1 𝐼 𝑛 sin 𝛿𝑛 ∑𝑁 

𝑛 =1 𝐼 𝑛 cos 𝛿𝑛 
(2)

The N -step phase-shifting algorithm is mainly based on three as-
umptions. First, the background intensity A and the intensity modula-
ion B do not have frame-to-frame variation; i.e., they are not dependent
n the index n of phase-shifting patterns. Second, the phase shift 𝛿n is
omogeneous in space; i.e., the phase shift does not rely on the pixel
oordinate ( x, y ). Last, 𝛿n must be known in advance; i.e., a priori phase
tep that is equal to 2 𝜋( 𝑛 −1) 

𝑁 

. 
However, these assumptions are violated to some extent when the

easured object begins to move. To study motion ripples, we assume
hat the first assumption holds, which means the measuring speed
hould be fast enough to reduce the frame-to-frame variation of A and
 . Here, we focus on three kinds of motion which are in directions of
, y, and z. First, the effect of the motion in the direction of z is shown
n Fig. 1 (a), where an object is moving away from a fringe projection
ystem. From the figure, we find that when the object moves in the di-
ection of z, the camera pixel O 

c captures intensities reflected by O t and
 𝑡 +1 at two consecutive moments. As O t and 𝑂 𝑡 +1 are coded by different
rojector pixels, an extra amount of phase change 𝜀 = 𝜙( 𝑂 

𝑝 

𝑡 +1 ) − 𝜙( 𝑂 

𝑝 

𝑡 
) is

ntroduced into the priori phase shift 𝛿n . Then, since the movements in
-direction and y-direction have a similar influence on the phase-shifting
ethod, we select the motion in the x-direction to study, as shown in

ig. 1 (b). We can see that although the object is moving horizontally in
he x-direction, the extra phase shift is still unavoidable. We find this
ase is similar to Fig. 1 (a) where the object moves in the z-direction,
ince similar depth variations are caused for both cases. Considering
he influence of the motion, we can change Eq. (1) into 

 

′
𝑛 ( 𝑥, 𝑦 ) = 𝐴 ( 𝑥, 𝑦 ) + 𝐵( 𝑥, 𝑦 ) cos 

[
𝜙( 𝑥, 𝑦 ) − 𝛿′𝑛 ( 𝑥, 𝑦 ) 

]
(3)

here 𝛿′ n is the actual phase shift between the phase-shifting images,
nd it can be represented as 

′
𝑛 ( 𝑥, 𝑦 ) = 𝛿𝑛 ( 𝑥, 𝑦 ) − 𝜀 𝑛 ( 𝑥, 𝑦 ) (4)

here the 𝜀 n is the extra phase shift caused by motion for the n th pattern.
hen Eq. (3) is substituted into Eq. (2) , the phase is measured by 

′ = arctan 𝑀 

𝐷 

= arctan 
∑𝑁 

𝑛 =1 𝐼 
′
𝑛 sin 𝛿𝑛 ∑𝑁 

𝐼 ′𝑛 cos 𝛿𝑛 
(5)
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Fig. 1. The motion-induced phase shift in PSP when an object moves in different direc- 

tions. 
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or simplification, we leave out the pixel coordinate. Assume that the
easured phase 𝜙′ differs from the true phase 𝜙 by a deviation Δ𝜙: 

𝜙 = 𝜙′ − 𝜙 (6)

ubstituting Eqs. (2) and (5) into the above Eq. (6) , we have 

𝜙 = arctan 𝑀 

𝐷 

− arctan ( tan 𝜙) (7)

ith the trigonometry, Δ𝜙 can then be written as 

𝜙 = arctan 𝑀 cos 𝜙 − 𝐷 sin 𝜙
𝑀 sin 𝜙 + 𝐷 cos 𝜙

(8) 

ast, by substituting 𝑀 = 

∑𝑁 

𝑛 =1 𝐼 
′
𝑛 sin 𝛿𝑛 and 𝐷 = 

∑𝑁 

𝑛 =1 𝐼 
′
𝑛 cos 𝛿𝑛 into

q. (8) , the residual phase error Δ𝜙 can be expressed as 

𝜙 = arctan [ 
cos 2 𝜙 ⋅

∑𝑁 

𝑛 =1 sin 
(
2 𝛿𝑛 − 𝜀 𝑛 

)
− sin 2 𝜙 ⋅

∑𝑁 

𝑛 =1 cos 
(
2 𝛿𝑛 − 𝜀 𝑛 

)
+ 

∑𝑁 

𝑛 =1 sin 𝜀 𝑛 
cos 2 𝜙 ⋅

∑𝑁 

𝑛 =1 cos 
(
2 𝛿𝑛 − 𝜀 𝑛 

)
+ sin 2 𝜙 ⋅

∑𝑁 

𝑛 =1 sin 
(
2 𝛿𝑛 − 𝜀 𝑛 

)
+ 

∑𝑁 

𝑛 =1 cos 𝜀 𝑛 

] 
(9) 

Equation (9) shows that the phase disturbance Δ𝜙 owing to the mo-
ion stems from the terms dependent on the actual phase 𝜙 for the N -step
hase-shifting algorithm. More precisely, not a 𝜙 dependence but a 2 𝜙
129 
ependence exists. The residual error leads to the motion ripple, which
hows a doubled frequency of projected fringes. In Fig. 2 , we simulate
he effect of motion on three-step PSP by introducing extra phase shifts
 1 = 0 rad, 𝜀 2 = 0 . 1 rad and 𝜀 3 = 0 . 2 rad into fringe images of different
requencies. 

Further, we find that the negative 𝜀 n can result in a different resid-
al phase error compared with its positive version. For example, for the
hree-step phase-shifting method, we assume the nominal phase shifts
re 𝛿1 = 0 , 𝛿2 = 

2 𝜋
3 , 𝛿2 = 

4 𝜋
3 , and corresponding motion-induced shifts

 1 = 0 , 𝜀 2 = 𝜀 2 , 𝜀 3 = 2 𝜀 2 . By Eq. (9) , we calculate the standard deviation
STD) of the phase error within a single period. Fig. 3 shows the result
ith varying 𝜀 2 . We find that almost the same phase error occurs when
 2 is near 0 rad. However, the error increases more rapidly for the neg-
tive 𝜀 2 , as can be observed by the difference of phase errors caused by
 2 = −1 . 5 rad and 𝜀 2 = 1 . 5 rad. This indicates that the motion towards
r away from the camera can result in different errors. More ripples
re likely to be observed when the motion causes negative extra phase
hifts. 

.1.2. Reduction of motion ripples for three-step phase-shifting method 

The three-step phase-shifting method is the most extensively used
SP for dynamic 3-D measurements, since it requires the minimum num-
er of projected images. However, it is still sensitive to rapidly moving
bjects. Therefore, we develop a method to handle the motion ripples
or the three-step PSP. Our method is inspired by [28,29] , which can
xtract the phase shift in the interferometry. According to Eq. (3) , the
aptured intensities of three-step phase-shifting algorithm can be writ-
en as 

 

′
1 = 𝐴 + 𝐵 cos 

(
𝜙 − 𝛿′1 

)
(10)

 

′
2 = 𝐴 + 𝐵 cos 

(
𝜙 − 𝛿′2 

)
(11)

 

′
3 = 𝐴 + 𝐵 cos 

(
𝜙 − 𝛿′3 

)
= 𝐴 + 𝐵 cos 

(
𝜙 − 𝛿′2 − Δ𝛿′

)
(12)

here 𝛿′1 = 0 , and Δ𝛿′ shows the phase variation between the second
nd third frames. As this system of equations is underdetermined with
nly three equations for five unknowns, we change the system into the
ollowing equations 

 = 

⟨||𝐼 ′2 − 𝐼 ′1 ||⟩ = 

⟨ |||||2 𝐵 sin 
( 

𝜙 − 

𝛿′2 
2 

) |||||
⟩ 

sin 
𝛿′2 
2 

(13)

 = 

⟨||𝐼 ′3 − 𝐼 ′2 ||⟩ = 

⟨ |||||2 𝐵 sin 
( 

𝜙 − 𝛿′2 − 

Δ𝛿′

2 

) |||||
⟩ 

sin Δ𝛿′

2 
(14)

 = 

⟨||𝐼 ′3 − 𝐼 ′1 ||⟩ = 

⟨ |||||2 𝐵 sin 
[ 
𝜙 − 

( 

𝛿′2 
2 

+ 

Δ𝛿′

2 

) ] |||||
⟩ 

sin 
( 

𝛿′2 
2 

+ 

Δ𝛿′

2 

) 

(15) 

here ⟨ · ⟩ is the average over the whole frame. As the motion is rigid,
lmost the same value would be obtained for the terms of ⟨|sin ( · )| ⟩ in
qs. (13) –(15) , based on the statistical nature of sinusoids. As a result,
e have 

 = 𝑐 ⋅ sin 
𝛿′2 
2 

, 𝑗 = 𝑐 ⋅ sin Δ𝛿′

2 
, 𝑘 = 𝑐 ⋅ sin 

( 

𝛿′2 
2 

+ 

Δ𝛿′

2 

) 

(16)

ince the number of equations is now equal to the unknowns, we can
xploit the trigonometry to solve the value c : 

 = 

2 𝑖𝑗𝑘 √ 

2 
(
𝑖 2 𝑗 2 + 𝑖 2 𝑘 2 + 𝑗 2 𝑘 2 

)
− 

(
𝑖 4 + 𝑗 4 + 𝑘 4 

) (17) 

o, the motion-induced phase shifts 𝛿′ 2 and Δ𝛿′ can be solved by 

′
2 = 2 arcsin 𝑖 

𝑐 
, Δ𝛿′ = 2 arcsin 𝑗 

𝑐 
(18)
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Fig. 2. Motion-induced phase errors of three-step PSP with projected fringes of frequency f p . (a) 𝑓 𝑝 = 1 ; (b) 𝑓 𝑝 = 2 ; (c) 𝑓 𝑝 = 3 . 

Fig. 3. Phase errors against the motion-induced phase shift 𝜀 2 . 
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y substituting Eq. (18) into Eqs. (10) –(12) , we can retrieve the actual
hase by 

= arctan 
cos 𝛿′2 − ℎ cos ( 𝛿′2 + Δ𝛿′ ) + ℎ − 1 

ℎ sin ( 𝛿′2 + Δ𝛿′ ) − sin 𝛿′2 
(19)

here ℎ = 

(
𝐼 ′2 − 𝐼 ′1 

)
∕ 
(
𝐼 ′3 − 𝐼 ′1 

)
. Although the phase shifts caused by

he motion can be estimated by Eq. (18) , they are homogeneous for each
ixel, which implies the measured scene is in the same kind of motion. 

To measure multiple objects in different kinds of motion, we present
n iterative approach to refining the phase shifts obtained by Eq. (18) .
ur idea is to treat the background intensity A as a cue to guide the
ptimization of initial phase shifts. First, the background intensity A can
e obtained with Eqs. (10) –(12) through solving a linear least-square
roblem, given the phase shifts and the phase value computed by Eqs.
18) and (19) respectively. Then, considering the reflection of projected
mages, Eq. (1) can be changed into 

 𝑛 ( 𝑥, 𝑦 ) = 𝛼( 𝑥, 𝑦 ) 𝐼 𝑝 
𝑛 
+ 𝛽( 𝑥, 𝑦 ) (20)

 

𝑝 
𝑛 
( 𝑥 𝑝 , 𝑦 𝑝 ) = 𝐴 

𝑝 ( 𝑥 𝑝 , 𝑦 𝑝 ) + 𝐵 

𝑝 ( 𝑥 𝑝 , 𝑦 𝑝 ) cos 
[ 
2 𝜋𝑓 𝑝 𝑥 𝑝 

𝑤 

𝑝 
− 𝛿𝑛 ( 𝑥 𝑝 , 𝑦 𝑝 ) 

] 
(21)

here 𝛼( x, y ) and 𝛽( x, y ) are the surface reflectivity and ambient light
espectively. 𝐼 𝑝 𝑛 is the projected light, A 

p the DC component, B 

p the am-
litude, f p the frequency of projected fringes, w 

p the width of projec-
or sensor, and ( x p , y p ) the projector coordinate. According to Eqs. (1) ,
20) and (21) , the background intensity A can also be expressed by 

 ( 𝑥, 𝑦 ) = 𝛼( 𝑥, 𝑦 ) 𝐴 

𝑝 ( 𝑥 𝑝 , 𝑦 𝑝 ) + 𝛽( 𝑥, 𝑦 ) (22)

Assume the ambient light is constant during the image acquisition,
he image of the background intensity can be captured directly if we
roject a pattern with a uniform light intensity of A 

p . We define the
aptured background intensity as A ref . As obtained by a snapshot, the
aptured A ref is not susceptible to the motion. Thus, it can be used as a
eference to refine the initial phase shifts. To this end, an error function
s written as 

𝐴 = 

∑
𝑥,𝑦 

|||𝐴 𝑟𝑒𝑓 − 𝐴 

||| (23)
130 
here Σ denotes the summation over the frame. When Eq. (23) reaches
he minimum, the phase shifts 𝛿′ 2 and Δ𝛿′ are optimized. To find the
inimum, we obtain the initial phase shifts by Eq. (18) . Then, they are
sed to calculate the background intensity by a linear least-square fit-
ing. We change them gradually until the function reaches the minimum.
or example, the initial values of 𝛿′ 2 and Δ𝛿′ are 1.8 rad and 1.9 rad re-
pectively. We can manually set the searching range of 𝛿′ 2 as 1.5 rad
o 2.1 rad and that of Δ𝛿′ as 1.6 rad to 2.2 rad. The increment can be
et as 0.0001 rad for both phase shift variables. When the object moves
ast, the searching ranges can be expanded accordingly. For each pair of
′ 2 and Δ𝛿′ , we calculate the Eq. (23) . The optimal phase shifts are the
nes that minimize Eq. (23) . Moreover, to reduce the impact of motion,
e suggest projecting the uniform image prior to the three-step phase-

hifting patterns. The reason is the computed background intensity is
ess accurate if the uniform image is projected in-between the fringe
mages. 

Since the objects are in different states of motion, we need to identify
hem before estimating the phase shifts for them. To detect the object
dges, we suggest a combined criterion E c : 

 𝑐 ( 𝑥, 𝑦 ) = 

𝜂𝐸 𝑏 ( 𝑥, 𝑦 ) + 𝛾𝐸 𝑝 ( 𝑥, 𝑦 ) 
𝜂 + 𝛾

(24)

 𝑏 ( 𝑥, 𝑦 ) = 

√ 

𝑔 2 
𝑥 

[
𝐴 𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
+ 𝑔 2 

𝑦 

[
𝐴 𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
(25)

 𝑝 ( 𝑥, 𝑦 ) = 

√ 

𝑔 2 
𝑥 

[
𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
+ 𝑔 2 

𝑦 

[
𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
(26)

here E b and E p are the edges detected by the normalized background
ntensity and normalized wrapped phase, 𝜂 and 𝛾 the weights of corre-
ponding components, g x ( · ) and g y ( · ) the gradients along the horizontal
nd vertical directions. To reduce the effect of noise, we suggest apply-
ng the Gaussian filtering to the captured images before carrying out the
alculation of the gradients. It is noted that the Gaussian filtering is only
sed for the segmentation and will not be used in the 3-D reconstruction.
o further remove the influence of noise, we also exploit the Sobel oper-
tor by which the gradient of the background intensity is computed with
moothing. Besides, the criterion of the phase variation is introduced to
etect surfaces with different depths but similar background intensities.
o avoid the effect of phase unwrapping errors induced by the motion,
e employ the variation of wrapped phase rather than that of the un-
rapped phase in the edge detection. So in Eq. (26) , the gradients are

alculated as 

 𝑥 

[
𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
= min 

⎧ ⎪ ⎨ ⎪ ⎩ 
||𝜙𝑛𝑜𝑟𝑚 ( 𝑥 + 1 , 𝑦 ) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) ||, ||𝜙𝑛𝑜𝑟𝑚 ( 𝑥 + 1 , 𝑦 ) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) + 1 ||, ||𝜙𝑛𝑜𝑟𝑚 ( 𝑥 + 1 , 𝑦 ) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) − 1 ||

⎫ ⎪ ⎬ ⎪ ⎭ (27)

 𝑦 

[
𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) 

]
= min 

⎧ ⎪ ⎨ ⎪ ⎩ 
||𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 + 1) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) ||, ||𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 + 1) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) + 1 ||, ||𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 + 1) − 𝜙𝑛𝑜𝑟𝑚 ( 𝑥, 𝑦 ) − 1 ||

⎫ ⎪ ⎬ ⎪ ⎭ (28)

ince there are inherent 2 𝜋 phase discontinuities in the wrapped phase,
e choose the minimum gradient among the three candidates. With a
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Fig. 4. An example of the segmentation. (a) The tested scene; (b) the result computed by 

the gradient of the background intensity; (c) the result computed by the gradient of phase; 

(d) the result obtained by our synthetic criterion. 
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iven threshold E T , the edges of surfaces can be detected by the phase
ariation, and a 4-connected or 8-connected strategy is then used to
abel the connected regions. As we apply Eq. (23) to each object sepa-
ately, phase shifts caused by different kinds of motion can be estimated
ccurately. 

To see the performance of the segmentation method, we tested a
cene containing a hand, a plaster model, and a background plane with
 checkerboard pattern, as shown in Fig. 4 (a). When we just used the gra-
ients calculated by the Sobel operator, the segmentation result is shown
n Fig. 4 (b). We can see that most areas of the hand have been extracted
uccessfully except for the thumb. For the plaster model, although the
rofile is identified, it has been divided into many tiny sub-areas which
ill increase the computational cost. Fig. 4 (c) shows the result only ob-

ained by the criterion of the phase variation. Compared with Fig. 4 (b),
t shows that all parts of the hand have been extracted correctly. How-
ver, for the plaster model, the phase variation did not successfully tell
t apart from the background, since some pixels on boundaries happened
o have almost the same phase as the background pixels did. Fig. 4 (d)
hows the result calculated by our method. Since it is an approach that
ombines the criteria of gradients of the gray value and the phase, both
bjects can be segmented successfully and effectively. We may see that
he background plane has been divided into several tiles because of the
ignificant variation of the gray value. It will not influence the estima-
ion of phase shifts of the plane, since the phase shifts of each tile will
e the same and be equal to the ones obtained when treating the plane
s a whole. 

.2. Motion-induced phase unwrapping errors 

In PSP, as the phase solved from the arctangent function only ranges
rom − 𝜋 to 𝜋, the phase unwrapping is required to obtain a continuous
hase distribution. When the object moves, however, we find the motion
ften results in undesired phase unwrapping errors which are charac-
erized by abrupt 2 𝜋 phase changes in a smooth unwrapped phase map.
he errors are serious for temporal phase unwrapping methods [30,31] ,
ince the motion also affects the accuracy of the reference phase which is
btained from an extra set of fringe patterns. Rather than compensating
he reference phase, we suggest a method that can correct the erroneous
ixels in unwrapped phase map using the reliable pixels around them.
o locate the pixels with phase unwrapping errors, we detect the edges
y gradient estimations of both horizontal and vertical directions of the
131 
riginal unwrapped phase map. With a threshold Th e , the pixel with gra-
ient larger than the threshold is considered being on the boundary of
roups of phase unwrapping errors. Thus the pixels on and within the
order are the ones with phase unwrapping errors. Provided that the
rroneous phase is Φe ( x, y ), the correction can be carried out by 

𝑐 ( 𝑥, 𝑦 ) = Φ𝑒 ( 𝑥, 𝑦 ) − 2 𝜋 ⋅ 𝑟𝑜𝑢𝑛𝑑 
[ 
Φ𝑒 ( 𝑥, 𝑦 ) − Φ𝑚 ( 𝑥, 𝑦 ) 

2 𝜋

] 
(29)

here Φm 

( x, y ) is the averaged unwrapped phase over the surrounding
eliable pixels that are found by 

 𝑥, 𝑦 ) ∈
{
𝐵( 𝑥, 𝑦 ) ≥ 𝑇 ℎ 𝑚 

}
(30)

here the intensity modulation B can be obtained by Eqs. (10) –(12) and
h m 

is a threshold. Eq. (30) is used to preserve the pixels with sufficient
ntensity modulation. It is noted that Eq. (29) is developed for smooth
urfaces, which means it should be applied separately to each connected
egion identified by the method mentioned in Section 2.1 if multiple
bjects are measured. 

.3. Motion outliers 

The last class of motion artifacts is motion outliers, which look like
mpulsive noise and often exist at boundaries of an object or texture
dges. The reason is that the outlier captures intensities reflected by
oints with sharp reflectivity changes during the image acquisition. To
andle these outliers, we resort to the intensity modulation since the in-
ensity modulation of outliers is usually much lower than that of inliers.
hus, the outliers are identified by inversely using Eq. (30) as 

 𝑥, 𝑦 ) ∈
{
𝐵( 𝑥, 𝑦 ) < 𝑇 ℎ 𝑚 

}
(31)

hen, we introduce the Gaussian filter to locate the residual outliers.
y comparing the original unwrapped phase with its blurred result, the
utliers can be detected by 

 𝑥, 𝑦 ) ∈
{ |||Φ( 𝑥, 𝑦 ) − Φ𝑔 ( 𝑥, 𝑦 ) 

||| ≥ 𝑇 ℎ 𝑔 

} 

(32)

here Φ is the original unwrapped phase and Φg the unwrapped phase
btained by the Gaussian filtering. With a threshold Th g , the pixels with
hase differences larger than the threshold are treated as outliers. Thus
hrough Eqs. (31) and (32) , motion outliers can be detected and removed
or dynamic 3-D reconstructions. To better understand the proposed
ethod, a flowchart is shown in Fig. 5 . 

. Simulation 

In this section, we simulate two kinds of motion in the z-direction:
he uniform motion and the non-uniform motion (uniformly acceler-
ted motion). A discontinuous surface is generated as the target ob-
ect in phase height as can be seen in Fig. 6 (a). Fig. 6 (d) shows one
f the simulated fringe images. The frequency of the fringes is 30, and
n extra set of fringes with unit frequency is also generated to unwrap
he phase through the temporal phase unwrapping method [30] . Dur-
ng the uniform motion, the object moves at the speed ranging from
0 . 5 rad/step to 0.5 rad/step. And under the non-uniform motion, its
cceleration changes from −0 . 5 rad/step 2 to 0.5 rad/step 2 . The initial
peed for both conditions is 0 rad/step, and the negative sign shows the
bject is moving in the opposite direction. With traditional three-step
SP, Fig. 6 (b) and (e) respectively show the 3-D result reconstructed for
niform motion with a speed of −0 . 2 rad/step and the result for non-
niform motion with an acceleration of 0.5 rad/step 2 . Severe ripples
an be observed from both reconstructions. 

To compensate the motion artifacts, we adopt Weise ’s method [25] ,
ong ’s method [26] , Lu ’s method [27] and our method respectively.
ig. 7 compares the results. From the original results, we can see that
he average phase error increases with the rise of the speed. For the
ompensation methods, in general, all of them can effectively suppress
he effect of motion. To be concrete, under the condition of uniform
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Step 1 
Motion ripples

Step 2
Phase unwrapping error

Three-step phase
shifting images

Step 3
Motion outliers

Initial guess of motion
-induced phase shifts

Iterative refinement 
of initial phase shifts 

with a reference image

Ripple-free unwrapped 
phase

Detection of edges of 
unwrapping errors

Identification of points 
with incorrect 

unwrapped phase

Correction of errors with 
adjacent pixels 

Detection of pixels with 
low intensity modulation

Comparison of original 
unwrapped phase map 
with its blurred result

Removal of the outliers

Artifact-free 3D 
reconstructions

Fig. 5. The flowchart of the proposed method. 

Fig. 6. (a) The simulated object; (b) original phase reconstruction when the speed is −0 . 2 rad/step; (c) our phase reconstruction for the same speed; (d) one of the fringe images; (e) 

original phase reconstruction when the acceleration is 0.5 rad/step 2 ; (f) our phase reconstruction for the same acceleration. 
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otion, the methods of Weise and Cong show similar performance with
verage errors of 0.051 rad and 0.06 rad. Lu ’s approach is superior to the
ormer methods with a smaller error of 0.023 rad. However, our method
utperforms all its counterparts as the phase error is reduced to 0.0008
ad. For the condition of non-uniform motion, the phase error of Weise ’s
ethod raises rapidly with the increase of acceleration, and it shows

he largest error compared with other approaches. The reason is that
he method assumes the motion is uniform. Without this assumption,
he approaches of Cong and Lu can produce reconstructions with fewer
rrors for the object in the non-uniform motion. As for our method, it
132 
s insensitive to the increasing speed and shows the lowest phase errors
or different states of acceleration compared with other techniques. 

We further compare these methods in terms of the residual error as
hown in Fig. 8 , where M means the mean error and Rate the percentage
f errors. Weise ’s method shows the largest mean error and the largest
atio of incorrect points among the selected methods. The reason is that
oints near the edges are retrieved inaccurately by the method as it as-
umes the object to be smooth locally. This is why the phase error is not
lose to zero even the object is static, as shown in Fig. 7 . In contrast,
he method of Cong shows smaller errors because of the assistance of
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Fig. 7. Average phase errors under different kinds of motion. (a) Uniform motion; (b) non-uniform motion. 

Weise’ method Cong’s method Lu’s method Our method
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(Uniform)

(Uniform)

(Non-uniform)

(Non-uniform)

Speed: − .
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Fig. 8. The comparison between different methods in terms of the average error and the ratio of incorrect points. 
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TP, by which the motion-induced phase shifts are estimated frame by
rame, thus allowing objects to move at a varying speed. However, this
echnique is also sensitive to edges, since it is based on the spatial fil-
ering. For Lu ’s technique, although it is insensitive to edges and shows
maller errors compared with the formers, the error is likely to increase
ith the rise of speed. Finally, in terms of our method, the removal of
otion ripples is insensitive to edges due to the pixel-wise correction

f phase errors. Further, with the presented optimization algorithm, the
hase shifts can be refined adaptively, thus greatly decreasing the er-
ors. Fig. 6 (c) and (f) respectively display the compensation results of
ig. 6 (b) and (e) by leveraging our method. We can see that the serious
ipples have been removed successfully for both conditions. 
133 
. Experiments 

To verify the performance of our method, we built a fringe projec-
ion system comprised of a DLP projector (LightCrafter 4500, TI) and a
igh-speed camera (acA640-750, Basler). The resolution of the camera
s 640 ×480, with a maximum frame rate of 751 frames per second. In
he experiments, the threshold E T for the edge detection is set to 0.05,
nd the threshold Th e for the phase unwrapping error is set to 3. The
hreshold Th m 

for the removal of unreliable areas is set as 10, and the
hreshold Th g for identification of motion outliers is set to 0.5. To con-
ert the motion-compensated phase information into 3-D coordinates,
e used the reconstruction method reported by [19] . 
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Fig. 9. (a) 𝛿′ 2 of the uniform motion; (b) 𝛿′ 3 of the uniform motion; (c) phase error of ripples on the plane under the uniform motion; (d) reconstruction error of the whole scene for the 

uniform motion; (e) 𝛿′ 2 of the non-uniform motion; (f) 𝛿′ 3 of the non-uniform motion; (g) phase error of ripples on the plane under the non-uniform motion; (h) reconstruction error of 

the whole scene for the non-uniform motion. 
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.1. Quantitative evaluation 

To evaluate our approach quantitatively, we kept a plane moving at
bout 1 meter in front of our system and measured the plane at different
ositions. The moving step of the plane is uniform and is equal to 1 mm.
or each position, we projected three-step phase-shifting patterns of fre-
uency of 20 and a uniform white pattern with the projected intensity
f 127.5. Also, we projected two additional sinusoidal patterns of unit
requency to conduct the absolute phase unwrapping [24] . During the
xperiment, we set the middle point of the traveling range as the initial
osition of the plane. With this setup, we can simulate different kinds
f motion with images captured at different positions and calculate the
round truth by original PSP with images captured at the same posi-
ion. To demonstrate the ability to handle objects with different states
f motion, we put a static ceramic sphere next to the moving plane. To
istinguish the moving direction, we used the positive sign to indicate
hat the plane was moving away from the system. 

Fig. 9 (a), (b), (e) and (f) compare the nominal (theoretical) and com-
uted phase shifts 𝛿′ 2 and 𝛿′ 3 for the uniform and non-uniform motion.
or the original three-step PSP, nominally we have 𝛿′2 = 

2 𝜋
3 = 2 . 094 rad

nd 𝛿′3 = 

4 𝜋
3 = 4 . 188 rad, which are represented by the red lines. We can

ee that the phase shifts of the sphere almost coincide with the nominal
alues since the object was motionless during the measurements. As for
he plane, however, when it began to move, the phase shifts changed
rom the theoretical values, and the difference was becoming increas-
ngly significant with the rising of the speed. Fig. 9 (c) and (g) display
he root-mean-square (RMS) phase error of the motion ripples on the
lane under the uniform and the non-uniform motion respectively. It
s noted that we corrected the motion-induced phase unwrapping er-
or for the traditional PSP as well to analyze the distribution of the
ipples. We can see that the motion ripples have been removed effec-
ively with the proposed method. For the uniform motion, the maximum
hase error is reduced to 0.0285 rad from 0.1629 rad, and for the non-
niform motion, the maximum phase error decreases to 0.036 rad from
.1878 rad. We also find that although the plane was moving at the same
peed or acceleration, the motion caused more significant ripples when
he plane got close to the system. This asymmetry can be explained by
 i  

134 
q. (9) and Fig. 3 , in which the negative 𝜀 n (or increased 𝛿′ n ) tends to
ause more severe ripple errors than the positive 𝜀 n (or decreased 𝛿′ n )
or the phase-shifting methods. 

The reconstruction errors of the uniform and the non-uniform motion
re shown in Fig. 9 (d) and (h) respectively. From the results of uniform
otion, the maximum error is 11.19 mm, and the average error is 3.98
m by the traditional PSP. However, the maximum error is reduced to
.26 mm, and the average error decreases to 0.18 mm with our method.
t shows that the measurement errors can be reduced by 97.68% and
5.48% in terms of the maximum error and the average error with the
roposed method. For the non-uniform motion, the maximum error is
3.06 mm, and the average error is 5.36 mm with the traditional PSP.
owever, the errors drop sharply to 0.3 mm and 0.18 mm respectively
hen the proposed method is in use, showing an improvement of accu-

acy of 97.70% and 96.57%. Therefore, compared with the traditional
hree-step PSP, our method can improve the accuracy significantly by
ore than 95%. We may find that for the reconstruction errors of the

riginal three-step PSP, their distributions are slightly different from
hose of the phase errors. This is because we corrected the phase un-
rapping errors for the traditional method in Fig. 9 (c) and (g) in order

o study the motion ripple error, and did not do the same process for
nal reconstructions in Fig. 9 (d) and (h). Due to the presence of phase
nwrapping error, the original reconstruction error became larger when
he object moved away from the system in our experiments. In Fig. 10 ,
e display several 3-D reconstruction results of the two kinds of motion.
nder both conditions, we can see growing motion artifacts when the
lane moved more rapidly. However, these errors were compensated
nd eliminated effectively when we applied our method. Besides, since
he proposed method can detect objects with different states of motion
nd estimate optimized motion-induced phase shifts for them, the static
phere can be reconstructed correctly while the plane was moving. 

.2. Qualitative evaluation: a measurement of quasi-static objects 

Many phase-shifting images are usually required for precise 3-D
econstructions, e.g., the 3-D face recognition. However, the more
mages to be used, the longer the measurement will take. In general, it
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Traditional
PSP

Our

Our

-3mm/step -2mm/step 0mm/step 2mm/step 3mm/stepUniform 

Non-uniform -2mm/step

Traditional
PSP

-1mm/step 0mm/step 1mm/step 2mm/step

Fig. 10. 3-D reconstruction results of different kinds of motion. 

Fig. 11. Scanned faces. (a) A female face; (b) unintentional motion of the female face; (c) a male face; (d) unintentional motion of the male face. 
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s not easy for people to keep strictly still during the acquisition of the
mages. The subtle involuntary movement, e.g., the head shake, is likely
o cause adverse effects on 3-D reconstructions. In this experiment, we
canned a woman and a man standing in front of the system, whose
aces are shown in Fig. 11 (a) and (c) respectively. During the image
cquisition, we projected two white patterns and three sets of three-step
hase-shifting patterns with different frequencies ( 𝑓 𝑝 1 = 1 , 𝑓 𝑝 2 = 8 , and
 

𝑝 

3 = 80 ). To simulate quasi-static measurements, we made the fringe
rojection system work at 20 frames per second. Thus it took 0.55
econds to capture the phase-shifting images. The optical flow was
stimated for both faces using the Lucas–Kanade method [32] , and the
esults are shown in Fig. 11 (b) and (d). We can see that the female face
as moving a little bit to the left while the male face shifted towards

he right during the measurement. The 3-D reconstructions are shown
n Fig. 12 , where (a)–(c) display the results of the female, and (d)-(f)
hose of the male. From the reconstructions, visible ripples are found
learly on models reconstructed with the traditional PSP, but they have
een removed successfully by the presented method. 

.3. Qualitative evaluation: a measurement of dynamic scenes 

To inspect moving objects, we made our system work at 105 frames
er second. The projected patterns are the same as the ones used in
135 
ection 4.1 . Fig. 13 (a) shows the measured scene consisting of two plas-
er statues. Fig. 13 (b) and (c) display captured fringe images of 𝑓 𝑝 = 20
nd 𝑓 𝑝 = 1 respectively. During the experiment, we kept the left statue
David) static while letting the right one (kitty) moving back and forth
n front of the system. We captured 150 images of the scene and then
erformed reconstructions with both our method and the traditional
hree-step PSP by the off-line processing. Fig. 13 (d) shows one of the
epth maps obtained by the original PSP, from which the left statue is
econstructed faithfully. However, for the right one, we can see visible
ipples on the face and many errors near the arm and edges of the skirt.

To handle these artifacts, we divided them into three groups as
hown in Fig. 13 (d). To compensate ripples in Region 1, we used Eq.
18) to estimate initial values of the motion-induced phase shifts. Then,
q. (23) followed to refine the initial values according to the captured
eference background intensity, as shown in Fig. 13 (a). The original
nd compensated wrapped phase are shown in Fig. 14 (a) and (b) re-
pectively. For comparison, we plot their distributions for the Region
 in Fig. 14 (c), where an offset to compensate the motion has been in-
roduced into the original wrapped phase with our method. To han-
le the artifacts in Region 2, we display their original fringe orders in
ig. 14 (d). We find that the fringe orders, which were supposed to be
1, were miscalculated as 10 by the traditional PSP. However, when we
sed Eq. (29) to handle the erroneous points, their fringe orders were
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Fig. 12. 3-D reconstructions of the female face (top) and the male face (bottom). (a) and (d) The side view of original and our results; (b) and (e) the front view of the original results; 

(c) and (f) the front view of our results. 

Fig. 13. (a) A captured uniform image; (b) a fringe image of 𝑓 𝑝 = 20 ; (c) a fringe image of 𝑓 𝑝 = 1 ; (d) original depth map; (e) our depth map. 
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orrected successfully with the guidance of their reliable neighboring
ixels, as shown in Fig. 14 (e). Last, to cope with the motion outliers
n Region 3, we removed them with low-intensity modulation and by
he comparison between the unwrapped phase and its smoothed form.
he result is shown in Fig. 14 (f), in which more significant differences
an be observed for the outliers than other points. Thus with a thresh-
ld 𝑇 ℎ 𝑔 = 0 . 5 , they can be detected by Eq. (32) and removed from the
econstructions. With our approach, the final depth result is shown in
ig. 13 (e), from which the three kinds of motion artifacts have been
ompensated and eliminated effectively. 

Also, we provide two reconstruction videos of the dynamic scene.
ideo 1 shows the result of original PSP and Video 2 that of our method.
or comparison, several 3-D frames for different moments are selected
136 
rom both videos, as shown in Fig. 15 . During the measurement, the right
tatue was moving away from the system for the moments of 114 ms
nd 1200 ms, while it was moving towards the system for moments
f 685 ms. For the moment of 343 ms, the object reached its farthest
osition and began to change the direction of motion. From the original
esults shown in Fig. 15 (a), except for the result reconstructed at the
oment of 343 ms, severe ripples and outliers can be found on the 3-D
odels of the right statue. A relatively acceptable result was obtained

t 343 ms, since the statue was about to change its moving direction
nd the speed at that moment was almost equal to zero. In contrast,
rom the results shown in Fig. 15 (b), both the static and dynamic objects
ave been robustly reconstructed for all the moments with the proposed
ethod. 
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Fig. 14. (a) Original wrapped phase; (b) our wrapped phase; (c) the plot of the wrapped phase for Region 1; (d) original fringe order for Region 2; (e) our fringe order for Region 2; (f) 

detected motion outliers around the edge for Region 3. 

Time: 114ms Time: 343ms Time: 685ms Time: 1200ms

Time: 114ms Time: 343ms Time: 685ms Time: 1200ms

(a)

(b)

Fig. 15. (a) Original 3-D reconstructions (see Video 1); (b) our 3-D reconstructions (see Video 2). 
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. Conclusion 

In this paper, we have proposed a motion compensation method for
SP to measure rigid objects in motion. Based on our observations,
e divide the motion artifacts into three categories: motion ripples,
otion-induced phase unwrapping errors and motion outliers. For the
otion ripples, we present a theoretical model of the error for N -step
SP and employ the statistical nature of fringe patterns to estimate ini-
ial phase shifts to compensate the error for three-step PSP. By an itera-
ive approach, the phase shifts are then refined with the assists the cap-
ured background intensity. However, it is noted that since the motion-
nduced phase shifts are assumed to be constant for single objects, the
ethod may not be very effective when handling fast rotating objects
here the phase shifts are varying across the surface. To cope with the
otion-induced phase unwrapping errors, we carry out the correction
o  

137 
sing the unwrapped phase of reliable neighboring pixels. For the last
ind of motion artifacts, the original unwrapped phase map is compared
ith a blurred phase map to eliminate the points with a significant phase
ifference. From the experiments, the proposed method can successfully
emove the motion artifacts for both quasi-static and dynamic scenes
nd improve the accuracy by more than 95% compared with the tradi-
ional PSP. 
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