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Abstract: Fringe projection is an extensively used technique for high speed three-dimensional
(3-D) measurements of dynamic objects. To precisely retrieve a moving object at pixel level,
researchers prefer to project a sequence of fringe images onto its surface. However, the motion
often leads to artifacts in reconstructions due to the sequential recording of the set of patterns. In
order to reduce the adverse impact of the movement, we present a novel high speed 3-D scanning
technique combining the fringe projection and stereo. Firstly, promising measuring speed is
achieved by modifying the traditional aperiodic sinusoidal patterns so that the fringe images
can be cast at kilohertz with the widely used defocusing strategy. Next, a temporal intensity
tracing algorithm is developed to further alleviate the influence of motion by accurately tracing
the ideal intensity for stereo matching. Then, a combined cost measure is suggested to robustly
estimate the cost for each pixel and lastly a three-step framework of refinement follows not only
to eliminate outliers caused by the motion but also to obtain sub-pixel disparity results for 3-D
reconstructions. In comparison with the traditional method where the effect of motion is not
considered, experimental results show that the reconstruction accuracy for dynamic objects can
be improved by an order of magnitude with the proposed method.
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1. Introduction

With rapid developments of the digital technology, high speed three-dimensional (3-D) measure-
ments have received extensive attentions in recent years [1-4]. With the ability of measuring
dynamic objects, they are showing great potentials for various fields including on-line inspec-
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tions, fast reverse engineering, medical sciences and home entertainments. Benefited from merits
of high measuring precision, full-field inspection and low requirements for surface features,
the fringe projection technique becomes one of the most extensively used strategies for 3-D
measurements [5].

To implement high speed 3-D measurements, intuitively, one should project as fewer patterns
as possible, which can make the coding process of the moving surface less sensitive to the motion.
Thus, various methods based on casting a unique pattern were developed. Monks et al. [6] used a
De Bruijn sequence to generate a pattern with horizontal colored stripes where six colors were
employed to paint the fringes. The coloring of the fringes was selected so that each sub-sequence
of three colors appeared only once. Zhang and Su [7] measured a vibrating Chinese drum with the
Fourier transform profilometry (FTP) by which a single sinusoidal fringe pattern was projected
onto the drumhead and Fourier transform then followed to extract the profile from the captured
pattern. Besides, Guan et al. [8] suggested to combine multiple phase shifting patterns into a
single pattern by modulating each individual pattern along orthogonal direction with a distinct
carrier frequency and then putting them together. Although these encoding techniques allow
retrievals of dynamic contours with the minimum number of image projection, it is difficult for
them to provide results with high spatial resolution since the codification must be condensed in a
unique pattern [9].

Owing to the increasing rate of image projection and capture, researchers begin to resort to the
coding strategy of time-multiplexing since a moving process can be assumed as a quasi-static one
with the raised measuring speed. By the idea of time-multiplexing, a set of patterns are projected
successively onto a measured object and the code word of a given pixel can be constructed from
the sequence of the captured intensities. Therefore, with the strategy 3-D reconstructions can
be obtained with higher resolution and accuracy compared with the methods using a unique
pattern. Phase shifting profilometry (PSP) is one of the most widely used techniques based on
this temporal coding strategy [10]. Wang and Zhang [11] presented a high speed multi-frequency
phase-shifting technique where nine patterns were projected to recover a dynamic scene. Then,
to project fewer patterns, Zuo et al. firstly proposed a four-frame pattern projection strategy to
measure dynamic isolated objects in real time [12] and then developed a bi-frequency phase
shifting algorithm based on tri-polar pulse width modulation with which one kilohertz measuring
speed was reached [13]. In addition, Zhang et al. [14] reported a color fringe projection technique
with which fringe images were encoded into different color channels of a same image for the
increase of the projection efficiency. Except to use the phase information as a cue for surface
reconstruction, some researchers utilize random statistical patterns to label a pixel where the
codification is performed based on the uniqueness of captured intensities over time. Schaffer
et al. [15] proposed to project randomly distributed laser speckles to encode a surface. Then a
temporal correlation was used to determine the corresponding pixels.

Although for mentioned time-multiplexing methods the sensitivity towards movements has
been reduced with the raising measuring speed, the impact of the motion cannot be simply
ignored. The reason is that the 3-D reconstruction is extended over multiple frames when a
pixel is temporally encoded. In order to reduce the motion artifacts, approaches based on motion
compensation and intensity tracing have been presented respectively. To compensate the effect
of motions, Weise et al. [16] reported a closed-form expression for the motion error of the phase
obtained by the three-step phase shifting method. With the same idea, Cong et al. [17] applied the
Fourier transform profilometry to estimate the phase distortion between successive phase shifting
fringes for the compensation of the final phase result. Although these methods perform well in
handling the motion artifacts, they are developed to correct erroneous phase values, therefore
would be inapplicable for techniques that do not use phase information to mark a pixel. For
these techniques, methods based on a tracing mechanism are more favorable. Hall-Holt and
Rusinkiewicz [18] proposed a technique that projected boundary-coded stripe patterns over time.
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By finding the nearest stripes over time, a unique code word can be detected for every stripes
in spite of the movements. However, it has limitations that the measured object should move
slowly to ensure correct temporal correlations, and only surfaces at the stripe boundaries can be
perceived. Zhang et al. [19] reported a space-time stereo technique by which intensities captured
by two cameras were matched with a temporal and spatial varying window. Since the sum of
squared difference is the only measure used for the cost measurement, unreliable matches may be
obtained due to the random noise or the variation of ambient illuminations. Similarly, Harendt et
al. [20] developed an adaptive spatiotemporal correlation method where the inter-frame motions
were compensated by the difference of disparity maps obtained over time. But, as a window-
based spatial correlation is required to acquire initial disparity maps frame-wisely, the spatial
resolution of reconstructed dynamic surfaces tends to be limited. Additionally, Davis et al. [21]
also presented a spatial and temporal framework to trace the changing intensities. But their work
was focusing in analyzing and presenting results for geometrically motionless objects, thus may
find difficulties when apply to dynamic scenes.

In this work, we present a novel high speed 3-D shape measuring technique that combines the
stereo vision and fringe projection for accurate and robust reconstructions. A few of aperiodic
sinusoidal patterns are employed with the purpose of encoding each pixel with the strategy of
time-multiplexing. To reduce the sensitivity to motions, the conventional aperiodic sinusoidal
fringes have been changed into binary ones which can be projected at kilohertz by a digital light
processing (DLP) projector. Since movements will cause artifacts in the reconstructions, we
introduce an intensity-tracing algorithm by which the motion or deformation can be simulated
adaptively within a motion-oriented temporal support window. For the right camera, this facili-
tates the search of desired intensities corresponding to the ones captured by the left camera, thus
reducing the mismatches due to the motion. Since conventional cost measurement is conducted
with a single cost measure, different measures may lead to various results due to their own
strengths and weaknesses. To achieve better performance, we integrate the measures of absolute
difference of image intensity, absolute difference of image gradient, normalized cross correlation
and census transform into a synthetic measure to make use of the combined advantages. Further,
we develop a three-step refinement framework to remove outliers among initial disparity results
and to obtain precise sub-pixel disparity maps for 3-D reconstructions. Experimental results show
that dynamic scenes can be accurately reconstructed by the proposed motion-oriented measuring
technique.

2. Principles
2.1. Pattern design: binary aperiodic sinusoidal fringes

In PSP or FTP, sinusoidal fringes are usually projected onto measured objects to encode the
surface with phase information. However, the gamma distortion in projectors will cause the
deviation of captured fringe patterns from ideal sinusoidal waveforms, which may introduce
errors in obtained phase maps. Additionally, sinusoidal patterns are often represented by pixels
of 8-bit depth so that the projection rate is generally limited to hundreds of hertz (normally
<255Hz) [22]. Compared with the capturing rate up to tens of thousands of Hz offered by cameras,
we can find that the projection bottleneck imposes restrictions on the system’s measuring speed.

To circumvent the issues, we project the aperiodic sinusoidal patterns and retrieve the surface
by stereo matching [23]. Owing to the stereo imaging, the intensity deviation resulted from the
gamma distortion will not negatively affect the reconstructions. Because as long as the same
intensity can be captured by the two cameras, the stereo matching can be performed correctly
no matter whether the captured intensity is deviated or not. For traditional aperiodic sinusoidal
fringes, their intensities can be expressed as

Ii(x,y) = ai(x,y) + bi(x, y) - sin [c; (x, y)x + €;(x,y)] 20 ey
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where i is the frame index, a(x, y) the DC component, b(x, y) the amplitude of the sine wave,
c(x,y) the angular frequency and e(x, y) the phase shift. Since these parameters can vary
spatially and temporally in a random way, the obtained pattern will no longer be a standard
periodic sinusoidal image. These aperiodic sinusoidal patterns can be projected at a high speed
with an array projector [23] or a GOBO wheel [24]. As it may not be convenient to build these
projection devices, we suggest to modify the traditional aperiodic sinusoidal patterns so that they
can be projected at kilohertz but with a DLP projector. For the modification, the original gray
fringes as shown by Eq. (1) are changed into a few binary stripes with different periods. For each
pair of white and black stripes, the intensity can be represented as

1 0<x<h
0 hW<x<g

§(x,y) = { )
where j is an index of the pair of 1-0 stripes, 4 the width of the contained white stripe and g the
total period of the pair. The /& and g can be randomly selected to generate basic binary stripes for
the construction of binary /;(x, y) by

I{(x,y) =U[S}. 8}

[ A

87, 8!] 3)

where U (-) means to cascade the pairs of 1-0 stripes spatially. In the measurement, the generated
aperiodic fringes are then projected onto the measured surface sequentially with the purpose
of encoding the object with temporally varying artificial texture. When the binary patterns are
projected by a defocused DLP projector, they will be captured as aperiodic sinusoidal fringes [25].
With the increased projection rate, the sensitivity to motions can be reduced accordingly.

2.2. Combined matching cost measurement

For a binocular fringe projection system, the matching cost of corresponding pixels is estimated
by a single measure traditionally [15,19,24]. The unique cost measure may not be reliable enough
when the captured intensity is affected by random noise, camera gain and camera bias [26].
Thus, to improve the robustness of the cost measurement, we employ the strategy of a combined
cost measurement to leverage strengths of different cost measures. To this end, we develop a
novel synthetic cost measure which consists of absolute difference of image intensity, absolute
difference of image gradient, normalized cross correlation and census transform.

Before introducing the details, we firstly define some terminology and variables to facilitate
the understanding of the procedure of our cost measurement. We have two primary camera
views, Left and Right, between which correspondences are to be established. We define that pixel
p = (x,y) is in the left camera view and pixel py; = (x — d, y) the corresponding point in the
right image with a disparity level d. It is noted that the images of both cameras need to be rectified
so that the corresponding point p; can be searched horizontally. The basic cost measurements
between p and py are respectively denoted as Cap(p,d), Cgraaap(p.d), Cncc(p,d) and
Ceensus(p, d) for the measures of absolute difference of image intensity, absolute difference of
gradient, normalized cross correlation and census transform.

Firstly, the absolute difference of image intensity is a commonly adopted cost measure,
as it indicates an intuitive difference between two corresponding pixels. With this measure,
the matching ambiguity for regions with repetitive textures can be reduced. In addition, the
calculation of the intensity difference is easy to implement, thus it can be obtained efficiently.
Given the captured fringe images, the measure of the absolute difference between the image
intensities is defined as

Cap(p.d) = |1/ (p) — IR'8" (py)| @)

Then, the image gradient contains important structured information of captured patterns and
shows a good tolerance to the ambient illumination. Therefore, it is introduced into the work to
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calculate the matching cost by

Coraarn(p,d) = |10 () = 1357 (pa) 5)

g

Thirdly, the normalized cross correlation has found various applications in computer vision.
It is one of the simplest but effective measures for the estimation of similarity because of its
invariability to linear variations of brightness and contrast. Moreover, it can be implemented by
parallel computations, which shows favorable performance for real-time measurements [27]. To
calculate the cost by normalized cross correlation, we have

2t [QLefz(l) - QLeft] [QRighz(f) - QRight]
\/Zt [QLefz(t) - Q_Left]z\/ZI [QRighz(l) - Q_Right]z

Cncc(p.d) =1 - (6)

where Q is the temporal sequence of captured intensities, O the average intensity of the sequence
and ¢ the index of a captured intensity.

Finally, the census transform is introduced as the last basic cost measure. The census is able
to encode local image structures with relative orderings of the pixel intensities rather than the
intensity values themselves, thus being robust to radiometric changes and image noise [28].
Further, since the aperiodic sinusoidal fringes are generated with randomly varying parameters, if
a fringe pitch is too large, the pixels within the fringe may be encoded with insufficient artificial
textures. Therefore, the census transform obtained over a small window is more robust than
the single pixel-based intensity difference. For initialization, images from the two camera are
processed with the census transform with a 3 X 3 window. The cost can then be obtained by

Ceensus (P, d) = HamDist |15l (p), Iees"" (pa)| (7)

where HamDist is to calculate the hamming distance of the images handled by the census
transform.

With all of the cost measures mentioned above, we integrate them into a combined measure
which can be expressed by

wapCap(p,d) + WgradADCgradAD(pa d) + wnecCnece (P, d) + WeensusCeensus (P> d)
WAD t+ WgradAD + WNCC + Weensus

Clp.d) =
®)

where wap, Weradap, Wnce and Weepsus are the weight parameters used to control the influ-
ence of each cost measurement.

2.3. Motion-oriented cost aggregation

This step is to aggregate each pixel’s matching cost over a support region, which is able to reduce
erroneous matches caused by matching ambiguities or image noise. The aggregation is based
on a simple but useful assumption is that the central pixel and its surrounding pixels should
have similar disparities. To achieve a high measuring resolution, the support window usually
spreads on the temporal axis and spatially the window size is 1 X 1. Actually, for this strategy
there is a hidden constraint that the disparity between two corresponding pixels should keep
unchanged within the period of the temporal correlation. This constraint generally holds well for
static objects since the same point is measured constantly by two fixed corresponding pixels from
the cameras. For example, as shown in Fig. 1(a), the central pixel of the left camera will capture
the same color sequence as that of the right camera does. However, when facing a moving object,
the constraint is difficult to meet. This is illustrated by Fig. 1(b) in which the pixel of interest in
the left camera captures a sequence of varying colors as the object is moving. The corresponding
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pixel of the right camera also photographs a sequence but is distinct from the one obtained by the
left view. Since the pair of pixels captures different sequence, it would be hard for the traditional
temporal correlation method using a fixed temporal window to correctly estimate the disparity.

To handle this issue, we develop a motion-oriented cost aggregation method with the purpose
of tracing the varying intensity in the right camera given the influence of the motion. Figure 2
shows the principle of the tracing algorithm. The optical centers of the cameras and the projector
are represented by Oz ¢, Orign: and O, respectively. We assume that the speed of the moving
object is constant over a short period of time. This is generally valid for high speed fringe
projection measurements. From the temporal axis (vertical axis) of the right image, we can find
that the corresponding pixel is actually shifting far away from the central pixel and moving
towards the right edge of the image. Hence, to trace the desired intensity, we can establish a linear
relation between the time and the disparity for each frame. It is noted that since the projected
fringes used in our work are vertical, the tracing process for the corresponding light intensities is
conducted horizontally. To perform the trace, the ideal disparity of the corresponding pixel in the
right camera is to be determined with respect to the first frame (¢ = 0). Given that the size of the
temporal support window is 7' (¢ € [0, 1, ..., T — 1]) and the initial disparity at time ¢ = 0 is dy,
we predict the offset of the matching point in consecutive images by

ﬂ0=£+% ©)

where % is the slope of the linear relation between the time and disparity. From Fig. 2 we can
find that this parameter is closely related to the speed of the object motion. For example, a large
value of k indicates a movement at a low speed, thus leading to a small disparity shift between
successive frames. To simulate motions with different velocities, here k takes values ranging from
[-K, K], [—% —ﬁ, —1] and [1, ey ﬁ %] , where K is selected as an integer to simplify
the tracing procedure. It is noted that when the k takes the number of zero, we set d(t) equals
to dp which is the case of a fixed temporal window. Different from the conventional methods,
our approach allows the collection of the costs flexibly with the consideration of motions. Since
different k produces different tracing results, the ideal one should have the minimum cost since it
fits the motion best. So the cost volume for the left camera is calculated as

C(p,d) =minC (p,d(1)) (10)

2.4. Initial estimation of disparity and three-step framework of refinement

To obtain the disparity map from the aggregated cost volume, researchers usually adopt the winner
takes all method by which the disparity with the lowest aggregated cost is selected [15, 19,24].
However, according to practical experiments, we find that the disparity with the lowest cost
may not always be the real disparity. For some cases, the second or the third lowest cost would
correspond to the actual disparity. Therefore to cope with this problem, we set a searching range
for the ideal disparity level. Suppose that for each pixel N disparity candidates with lowest costs
are taken into account for the search. The N disparity candidates can be found by

dy = arg C(p,d) (11

min
{dldmin Sdﬁdmax}

dy = arg C(p.d) (12)

min
{d|dmin<d <dmax.d#d1}
ds = ar. min C(p,d) (13)
) g {dldmin<d<dmax.d#d,d#d2}
dy = ar, min C(p,d) (14)
g {dldminSdemaxyd¢d]yd¢d2 ----- d#del} p
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where dpin, and dpax represent the minimum and maximum disparity level. With the calcu-
lated disparity candidates, we determine the optimal one among them with considerations of
neighboring structures. Since the projected fringes are vertical, we choose a one dimensional
horizontal window to compare the similarity. Within the support window, we also use the idea of
the combined cost measure where the absolute difference of image intensity, absolute difference
of image gradient and normalized cross correlation are included. So the measures can be written

as
Cip(dn) + C:}/"adAD(d”) + Cnee(dn)

Cri (dy) = : (1s)
X=+rn .
3 |WLeft(x) _ Wnght(x _ dn)|
cW o (d,) =" 16
Ap(dn) @y + (o
X=+rn e io
N R
dy) = 17
Coraaap () @rn + D (an
X=+rn _ . - .
Z [WLeft(x) _ WLeft ()C _ dn)] [WRzght(x) _ WRzght(x _ dn)]
X=—FrnN

Cﬂcc(dn) =1-

X=+rn 2 X=+rn 2
\/ 3 [WLeft(x) — WLeft (x — dn)] \/ 3 [WRight(x) — WRight (x — dn)]

X=—rpn
18)
where WL/t and WRigh" are the light intensities in the support window, W;rzf; and Wfrlf:t the
image gradients, r» the radius of the window, Cy; the combined cost measure, 771 and 7, the
scalars, and n the index of the disparity candidate. Thus for each pixel, the real disparity d” can
be found by
, .

d=arg - omin - Cno(dn) (19)
Since we only choose the best disparity from the candidates, the usage of the horizontal window
will not affect the measuring resolution. By Eq. (19), we can calculate an initial disparity map.
To further refine the disparity results, a framework of refinement is developed. From practical
experience, we find that outliers are difficult to be removed effectively by a single step, e.g. the
left-right constancy check. Therefore, our framework consists of three steps to obtain accurate
disparity maps.

Step 1: Elimination of Occluded Regions. Pixels in the occluded areas normally show
incorrect disparities which will adversely influence the 3-D reconstruction result. For the occluded
regions discussed here, they are classified into two kinds. The first class is caused by the fringe
projection setup since no fringes can be captured in the shadowed areas. The second type of
occlusion is induced by the binocular system because the two cameras are measuring an object
from different sides. To detect the pixels for the first kind of occlusion, we have

(x,y) ef{lp(x,y) <aUhL(x,y) <a..Ulr_(x,y) < a} (20)

where « is a threshold for the captured intensity. If a pixel is constantly capturing very low
intensities, it is likely for the pixel to be in the shadow. To identify the second class of occluded
regions, we utilize the left-right consistency check [29]. This check is effective because of the
fact that the disparity value of two corresponding pixels from the conjugate views should be the
same. Suppose that the disparity results obtained from both cameras are denoted as D7 and
DRign:, then we have

(x.) € {|Dresi(x.Y) = Drigni (x = Dresi(x. ). )| > B} @1)
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where S is a threshold of the absolute difference between left and right disparities. By Egs.
(20) and (21), pixels satisfying the relations are eliminated as occluded pixels. Additionally,
some pixels corresponding to right image points with (x — Dy .z (x,y)) < 0 are also treated as
occluded pixels and need to be removed.

Step 2: Left-right Consistency Check Based Outlier Correction. As for the correct dispar-
ity results, they should be constant for the left and right camera views, which can be written
as

Dresi(%,Y) = DRight(x = Dresi(x,),) (22)

Thus, for the outliers surviving previous step, we can use Eq. (22) to locate their positions. For the
correction, we utilize the reliable pixels surrounding an outlier to predict a suitable disparity for
it. To find reliable points near the outlier, firstly the selected pixels should meet the requirement
of Eq. (22). Then, we consider that pixels with shorter Euclidean distance and higher similarity
of gray intensity with respect to the central pixel (the outlier) would be more reliable than other
pixels. So the weight function can be expressed as

V@ =P P+ @y =) L) —167)]
Yd Yi

wr(p',p”) =exp |- (23)

where p’ is the image coordinate of the neighboring pixel and p’” that of the outlier. v, and y;
are used to adjust the spatial and intensity effect in a M X M window. By setting a threshold 6
for the weight, the reliable pixels within the support window can be found with a weight value
above the threshold. Since for these selected pixels, they may have slightly different disparities,
a histogram is used to choose the disparity with the highest frequency. Finally, we replace the
erroneous disparity of the outlier with the selected one indicated by its reliable neighbors.

Step 3: Sub-pixel Disparity Enhancement. For the last step of the refinement framework,
a sub-pixel disparity enhancement is conducted to reduce the errors discontinuities caused by
the discrete quantization in the depth. Conventionally, the methods of parabola fitting [30] and
Lucas—Kanade [19] are used to obtain sub-pixel disparity results. Since artificial peaks may
emerge due to the effect of pixel-locking when using the method of parabola fitting [31], we
adopt the latter in our work. For pixel p, the final sub-pixel disparity is expressed as

d’ = dref + d(,ff (24)

where d,.r is the integer disparity obtained after the implementations of the refining steps
and d,sr a small fractional offset. By the Lucas—Kanade method, the sub-pixel offset can be
calculated by

d()ff = flowyx (25)
flow = LK [1"/ (x, ), I"'8"" (x  d,, )] (26)

where flow represents the optical flow solved by Lucas—Kanade algorithm LK (-) [32] and the
sub-script vx the velocity component along the horizontal direction.

2.5. Surface reconstruction

As the correspondence is obtained, this subsection describes the method to compute the position

of a point P in 3-D space given its image in two views (p and p,) and the projection matrices

(H™¢/* and HR7gh") that can be obtained once the cameras are calibrated. Since in each image

we have a measurement p = H-¢/" P and p, = HR?¢" P the point P can be simply computed
by combining these equations ;
— gLeft

{ ki p @7)
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Eq. (27) shows an ideal triangulation by back-projecting rays from the measured image points.
In general, however, there are errors in the measured points p and p,, which means the rays
back-projected from the points may be skew. Thus there may not be a point P which exactly
satisfies the Eq. (27). In Fig. 3, this can be illustrated by the dashed lines which are skew in 3-D
space.

Left camera Right camera

Fig. 3. Refinement of the measured correspondence (e fr and eg;gp, are the epipoles).

To cope with this issue, we introduce the optimal triangulation method to retrieve the 3-D
reconstruction [33]. A typical observation consists of a noisy point correspondence p < pg
which does not generally meet the requirement of the epipolar constraint. In reality, the correct
corresponding image points should be points p < p; lying close to the measured points p < py
and satisfying the epipolar constraint exactly. Therefore the optimal triangulation method aims at
calculating a 3-D point P from refined image points p < p instead of from raw points p < py,
which is shown by the triangle of solid lines in Fig. 3. To seek the desired pair of points, we can
minimize the function

Cuaist (P, pa) = dist(p, p)* + dist(pa, pa)* subjectto pyFp =0 (28)

where dist(-) is the Euclidean distance between the points and F is the fundamental matrix which
can be computed by the normalized 8-point algorithm [33]. Since any pair of points satisfying
the epipolar constraint must lie on a pair of corresponding epipolar lines in the two images, the
optimum point p will lie on an epipolar line / and p; on the corresponding epipolar line [ as
shown by Fig. 4. From the figure we can see that of all pairs of points on the lines / and /’, the
points p, and pg4, lie closet to the measured points p and p,4, which means they can minimize
the Eq. (28). So it follows that p = p, and pg = ps,, where p, and p4, are defined according
to a pair of matching epipolar lines / and I’. Consequently, we can write dist(p, p) = dist(p, 1)
and dist(pg, pa) = dist(pg,!”), and Eq. (28) can be rewritten as

Caist (p, pa) = dist(p,1)? + dist (pa, 1)’ (29)

where dist(-) now indicates the perpendicular distance from a point to a line. As / and I’ range
over all possible corresponding epipolar lines, we need to find the optimum ones that minimize
Eq. (29). The approach is detailed as follows.

For the left view, we parametrize the pencil of epipolar lines by a parameter v. To simplify the
process, we apply a rigid transformation to each view in order to place both points p and p, at
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Fig. 4. The search for optimum points p and p,. (a) Left view; (b) Right view.

the origin (0,0, 1)T in homogeneous coordinates. For the epipoles, they will be located on the
x-axis at points (1,0, f )T and (1,0, f ’)T after the transformation. The value of f and f’ equal
to 0 indicates that the epipoles are at infinity. Since these two rigid transforms do not influence
the sum of squares in Eq. (29), they will not change the minimization result. According to the
two-view geometry, since F(1,0, £)T = (1,0, f/)F = 0, with the simplification the fundamental
matrix can be represented by a special form

EffT -Bf -Rf
F=| -BEf Fi F (30)
-Fif F3 Fy

Assume that an epipolar line in the left image passes through an image point (0, v, 1)T and
epipole (1,0, )T, the vector representing the epipolar line can then be obtained by the cross
product (0,v, 1) X (1,0, ) = (vf, 1, —v). We denote this epipolar line by /(v), so the squared
distance from the line to the origin p can be expressed as

2

dist(p,1)? = ———
S P

€19}

With the fundamental matrix, we can find the corresponding epipolar line I’ (v) in the right image
by

I'(v) = FO,v, )T = [-f'(F3v + Fy), Fiv + F>, Fyv + Fy] " (32)

So the squared distance of this line to the origin p; can be written as

Fyv + Fy)?

dist(pa, ') = v+ Fo) . (33)

(Fiv+ F)" + [ (F3v + Fy)

The Eq. (29) can then be given by
2 Fyv + Fy)?

Caise (v) = Lav > B (34)

Vv
T+ 02 (Fv+ B2+ f2(Fyr + Fa)?

As the fundamental matrix F is known, the problem of minimizing Eq. (29) is reduced to that of
finding the minimum of the Eq. (34) of a single variable v. Once the optimum v is obtained, the
epipolar lines /(v) and [’ (v) can be computed readily. The points p and p; are then determined
by p = p. and ps = p4. . Hence for the pair of corresponding points p and p, their 3-D point
P can be calculated from the refined points p and pg by

{ p= HLeftp

pa = HRisht p )
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3. Experiments

To test the proposed method, we develop a dual-camera high speed fringe projection system. It
consists of two monochrome cameras (Basler acA640-750) with the resolution of 640 x 480, a
DLP light crafter with the resolution of 608 x 684 and a laptop (Lenovo Y430P). The distance
between the cameras is 325mm. The projector is arranged between the cameras as illustrated
by Fig. 1. The measured object can be placed arbitrarily in front of the system as long as the
regions of interest can be illuminated and captured by both cameras. With the projector, the
binary aperiodic sinusoidal fringes can be projected at 4000Hz. However, due to the need of
synchronization with the cameras with a top speed of 490Hz, the measuring speed of our system
is limited to 490 frames per second (fps).

Table 1. Parameter Settings

WAD | WgradAD | WNCC | Wcensus K T dmin | dmax | N
8 3 18 3 4 5 | -100 | 280 | 6
rn m n @ B | ya | vi 6 | M
2 100 100 10 101 45| 30 03 | 11

Firstly, we performed the stereo camera calibration with 20 images of a randomly placed
calibration board using Bouguet’s calibration toolbox [34]. Then, for captured fringe images
from both cameras, they were rectified according to the calibration result. Table 1 shows the
parameters of our technique. Since the employed support window T only spreads on the temporal
axis, the spatial resolution of obtained results is equal to the full resolution of the used camera.
With a sliding temporal window, high speed 3-D measurements can be carried out at 490 fps
with the setup.

0.25 ; ; 0.25
Average Error: 0.146mm Average Error: 0.167mm
= 0.2 —~ 0.2
€ € NN
E £ ~ S~ -
~ 0.15 ] ~0.15 N
5 - 5
Yoo1 o1
640 660 680 700 720 740 760 780 640 660 680 700 720 740 760 780
Distance (mm) Distance (mm)

(@ (b)

Fig. 5. Reconstruction error of a static plane. (a) TNCC; (b) Our method.

3.1. Quantitative evaluation

For quantitative evaluation, we firstly measured a static planar surface and a couple of gage balls
to see the method’s performance of handling static objects. Then, a moving plane and a pendular
ball were scanned respectively to analyze reconstructions for dynamic planar and sphere objects.

For the first static scene, a plane was placed at different discrete depths. The distance between
the plane and the midpoint of the base line of cameras ranged from 650mm to 775mm with a
step size of 25mm. For comparison, the traditional temporal normalized cross correlation method
(TNCC) [24] was also used to measure the plane with a temporal window size of 9 pixels. At
each position, the 3-D reconstruction was calculated by averaging over ten measurements and the
measuring accuracy was obtained by the average error of the 240th row of the retrieved surface.
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Fig. 6. Measurement of a couple of gage balls. (a) The gage balls; (b) 3-D reconstruction.
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Projector

Fig. 7. Nllustration of the moving process of the plane.

Figures 5(a) and 5(b) show the results obtained by the TNCC and our method respectively. From
the figures, we can see that in general our technique has similar accuracy compared to traditional
TNCC except that our method shows slightly larger reconstruction error when the plane was at
750mm. For the quantitative results, the average error of our method over the selected depths is
0.167mm and that of TNCC is 0.146mm. Since our result was obtained by a temporal window
size of 5 pixels and the observed largest error of our method is less than 0.2mm, the proposed
method would still meet the accuracy requirements of high speed measurements. Then, we
measured a couple of ceramic gage balls as shown by Fig. 6(a). Firstly, the dimension of gage
balls obtained with a coordinate measuring machine was referred as the ground truth. The radii
of the balls and the distance between centers of the spheres were then computed based on the
3-D point cloud reconstructed with our method, as shown in Fig. 6(b). For the ground truth, the
radius of Ball A is 25.398mm, that of Ball B is 25.403mm, and their distance is 100.069mm. By
the proposed technique, the obtained radii are 25.533mm and 25.568mm respectively for Ball A
and Ball B, and the distance of their centers is 100.198mm. It can be seen that for the tested gage
balls the maximum error is 0.165mm, the minimum error is 0.129mm and the average error is
0.143mm.
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Fig. 8. (a) Selected three positions of the plane; (b) Reconstruction error of the TNCC for
each position; (c) Reconstruction error of our method for each position.

To see the method’s accuracy of handling dynamic planar surfaces, we firstly inspected a plane
that was turned up and down by a hand. Figure 7 illustrates the moving process of the plane with
which we selected three different moments with positions P, P, and P; to test the instantaneous
accuracy. Since an appropriate size of the temporal support window is beneficial to achieving
favorable results, we also compared the calculated 3D reconstructions with different temporal
windows and the reconstruction error was still computed by averaging the ones over the 240th
row. Figure 8(a) displays the measured three positions, Figs. 8(b) and 8(c) the reconstruction
error of the TNCC and our method for the positions respectively. In general, it can be seen that
our approach outperforms the traditional method of TNCC. To be specific, for TNCC although it
shows a relatively small error when the plane was at Pj, the smallest error is 0.92mm (window
size takes 12 pixels) and the average error is 1.97mm when the window size is larger than 7.
However, for the same position, with our method the smallest error is 0.178mm and the average
error is 0.179mm calculated over the same range of windows. For the positions P, and P3, the
traditional technique begins to show much larger measuring errors which are generally above
7mm as can be observed from Fig. 8(b). But, for our method, it still performs well with the
average errors of 0.176mm and 0.152mm respectively for the window size ranging from 5 to 12.
From the comparison, we can find that the accuracy can be increased by an order of magnitude
with the presented method. For further analysis, according to results obtained by our method, we
can find that the plane moved at a relatively low speed when it was at P; because the measuring
error shows a steady distribution with the increase of the size of the temporal window. When the
plane was turned to the position P, the speed was supposed to reach its highest value among
the three moments as can be seen the measuring error is going to soar once the window size is
more than 12. Based on the results as shown in Fig. 8(c), we can see that the error has a steady
distribution with small variations when the window size starts from 5. Therefore, we set the size
of the temporal window as 5 pixels in our experiments.
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Fig. 9. Measurement results obtained with the window size of 5. (a) Captured fringe images
for positions P; to P3; (b) 3-D reconstructions of the three positions obtained by TNCC; (c)
3-D reconstructions of the three positions obtained by our method; (d) Reconstruction error
of our method for the 320th column of the plane.

With the selected window, we then show the whole 3-D reconstructions of the plane in Fig.
9. From the global view, our results indicate smooth and flat reconstructed shapes while lot of
errors can be observed as abrupt prickles when TNCC was used. As the plane was rotating, it
is not hard to find that the tangential velocity will be different due to the varying distance to
the axis of rotation. To see the accuracy obtained at a certain moment with different rotation
velocities, we display the error of a vertical column (the 320th column) of the plane, as shown in
Fig. 9(d). Although the speed is changing, the error of the retrieved surface is generally small.
Lastly, to visualize the intensity tracing process, by Fig. 10 we display the tracing procedure
for the plane at the position P,. We arbitrarily chose two pixels from the left camera and to
observe whether the matching points calculated by our method and TNCC could capture the
same intensity sequence as the left pixel did or not. From the results, we can see that by the
proposed method the captured intensity sequences have been accurately matched to the ones in
the left view while with TNCC the maximum temporal correlation coefficient failed to correctly
indicate the intensities.

Next, we changed the plane into a table tennis ball to show the reconstruction accuracy for
dynamic spherical objects. During the experiment, the ball was suspended from a static pivot
and swung freely. We calculated the radius of the ball at five different moments selected from a
same period of oscillation. The captured fringe patterns and the corresponding retrieved results
are shown in Fig. 11. From the reconstructions, we can see that the ball has been successfully
measured for each moment. For detailed analysis, the obtained 3-D point cloud was fitted to a
spherical function for the computation of sphere’s center and radius. The real radius of the used
table tennis ball is 20mm and the measured results are shown in the second column of Table 2
from which the average error of the calculated radii is 0.14mm. So in spite of the moving process,
the spherical surface can be correctly recovered with the proposed method. Furthermore, the
centers of the sphere were used to calculate the instantaneous velocity of the ball. By computing
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Fig. 10. Demonstration of the practical intensity tracing procedure. (a) The result of pixel
(268,177); (b) The result of pixel (458,377).

the spatial distance between successive 3-D locations and dividing by the temporal interval of
1/490 second, the velocity was obtained as shown in the third column of Table 2. According
to the results, we can see that the ball moved at a relatively low speed of 263.38mm /s at the
first moment and then began to accelerate as indicated by the velocity for the second moment.
It reached the highest speed of 601.32mm/s at the third moment and after that started to slow
down. The speed of the ball was then reduced to the minimum 229.83mm/s at the fifth moment.

Table 2. Measurement Results of the Swinging Ball

Time | Radius (mm) | Speed (mm/s)
0.531s 19.88 263.38
0.641s 20.17 529.28
0.697s 19.82 601.32
0.755s 19.85 490.11
0.898s 20.08 229.83

3.2. Qualitative results

To evaluate 3-D reconstructions qualitatively, we also conducted measurements for both static
and dynamic scenes. Figure 12(a) displays a captured fringe pattern of a motionless plaster model.
With the presented method, the obtained disparity map and the depth map are shown in Figs.
12(b) and 12(c) respectively. The depth was represented with negative values with the purpose of
better visualization of the 3-D modal. From the results, we can see that the surface of the Chinese
arch model has been reconstructed faithfully. Then, we scanned a more complex static scene that
includes a table tennis ball, a white paper box (below the ball), a scroll of tape and a calibration
board with white dots. Figures 12(d)-12(f) show the fringe image, calculated disparity map and
depth image respectively. From the results, although these objects are spatially isolated, we are
able to successfully retrieve the discontinuous surfaces with the developed approach.

For reconstructions of dynamic processes, we carried out two measurements for different



Research Article Vol. 25, No. 2 | 23 Jan 2017 | OPTICS EXPRESS 557

Optics EXPRESS

(@)

80 80 80
t=0.531s 680 t=0.641s 680 t=0.697s 680
50 50 50
. 660 - 660 - 660
E 20 640 E 20 640 é 20 640
> 10 620 > 10 620 510 620
-40 600 -40 600 -40 600
-70 580 -70 580 -70 580
0 30 60 90 120150180 0 30 60 90 120150180 0 30 60 90 120150180
X (mm) X (mm) X (mm)
80 680 80 680
s t=0.755s s  1=0.898s
P 660 — 660
E 20 640 E 20 640
> 10 ) 620 > 10 O 620
-40 600 -40 600
-70 580 -70 580
0 30 60 90 120150180 0 30 60 90 120150180
X (mm) X (mm)

(b)

Fig. 11. (a) Fringe patterns of a swinging table tennis ball captured at different times; (b)
Corresponding 3-D reconstructions.
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Fig. 12. (a) A captured fringe pattern of a motionless plaster model; (b) Calculated disparity
map of the model; (c) The reconstructed depth; (d) A captured fringe image of a complex
static scene; (e) Obtained disparity map of the scene; (f) The reconstructed depth.

objects. In the first one, we projected our patterns onto a moving hand. Its 3-D reconstruction is
shown by Visualization 1 and a screen shot of the video is displayed by Fig. 13. The left window
shows the captured fringe image by the left camera, the central and right windows display the
reconstructed 3-D model with a front view and a side view respectively. From Visualization 1,
the hand was steadily moving away from the system firstly and changed its moving direction
to get close to the system afterwards. For the whole dynamic process, we can observe that the
moving hand has been measured correctly and its movement retrieved smoothly. Then, we tested

Front view Side view

Fig. 13. High speed 3-D measurement of a moving hand (see Visualization 1).

a deflating toy balloon for the second measurement. The result is shown in Visualization 2 and a
corresponding screen shot in Fig. 14. From the front view of the video, we can see that the global
size of the balloon was becoming smaller and smaller with the process of the deflation. And from
the side view, the height of the reconstructed object can be observed decreased gradually at the
same time. According to the results, we can see that the entire process of the balloon from being
swollen to shrunken has been reconstructed faithfully by our method. It is noted that since the
high light intensity on the balloon affected the capture of projected patterns for both cameras,
the corresponding regions were removed from the 3-D reconstruction (observed as two black
dots). At the end of the deflating process, we also simulated its inverse—the inflating process by
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playing the video in reverse.
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Fig. 14. High speed 3-D measurement of a deflating toy balloon (see Visualization 2).

4. Conclusion

We have introduced a motion-oriented high speed 3-D measuring technique that combines the
stereo and the fringe projection for robust and accurate 3-D measurements of fast moving objects.
With the developed binary aperiodic sinusoidal fringes, the aperiodic sinusoidal patterns can be
projected at kHz by a DLP projector with the aim of reducing the sensitivity to movements. To
handle the problem that the motion violates the basic assumption that corresponding pixels from
two cameras should capture intensities from the same object point, we suggest a motion-oriented
temporal support window by which we can trace the desired light intensity temporally for the
right camera according to the one captured from the left camera, thus reducing the number of
mismatches. To robustly calculate the cost for pixels within the support window, an integrated cost
measure has been presented to combine strengths of several single measures. In addition, a three-
step optimization framework is further developed for refinement of obtained initial disparity
results. With refining processes of the removal of outliers in occluded areas, corrections of
residual outliers based on left-right consistency check and the sub-pixel disparity enhancement,
accurate disparity maps at sub-pixel level are obtained for precise 3-D reconstructions. In
experiments, high speed 3-D reconstructions of fast moving objects have been accurately obtained
at 490 fps. Since the proposed method is able to trace the desired intensity, it may be further
extended to applications where objects are encoded by gray code patterns [35] or statistical
patterns [15].

Due to the employment of two cameras, only surfaces simultaneously viewed by the cameras
and the projector can be retrieved correctly. Therefore, for complex objects, adjustments to object
position or orientation or to the system configuration are preferred. Additionally, as the motion
within the temporal support window is assumed to be linear, the method tends to compromise for
the scenes vibrating or shaking too rapidly. We will carry on further researches on this issue in
our future work.
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