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a b s t r a c t 

As one of the most popular techniques for non-contact three-dimensional (3D) sensing/imaging, fringe projection 

profilometry (FPP) has been growing rapidly over the past decades partially because of the improved speed of 

computing devices and reduced cost of hardware. 3D optical sensing has started being an integral part of our 

daily lives such as Face ID enabled by 3D sensors on smart phones. The impact of such techniques can be even 

greater with the ever-growing artificial intelligent (AI), machine learning, smart manufacturing, robotics as well 

as other fields. However, there are still fundamental challenges to be tackled to make such advanced optical 

sensing techniques ubiquitous. This paper presents the current status of FPP techniques, the major challenges 

still facing in the field, and our perspectives on the future of FPP techniques. 
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. Introduction 

3D optical imaging/sensing, a technology that acquires surface ge-

metry information without physically touching it, has seen its integra-

ion and application to fields ranging from entertainment, manufactur-

ng, to healthcare industry. Yet, its potential has far from been reached,

artially due to the low technological mature level and the lack of in-

elligence. 

Let us take a look at a scenario when 3D optical imaging technology

ould play a critical role but the technology is not yet ready. Human has

uccessfully sent robots to the Mars for space exploration (an unknown

nd unstructured environment). Ideally, the robots can have human like

ody, human like hands, and human like eyes that can take actions like

uman when human cannot physically go there because the environ-

ent is too dangerous or not friendly to human. Through sensing and

erception, robots can gather all necessary information for human to un-

erstand the Mars; and if robots are smart enough, they can explore the

ars as human would do. However, these seemingly achievable goals

re still far away. This scenario actually has three major components:

erception/sensing systems that should be able to accurately and ro-

ustly capture an unknown scene; the intelligent system to precisely

nderstand the captured data and extrapolate the useful information;

nd the control system that can take actions (e.g., grasping). The for-

er two are directly related to the major topic covered in this paper:

D optical imaging/sensing, and the last one could be related, as well,

f the control system requires the sensed data for closed-loop control.

s such, this paper will present the state-of-the-art 3D optical imaging
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echniques, the technological gaps, and the remaining challenges for us

o accomplish such a mission. 

3D optical imaging techniques can be classified into two major cat-

gories, the passive methods and the active methods. A passive method

econstructs 3D scenes from naturally illuminated images acquired from

 single view with different conditions (e.g., defocusing level) or multi-

le views [1,2] . Among all existing 3D optical imaging techniques, the

tereo-vision technique is probably the most extensively employed and

ell studied one. Stereo-vision technique generates 3D point through tri-

ngulating the corresponding pairs between stereo images. Since only

wo cameras are used, the stereo-vision technique has obvious advan-

ages: the simplicity of hardware configuration and straightforward cal-

bration for the system [3] . However, stereo-vision technique measure-

ent accuracy is determined by the accuracy of determining corre-

ponding pairs, resulting in low measurement accuracy for object with-

ut rich texture. In fact, this approach completely fails if the object does

ot present texture on camera images. As such, the fundamental stereo-

ision problem is often considered as a “ill-posed ” problem. 

Active methods overcome the fundamental problem related to natu-

al texture by actively illuminating object with “known ” signal such that

he detector can uniquely identify from the captured signal. The signal

an be modulated light in time domain such that the distance can be

easured by finding the travel time of the signal (e.g., time of flight or

OF [4] ). Due to its small footprint and possible compact design, TOF

echnique is quite extensively used in long range measurement, and re-

ently for short-range measurement as well. However, the achievable

epth resolution for short-range measurement is still low comparing

ith triangulation based approach primarily because the limited res-

lution of the detector to gauge time delay. 

https://doi.org/10.1016/j.optlaseng.2020.106193
http://www.ScienceDirect.com
http://www.elsevier.com/locate/optlaseng
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Fig. 1. Schematic diagram of a typical structured light system [7] . 
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The actively signal can be modulated in spatial domain such that

he correspondence between illuminator and the camera image can be

stablished. The technique of projecting spatially modulated signal for

D imaging is often regarded as structured light technique. Structured

ight technique gains its popularity because consumer electronics (e.g.,

Phone X) adopt such a technique. In the iPhone X case, the illuminator is

 random dot projector that generates a unique dot distribution locally,

rom which the camera can find the corresponding point within a win-

ow using a digital image correlation (DIC) technique. Alternatively,

he locally unique illumination distribution can be created by natural

aser speckle [5] or a digital video projector [6] . The advantage of this

pproach is a single pattern is sufficient for 3D imaging, achieving high-

st possible measurement speed (i.e., as fast as the camera). However,

ecause the dot distribution is discrete in 2D, the measurement resolu-

ion is limited in both directions [7] . Furthermore, the correspondence

ccuracy is affected by the illumination distribution, and thus the depth

esolution is also limited. 

The active signal can also be both spatially and temporally mod-

lated. Overall, the method using both spatially and temporally mod-

lated signal could achieve higher resolution than the method using

patially or temporally modulated signals. The spatially and temporally

odulated patterns are often realized by a digital video projector be-

ause of its flexibility and versatility, albeit they can also be realized by

aser speckles [8] , or mechanically moving object [9,10] , or LED arrays

11,12] . The codification methods, strategies and limitations have been

ell discussed by Salvi et al. [6] and Zhang [7] , and the state-of-the-

rt 3D imaging techniques have been reviewed by various authors in

ifferential categories [7,13–19] . 

This paper will not exhaustively cover all 3D optical imaging tech-

ologies. Instead, this paper primarily focuses on one spatial type of

tructured light techniques called fringe projection profilometry or FPP

ecause of its achievable speed, resolution, accuracy, affordability, and

ersatility. As such, this advanced 3D imaging technology might greatly

mpact numerous more fields than it has right now. Moreover, we will

resent a few application examples (e.g., cardiac mechanics, robotics,

dditive manufacturing, forensic science, entertainment) to better con-

ey the challenges and future perspectives. 

. Current status 

This section introduces the basic principle of structured light tech-

ique; and summarizes various aspects of the current status of fringe pro-

ection profilometry, namely, fringe pattern generation, fringe pattern

nalysis, absolute phase retrieval, system calibration, 3D reconstruction,

s well as high speed realization and high dynamic range (HDR) meth-

ds. 

.1. Basic principle 

Structured light techniques originated from the conventional stereo

ision method that recovers 3D information by imitating human percep-

ion system. As mentioned above, structured light technique eliminates

he fundamental correspondence problem of a stereo-vision technique

y replacing one of the cameras with a projector and actively project-

ng known feature points [6] . Fig. 1 schematically illustrates the basic

onfiguration of a 3D imaging system using a structured light method.

he system comprises of a projection unit that shines structured patterns

nto the object surface, and an image acquisition unit that captures the

tructured pattern scattered by object surface from a different perspec-

ive. The surface geometry distorts the projected patterns and the soft-

are algorithm analyzes pattern distortions for 3D shape recovery. Be-

ause the projected patterns have known features, the correspondence

an be more easily established even on the distorted image captured

y the camera. A system calibration technique, to be discussed later,

ypically provides the triangulation relationship between the projection

nit and the acquisition unit, and then a corresponding pair can be used
o reconstruct 3D coordinates, ( x w , y w , z w ), based on the triangulation

elationship, which will be detailed in Section 2.5 . 

Ultimately, by projecting pre-defined structured pattern(s), the struc-

ured light technique can uniquely and robustly determine a correspond-

ng projector point ( u p , v p ) for a given camera point ( u c , v c ) on the cam-

ra image. Historically, numerous structured pattern encoding methods

ave been developed including the statistically random pattern (dots

r speckle), binary coded patterns, multi-level patterns, triangular pat-

erns, trapezoidal patterns, pyramid patterns, sinusoidal patterns. The

tatistically random pattern ensures that a kernel of w m × w n pixels is

nique within region of interest. Due to its simplicity, low cost, and

asy to be miniaturized, this method saw its great success in developing

ow-cost consumer-level 3D sensors ((e.g., Microsoft Kinect V1, Intel Re-

lSense R200, iPhone X, Orbbec Astro series). However, such a method

as a relatively low spatial resolution in both u and v direction because

he random pattern is discrete in both directions. And because its low

patial resolution leads to low correspondence determination accuracy,

he achievable depth accuracy is typically not high. 

Due to the inherent existence of geometric constraint of the struc-

ured light system, the unique correspondence is required only in one

imensional (1D) by leveraging the epipolar geometry developed in a tra-

itional stereo-vision system [20,21] to uniquely determine the corre-

ponding point in the second dimension. As such, the encoded structured

atterns only need to vary in 1D, but remain constant and continuous

n the second dimension. Binary coding methods were then developed.

or such methods, each stripe on the projector is encoded with a unique

ode (i.e. codeword) that can be realized by projecting a sequence of bi-

ary patterns. Assume black represents 0 and white represents 1, the se-

uence of patterns captured by the camera can be used to determine the

odeword for each point that uniquely gives the corresponding stripe

n the projector. The binary coding method boots the spatial resolu-

ion by achieving camera pixel level resolution in the direction that the

tructured patterns remain constant. However, this technique requires

he projection of many binary patterns, making it difficult to achieve

igh measurement speed without utilizing specialized hardware, albeit

here were some successes by developing a specialized coding strategy

22,23] , utilizing color [24] or multi-level grayscale structured patterns

25] , as well as adding a second camera [26–28] . Furthermore, its spa-

ial resolution cannot reach camera pixel level in the direction that the

atterns vary. 

.2. Fringe pattern generation 

FPP is a method that reconstruct 3D information by analyze fringe

attern(s). Fringe is conventionally defined as a structured pattern that

aries sinusoidally. In this paper, we generalize this pattern definition
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⎡⎢⎢  
y removing the sinusoidal constraint because the new analysis method

an process non-sinusoidal pattern(s) in a similar manner for 3D shape

econstruction. As such, more fringe generation methods can be used

or FPP. The following methods have been successfully developed and

xtensively employed for 3D shape reconstruction. 

• Interference. Based on the property of electromagnetic wave of a

coherent laser source, superposing two laser beams with the same

wavelength together naturally generates a sinusoidal pattern. And

the method that using this type of fringe pattern generation is called

interferometry [29] . 
• Physical grating projection. Before digital video projection devices be-

come popular and affordable, sinusoidal fringe patterns can be made

as a grating [30] , or printed on a transparency film [31] . The phys-

ically made pattern is then projected by projection optics. 
• Moir ́𝑒 . Moir ́𝑒 fringes are large-scale interference patterns that can

be produced when an opaque ruled pattern with transparent gaps is

overlaid on another similar pattern [32] . 
• Digital video projection. Digital video projectors make it easier to pro-

duce fringe patterns generated by a computer [13] . Since such fringe

patterns can be digitally created, digital fringe projection techniques

have a lot more flexibilities than those physical grating methods. 

Lately, researchers have demonstrated that binary patterns could

lso be used to achieve equally high-quality 3D imaging and further

reak speed grounds. These new developments include generating fringe

atterns with the out-of-focused squared binary patterns [33] , the pulse

idth modulated patterns [34–36] , the binary dithered patterns [37] ,

he optimized dithered patterns [38–44] , and the mechanically spin-

ing grated patterns [9,10] . Due to the flexibility of the digital pattern

rojectors, researchers also developed techniques that uses more than 2

ray-scale values [45] , or combination of multiple binary patterns for a

ingle fringe pattern [46–49] . 

.3. Fringe analysis 

Instead of using image intensity, fringe projection techniques use the

hase for 3D reconstruction. Over the years, numerous fringe analysis

ethods have been developed, and here we only summarize those most

opular ones. 

An ideal sinusoidal fringe image can be mathematically described as

 1 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) + 𝐼 ′′( 𝑥, 𝑦 ) cos [ 𝜙( 𝑥, 𝑦 )] , (1)

here I ′ ( x, y ) is the average intensity or the DC component, I ″ ( x, y ) the

ntensity modulation, and 𝜙( x, y ) the phase to be solved for. 

Theoretically, the single fringe pattern is sufficient to obtain the

hase value, and such a method is called Fourier transform profilom-

try (FTP), developed by Takeda and Mutoh in 1983 [50] . FTP method

orks as follows, re-write Eq. (1) in a complex form as 

 1 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) + 0 . 5 ⋅ 𝐼 ′′( 𝑥, 𝑦 ) 
[
𝑒 𝑗𝜙( 𝑥,𝑦 ) + 𝑒 − 𝑗𝜙( 𝑥,𝑦 ) 

]
, (2)

here e j 𝜙( x,y ) is the conjugate of 𝑒 − 𝑗𝜙( 𝑥,𝑦 ) . 

Then apply a band-pass filter in frequency domain to remove the

onjugate and DC component such that, 

 ̃1 ( 𝑥, 𝑦 ) = 0 . 5 ⋅ 𝐼 ′′( 𝑥, 𝑦 ) 𝑒 𝑗𝜙( 𝑥,𝑦 ) . (3)

Finally find the phase 𝜙( x, y ) by 

( 𝑥, 𝑦 ) = tan −1 
{ 

ℑ [ ̃𝐼 ( 𝑥, 𝑦 )] 
ℜ [ ̃𝐼 ( 𝑥, 𝑦 )] 

} 

. (4)

Here ℑ () and ℜ () respectively denotes the imagery and real part of a

omplex variable. Since an arctangent function is used here, Eq. (4) only

roduces a phase map ranging from [− 𝜋, + 𝜋) with a 2 𝜋 modus, and the
ecovered phase map is thus called wrapped phase . If a continuous phase

ap is required, a step called phase unwrapping is necessary. Various

hase unwrapping methods and the current status will be discussed in

ection 2.4 . 
⎣
Furthermore, I ″ ( x, y ) can also be recovered by applying a low-pass

lter to Eq. (1) , and the resultant image is often used as a texture or

hotograph of the object for better visualization or analysis. 

The aforementioned simple FTP method works well if surface geom-

try is smooth, fringe noise level is not too high, and surface texture is

ot rich. However, most practical applications are rather complex and

he simple FTP method does not work well. One of the most challeng-

ng problems associated with single fringe phase analysis method is to

leanly separate carrier phase signal from the background (e.g., DC).

ew analysis methods have been developed to alleviate problems asso-

iated with the simple FTP method, such as windowed Fourier transform

51–54] , multiscale windowed Fourier transform [55] , Wavelet trans-

orm [56–60] , Hilbert transform [61,62] , DC signal elimination [63,64] ,

r machine learning methods [65,66] . Despite these advancements, the

ingle fringe based phase recovery method is still limited to measure

ertain type of objects. Therefore, capturing more fringe patterns can

heoretically enhance the measurement quality and improve the mea-

urement capacity. 

To completely eliminate background impact, Mao et al. [67] pro-

osed to capture the second 𝜋-shifted pattern, i.e., 

 𝑏 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) + 𝐼 ′′( 𝑥, 𝑦 ) cos [ 𝜙( 𝑥, 𝑦 ) + 𝜋] , (5)

y taking the difference between these two patterns 

 𝑑 ( 𝑥, 𝑦 ) = 𝐼 1 ( 𝑥, 𝑦 ) − 𝐼 𝑏 ( 𝑥, 𝑦 ) = 2 𝐼 ′′( 𝑥, 𝑦 ) cos [ 𝜙( 𝑥, 𝑦 )] , (6)

he DC component is completely eliminated, assuming that the measure-

ent conditions remain the same. This method is called the modified

ourier transform method. Alternatively, Guo and Huang [68] proposed

o directly capture the DC image, i.e., 𝐼 𝑏 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) . The difference
etween these two approach is that the former has better signal to noise

atio but the latter is less sensitive to motion introduced error. Since

he DC component does not present, these two fringe based methods

an substantially improve measurement quality and also tolerate sur-

ace texture to a certain degree. Fringe analysis methods with a single

r dual fringe patterns have been extensively employed for high-speed

pplications [16,17,69,70] . However, they typically requires surface to

e at least locally smooth and have no strong texture variations, and thus

ringe analysis with more fringe patterns are necessary to relax strong

equirements. 

Since Eq. (1) has three unknowns I ′ ( x, y ), I ″ ( x, y ), and 𝜙( x, y ), three

quations are sufficient to determine the phase 𝜙( x, y ) pixel by pixel.

ne of the most straightforward approach is to add one sinusoidal fringe

attern and another DC image [71] , 

 2 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) + 𝐼 ′′( 𝑥, 𝑦 ) sin [ 𝜙( 𝑥, 𝑦 )] , (7)

 3 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) . (8)

In this case, the phase can be calculated as 

( 𝑥, 𝑦 ) = tan −1 
[ 
𝐼 2 ( 𝑥, 𝑦 ) − 𝐼 3 ( 𝑥, 𝑦 ) 
𝐼 1 ( 𝑥, 𝑦 ) − 𝐼 3 ( 𝑥, 𝑦 ) 

] 
. (9)

Three or more phase-shifted fringe patterns with known phase shifts

re also developed to recover phase pixel by pixel, and those meth-

ds are called phase-shifting methods [72] . Phase-shifting methods have

een extensively employed in optical metrology due to its speed, accu-

acy, resolution, and robustness. Assume the 𝑖 − 𝑡ℎ image with a phase

hift of 𝛿i is written as, 

 𝑖 ( 𝑥, 𝑦 ) = 𝐼 ′( 𝑥, 𝑦 ) + 𝐼 ′′( 𝑥, 𝑦 ) cos [ 𝜙( 𝑥, 𝑦 ) + 𝛿𝑖 ] , (10)

he phase can be solved by 

( 𝑥, 𝑦 ) = tan −1 
[ 
− 𝑎 2 ( 𝑥, 𝑦 ) 
𝑎 1 ( 𝑥, 𝑦 ) 

] 
, (11)

here 

 

 

 

 

𝑎 0 ( 𝑥, 𝑦 ) 
𝑎 1 ( 𝑥, 𝑦 ) 
𝑎 2 ( 𝑥, 𝑦 ) 

⎤ ⎥ ⎥ ⎦ = 𝐀 

−1 ( 𝛿𝑖 ) 𝐁 ( 𝑥, 𝑦, 𝛿𝑖 ) , (12)
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 ( 𝛿𝑖 ) = 

⎡ ⎢ ⎢ ⎣ 
𝑁 

∑
cos ( 𝛿𝑖 ) 

∑
sin ( 𝛿𝑖 ) ∑

cos ( 𝛿𝑖 ) 
∑

cos 2 ( 𝛿𝑖 ) 
∑

cos ( 𝛿𝑖 ) sin ( 𝛿𝑖 ) ∑
sin ( 𝛿𝑖 ) 

∑
cos ( 𝛿𝑖 ) sin ( 𝛿𝑖 ) 

∑
sin 2 ( 𝛿𝑖 ) 

⎤ ⎥ ⎥ ⎦ , (13)

nd 

 ( 𝑥, 𝑦, 𝛿𝑖 ) = 

⎡ ⎢ ⎢ ⎣ 
∑

𝐼 𝑖 ∑
𝐼 𝑖 cos ( 𝛿𝑖 ) ∑
𝐼 𝑖 sin ( 𝛿𝑖 ) 

⎤ ⎥ ⎥ ⎦ . (14)

Various phase-shifting algorithms are thoroughly compared by Zuo

t al [19] ., and those algorithms applicable for high-speed applications

re summarized by Zhang [7] . We encourage readers refer those previ-

us papers for detailed insights and comparing results. 

.4. Phase unwrapping 

The phase obtained from fringe analysis technique is required to be

nwrapped before 3D coordinates conversion. Phase unwrapping es-

entially determines the integer number k ( x, y ) of 2 𝜋’s to be added

o each point to remove those 2 𝜋 discontinuities. The state-of-the-

rt phase unwrapping algorithms can be classified into the following

ajor categories: spatial phase unwrapping, temporal phase unwrap-

ing, geometric-constraint-based phase unwrapping, pre-knowledge-

ased phase unwrapping, and the hybrid phase unwrapping methods

73] . 

A spatial phase unwrapping method unwraps the phase by referring

hase values of other points on the same phase map assuming the sur-

ace geometry is smooth. A variety of phase unwrapping methods and

lgorithms were summarized in the book edited by Ghiglia and Pritt

74] . If a phase map is noise free and object surface is smooth, spa-

ial phase unwrapping methods can work well. Due to the existence of

oise, robustly unwrapping the entire phase map remains a challenging

roblem in general. Among all spatial phase unwrapping algorithms de-

eloped, the quality-guided phase unwrapping methods tend to achieve

he combined robustness and efficiency. Basically, the quality-guided

hase unwrapping method unwraps higher quality phase points before

ower quality phase object to reduce the probabilities of incorrectly

nwrapped phase points. The review paper written by Su and Chen

75] covered a wide range of quality-guided phase unwrapping algo-

ithms, and the review paper written by Zhao et al. [76] compared dif-

erent strategies of generating a quality map for robust phase unwrap-

ing. Although numerous algorithms have been developed over the past

ecades, the spatial phase unwrapping algorithm has some fundamen-

al limitations: 1) assume the surface to be smooth at least along one

nwrapping path such that the object surface geometry will not intro-

uce more than 𝜋 phase changes between two successive points along

he path; and 2) can nly provide relative unwrapped phase map (i.e.

he absolute position between isolated smooth patches cannot be re-

overed). It should be noted that attempts have been made to identify

he absolute phase position of a single or multiple smooth patches typ-

cally be encoding fringe patterns with certain markers [77–84] . These

arker encoded methods assume that 1) the surface can be segmented

nto smooth regions, and for each region, a spatial phase unwrapping

an successfully unwrap the entire phase; and 2) the encoded marker is

learly visible and accurately determined for each labelled region [73] .

In contrast, a temporal phase unwrapping algorithm unwraps the phase

or each pixel by referring the temporarily acquired information on

he same pixel without referring the neighboring information. As a re-

ult, the smoothness requirement for the spatial phase unwrapping is

o longer necessary, and the position between isolated smooth patches

an also be properly recovered. Conventional temporal phase unwrap-

ing methods, originated from laser interferometry including two- to

ulti-wavelength phase shifting algorithms [85–87] , were successfully

mployed in laser interferometry systems. These methods essentially

enerates an equivalent phase map Φe ( x, y ) by combining the wrapped
hase maps of two or more frequencies such that the equivalent phase

ap does not have 2 𝜋 discontinuities. The equivalent phase map is then

sed to subsequently unwrap the wrapped phase map pixel by pixel.

or each algorithm, the robustness to noise varies with the choice of

requencies and the number of frequency employed [88] , as well as the

mployed post-processing algorithm [89] . 

The temporal phase unwrapping algorithm developed for laser inter-

erometry systems can be directly brought into FPP systems. However,

PP systems have a lot more options for temporal phase unwrapping due

o the flexibility of pattern generation.These temporal phase unwrap-

ing algorithms include directly capturing a sequence of fringe patterns

arrying equivalent phase Φe ( x, y ) [90–92] , a sequence of binary coded
atterns [93–97] , a single or multiple gray-coded patterns [98,99] , a sin-

le statistic pattern [100] , several composite fringe patterns with each

ringe pattern including multiple frequency components [92,101,102] ,

 stair pattern [103] , or several fringe patterns with stair phase encoded

104–109] . The large temporal phase unwrapping portfolio for FPP tech-

iques allows users more flexility to chose a proper algorithm for a given

pplication. 

Due to reduced costs of hardware devices, more hardware compo-

ents (e.g., projector or camera) are integrated into the single 3D imag-

ng system, and the inherent geometric constraints were leveraged for

hase unwrapping as well, and such an unwrapping method is regarded

s the geometric-constraint-based phase unwrapping . By adding one or

ore hardware components to a single projector and a single camera

ystem, the multiview system provides opportunities to determine the

umber of 2 𝜋’s for phase unwrapping by referring to geometric con-

traints imposed by additional view(s) [110–117] without temporally

apturing additional patterns. Since no additional images are required,

hese phase unwrapping methods are suitable for high-speed applica-

ions. However, the processing speed is rather slow because it typically

equires the backward and forward checking. An et al. [118] developed

he geometric-constraint based phase unwrapping method that gener-

tes a virtual reference phase map to unwrap the phase pixel by pixel

or the single camera and singe projector system. Later, researchers ex-

ended the geometric constraints based phase unwrapping methods by

irectly capturing the reference plane [119,120] , by employing differ-

nt strategies to determine the virtual reference phase [121,122] , or by

roducing different fringe patterns [123] . 

Nowadays, most fabricated parts have computer-aided-design (CAD)

odels, and thus the CAD models can be used as reference for phase un-

rapping [124] ; and some may have rough 3D measurements acquired

y a low-quality device or elsewhere, the lower-quality 3D geometry can

lso be used for phase unwrapping [125] . The method using the prior

deal or rough geometric information for phase unwrapping is regarded

s the pre-knowledge-based phase unwrapping . 

In addition, some hybrid phase unwrapping methods were also de-

eloped lately as well. For example, researchers have developed phase

nwrapping algorithms by combining the geometric-constraint-based

hase unwrapping method with temporal phase unwrapping algorithm

109,126,127] , using one coded pattern plus geometric-constraint-

ased phase unwrapping [128] , or using stereo-vision cameras to ob-

ain rough 3D geometry that is further used for phase unwrapping

10,116,129] . 

.5. System calibration 

To convert corresponding pair information in camera/projector pix-

ls to actual 3D information, structured light system calibration is re-

uired. The calibration process could be simple or complex, and the

chievable accuracy level could be different. Over the years, numer-

us system calibration methods have been developed. These methods

an be classified into three categories: the reference-based methods,

he geometric calibration based methods, and the hybrid methods. The

implest reference-plane-based approach works as follows: captures the

hase map of a flat object in the field of view, Φr ; measures the phase
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Fig. 2. Pinhole model for fringe projection system with the world coordinate 

system coinciding with the camera lens coordinate system [7] . 
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o  
f the object surface Φo ; takes the difference of these two phase maps
Φ = Φ𝑜 − Φ𝑟 ; and calculate depth information as z ≈ c × ΔΦ, where c
s a constant determined by measuring a known height object. ( x, y ) is

btained by simple scaling the camera pixel coordinates ( u c , v c ). This

pproximation method can work well for an ideal telecentric system

uch as those virtually built systems [130] , but the approximation er-

or could be large for non-ideal systems [131] . More accurate reference-

lane-based methods have been developed [132–147] that better model

he relationship between the phase and the depth z through polynomial

tting or piecewise linear fitting. These calibration approaches eachieve

arious levels of accuracy depending upon the target as well as its move-

ent accuracy. 

The geometric calibration approach evolves from those developed in

he field of computer vision. This method mathematically represents the

amera and the projector as a pinhole model [148] , as shown in Fig. 2 .

nd the linear pinhole model can be written as, 

 𝑢 𝑐 , 𝑣 𝑐 , 1] 𝑇 = 𝐀 ⋅ [ 𝐑 , 𝐭] ⋅ [ 𝑥 𝑤 , 𝑦 𝑤 , 𝑧 𝑤 , 1] 𝑇 , (15)

escribing the transformation from the world coordinate system ( x w ,

 

w , z w ) to the lens coordinate system ( x c , y c , z c ) and the projection from

he lens coordinate system to the image plane ( u c , v c ). Here T denotes

atrix transpose; A is a 3 × 3 intrinsic matrix that models the focal

ength along u and v direction, and intersection points between optical

xis and the imaging plane (i.e., the principle point); R is a 3 × 3 rotation
atrix and t is a 3 × 1 translation vector, and matrix [ R, t ] describes the
ransformation from the world coordinate system to the lens coordinate

ystem. Matrix [ R, t ] is often regarded as the extrinsic parameters matrix,

nd matrix A is regarded as the intrinsic parameters matrix. 

It should be noted that the linear lens model works well for high-

uality lenses, however, a practical lens might have distortion and thus

he nonlinear distortion has to be considered. The primary distortion

ncludes tangential distortion and radial distortion that can be also be

athematically modeled. However, for lens with fabrication artifacts,

one of the existing models can work well, and thus the residual er-

or caused by lens artifacts should be compensated for a high accuracy

easurement system. 

Camera calibration essentially estimates those unknown intrinsic

nd extrinsic parameters of the imaging system through optimization.

he camera calibration has been well studied with some being more

omplex than others [149–151] . The calibration process was drastically

implified and more flexible with the method developed Zhang [148] ,

nd such a method only requires to freely move a flat calibration target

ith known features on the surface. There are easy-to-use open-source

amera calibration software packages (e.g., OpenCV calibration toolbox)

or practical use immediately. 
The difficulty of fringe projection system calibration lies in the pro-

ection unit calibration since a projection unit cannot capture images

ike the camera. The aforementioned reference-plane based methods ba-

ically do not directly calibrate the projector, and the indirect calibra-

ion process could lead to lower accuracy or more rigorous requirements

n the calibration process. As a result, geometric calibration methods

eveloped for fringe projection system are difficult and complex [152–

58] . In 2006, Zhang and Huang [131] developed a simple and flexi-

le method for fringe projection system calibration. By projecting a se-

uence of fringe patterns onto the object and capturing those patterns

ith a camera, this method allows the projector “capture ” images like

 camera. Since the projector can capture images freely, the difficult

rojector calibration problem becomes a well-established camera cali-

ration problem, and thus the fringe projection system calibration can

ollow exactly the same process for standard stereo-vision system cali-

ration. Variations of such a calibration approach [159–168] have been

eveloped by different research teams along the direction to improve

ertain aspects of the calibration process. 

Most of the aforementioned system calibration approaches assume

hat both the projector and the camera are at least nearly focused and

hey largely follow pinhole models. Researchers have developed cali-

ration approach that allows the projector to be out-of-focus [169] , the

amera to be out of focus [170] , or the use of a spinning fringe projector

171] ; and these recent developments could further simplify the cali-

ration process. Researchers have also developed calibration methods

hat could use single and dual telecentric lenses [172–177] , allow us-

ng inaccurate calibration target [178] , or enable self-calibration [179] .

urthermore, researchers have developed large-range system calibration

ethods that use a polynomial model instead of a pinhole mode [180] ,

eparating the intrinsic and extrinsic parameter calibration processes

181,182] . 

As of today, basic FPP system calibration can be easily carried out.

et, to our knowledge, it is still not easy to achieve consistently high

alibration accuracy for inexpensive systems. 

.6. High speed realization 

To capture highly dynamic scenes, both fringe projection and camera

apture speeds must be high. The single fringe pattern projection meth-

ds can achieve highest possible speed (i.e., as fast as the camera cap-

ures). The single fringe pattern can be a static monochromatic pattern

hat is projected by a monochromatic projection unit and captured by

n image acquisition unit. Then the single pattern fringe analysis tech-

ique is employed to recover wrapped phase, a spatial phase unwrap-

ing method is used to unwrap phase, and then the unwrapped phase

s used to recover 3D shape. This technique has been demonstrated suc-

essful in capturing extremely rapidly changing phenomena [16,17] . If

he single static pattern is a colorful pattern, each color channel can en-

ode different patterns. In such a case, the color pattern is projected by

 color projection unit and a color camera is used to capture the color

attern for 3D imaging. Since only one single shot is required to capture

D shape space [15] , such a method could also achieve the speed of

he camera. However, it might be challenging for this method to mea-

ure colorful objects with high quality. Furthermore, for color fringe

rojection, the digital light processing (DLP) technology usually cannot

chieve comparable speed as those liquid crystal display (LCD) projec-

ion [183] , or slider/grating projection technique [31] because of its

nherent pattern generation nature [184] . Note that it typically requires

he use of a high-speed camera to capture rapidly changing scenes with-

ut motion introduced errors. However, Zhang et al. [185] developed

 single-shot method that permits the use of a relatively slower speed

amera for high-speed motion capture by using a strobe light illumi-

ation. As discussed above, the single pattern analysis technique has

everal limitations that dual pattern methods can overcome. 

Because using color fringe patterns is not desirable for measuring col-

rful objects [186] , the multiple grayscale patterns have to be changed
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apidly, i.e., the projection unit has to switch one pattern to another at

 high speed. Digital video projection technologies (e.g., LCD or DLP)

ere initially employed because it can produce images at a video rate

e.g., 60 Hz), and the achievable 3D imaging speed is a fraction of

he projection speed. For example, assuming the camera speed is high

nough, the maximum achievable 3D imaging speed is 20 Hz if a three-

tep phase-shifting algorithm is employed. Unlike LCD projection, DLP

rojects red, green, and blue channels sequentially, this unique projec-

ion technology enables higher measurement speed: achieving the video

ate if a three-step phase-shifting algorithm is used (i.e., 60 Hz for a

0 Hz DLP projector). However, the major challenges for someone to

se a DLP projector for high-speed and high-accuracy 3D imaging are: 1)

LP works off the time modulation to generate grayscale images [187] ,

nd thus synchronizing the projector and the camera becomes extremely

mportant to properly capture the desired fringe images used for high-

uality 3D imaging; 2) commercial DLP projector produces color image,

nd how to get rid of color becomes vital; and 3) the projection is non-

inear to accommodate human perception and thus compensating error

aused by nonlinear effect is equally important for high accuracy mea-

urement. Zhang and Huang [188] developed a 40 Hz system (due to

he limitation of camera speed) using a DLP projector by successfully

vercoming these challenges. Later on, Zhang et al. [79] developed a

ystem that achieved 60 Hz 3D imaging rate using a DLP projector. 

The DLP projector modulates the grayscale values by properly tilting

ach mirror either into (ON) or away (OFF) from the optical path at a

apid speed, and the ON and OFF timing ratio represents the grayscale

alue of a pixel [187] . The DLP projector actually switches light ON

nd OFF at a much higher rate than the video rate. Therefore, if bi-

ary patterns can be used, a higher 3D imaging speed can be achieved.

s such, Zhang and Lei [33] developed the binary defocusing technique

hat generates by pseudo sinusoidal fringe patterns by defocusing binary

atterns. The binary defocusing technique enables 3D imaging speed

reakthrough by pairing with a high-speed 2D camera. For example,

hang et al. [189] developed a 3D imaging system that achieved 667 Hz

ith a three-step phase-shifting algorithm and a DLP Discovery Devel-

pment kit. Gong and Zhang [190] achieved 4,000 Hz rate by using a

ommercial DLP projector, Li et al. [191] achieved 5 kHz with a modi-

ed Fourier transform algorithm, and Zuo et al. [192] achieved 10 kHz

ith a modified Fourier transform algorithm. 

Even though high-end DLP projection platform can switch binary

atterns at up to 32 kHz, performing 3D imaging with such high rate

ate is limited to small scale because the output light intensity is not

ufficient to illuminate a large area. Since binary patterns can be used

o produce sinusoidal fringe patterns, the pattern generation technique

oes not have to be computer generated, a mechanical projection system

an be used. As such, researchers have developed mechanically spinning

heels to produce fringe patterns for 3D imaging [9,10] . By properly

ynchronizing the mechanical projector with cameras, precisely phase-

hifted fringe patterns were also generated for high-quality 3D imaging.

yun et al. [10] developed a system that can achieve up to 10 kHz 3D

maging rate regardless of the number of steps used for a phase-shifting

lgorithm. Comparing with DLP projection based 3D imaging system,

he mechanical projection based 3D imaging system has the following

erits: 1) the mechanical projection based 3D imaging system allows

imultaneously achieving high speed and high quality assuming that

he camera speed is high enough, whilst the DLP projection based 3D

maging system has to sacrifice quality for speed; 2) the mechanical

rojector allows the use of higher power light sources since the materials

sed to make the disk does not have to be Silicon; and 3) the mechanical

rojector can use a wider range spectrum of light than silicon-based DLP

rojector. Therefore, this technique could broaden the application of 3D

maging technology. 

Researchers has also attempted to achieve high-speed 3D imaging by

sing an LED array for fringe pattern generation [11,12] . Since LED can

urn on and off rapidly (tens of ns), this technology could switch fringe

atterns at 100 kHz. The polarization camera was invented and has also
een employed for high-speed 3D imaging because a single sensor can

imultaneously capture four phase-shifted fringe patterns [193] , albeit

uch a method is only applicable to those objects whose surface optical

roperty preserves the polarization state of illumination light. Yet, an-

ther attempt was attempted to use fiber optics to generate interference

ringe patterns, and using a phase modulator to create phase-shifting,

uch a technology could potentially achieve 3D imaging at GHz [194] .

n general, more advanced hardware technologies create new opportu-

ities for high speed 3D imaging, and thus 3D imaging field will grow

ith other fields. 

Thus far, we only discussed fringe generation and acquisition speed,

nd have not mentioned about 3D optical information processing (e.g.,

D reconstruction, visualization, information analysis, and storage).

ince the readers of this journal have the background of optics, we will

ot thoroughly cover other aspects in details. This does not mean that

hey are not critical. In fact, high-speed 3D optical information process-

ng becomes increasingly critical because advanced 3D imaging methods

ave started being integrated into the solution system as a sensor. Due

o the high computational cost, the state-of-the-art high-resolution real-

ime 3D information processing still requires massively parallel proces-

ors [195,196] such as grid computing, Graphics Processing Unit(GPUs)

91,197–200] , Field Programmable Gate Arrays (FPGAs) [201,202] , Ad-

anced RISC Machines (ARMs), as well as cloud computing. 

.7. High dynamic range (HDR) techniques 

To capture images of high-contract objects, high-dynamic range

HDR) techniques have been developed and employed in 2D imaging.

imilarly, 3D HDR techniques have been explored, albeit they are not

s mature as the 2D counterparts. The state-of-the-art HDR techniques

ither 1) blindly capture multiple exposures without the knowledge

f the object to be measured [203–216] , and 2) adjust the hardware

ettings (e.g., camera exposure time, projector brightness) to capture

mages after understanding object surface properties [205,217–228] .

ll these HDR methods coincidentally took advantage of pixel-by-pixel

easurement of fringe analysis methods. Methods in the first category

an capture data rapidly yet may not be optimized. In contrast, tech-

iques belonging to the second category are accurate yet slow in terms

f the optimization process because they capture a sequence of im-

ges, and analyze these images to determine the optimal conditions for

igh-quality measurement. Feng et al. [229] further categorized the ma-

or methods into camera-based techniques [203,204,207,210–216,222] ,

rojector-based techniques [205,206,208,217–219,223,226–228,230] ,

dding equipment-based techniques [209,225,231] , and hybrid tech-

iques [220,221,224,232] . Despite these efforts, there are still a lack of

ethods for a standard fringe projection system to achieve HDR rapidly

nd robustly for dynamically changing scenes. 

.8. Representative applications 

3D imaging, after all, as a sensing method whose value is limited

ithout solving practical application problems. The state-of-the-art 3D

maging technologies based on FPP have benefited scientific discoveries

nd engineering practices. For example, in the cardiac mechanics field,

aughner et al. [233] employed a superfast FPP technique to capture

he beating process of the heart, and further analyze the mechanical be-

avior of the heart; in the robotics field, FPP techniques have been used

or navigation as well as manipulations [234–237] ; in the law enforce-

ent field, researchers have developed a portable and fully automated

D imaging system for law enforcement personnel to collect evidence

n the crime scene; and in the entertainment field, a rock band has em-

loyed a real-time 3D imaging technology [79] to capture the singing

rocess; along with many other successful applications. Note that we

o not intend to exhaustively cover all possible applications that FPP

echniques have been used, but rather to show some successful exam-

les over the past decades. We hope that by showing these diverse use
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Fig. 3. Analysis of motion in the beating rabbit heart 

for apical pacing (CL = 200 ms) [233] . Location of each 
frame is indicated by green bars on a simultaneously 

recorded ECG (gray). Displacement energy (blue), a 

measure of total tissue displacement, is overlaid on 

each respective ECG. 
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ases, readers can be inspired to think about using FPP techniques for

heir own practical applications. 

.8.1. Cardiac mechanics 

Over the last several decades, significant progress in cardiac electro-

hysiology has been made due to advances in optical methods of record-

ngs of membrane potential, calcium transients and other parameters.

ophisticated optical mapping systems and fluorescent probes have been

eveloped and applied to a wide range of applications. However, sev-

ral limitations of biophotonic methodology hampered its application

n both basic and clinical cardiac electrophysiology laboratory. One of

he most significant limitations is a result of mechanical contractions of

he heart, which cause a significant distortion in optical signals, mak-

ng fluorescent recordings impossible in vivo and difficult in vitro. This

ong-standing problem of cardiovascular physiology could be solved by

eveloping a synergistic approach to optically image metabolism and

xcitation-contraction coupling in a beating heart. 

Laughner et al. [233] have carried out some preliminary study using

he superfast FPP technology [90] to measure the dynamics of a beating

abbit heart and further analyzed cardiac displacement during ventric-

lar pacing at CL = 200 ms. Fig. 3 shows the result. In this preliminary

tudy, the 3D images were captured at 667 Hz rate, and the spatial res-

lution is approximately 87 μm with a total of 576 × 576 measurement
oints per 3D frame. They adapted the multi-frame geometric registra-

ion approach [238,239] , that uses a state-of-the-art deformation model

or estimating dense correspondences between frames. The preliminary

tudy demonstrated the potential of utilizing the superfast 3D imaging

echnique to determine cardiac mechanics without any fiducial markers.

.8.2. Robotics 

There are two basic functions of a robot: mobility and manipulation,

ith both heavily relying on the perception of surrounding environment

nd the manipulated object, albeit other sensing forms (e.g., force) and

ontrol algorithms also play critical roles. 

For an autonomous mobile robot, it is always desirable to accurately

econstruct 3D environment for efficient and precise navigation, and

PP techniques have been successfully applied in this field. For a urban

earch and rescue robot, Zhang et al. [234] developed a FPP sensor to

econstruct high-resolution 3D unknown/unstructured environment in

eal time; to allow the robot having different views of a landscape for

bstacle avoidance, Xu et al. [235] developed a multi-directional FPP

ensor to achieve large field of view (FOV) perception, and Wang et al.

240] designed an omnidirectional FPP sensor to achieve FOV of 360

egrees. 

For an automatic manipulation robot, the end-effector is usually

oved to a desired pose (position and orientation) through a vision-

ased control method. Comparing with other perception means, the

igh-accuracy merits of FPP techniques have seen it strengthen. Re-

ently, several FPP-based visual servoing control methods are developed

o perform accurate and robust pose adjustment of end-effector, espe-
ially for texture-less manipulated object where it is difficult to use a

raditional passive vision for sensing. Xu et al. [236] demonstrated that

he robot movement can be controlled by the 3D reconstructed point

loud from a FPP technique. Instead of using 3D point clouds, Rao et al.

237] further demonstrated that the robot movement can be directly

ontrolled by the 2D phase map. With a FPP perception technique, the

nd-effector of an industrial robot can be adjusted to be perpendicular

o a planar surface [241] , a cylindrical surface [242] , or a free-form

urface [237] . 

Fig. 4 shows a robotic drilling system that is composed of a robot

anipulator (Model: ABB 4600), a drilling device and a FPP system we

eveloped. This drilling system can drill on a free-form surface accu-

ately by virtue of measurement from the FPP system. Instead of using

he reconstructed 3D point clouds for the drilling normal adjustment

rocess, the 2D phase map obtained from FPP system is taken as visual

eatures to synthesize the visual servoing control law. Thus the orienta-

ion of the drilling device can be adjusted iteratively to align with the

eal normal direction on the free-form surface accurately and robustly

irectly from the phase without reconstructing 3D points. This phase-

ased control strategy is more efficient computationally than the 3D

eometry based control strategy. 

.9. Crime scene evidence collection 

The Forensic Science Research and Development Technology Work-

ng Group (TWG) was tasked by the National Institute of Justice (NIJ)

ith identifying and prioritizing R&D to satisfy operational require-

ents for forensic science disciplines. In the field of Impression & Pat-

ern/Trace Evidence, the TWG identified the operation needs in “Novel

nd/or improved evidence recognition, collection, and visualization

ools and analytical instrumentation for field and lab use ” [243] . In

arch 2016, National Institute of Standards and Technology (NIST)

ublished a report on the research need in the field of Testing and Val-

dation of 3D Imaging Technologies for Footwear and Tire Impressions

vidence, the report assessed that “(there is a) major gap in current

nowledge and no or limited current research is being conducted ” [244] .

To fill the technological gap, a researcher team has developed a fully-

utomated 3D imaging system that allows the user easily and quickly

apture high-resolution shoe and tire impressions. The hardware was

esigned to be portable and easy to setup; and the software graphical

ser interface (GUI) was designed to be intuitive and thus users do not

eed training for operation. The prototype system we have developed

s portable and can be packed into Pelican 1450 Case (interior dimen-

ion 14 . 62 ′′ × 10 . 18′′ × 6 . 00′′). Fig. 5 (a) shows the prototype system. The
ystem can be set up quickly with four steps for data capture: 1) plug

n the power cord; 2) connect the USB cable between the device and a

aptop computer; 3) toggle the power switch on; and 4) start the soft-

are for data capture. Fig. 5 (b) shows the software GUI to operate our

rototype system. The software was designed to be intuitive and fully

utomated such that no training is necessary to operate our prototype
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Fig. 4. A robotic drilling system with a FPP system as the visual sensor: the 

phase-map-based visual servoing control law is synthesized based on the 

phase map obtained from a FPP sensor without reconstructing 3D points. 

Fig. 5. Portable 3D imaging prototype for crime 

scene documentation. (a) Hardware system; (b) soft- 

ware graphical user interface (GUI). 

Fig. 6. Measurement result of high contrast scene with 

and without HDR technique. (a) Photograph of the high- 

contrast scene; (b) one of the fringe patterns using the 

HDR technique; (c) 3D result by automatically optimiz- 

ing the HDR exposure times; (d) closeup view of the 3D 

results for a small region on the left shoe; (e) closeup 

view of the 3D results for a small region on the right 

shoe. 
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ystem. The prototype system were evaluated various forensic examin-

rs in the United States and none of whom has difficulty figuring out

ow to use the system without user instructions. 

The fully automated HDR algorithms were also evaluated by experi-

entally measuring a high-contrast scene shown in Fig. 6 (a). The scene

ncludes two shoes and a black background: the level of brightness varies

rastically across the entire scene. For such a scene, a single exposure

an only ensure one shoe is measured with a high quality. Fig. 6 (b)

hows one of the combined fringe patterns, and Fig. 6 (c) shows the cor-

esponding 3D result. Once again, Fig. 6 (d) and Fig. 6 (e) respectively

hows the zoom-in views of the left shoe and for the right shoe. Both

hoes are measured with high quality. 

Fig. 7 shows the results of measuring footwear and tire impressions

n fine soils by forensic examiners. They all showed great success of

apturing critical evidence artifacts that are difficult for conventional

asting. 

.10. Music video 

By integrating songs with visual imagery to produce short films,

he entertainment industry produces music videos to promote songs or

resent artistic visuals. Even at the current world, music videos are pri-
arily created in 2D as a media for consumers. As a result, it is not

asy for a non professionalist to edit visuals to fit his/her own tastes.

adiohead, an English rock band, pioneered the concept of producing

D music videos. Once 3D visuals are recorded, the music videos can be

ltered at any given stage, and even by the consumers. They employed

he real-time FPP technique [79] to record the dynamic singing process

n details, as well the LIDAR technology to digitize the scene [245] . One

f the final rendering of the 3D videos is produced a conventional 2D

usic video [246] . The same visual recording was also used to produce

ifferent 2D videos [247,248] . Fig. 8 shows some of the video frame

ith different visual effects. 

. Challenges 

Despite the advancements of FPP technologies, challenges still re-

ain for the state-of-the-art FPP techniques to solve practical applica-

ion problems. This section provides some representative examples that

PP techniques are highly valuable yet not ready at this point. We be-

ieve that 3D imaging experts and application area domain experts have

o seamless work together to solve such very challenging problems in

hose fields. 
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Fig. 7. Measurement results of impressions in fine soil. (a) 2D image of 

footwear impression; (b) 3D results of the footwear impression; (c) 2D 

image of tire impression; (d) 3D results of the tire impression. 

Fig. 8. Visual effects generated by recording 3D video 

of “House of Cards ” by Radiohead. (a) One of the 2D 

music video frames created by Radiohead [246] ; (b) 

one of the 2D music video frames created by one user 

[247] ; (c) one of the 2D video frames created by an- 

other user [248] . 
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Let us take a look at the robotics application once again. Domestic

obots are in a huge and rapidly increasing demand for the aging soci-

ty. However, the state-of-the-art domestic robots are still in a prelimi-

ary level and not capable of advanced tasks in real-life scenarios, due

o the fact that the 3D sensing techniques currently employed in such

obots lack intelligence and cannot adapt to complex tasks. Consider

he service robot as an example, in order to clean and arrange the room,

he robot should first be able to map the entire room and locate itself

n real time for the layout changes dynamically. However, current FPP

r other 3D sensing techniques aim to reconstruct the whole scene in

n unified resolution, which is time-consuming and unnecessary, since

ome parts of the scene are not important and could be processed more

fficiently. For instance, the wall could be treated as a simple plane

or indoor navigation, while the objects on the table should be recon-

tructed more accurately for robotic interaction. After the mapping, the

obot are expected to recognize and locate target objects that vary in

ize, shape, materials and textures. For example, there are glass cups,

teel forks, ceramic bowels, and black tablecloth on a table. However,

t the current stage, real-time FPP techniques cannot obtain accurate

nd complete geometry information for objects with challenging optical

roperties (e.g., darkness, transparency, specularity). The incomplete

nd noisy geometry information limits its application in robot grasp-

ng and manipulation, which is fundamental for most real-life robotic

asks. Moreover, compared with FPP with a fixed viewpoint and field

f view, human can change the viewpoint and focal area dynamically

uring the interaction with objects, which allows human to collect crit-

cal feedback information for more precise interaction. Such attention

echanism could be a promising direction for future FPP development,

ncluding proactive viewpoint adjustment, FOV adaptation, as well as

elf-recalibration. 
Another application that FPP could play a critical role but not yet

s Additive Manufacturing (AM). AM, also called 3D printing, is a pro-

ess of depositing material layer by layer to form a 3D object. Hence, it

s a promising manufacturing mode in complex geometry and material

aving. However, the quality and repeatability of the object manufac-

ured by AM are still a challenging issue due to the high sensibility of

he process parameters [249] . Therefore, 3D measurement is critical to

sses the geometric feature and detect defect during the forming process.

ompared with the post-process measurement after the object has been

anufactured, the in-situ measurement can inspect the internal and ob-

cured structure, increase throughput by adjusting the manufacturing

rocess through feedback control, and/or to reduce waste by stopping

anufacturing faulted product during the process. FPP holds the ad-

antageous features such as non-contact, high speed, high resolution,

nd high accuracy; and thus is applicable for in-situ measurement in

M [250] . In fact, attempts have been made in recent years. For exam-

le, in the laser powder bed fusion additive process, FPP has been used

o measure height profile and surface topography of sintered powder in

ach layer for quality control [251–254] . To avoid the error propagation

nd defect along the layer, FPP is used to optimize process parameter

distance between nozzle and substrates) in laser metal deposition [255] .

espite the fact that FPP has been increasingly studied in AM, the state-

f-the-art techniques only perform measurements when the deposition

tops, limiting the manufacturing efficiency. Furthermore, the current

ractice might not replicate the true AM process when the deposition

ontinuously moving. In addition, currently, the process parameters of

he current layer is only optimized from the measurement of the last

intered layer due to the bright and specular melt pool, heat radiation,

nd spark noise. Therefore, in order to achieve in-situ measurements for

M, the measurements have to be performed without stopping the de-



J. Xu and S. Zhang Optics and Lasers in Engineering 135 (2020) 106193 

p  

w  

s  

r  

c

 

t  

n  

m  

r  

l  

T  

t  

a  

f  

i  

s  

t  

l  

t

 

f

4

 

3  

h  

g  

b  

a  

t  

(  

l  

f  

d

 

w  

o  

d  

r  

r  

f

 

3  

b  

b  

l  

i  

t

 

l  

s  

s  

s  

n  

fi  

fi  

fi

 

f  

c  

w  

d  

t  

fi  

c  

w

 

f  

i

 

a  

g  

i

5

 

j  

s  

s  

e  

a  

c  

w

A

 

d  

fi  

c  

t  

t  

t  

e  

f  

t

 

t  

1  

2  

C  

e  

o

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

osition, information analysis has to be accomplished instantaneously

ithout slowing down the manufacturing process, and the 3D sensing

ystem has to be integrated into the AM machines instead of a sepa-

ate instrument to close the manufacturing process loop. All these pose

hallenges to the current FPP techniques. 

Even though these two examples presented here are distinct in na-

ure, they all reached the limitations of the existing 3D sensing tech-

iques and thus need for better sensors in terms of power consumption,

iniaturization, more adaptive environment, self-calibration and more

obustness, along with better data processing algorithms for more seam-

ess integration of sensing and systems into a total solution package.

here are some common needs in sensing technology itself to address

hese challenges. They are 1) automation in 3D FPP techniques without

ny user input (e.g., auto focus, auto exposure; 2) adaptive techniques

or varying scenes (e.g., dark surface, bright surface); 3) smartness for

ntelligent information extraction (e.g., noise filtering); 4) robustness to

urvive harsh environments (e.g., strong lighting, system vibration, air

urbulence); and 5) self-recovery for the loss of calibration (e.g., focal

ength change due to temperature, geometric relationship change due

o vibration). 

Of course, these challenges lead to the future research opportunities

or researchers in the field as well as other disciplines. 

. Future perspectives 

Despite the challenges still being faced in this field, the future of

D imaging based on FPP techniques is promising because large strides

ave been and will continue to be made in the field. Being more inte-

rated parts of every day lives, high-accuracy 3D imaging technologies

ased on FPP could conquer even more challenging societal issues such

s more natural daily communications (e.g., 3D Facetime with VR/AR

echnologies), homeland security (e.g., fighting with crime), healthcare

e.g., telemedicine, vision guided robotic surgeries), natural disaster re-

iefs (e.g., search and rescue after earthquake), human-machine inter-

ace (e.g., service robots for the elderly), unstructured environment un-

erstanding (e.g., space exploration), along with many others. 

3D imaging technologies adopted in the daily lives so far are simple

ith low accuracy. However, FPP techniques can be the future because

f their advantageous features such as speed and accuracy. The fun-

amental challenges are 1) to achieve cost-effective fabrication; 2) to

educe the physical footprint for embedded applications; 3) to develop

obust yet adaptive algorithms for unknown scenes; and 4) to develop

ully automated and accurate self-calibration methods. 

The rapidly exploding AI technologies will be leveraged to advance

D imaging technologies based on FPP. We believe that AI could 1)

roaden the adoption 3D imaging technologies in areas that have never

een used before; 2) sparkle new ideas to solve the long-standing prob-

ems in the FPP field (e.g., phase unwrapping, 3D reconstruction, noise

mpact reduction); and 3) propel the development of complete “solu-

ion ” systems for a specific application. 

The robotics field, by itself, is positioned to solve numerous chal-

enging problems. Yet, most intelligent robotics still use “baby ” 3D sen-

ors as the main perception means. Advanced more accurate 3D sensors

uch as those based on FPP techniques, if employed, could significantly

implify many difficult problems in the field (e.g., grasping, precision

avigation). As discussed before, the 3D sensing needs in the robotics

eld cannot be met in the current 3D sensing field, and thus the robotics

eld could further drive technological developments in the 3D sensing

eld. 

Additive manufacturing (AM) is still a growing field that could trans-

orm the manufacturing industry at large. As discussed before, quality

ontrol remains one of the grand challenges. In the AM field, sensing

ill be an integrated parts of the “solution ” system: in-situ sensing,

ata analytics, control, material processing, etc, have to seamlessly work

ogether to produce consistently high-quality products. Therefore, this

eld could be one of the exemplary areas that promote interdisciplinary
ollaborations since domain experts from many distinct disciplines must

ork together to conquer those grand challenges facing in the field. 

3D information processing could grow to be a vibrant field that spans

rom 3D data/video storage, 3D data/video compression, 3D data/video

nformation analysis, along with 3D data/video communication. 

The FPP society, as a whole, will grow rapidly propelled by the avail-

bility of consumer level 3D sensors, the increasing acceptance of the

eneral public, the ever growing needs in applications, along with the

ncoming software/hardware tools available to the community. 

. Summary 

This paper presented our opinions on the current status of fringe pro-

ection profilometry (FPP) techniques, challenges that the FPP field is

till facing, and the future perspectives that FPP could lead to. This paper

erves as a reference for students, researchers, engineers, and practition-

rs to learn where the field stands. However, our opinions might not be

ccurate, due to our limited knowledge and expertise. Therefore, we en-

ourage all readers to think critically about our thoughts, challenge what

e presented, and contribute the advancement of this exciting field. 
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