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In monocular structured light system, the iterative reconstruction method makes the measurement time-
consuming, and the measurement accuracy is often hindered by the fact that the first-order radial distortion
is included only. Compared with the conventional projector model, a new projector model, including both radial
and tangential distortion, is proposed in this paper, which is described with the pinhole model according to the
light direction. Furthermore, the iterative method is replaced by solving a quartic polynomial problem directly

based on the proposed projector model. Experimental results show that the measurement accuracy and the ef-
ficiency are improved obviously. The standard deviation of the proposed method is 0.037mm, which is about a
third of 0.113mm of the iterative method. The time consumed by the proposed method is 3.3% of that by the
iterative method when one hundred thousand points are reconstructed.

© 2017 Published by Elsevier Ltd.

1. Introduction

Structured light system is a three dimensional measurement system
with high accuracy, simple equipment and satisfactory speed, which
generally consists of one or more cameras and a projector [1,2]. It has
been widely used in industrial precision inspection, three dimensional
body scanning, heritage conservation, and so on [3-6]. The keys to a
structured light system are system calibration, structured light encod-
ing, and reconstruction. Many researchers contributed to these fields
and made remarkable achievements.

As the most important problem, system calibration had been focused
in the last decades [7-11]. Zhang solved the camera calibration accu-
rately by observing a planar pattern [7], whose method had already
been widely used in structured light system. Zhang and Huang treated
the projector as an inverse camera [8], thus making the calibration of
a projector the same as that of a camera. Then, Li et al. improved the
projector calibration by reducing the phase error and interpolating the
Digital Mirror Device (DMD) images [9]. To deal with the distortion,
Huang et al. presented an error surface compensation method [10],
which minimized mapping error caused by camera and projector dis-
tortion. Recently, Liu et al. proposed a projector calibration method by
making use of photodiodes to directly detect the light emitted from a
projector [11], and a polynomial distortion representation is employed
to reduce the error of traditional projector model. Structured light en-
coding is another essential problem. Sinusoidal grating encoding and
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phase shifting algorithm are the most advanced and effective meth-
ods [12], by now they had already been utilized in most commercial
structured light systems. An advanced topic of encoding is to reduce the
number patterns for real-time measurement [13-15]. For example, Tru-
siak et al. proposed a hybrid single shot algorithm [14] for a composite
structured light system, in which empirical mode decomposition was
employed, aided by the principal components analysis, and He et al.
reduced measurement error caused by spectrum overlapping [15] in
a composite structured light system based on fringe parameter calcu-
lation. The final problem is reconstruction. Theoretically, reconstruc-
tion can be achieved directly based on optical triangle principle in the
linear system model. However, there are two primary problems that
make reconstruction more difficult, the phase error and the lens distor-
tion. Numerous effective methods were proposed to reduce the phase
error. Zhang and Yau improved the traditional look up table generation
method [16] for the phase error by analyzing the captured fringe im-
age of a flat board. Then, Liu et al. studied the gamma effect and devel-
oped a mathematical model [17] for predicting the effects of non-unitary
gamma. Furthermore, Yatabe et al. proposed a post-processing method
[18] for compensating general fringe distortion based on the inverse
map estimation, which made the fringe patterns accurate enough. Lens
distortion were also considered by many scholars [19-22], especially the
first-order radial distortion. Valkenburg solved the reconstruction with
iterative method [19] when including first-order radial distortion, which
also gave a general description of reconstruction equations. Huang and
Han simplified the iterative method [20] by undistorting the camera im-
ages firstly, and then solved the reconstruction with the first order radial
distortion of projector. Ma et al. extended the reconstruction equations
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to appropriate for complex distortion models [21], and corrected the
error pixel by pixel based on iterative method. To make the measure-
ment efficient, Li et al. eliminated the projector distortion by projecting
distorted fringe patterns [22], which were generated according to the
projector model. However, the solution to analytic reconstruction equa-
tions is always iterative and time-consuming, and the specific distortion
model is also related to the measurement accuracy and efficiency. In a
word, the lens distortion restricts the precision of structured light system
and an appropriate non-iterative method is expected.

A non-iterative method is proposed in this paper to solve the lens
distortion efficiently. This method is based on a projector model, which
applies the pinhole model to the projector description according to the
light direction. In this projector model, the measuring object is consid-
ered as the image plane, while the Digital Mirror Device (DMD) reflects
light to it. Corresponding to this model, lens distortion description equa-
tions are reorganized, and the reconstruction is simplified to a problem
of solving a polynomial. As the iteration is inevitable when the polyno-
mial order exceeds four, the reconstruction is described by two polyno-
mials of three order and four order, whose coefficients are obtained by
curve fitting algorithm. The experimental results prove the validity of
the proposed non-iterative method.

The rest of this paper is organized as follows: Section 2 describes the
basic nonlinear model of structured light system. Section 3 discusses the
proposed method, together with the ideas to it. In Section 4, experiments
are implemented to verify the proposed method. Finally, Section 5 con-
cludes this work.

2. Structured light system model

A monocular structured light system consists of a camera and a pro-
jector. The camera is described by a pinhole model, which is represented
by intrinsic and extrinsic parameters, together with nonlinear compen-
sation items to represent lens distortion [20]. The projector is generally
considered as an inverse camera and it can capture DMD images [8],
thus the camera model can be applied appropriately to the projector.

2.1. Camera and projector model

The pinhole model is described to present an ideal camera without
lens distortion. M, is an arbitrary point in the space with coordinates
X =[x*y*, z%T in the world coordinate system {Oy; Xy, Yws Zw}
and X¢ = [x°, ¢, z¢]” in the camera coordinate system {O¢; X¢, Y, Z¢},
as shown in Fig. 1.

The relationship between M, and its projection point m on the image
plane {o; u, v} is expressed as Eq. (1).

c

u
| ¢ | = A°[R° T¢|X¥ (0

where [u¢, ¢, 1]7 is the homogeneous pixel coordinate of m in the image
coordinate system {o; u, v}. A€ is the intrinsic parameters matrix of the
camera, [R¢  T¢] is the extrinsic parameters matrix that represents the
rotation and translation between X" and X°¢. A¢ and R¢ are invertible ma-
trices with 3 x 3 elements. T¢ is a vector with 3 x 1 elements, expressed

as [tf, tg, tg]T. A€ is expressed as Eq. (2).

at  y© ug
A°=10 pe 118 2)
0 0 1

where [ug, vg]T is the principle point, a¢ and g¢ are the focal lengths
along with the axes of the image plane, y¢ is the skew factor, normally
set as zero.
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On the basis of the pinhole model, lens distortion is included to im-
prove the system accuracy. A typical lens distortion model including
radial and tangential distortion is expressed as polynomials with nor-
malized coordinate [23]. X¢ is the normalized coordinate when lens
distortion is ignored, which is expressed as Eq. (3).

x¢ y

X =Ixg, 0" = [— —] 3

z¢’ z¢
When lens distortion is included, the normalized coordinate X is
expressed as Eq. (4),
C
X4 = [Xg] = LDF(X{) = (1 + K{r* + k5rH) XS + D, + O[(xS, 15)°] )
Ya
where LDF is the lens distortion function, k§ and kS are radial distor-
tion coefficients, D, is the tangential distortion item caused by decen-
tering distortion, r is expressed as r?> = (x%)% + ()% D, is expressed as
Eq. (5) [23].

PGB + (59)D) + 2p5xCye
2pS xSy + pS((x$)? +3(59)%)
where P and p; are tangential distortion coefficients. Therefore, the co-
ordinate transformation process of nonlinear camera model is concluded
as X = X¢ — X¢ — X¢ — ([, v°]").

In structured light system, the conventional projector model treats
the projector as an inverse camera [9], whose emitted encoding patterns
are imagined as the captured images. Thus the projector can capture a
series of images and be modeled with the pinhole model. The coordinate
transformation process of nonlinear projector model is specialized as
XY — XP = X§ — X5 = ([w?, vP]").

Here the superscript p means the projector coordinate. ¥ is unknown
to the structured light system [19]. Projecting enough encoding patterns
in different directions will solve this problem easily, but it is not used in
commercial systems because of time-consuming, increasing phase error
and so on. Therefore, only 1P of a point on the emitter is available.

D, = [ )

2.2. Iterative reconstruction method

Based on the pinhole model and Eq. (1), there are

X<]
7€ ln — [Rc Tc]xw

7 (6)
[ =R TP]XV

L 1 4

The relationship between X¢ and XP is deduced, expressed as Eq. (7),

X€] -1
|| = [Re TC][RP TP XP 7
V] =tr rme T o
where [R?  T?]"! means the transformation from XP to X" rather

than an actual inverse matrix. There are four unknowns, 2z¢ and X? =
[x?, y?, z°]T, while only three linear equations are available in Eq. (7).
Considering the constraints provided by encoding patterns, there is

w —u’ p
0 _ LDF("—)
aP zP

Combining Eq. (7) and Eq. (8), XP and X" can be solved theoreti-
cally. In view of the nonlinearity of Eq. (8), it generally is solved by
iterative algorithm, such as a quasi-Newton strategy. It should be men-
tioned that the camera image point is undistorted directly regardless of
the camera distortion models [20], thus only one non-linear equation,
Eq. (8) appears in reconstruction to express the projector distortion.

®

3. Non-iterative reconstruction method

Although the iterative method is available, it is not always a good so-
lution, especially when complex distortion model is included. Therefore,
it is necessary to develop a non-iterative method for the reconstruction.
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Fig. 1. The pinhole model of an ideal camera.

3.1. Basic solution

The non-iterative reconstruction method is also based on the combi-
nation of Eq. (7) and Eq. (8) when only kﬁ' is included. An idea to the
problem is expressing x?, y?, ¥ with z¢ firstly and then eliminating them
in Eq. (8). Therefore, the reconstruction is solving a cubic equation with
unknown z¢. The particular scheme is expressed as follows.

Based on the invertibility of linear equations, Eq. (7) is replaced by
Eq. (9).

xP z¢x¢
n
W= M|z, (+n (€)
zP z¢
where
my my  m3
M=|my ms mg|=RP(R)!
m m m,
7 8 9 (10)
m
n=|n|=RP(R)'TC + TP
M3

As mentioned above, Eq. (8) is replaced by Eq. (11) when x?, y?, 2P
in Eq. (8) is eliminated.

2 2
a;zt + a,z¢ + a;zt +
ap = 1+k111 1 m + 2 M 1 m an
azzc + azzc + 1 azzc + 1
where
uP—uf
a=—; 0
a; = (myx; +myy, +ms3) 12)

ay = (mgx, + msy; + mg)
az = (m7x;, + mgy, + mg)

It can be seen from Eq. (12) that ay, a;, a,, a; are constants deter-
mined by system parameters and image coordinates. Eq. (11) is actu-

ally a cubic equation, and can be solved by available formulas directly,
which is expressed by Eq. (13).

ag(az° +13)° = {(a3z" 1)’ + kf[(a,z" + n,)2 + (a2 + :72)2] }(a,z" +n)  (13)
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The meaning of Eq. (13) is depicted in Fig. 2. The reconstruction
without projector distortion is shown in Fig. 2(a), while the reconstruc-
tion considering k’lJ is shown in Fig. 2(b). More specifically, Eq. (6) is
represented with the line [ in Fig. 2, Eq. (8) is represented with 7z} in
Fig. 2(b) or r, in Fig. 2(a), depending on whether the projector distor-
tion is included or not. Therefore, the intersection of I, and z,/7y is the
reconstructed object P, and Eq. (13) is represented by the dotted line in
Fig. 2(b), commented as “Cubic curve in Eq. (13)” .

So far a non-iterative solution to the reconstruction is built and de-
scribed as the following steps:

(1) (R, RS, &, #) —> (M, n);

(2) (x5, Y517, KS) = (xS, ¥4 1T
3) ([x¢, yf,JT, M) - (ag, ay, a5, a3);
(4) (ag,ay,ay,a3, k], 1) = z°;

() (Ixg, ¥5 17, 2°) = (Ix, ¥, 2.

Although the non-iterative reconstruction method is developed when
k’l’ is included, it is still not an adaptive method when more projection
distortion parameters are considered. Different projector distortion pa-
rameters lead to different polynomials, and result in different equations
to be solved. For example, k‘l’ leads to Eq. (11) and results in Eq. (13) to
be solved. When kJ, p!, and pf are included, the solution becomes intri-
cate extremely and even more time-consuming than an iterative method.
In addition, kg results in quintic equation, which has been proved ana-
lytically unsolvable, thus an iterative method is inevitable.

3.2. Improved solution

The basic solution described in the last section is not appropriate in
all cases, but it provides us an excellent idea to deal with the recon-
struction. It is deduced that the reconstruction can be simplified to the
problem of solving a polynomial. Therefore, an outlet for the reconstruc-
tion is to find a polynomial to approximate Eq. (13).

A new projector model is proposed to implement our idea, as shown
in Fig. 3. The pinhole model of camera is shown in Fig. 3(a), in which an
object P maps to a pixel p on image plane along with the light direction.
The conventional projector model based on the pinhole model is shown
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(b) o Cubic curve in
| \\; Eq. (13)
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image plane
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(DMD emitter)
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image plane
(real object)

Fig. 3. Pinhole models in the structured light system. (a) the pinhole model of camera; (b) the conventional projector model; (c) the proposed projector model.

in Fig. 3(b). The projector is considered as an inverse camera, the solid
and dashed arrows indicate the actual and assumed light direction in
pinhole model respectively. In this model, the DMD is image plane and
the object projects its structured light patterns onto DMD, along with
the assumed light direction. The proposed projector model is shown in
Fig. 3(c), where the pinhole model is applied to describe the projector
according to the actual light direction. Specially, the DMD is considered
as the object in the pinhole model, and it reflects the light to the real
object, the image plane in Fig. 3(c), even though it is not an image plane.
In other words, an assumed object P on DMD maps to a point p on real
object.

To simplify the reconstruction, the projector distortion description
equations are reorganized corresponding to the proposed projector
model, which are depicted as Eq. (14).

4 — - = —
Xh= [’y‘;] = LDF(X%) = (1 + k{2 + k5 r4) X2 + D, + Ol(xh, y9)°]
n

d
B,- [E’_@uﬁf SCRRRETEAY
293 + Ph((xg)” +3070)7)

(14)

where LDF is the lens distortion function of the proposed projector
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model, ri = (xg)2 +(y§)2, X! is the normalized distorted coordinate

when the proposed projector distortion parameters (k}, k5, p, p) are in-
cluded, whose meaning is the same as the normalized undistorted co-

ordinate in Eq. (3). X 5 is the normalized undistorted coordinate when

(ﬁ, k_g p_’l’, p_"z’) are included, whose meaning is the same as the normalized
distorted coordinate in Eq. (4). It is obvious that the proposed projector
model in Fig. 3(c) is the inverse of the model in Fig. 3(b), thus the X?

in Fig. 3(c) is the X 5 in Fig. 3(b) and vice versa. It should be mentioned

that (k” ,k‘z’, p’l’ R p‘2’) is generally unequal to (k_”,k_‘z’, p_’l’, 17_‘2’). Actually, the

two groups of distortion parameters, (k”, kg, p’l’ , p’z’ yand (k”, k’z’ R p‘l’ R pg) for-
mulize two processes of projector coordinate transformation, X 5 - X!
and X! - X 5 . When the proposed projector model is applied, the cali-
bration is implemented by the linear least squares method to obtain the
proposed projector distortion parameters.

Apart from the new projector model, phase constraint provided by
encoding patterns is essential to the improved solution. The reconstruc-
tion is expressed as (([XZ’«VZ]T - [xf',yf‘]T), @) = ([x¥, y¥, z¥]) when the
projector distortion is ignored, where the phase ¢ is expressed by the
dash-dotted line on the projector image plane, as shown in Fig. 2(a). In
another perspective, when the projector distortion is included, ¢ is the

dash-dotted curve on the projector image plane as shown in Fig. 2(b),
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Fig. 4. The matching of corresponding points based on the epipolar constraint when the projector distortion is included.

expressed as x/. Furthermore, ¢ is also a dashed straight line on the pro-
jector image plane, but expressed as x/. Therefore, the reconstruction
can be considered as the intersection of [, and r; in Fig. 2(b), it can also
be considered as the process to find the matching position along with
the straight phase line.

The improved solution is now available to the reconstruction. Based
on the phase constraint, ¢ and x’; are calculated directly. It is known
that the matching position is located at the phase line, ¢ or x{;. Setting

P

x;, as a known constant ¢ and eliminating it in Eq. (14), equations with

yS unknown are expressed as Eq. (15).

X = (1 KBS + O4)%) + KB(S + 4P P)e + LB + (0)%) + 2p0e),
W= (LK@ + (D) + (2 + DD, + 200y, + phie? + 3())
15)

It is obvious that Eq. (15) is expressed as two polynomials, and
[x}, yp]” is the matching position to be solved. As ), is unknown, un-
fortunately, Eq. (15) can not be solved directly, so an additional con-
straint is required. In this paper, the epipolar constraint [24] is applied,
which is the straight line on projector image plane corresponding to any
[x¢, yfl]T. An epipolar pair is shown in Fig. 4. For a point p, in camera
image plane, the epipolar pair is [ and [,. Moreover, p,, is always located
at I,. Assuming [, is expressed as Eq. (16), the parameters (4, B, C) of

Eq. (16) are deduced with [x¢,¢]T and [R®  T*].
AxP+ByP +C =0 (16)
Let us rewrite Eq. (15) to a compact form, Eq. (17).
xh=fi (ys)
n 17
W= 1,0 0

where f; and f, are polynomials with unknown y”. Combining
Eq. (16) and Eq. (17), [x5, 717 is eliminated and a polynomial with
only yZ unknown is obtained, expressed as Eq. (18). The reconstruc-
tion is implemented after acquiring the matching position [x/, y7]” by
solving Eq. (18) directly.

AfGD) + B +C =0

The reconstruction is described as the following steps:

18

@) (307 1 0T > (KD KD o
@) (x5 7517) — b = () = o;
3) (x5 ¥4I, [R, T¢]) — (A, B.C);

) (K. KD, pF. ph).©) = (fy. f);
(5) ((A.B.C).(f1. /) = Vs
(6) (15 51T [ y51T) — (x, y, 20).

However, it is still not an ideal method for the reconstruction as iter-
ation is inevitable when k; isincluded and Eq. (18) is quintic. Moreover,

the estimation of (k”, kg, p’l’ R p’z’) introduces accumulated error, which re-

duces the reconstruction accuracy. Taking Eq. (15) into consideration

again, it actually expresses the projector distortion with polynomials.
Therefore, Eq. (17) reveals the essence that f; and f, describe the rela-
tion between [x/, y/ " and [x}, y,]7, which is appropriated by the poly-
nomials, as illustrated in Fig. 4. The dotted curves of distorted projector
in Fig. 4 are described by Eq. (17). [, is the corresponding epipolar of
l. described by Eq. (16). Therefore, the reconstruction is simplified by
approximating f; and f, with specific polynomials, rather than Eq. (15).

As depicted in Eq. (15), f; is a quartic function, while f, is quintic.
A further analysis to Fig. 4 also manifests that f; is always one order
lower than f,, which is intelligible because xfl is constant, while y’; is
unknown. If the order of f; or f; is given, the corresponding polynomials
can be fitted with the least squares method. To avoid the iteration, f;
is fitted with a cubic polynomial and f, is with quartic, expressed as
Eq. (19).

xXb = by + by (7)) + by (V)% + b3(h)?
Vi =do+ di (7)) + dy (v + d30)° + dy 0

where (by, by, by, b3) and (d,, d;, d,, ds, d4) are coefficients to be fitted.
Generally, there are always hundreds of points for a specific x, so that
Eq. (19) can always be fitted correctly. Combining Eq. (19) and Eq. (16),
the corresponding yZ can be solved by Eq. (20).

19)

eg+ e () + (50 + e304) + ey () =0 (20)
where

ey = Aby + Bdy + C

e; = Aby + Bd,

e, = Ab, + Bd, @1

e3 = Abs + Bd;
ey = Bd,

The reconstruction is implemented by now with the polynomial in
Eq. (20). Iteration and unnecessary accumulated error are avoided in
the reconstruction. The pipeline is described as the following steps:

1) (x5, 0517 = ¢ = (& = ¢);

(2) O [, Yi1T) = ((bg, by -0), (do iy ));

(3) (x5, y51".[R¢, T]) — (A, B,C);

4) ((bg, by, ..), (dy, dy, ...), (A, B, ©)) - (eg, €y, -..);
(5) (ep.ey,.) = Vi3

6) ([x5, Y517, x5, Y517) = ([x™, . z%]).

In fact, there is still a minor problem in Eq. (20) that it always gives
four primitive solutions, but only one of them is correct. A pair of com-
plex roots and a pair of real roots can be found for Eq. (20), the correct
solution can be picked out easily from the pair of real roots when re-
stricted by the valid field (the resolution of DMD images).

4. Experimental results

To verify the proposed method, a calibration board with 64 circle
centers, shown in Fig. 5, is measured by the monocular structured light
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Horizontal circle pair

(8)

(]

Vertical circle pair

Circle center number
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Fig. 5. Calibration board with 64 circle centers.

Table 1

The error comparison of the iterative method and the proposed method. (unit: mm).

Error estimation with circle pair distances
Standard deviation

Error estimation with circle centers

80% marking line  Standard deviation

The iterative method (E) 0.1129
The proposed method (;7’ kf, E, E) Polynomial order: 4 0.0373
(k?, k? E, g) Polynomial order: 5 0.0374
(K1, K5, K5, pf, pb) Polynomial order: 7 0.0374

0.1419 0.5769
0.0507 0.1479
0.0512 0.1474
0.0501 0.1511

system we constructed, which is equipped with a projector, BENQ GP1,
working at 896*896, and a camera, MV-VD 120SC, shooting at a total
of 1280*960 pixels. The circle centers are numbered from 1 to 64 (“cir-
cle center number” in Fig. 5), and the distance between circle centers
(“horizontal/vertical circle pair” distance in Fig. 5) is 30 mm with the
error of +0.005 mm.

The circle centers on the calibration board are measured by the iter-
ative method and the proposed non-iterative method respectively. The
measurement error of circle pair distance is shown in Fig. 6, and the
distance from circle centers to the fitting plane of calibration board is
shown in Fig. 7.

The measurement error of the iterative method is shown in Fig. 6(a)
and that of the proposed method is shown in Fig. 6(b) on the same
scale. It is obvious that the error in Fig. 6(b) is less than the error in
Fig. 6(a). Some estimation parameters, including standard deviation and
80% marking line are calculated to make the comparison concrete, as
depicted in Table 1. The 80% marking line is a positive threshold higher
than 80% circle pair absolute distances while lower than 20% circle pair
absolute distances. The error of the iterative method is about three times
higher than that of the proposed method, regardless of both the standard
derivation and the 80% marking line.

The 64 reconstructed circle centers are coplanar, thus the distances
from the reconstructed circle centers to the fitting plane are considered
as the measurement error, which are shown in Fig. 7. The error of the
iterative method and the proposed method are plotted in Fig. 7(a) and
Fig. 7(b) respectively, and trend lines are fitted with polynomials to
reveal the residual error. The standard deviations of Fig. 7 are also cal-
culated and listed in Table 1. It can be seen from Fig. 7 and Table 1 that
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the standard deviation of the iterative method is about four times higher
than that of the proposed method. The trend lines in Fig. 7 also indi-
cate that the lens distortion is not corrected completely by the iterative
method, but almost corrected completely by the proposed method.
More experiments are conducted to further verify the proposed
method. The circle centers are reconstructed with the proposed method
in different conditions and the measurement error is shown in Fig. 8.
The error shown in Fig. 8(a) and Fig. 8(b) is the same as that in Fig. 6(b)
and Fig. 7(b), which is estimated by using the reconstructed circle cen-

ters when (k?, k5, pf, pf) is included and a quartic polynomial is fitted in
reconstruction. In comparison to the Fig. 8(a) and Fig. 8(b), the error
shown in Fig. 8(c) and Fig. 8(d) is estimated when a quintic polynomial
is fitted, while the error shown in Fig. 8(e) and Fig. 8(f) is estimated

when (k‘;’ R k;, kf’ R p‘]" , pg) is included and a seven order polynomial is fit-

ted. Here kf; is the third-order radial distortion of the projector, an item

of Eq. (14), which is expressed as k;’rg. The standard deviation and 80%
marking line of Fig. 8 are also listed in Table 1. It can be seen from
Fig. 8 and Table 1 that the measurement error of the proposed method
is almost the same, and a higher order polynomial or additional distor-
tion parameters does not improve the performance significantly. There-
fore, a quartic polynomial is appropriate for the proposed method and
(k7. k5, p¥, ph) is sufficient for the projector distortion.

Above all, the proposed method improves the performance of the
monocular structured light system obviously, which corrects the pro-
jector’s lens distortion dramatically by introducing the tangential dis-
tortion and avoids the iteration by constructing a quartic polynomial.
The experimental results also demonstrate that a quartic polynomial is
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Fig. 6. Error estimation with circle pair distances. (a) the iterative method. (b) the proposed method.

appropriate and the tangential distortion is necessary for the structured
light system.

Some objects are measured to verify the efficiency of the proposed
method, including a boy sculpture and a pair of hands. The measurement
results with the proposed method are rendered and shown in Fig. 9. It is
obvious that the proposed method reserves most details of the sculpture
and the hands, and loses almost no points except for the shading area.

The boy sculpture in Fig. 9 is rendered with 102,249 points. As an
example to compare the efficiency of two methods, the boy sculpture is
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also reconstructed by the iterative method on the same computer. The
consumed time are 14.637 seconds and 445.959 seconds when recon-
structed by the proposed method and the iterative method respectively.
It can be deduced that the proposed method consumes 3.28% of the time
used by the iterative method. In addition, the hands in Fig. 9, rendered
with 81,509 points, are also reconstructed with the above methods, and
the corresponding consumed times are 11.784 seconds and 352.468 sec-
onds. Therefore, the proposed method consumes 3.34% of the time used
by the iterative method. In conclusion, the experimental results demon-
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Fig. 7. Error estimation with circle centers. (a) the iterative method; (b) the proposed method.

strate that the proposed method is of good efficiency, and it consumes
3.3% of the time consumed by the iterative method when one hundred
thousand points are reconstructed.

5. Conclusions

Reconstruction is one of the most important problems of the struc-
tured light system. In most cases, iterative method is applied in recon-
struction with only first-order radial distortion included, which is not
accurate enough and time-consuming. In consideration of these disad-
vantages, a non-iterative and accurate method is proposed in this pa-
per to implement the reconstruction. The proposed method describes

223

the projector with the pinhole model according to the light direction,
and then simplifies the reconstruction to a problem of solving a quar-
tic polynomial. There are two important distinctions in the proposed
method. Firstly, they analyze the projector model in a completely dif-
ferent way. Secondly, compared to the iterative method, the proposed
method takes the tangential distortion of the projector into considera-
tion to improve the measurement accuracy, and avoids the iteration by
constructing a quartic polynomial. The experimental results show that
the measurement accuracy and the efficiency are improved obviously.
However, as more than one pattern are usually used in the structured
light system to achieve satisfied measurement accuracy, it is essential to
improve the encoding method to make the structured light system real-
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Fig. 8. Error estimation of the proposed method in different conditions. (a) and (b) error estimation when (kT’, kz, E, pTZ’) is included and a quartic polynomial is fitted; (c) and (d) error
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P

", py) is included and a seven order polynomial is fitted.

time. If an accurate and universal single shot fringe projection method

Fig. 9. The rendered reconstruction results of real objects.

is developed, real-time reconstruction could be expected with the recon-
struction method proposed in this paper.
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