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Abstract

In this paper, we propose an uncalibrated, multi-image
3D reconstruction, using coded structured light. Normally,
a conventional coded structured light system consists of
a camera and a projector and needs precalibration be-
fore scanning. Since the camera and the projector have
to be fixed after calibration, reconstruction of a wide area
of the scene or reducing occlusions by multiple scanning
are difficult and sometimes impossible. In the proposed
method, multiple scanning while moving the camera or the
projector is possible by applying the uncalibrated stereo
method, thereby achieving a multi-image 3D reconstruc-
tion. As compared to the conventional coded structured
light method, our system does not require calibration of ex-
trinsic camera parameters, occlusions are reduced, and a
wide area of the scene can be acquired. As compared to
image-based multi-image reconstruction, the proposed sys-
tem can obtain dense shape data with higher precision. As
a result of these advantages, users can freely move either
the cameras or projectors to scan a wide range of objects,
but not if both the camera and the projector are moved at
the same time.

1 Introduction

For practical use of a 3D scanner, an active system is usu-
ally adopted because of its high accuracy, robustness, and
efficiency. With respect to 3D scanners, a coded structured
light stereo system can capture dense 3D data efficiently.
The system has therefore been intensively studied. A coded
structured light system usually consists of a camera and pro-
jector and these need to be precalibrated. Once the camera
and the projector are precalibrated, they are fixed at their po-
sitions. This leads to several drawbacks in the system. For
example, it is impossible to fix occlusions. Additionally, the
portability of the system is seriously compromised.

In contrast, we propose an uncalibrated, coded struc-
tured light system, which exploits multi-image information.
Since the system does not require precalibration of the ex-
trinsic parameters, scanning can be repeated while moving
the camera and the projector. As compared to the conven-
tional coded structured light method, this system needs no
calibration of extrinsic camera parameters, occlusions are
reduced, and a wide area of the scene can be acquired.

With regards to a projector being equivalent to a cam-
era, the proposed method has an apparent similarity with
the uncalibrated stereo 3D reconstruction that uses multi-
ple images. As compared to a feature-based, multi-image
reconstruction, the proposed system can obtain dense shape
data. In addition, since the correspondences errors are much
smaller when coded structured light is used, the 3D recon-
struction is more stable than feature-based systems. Thus,
this system can produce better results with fewer images.

Since this system needs no calibration of the extrinsic
parameters, the camera and the projector can be moved, ex-
cept that both of the devices shouldn’t be moved at the same
time, so that it is possible to keep track of the consistent
extrinsic parameters. This is because correspondences are
only acquired between the positions of the camera and the
projector during the scanning, using the coded structured
light method.

Based on this consideration, two scanning methods are
used in this paper. The first method is to scan moving only
one device(i.e., either the camera or the projector), while the
other device is fixed. Since this scanning method utilizes
information of multiple images, the precision in estimating
the camera positions improves, producing a better quality
3D reconstruction. Additionally, occlusions are reduced by
multiple scans.

The second method is to scan by alternatively keeping
one device fixed. For example, a scene can be scanned by
moving the camera while the projector is stationary. The
camera is then fixed and the scene is scanned moving the
projector. The steps can be repeated. With this type of scan-
ning, the system can cover a wider area of the scene, even



up to the entire model acquisition.

2 Related Work

Many active 3D scanning systems have been proposed
to date; of these, the active stereo system can be considered
as one of the most common techniques. One simple im-
plementation of an active stereo system is to utilize a servo
actuator to control the laser projector [13]. However, such
a system is usually heavy, large, and expensive because of
the high precision mechanical devices required and the ne-
cessity for accurate calibrations. To avoid using precision
mechanical devices, a structured light-based system may be
used. However, while the structured light-based system has
great advantages in scanning efficiency, i.e., it can retrieve
dense 3D points in a short period of time, precise precal-
ibration is necessary for installation and this is usually a
laborious task.

To avoid the calibration problems mentioned above,
many uncalibrated active stereo methods have been pro-
posed [2, 8, 5, 14, 6, 10]. Takatsuka [14] and Furukawa [10]
have proposed active stereo 3D scanners with on-line cali-
bration methods. Each of their systems consists of a video
camera and a laser projector attached with LED markers,
and executes projector calibration for every frame. Thus,
users have the freedom to decide on the system configura-
tion, and a real-time system is achieved. However, when
calibration is performed for each frame, the system tends to
have insufficient accuracy and low efficiency to be of prac-
tical use.

Uncalibrated stereo techniques have been studied exten-
sively for passive stereo systems [7], and several researchers
have proposed other practical methods based on these tech-
niques, essentially substituting one camera of the stereo
paired cameras with a projector. Fofi et.al. [9] proposed
a method in which a 3D shape is first reconstructed in a
projective space and is then upgraded to Euclidean space.
In order to estimate the upgrade parameter, they assume an
affine camera model, however, in this case, the technique
cannot be applied to scenes that have a large disparity in
depth. Also, this method requires a plane to be captured in
the scene and cannot resolve the scaling ambiguity. Thus,
the system is not practical for actual use.

With regard to multiple scannings, the methods pro-
posed above do not assume multiple cameras and projec-
tors. Therefore, to reconstruct a large scene, which cannot
be obtained in a single scanning, merging several recon-
struction results from multiple scanning while moving the
camera or the projector is required. Since estimated values
of the scaling parameters or the focal length may differ for
each scanning, it is often very difficult to achieve correct
registration and integration. In order to resolve such prob-
lems, application of multi-image uncalibrated stereo meth-
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Figure 1. Components of the 3D measurement
system.

ods appears to be a promising idea, because these methods
take the coherency of the scaling and the focal length into
account. In this paper, we propose an uncalibrated stereo
method that uses multiple cameras and projectors, to make
a single consistent shape, using the projector as a reversed
camera. With this method, scaling ambiguity can be min-
imized and wide range of geometry can be efficiently re-
trieved.

3 System Configuration and 3D Reconstruc-
tion

The 3D reconstruction system developed in this work
consists of a video projector and a camera. The video pro-
jector is used as a substitute for the camera, which is used in
the uncalibrated stereo method. Since a video projector can
be thought of as a reversed camera, we can define intrinsic
parameters of a projector, such as focal length, as with cam-
eras. A laser pointer is attached to the projector and is used
for determining the scaling parameters that cannot be fixed
with uncalibrated stereo methods. If the ambiguity of the
scaling parameter can be left unsolved, the laser pointer can
be omitted. Figure 1 shows the configuration of the system.

When the shape of an object is measured, the camera and
the projector are oriented toward the object. With the struc-
tured light method, a set of dense correspondence points is
obtained. The 3D locations of the correspondence points
are reconstructed with an uncalibrated stereo method.

In this work, a multi-image uncalibrated stereo method
is achieved by moving the camera and the projector. Since
the correspondences are only obtained between the position
of the camera and the projector on scanning, moving both
the devices simultaneously is not allowed while reconstruct-
ing a single 3D scene. However, it is possible to allow the
movement either the camera or the projector.
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Figure 2. A pivot scanning.

Multiple scanning by moving one of the devices while
the other is fixed is an efficient method to improve precision
of the results. In this work, this type of scanning is referred
as “a pivot scanning.” Additionally, the position of the fixed
device is called “the pivot position,” and the positions of the
other device are called “the peripheral positions.”(Fig.2)

With a pivot scanning reconstruction, a relatively simple
algorithm makes it possible to use information of multiple
images as is described in section 3.3.

Another successful scanning method involves keeping
the camera and projector fixed, alternatively. The following
is one example of the scanning. First, “a pivot scanning”
is conducted by moving the camera while the projector is
fixed. The camera is then fixed and “a pivot scanning” is
conducted by moving the projector. This process can be
repeated as many times as necessary. Since the extrinsic pa-
rameter is calculated on scanning by the uncalibrated stereo
method for the projector-camera pair, it is possible to calcu-
late extrinsic parameters in-between arbitrary scannings by
exploiting the sequence of alternative movement of the cam-
era and the projector. We call this type of scanning “an al-
ternate scanning.” Using this technique, we can reconstruct
a wider area of the scene. Obtaining the object’s shape as
observed from all the directions is also possible.

Since, “an alternate scanning” is divided into several
pivot scannings, each of the pivot scannings which forms
an alternate scanning is resolved separately by multi-image
stereo, and the results are merged into a single scene, which
gives the resolution of the alternate scanning.

Our 3D reconstruction system has the following features,
which are highly desirable in a practical 3D measurement
system:

� No limitations are imposed on the geometry of the
measured scene, except that, if the scaling parameters
are to be measured, the point lit by the laser pointer
should be observable from the camera.

� Calibration of the extrinsic parameters is not needed.

(a) x-coordinate (b) y-coordinate

Figure 3. Example of binary patterns for
coded structured light.

� Dense 3D reconstruction with the correct scaling pa-
rameter is achieved.

In the present work, the intrinsic parameters of the cam-
era are assumed to be known, while the focal length of the
projector is assumed to be unknown. This is because the
intrinsic parameters of the camera can be obtained by exist-
ing methods, such as taking pictures of a calibration pattern,
while those of the projector are more difficult to obtain. For
example, to estimate the parameters of the projector, a cer-
tain pattern should be projected onto a special object, like a
calibration pattern on a plane, the projected pattern should
be captured by a camera, and the pictures should be ana-
lyzed.

3.1 Obtaining Correspondences between images
by structured light

For active stereo systems, structured light is often used
to obtain correspondence points. To resolve the correspon-
dence effectively, coded structured light methods have been
used and studied [1, 4, 3, 12, 11]. In the present method,
directions from the projector are encoded into the light pat-
terns, which are projected onto the target surface. The light
patterns projected onto each pixel are decoded from the ob-
tained images, and the mapping from each pixel in the im-
ages to directions from the projector is obtained.

Since dense correspondence points are desired to ob-
tain detailed shape data, one of the previously proposed
coded structured light methods is used in this work, par-
ticularly the gray code method proposed by Inokuchi [12]
(Fig. 3). Since the gray code encodes 1D locations in the
projected patterns, we applied the code twice, once for the
x-coordinate of the projected pattern and once for the y-
coordinate. Based on the compound gray codes, point-to-
point correspondences between the directions from the pro-
jector and the pixels in the image are resolved (Fig.4).
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Figure 4. Coded images by structured light.

3.2 Initial 3D reconstruction

To obtain an initial 3D shape to resolve a pivot scanning,
an uncalibrated stereo method is applied to a set of corre-
spondence points between the pivot position and one of the
peripheral positions. The devices of the image pair should
include a projector and camera. Non-linear optimization of
a squared error function on an image plane is used for the
shape acquisition.

A coordinate system that is fixed with the projector or
the camera is referred to as the device coordinate system.
Coordinate values expressed in this system are the device
coordinates. The origin of the device coordinate system is
the optical center of the projector or the camera. The for-
ward direction of the projector or the camera is represented
by the negative values on the z-axis of the device coordi-
nate system. The x-axis and y-axis of the device coordinate
system are parallel to the vertical and horizontal directions
of the image coordinate system of the screen. The device
coordinates of the camera are also referred to as the camera
coordinates, and those of the projector are referred to as the
projector coordinates.

Here, we assume that the projector is fixed and placed
at the pivot position. The discussion remains almost the
same if the camera were to be fixed and placed at the pivot
position.

Let the focal length of the projector be fp, and the direc-
tion vector of the ith correspondence point expressed in the
projector coordinates be

(upi; vpi; � fp)
t:

Here, we express the rigid transformation from the pro-
jector coordinates to the camera coordinates of the jth cam-
era as the rotation matrix Rc;j and the translation vector
tc;j. The rotation is expressed by the parameters of Euler
angles �c;j , �c;j and c;j and the rotation matrix is thus ex-
pressed as Rc;j(�c;j ; �c;j ; c;j).

The direction of the correspondence points observed by
the camera is converted to the screen coordinates of a nor-
malized camera with corrected effects of lens distortions.

Let the converted coordinates of a correspondence point ob-
served by the jth camera be

(uci;j ; vci;j ; � 1)t:

If the epipolar constraints are met, the lines of sights
from the camera and the projector intersect in the 3D space.
The line from the projector in the camera coordinates of the
jth camera is

rfRc;j(�c;j ; �c;j ; c;j)g(upi=fp; vpi=fp; � 1)t + tp;
(1)

where r is a parameter. The line from the camera is

s(uci;j ; vci;j ; � 1)t; (2)

where s is a parameter.
To achieve the epipolar constraints, the distance between

the two lines (1) and (2) should be minimized. Let the di-
rection vectors of the lines be expressed as

pci := N (uci;j ; vci;j ; � 1)t;

qci(�; fp) :=

N fRc;j(�c;j ; �c;j ; c;j)g(upi=fp; vpi=fp;�1)t; (3)

where N is an operator that normalizes a vector (i.e., con-
verts a vector into a unit vector with the same direction),
and �j := (�c;j ; �c;j ; c;j ; tc;j) represents the tuple of the
extrinsic parameters of the projector. Then, the distance be-
tween the lines is

Ei(�j; fp) := jtc;j �N (pci � qci(�j; fp))j; (4)

where “�” indicates a dot product.
Ei(�j; fp) includes systematic errors the variances of

which change with the parameters (�j; fp) and the data in-
dex i. To compose an error evaluation function unbiased
with respect to the parameters (�j; fp), Ei(�j; fp) should be
normalized by the expected error level. Assuming that the
epipolar constraints are met, the distance from the intersec-
tion of the lines to the camera and the projector is

Dci(�j; fp) := ktc;j � qci(�j; fp)k=kpci � qci(�j; fp)k;

Dpi(�j; f) := ktc;j � pcik=kpci � qci(�j; fp)k; (5)

respectively. Using the distances, the distance normalized
by the error level is

~Ei(�j; fp) :=
Ei(�j; fp)

�cDci(�j; fp) + �pDpi(�j; fp)=fp
(6)

where �c and �p are the errors intrinsic to the camera and the
projector and expressed as lengths in the normalized screen
planes. In our experiments, we used pixel sizes for �c and
�p.



Then, the function f(�j; fp), which is minimized with
the non-linear optimization is expressed in the following
form:

f(�j; fp) :=
X

i

~Ei(�j; fp) + (ktpk � 1)2 (7)

The last term gives the constraint to reduce the freedom of
the scaling. Without this term, one of the globally optimal
solutions tc;j = 0 becomes meaningless.

In this study, the Newton method was applied for the
nonlinear optimization. With our experience, if the focal
length of the projector fp was fixed to the certain value, the
extrinsic parameters stably converged from the rough initial
values such as tp = (1; 0; 0)t and (�; �; ) = (0; 0; 0) in
most case.

If we estimate both fp and the extrinsic parameters si-
multaneously, they sometimes do not converge from the ini-
tial values tp = (1; 0; 0)t and (�; �; ) = (0; 0; 0). At this
case, first, we estimate the extrinsic parameters by fixing fp
the constant value and then, we optimize both fp and the
extrinsic parameters simultaneously by using the estimated
extrinsic parameters as the initial inputs.

In our experiments described in sec.4, we set the ini-
tial values of extrinsic parameters as tp = (1; 0; 0)t and
(�; �; ) = (0; 0; 0) when the camera was placed at the
right-hand side of the projector and tp = (�1; 0; 0)t and
(�; �; ) = (0; 0; 0) when the camera was placed at the
left-hand side of the projector. In terms of fp, 1/2 to 3 times
the actual focal length was set for initial value. Under these
conditions, fp and the extrinsic parameters were success-
fully converged for all case.

Once we obtain the parameters tp and Rp , we can di-
rectly recover the 3D shapes by the stereo method.

3.3 Bundle adjustment of multiple stereo pairs

3D reconstruction by the uncalibrated stereo method, as
described in section 3.2, is sometimes prone to unstable so-
lutions, even if a sufficiently large number of correspon-
dence points are provided. One example is the case when
the target objects are placed at relatively far away from the
camera and projector, another example is when the focal
lengths of both the camera and the projector are very long.
In these cases, the projections of the devices appear like
para-perspective projections. Assuming para-perspective
projections, 3D reconstruction using only epipolar geome-
tries is impossible. Thus, as the problem tends to become
more like a case of para-perspective-projections, the solu-
tion gets unstable, even with a sufficient number of cor-
respondence points. Using three or more camera images
is one solution for this situation. Since 3D reconstruction
with three images is possible even while assuming para-
perspective projections (i.e. factorization [15] based meth-
ods ), the unstableness of the solution is alleviated.

In the 3D reconstruction of a pivot scanning, informa-
tion of correspondences between 3 or more images is used.
Using the information of multiple correspondences for each
point, more precise reconstruction can be performed than
by using the uncalibrated stereo method with two images.

For the 3D reconstruction, we select a sufficient number
of reference points. The direction from the devices to each
reference point for all the images, including the pivot image,
should be known. The reference points are sampled from
the points that comply with this condition. The 3D positions
of the reference points and all the extrinsic parameters for
the peripheral positions are simultaneously estimated.

Let the coordinates of the ith reference points in the
device coordinates of the pivot position be expressed as
ri(i = 1; 2; ::; Nr), and the extrinsic parameters of the jth
peripheral positions be expressed as �j . These values are
updated iteratively. For the initial values of r i, we use the
result of the 3D reconstruction using the uncalibrated stereo
method described in section 3.2.

The algorithm of the reconstruction is as follows.

1. Sample the reference points that are observable in the
pivot position and the peripheral positions.

2. Calculate the 3D positions of the reference points from
correspondences between the pivot position and one
of the peripheral positions by using the uncalibrated
stereo method.

3. Repeat the following steps until all �j converge.

(a) Repeat the following steps for all the indexes of
the peripheral positions (j = 1; 2; :::; Nc).

i. Update the extrinsic parameters �j for the
jth peripheral image, by using the current
estimations of the positions of the reference
points ri(i = 1; 2; ::; Nr).

(b) Update the positions of the reference points
ri(i = 1; 2; ::; Nr) from the current estimations
of the extrinsic parameters of all the peripheral
positions (�j(i = 1; 2; ::; Nc)).

Update of the extrinsic parameters �j :=
�c;j ; �c;j ; c;j ; tc;j is performed by minimizing errors
on the image plane for each peripheral position. Let the
coordinate transformation from the device coordinates of
the pivot position to those of the ith peripheral position be

Trans(�j;x) := Rc;j(�c;j ; �c;j ; c;j)x+ tc;j;

the mapping of the projection by the standard camera be
Proj, and the depth of the ith reference point measured
by the device coordinates of the pivot position be dpi. By



minimizing

Q(�i) :=

kProj(Trans(�i; upidpi=fp vpidpi=fp � dpi)
t)

� (uci;j vci;j)
tk2;

the extrinsic parameters �j are estimated.
Update of the depth values of the reference points dk;j is

done by averaging the depth values calculated by triangu-
lation between the device at pivot position and each of the
devices at peripheral positions, this is carried out as follows.

1. Repeat the following steps for each camera index j =
1; 2; :::; Nc.

(a) Calculate the depth image of the projector by
triangulation between the projector and the jth
camera, treating the extrinsic parameters �j as the
input and the depth of the kth pixel of the projec-
tor dk;j as the output.

2. Calculate the averaged depth image of the projector by
dk =
PNc

j=1 dk;j=Nc, where dk is the kth depth value.

4 Experiments

4.1 Evaluation of Accuracy

To evaluate the accuracy and effectiveness of our pro-
posed method, we performed 3D reconstruction of a cube
(20cm � 20cm � 20cm) shown in Fig.5(a) using our pro-
posed method. We scanned the cube three times and pro-
cessed the scanned data with various conditions. The exper-
imented conditions are 3D reconstructions with (condition
iv) and without the bundle adjustment process, and the ex-
periments without the bundle adjustment process were per-
formed for both fixed focal length (condition ii) and self-
calibrated focal length (condition iii). The scaling factors of
the scanned data are incoherent for conditions ii and iii, so
we scaled the reconstructed data so that distances from the
pivot device to one selected point becomes the same length
for those conditions. We also performed an explicit calibra-
tion of the extrinsic parameters and the focal length of the
projector using the known 3D positions of the markers on
the cube (condition i). The resolution of the devices were
720� 480 for the camera, and 1024� 768 for the projector.

The initial values of the position and direction of the pro-
jector were �p=0 ,̊ �p=20 ,̊ p=0 ,̊ tp=(1,0,0), fp = 0:05 .
The results of estimated parameters are shown in Tab. 1.

We tried several initial values of focal length for the con-
dition of self-calibrated focal length (iii), and we could get
convergence from between 1/2 to 3 times the focal length
obtained by the explicit calibration. By repeating optimiza-
tion to refine the parameters, we could get practically the

(a) (b)

A
B

(c) (d)

(e) (f)

Figure 5. Scanning of a cube with known size:
(a) the scanned cube, (b) the scan result, (c)
planes fitted to the point sets, (d) cross sec-
tion of the cube, (e) cross section of our pro-
posed method, and (f)cross section without
bundle adjustment.

same result. For the condition of fixed focal length (ii and
iv), we used the explicitly calibrated focal length as the con-
stant.

To evaluate the quality of the obtained 3D point set, we
applied a plane fitting algorithm for the faces of the cube,
planes A and B shown in Fig.5(c) were obtained. The planes
were a collection of number of scannings without any align-
ment algorithm; Note that mis-alignment naturally occurs
and RMSD is usually high under such situation. By using
the estimated plane parameters, we calculated the angles be-
tween the estimated planes. The actual angle is 90 .̊ The
results are shown in Tab. 2.

From the results, we can see the accuracy of the con-
dition with bundle adjustment was the next to the explicit
calibration for both the RMSD of planes and the angles.
Thus, the bundle adjustment actually refined the accuracy
of the 3D reconstructions. Also, we can see that the results
without the bundle adjustments (conditions ii and iii) were



Table 1. Parameters estimated by calibration and from data.
(i) (ii) (iii) (iv)

Explicit calibration without bundle adjustment with bundle adjustment
Focus Fixed Self-calibrated Fixed

fp 0.0338[m] 0.0338[m] 0.0334[m] 0.0338[m]
(�p; �pp) (-4.9 ,̊ -20.5 ,̊ -22.0 )̊ (-4.9 ,̊ -20.5 ,̊ -22.0 )̊ (-5.2 ,̊ -20.6 ,̊ -22.2 )̊ (-5.3 ,̊ -20.5 ,̊ -22.3 )̊
tp=ktpk (0.436,0.534,-0.725) (0.435,0.533,-0.725) (0.442,0.538,-0.718) (0.434,0.536,-0.724)

Table 2. Evaluation of shape estimation.
(i) (ii) (iii) (iv)

Explicit calibration without bundle adjustment with bundle adjustment
Focus Fixed Self-calibrated Fixed

RMSD� of plane 0.0004[m] 0.0011[m] 0.0026[m] 0.0008[m]
Angle between planes(actual 90 )̊ 90.1˚ 90.8˚ 89.5˚ 90.4˚

*The root of the mean squared deviations from the plane.

accurate enough for many purposes.

4.2 Integration of the shape

We scanned an object repeatedly by moving the cam-
era and the projector. Since our proposed method does
not require camera-projector calibration for scanning, we
can continuously move the camera while performing a se-
quence of scans. With this feature of scanning, it is possible
to scan a wide range of objects without any special regis-
tration method. Our scanning results are shown in Fig.6,
which shows that all the scanning results are aligned cor-
rectly without any other alignment algorithm and that a
large range of objects can be successfully retrieved in an
efficient manner.

4.3 Examples

Finally, we scanned several objects with intricate shapes
and curved surfaces to verify the reliability and the effec-
tiveness of our proposed method. Results are shown in Fig.7
and Fig.8. Fig.8 shows that our method can scan an entire
shape of the object with consistent scaling parameter even
if the system is uncalibrated.

5 Conclusion

In this paper, we propose a coded structured light system
that does not require extrinsic camera and projector cali-
bration. Since our method does not require any calibration
while scanning, users can freely move either the camera or
the projector to scan a wide range of the scene without oc-
clusions. To achieve this, the bundle adjustment technique

is applied to the multiple scannings, and it has also resulted
in improvements in the accuracy of 3D estimation. With our
proposed method, several typical drawbacks of the coded
structured light system, such as, narrow range of scanning
area, occlusions of the object, and difficulty in the maneu-
vering the system can be solved. To verify the reliability
and the effectiveness of the proposed method, we conducted
several experiments with the proposed system and actual
objects. The results of our experiments confirm the effec-
tiveness of the proposed system.
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(a) (b)

(c) (d)

Figure 7. Examples of the scanned objects:(a)
An ornament, (b) a mask, (c) a doll, (d) a hel-
met.

(a) (b)

(c) (d)

Figure 8. Result of the entire shape scan-
ning:(a) picture of the object: a china figurine
(b)(c)(d) 3D shapes from various view direc-
tions.


